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Wing spot in a tropical and a temperate G

drosophilid: C=C enrichment and conserved
thermal response
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Abstract

Wings are primarily used in flight but also play a role in mating behaviour in many insects. Drosophila species exhibit
a variety of pigmentation patterns on their wings. In some sexually dimorphic Drosophilids, a pigmented spot pat-
tern is found at the top-right edge of the male wings. Our understanding of wing spot thermal plasticity in sexually
dimorphic species is limited with wing spots being primarily associated with sexual selection. Here, we investigated
the wing pigmentation response of two species with wing spots: D. biarmipes and D. suzukii species to thermal vari-
ation. We exposed freshly hatched larvae of both the species to three different growth temperatures and checked
for wing pigmentation in adult males. Our results indicate wing pigmentation is a plastic trait in the species studied
and that wing pigmentation is negatively correlated with higher temperature. In both species, wings were darker
at lower temperature compared to higher temperature. Further, D. suzukii exhibits darker wing pigmentation com-
pared to D. biarmipes. Variation in wing pigmentation in both D. suzukii and D. biarmipes could reflect habitat level
differences; indicating a strong G*E interaction. Raman spectral analysis indicated a shift in chemical profiles of pig-
mented vs. non-pigmented areas of the wing. The wing spot was found enriched with carbon-carbon double-bond
compared to the non-pigmented wing area. We report that C=C formation in spotted area is thermally controlled
and conserved in two members of the suzukii subgroup i.e. D. biarmipes and D. suzukii. Our study indicated a con-
served mechanism of the spot formation in two Drosophila species coming from contrasting distribution ranges.
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Body pigmentation diversity is well documented in the
animal world [5, 36, 45, 68]. Selection of diverse body
pigmentation patterns is likely to be strong due to sev-
eral adaptive functions associated with pigmentation.
Pigmentation is a labile trait which enables survival
and fitness in variable environments. For instance an
increase in predators also correlates with increased
pigmentation in some fishes, which is likely an anti-
predatory strategy [26]. Pigmented body patterns in
lizards enhance foraging in lizards compared to cryptic
patterns [27]. However, pigmentation might also limit
adaptation, for example pigmented plumage could limit
birds from inhabiting niches exposed to high tempera-
tures [18] as darker colours tend to absorb more heat,
further disrupting thermoregulation. In insects, pig-
mentation plasticity is known to be adaptive through
diverse functions ranging from evading predators; Bis-
ton betularia (8], aposematism in butterflies [17, 55],
to thermoregulation in Harlequin bugs [60] and also
mate choice in damselflies [24]. Body pigmentation,
especially pigmentation of the abdominal segments
in Drosophila melanogaster [21, 42, 48, 67, 71] has
been speculated to be adaptive and studied in greater
depths [43, 66]. However, pigmentation patterns

to their link to multiple physiological traits including
those involved in fitness [31, 37-39].

An interesting case is the complexity of wing pigmenta-
tion patterns observed in several insects. In the Droso-
philid lineage wing spots vary in their form and location
on wings across species [35]. Striking wing spot patterns
have been noted for both Hawaiian (e.g. in genera Idi-
omyia and Scaptomyza) (reviewed in [35]; and non-
Hawaiian Drosophilds belonging to Zygothirca [25],
Chymomyza and Drosophila (sub-groups- elegans,
takahashii, suzukii and rhopaloa) [34] genera. In some
species, wing spots are common in both sexes (mono-
morphic) while in some species only males have wing
spots [61]. Although diversity in wing patterns is known,
less is known about variation in wing pigmentation.
Candidate genes associated with body pigmentation are
known, however those related to wing spots need more
attention. The cis-regulatory element (CRE) at the yel-
low locus in D. biarmipes plays a role in the expression
of the yellow (y) gene in the wing spot [23]. The activity
of the CRE is affected if the distal-less (DIl) gene is down
regulated which is one of the key activators involved in
spot formation [1]. At the proximate level, tempera-
ture has often been found to be a key player influencing
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varying pigmentation patterns in Drosophila species
[22]. Diversity in thermal regimes could also influence
diverse norms for wing pigmentation. Here, we attempt
to understand the role of temperature in regulating
wing pigmentation of two wing-spotted Drosophila spe-
cies, Drosophila biarmipes and Drosophila suzukii col-
lected from the Indian subcontinent (Fig. 1). D. suzukii is
found in the colder regions, typically spread at higher lat-
itudes and elevations with a wider global distribution [46]
while D. biarmipes is restricted to warmer regions and
largely confined to the tropical South-east Asia. Wing
pigmentation pattern in both D. biarmipes and D. suzukii
occurs in the form of a spot only in males at the antero-
distal region of the wing (Fig. 2). Recent studies [16, 70]
on wing spot size in some Drosophila species indicate
wing spots and wing size are sensitive to thermal changes
to a certain extent and this sensitivity is lost above a
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threshold. Yet, if pigmentation of the wing or wing spot
also responds to thermal variation has not been studied
in detail. We also attempt to look into the chemistry of
the wing spot using biophysical approaches. This work
integrates biogeographic ecology, sexual dimorphism,
thermal plasticity, and chemical properties of wing spot.
Our findings reveal the intricate and complex behaviour
of wing spot under different temperature conditions and
its ecological relevance.

Material & methods

Stocks and maintenance

D. biarmipes and D. suzukii adults were collected from
Karbatiya Farm, Gujarat (23.7925° N, 72.6408° E) and
Kanatal, Uttarakhand (30.4137° N, 78.3458° E) respec-
tively (Fig. 1). Both species were collected from remotely
located fruit orchards (resident natural populations).

A

Fig. 1 Species distribution map is based on Markow & O'Grady [44], @rsted and @rsted [47], and Nair and Peterson [46]. Drosophila biarmipes

is endemic to Southeast Asia [44] while Drosophila suzukii has a broader distribution. D. suzukii is found in Europe, North America, Southeast Asia
and some parts of South America [46]. In India, D. suzukiiis localized in the Himalayan regions [47]. The map highlights the specific collection
sites for the two species. D. biarmipes adults were collected from Karbatiya Farm, Gujarat (23.7925° N, 72.6408° E), represented by a black dot

on the map while D. suzukii adults were collected from Kanatal, Uttarakhand (30.4137° N, 78.3458° E), indicated by a blue dot on the map
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Fig. 2 Species identification. The upper panel shows the males of D. biarmipes; A Dorsal view B Lateral view C Male wing with spot. The lower panel
shows D. suzukii; D Dorsal view E Lateral view F Male wing with spot. The visual comparisons between the dorsal and wing views of D. biarmipes
and D. suzukii males assist in accurately distinguishing between the two species based on morphological characteristics

All field-collected females were placed in separate vials
(in isolation) to set up isofemale genetic lines. Upon
arrival to the laboratory successful cultures of fifteen D.
biarmipes isofemale lines, and seventeen D. suzukii isofe-
male lines were established. All the cultures were main-
tained at a density of 30—40 eggs per vial on cornmeal
yeast-agar medium at 23°C temperature conditions.

Thermal plasticity experiment

All fifteen isofemale lines of D. biarmipes and seventeen
isofemale lines of D. suzukii were used for the thermal
plasticity experiment. All the lines were maintained at
23°C. Eggs were collected at a lower density (30-40 eggs
per vial). Three sets of eggs were collected and each set
was separately placed in BOD incubators set at 18°C,
23°C and 28°C temperatures. Seven days after adult eclo-
sion, 10 males were randomly chosen from each isofe-
male line and preserved in alcohol (isofemale line-wise).
Before imaging, both the right and the left wings were
carefully dissected from preserved samples. Wings were
placed next to each other on a clean grease free glass
slide. Distorted wings during dissections were not used
for slide mounting. Each slide was pre-marked for the
left and right sides. Three to five wings were placed per
slide. A drop of 70% ethanol was added to the area and
covered with a glass cover-slip. Wings mounted in this
manner were later imaged through a stereo-zoom micro-
scope (Leica S9i, Germany) with an in-built camera. All
images were captured under uniform light conditions
and magnification (3X). A single wing was imaged at a
time. The images were processed using Image] software.

i

Fig. 3 A representative image of a D. biarmipes male wing

showing two different regions (spotted: S and unspotted: US) used
for the Raman spectral analysis. The Raman spectral analysis was done
for the both the spotted and the unspotted wing regions. From

both the regions two squares were cut and placed under Raman PLC
for further analysis

All the images were first binarised to 8 bit and then the
entire wing area was selected using the polygon function
in Image]. We extracted the entire wing surface area in
gray scale (which represents a proxy for wing pigmenta-
tion) for the statistical analyses.

Raman spectroscopy of wing areas

Raman spectroscopy is widely used in analyses of car-
boniferous materials [6, 14, 15]. Raman spectra reveal
the chemical composition and crystallite size of the
analyzed sample [33]. We used Raman Spectroscopy to
characterize the chemical properties of wing spot pig-
mentation. For the spectral analysis, the wings of both
species were cut as two squares of 0.5 mm each (i.e. one
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from the spotted area of the wing and the other from
the non-spotted area) using a sharp razor blade under
a stereomicroscope (Leica S9i, Germany) (Fig. 3). The
cut area was placed on a glass slide covered with adhe-
sive tape. The analysis of the different areas was also
made under RAMAN PLC with a confocal microscope
(WiTec Germany, Alpha 300R). The lens used was 50x
and a 532 nm laser was used for the analyses of the
samples. The analyzed area was imaged and the peaks
present in that area were analyzed using the Origin
software.

Statistical analyses

We checked for variation in wing size and mean wing
pigmentation across all isofemale lines for all the three
temperatures in D. biarmipes and D. suzukii. We first
tested if wing size and mean wing pigmentation were
independently correlated across left and right wings
in both species. We used the overall wing pigmenta-
tion as a proxy to understand the degree of pigmen-
tation in the wing spot. Pigmentation was measured
on a grayscale index where lower grayscale values are
inversely correlated with the degree of pigmentation.
Thus, higher grayscale values indicate less pigmenta-
tion compared to lower grayscale values. We expect the
habitats of species D. biarmipes and D. suzukii to have
an influence on their pigmentation patterns, here pig-
mentation of wings. Hence, we expect wing pigmenta-
tion to be affected by both species and temperature. We
performed linear mixed effect modelling using the Ime4
package [2] in R software [57] on the R Studio interface
version 2023.6.0.421 [58]. Species, temperature treat-
ments and interaction of species and temperature were
fixed effects while isofemale lines, number of repli-
cates per isofemale line and variation at the individual
fly level (right and left wing) were treated as random
effects. Since temperature and wing size are correlated,
i.e. higher temperatures are correlated with smaller
wings and vice versa we divided the response variable
of mean wing pigmentation by the total wing area. Cor-
related variables can change outcome and hence model
interpretation [4] and hence, wing size was not included
as co-variate with other independent variables. We ran
the random intercept model which included an inter-
action of the fixed effects along with random factors
as the base model. Subsequent models were derived
by removing each factor from the base model. Upon
removing a factor, the original and reduced models
were compared with likelihood ratio tests (Chi-square
statistic). Retaining a factor in the model was based
on the significance of the Chi-square statistic. Further,
the best model accounting largest variation of the data
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was the one with the lowest Akaike information crite-
rion (AIC) [4]. Post-hoc analyses were conducted using
the emmeans package [40] to understand variation in
wing pigmentation across species as well wing pigmen-
tation across temperatures for both species.

Results

Wing size and mean wing pigmentation independently
exhibit considerable variation across isofemale lines for
both species (see Supplementary Sheet 1 and Supple-
mentary Figure 1). In both species, right and left wings
were similar in size (D. biarmipes, ANOVA: F=0.1657,
P>0.05; D. suzukii, ANOVA: F=0.34, P>0.05) and so was
the mean wing pigmentation (grayscale) (D. biarmipes,
ANOVA: F=0.21, P>0.05; D. suzukii, ANOVA: F=0.13,
P>0.05) (Fig. 4). Raman spectroscopic analyses revealed
carbon (C=C and C=0) to be a major component of
wing pigmentation.

Wing spot pigmentation across three developmental
temperatures

Wing size is correlated with temperature (D. biarmipes
r=-0.73, P<0.001 and D. suzukii, r = —0.88, P <0.001).
We therefore corrected for wing size by using a ratio:
mean wing pigmentation divided by wing size/ area as
response variable in our analyses. We noted that adult
flies did not eclose with similar frequencies in all isofe-
male lines across temperatures in both species (Supple-
mentary sheet 1). While D. biarmipes isofemale lines
had successful adult eclosions at all tested tempera-
tures this was not the case for all isofemale lines of D.
suzukii. Hence, for statistical comparison, we randomly
chose 10 isofemale lines for both species which not
only had eclosions across all tested temperatures but
had a minimum of 3 adult male eclosions per isofemale
line (highlighted in Supplementary sheet 1). We found
the most complex model had the lowest AIC (Akaike
information criterion) and best explained variation in
wing pigmentation (Tables 1 and 2). Thus, temperature
(x*=554.09, df (4), P<0.001), species (x*=183.91, df
(3), P<0.001) and their interaction (x*>=38.154, df (2),
P <0.001) jointly influence wing pigmentation (Tables 1
and 2). Specifically, wing pigmentation decreased with
increase in temperature (Figs. 4 and 5). In D. biarmipes;
wing pigmentation was the darkest (6.69x 107> arbi-
trary units/ au) (inverse of mean values since darkness
and pigmentation scores are inversely correlated) at the
lowest temperature (18°C) compared to the intermedi-
ate (6.36x 1072 au) (23°C) (Tukey’s Post-hoc: F=10.58,
P<0.01) and the highest (5.29x 1072 au) (28°C) (Tuk-
ey’s Post-hoc: F=201.13, P<0.01) temperatures. Also,
wing pigmentation at intermediate temperature (23°C)
was darker (6.36x 1072 au) compared to the highest
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Fig. 4 The bar graphs represent the average wing pigmentation values corrected for wing size of 10 isofemale lines for both D. biarmipes

and D. suzukii at three different growth temperatures (18°C, 23°C and 28°C). The wing pigmentation values for the left and right wings are

shown in panel AC and BD, respectively. The trends indicate a linear decrease in the degree of wing pigmentation with increasing temperature.
The differences in wing pigmentation for the left and right wing were found to be non-significant (D. biarmipes, p>0.05; D. suzukii, p > 0.05).
However, variation in the wing-spot pigmentation across temperatures was highly significant (p <0.001). AU: arbitrary units. In D. biarmipes; wing
pigmentation was the darkest (6.69 X 1073 arbitrary units/ au) at the lowest temperature (18°C) compared to the intermediate (6.36 1073 au) (23°C)
and the highest (5.29x 1073 au) (28°C) temperatures. Similarly, in D. suzukii wing pigmentation was darkest (1.13x 107%au) at the lowest temperature
(18°C) compared to the intermediate (9.16x 107> au) (23°C) and the highest (6.79x 107> au) (28°C) temperature. Therefore, wing pigmentation
exhibits a negative correlation with temperatures in both D. biarmipes and D. suzukii

temperature (5.25x107% au) (28°C) (Tukey’s Post-
hoc: F=153.95, P<0.01). Similarly, in D. suzukii wing
pigmentation was darkest (1.13x 10 %au) at the low-
est temperature (18°C) compared to the intermediate
(9.16x1072 au) (23°C) (Tukey’s Post-hoc: F=193.28,
P<0.01) and the highest (6.79x 1072 au) (28°C) (Tuk-
ey’s Post-hoc: F=460.97, P<0.01) temperatures. How-
ever, wing pigmentation at intermediate temperature
was darker (9.16x107° au) (23°C) than the highest
temperatures (6.79 x 1073 au) (28°C) (Tukey’s Post-hoc:
F=176.67, P<0.01). Wing pigmentation exhibits a
negative correlation with temperatures in both D.
biarmipes and D. suzukii.

Raman spectral analyses of wing spots
Raman spectral analyses was performed for two different
areas of wings (unspotted area, and spotted area, Fig. 3).

Analyses revealed significant variation in the two dif-
ferent wing-areas (See Fig. 6). The Raman spectroscopy
highlighted two different peaks for the spotted region (i.e.,
1550 cm ™! and 1350 cm™) indicating the presence of C=C
and C=O0 (Fig. 6A and B). The spectral analysis of the sec-
ond region (i.e., the unspotted or the transparent region)
did not show any clear peaks (Fig. 6C and D). Raman
spectral analyses of the spotted region of D. biarmipes
raised at 23°C showed a sharp peak which was close to
1550 cm ™! (presence of graphitic carbon). The wing spot
region of D. suzukii was also analyzed under Raman spec-
troscopy and the peaks obtained were in the same range as
were seen in the case of D. biarmipes (Fig. 6B).

Discussion

Wing pigmentation patterns are known for several spe-
cies from the Drosophilidae family. However, the ori-
gin and diversification of wing pigmentation across the
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Table 1 Model comparison. The table compares the global model and the derived models in terms of the Akaike criterion, log-
likelihood, and ANOVA values. Wing pigmentation is a ratio: the mean pigmentation of the wing divided by the total wing area. The
base model is model 1 which is the most complex model. Subsequent models are subsets of the base model. As a single variable term
gets dropped, both the earlier and the reduced model are compared with the likelihood ratio test statistic. A p-value < 0.05 indicates
the variable dropped contributed significantly to the model and needs to be retained. Also, an AIC value greater than 2 of the base
model suggests that the derived model has not a good fit

Model Comparison AIC Loglik Chisq df P-value

Model 1: 43734 -2176.7
Wing pigmentation ~ Species + Temperature + Species:

Temperature +

(1]Iso-female lines) + (1|Replicates) + (1|Symmetry)

Model 2: Model 2, 4407.6 —2195.8 38.154 2 <0.001
Wing pigmentation ~ Species+Temperature + Model 1

(1]Iso-female lines) + (1|Replicates) + (1|Symmetry)

Model 3: Model 3, 4919.5 —2453.8 554.09 4 <0.001
Wing pigmentation ~ Species + Model 1

(1|Iso-female lines) + (1|Replicates) + (1|Symmetry)

Model 4: Model 4, 45513 —2268.7 183.91 3 <0.001
Wing pigmentation ~ Temperature + Model 1

(1]Iso-female lines) + (1|Replicates) + (1|Symmetry)

Model 5: Model 5, 4996.7 —24934 633.34 5 <0.001
Wing pigmentation ~ 1 + Model 1

(1]Iso-female lines) + (1|Replicates) + (1|Symmetry)

Table 2 Coefficients of linear regression. Model constructed was mixed effect type with degree of pigmentation (corrected for

wing size) being the response variable and “Species” (D. biarmipes and D. suzukii), “Temperature”treatments (18 °C, 23 °C, and 28 °C)

as fixed effects.“Iso-female line number”and number of replicates per isofemale lines (sample replicates) and right and left wing
measurements (symmetry) were random effects. Coefficients represented are for the most basal but complex model. All fixed effect
terms in the basal model were found to be significantly important in predicting wing pigmentation (see Supplementary Table 1),
hence were retained in the model. Thus, species and temperature influenced the wing pigmentation. Species and temperature also
interact with each other and hence wing pigmentation differs across two species as well as within a species across temperatures. Fixed
effect coefficients are estimates, standard error (SE), degrees of freedom (df). t-statistic, and p-value. Random effect coefficients are
variance and standard deviation

Fixed Effects

Estimate Standard error df t-value P-value
Intercept 148.688 3.020 38.907 49.227 <0.001
Species (D. suzukii) =59.171 3.570 150.264 -16.573 <0.001
Temperature (23°C) 7.870 2.194 501.102 3.587 <0.001
Temperature (28°C) 39.118 2244 501.545 17431 <0.001
Species (D. suzukii): Temperature (23°0) 13.097 3.166 501.481 4137 <0.001
Species (D. suzukii): Temperature (28°C) 19.944 3.223 501.748 6.188 <0.001
Random Effects
Groups Name Variance Standard Deviation
Iso-female lines Intercept 82.55 9.085
Sample replicates Intercept 1.57 1.253
Symmetry Intercept <0.001 <0.001
Residual 220.73 14.857

D. biarmipes N=271, D. suzukii N=252

Drosophilid phylogeny remains largely unknown. The pigmentation in the melanogaster subgroup could be
random distribution of the spot in the melanogaster sub-  predicted due to gain and then lost several times [50].
group raises the possibility that wing spots have been  Molecular studies indicate distal-less enhances activ-
gained and lost several times [34]. Alternatively, wing ity of yellow regulating melanin expression in the
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Fig. 5 The line graph illustrates the variation in wing pigmentation across three growth temperatures for two species: (A) D. biarmipes (B) D. suzukii.
Each line in the graph represents one isofemale line within a population. The graph indicates a clear trend, as the temperature increases from 18°C
to 28°C, there is a decrease in the wing pigmentation values for both the species. The trend is consistent across multiple isofemale lines suggesting
that the response to temperature is a general characteristic within each species. These trends across temperatures from a natural population
strongly indicate a genotype by environment (G x E) interaction for wing pigmentation

antero-distal region of the wing in D. biarmipes [1].
Modulation at the gene regulatory level could have
possibly created the diversity of wing spot pigmenta-
tion patterns [1]. Insights could be derived from pig-
mentation regulation in abdominal segments from the
model organism D. melanogaster [12, 22]. While trends
observed in laboratory reared strains could be associ-
ated with more controlled growth conditions, these
traits could be roughly extrapolated to those occurring
in natural populations which could be more diverse and
ecologically relevant.

In this study we find two species occupying different
niches (Fig. 1) exhibit distinct patterns of wing pigmen-
tation in response to temperature. Darker spots were
associated with the lowest temperature treatment in
both species (Figs. 4 and 5). Both D. biarmipes and D.
suzukii share common ancestry of the suzukii sub-group
and are phylogenetically related [35, 47]. However, wing
pigmentation darkness differs greatly across the two
species (Fig. 5; Table 1). D. suzukii exhibits darker pig-
mentation than D. biarmipes at all temperatures studied
(see Table 2, slope for gray scale is —48.2, indicating D.
suzukii wings are generally around 48-fold darker than D.
biarmipes (Supplementary Table 3). Differences in wing
pigmentation across the two species could likely reflect
differences in the geographic zones in which the two spe-
cies occur.

The impact of temperature on insect body pigmenta-
tion is well documented in both natural populations [11,
28, 52, 54, 65, 69] and under laboratory experimentation
[30, 60]. Insects living at higher latitudes and altitudes are
generally darker in coloration due to thermoregulatory
advantages [3, 53, 62]. For instance, D. melanogaster and

some other species from the same genus develop darker
abdominal tergite pigmentation when reared at low
temperatures compared to the flies reared at higher
temperatures [9, 19-21]. Darker pigmentation at lower
temperatures could be justified by the ‘thermal-mela-
nism’ hypothesis which states that a darker body could
warm up and cool down faster than a lighter/ paler body
[3, 41, 62, 74]. Thus, darker bodies could be at an advan-
tage in colder habitats (i.e. higher latitudes and higher
altitudes) wherein a darker insect warms up in short
intervals of light intensity meeting energy requirements
[7, 49]. Contrarily, lighter pigmentation could be adap-
tive in warmer habitats and prevent overheating [7, 74].
Considering the fact that wing spot in both D. biarmipes
and D. suzukii does not cover a major portion of the total
wing area, it is unlikely that the darker wing spots could
significantly affect the overall thermal budget or interfere
with the thermo-regulation in spotted male flies. Alter-
nately, the observed pigmentation patterns in wing spot
could simply be due to the expression of the common
pigmentation genes such as yellow, tan, distal-less, and
wingless in the wing areas [1, 23, 51].

While wing pigmentation was plastic in response
to temperature for both D. biarmipes (Fig. 4A) and D.
suzukii (Fig. 4B), we found a substantial variation for
wing pigmentation within a temperature treatment
(Supplementary Figure 1). Variation represented at the
individual female lineages is a likely indicator of genetic
variation found in the wild. However, our results from
natural populations strongly indicate a genotype by envi-
ronment (G x E) interaction for the wing pigmentation
(Fig. 5), not previously reported in both D. biarmipes
and D. suzukii. A significant interaction of species and
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Fig. 6 Raman spectral analysis of spotted (S) and unspotted regions (US) of wings of D. biarmipes and D. suzukii males. The analysis revealed

distinct differences in the chemical composition between these two areas. The peaks indicate C=C richness in the spotted area of the wings;
however, the same was not observed in the unspotted region of the same wing (data not shown) suggesting a chemical variation between the two
different areas of the wings. The Raman spectroscopy results highlighted two different peaks for the spotted region (i.e, 1550 cm™' and 1350 cm™')
indicating the presence of C=C and C=0 respectively. The spectral analysis of the second region (i.e, the unspotted or the transparent region)

did not show any clear peaks indicating an absence or lower concentration of the compound, further indicating a chemical heterogeneity

between the spotted and the unspotted areas of the wings

temperature in the model (Tables 1 & 2) supports the
speculations that although wing pigmentation is plastic
trait in response to temperature, but sensitivity of the
trait is also influenced by the geographic distribution.
An earlier study [70] attempting wing spot size varia-
tion did not measure the wing pigmentation, but instead
measured wing spot size and wing size in D. suzukii. Both
wing spot and wing size were found to be correlated with
each other and both traits were inversely correlated with
temperature. However, at higher temperature of 28°C,
this correlation was uncoupled. Higher temperatures
could disrupt the tight correlation between wing spot
size and wing size in the cold adapted D. suzukii [32,
63]. In our case, we consider the overall wing pigmenta-
tion to be a proxy of the spot pigmentation. We observe
a further decrease in the wing pigmentation as we
move from intermediate (23°C) to higher temperatures
(28°C). Wing pigmentation (Fig. 4; Table 1) significantly

differed in response to temperatures and changed drasti-
cally from lowest to the highest temperatures, similar to
the wing size (see Supplementary Table 2). In fact, wing
size reduced drastically from 2.4 pixels/ mm? at 18°C
to 1.90 pixels/ mm? (23°C) and 1.42 pixels/ mm? (28°C)
(refer Supplementary Table 2). Thus, wing size reduced by
1.2X at 23°C and 1.7X at 28°C in D. suzukii. D. biarmipes
also exhibited correlated plastic changes in both pig-
mentation and size of wing. Wing size reduced from
1.4 pixels/ mm? at 18°C to 1.32 pixels/ mm? (23°C) and
1.06 pixels/ mm? (28°C) (refer Supplementary Table 2).
Thus, wing size reduced by 1.08X at 23°C and 1.33X at
28°C in D. biarmipes. Fold change of wing size reduc-
tion was more drastic for D. suzukii than D. biarmipes.
Wing size-wing pigmentation response followed similar
trend in both D. biarmipes and D. suzukii. Clearly, geo-
graphic segregation of D. biarmipes and D. suzukii across
warm and cold habitats respectively is reflected in wing
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pigmentation variation across two species. It is surprising
that despite both species inhabiting different geographic
zones differing in temperature regimes, their response to
temperature is conserved with respect to wing pigmenta-
tion. This observation raises several interesting questions
about the evolutionary pressures and mechanisms under-
lying wing pigmentation in these species. Understanding
the multifaceted selection pressures that influence wing
pigmentation in D. biarmipes and D. suzukii could pro-
vide broader insights into the evolutionary processes that
shape phenotypic diversity in natural populations.

Plastic responses are hypothesized not to be costly since
they are largely assumed to be adaptive. However trade-offs
also associate with plasticity. In the case of bark beetles it has
been demonstrated that, with increase in temperature the
developmental rate increases. Faster development trades-off
with the next generation facing harsh colder environment
[13]. In another study linking trade-offs with plasticity [64]
higher temperatures led to an early termination of diapause
at the cost lower pupal weight and reduced forewings. How-
ever, this wasn't the case in other two temperature regimes
i.e. moderate and cold treatments [64]. Wing pigmenta-
tion has been shown to be adaptive in D. suzukii and spot-
less males seem to have a trade-off in terms of reproductive
strategies. A recent study on D. suzukii reported pigmen-
tation of the wing spot to be advantageous in mating [73].
Spotted and spotless males were grown across a series of
temperatures (15, 21, 25, and 28°C) and then checked for
the traits associated with reproductive fitness. Spotted
males clearly exhibited lower mating latency and higher
copulation period compared to spotless males, in addition
to higher mating success since female preferred spotted
males over spotless males. Further, spotted males were also
desiccation and cold stress tolerant compared to the spot-
less males. Hence, plasticity of the wing spot pigmentation
trait could be associated with adaptive functions [73] and
the effect of fluctuating temperature conditions on plastic-
ity needs to be addressed across diverse spotted Drosophilid
species and other animal taxa [59].

A relatively recent study [16] adds further clarity to
thermal plasticity in spot size regulation. In D. guttif-
era wing size and wing spot size are independently reg-
ulated [16]. That is the sensitivity period for both these
traits differ and hence wing size and wing spot size
develop independently in response to thermal variation.
In our case wing size and wing pigmentation co-vary with
temperature (for D. biarmipes and D. suzukii). Reaction
norms for wing spots differ across wing locations in D.
guttifera which has multiple spots. On the other hand,
D. biarmipes and D. suzukii have pigmentation restricted
to a single wing spot only in males and at a defined loca-
tion. It could be interesting to find how conserved are
concerted response patterns of both wing size and wing
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pigmentation to temperature in other species and if spot
size pigmentation develops in temperature-independent
manner in other Drosophilid species.

The role of wing spots is not clearly known. While a pos-
sibility of wing display leading to successful mating has been
reported in D. biarmipes [29], removal of spots from males
did not alter mating success [56]. Further, wing displays are
known to be a part of mating rituals even in species with spot
monomorphism (i.e. spots present in both sexes) [35, 61].
Sexual selection of wing spots could be expected in species
exhibiting sexual dimorphism for wing spot pigmentation.
However, the role of temperature in mate selection through
wing spot pigmentation requires further investigation.

Raman spectral analysis of wing spot areas (i.e. spotted
area) showed two major peaks at 1550 cm™ and 1350 cm ™
(Fig. 6) corresponds to C=C enrichment [14, 72]. The abun-
dance of C=C in the spotted regions of the wings of D.
biarmipes and D. suzukii raises several questions around
chemical evolution of traits (e.g. spot) involved in visually
guided behaviours. It is not clear if pigmentation observed in
the species arises from a common developmental pathway
or whether alternate genetic networks are involved needs
exploration. The role of DIl and yellow genes expression has
been explored [1]. Further work on thermal properties of DIl
and yellow interactions, and C=C product quantification
along with behavioural analyses will shed more light on sex-
ually driven properties of the wing spot pigmentation trait.

Conclusion

We integrated morphology, thermal plasticity, G*E inter-
actions, and biophysical approaches to understand wing
pigmentation in two spotted Drosophila species. The pres-
ence of G*E interactions in wing spot clearly demonstrated
within species complexity for this morphological trait. Wing
pigmentation is a phenotypically plastic trait and responds
to thermal variation in accordance with the native range of
species. Functional relevance of wing spots in Drosophilids
is primarily linked to sexual selection. This could have fitness
implications across individual and across habitats. However,
if differential wing pigmentation in response to thermal vari-
ation has alternate functions, it needs further testing. The
abundance of C=C in the spotted region of the wings indi-
cate the presence of additional players at the molecular level
controlling pigmentation patterns and these could be jointly
explored further on other insect appendages as well.
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