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Sexual dimorphism in traits of insects during the developmental stages could potentially be the direct or indirect result of sex-specific
selection provided that genetic variation for sexual dimorphism is present. We investigated genetic variation in sexual dimorphism in a
set of Drosophila melanogaster inbred lines for 2 traits: egg to adult development time and pupation site preference. We observed con-
siderable genetic variation in sexual dimorphism among lines in both traits. The sexual dimorphic patterns remained relatively consistent
across multiple trials, despite both traits being sensitive to environmental conditions. Additionally, we measured 2 sexually dimorphic
adult morphological traits in 6 sampled lines and investigated correlations in the sexual dimorphism patterns with the 2 developmental
traits. The abundance of genetic variation in sexual dimorphism for D. melanogaster developmental traits demonstrated in this study
provides evidence for a high degree of evolvability of sex differences in preadult traits in natural populations.
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Introduction

A prevalent characteristic of sexually reproducing animal species
is sexual dimorphism. Sexual selection or sex-specific selection is
generally responsible for the evolution of sexually dimorphic
traits (Shine 1989), which has occurred many times independently
across animals (Campbell 1972). This suggests that genetic vari-
ation for sexual dimorphism may typically be abundant (Griffin
et al. 2013; Huang et al. 2015), but this has not been thoroughly ex-
plored. Model organisms such as Drosophila and other insects are
ideal candidates for such studies. Drosophila have been shown to
harbor considerable additive genetic variance in quantitative
traits and thus are presumed to have substantial evolvability in
these traits (reviewed by Houle 1992).

Quantitative trait evolution can be constrained by genetic cor-
relations (Clark 1987; Futuyma 2010). For example, experimental
evolution studies on the eyespot patterns of Bicyclus anynana un-
covered limitations in response to the antagonistic direction of se-
lection for colors but not for sizes (Beldade et al. 2002; Allen et al.
2008). Ingleby et al. (2014) found that Drosophila cuticular hydro-
carbons (CHCs) that typically show sexual dimorphic expression
are relatively unconstrained from evolving further sexual di-
morphism, whereas CHCs that typically do not show sexually di-
morphic expression show evidence of constraint against the
evolution of sexual dimorphism. Artificial selection for life history
traits in Drosophila revealed a negative correlation between starva-
tion and cold resistance in females but not in males (Hoffmann
et al. 2005). Directional selection for extreme trait values or par-
ticular trait combinations may be able to decouple correlated
traits or may fail due to lack of genetic variation caused by strong
genetic correlations between traits. Thus, the evolution of novel

sexual dimorphism can be constrained by either a lack of diver-
gent selection between the sexes or the absence of sex-specific
genetic variance (i.e. low intersexual genetic correlation; Griffin
et al. 2013), or both.

Sexually dimorphic adult traits may readily evolve under selec-
tion because of genetic variation for traits expressed in the adult
stage in which such traits typically function. However, the degree
of sexual dimorphism for traits manifesting at earlier stages is
generally expected to be lower due to both the lack of selection
and sex-specific selection at later stages overriding earlier appear-
ing dimorphic patterns (Badyaev et al. 2001; Badyaev 2002). In in-
sects, sexual dimorphism in developmental traits has been
observed in several laboratory studies, such as larval body size,
larval and pupal development time, and larval feeding strategies
(Nunney 1996; Jarosik and Honek 2007; Nunney 2007; Teder
2014; Wormington and Juliano 2014b). In Aedes and Drosophila, fe-
male larvae were found to be larger and foraged longer than male
larvae (Wormington and Juliano 2014a; Mathews et al. 2017) and
adult size followed the same pattern (Huey et al. 2006;
Wormington and Juliano 2014b). In many insect species, females
require more time to develop than males, but Drosophila species
tend to show the opposite pattern (Nunney 2007; Teder 2014).
Sex-specific behaviors such as differential antipredator responses
were also observed in Aedes larvae during the foraging stage; male
larvae were more vigilant toward predator cues than female lar-
vae, which is thought to be an adaptation to differences in energy
requirements (Wormington and Juliano 2014a).

In environmentally controlled laboratory experiments, Drosophila
inbred lines harbor substantial genetic heterogeneity amonglines
in sexual dimorphism, indicating significant sex-specific genetic
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variance in the original natural populations (David et al. 2005;
Mackay and Huang 2018). However, few studies have conducted
replicate experiments to account for environmental sources of
variation and confirming the repeatability of variation in sexual
dimorphism in developmental traits. Sexually dimorphic gene
expression is the basis for sexually dimorphic morphology.
Huangetal. (2015) discovered widespread sex-biased expression
in about 90% of Drosophila genes using RNA transcriptome se-
quencing on Drosophila Genetic Reference Panel (DGRP) lines, and
a substantial proportion (13%) of genes demonstrated significant
sex-by-line interaction, i.e. genetic variation in the magnitude of
sexual dimorphism between lines. Ayroles et al. (2009) quantified
genome-wide expressed transcripts in adult Drosophila wild-
derived inbred lines and found that 40% of the transcripts showed
geneticvariation in sexual dimorphism. These studies suggest that
genetic variation for sexually dimorphic gene expression during
development is common in natural populations. We hypothesize
that genetic variation in sexual dimorphism in Drosophila develop-
mental traits is abundant, which allows natural populations to po-
tentially respond rapidly to sex-specific selection.

This study investigates genetic variation for sexual dimorph-
ismin eggto adult development time and pupation site preference
among Drosophila melanogaster inbred lines. In D. melanogaster
and other Drosophila species, females generally emerge slightly
earlier than males, on average (Pitnick et al. 1995; Bharathi et al.
2004; Ashburner et al. 2005; Huey et al. 2006; Nunney 2007).
Nunney (2007) proposed that early eclosion of female Drosophila
confers a fitness advantage via increased egg provisions prior to
sexual maturity. On the other hand, male Drosophila may reduce
the mortality risk of adulthood in nature before mating by delay-
ing eclosion and reaching reproductive maturity shortly after
eclosion (Pitnick et al. 1995). According to this hypothesis, there
should be heritable phenotypic variation and thus genetic vari-
ation in sexual bimaturism in natural populations, which could
be captured as differences among inbred lines.

Another potentially sexually dimorphic trait that manifests
during development is pupation site preference. A suitable pupa-
tion site is required for D. melanogaster adults to successfully
eclose in the natural environment (Bauer and Sokolowski 1988).
By the end of the third instar stage, 4- or 5-day-old D. melanogaster
larvae cease foraging and begin a 12- to 24-h “wandering” behavior
in search of a pupation site, which is typically a relatively dry area
(Sokolowski et al. 1984). Pupation sites represent a variety of mi-
crohabitats that differ in terms of abiotic factors such as texture
or substrate type, moisture content, temperature, and light inten-
sity (Manning and Markow 1981; Casares and Carracedo 1987,
Medina-Mufioz and Godoy-Herrera 2004; Ramniwas and Kumar
2019). Any of these variables may have an effect on the pupation
site selection process. Along with abiotic factors, biotic factors
such as species, sex, maternal effects, aggregation (larval density),
and CHCs left by adults may influence pupation site preference
(Sokolowski et al. 1984; Mueller and Sweet 1986; Bauer and
Sokolowski 1988; Medina-Mufioz and Godoy-Herrera 2004).

The preference for pupation site is a selectable (and heritable)
trait in laboratory populations of Drosophila. Ramniwas and
Kumar (2019) successfully selected strains of Drosophila jambulina
that pupate virtually exclusively on cotton or food after 30 genera-
tions. They discovered that reciprocal F2 offspring of crosses be-
tween differentially selected lines had a Mendelian segregation
ratio, suggesting that variation at a single locus was primarily re-
sponsible for the selection responses. They also discovered that
pupation site preference was highly temperature-dependent;
the segregation ratio in F2 shifted from ~1:3 to 3:1 at 21°C vs

30°C. Bauer and Sokolowski (1988) and Casares and Carracedo
(1987) successfully selected strains with significantly different
mean pupation heightsin food vials (upper dry vs lower wet areas)
within 15 generations. Bauer and Sokolowski (1988) also found a
significant maternal effect on pupation height, suggesting that
high-pupating mothers tend to have high-pupating progeny. In
general, they discovered that the main inheritance pattern for
the trait was polygenic and additive. Their subsequent study
(Sokolowski and Bauer 1989) indicated that factors on the second
and third chromosomes contribute additively to variation in the
pupation height trait. Here, we are interested in variation in sex-
ual dimorphism of pupation site preference rather than the trait
per se. Bauer and Sokolowski (1988) and Casares and Carracedo
(1987) documented interesting observations of sexual dimorph-
ism in pupation site preference: male larvae of both Drosophila si-
mulans and D. melanogaster move further and prefer drier pupation
sites than female larvae.

In Drosophila, variation in sexual dimorphism is expected to be
influenced in part by variation in sex-specific gene expression,
which is primarily triggered by the somatic sex determination cas-
cade and dosage compensation systems (Straub and Becker 2007;
Verhulst et al. 2010; Gempe and Beye 2011; Salz 2011). Because
these systems take effect very early in embryogenesis, the male
and female states can be considered distinct cellular environ-
ments present throughout subsequent development. Thus, nu-
cleotide variation, particularly in cis-acting regulatory elements,
may result in differential expression of male- and female-specific
gene products throughout development, which is not limited to
genes required for the development of existing adult sexual di-
morphism. Thus, these variants are putatively available to re-
spond to sex-specific selection for developmental traits.

To test for such variation in sexual dimorphism, we examined
the development time and the pupation site preference in 21 D. mel-
anogaster DGRP lines (Mackay et al. 2012) in 4 replicate experiments
conducted under nearly identical environmental conditions. We
performed 2 more replicates to confirm the consistency of sexual
dimorphism of pupation site preference in 6 lines. Both traits exhib-
ited abundant genetic variation in sexual dimorphism. Here, we pre-
sent data on the variation in sexual dimorphism among lines and
discuss their implications for the evolvability of sexual dimorphism
during development.

Materials and methods

Fly media

Fly media were prepared with 14 g agar, 70 g brewer’s yeast, and
70 g glucose per 1 L water (water volume in Trial VI was decreased
to 0.8 L for the same amount of ingredients for controlling the cot-
ton roll moisture level). Additionally, we added a small amount of
acid mix to lower the pH and inhibit fungal growth (1 L water to
0.35 mL phosphoric acid and 3.5 mL propionic acid). Reusable plas-
tic vials were autoclaved and thoroughly dried before food dispens-
ing. The agar and yeast were added to boiling water and boiled for
10 min until completely dissolved (for 5L of food; time varied
according to batch volume); once the temperature dropped to 60—
70°C, the glucose and acid mixture was added. Each vial was dis-
pensed with 7 mL of food using a dispenser. Food vials were chilled
overnight at 4°C and brought up to room temperature before use.

Drosophila strains and culture

We arbitrarily selected and cultured 21 DGRP lines (Mackay et al.
2012), which are highly inbred D. melanogaster lines derived from
a natural population in North Carolina. These lines were cultured
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in an incubation chamber under uniform environmental settings:
25°C, 30-50% relative humidity, and 12/12 h light/dark cycle. For
each line, we set up 10 vials with 5 pairs in each vial to propagate.
Then, to produce the experimental flies, for each line, we collected
mated female offspring from the propagation vials and allocated
20 females into each of 8 new vials; lines with an insufficient num-
ber of mated females were established with fewer vials. In the ini-
tial trial, these females laid eggs for 40 h and were removed from
the vials. Given that a longer egg-laying time window may result
in a relatively high population density, which may interfere with
pupation site preference, we reduced the egg-laying time to
24-32 h in the following 5 trials.

One day after removing females from the vials, we inserted a dry
cylindrical cotton roll (0.95x3.8cm, 100% cotton, unbraided,
Richmond Dental Co. Cat. # 216206) to a depth of ~15 mm in the cen-
ter of the food (vial size 2.5 x 9.5 cm). Within a few days, the late third
instar larva entered the wandering stage and pupated on the cotton
roll or the side of the vial and food surface. Once observing that alllar-
vae in the majority of the vials had pupated, we transferred the cot-
ton rolls to new food vials (Supplementary Fig. 1a). We sexed and
counted emerged flies in both the original vial and the vial with
the cotton roll 1-3 times per day in most of the trials.

Four trials were conducted with overlapping sets of lines and
varying in the conditions described previously. The vial positions
in trays and the incubator were not randomized in the initial trial.
Randomizing strain and vial placement is expected to control for
heterogeneous environmental influences, such as variation in
light intensity that may affect pupation site preferences
(Manning and Markow 1981). Following Trial I, we revised the
protocol by randomly assigning vials to all positions in the incuba-
tor. Prior toinitiating Trial IV, we reordered DGRP strains (from the
Bloomington Drosophila Stock Center) and propagated the strains
for 2 generations using our food recipe. Given the generally con-
sistent mean differences in pupation site preference between
sexes in this sample of lines, we chose 2 lines that showed
more males than females pupating on cotton (male cotton,
304 and 362), 2 lines that showed the opposite pattern (427
and 732), and 2 lines with a nonsignificant mean difference be-
tween sexes (335 and 517, P >0.05, t-test), across the first 4
trials. In Trials V and VI, these 6 lines were evaluated for the re-
peatability of their cross-sex mean difference patterns in pupa-
tion site preference. The trial setup details are summarized in
Supplementary Fig. 1b. The data are deposited in Dryad
(https://datadryad.org/stash/share/EA40YK6w-ajNz232YvXT8viw
aS5JqRgywPt2R_6Xiww).

To determine the correlation of sexual dimorphism patterns
between the developmental traits and adult morphological traits,
we dissected ~300 pairs of flies from the 6 lines reared in Trials V
and VI (adult flies from Trial IlI preserved in 95% ethanol + 5% gly-
cerin) and measured the wing length, wing width, and abdominal
sternite bristle number (Supplementary Fig. 2). We performed
t-tests on the measured traits between the flies pupated on cotton
and not on cotton (Supplementary Table 1). We built linear mixed
models for the response variable time and cotton ratio with the in-
dependent variables wing length, width, and bristle numbers to
males and females in the 3 groups of lines. We performed
ANOVA (package stats, R Core Team 2020) on the fitted model.
We plotted a correlation heatmap for the sexual dimorphism of
these traits in Supplementary Fig. 3.

Statistical analysis

The data analysis was carried out using R (R Core Team 2020; R
Studio Team 2020). The R code is deposited in Dryad (https:/

datadryad.org/stash/share/EA40YK6w-ajNz232YvXT8viwaSS]qR
gywPt2R_6Xiww).

Linear mixed model specifications for the 2 traits
We used linear mixed models to estimate the variance of sexual
dimorphism in development time and pupation site preference
among the 21 DGRP lines in Trials I to IV, via restricted maximum
likelihood (REML) and BOBYQA optimization (Powell 2009) using
the function Imer (package Ime4; Bates, Machler et al. 2015). We fit-
ted the response as the mean difference between the sexes (the fe-
male was set as the reference group) to the fixed effects and the
random effects. For the development time, the response was the
difference in hours between estimated time of egg-laying and es-
timated time of eclosion. Estimated time of egg-laying was the
halfway point of the egg-laying time window. Estimated time of
eclosion for the first collection was the collection time.
Estimated time of eclosion of later collections was midway point
between time of last collection and current collection time. For
the pupation site preference, the response was the difference in
cotton ratio: percent of flies pupated on the cotton roll.

The fixed effects include “density level,” #collected in a vial, ca-
tegorized as “low” if below the median 97 (vials of Trials I-IV) or
“high” if above; “trial condition,” Trial I vs Trials II-IV, to test the
effect of different trial setups; and average “#vials set up per line”
of Trials I-IV, categorized as “low” if below the average of all lines
(7.06) and “normal” if above. The random effects include “trial”
and “line” as accounting for the group effect (random intercept)
from different trials and lines. We tested the interaction effects be-
tween the fixed effects and between the fixed and random effects
(random slope). See Table 1 for the summary of the models.

Estimating the density effect

We estimated the density effect quantitatively for development
time. We used only Trial I data and the average time of the sexes
within the mean + 1.5 * standard deviations (sd) (88% of the data).

For pupation site preference, we tested the density level effect
on male and female separately. We fitted a generalized linear
mixed model to Trials I-IV, with logit-link to the response of the
male or the female cotton ratio, which follows a binomial
distribution.

Testing the consistency of pupation site
preference in the 6 lines

To test if the mean difference in pupation site preference between
sexes was generally consistent between Trials I-IV and Trials V
and VI, we pooled the data from the 6 selected lines (see above)
and fitted a linear mixed model. The fixed effects included “dens-
ity level”; “trial sets,” Trials I-IV vs Trials V and VI; and the pat-
terns showed in Trials -1V, “male cotton” for lines 304 and 362,
“female cotton” for lines 427 and 732, and the reference level non-
significant mean difference between sexes for lines 335 and 517.
See Table 2 for a summary of the model.

Estimating the magnitude of variation in sexual
dimorphism in lines

We obtained the mean and sd of the random intercept for each
line using the function ranef (package lme4; Bates, Machler et al.
2015). We then plotted the (mean+1.96 * sd) for each line in
Fig. 1a and ¢, as the model-estimated mean difference between
sexes of the development time and cotton ratio (function ggplot,
package ggplot2; Hadley 2016). For Fig. 1b and d, we performed
t-tests to compare males and females within each individual
line and then aligned the between-sex differences with a) and c).
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Table 1. Summary table of models for pupation site preference and development time for the 21 lines in Trials I to IV.

Pupation site preference (%pupated on cotton) 95% CI of coefficient
Fixed effects Estimate of coefficient SE of coefficient P Lower Upper
Intercept 0.10 0.04 0.01 0.03 0.17
Density in level (D) -0.08 0.04 0.03 -0.15 -0.01
Trial condition (T) -0.04 0.04 0.25 -0.11 0.03
#Vial per line in level (V) -0.10 0.05 0.03 -0.19 -0.01
D*T -0.01 0.04 0.74 -0.10 0.07
D*V 0.06 0.05 0.21 -0.03 0.15
T*V 0.06 0.04 0.19 —-0.03 0.14
D*T*V 0.01 0.05 0.87 -0.09 0.11

Random effects Variance sd ICC Adf A7 P
Line intercept 0.002 0.045 0.18 1 59.11 <0.0001
Trial intercept 0.0001 0.010 0.011 1 0.19 0.66
Residuals 0.009 0.096

Development time (h) 95% CI of coefficient

Fixed effects Estimate of coefficient SE of coefficient P Lower Upper
Intercept 3.50 171 0.05 0.14 6.86
Density in level (D) 1.45 1.78 0.42 -2.04 4.94
Trial condition (T) 0.96 1.63 0.56 -2.24 4.16
#Vial per line in level (V) 0.10 2.14 0.96 —4.09 4.29
D*T -1.05 1.93 0.59 —-4.83 2.73
D*V -1.47 2.27 0.52 -5.92 2.98
T*V -1.38 1.98 0.49 -5.26 2.50
D*T*V 1.85 2.39 0.44 —2.84 6.53

Random effects Variance sd ICC Adf AP P
Line intercept 4.98 2.23 0.20 3 112.00 <0.0001

Density in level[line 2.60 1.61 0.12 2 6.79 0.03
Trial intercept 0.25 0.50 0.01 1 0.24 0.62
Residuals 19.63 4.43

Bold: P < 0.05. Trial condition is categorized as Trials I vs Trials II-IV, to evaluate the potential environmental effects of the different trial setups (see Supplementary

Fig. 1b).

Table 2. Summary table of models for pupation site preference for the 6 selected lines in all the trials (Trials I-VI).

Pupation site preference (%pupated on cotton) 95% CI of coefficient
Fixed effects Estimate of coefficient SE of coefficient P Lower Upper
Intercept -0.02 0.02 0.33 -0.05 0.02
Density in level (D) 0.02 0.03 0.43 -0.03 0.08
Trial sets (T) 0.06 0.03 0.09 -0.01 0.13
Female cotton, lines 427 and 732 (FC) -0.06 0.03 0.02 -0.12 -0.01
Male cotton, lines 304 and 362 (MC) 0.13 0.03 <0.001 0.07 0.19
D*T -0.05 0.05 0.33 -0.15 0.05
D*FC -0.03 0.04 0.44 -0.11 0.05
D*MC —-0.06 0.04 0.17 -0.14 0.02
T*FC 0.05 0.05 0.33 -0.05 0.14
T*MC 0.03 0.05 0.57 —-0.07 0.13
D*T*FC -0.01 0.07 0.93 -0.14 0.13
D*T*MC -0.14 0.07 0.06 —-0.28 0.01

Pupation site preference (%pupated on cotton) 95% CI of coefficient

Fixed effects Estimate of coefficient SE of coefficient P Lower Upper
Intercept —-0.02 0.02 0.33 —-0.05 0.02
Density in level (D) 0.02 0.03 0.43 -0.03 0.08
Trial sets (T) 0.06 0.03 0.09 -0.01 0.13
Female cotton, lines 427 and 732 (FC) -0.06 0.03 0.02 -0.12 -0.01
Male cotton, lines 304 and 362 (MC) 0.13 0.03 0.000 0.07 0.19
D*T -0.05 0.05 0.33 -0.15 0.05
D*FC —-0.03 0.04 0.44 -0.11 0.05
D*MC —-0.06 0.04 0.17 -0.14 0.02
T*FC 0.05 0.05 0.33 —-0.05 0.14
T*MC 0.03 0.05 0.57 —-0.07 0.13
D*T*FC -0.01 0.07 0.93 -0.14 0.13
D*T*MC -0.14 0.07 0.06 -0.28 0.01

Bold values indicate statistically significant P - values (P < 0.05).
Trial condition is categorized as Trials I-IV vs Trials V-VI, to test the consistency of the sexual dimorphism pattern in the selected lines (see Materials and methods)
between the trials. The female cotton (FC) and male cotton (MC) are levels of a categorical variable, and the reference level is the “expected to show no sexual

dimorphism” of lines 335 and 517.

We then compared the model estimated with the observed sexual

dimorphism using Pearson’s correlation r (function cor.test, pack-

age stats; R Core Team 2020).

To estimate the effect size of the sexual dimorphism
among lines, we derived the intraclass correlation coefficient

(Snijders and Bosker 2013; ICC, Lorah 2018) as the “between-group
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Fig. 1. The model-estimated and observed differences between the sexes in development time (a and b) and pupation site preference (c and d) in the 21
DGRP lines. The filled circles in b) and d) represent statistical significance after the Bonferroni correction for multiple within-line t-tests (different from
sexual monomorphism). The vertical dashed line denotes the average of the 21 lines of each panel. The high consistency (Pearson’s r) between the left and
right panels suggests that the model provides an accurate estimate of the observed sexual dimorphism.

variance (e.g. variance of “Line intercept” in the “Random effects”;
see Table 1)/(between-group variance + the model residual).”

Results and discussion

We scored ~71,000 adult flies (49.6% male) from 623 vials over the
6 trials. A sample of 17-21 DGRP inbred lines was used in the first 4
trials, and, from those, 6 lines were selected for further testing in
the final 2 trials. Each trial sampled an average of 819 adults per
line and 114 adults per vial (sd=74.2). Males, on average, took
286.3h (sd=26.7) from egg to adult, while females took 282.5h
(sd=27.1), across all lines and trials.

Flies that pupated on cotton emerged significantly later than
flies that pupated on the side of the vial or top of food medium
(difference in males 8.6 h, P <0.001; in females 7.8 h, P <0.001).
In general, larvae that chose the vial side or food surface
started pupating earlier than the larvae that chose the cotton.
This indicates that a preference for pupating on cotton is re-
lated to an increased amount of time spent in the developing,
feeding, or wandering stages or possibly a later average start
time to development.

Approximately 24% of flies pupated on cotton. Males pupated
on cotton at a higher rate (by about 1%) than females, but the dif-
ference was not statistically significant [P =0.28, 95% CI (-0.01,
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0.04), t-test]. However, a significant interaction between sex and
vial density was observed, suggesting that environmental factors
may obscure the overall sexual dimorphism (Table 1; pupation
site preference, density in level P =0.01). Additionally, by fitting
the linear mixed models for the trait, we observed considerable
genetic variation in sexual dimorphism among the 21 DGRP lines.

Sexual dimorphism in development time

We observed a substantial variance in the sexual dimorphism
among lines [Table 1; development time, line intercept
P <0.0001, likelihood ratio test (LRT)]. We aligned the model esti-
mate with the observed mean differences between sexes (t-test) in
Fig. 1a and b. This plot can help visualize the magnitude of sexual
dimorphism variation amonglines. In most lines (19/21), males re-
quired a longer period of development time than females. The
most extreme line, 307, showed an additional 6 h of sexual di-
morphism (males emerged 10h later than females compared
with the average of 4 h). Lines 786 and 360, on the other hand,
showed the opposite direction of sexual dimorphism: females
emerged about 1 or <1h later than males, on average, in these
lines (Fig. 1b).

The fixed effects density, trial condition, and average vial per
line (see Materials and methods for details) were not significant
nor were their interactions (Table 1; P > 0.05). This suggests that
the difference in vial density does not have a significant effect
on the sexual dimorphism in development time. The different set-
ups in the initial trial and the following trials had no significant ef-
fect nor the uneven number of vials setup for each line. There was
not enough variance to support the random slope structure of
these fixed effects on the random effects “trial” and “line” (func-
tion rePCA, package Ime4; Bates, 2015). In summary, these effects
due to uncontrolled environmental conditions within or across
trials appear to have no significant impact on the sexual dimorph-
ism in development time.

To test the density effect quantitatively, we fitted the average
development time of the males and females to the Trial I data.
We found that the density effect was highly significant and had
a positive correlation with development time (estimate =0.051,
P =0.003). This indicates that for every increase of 100 larvae
in the vial density (100 additional adults observed in that vial),
the development time for both sexes was lengthened by 5.1 h.
Larvae developing in high-density vials spent more time on
average foraging, wandering, and/or in pupal development
prior to eclosion.

In summary, we found thatin the majority of the 21 DGRP lines,
males required significantly more development time than fe-
males. We found a significant positive correlation between larval
density and development time (5.1 h per 100 individuals). Males
and females responded similarly in this trait to increasing larval
crowdedness. The model-estimated sexual dimorphism was
consistent with the observed sexual dimorphism in the lines.
We discovered substantial variation in sexual dimorphism in de-
velopment time among the DGRP lines. There would thus appear
to be abundant genetic variation in sexual dimorphism for this
trait in the natural D. melanogaster population from which the
DGRP lines were sampled.

Sexual dimorphism in pupation site preference

We discovered substantial phenotypic variation in pupation site
preference between sexes among lines (Table 1; pupation site
preference, line intercept P < 0.0001, LRT). The mean differences
between the sexes were plotted in Fig. 1c and d (the density effect
was offset in d). Generally, in 18/21 lines, more males than

females pupated on cotton. However, lines 732,427, and 303 ex-
hibited a pattern in the opposite direction, with more females
than males pupating on cotton. Overall, these results indicate
that sexual dimorphism varied significantly among lines.

The fixed effects in the development time model were also
tested for pupation site preference. The density had a significant
effect on the sexual dimorphism of cotton ratio (estimate=
—0.08, P =0.01). The ad hoc analysis by fitting generalized linear
mixed models for males and females separately showed a nega-
tive and significant density effect on males (estimate=-0.32,
P <0.0001) and a relatively smaller density effect on females
(=0.08, P =0.02). These together suggest that males exhibited
this density-dependent pattern more strongly than females.
Male larvae in a less crowded vial responded similarly to density
as female larvae, whereas in an overcrowded vial, the responses
were significantly different. As density increased, males experi-
enced a higher negative influence of density and thus showed a
lower preference for pupating on cotton than females. As dis-
cussed above, we only observed a nonsignificant 1% difference
in cotton ratio between the sexes when density was taken into ac-
count (P =0.28, t-test). Therefore, environmental factors such as
vial density may frequently obscure the observed sexual dimorph-
ism in this trait.

Besides the density effect, the imbalance in the average number
of vials set up between lines also significantly affected the sexual
dimorphism (estimate =-0.10, P =0.01). Due to the variation in
line fecundity, some lines were unable to produce enough females
for setting up 8 vials. The estimate of coefficient suggests that the
lines with more vials set up (>mean 6.34, 13 lines in total) showed
reduced sexual dimorphism in the “male minus female” direction,
compared with the lines with less vials set up (8 lines). In the future
experiments, more propagation vials should be set up in order to
ensure roughly equal sample sizes of lines.

From the first 4 trials, we found lines 304 and 362 showed “male
on cotton and female on vial” pattern, lines 427 and 732 showed
the opposite pattern, and lines 335 and 517 showed a nonsignifi-
cant mean difference between sexes (P > 0.05, t-test). In Trials V
and VI, we evaluated these 6 lines for the repeatability of their
cross-sex mean difference patterns in pupation site preference.
We found that the “Male cotton, lines 304 and 362" vs the refer-
ence level (nonsignificant, lines 335 and 517) and the “female cot-
ton, lines 427 and 732" vs the reference level were both significant
(estimate =0.13, —=0.06, P = <0.001, 0.02, respectively; Table 2). The
fixed effect “trial sets” was categorized as “Trials I-IV” and “Trials
V and VI” and was not significant nor was the interaction with the
group effects. This suggests that the pupation site preference pat-
terns of the group of lines did not change significantly in the last 2
trials compared with the first 4. The patterns were thus generally
consistent across trials.

In summary, we discovered a significant density effect on sex-
ual dimorphism, and males were more sensitive to high vial dens-
ity than females, making cotton a less utilized pupation substrate
for males in crowded vials. After controlling for the density effect,
we found that in 18/21 of the lines in our experiment, more males
than females pupated on the cotton. The 6 selection lines from
the first 4 trials showed generally consistent pupation site prefer-
ence patterns when evaluated in the last 2 trials. In conclusion,
the wide distribution of sexual dimorphism in inbred lines sug-
gests considerable genetic variation in sex-specific pupation
site preference. These 21 DGRP lines clearly contain abundant
genetic variation for sexual dimorphism in the trait, despite ap-
parent environmental factors such as vial density that may fre-
quently obscure it.
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ICCs

The ICC (the variance of random effect at interest to the model re-
sidual; see Materials and methods for details) for the development
time trait was 0.20, which represents a moderate effect size of the
sexual dimorphism amonglines (see Table 1) and is comparable to
the sexual size dimorphism 0.21 found in David et al. (2003) from
30 D. melanogaster lines. For the pupation site trait, the ICC was
0.18, suggesting that the variance in sexual dimorphism among
lines for the pupation site preference trait was slightly lower
than the development time trait but still significantly different
from 0 (LRT, see above).

Correlations between larval and adult sexual
dimorphism

Correlations in sexual dimorphism between distinct traits could
be due to common regulatory mechanisms, such as the somatic
sex determination system acting similarly on target genes in-
volved in development of the traits. To determine whether the de-
gree and direction of sexual dimorphism are correlated between
the larval traits studied here and between these traits and sexual-
ly dimorphic adult morphological traits, we dissected ~300 pairs
of flies from the 6 strains tested in Trials V and VI, measured
wing size, and counted bristles on the abdominal sternites
(Supplementary Fig. 2). The flies examined were chosen randomly
from those that emerged in Trial III. Previously characterized pat-
terns of sexual dimorphism were seen in the adult traits: females
in all 6 strains had larger wings (see e.g. Houle et al. 2003) and more
abdominal sternite bristles than males (see e.g. Mackay and Fry
1996). We performed ANOVA on the response variable time and
cotton ratio to the wing width, length, and number of bristles as
the independent variable, in groups of males and females and in
the 3 groups of lines. The lines showed distinct sexual dimorphism
in pupation site preference: male cotton (304, 362), female cotton
(427, 732), and no significant difference in cotton preference (335,
517). We observed weak correlations between the sexual di-
morphism in cotton ratio and in wing width (P = 0.08) and in num-
ber of bristles (P =0.04). This indicates that there was not a strong
pattern of correlation between the larval and the adult traits we
measured.

If there were strong correlations between sexual dimorphism
in the larval and adult traits, we would expect the contrast be-
tween the strongest “male cotton” lines (304 and 362) and the
strongest “female cotton” lines (427 and 732) to show parallel pat-
terns in the bristle and wing traits (i.e. 304 and 362 strong sexual
dimorphism in 1 direction and 427 and 732 showing strong sexual
dimorphism in the opposite direction). This pattern was not seen
for any of the morphological traits (Supplementary Fig. 3; no
strong positive correlation between the sexual dimorphism of cot-
ton preference vs the sexual dimorphism of wing length/width or
the bristle numbers). Similarly, no correlation between sexually
dimorphic patterns of the 2 larval traits was observed (P =0.26,
ANOVA). These results are consistent with variation in sexual di-
morphism in distinct traits being genetically independent.

It is thus reasonable to infer that the genetic variation under-
lying variability in sexual dimorphism in D. melanogaster resides
in genes downstream of the sex determination pathway rather
than in major regulatory genes (e.g. dsx, tra, fru). This is consistent
with a meta-analysis study in mice by Zajitschek et al. (2020),
which reached a similar conclusion. Given that dosage compensa-
tion is associated with a high proportion of sex-biased gene ex-
pression in D. melanogaster (Chang et al. 2011), it would be
interesting to determine whether a substantial proportion of

genetic variation underlying sexual dimorphism is X-linked.
Variation in the dosage compensation of specific genes between
strains may provide genetic variation for the evolution of sexual
dimorphism for specific traits.

Our finding of genetic variation in sexual dimorphism suggests
that the traits investigated have presumably not undergone
strong selection for sex differences in the recent evolution of
this lineage. Nevertheless, the effect sizes of the sexual dimorph-
ism for both traits are comparable with those for sexual size di-
morphism (ICC, see above; David et al. (2003)), in which variation
has been found to be considerable in different insect species
(Stillwell et al. 2010). Further investigation of variation of sexual
dimorphism in these traits in additional populations and in re-
lated species could shed light on the history of selection on this
variation. For example, if populations or species differ in the
amount of standing variation in sexual dimorphism in a particular
trait, this would suggest different histories of selection on sexual
dimorphism in the trait.

Overall, we observed considerable variation in sexual dimorph-
ism among DGRP lines in both development time and pupation
site preference. These patterns of sexual dimorphism were fairly
consistent across 6 trials. These findings suggest abundant genet-
ic variation in sexual dimorphism for D. melanogaster in natural
populations and that a lack of selection likely explains the lack
of substantial, fixed sexual dimorphism in these traits in this spe-
cies. Environmental factors likely exert large effects in masking
genetic variation in sexual dimorphism. Elucidating the function-
al basis of variation in sexual dimorphism in natural populations
will likely provide valuable insights on the evolvability of sex dif-
ferences and the structures of developmental pathways under-
lying sex differences in animals.

Data availability

All data from this study are deposited in Dryad (True et al., 2023;
https:/datadryad.org/stash/share/EA40YK6w-ajNz232YvXT8viw
aS5JqRgywPt2R_6Xiww).

Supplemental material available at G3 online.

Acknowledgments

We thank Joshua Rest, Walter Eanes, David Houle, and Natasha
Vitek for their invaluable advice during this project and the writ-
ing of this manuscript. We particularly thank David Houle for his
expert advice on statistical analysis. Additionally we are grateful
to 3 anonymous reviewers of the previous versions of this manu-
script for providing very helpful critiques. We also thank Walter
Eanes, Spencer Koury, and the Bloomington Drosophila Stock
Center for providing the DGRP strains. We are also very grateful
to Heather Lynch and the Stony Brook University Cancer
Center’s Biostatistics and Bioinformatics Shared Resource for pro-
viding statistical advice. Undergraduates Shang-Yang Chen,
Po-Yu Huang, Zigiao Xu, Yousef Halaibeh, Hayya Faisal, Yixuan
Du, Lijia Gao, Malika Emin, Fatima Khan, and Ezinwanbueze Nwani
provided excellent laboratory assistance during the course of
this project. We appreciate the food recipe suggestions from the
Cornell Drosophila lab kitchen and advice from Jennifer Grenier.

Funding

We acknowledge funding in support of this study from Stony
Brook University to T.L., R.S.Z,, and J.R.T. Stocks obtained from

¥202Z uoIelN 80 uo isenb Aq zL/1.9//01L0eexl/jeuinoleb/c601 0 L/10p/e[oie-soueApe/jeulnofg6/woo dno-olwepeoe//:sdiy woly pepeojumod


http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae010#supplementary-data
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae010#supplementary-data
https://identifiers.org/bioentitylink/FB:FBgn0000504?doi=10.1093/g3journal/jkae010
https://identifiers.org/bioentitylink/FB:FBgn0003741?doi=10.1093/g3journal/jkae010
https://identifiers.org/bioentitylink/FB:FBgn0004652?doi=10.1093/g3journal/jkae010
https://datadryad.org/stash/share/EA4OYK6w-ajNz232YvXT8vfwaS5JqRgywPt2R_6Xiww
https://datadryad.org/stash/share/EA4OYK6w-ajNz232YvXT8vfwaS5JqRgywPt2R_6Xiww
http://academic.oup.com/g3journal/article-lookup/doi/10.1093/g3journal/jkae010#supplementary-data

8 | T.lietal

the Bloomington Drosophila Stock Center (NIH P400D018537)
were used in this study.

Conflicts of interest

The authors declare no conflict of interest.

Literature cited

Allen CE, Beldade P, Zwaan BJ, Brakefield PM. 2008. Differences in the
selection response of serially repeated color pattern characters:
standing variation, development, and evolution. BMC Evol Biol.
8(1):94. doi:10.1186/1471-2148-8-94.

Ashburner M, Golic KG, Hawley RS. 2005. Drosophila: A Laboratory
Handbook. 2nd ed. Cold Spring Harbor (NY): Cold Spring Harbor
Laboratory Press.

Ayroles JF, Carbone MA, Stone EA, Jordan KW, Lyman RF, Magwire
MM, Rollmann SM, Duncan LH, Lawrence F, Anholt RR, et al.
2009. Systems genetics of complex traits in Drosophila melanoga-
ster. Nat Genet. 41(3):299-307. doi:10.1038/ng.332.

Badyaev AV. 2002. Growing apart: an ontogenetic perspective on the
evolution of sexual size dimorphism. Trends Ecol Evol (Amst).
17(8):369-378. doi:10.1016/50169-5347(02)02569-7.

Badyaev AV, Whittingham LA, Hill GE. 2001. The evolution of
sexual size dimorphism in the house finch. III. Developmental basis.
Evolution. 55(1):176-189. doi:10.1111/j.0014-3820.2001.tb01282 x.

Bates D, Kliegl R, Vasishth S, Baayen H. 2015. Parsimonious Mixed
Models. arXiv: Methodology. https://api.semanticscholar.org/
CorpusID:55067635.

Bates D, Michler M, Bolker B, Walker S. 2015. Fitting linear
mixed-effects models using Ime4. ] Stat Softw. 67(1):1-48. doi:
10.18637/jss.v067.101.

Bauer SJ, Sokolowski MB. 1988. Autosomal and maternal effects on
pupation behavior in Drosophila melanogaster. Behav Genet.
18(1):81-97. doi:10.1007/BF01067077.

Beldade P, Koops K, Brakefield PM. 2002. Developmental constraints
versus flexibility in morphological evolution. Nature. 416(6883):
844-847. doi:10.1038/416844a.

Bharathi NS, Prasad NG, Shakarad M, Joshi A. 2004. Correlates of sexual
dimorphism for dry weight and development time in five species of
Drosophila. ] Zool. 264(1):87-95. doi:10.1017/s0952836904005576.

Campbell B. 1972. Sexual selection and the descent of man:
1871-1971. Chicago, IL: Aldine Publishing Company.

Casares P, Carracedo MC. 1987. Pupation height in Drosophila: sex
differences and influence of larval developmental time. Behav
Genet. 17(5):523-535. doi:10.1007/BF01073119.

Chang PL, Dunham JP, Nuzhdin SV, Arbeitman MN. 2011. Somatic
sex-specific transcriptome differences in Drosophila revealed
by whole transcriptome sequencing. BMC Genomics. 12(1):364.
doi:10.1186/1471-2164-12-364.

Clark AG. 1987. In: Loeschcke V, editors. Genetic Constraints on
Adaptive Evolution. Berlin: Springer. p. 25-45.

David JR, Gibert P, Legout H, Pétavy G, Capy P, Moreteau B. 2005.
Isofemale lines in Drosophila: an empirical approach to quantita-
tive trait analysis in natural populations. Heredity (Edinb). 94(1):
3-12. d0i:10.1038/sj.hdy.6800562.

David JR, Gibert P, Mignon-Grasteau S, Legout H, Pétavy G, Beaumont
C, Moreteau B. 2003. Genetic variability of sexual size dimorphism
in a natural population of Drosophila melanogaster: an isofemale-
line approach. J Genet. 82(3):79-88. doi:10.1007/BF02715810.

Futuyma DJ. 2010. Evolutionary constraint and ecological conse-
quences. Evolution. 64(7):1865-1884. doi:10.1111/j.1558-5646.2010.
00960.x.

Gempe T, Beye M. 2011. Function and evolution of sex determination
mechanisms, genes and pathways in insects. Bioessays. 33(1):
52-60. doi:10.1002/bies.201000043.

Griffin RM, Dean R, Grace JL, Ryden P, Friberg U. 2013. The shared
genome is a pervasive constraint on the evolution of sex-biased
gene expression. Mol Biol Evol. 30(9):2168-2176. d0i:10.1093/
molbev/mst121.

Hadley W. 2016. ggplot2: elegant graphics for data analysis. https://
ggplot?2.tidyverse.org.

Hoffmann AA, Hallas R, Anderson AR, Telonis-Scott M. 2005.
Evidence for a robust sex-specific trade-off between cold resist-
ance and starvation resistance in Drosophila melanogaster. J Evol
Biol. 18(4):804-810. d0i:10.1111/j.1420-9101.2004.00871.x.

Houle D. 1992. Comparing evolvability and variability of quantitative
traits. Genetics. 130(1):195-204. doi:10.1093/genetics/130.1.195.

Houle D, Mezey J, Galpern P, Carter A. 2003. Automated measure-
ment of Drosophila wings. BMC Evol Biol. 3(1):25. doi:10.1186/
1471-2148-3-25.

Huang W, Carbone MA, Magwire MM, Peiffer JA, Lyman RF, Stone EA,
Anholt RR, Mackay TF. 2015. Genetic basis of transcriptome di-
versity in Drosophila melanogaster. Proc Natl Acad Sci U S A.
112(44):E6010-E6019. doi:10.1073/pnas.1519159112.

Huey RB, Moreteau B, Moreteau JC, Gibert P, Gilchrist GW, Ives AR,
Garland T Jr, David JR. 2006. Sexual size dimorphism in a
Drosophila clade, the D. obscura group. Zoology (Jena). 109(4):
318-330. doi:10.1016/j.z001.2006.04.003.

Ingleby FC, Innocenti P, Rundle HD, Morrow EH. 2014. Between-sex
genetic covariance constrains the evolution of sexual dimorph-
ism in Drosophila melanogaster. J Evol Biol. 27(8):1721-1732. doi:
10.1111/jeb.12429.

Jarosik V, Honek A. 2007. Sexual differences in insect development
time in relation to sexual size dimorphism. In: Fairbairn D,
Blanckenhorn W, Székely T, editors. Sex, Size and Gender Roles:
Evolutionary Studies of Sexual Size Dimorphism. New York, NY:
Oxford University Press. p. 205-211.

Lorah J. 2018. Effect size measures for multilevel models: definition,
interpretation, and TIMSS example. Large-scale Assess Educ.
6(1):8. d0i:10.1186/540536-018-0061-2.

Mackay TF, Fry JD. 1996. Polygenic mutation in Drosophila melanoga-
ster: genetic interactions between selection lines and candidate
quantitative trait loci. Genetics. 144(2):671-688. doi:10.1093/
genetics/144.2.671.

Mackay TFC, Huang W. 2018. Charting the genotype-phenotype map:
lessons from the Drosophila melanogaster genetic reference panel.
Wiley Interdiscip Rev Dev Biol. 7(1):e289. 10.1002/wdev.289[AQ18].

Mackay TF, Richards S, Stone EA, Barbadilla A, Ayroles JF, Zhu D,
Casillas S, Han Y, Magwire MM, Cridland JM, et al. 2012. The
Drosophila melanogaster genetic reference panel. Nature.
482(7384):173-178. doi:10.1038/nature10811.

Manning M, Markow TA. 1981. Light-dependent pupation site prefer-
ences in Drosophila. II. Drosophila melanogaster and Drosophila si-
mulans. Behav Genet. 11(6):557-563. doi:10.1007/BF01065790.

Mathews KW, Cavegn M, Zwicky M. 2017. Sexual dimorphism of body
size is controlled by dosage of the X-chromosomal gene Myc and
by the sex-determining gene tra in Drosophila. Genetics. 205(3):
1215-1228. d0i:10.1534/genetics.116.192260.

Medina-Munoz MC, Godoy-Herrera R. 2004. Dispersal and prepupa-
tion behavior of Chilean sympatric Drosophila species that breed
in the same site in nature. Behav Ecol. 16(1):316-322. d0i:10.1093/
beheco/arh125.

Mueller LD, Sweet VF. 1986. Density-dependent natural selection in
Drosophila: evolution of pupation height. Evolution. 40(6):
1354-1356. d0i:10.1111/§.1558-5646.1986.tb05761.x.

¥202Z uoIelN 80 uo isenb Aq zL/1.9//01L0eexl/jeuinoleb/c601 0 L/10p/e[oie-soueApe/jeulnofg6/woo dno-olwepeoe//:sdiy woly pepeojumod


https://doi.org/10.1186/1471-2148-8-94
https://doi.org/10.1038/ng.332
https://doi.org/10.1016/s0169-5347(02)02569-7
https://doi.org/10.1111/j.0014-3820.2001.tb01282.x
https://api.semanticscholar.org/CorpusID:55067635
https://api.semanticscholar.org/CorpusID:55067635
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1007/BF01067077
https://doi.org/10.1038/416844a
https://doi.org/10.1017/s0952836904005576
https://doi.org/10.1007/BF01073119
https://doi.org/10.1186/1471-2164-12-364
https://doi.org/10.1038/sj.hdy.6800562
https://doi.org/10.1007/BF02715810
https://doi.org/10.1111/j.1558-5646.2010.00960.x
https://doi.org/10.1111/j.1558-5646.2010.00960.x
https://doi.org/10.1002/bies.201000043
https://doi.org/10.1093/molbev/mst121
https://doi.org/10.1093/molbev/mst121
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://doi.org/10.1111/j.1420-9101.2004.00871.x
https://doi.org/10.1093/genetics/130.1.195
https://doi.org/10.1186/1471-2148-3-25
https://doi.org/10.1186/1471-2148-3-25
https://doi.org/10.1073/pnas.1519159112
https://doi.org/10.1016/j.zool.2006.04.003
https://doi.org/10.1111/jeb.12429
https://doi.org/10.1186/s40536-018-0061-2
https://doi.org/10.1093/genetics/144.2.671
https://doi.org/10.1093/genetics/144.2.671
https://dx.doi.org/10.1002/wdev.289
https://doi.org/10.1038/nature10811
https://doi.org/10.1007/BF01065790
https://doi.org/10.1534/genetics.116.192260
https://doi.org/10.1093/beheco/arh125
https://doi.org/10.1093/beheco/arh125
https://doi.org/10.1111/j.1558-5646.1986.tb05761.x

Genetic variation for sexual dimorphism in D. melanogaster | 9

Nunney L. 1996. The response to selection for fastlarval develop-
ment in Drosophila melanogaster and its effect on adult weight:
an example of a fitness trade-off. Evolution. 50(3):1193-1204.
doi:10.1111/j.1558-5646.1996.tb02360.x.

Nunney L. 2007. Pupal period and adult size in Drosophila melanoga-
ster: a cautionary tale of contrasting correlations between two
sexually dimorphic traits. J Evol Biol. 20(1):141-151. d0i:10.1111/
j.1420-9101.2006.01214.%.

Pitnick S, Markow TA, Spicer GS. 1995. Delayed male maturity
is a cost of producing large sperm in Drosophila. Proc Natl Acad
/Sci U S A. 92(23):10614-10618. d0i:10.1073/pnas.92.23.10614.

Powell M. 2009. The BOBYQA algorithm for bound constrained opti-
mization without derivatives. Cambridge: University of
Cambridge. p. 26. Cambridge NA Report NA2009/06.

Ramniwas S, Kumar G. 2019. Pupation site preference selection in
Drosophila jambulina. Ethol Ecol Evol. 31(4):301-312. doi:10.1080/
03949370.2019.1592230.

R Core Team. 2020. R: a language and environment for statistical
computing. https:/www.R-project.org/.

R Studio Team. 2020. RStudio: integrated development environment
for R. http://www.rstudio.com/.

Salz HK. 2011. Sex determination in insects: a binary decision based
on alternative splicing. Curr Opin Genet Dev. 21(4):395-400. doi:
10.1016/1.gde.2011.03.001.

Shine R. 1989. Ecological causes for the evolution of sexual dimorph-
ism: a review of the evidence. Q Rev Biol. 64(4):419-461. doi:10.
1086/416458.

Snijders TAB, Bosker RJ. 2012. Multilevel Analysis: An Introduction to
Basic and Advanced Multilevel Modeling. 2nd Edition. Los
Angeles, CA: Sage. p. 354.

Sokolowski MB, Bauer SJ. 1989. Genetic analyses of pupation distance
in Drosophila melanogaster. Heredity (Edinb). 62(2):177-183. doi:10.
1038/hdy.1989.26.

Sokolowski MB, Kent C, Wong J. 1984. Drosophila larval foraging be-
haviour: developmental stages. Anim Behav. 32(3):645-651. doi:
10.1016/s0003-3472(84)80139-6.

Stillwell RC, Blanckenhorn WU, Teder T, Davidowitz G, Fox CW.
2010. Sex differences in phenotypic plasticity affect variation in
sexual size dimorphism in insects: from physiology to evolution.
Annu Rev Entomol. 55(1):227-245. doi:10.1146/annurev-ento-
112408-085500.

Straub T, Becker PB. 2007. Dosage compensation: the beginning
and end of generalization. Nat Rev Genet. 8(1):47-57. doi:10.
1038/nrg2013.

Teder T. 2014. Sexual size dimorphism requires a corresponding sex
difference in development time: a meta-analysis in insects. Funct
Ecol. 28(2):479-486. doi:10.1111/1365-2435.12172.

True], Li T, Zhang R. 2023. Genetic variation for sexual dimorphism
in developmental traits in Drosophila melanogaster [Dataset].
Dryad. doi:10.5061/dryad.sn02v6x7w.

Verhulst EC, van de Zande L, Beukeboom LW. 2010. Insect sex deter-
mination: it all evolves around transformer. Curr Opin Genet Dev.
20(4):376-383. doi:10.1016/j.gde.2010.05.001.

Wormington J, Juliano S. 2014a. Hunger-dependent and sex-specific
antipredator behaviour of larvae of a size-dimorphic mosquito.
Ecol Entomol. 39(5):548-555. doi:10.1111/een.12129.

WormingtonJ, Juliano S. 2014b. Sexually dimorphic body size and de-
velopment time plasticity in Aedes mosquitoes (Diptera:
Culicidae). Evol Ecol Res. 16:223-234.

Zajitschek SR, Zajitschek F, Bonduriansky R, Brooks RC, Cornwell
W, Falster DS, Lagisz M, Mason ], Senior AM, Noble DW, et al.
2020. Sexual dimorphism in trait variability and its
eco-evolutionary and statistical implications. eLife. 9:e63170.
doi:10.7554/eLife.63170.

Editor: E. Betran

¥202Z uoIelN 80 uo isenb Aq zL/1.9//01L0eexl/jeuinoleb/c601 0 L/10p/e[oie-soueApe/jeulnofg6/woo dno-olwepeoe//:sdiy woly pepeojumod


https://doi.org/10.1111/j.1558-5646.1996.tb02360.x
https://doi.org/10.1111/j.1420-9101.2006.01214.x
https://doi.org/10.1111/j.1420-9101.2006.01214.x
https://doi.org/10.1073/pnas.92.23.10614
https://doi.org/10.1080/03949370.2019.1592230
https://doi.org/10.1080/03949370.2019.1592230
https://www.R-project.org/
http://www.rstudio.com/
https://doi.org/10.1016/j.gde.2011.03.001
https://doi.org/10.1086/416458
https://doi.org/10.1086/416458
https://doi.org/10.1038/hdy.1989.26
https://doi.org/10.1038/hdy.1989.26
https://doi.org/10.1016/s0003-3472(84)80139-6
https://doi.org/10.1146/annurev-ento-112408-085500
https://doi.org/10.1146/annurev-ento-112408-085500
https://doi.org/10.1038/nrg2013
https://doi.org/10.1038/nrg2013
https://doi.org/10.1111/1365-2435.12172
https://doi.org/10.5061/dryad.sn02v6x7w
https://doi.org/10.1016/j.gde.2010.05.001
https://doi.org/10.1111/een.12129
https://doi.org/10.7554/eLife.63170

	Genetic variation for sexual dimorphism in developmental traits in Drosophila melanogaster
	Introduction
	Materials and methods
	Fly media
	Drosophila strains and culture
	Statistical analysis
	Linear mixed model specifications for the 2 traits
	Estimating the density effect
	Testing the consistency of pupation site preference in the 6 lines
	Estimating the magnitude of variation in sexual dimorphism in lines

	Results and discussion
	Sexual dimorphism in development time
	Sexual dimorphism in pupation site preference
	ICCs
	Correlations between larval and adult sexual dimorphism

	Data availability
	Acknowledgments
	Funding
	Conflicts of interest
	Literature cited


