Received: 10 October 2019

Revised: 14 November 2019

Accepted: 15 November 2019

DOI: 10.1002/ece3.5902

ORIGINAL RESEARCH

Ecology and Evolution
2 WILEY

Drosophila suzukii wing spot size is robust to developmental

temperature

Ceferino Varon-Gonzalez

Institut de Systématique, Evolution,
Biodiversité (ISYEB), Muséum National
d'Histoire Naturelle, CNRS, Sorbonne
Université, EPHE, Université des Antilles,
Paris, France

Correspondence

Ceferino Varén Gonzalez, Institut de
Systématique, Evolution, Biodiversité
(ISYEB), Muséum National d'Histoire
Naturelle, CNRS, Sorbonne Université,
EPHE, Université des Antilles, 57 rue Cuvier,
CP 50, 75005 Paris, France.

Email: ceferino.vg@gmail.com

Present address

Antoine Fraimout, Ecological Genetics
Research Unit, Organismal and Evolutionary
Biology Research Programme, Faculty

of Biology and Environmental Sciences,
Biocenter 3, University of Helsinki, Helsinki,
Finland

Funding information
Agence Nationale de la Recherche (ANR),
Grant/Award Number: ANR-16-CE02-0015

| Antoine Fraimout | Vincent Debat

Abstract

Phenotypic plasticity is an important mechanism allowing adaptation to new environ-
ments and as such it has been suggested to facilitate biological invasions. Under this
assumption, invasive populations are predicted to exhibit stronger plastic responses
than native populations. Drosophila suzukii is an invasive species whose males harbor
a spot on the wing tip. In this study, by manipulating developmental temperature,
we compare the phenotypic plasticity of wing spot size of two invasive populations
with that of a native population. We then compare the results with data obtained
from wild-caught flies from different natural populations. While both wing size and
spot size are plastic to temperature, no difference in plasticity was detected between
native and invasive populations, rejecting the hypothesis of a role of the wing-spot
plasticity in the invasion success. In contrast, we observed a remarkable stability in
the spot-to-wing ratio across temperatures, as well as among geographic populations.
This stability suggests either that the spot relative size is under stabilizing selection,
or that its variation might be constrained by a tight developmental correlation be-
tween spot size and wing size. Our data show that this correlation was lost at high
temperature, leading to an increased variation in the relative spot size, particularly
marked in the two invasive populations. This suggests: (a) that D. suzukii's develop-
ment is impaired by hot temperatures, in agreement with the cold-adapted status of
this species; (b) that the spot size can be decoupled from wing size, rejecting the hy-
pothesis of an absolute constraint and suggesting that the wing color pattern might
be under stabilizing (sexual) selection; and (c) that such sexual selection might be
relaxed in the invasive populations. Finally, a subtle but consistent directional asym-
metry in spot size was detected in favor of the right side in all populations and tem-

peratures, possibly indicative of a lateralized sexual behavior.
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1 | INTRODUCTION

Phenotypic plasticity often plays an important role in the adap-
tation to new environments (Lande, 2015; West-Eberhard, 1989).
In particular, it has been repeatedly suggested to facilitate inva-
sions (Chown et al. 2007; Gibert et al., 2016; Richards, Bossdorf,
Muth, Gurevitch, & Pigliucci, 2006), as genetic variation tends
to be limited during the first stages of colonization (Geng et al.,
2016, 2007). However, this possibility has received little empiri-
cal support so far (Arnold, Nicotra, & Kruuk, 2019; Fox, Donelson,
Schunter, Ravasi, & Gaitan-Espitia, 2019). Invasions provide a par-
ticularly favorable context for the study of the evolutionary role
of plasticity as we can compare derived populations repeatedly
confronted to new environments with populations from the na-
tive range, arguably closer from the ancestral state. Differences in
reaction norms are expected across populations (Pigliucci, 2005):
native populations being predicted to be overall less plastic than
invasive populations (Davidson, Jennions, & Nicotra, 2011; Lande,
2015; Lee & Gelembiuk, 2008; Richards et al., 2006; Yeh & Price,
2004).

Biological invasions are processes in which an increasing number
of individuals from a population colonize one environment where no
representative of that population was present. The population effec-
tive size fluctuates in the new habitat and the population phenotype
may change during invasions (Travis, Mustin, Benton, & Dytham,
2009), as natural selection (in a different environment) would gain
importance relative to drift. The limited population size during colo-
nization may increase the importance of genetic drift and decrease
selection on sexual traits (Candolin & Heuschele, 2008; Lahti et al.,
2009). Such relaxed sexual selection might in turn be associated
with an increased variability of such traits (Marshall, Bonduriansky,
& Bussiére, 2008), and in particular an increased plasticity (Price,
2006).

Drosophila suzukii has recently colonized all continents in a
wide and fast dissemination all over the world (Fraimout et al.,
2017). This species is a particularly suitable model to investigate
the role of plasticity in the success of an invasion. Remarkably,
D. suzukii males present a dark spot on the wing, as in several other
Drosophila species (Kopp & True, 2002). A precise understanding
of the effect of this spot on mating success is lacking (Fuyama,
1979; Roy & Gleason, 2019), but the particular courtship behavior
(the male confronts the female showing her his dorsal wing area)
consistently associated with the presence of a spot in males across
species, suggests an important role in sexual selection (Kopp &
True, 2002).

The effect of sexual selection on phenotypic plasticity is con-
troversial (Greenfield & Rodriguez, 2004; Mgller & Alatalo, 1999;
Rowe & Houle, 1996). Although sexually selected traits are often
considered to be plastic (Price, 2006), an increased robustness
might evolve through stabilizing or directional selection (see Fierst
(2013) for a theoretical treatment, and Nieberding et al. (2018) for
a case study in Bicyclus anynana). Stabilizing selection would limit

variation around the values preferred by females (Mead & Arnold,
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2004), while directional selection would limit variation on one side
of the distribution due to female preferences and on the other side
due to developmental or physiological constraints (Wiernasz, 1989).
We reasoned that D. suzukii's spot might be more plastic, or at least
less canalized and thus more variable in the invasive populations
compared with native populations, owing to a hypothetical reduced
choosiness in females—and thus reduced sexual selection—possibly
advantageous in small, peripheral populations (Bleu, Bessa-Gomes,
& Laloi, 2012).

Here, we quantify the phenotypic variation of the wing spot
size in several natural populations of D. suzukii and assess its plas-
ticity to temperature using samples from three geographic popu-
lations reared in the laboratory. Our experimental samples allow
us to propose a causal link between temperature and phenotypic
variation, while our natural populations would confirm the ex-
istence of such an association in nature. Temperature is one of
the main environmental drivers of life history and morphological
evolution of drosophilids in particular and ectotherms in gen-
eral (Atkinson, 1994; Crill, Huey, & Gilchrist, 1996; David et al.,
1997; Gibert, Peronnet, & Schldtterer, 2007; Gibert, Moreteau,
Moreteau, & David, 1996) and the thermal plastic response in
D. suzukii is receiving much attention (Clemente, Fusco, Tonina,
& Giomi, 2018; Fraimout et al., 2018; Shearer et al., 2016). We
test: (a) whether natural populations present different spot sizes,
and whether this differentiation correlates with local temperature
at the time of capture, as would be expected for a plastic effect;
(b) whether invasive and native populations display different plas-
ticities to temperature; and (c) whether spot size is less canalized
(more variable) in invasive populations. A higher plasticity of the
spot in invasive populations is expected if plasticity plays a role
in the invasion success. Combined with a reduced canalization, it
might also indicate that sexual selection is relaxed in the invasive

populations.

2 | MATERIALS AND METHODS
2.1 | Samples

Natural populations were sampled in 2014 and 2016 in 13 locali-
ties worldwide (see Table 1) with baited traps and net sweeping, and
conserved in ethanol in the dark (Fraimout et al., 2017). The number
of individuals per locality ranged from 13 to 50 (Table 1). Sample
sizes correspond to samples and pictures originally collected to run
morphometric analyses.

The laboratory lines used here were adopted from an earlier
study on D. suzukii's wing plasticity to developmental temperature
(see Fraimout et al., 2018 for details on rearing and maintenance).
Briefly, three natural populations of D. suzukii were sampled in
2014 with banana bait traps and net swiping: one in the native area
(Sapporo, Japan), and two in the invasion range, in Paris (France)
and Dayton (Oregon, USA). Ten isofemale lines per population

were produced from single matings of random pairs of individuals
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TABLE 1 Natural populations sample sizes

Collection place Country Date (M/Y) Data place
Barcelona Spain 07/2014 Barcelona
Porto Alegre Brazil 05/2014 Porto Alegre
Geneva USA 05/2014 Geneva
Trento Italy 09/2014 Paganella
Langfang China 08/2014 Beijing
Liaoyuan China 04/2014 Shenyang
Sapporo Japon 07/2014 Sapporo
Shiping China 05/2014 Mengzi
Dayton USA 10/2014 Portland
Tokyo Japon 07/2014 Tokyo
Watsonville USA 10/2014 Fresno
Madison USA 10/2016 Madison
Paris France 10/2016 Paris

Temp (°C) Number of wings Complete individuals
24.1 49 18
16.8 21 7
16.7 30 15
7.3 25 11
26.3 30 15
24.2 30 12
22.5 41 16
23.0 28 13
15.6 48 20
26.8 13 S
22.2 38 15
121 25 11
10.9 50 22

Note: The first three columns represent the nearest city, country, and date of the flies collection. Then, the closest city to the collection place and its
temperature during the month of the collection are represented. Finally, the table recalls the total sample size (wings) and the number of complete

individuals (pairs of wings from the same individual).

TABLE 2 Laboratory populations

Geographic origin  Temperature (°C)  Number of wings  Complete individuals  Lines sample sizes
Paris 16 15 7 8
22 27 12 15
28 28 13 15
Sapporo 16 25 12 13
22 26 12 14
28 31 15 16
Dayton 16 22 10 12
22 26 11 15
28 31 14 17

Note: The first two columns show the geographic origin of each population (first) and the
temperature set during their development in-vitro (second). Then, the total number of wings used
to analyze overall variation and the number of complete individuals used to analyze asymmetric

variation.

performed in separate vials (David et al., 1997). For each line from
each population, we transferred F1 full-siblings individuals in mul-
tiple replicated vials and repeated the process for five generations
in order to amplify stock populations prior to the temperature
treatment. Stock populations were kept at 22°C throughout the
experiment.

At the onset of the temperature treatment, we sampled random
individuals from each line and transferred them in two sets of new
vials. After 24 hr—and once oviposition was ensured—adult flies
were removed and one set of vials was placed in an incubator set
at 16°C, while the other set was placed in an incubator at 28°C. All
vials were randomly placed within incubators and kept at each ex-
perimental temperature for the full development of the flies (i.e., egg
to adult). The remaining temperature of our treatment (i.e., 22°C)

corresponded to the one used for stock populations.

Between eight and 17 individuals per line were obtained (Table 2).
Due to limitation on sample sizes, we did not take into account the
lines in the analyses. We mounted wings on slides in a mixture of
ethanol and glycerin and then we sealed the coverslips with nail pol-
ish and small weights to keep the wings as flat as possible. Images
were taken with a Leica DFC 420 digital camera mounted on a Leica

Z6 APO microscope controlling for the scale.

2.2 | Phenotypic data

Two phenotypic traits were directly inferred from the pictures: wing
size and spot size (Figure 1). Because the potential visual effect of the
wing spot during courtship may be associated with the proportion

of the wing occupied by the spot and not its absolute size, we also
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FIGURE 1 Drosophila suzukii wing from a population of Sapporo
(Japan, native population) raised at 28°. In blue, there are the wing
and spot areas identified by our Python algorithm

estimated the relative spot size as the ratio between spot size and wing
size for each individual. Using the ratio between spot and wing size
for each individual can lead to erroneous conclusions due to allometry
between traits (e.g., Packard & Boardman, 1988) but the estimation of
residual values from a linear regression between wing and spot size
gave virtually identical results (see online data in Dryad).

In order to remove the proximal part of the wing, which is usually
deteriorated during the removal of the wing from the thorax and
may bias wing-size estimates, two landmarks were placed in ImageJ
1.51j8 (Rasband, 2012), that correspond to landmarks 1 and 3 in
Fraimout et al. (2018) and a line between them was traced to discard
all the proximal part of the wing. Then, a semi-automatized script
in Python 3.6.1 was written to extract the wing and spot contours.
Their respective areas were estimated by the Green's theorem in
the function contourArea of the OpenCV library (Bradski & Kaehler,
2000) as the number of pixels within the wing and spot contours.

Our script was based on the manual adjustment of the picture
color contrast. Because the color difference between the wing and
the background is sharp, the wing outline was easily and robustly
extracted. To the contrary, because the limits of the spot are fuzzy, a
subtle difference in the image contrast can induce a relatively large
difference in the spot outline. The manual adjustment of the picture
contrast might thus be an important source of measurement error,
particularly so for the spot size. We thus repeated the estimation of
the wing and spot sizes in all the pictures and measurement error
was quantified using an ANOVA for each population, assessing indi-
vidual variation and measurement residuals.

2.3 | Statistical analyses
2.3.1 | Natural populations

We applied a linear model to assess the relationship between abso-

lute spot size and wing size, differences among natural populations

Fcology and Evolution o 3181
= WILEY- |2

on the spot size and whether there was natural variation in the
spot-wing relationship (i.e., spot size ~ wing size + population + wing
size x population). To have an estimate of natural variation for
the other two phenotypic traits, we also assessed with one-way
ANOVAs the differences among natural populations for wing size
and the ratio. To explore the potential effect of temperature on
those wild samples, we collected the average temperature during
the month of collection in these places from the National Oceanic
and Atmospheric Administration database (www.ncdc.noaa.gov/
IPS/mcdw/mcdw.html; Table 1) and ran a linear regression for each

trait with temperature as a continuous variable.

2.3.2 | Experimental samples

We inferred the effect of temperature and geographic factors on
each phenotypic trait with two-way ANOVAs (phenotype ~ tem-
perature + population + temperature x population). The interaction
temperature x population was used to assess the difference in plas-
ticity among populations. We also ran a regression to test the effect
of wing size on the absolute spot size, so that we can experimentally
develop a null hypothesis about the relationship between wing and
spot sizes that can be compared later with the results from natural
populations. Because temperature, wing size and spot size are cor-
related (see Section 3), we did not include two of these factors as ex-
planatory variables in the same statistical model to avoid collinearity
problems. This is the simplest approach that allows us to explore
the unique contributions of temperature and wing variation to spot
variation (Graham, 2003). The effect of temperature on the relation-
ship between wing size and spot size was assessed by estimating the
effect of the interaction wing size x temperature on spot size in one
ANCOVA. Differences in the slope of the relationship spot size-wing
size was compared among temperatures with three pairwise t tests.

Differences in variance might reflect differences in the develop-
mental channeling of environmental variation (Debat & David, 2001;
Debat, Debelle, & Dworkin, 2009). In general, stressful environmen-
tal conditions have been suggested to alter developmental stability,
leading to an increase in variance among individuals and asymmetry
(Graham, Emlen, Freeman, Leamy, & Kieser, 1998). Among individual
variation was measured as the coefficient of variation (CV) to ac-
count for a potential scaling effect on wing and spot size variation,
and compared among temperatures within each geographic popu-
lation. The significance of the differences was tested using a mod-
ified signed-likelihood ratio (MSLR) test for equality of coefficients
of variation (Krishnamoorthy & Lee, 2014). For all the analyses de-
scribed, we averaged the phenotypic measurements obtained over
the two wings within individual to avoid pseudoreplication.

To explore the hypothesis that temperature affects asymmetry,
we measured the difference between right and left values for each
of the three phenotypic traits (Table 1). That way, positive values in
asymmetry would reflect larger phenotypes in the right wing and
negative values larger phenotypes in the left wing. Then, a two-way
mixed model ANOVA was applied to each trait (Palmer & Strobeck,
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1986; Palmer, 1994). “Individual” was entered into the model as a
random effect, and tested for the variation among individuals; “side”
was treated as a fixed effect, and tested for a systematic deviation
from perfect symmetry (directional asymmetry, DA); the interaction
“side x individual” tested for the significance of non-DA relative
to measurement error (Fluctuating asymmetry, FA). The replicated
measurements were included in the error term. Once the presence
or absence of significant DA and FA was assessed in each particular
group, we assessed the effect of temperature and geography with an
ANOVA for DA, and a Levenne's test for FA. We checked for differ-
ences in the slope of the relationship between temperature and ratio
asymmetry among populations with three pairwise t tests.

As effect sizes, Cohen's d for differences among geographic pop-
ulations and r? for temperature effects were reported due to their
simplicity (Rosenthal, Cooper, & Hedges, 1994). All analyses were
run in R version 3.5.2 (R Core Team 2018) and graphs designed with
ggplot2 (Wickham, 2016). All data, scripts, and figures can be found
in Dryad and GitLab (https://gitlab.com/ceferinovg).

3 | RESULTS
3.1 | Natural populations

In natural populations, we found differences among populations for
the spot size (ANOVA: Fip 223 = 2.480,p = .005) as well as for the
wing (ANOVA: F12, 236 = 41.330, p < .001) and the ratio (ANOVA:
Fip 036 = 3.092,p < .001). The latter showed a remarkable stability
in comparison to the wing and the absolute spot size (rZRATIO =.14
Pspor = 49 Ping_pop = -68)-

Our linear model (spot size ~ wing size + population + wing
size x population) also showed an association between spot size
and wing size in pooled samples (r? = .66, F1y223 =525.217,p < .001;
Figure 2). Whether the relationship between spot size and wing
size depends on the population is not conclusive (r?> = .70, ANOVA:
Fi2 203 = 1.748, p = .058). We detected a significant effect of tem-
perature on the three phenotypic traits (Figure 2), but much weaker
for the ratio (wing size: r? = .39, F1, 247 = 158.1, p < .001; spot size:
r* = .21, F, ,,, = 68.88, p < .001; ratio: r* = .03, F, ,,, = 8.183,
p =.005).

3.2 | Experimental samples

Both wing size and spot size strongly decreased with temperature
(rZWING,TEMP = .93, F) 114 = 886.278, p < .001; rZSPOT,TEMP = .67,
F2, 121 = 4.986, p = .008; Figure 3) and both traits are associated
(r*=.73,t=18.017, p < .001; Figure 3). The ratio exhibited much less
variation with temperature (r* = .08, Fy 116 =4.907,p = .009), the val-
ues at 22°C being slightly larger and driving the significance (no dif-
ference between 16 and 28°C was detected: F1,75 =1.243,p =.268).

Overall, the three traits exhibited very similar reaction norms

across populations (Figure 3a,c). A slight difference was nevertheless

detected for wing size plasticity (interaction temperature x popula-
tionsignificant: F4116= 4.366,p=.003),the Sapporo population being
slightly less responsive to temperature (r2SAPPORO =.92, r2PARIS =.94,
r2DAYTON = .95). No difference in plasticity among populations was
found for the either the wing spot (F, 1,, = 1.928, p = .110) or the
ratio (F, ;1 = 0.508, p =.730).

Interestingly, the relationship between absolute spot size and
wing size was dependent on temperature (r* = .74, Fy 109 = 1174,
p < .001): the lower the temperature, the higher the slope of the
regression and the tighter the association (‘,2160 = .50, r222° = .30,
rzzgo = .03; Figure 3b). Although no significant differences were
found among slopes (16°C vs. 22°C: t; ;3= -1.472,p =.145,28°Cyvs.
22°C:ty gg=-0.417,p=.678,28°Cvs. 16°C: t, 5, = -1.206,p =.232),
this may be due to the sample size limitations within temperature.

Within population coefficient of variation was not affected by
temperature for wing size. In contrast, it tended to be higher at 28°C
in the three populations for both the spot size and the ratio (Table 3),
although not significantly so for Sapporo (MSLR o1 = 4.25, p = .119,
MSLR g = 0.83, p =.661, MSLRp \1 o = 4.60, p = .100). Although all
three geographic populations showed increased variation at 28°C,
this effect was less pronounced for Sapporo that was less variable
than the two invasive populations for the spot size and the ratio
(Table 3; F, 40 = 1.02, p = .369).

Measurement error was much lower than the FA detected for all
the populations and traits, ranging from twice lower for wing size in
Dayton at 28°C to near 200 times lower for spot size in Paris at 28°C.
No difference in FA was detected for either the wing or the abso-
lute spot sizes for laboratory samples (FWING; 2,103 = 2:449,p = .091;
Fspor 2,103 = 1.166,p = .316) and for natural populations, no differ-
ence in FA was found for any trait (F\y . 12, 165 = 0-942, p = .507;
Fspor: 12, 165 = 0-597, p = .843; Fpario. 12, 165 = 0-712, p = .417). For
the ratio, the populations at 28°C showed more FA than the popula-
tions at 16°C (SDg 10 26°C: 0.010, SDgami0 16°C: 0.003, F, 4 = 6.070,
p =.016) but the differences between 22°C and 16°C (SDg \1/5 2,°C:
0.005, F; 4, = 2.069, p = .155) and 28°C and 22°C (F, ,5 = 3.543,
p = .064) were not significant.

No DA was detected for wing size. In contrast, significant DA
was detected for both the absolute size and the ratio, always in favor
of the right side. For Paris and Dayton, DA was detected at 22 and
28°C while Sapporo only showed significant DA at 16°C. DA sub-
tly increased with temperature for the ratio (r2 =.06, Fz, 97 = 3.323,
p =.040), and this effect was different depending on the population
(P remp < pop = 15, Fg 97 = 2.095, p = .043). In particular, the native
population showed a lower response to temperature than invasive
populations (Figure 3d, dsppporo-paris = 0-60; dsapporo-payton = 0-49
dppayvton-paris = 0-21), although pairwise tests did not show significant
differences in the slope of the relationship temperature-ratio asym-
metry between Sapporo with either Paris (t1, o5 = 0.765, p = .447) or
Dayton (t1, 6s = 1.268, p =.209).

Most of the natural populations showed similar asymmetry pat-
terns: while no DA was detected for wing size, both the absolute spot
size and the ratio exhibited right-biased DAs (Figure 2). The excep-

tions are the Dayton population, which also showed DA for the wing
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FIGURE 2 Relationship between wing
and spot variation in natural populations
and temperature. Temperature was
measured in °C and phenotypic sizes
correspond to the number of pixels within
wing and spot areas in the pictures. The
ratio and ratio asymmetry are based on

a proportion between the former two.
Regression lines are shown with the
corresponding p and r? values. Association
between (a) wing size and temperature,
(b) spot size and temperature, (c) the ratio
and temperature, and (d) ratio asymmetry
and temperature
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FIGURE 3 Effect of temperature on the different phenotypic traits in the experimental samples. p and r? values of the associated
regressions are mentioned on each figure. Effect of developmental temperature on (a) wing size, (b) absolute spot size variation, (c) the
relationship between spot size and wing size, (d) the spot/wing ratio (e) the ratio asymmetry

TABLE 3 Coefficient of variation for each trait per population
and temperature

Sapporo Dayton Paris

Wing

16° 0.06 0.05 0.04

22° 0.05 0.07 0.06

28° 0.06 0.04* 0.04
Spot

16° 0.19 0.10* 0.10*

22° 0.11 0.10* 0.14**

28° 0.20 0.29 0.25
Ratio

16° 0.14 0.09* 0.08*

22° 0.11 0.08* 0.12*

28° 0.20 0.27 0.25

Note: Asterisks represent a significant difference for a phenotype
(*oe = 0.05, **a = 0.1), within a population, between the temperature
presenting the largest coefficient of variation and the other two
temperatures.

size, Langfang, which did not show DA for either the wing or the spot
size, and Paris, which only showed wing size DA. DA was not asso-
ciated with temperature in any trait (Wing: Fy 165 = 0.090, p = .765;
absolute spot size (F1, 145 = 0.488, p = .486); ratio (Fi, 145 = 0.143,
p = .706); Figure 2).

4 | DISCUSSION

Our results revealed the existence of a relatively large natural varia-
tion in wing and spot sizes and temperature may explain a substan-
tial part of it. In contrast, the spot-to-wing ratio was quite stable in
nature and very robust to developmental temperature in the labora-
tory. This stability might either reflect a tight structural connection
between the development of the spot and that of the wing, imposing
a strong correlation between the two (i.e., constraint hypothesis),
or a history of stabilizing selection on the relative spot size (i.e.,
adaptive hypothesis). All three populations exhibited an increase in
relative spot size variation at 28°C, indicative of a lesser develop-
mental robustness at high temperature, in agreement with the status
of cold-adapted species of D. suzukii (Enriquez, Renault, Charrier, &
Colinet, 2018; Jakobs, Gariepy, & Sinclair, 2015; Shearer et al., 2016;
Stephens, Hutchison, Asplen, & Venette, 2015). This increased vari-
ation originating from a de-correlation of spot size and wing size at
28°C suggests that the stability of the relative spot size is not an
absolute structural constraint, and therefore points at the adap-
tive hypothesis. D. suzukii males wing color pattern might thus be
under stabilizing (sexual?) selection. Native and invasive populations
showed very similar reaction norms, suggesting that spot plasticity
is not affected by—and played no role in the success of—the invasion
history. Relative spot size variability, as measured by the within pop-
ulation coefficient of variation, was higher at 28°C in invasive popu-
lations compared with the native population, possibly pointing at a

relaxed sexual selection during the invasion. Finally, both natural and
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laboratory samples exhibited a slight but significant DA of spot size
(both absolute and relative), consistently in favor of the right side.

4.1 | Relative spot size robustness: selection or
constraint?

Although our experimental populations show a slight but signifi-
cant decrease in the ratio at both high and low temperatures, the
overall pattern reflects a global stability to developmental tempera-
ture, contrasting with wing size and absolute spot size that are both
strongly plastic to temperature.

Such robustness might suggest either that spot size is fully de-
termined by wing size, owing to the tight connection between wing
development and the spot formation—an example of developmental
constraint—or alternatively, that stabilizing selection is acting on D.
suzukii males color pattern, removing individuals with extreme rela-
tive spot sizes.

The fact that the wing spot is only present in males in all species
has been interpreted as a mark of sexual selection (Kopp & True,
2002). The presence of a spot is indeed phylogenetically tightly as-
sociated with the occurrence of elaborate courtship behaviors, the
males dancing in a stereotypic way in front of females and display-
ing their wings (Kopp & True, 2002; Revadi et al., 2015). Although
the empirical evidence of an effect of the spot on mating success
is scarce (Fuyama, 1979; Roy & Gleason, 2019), it is nevertheless
conceivable that females choice might be influenced by the male
wing phenotype. Sexual selection might have favored the stability
of the relative spot size and reduced its plasticity, a common process
(Fierst, 2013) although not universal (Price, 2006). This would sug-
gest that the focal trait might not be the spot size itself, but rather its
extent on the wing, that is, the wing color pattern.

Alternatively, it is possible that spot size plasticity is simply a
structural consequence of wing size plasticity to temperature, which
has been suggested to be adaptive (Crill et al., 1996; David et al.,
1997), and the fact that the boundaries of the expression of the
genes involved in the spot formation vary according to the positional
information of the veins (Arnoult et al., 2013; Gompel, Prud'’homme,
Wittkopp, Kassner, & Carroll, 2005). Such developmental depen-
dency of spot formation on wing development would thus impose a
tight correlation between spot size and wing size, leading to a struc-
turally stable spot relative size. This would thus be an example of an
absolute constraint on the variation of the wing color pattern.

The analysis of the ratio variation within temperature provides
an element in the discussion. It was indeed found that this variation
increases at high temperature in the three populations (Figure 3c).
This effect may indicate that hot temperatures might destabilize the
processes involved in the spot formation, which is in agreement with
the idea that D. suzukii is adapted to cold temperatures (Enriquez et
al., 2018; Jakobs et al., 2015; Shearer et al., 2016; Stephens et al.,
2015). The analysis of the covariation between wing size and spot
size shows that they are tightly correlated. However, this correla-

tion decreases at 28°C overall (Figure 3b), leading to the observed
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increase in variation of the ratio. This shows that the developmen-
tal link between wing and spot development can be disrupted (e.g.,
under hot temperature) suggesting that the stability of the spot rel-
ative size under colder (possibly optimal) temperatures might reflect
more than a developmental constraint, that is, might be maintained

by stabilizing selection.

4.2 | No role for plasticity to temperature
in the invasion

Because plasticity may give a fitness advantage in early stages of in-
vasion, populations repeatedly confronted to changing environments
as invasive populations might present larger plastic responses. The
hypothesis of adaptive plasticity in invasive populations (as opposed
to native ones) has frequently appeared in the literature (Davidson
et al., 2011; Lande, 2015; Lee & Gelembiuk, 2008; Richards et al.,
2006; Yeh & Price, 2004). However, our results only show very
small differences in wing size plasticity between invasive and native
populations.

These results are consistent with some of the previous studies
on the invasion of D. suzukii. No difference in thermal plasticity of
wing shape, activity rhythms, gene expression and ovipositor shape
was detected (Fraimout et al., 2018; Plantamp et al., 2019; Varén-
Gonzalez, Fraimout, Delapré, Debat, & Cornette, 2019). There is still
scarce evidence that thermal plasticity might have contributed to
the success of the invasion in this species (but see e.g., Everman et
al., 2018). It is possible that D. suzukii might have been preadapted in
its native range to the thermal conditions encountered throughout
the invasion (Suarez & Tsuitsui, 2008), reducing the importance of
temperature as a selective agent, but leaving open the hypothesis
that plasticity relative to other parameters might have played a role

in the invasion success (Hamby et al., 2016).

4.3 | Directional asymmetry: affected by heat
stress and indicative of a lateralized sexual behavior?

Both DA and FA have been suggested to increase under stress and
have in turn been used as bioindicators of stressful environmental
conditions (Graham et al., 1998; Klingenberg & Nijhout, 1999), but
see Houle (1998) for a critical discussion. Our results, showing an
increase of the spot DA at high temperature may be circumstantial
but their congruence with independent suggestions about the adap-
tation of D. suzukii populations to cold temperature (Enriquez et al.,
2018; Jakobs et al., 2015; Shearer et al., 2016; Stephens et al., 2015)
might advise further exploration.

The systematic DA in favor of the right side for the spot size
is surprising. The small magnitude of DA might be a consequence
of a regular but nonadaptive effect (Pélabon & Hansen, 2008).
However, this consistent right-biased DA possibly points at a bias
during courtship and mating that might be worth investigating, as

suggested by QTL analyses linking behavior and wing pigmentation
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in Drosophila elegans and Drosophila gunungcola (Yeh & True, 2014).
By altering a trait involved in a sexual behavior, stressful develop-
mental conditions (temperature) might thus interfere with sexual

selection.
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