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Socio-sexual cues shape female diet choice in Drosophila melanogaster
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Male harassment can disturb female feeding behaviour and limit females’ access to
preferred foraging locations. However, it is not yet known how females trade off costs of
sexual harassment or increased intrasexual competition against preference for dietary
macronutrients when making foraging decisions. We used the fruit fly Drosophila
melanogaster to investigate how female foraging decisions were affected by cues of
conspecific presence and interactions with males. We assessed the strength of female
choice for high-protein versus low-protein diet patches for foraging and oviposition in either
single-sex groups, during direct interactions with males, or when exposed to cues of males
or females (‘restricted’ conspecifics held within a transparent barrier, allowing auditory,
visual and chemical cues but preventing physical contact and direct disturbance). Contrary
to predictions, females did not avoid foraging or laying eggs on patches that had cues of
male presence. Instead, females prioritised associating with restricted males, overriding
harassment risk and diet preferences. In a subsequent experiment, we found that females
were attracted to cues of conspecifics of either sex, even when those cues were derived
from low-protein food patches. Female attraction to food patches with cues of conspecifics,
for both feeding and reproduction, suggests that cues from socio-sexual partners are used

in foraging decisions and can modulate, or sometimes override, diet quality preferences.

Keywords: Drosophila melanogaster, fruit flies, diet choice, foraging, harassment, sexual

conflict, nutritional ecology, social nutrition.
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Male harassment of females is often costly for females. Costs of sexual harassment include
reduced fecundity (McLain & Pratt, 1999), increased predation risk (Rowe, 1994), and
increased injury and mortality (Réale ef al., 1996; MUhlhduser & Blanckenhorn, 2002).
Sexual harassment also disturbs female feeding. For example, male harassment reduces
female foraging time and efficiency in live-bearing fishes and in insects (Magurran &
Seghers, 1994; Rowe, 1994; Stone, 1995; Griffiths, 1996; Pilastro ef a/., 2003; Plath et al.,
2003; Tobler et al,, 2011; Teseo et al., 2016).

Despite the documented impact of male harassment on female foraging behaviour, little is
known about whether females dynamically change their nutrient intake in anticipation of, or
in response to, sexual harassment. For example, females may feed on sub-optimal food
patches either to avoid males, or because they have been directly displaced onto those
diets by male pursuit. In many species, females express strong preferences related to diet
macronutrient content (Simpson & Raubenheimer, 2012). Females often prefer a higher
protein diet in comparison to conspecific males (Perry, 2011; Lee et al.,, 2013; Camus et a/.,
2018; Archer et al., 2026). This preference aligns with optimal dietary intakes for female
reproduction, which is generally maximised on relatively high protein diets (Lee et a/., 2008;
Maklakov et al., 2008; Fanson & Taylor, 2012; Solon-Biet et a/., 2015). Macronutrient content
strongly affects female reproductive output; therefore, effects of male harassment on female
diet choices and diet composition are expected to have important fitness consequences for

females.

In this study, we tested whether the presence of males, and interactions with males, shifts
females away from their dietary optima. We measured the preferences of D. melanogaster
females for high-protein and low-protein food under different regimes of male exposure. To
manipulate male harassment and social information about male presence, we exposed
females directly (to enable interactions including harassment to occur) or indirectly (such
that direct interactions and harassment were not possible) to individuals of the same or
opposite sex. D. melanogasteris suitable for this study for several reasons: females show
clear preferences for high protein diets and achieve higher reproduction on them (e.g.,

Jang & Lee, 2018), and well-established protocols exist for measuring diet preference. In
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addition, male harassment of females is frequent and easily observed (Bastock & Manning,

1955; Lasbleiz et al., 2006).

In the first experiment, there were four treatments: females were held in female-only groups,
freely interacted with males in mixed sex groups or exposed to males ‘restricted’ within
transparent circular arenas on either the high- or low-protein diet. We predicted that: (1)
females in the same sex treatment would prefer the high protein diet, consistent with
previous studies (e.g., Jang & Lee, 2018); (2) females would show altered foraging
behaviour when in direct contact with courting, harassing males, due to physical
disturbance; (3) females would avoid patches containing restricted males and thus show
weaker or no preference for the high-protein diet containing restricted males. Part of this
experiment revealed that females preferred diets on which male flies were restricted — even
when male flies were restricted on the low-protein diet. Therefore, we reasoned that females
might be attracted to the presence of conspecifics of either sex, perhaps because the
presence of conspecifics provides social information indicating food availability or quality
(reviewed by Lihoreau et al. 2015, Sulikowski 2017) or through benefits of being in a group
(reviewed by Buxton ef a/,, 2020). To test this, we conducted a second follow up
experiment as part of this same study, to disentangle the effects of social versus sexual
cues on female diet preference. For this, females were held in female-only groups, exposed

to restricted females or males on either the high- or low-protein diet.
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METHODS

Fly stocks and rearing

Experimental flies were maintained on a standard sugar-yeast-agar (SYA) diet (50 g
sucrose, 100 g brewer’s yeast, 15 g agar, 30 ml Nipagin (10 % solution), 3 ml propionic
acid, 970 ml water) and were derived from a large stock population of outbred wildtype D.
melanogaster from the Dahomey line (Chapman et a/., 1994). To generate standardized
parents of experimental flies (and limit parental carry-over effects), eggs were collected
from the stock population in glass bottles containing 70 ml SYA medium and allowed to
develop over a 10-day period. To generate experimental flies, eggs were collected from
these parental generation flies using purple-grape-juice medium supplemented with live
yeast paste. After 24 h, 50 first-instar larvae were transferred to glass vials containing 7 ml
SYA medium. Experimental adults emerging from these cultures were collected as virgins
using ice anaesthesia and housed in SYA vials in groups of 10 virgin males or of 20 females
plus five males, to allow mating of focal females. Following a 3-day period, mated females
were moved into new vials for 24 h before the start of the experiment. A subset of females
was set aside in individual vials and allowed to lay eggs to confirm that females had mated

(=154, 98 % of vials contained offspring). All flies were maintained, and experiments
conducted, in a controlled environment at 50 % humidity and 25 °C, under a 12 h light-dark

schedule.

High-protein and low-protein diets

Solid meridic diets were made following a recipe adapted from Piper and colleagues (2014;
Supplementary Tables S1 and S2). Solid diets allowed us to set up diet patches within
transparent arenas, and permitted flies to forage in more ecologically realistic conditions in
comparison to liquid capillary feeding (e.g. Ja et al., 2007). Diets were made to 1 L with
equal amounts of cholesterol, lecithin, agar, water, preservatives, essential vitamins and
salts, while amounts of bovine casein (P) and sucrose (C) were adjusted to alter the protein

to carbohydrate (P:C) ratio: 4:1 P:C (96 g bovine casein and 24 g sucrose) and 1:4 P:C (24
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g bovine casein and 96 g sucrose). Diets were autoclaved at 120 °C for 15 minutes and

poured into trays at approximately 5 mm thickness. Diets were stored at 2 °C until use.

On the morning of observations, patches were cut from the 1:4 and 4:1 diets using a 26 mm
diameter circular cutter. One patch from each diet was placed into each of the plastic test
arenas (100 mm x 15 mm petri dish with a small hole in the side to allow entry of CO. gas
for anaesthetisation). In both experiments, strips of transparent acetate film were formed
into 150 mm diameter rings, which were pressed into each patch of food, so that roughly a

third of the patch was also enclosed.

To create the restricted treatments, single-sex groups of 10 males or females were placed
within one of the acetate barriers to prevent direct harassment and physical interaction with
focal females. Rings were cut to 13 mm high to ensure close contact with the lid to prevent
files escaping and evenly perforated using a mounted needle. This allowed visual,
pheromonal and auditory cues of males to be detected by females in the wider arenas in
the absence of direct contact (Bretman ef a/., 2011; Saltz, 2011; Fowler et a/., 2022). To
control for the presence of the acetate rings, all observation arenas contained two acetate
enclosures, regardless of whether any flies were held within them. Arenas were then
randomised using coded identifiers, to anonymise the treatments from the perspective of

the observer, as far as possible.

Diet preferences

We first tested the diet preferences of focal mated females for high- versus low-protein diets
following direct exposure to males (females and males moving freely), indirect exposure
(males restricted to a portion of either food patch within an acetate barrier, preventing
direct contact with females) or no exposure to males (Supplementary Figure S1a). The four

experimental treatments were:

a) Single-sex female groups.
b) Freely interacting mixed sex groups.

c) Unrestricted females with males restricted on the preferred (4:1) diet.



139 d) Unrestricted females with males restricted on the non-preferred (1:4) diet.

140 Diet and oviposition preference data were collected across two experimental blocks.

141 Observations of each group were taken over three days in block one (five observations on
142 day one, three on day two and three on day three) and block two (five observations on day
143 one, five on day two and six on day three). Oviposition preference data were collected from
144 the first day of block two.

145

146 In the second experiment we tested the diet preferences of focal females for high- versus
147 low-protein diets following indirect exposure to social groups of either sex (females or

148 males restricted on either food patch within acetate arenas) or no exposure to social groups

149 (Supplementary Figure S1b). The five experimental treatments were:

150 a) Single-sex females.

151 b) Unrestricted females with males restricted on the preferred (4:1) diet.

152 c) Unrestricted females with males restricted on the non-preferred (1:4) diet.
153 d) Unrestricted females with females restricted on the preferred (4:1) diet.

154 e) Unrestricted females with females restricted on the non-preferred (1:4) diet.

155 Data were collected from a single experimental block, with behavioural observations
156 recorded over two days (four observations on day one and five on day two). Oviposition
157 preference data were collected from the second day.

158

159 To verify that female location was a reliable proxy for foraging (i.e., feeding) choice, we
160  conducted a supplementary experiment using media marked with red or blue dye

161 (Supplementary Methods and Supplementary Figures S2-S4). These dyes can be

162 visualised in female abdomens following ingestion (Ribeiro & Dickson, 2010). A control
163 experiment to test the potential effect of the acetate rings themselves on female

164  preferences was measured in an additional supplementary experiment (Supplementary
165  Figure SH).

166

167  To start the data collection phase in the two main experiments, four-day old focal mated

168 females were added to each of the arenas in groups of ten, using CO, anaesthesia
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(experiment 1, block 1 M= 52 arenas; experiment 1, block 2 V= 64 arenas; experiment 2 N/
= 45 arenas). In all treatments, 10 females were added to the centre of each arena and had
access 1o both diet patches. In the male restricted treatments (experiment one and two), 10
males were added to either the 4:1 or 1:4 patch enclosure (Supplementary Figure S1). In
the mixed-sex treatment (experiment one), 10 males were added to the centre of the arenas
alongside females. In the female restricted treatments (experiment two), 10 females were
added to either the 4:1 or 1:4 patch enclosure. Flies were allowed to acclimatise inside

arenas for one hour before observations began.

Behavioural observations of patch preference and extent of interactions including sexual

harassment

Arenas were scan sampled for behaviour every 0.5 - 1 h, and the number of female flies on
the 4:1 patch, the 1:4 patch, or not on the food (i.e., on the dish or acetate barrier) were
recorded. A two-second video was recorded for each arena containing the mixed-sex
treatment in order to assess the extent of female harassment. Harassment was recorded
when male files engaged in courtship towards a female (licking, wing-vibrating, orientation,

or chasing) (Bastock & Manning, 1955) that did not result in mating.

Flies remained in the arenas overnight after the first day of observations. Flies were
anaesthetised using CO.in the morning of the second day to allow replacement of the food
patches by fresh diet from the same food batches. It was important to renew the diets to
prevent the effect of larvae on female patch preferences, as larval digestion could alter diet
composition and contribute additional social cues. Following anaesthetisation, flies were
allowed to acclimatise for one hour, before behavioural scans began following the same
protocol as above. Food patch replacement and behavioural observations were repeated

for a third day in experiment one.

Offspring development

Eggs laid by focal females onto diet patches were retained 24 h after behavioural
observations began. Diet patches were placed in individual vials containing 7 ml SYA to

standardise developmental conditions. The number of adult offspring that emerged from
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each diet patch were recorded. In experiment two, photos of patches were also taken to
record oviposition on the top surface of each patch and counted using ImagedJ Fiji software
(Schindelin et al., 2012) (Supplementary Figure S6), before patches were similarly
transplanted into individual SYA vials. All offspring were left to develop for 12 days and vials
were subsequently frozen. Numbers of adult offspring per vial were counted to profile
reproduction on each patch in the 24 h window (experiment one /= 108 patches,

experiment two V=90 patches).

Data analysis

All statistical analyses were carried out in R version 4.0.4 (The R Foundation for Statistical

Computing, Vienna, Austria, http://www.r-project.org) and all models can be found in
Supplementary Table S3. Linear mixed models were run using the R package gimmTMB
(Brooks et al., 2017). Model fit was checked and selection was done using the R packages
DHARMa (Hartig, 2022) and Performance (Ludecke ef al.,, 2021). Post-hoc Tukey tests were
carried out using the estimated marginal means (EMMs) package emmeans (Lenth ef a/.,

2023).

a) Diet preference

The number of flies present on the 1:4 food, 4:1 food, or not on the food (on the sides of the
acetate barriers or on the dish) was recorded over 11 and 13 observations in experiment
one (block 1 and 2, respectively) and 9 observations in experiment two, in a repeated
measures design. To assess how attracted focal females were to any food patch, we
calculated a food preference score as the number of female flies on either food patch
divided by the total number of focal females in the arena (A= 10 in all cases). This was
calculated for each arena at each observation. Of those females choosing a diet, the
proportion choosing 4:1 over 1:4 was also calculated, again for each arena at each

observation.

To assess the effect of treatment on preference for food (versus non-food) and for 4:1 diet

(versus 1:4), we ran linear mixed models using the R package gimmTMB (Brooks et al.,
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2017) using preference scores as response variables, weighted by the number of flies

observed on food per observation.

To account for repeated measures and nested levels in the experimental design, data were
analysed within partially nested models (Supplementary Table S3). Day was nested within
block (experiment one only), and observation was nested within day (checked using cross
tabulation, with xtabs in the R package stats). Arena IDs per block were included as
random effects in all diet models. Only one experimental block was carried out in the
second experiment, therefore block was included as a fixed effect and day was included as
a random effect in experiment one, and day was included as a fixed effect in experiment
two. Estimated marginal means were extracted (Lenth et a/., 2023) from each linear model

(with 95 % confidence intervals) and used in plots of preference score.

b) Offspring counts

The effect of treatment group on the number of offspring per patch was analysed
separately for each diet type in two models: 1) the number of offspring from 4:1 patches
was compared across treatment groups and 2) the number of offspring from 1:4 patches
was compared across treatment groups. Data were analysed in linear models using the R

package gimmTMB (Brooks et al., 2017).
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RESULTS

Results from the supplementary experiment supported our use of female presence on a
solid diet as a proxy for diet choice: the colour of the diet patch that females were observed
on was strongly associated with the colour of female abdomens (Supplementary Figures
S1C, S3 and S4). Females showed a strong preference for the 4:1 over the 1:4 diet
(Supplementary Figure S3), regardless of whether the 4:1 diet was dyed red or blue (diet
colour: %, = 0.2, P=0.69). In addition, the presence of acetate barriers alone resulted in a
marginal decrease in preference for 4:1, but preference for 4:1 was still detectable when

barriers were present (Supplementary Figure S1D and S5).

Experiment one - effect of direct versus indirect exposure to males on female diet choice

a) Female feeding was disrupted by direct disturbance from males

Female preference for food was significantly affected by treatment (¥%s= 12.6, A< 0.01).
Females were significantly less likely to be found on food patches when freely mixing with
males, as compared to when males were absent, or when males were restricted to the 4:1
patch (Figure 1; P< 0.05 in all cases). When the sexes could freely interact, males
frequently harassed females: at least one incidence of harassment was observed in 83 % of
observations in the mixed treatment (N = 348 observations). There was also a significant

effect of block (¥¢; = 27.2, P< 0.001), which was accounted for within the statistical model.
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Figure 1
Foraging behaviour is significantly reduced during direct interactions with males but not by cues of

restricted males. Shown is the proportion of females present on food between the four socio-sexual
treatments: @ single sex (10 females), 24 mixed sex (freely interacting 10 females and 10

unrestricted males), & 4:1 (10 females with 10 males restricted to the 4:1 protein: carbohydrate diet
patch), and & 1:4 (10 females with 10 males restricted to the 1:4 protein: carbohydrate diet patch).

Large circles represent estimated marginal means (+ 95 % confidence intervals) extracted from the

linear mixed model to account for repeated observations. Small circles represent raw data and 50%
preference is marked by the grey, dashed line. Letters indicate significant differences from a post-

hoc Tukey test.

b) Female diet choice varied with male location

Female diet choice was significantly altered according to the presence and location of
males (x¥%s= 65.1, P< 0.001) (Figure 2). Counter to expectations, female preference for the
4:1 diet increased when males were restricted on the 4:1 patches, compared with all other
treatments (post-hoc Tukey tests of males on 4:1 versus females alone: f425=4.5, P< 0.001,

versus mixed-sex: tuzr= 3.4, P> 0.01, versus males on 1:4: t1426= 8, P < 0.001). Similarly,
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females also shifted their diet preference towards the 1:4 patch when males were restricted
on those 1:4 patches, hence decreasing their preference for 4:1 compared with all other
treatments (post-hoc Tukey tests for males on 1:4 versus single-sex: fz2s = -3.5, P> 0.01,

versus mixed-sex: tzr= -4.6, P < 0.001).

Counter to expectations (and the supplementary experiment results), there was no overall
female preference in this experiment for the 4:1 diet in the single sex treatment. There was
also no difference in preference for 4:1 between the single-sex and mixed-sex treatments
(post-hoc Tukey test: tuz2s=-1.1, P= 0.7) and no significant effect of block (x*;= 0.5, P=
0.5). Overall, the results suggest that female presence on any diet was reduced by direct

contact with males, but that females were attracted to patches containing restricted males.
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Figure 2

Female preference for the high-protein diet is significantly affected by cues of restricted males, but
not by direct interactions with males. Shown is the proportion of females on the 4:1 (protein:
carbohydrate) diet patch versus the 1:4 (protein: carbohydrate) diet patch between the four socio-
sexual treatments in the first experiment. Female dietary preference for 4:1 diet for the four

experimental treatments: Q single sex (10 females), 234 mixed sex (freely interacting 10 females and

10 unrestricted males), & 4:1 (10 females with 10 males restricted to the 4:1 patch), and & 1:4 (10
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females with 10 males restricted to the 1:4 patch). The number of females on the 4:1 patch was
divided by the total number of flies on both patches to provide a proportion score of 4:1 preference.
Large circles represent estimated marginal means (+ 95 % confidence intervals) extracted from the
linear mixed model to account for repeated observations and model weights. Small circles represent
raw data and 50 % preference is marked by the grey, dashed line. Letters indicate significant

differences from a post-hoc Tukey test.

c) Offspring production was highest on diet patches with restricted males

The number of adult offspring produced from each diet varied significantly with socio-
sexual treatment, for both 4:1 and 1:4 diet patches (5= 15, P< 0.01 and ¥%3= 24.3, P<
0.001, respectively; Figure 3). The number of offspring produced on 4:1 diet was
significantly higher when males were restricted on the 4:1 diet, compared to when males
were restricted on the 1:4 diet (113 £ SE 13.9 versus 53 + 9.3, respectively). Similarly, the
number of offspring collected from 1:4 patches when males were restricted on the 1:4
patch was significantly higher than all other treatment groups. These results suggest that
the presence of restricted males on a diet patch made it more attractive to females as an

oviposition substrate, resulting in more offspring.

Overall, the mean total offspring on each diet patch was 85 + 0.7 and 73 + 0.6, for 4:1 and
1:4 respectively (N = 64 patches). Interestingly, the total number of offspring produced per
arena (summed across both diets) remained consistent between the four treatments (¥%s=
2.1, P=0.6; Supplementary Figure S7), suggesting that interactions with males did not limit

females’ ability to oviposit.
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Figure 3

Female oviposition choice for the low-protein diet was significantly affected by cues of males. Shown
is the number of offspring produced from 24h samples of eggs laid by females on the 4:1 (protein:

carbohydrate) diet (A) or 1:4 (protein: carbohydrate) diet (B) between the four socio-sexual

treatments: @ single sex (10 females), 24 mixed sex (freely interacting 10 females and 10

unrestricted males), & 4:1 (10 females with 10 males restricted to the 4:1 patch), and & 1:4 (10

females with 10 males restricted to the 1:4 patch). Boxes represent interquartile range (IQR) with
whiskers as 1.5 x IQR. Small circles represent raw data. Medians are presented as thick horizontal
lines and means as large, filled circles. Letters indicate significant differences from post-hoc Tukey

tests.

Experiment two - effect of indirect exposure to males or females on female diet

choice

a) Female feeding was not altered by male or female cues

In the second follow-up experiment, we tested the effect of the sex of the restricted flies on
female diet choice by including two additional treatments: 94:1 (unrestricted focal females
with non-focal females restricted on the 4:1 patch) and ¢1:4 (unrestricted focal females

with non-focal females restricted on the 1:4 patch). There was no effect of any of the

restricted treatments on female preference for being on any food (¥°. = 0.1, P=1; Figure 4).
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The proportion of females on any diet patch differed between days (x*; = 710.4, P< 0.001),

which was accounted for within the statistical model.
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Figure 4

Foraging for either diet was not significantly affected by cues of males or females. Shown is the
proportion of females present on food between the five socio-sexual treatments: ¢ single sex (10
females), & 4:1 (10 females with 10 males restricted to the 4:1 protein: carbohydrate patch), & 1:4
(10 females with 10 males restricted to the 1:4 protein: carbohydrate patch), ¢ 4:1 (10 females with
10 females restricted to the 4:1 protein: carbohydrate patch), and $1:4 (10 females with 10 females
restricted to the 4:1 protein: carbohydrate patch). The total number of females on either food patch
was divided by the total number of females (always 10) to provide an overall proportion score of food
preference. Large circles represent estimated marginal means (+ 95 % confidence intervals)
extracted from the linear mixed model to account for repeated observations. Small circles represent

raw data and 50 % preference is marked by the grey, dashed line. Letters indicate significant

differences from a post-hoc Tukey test.
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b) Female diet preference was affected by social cues

In the second experiment to test the effect of male and female cues on female foraging
choices, females showed a significant preference for the 4:1 diet (Figure 5), as predicted.
There was a significant impact of socio-sexual treatment on female preference for the 4:1
diet (¥*» = 52.8, P< 0.001), with preference shifted toward patches that contained restricted
conspecifics of either sex. For example, when conspecifics were restricted on the 4:1 diet,
preference for the 4:1 diet remained consistently high (single sex versus males on 4:1 and
single sex versus females on 4:1; = -1.2, P= 0.7 in both cases). Preference for the 4:1
diet decreased significantly when conspecifics were restricted on the 1:4 diet, suggesting a
shift in preference toward the 1:4 diet. There was a significant effect of day on female diet

preference accounted for within the statistical model (x¥%,= 50.7, P< 0.001).
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Figure 5
Female foraging preference for high-protein was significantly reduced when cues of males or
females were present on low-protein. Shown is the proportion of females on the 4:1 (protein:

carbohydrate) patch versus the 1:4 (protein: carbohydrate) patch between the five socio-sexual

treatments: @ single sex (10 females), & 4:1 (10 females with 10 males restricted to the 4:1 patch), &



385 1:4 (10 females with 10 males restricted to the 1:4 patch), ¢ 4:1 (10 females with 10 females

386 restricted to the 4:1 patch), and ¢ 1:4 (10 females with 10 females restricted to the 4:1 patch). The

387 number of females on the 4:1 patch was divided by the total number of flies on both patches to

388 provide a proportion score of 4.1 preference. Large circles represent estimated marginal means (+
389 95 % confidence intervals) extracted from the linear mixed model to account for repeated

390 observations and model weights. Small circles represent raw data and 50 % preference is marked

391 by the grey, dashed line. Letters indicate significant differences from a post-hoc Tukey test.

392 c) Oviposition decisions were influenced by both diet and social cues

393 Consistent with the first experiment, numbers of offspring generated from the 4:1 or 1:4

394 patches were significantly dependent on socio-sexual treatment (x¥2, = 13.4, P< 0.01 for
395  offspring from 4:1 patches, x2,= 16.1, P < 0.01 for offspring from 1:4 patches). More

396 offspring were produced from 4:1 patches when there were cues of other females being
397  present on those patches, compared with the absence of conspecific cues on any patches
398 (single sex versus 94:1, Figure 6A). Similarly, more flies were produced from 1:4 patches
399  when there were cues of conspecifics of either sex being present on those patches,

400  compared with cues of females being present on 4:1 patches instead (Figure 6B).

401

402 The number of eggs laid on the surface of each patch closely aligned with the offspring
403 results (Supplementary Figure S8). Overall, the mean total offspring on each diet patch was
404 154 (= 11) and 103 (x 10), for 4.1 and 1:4 respectively (N = 45 patches per diet). As in

405 experiment one, the total number of offspring produced per arena (summed across both
406 diets) was consistent among the five treatments (x°.= 4.5, P= 0.3; Supplementary Figure

407 S9).
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Figure 6

Female oviposition choice was significantly affected by cues of males or females. Shown is the
number of offspring produced from 24h samples of eggs laid by females on the 4:1 (protein:
carbohydrate) diet (A) or 1:4 (protein: carbohydrate) diet (B) between the five socio-sexual

treatments: ¢ single sex (10 females), & 4:1 (10 females with 10 males restricted to the 4:1 patch), &
1:4 (10 females with 10 males restricted to the 1:4 patch), ¢ 4:1 (10 females with 10 females

restricted to the 4:1 patch), and ¢ 1:4 (10 females with 10 females restricted to the 4:1 patch). Boxes

represent interquartile range (IQR) with whiskers as 1.5 x IQR. Small circles represent raw data.
Medians are presented as thick horizontal lines and means as large, filled circles. Letters indicate

significant differences from post-hoc Tukey tests.
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DISCUSSION

We tested whether female foraging and reproductive behaviour was altered in response to
the risk of sexual harassment and the presence of socio-sexual cues. In the first
experiment, we manipulated direct and indirect exposure of mated, female flies to male
flies. Contrary to our prediction that females would avoid cues of male presence, females
were attracted to diet patches that held restricted males. Surprisingly, this attraction was
strong enough to reverse female preference for high-protein food, suggesting that attraction
to socio-sexual cues overrode preferences based on macronutrient content. Results from
the second experiment showed that females were attracted to diet patches on which
conspecifics were present, regardless of the sex of those conspecifics. We also found that

direct interactions with males drove females away from food patches altogether.

Females were attracted to cues of conspecifics

We predicted that females would avoid cues of male presence (prediction 3). However,
there was a significant increase in female presence on food patches that held restricted
males. Our second experiment showed that females were not attracted to restricted males
specifically, but rather to food patches with cues of conspecifics of either sex. In fact, cues
from conspecifics reversed female preference for high-protein food in the first experiment
and weakened its strength in the second experiment. Previous studies have reported a
similar preference for joining social groups in female D. melanogaster (Saltz, 2011;

Lihoreau et al., 2016a; Geiger & Saltz, 2020).

Female attraction to food patches with conspecifics might yield several benefits that are not
mutually exclusive. One possibility is that food patches with conspecifics could provide
social information on food availability or quality (Lihoreau et a/., 2018). There is evidence
that foragers use social information in several species; for example, in cockroaches,
Blattella germanica (Lihoreau et al., 2010), desert locusts, Schistocerca gregaria (Gunzel et
al., 2023) and our study species (Lihoreau et al., 2016a; Geiger & Saltz, 2020). Another
possibility is that group membership reduces predation risk, for example through the
dilution effect (Lehtonen & Jaatinen, 2016). A related hypothesis is that females approach
groups of conspecifics to dilute the risk of sexual harassment. For example, female eastern

mosaquito fish, G. holbrooki, move closer to conspecific females when a male, but not a
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female, is presented, and females approach groups of males more often than they
approach individual males, as male-male competition may reduce an individual’s risk of
harassment from males (Dadda ef a/., 2005, 2008). If female attraction to food patches with
conspecifics is adaptive, then benefits from associating with conspecifics must outweigh
the costs of sexual harassment from males and of competition with other females for food
and oviposition sites, as well as increased competition for offspring during development

(Wertheim et al., 2006).

Female attraction to cues of conspecifics might have been mediated by social odorants
(reviewed by Wertheim et a/., 2005). Cuticular hydrocarbons in D. melanogaster act as both
close- and long-range pheromones (Bartelt ef a/, 1985; Dweck et al., 2015), and males and
females can emit species-specific attractant pheromones following transfer from the male to
the female during mating (Bartelt ef a/, 1985; Wertheim, 2005). This can lead to the
formation of large aggregations (Wertheim et a/,, 2006). In addition, social odorants interact
with cues of nutritional content; females show a much lower preference for food odorants
than do starved females, but addition of the D. melanogaster sex pheromone, cis-vaccenyl
acetate, increased attractiveness of food odorants to fed females (Lebreton et al., 2015).
Aggregation pheromones, and possible interaction with nutritional cues, may be a
mechanism for our results in both the first and second experiments to attract focal females
to diet patches, regardless of the sex of the emitter (Wertheim ef a/., 2002, 2005; Lebreton
et al., 2015).

There was no strong preference for the 4:1 P:C diet when females were held in single-sex
groups in the first experiment (prediction 1), which was contrary to our predictions and
previous observations in female insects, including D. melanogaster specifically (e.g.,
Maklakov et al., 2008; Lee et al., 2013; Camus ef a/., 2018, but see Lihoreau et a/., 2016b).
It is unclear why females did not display a clear preference in this treatment. However, we
did observe the expected strong preference for 4:1 P:C diet in both the preliminary

experiment and the second experiment. The reason for the discrepancy is not clear.

In both experiments, the number of offspring from a food patch was highest when
conspecifics were restricted on that food patch. This finding is in alignment with the results

for female patch choice, suggesting that females simply laid eggs on the patches they fed
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from. However, other studies have reported that female D. melanogaster preferences for
oviposition and feeding can be uncoupled (Wertheim ef a/., 2002; Lihoreau et al., 2016b)
and the macronutrient content of oviposition substrate chosen by females is important for
larval development and survival (Rodrigues et a/., 2015). In this study, it is possible that

social cues influenced oviposition decisions in addition to macronutrient content.

Direct interactions with males reduced female foraging but not oviposition

We expected to find disrupted foraging in the mixed-sex treatment, where males could
physically disturb females (prediction 2). There was no evidence for a change in female
diet choice when females interacted directly with males, compared with single-sex female
groups. In contrast, changes to female diet choices in response to male harassment have
been observed in the solitary bee Anthophora plumipes, in which females avoid nectar-rich
flowers that are associated with high male harassment (Stone, 1995). In D. melanogaster,
harassment alters female feeding choice via learning, because harassed females have less
time to associate aversive stimuli with particular diets (Teseo et a/., 2016). However, we did
observe females on either food significantly less often when females interacted directly with
males. This result is consistent with observations that harassment physically disrupts
feeding in other species (Magurran & Seghers, 1994; Rowe, 1994; Stone, 1995; Giriffiths,
1996; Herberstein et al., 2002; Pilastro et al., 2003; Plath et a/., 2003; Tobler et a/., 2011;
Teseo et al.,, 2016). For example, in the mosquitofish, G. holbrooki, females take longer to
initiate feeding and ate less per minute when a male was present (Pilastro et a/., 2003). In
guppies (Poecilia reticulata) and in water strider (Aquarius remigis), females forage less
when they are subject to frequent male harassment (Sih & Watters, 2005; Yang et al., 2023).
The observation of disruption to female food intake from male harassment in these diverse

taxa suggests that this pattern might be widespread.

Although females spent less time on food patches in the mixed-sex treatment, we found
that offspring production was similar to the single sex treatment, which suggests that sexual
harassment did not affect oviposition rates. This result contrasts with a previous finding of
reduced oviposition by female D. melanogaster under frequent male harassment (Teseo ef
al., 2016). It is possible that a reduced opportunity for oviposition in the mixed sex

treatment could have been masked by females re-mating, which might have increased
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fecundity. However, any effect of re-mating is likely to have been minimal because female
re-mating rate is low within 24 hours (Singh & Singh, 2004), as was noted observationally in
this study. Therefore, further study of female and male movement is needed to identify finer-

scale disruptions to feeding and oviposition from male harassment.

CONCLUSION

Our findings suggest that female feeding decisions are altered by the presence of social
partners or their cues. It is surprising that socio-sexual cues weakened or reversed female
preference for high-protein food, given the strong association between protein intake and
reproduction, and the risk of male harassment, which may harm females and disrupt
foraging. Further study manipulating the size and sex ratio of social groups and
pheromonal cues (e.g., by artificially seeding cuticular extracts onto foods) in a diet choice
assay would help to uncover the mechanisms underlying these observations. It would be
fruitful to test whether female D. melanogaster experience a dilution of sexual harassment in
larger groups (Pilastro et a/., 2003), and investigate the influence of collective decision
making on female foraging behaviour under sexual harassment, by testing the feeding

choices of smaller groups of focal females, or even individuals.
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Data availability

URL to dataset in an online repository will be added to manuscript upon acceptance for

publication.

Author contributions

M.C.S. conceptualisation, data curation, formal analysis, investigation, methodology,
visualisation, writing — original draft, writing — review & editing. J.C.P. conceptualisation,
funding acquisition, resources, supervision, writing — original draft, writing — review &
editing. T.C. conceptualisation, funding acquisition, methodology, project administration,

resources, supervision, writing — original draft, writing — review & editing.

Competing interests

The authors declare no conflicts of interest.

Funding

This work was supported by a UK NERC PhD studentship held by M.C.S. within the ARIES
Doctoral Training Partnership (NE/S007334/1), NERC grant (NE/P0O17193/1) held by J.C.P.,
Natural Sciences and Engineering Research Council of Canada Discovery Grant RGPIN-
2023-05981 held by J.C.P., and NERC grant (NE/R000891/1) and BBSRC grant
(BB/WO005174/1) held by T.C.

Acknowledgments

We thank Kerri Armstrong and Paul Candon for their technical assistance, Wayne Rostant,
Nick West, and Lucy Friend for refining the meridic diet recipes and protocol, Lauren
Harrison for assisting with a round of behavioural observations, and Oonagh Barker and
Katie Millar for sharing previous findings and advice on solid diet preference in D.
melanogaster. Thanks also to Oonagh Barker, Ryan Brock and Ginny Greenway for scoring

fly abdomen colour.



561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

REFERENCES

Archer, C.R., Carey, M.R., Grant, C.E., House, C., Molotoks, A., Castillo, E. del, et al. (2026) Sex-
specific nutritional requirements of mating in insects with contrasting mating systems. Animal

Behaviour, 231, 123423.

Bartelt, R.J., Schaner, A.M. & Jackson, L.L. (1985) cis-Vaccenyl acetate as an aggregation

pheromone in Drosophila melanogaster. Journal of Chemical Ecology, 11, 1747-1756.

Bastock, M. & Manning, A. (1955) The Courtship of Drosophila melanogaster. Behaviour, 8, 85-110.

Bretman, A., Westmancoat, J.D., Gage, M.J.G. & Chapman, T. (2011) Males use multiple, redundant

cues to detect mating rivals. Current biology: CB, 21, 617-622.

Brooks, M.E., Kristensen, K., Benthem, K.J. van, Magnusson, A., Berg, C.W., Nielsen, A., et al.
(2017) gimmTMB Balances Speed and Flexibility Among Packages for Zero-inflated

Generalized Linear Mixed Modeling. The R Journal, 9, 378.

Buxton, V.L., Enos, J.K., Sperry, J.H. & Ward, M.P. (2020) A review of conspecific attraction for

habitat selection across taxa. Ecology and Evolution, 10, 12690—12699.

Camus, M.F., Huang, C.-C., Reuter, M. & Fowler, K. (2018) Dietary choices are influenced by
genotype, mating status, and sex in Drosophila melanogaster. Ecology and Evolution, 8,

5385-5393.

Chapman, T., Trevitt, S. & Partridge, L. (1994) Remating and male-derived nutrients in Drosophila

melanogaster. Journal of Evolutionary Biology, 7, 51-69.

Dadda, M., Pilastro, A. & Bisazza, A. (2005) Male sexual harassment and female schooling behaviour

in the eastern mosquitofish. Animal Behaviour, 70, 463—471.

Dadda, M., Pilastro, A. & Bisazza, A. (2008) Innate responses to male sexual harassment in female

mosquitofish. Behavioral Ecology and Sociobiology, 63, 53—62.

Dweck, H.K.M., Ebrahim, S.A.M., Thoma, M., Mohamed, A.A.M., Keesey, |.W., Trona, F., et al. (2015)
Pheromones mediating copulation and attraction in Drosophila. Proceedings of the National

Academy of Sciences, 112, E2829-E2835.



587 Fanson, B.G. & Taylor, P.W. (2012) Protein:carbohydrate ratios explain life span patterns found in

588 Queensland fruit fly on diets varying in yeast:sugar ratios. AGE, 34, 1361—-1368.

589 Fowler, E.K., Leigh, S., Rostant, W.G., Thomas, A., Bretman, A. & Chapman, T. (2022) Memory of
590 social experience affects female fecundity via perception of fly deposits. BMC Biology, 20,

591 244,

592  Geiger, A.P. & Saltz, J.B. (2020) Strong and weak cross-sex correlations govern the quantitative-
593 genetic architecture of social group choice in Drosophila melanogaster. Evolution, 74, 145—

594 155.

595  Giriffiths, S.W. (1996) Sex differences in the trade-off between feeding and mating in the guppy.

596 Journal of Fish Biology, 48, 891—898.

597 Giinzel, Y., Oberhauser, F.B. & Couzin-Fuchs, E. (2023) Information integration for decision-making

598 in desert locusts. iScience, 26.

599  Hartig, F. (2022) DHARMa: Residual Diagnostics for Hierarchical (Multi-Level / Mixed) Regression

600 Models.

601 Herberstein, M., Schneider, J. & Elgar, M. (2002) Costs of courtship and mating in a sexually
602 cannibalistic orb-web spider: female mating strategies and their consequences for males.

603 Behavioral Ecology and Sociobiology, 51, 440-446.

604 Ja, W.W., Carvalho, G.B., Mak, E.M., Rosa, N.N. de la, Fang, A.Y., Liong, J.C., et al. (2007)
605 Prandiology of Drosophila and the CAFE assay. Proceedings of the National Academy of

606 Sciences, 104, 8253—8256.

607  Jang, T. & Lee, K.P. (2018) Comparing the impacts of macronutrients on life-history traits in larval and
608 adult Drosophila melanogaster. the use of nutritional geometry and chemically defined diets.

609 Journal of Experimental Biology, 221, jeb181115.

610 Lasbleiz, C., Ferveur, J.-F. & Everaerts, C. (2006) Courtship behaviour of Drosophila melanogaster

611 revisited. Animal Behaviour, 72, 1001-1012.



612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

Lebreton, S., Trona, F., Borrero-Echeverry, F., Bilz, F., Grabe, V., Becher, P.G., et al. (2015) Feeding
regulates sex pheromone attraction and courtship in Drosophila females. Scientific Reports,

5,13132.

Lee, K.P., Kim, J.-S. & Min, K.-J. (2013) Sexual dimorphism in nutrient intake and life span is

mediated by mating in Drosophila melanogaster. Animal Behaviour, 86, 987—992.

Lee, K.P., Simpson, S.J., Clissold, F.J., Brooks, R., Ballard, J.W.O., Taylor, P.W., et al. (2008)
Lifespan and reproduction in Drosophila: New insights from nutritional geometry. Proceedings

of the National Academy of Sciences of the United States of America, 105, 2498—-2503.

Lehtonen, J. & Jaatinen, K. (2016) Safety in numbers: the dilution effect and other drivers of group life

in the face of danger. Behavioral Ecology and Sociobiology, 70, 449-458.

Lenth, R.V., Buerkner, P., Giné-Vazquez, |., Herve, M., Jung, M., Love, J., et al. (2023) emmeans:

Estimated Marginal Means, aka Least-Squares Means.

Lihoreau, M., Clarke, I.M., Buhl, J., Sumpter, D.J.T. & Simpson, S.J. (2016a) Collective selection of

food patches in Drosophila. Journal of Experimental Biology, 219, 668—675.

Lihoreau, M., Deneubourg, J.-L. & Rivault, C. (2010) Collective foraging decision in a gregarious

insect. Behavioral Ecology and Sociobiology, 64, 1577-1587.

Lihoreau, M., Gébmez-Moracho, T., Pasquaretta, C., Costa, J.T. & Buhl, C. (2018) Social nutrition: an
emerging field in insect science. Current Opinion in Insect Science, Vectors and medical and

veterinary entomology * Social insects, 28, 73—80.

Lihoreau, M., Poissonnier, L.-A., Isabel, G. & Dussutour, A. (2016b) Drosophila females trade off
good nutrition with high-quality oviposition sites when choosing foods. Journal of

Experimental Biology, 219, 2514-2524.

Ludecke, D., Ben-Shachar, M.S., Patil, I., Waggoner, P. & Makowski, D. (2021) performance: An R
Package for Assessment, Comparison and Testing of Statistical Models. Journal of Open

Source Software, 6, 3139.

Magurran, A.E. & Seghers, B.H. (1994) A cost of sexual harassment in the guppy, Poecilia reticulata.

Proceedings of the Royal Society of London. Series B: Biological Sciences, 258, 89-92.



639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

Maklakov, A.A., Simpson, S.J., Zajitschek, F., Hall, M.D., Dessmann, J., Clissold, F., et al. (2008)
Sex-Specific Fitness Effects of Nutrient Intake on Reproduction and Lifespan. Current

Biology, 18, 1062—1066.

McLain, D.K. & Pratt, A.E. (1999) The cost of sexual coercion and heterospecific sexual harassment
on the fecundity of a host-specific, seed-eating insect ( Neacoryphus bicrucis ). Behavioral

Ecology and Sociobiology, 46, 164—170.

Muhlhauser, C. & Blanckenhorn, W.U. (2002) The costs of avoiding matings in the dung fly Sepsis

cynipsea. Behavioral Ecology, 13, 359—-365.

Perry, J.C. (2011) Mating stimulates female feeding: testing the implications for the evolution of

nuptial gifts. Journal of Evolutionary Biology, 24, 1727-1736.

Pilastro, A., Benetton, S. & Bisazza, A. (2003) Female aggregation and male competition reduce
costs of sexual harassment in the mosquitofish Gambusia holbrooki. Animal Behaviour, 65,

1161-1167.

Plath, M., Parzefall, J. & Schlupp, I. (2003) The role of sexual harassment in cave and surface
dwelling populations of the Atlantic molly, Poecilia mexicana (Poeciliidae, Teleostei).

Behavioral Ecology and Sociobiology, 54, 303—-309.

Réale, D., Bousses, P. & Chapuis, J.-L. (1996) Female-biased mortality induced by male sexual

harassment in a feral sheep population. Canadian Journal of Zoology, 74, 1812—-1818.

Ribeiro, C. & Dickson, B.J. (2010) Sex Peptide Receptor and Neuronal TOR/S6K Signaling Modulate

Nutrient Balancing in Drosophila. Current Biology, 20, 1000—1005.

Rodrigues, M.A., Martins, N.E., Balancé, L.F., Broom, L.N., Dias, A.J.S., Fernandes, A.S.D., et al.
(2015) Drosophila melanogaster larvae make nutritional choices that minimize developmental

time. Journal of Insect Physiology, 81, 69-80.

Rowe, L. (1994) The costs of mating and mate choice in water striders. Animal Behaviour, 48, 1049—

1056.

Saltz, J.B. (2011) Natural genetic variation in social environment choice: context-dependent gene-

environment correlation in Drosophila melanogaster. Evolution, 65, 2325—2334.



666  Schindelin, J., Arganda-Carreras, ., Frise, E., Kaynig, V., Longair, M., Pietzsch, T., et al. (2012) Fiji:

667 an open-source platform for biological-image analysis. Nature Methods, 9, 676—682.

668 Sih, A. & Watters, J.V. (2005) The Mix Matters: Behavioural Types and Group Dynamics in Water

669 Striders. Behaviour, 142, 1417-1431.

670  Simpson, S.J. & Raubenheimer, D. (2012) The Nature of Nutrition: A Unifying Framework from Animal

671 Adaptation to Human Obesity. Princeton University Press.

672  Singh, S.R. & Singh, B.N. (2004) Female remating in Drosophila: Comparison of duration of

673 copulation between first and second matings in six species. Current Science, 86, 465-470.

674  Solon-Biet, S.M., Walters, K.A., Simanainen, U.K., McMahon, A.C., Ruohonen, K., Ballard, J.W.O., et
675 al. (2015) Macronutrient balance, reproductive function, and lifespan in aging mice.

676 Proceedings of the National Academy of Sciences, 112, 3481-3486.

677  Stone, G.N. (1995) Female foraging responses to sexual harassment in the solitary bee Anthophora

678 plumipes. Animal Behaviour, 50, 405-412.

679  Teseo, S., Veerus, L., Moreno, C. & Mery, F. (2016) Sexual harassment induces a temporary fitness
680 cost but does not constrain the acquisition of environmental information in fruit flies. Biology

681 Letters, 12, 20150917.

682  Tobler, M., Schlupp, I. & Plath, M. (2011) Costly interactions between the sexes: combined effects of

683 male sexual harassment and female choice? Behavioural Ecology, 22, 723—-729.

684  Wertheim, B. (2005) Evolutionary ecology of communication signals that induce aggregative

685 behaviour. Oikos, 109, 117-124.

686  Wertheim, B., Allemand, R., Vet, L.E.M. & Dicke, M. (2006) Effects of aggregation pheromone on
687 individual behaviour and food web interactions: a field study on Drosophila. Ecological

688 Entomology, 31, 216—226.

689  Wertheim, B., Baalen, E.-J.A. van, Dicke, M. & Vet, L.E.M. (2005) Pheromone-mediated aggregation
690 in nonsocial arthropods: An evolutionary ecological perspective. Annual Review of

691 Entomology, 50, 321-346.



692

693

694

695

696

697

698

Wertheim, B., Dicke, M. & Vet, L.E.M. (2002) Behavioural plasticity in support of a benefit for
aggregation pheromone use in Drosophila melanogaster. Entomologia Experimentalis et

Applicata, 103, 61-71.

Yang, Y., Grant, E., Lopez-Sepulicre, A. & Gordon, S.P. (2023) Female foraging strategy co-evolves

with sexual harassment intensity in the Trinidadian guppy. Behavioral Ecology, 34, 593—601.



699

700

701

702

703

704

705

706

707

708

709

710

711

712

713

714

715

716

717

Supplementary Information for Socio-sexual cues shape female diet choice in

Drosophila melanogaster

A. Experiment one

£single sex

B. Experiment two

2 single sex
C. Assay using dye coloured food

Blue 4:1 food Red 4:1 food Barriers No barriers

Figure S1.
Experimental design of the diet choice and behavioural assays. In all treatments and experiments,
10 mated females were added to Petri dishes containing a disc of 4:1 protein: carbohydrate and 1:4

protein: carbohydrate diet. Lighter fly icons represent female flies, and darker fly icons represent

male flies. (A) Experiment one: Q single sex (10 females), 24 mixed sex (freely interacting 10
females and 10 unrestricted males), & 4:1 (10 females with 10 males restricted to the 4:1 diet patch),
and & 1:4 (10 females with 10 males restricted to the 1:4 diet patch). (B) Experiment two: ¢ single
sex (10 females), & 4:1 (10 females with 10 males restricted to the 4:1 diet patch), and & 1:4 (10
females with 10 males restricted to the 1:4 diet patch), 9 4:1 (10 females with 10 females restricted

to the 4:1 diet patch), and ¢ 1:4 (10 females with 10 females restricted to the 1:4 diet patch). (C)

Assay using dye coloured food: blue 4:1 food (4:1 diet containing ingestible blue dye and 1:4 diet
containing ingestible red dye) and red 4:1 food (4:1 diet containing ingestible red dye and 1:4 diet
containing ingestible blue dye). (D) Assay testing acetate barriers: barriers (discs of 4:1 and 1:4 diet
both hold perforated, empty acetate ring) and no barriers (neither discs of 4:1 or 1:4 diet hold an

acetate ring).
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Supplementary methods for assay using dye coloured food

For red and blue diets, 4:1 and 1:4 protein: carbohydrate diets were additionally dyed with
red and blue pigment, which can be observed externally within fly guts following ingestion
(Ribeiro & Dickson, 2010). 125 mg of powdered red dye (amaranth, Sigma A1016) and 50
mg of powdered blue dye (indigo carmine, Sigma 131164) were added to separate 250 ml

aliquots of each diet, to create four diet types (blue 4:1, blue 1:4, red 4:1 and red 1:4). All

diets were autoclaved at 120 °C for 15 minutes for sterilisation and poured into trays at

approximately 5 mm thickness to set, as in the main experiment. Diets were stored at 2 °C

until use.

Diets were cut using a 26 mm circular cutter, and one of each P:C content were added to
each observation arena (/N = 28), e.g., half of the arenas contained one patch of blue 4:1
and one of red 1:4, while the other half of arenas contained one patch of blue 1:4 and one
of red 4:1, to control for colour of diet influencing female choice. Arenas were then
randomised using coded identifiers, to anonymise the treatments from the perspective of

the observer.

Behavioural observations of female patch preference

Three-day old, mated females were collected from a second generation of controlled
rearing (by the method described in the methods section) and added to the blue and red

food arenas in single sex groups of 10 using CO. anaesthesia. Arenas were then moved to
25 °C and left to acclimatise for 2 hours. Food patch preference scores were obtained for

each arena by scan sampling the number of individuals on each of three locations (blue

patch, red patch or dish) every 0.5 h, for 2.5 h.

After the last observation, focal female flies were anaesthetised using CO. and photos were
taken of each individual’s abdomen using a digital microscope camera (GXCAM, GT Vision
Ltd; V= 280 photos). Camera settings were fixed for all photos. Photos were edited post-

production to adjust contrast, with edits applied identically to all photos using the Mac



746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

Photos app (Version 9.0, Apple Inc.). To determine abdomen hue, five observers were each
provided with the photos in a randomised order in Microsoft PowerPoint and were asked to
score the colour of each fly’s abdomen using a reference colour score bar: 0 — no colour, 1

— blue, 2 — purple (mixed diet) or 3 — red (Supplementary Figure S2).

Analysis

The effect of diet colour on diet preference was analysed by using a binomial GLMM, in
which the number of flies on each patch was combined using the cbind function. Arena ID

and observation were included as nested random factors.

Location of females aligned with the colour of dye in their abdomen

Females in all treatments showed the strong, expected preference for the high protein 4:1
food (Supplementary Figure S3). This preference was observed regardless of the colour of
the diet patches. Treatment (colour of the 4:1 food) did not affect the number of females on
each diet patch (¥, = 0.2, P=0.69). The proportion of abdominal images scored as
red/blue within each treatment also closely aligned to the observed preferences for 4:1

observed in the behavioural data (Supplementary Figure S4).
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Figure S2

Subset of 9 example images scored during the diet preference for coloured patches assay. Images
of female flies were presented to scorers on individual slides using Microsoft PowerPoint (version
16.86) and each image contained the reference colour scoring bar, and a randomised ID. Scorers
were instructed to give each fly a score of O (no food), 1 (blue abdomen), 2 (purple abdomen) or 3

(red abdomen).
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773  Figure S3

774 The number of female flies resting on the 1:4 and 4:1 blue and red diets or on the dish across six
775  Observations of 28 arenas. Boxes represent IQR with whiskers as 1.5 x IQR. Medians are presented
776 as thick horizontal lines and means as large, filled circles.

777
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Figure S4

The proportion of scores assigned to photos of female flies after feeding in arenas with two patches
of dyed diets (either blue 4:1 and red 1:4 patch, or red 4:1 and blue 1:4 patch) (V= 280 females).
Scores were obtained from observers marking the colour of each fly’s abdomen in photos as none,
blue, purple or red. Large, coloured circles represent the average proportion of photos scored as
either none, blue, purple, or red, with black, vertical lines as standard error. Small circles represent

the proportion per observer.
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Figure S5

Pilot study testing the effect of transparent, perforated, acetate barriers on diet preference. 10 mated
female flies were added to small arenas containing two solid diet patches (4:1 and 1:4, methods as
reported main methods in experiment one and two). In half of the samples, acetate rings were added
to both diets. Female location was recording using scan sampling. Large circles represent estimated
marginal mean values (+ 95 % confidence intervals) extracted from the linear mixed model to
account for repeated observations and model weights. Raw, unweighted data from all observations
is underlaid as small circles. Significance levels are represented as letters above each treatment to

visualise results of pairwise comparisons between groups from a post-hoc Tukey test.



804
805
806
807
808

809
810

811

812

813

814

815

816

817

818
819

Figure S6

Example image of eggs laid on the surface of 4.1 and 1:4 diet patches, in an observation arena, by
10 females, 24 hours after behavioural observations started. Flies were anaesthetised using gaseous
CO:; (to allow removal of the patches to rear offspring in standard conditions, in vials containing 7 ml
sugar-yeast-agar diet) at which point a photo was taken. Eggs were counted later using Imaged Fiji
software (Schindelin et al., 2012). Only visible eggs on the top surface of each patch were counted,

to provide a proxy number of egg laying rates.
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Figure S7

The total number of offspring produced across four socio-sexual treatments: alone; females
remained alone, mixed; free non-focal males added to arena, d'4:1; non-focal males added to
restricted area on the 4:1 patch, and J 1:4; non-focal males added to restricted area on the 1:4
patch (experiment one). Offspring numbers are summed across the two diet patches in each arena
(individual values are represented by small circles overlaid on corresponding treatment). Boxes
represent IQR with whiskers as 1.5 x IQR, medians are presented as thick horizontal lines and

means as large, filled circles.
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Figure S8

The total number of offspring produced on the 4:1 protein: carbohydrate (A) or 1:4 protein:
carbohydrate (B) diets from 24h samples of eggs laid by females on the 4:1 (C) or 1:4 (D) diets
(e.g., Supplementary Figure S6). Egg and offspring counts produced across five socio-sexual
treatments in experiment two: @ single sex (10 females), & 4:1 (10 females with 10 males restricted
to the 4:1 patch), & 1:4 (10 females with 10 males restricted to the 1:4 patch), @ 4:1 (10 females with
10 females restricted to the 4.1 patch), and 91:4 (10 females with 10 females restricted to the 4:1
patch). Individual values are represented by small circles overlaid on corresponding treatment.
Boxes represent IQR with whiskers as 1.5 x IQR, medians are presented as thick horizontal lines and

means as large, filled circles.
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The total number of offspring produced across five socio-sexual treatments in experiment two: ¢
single sex (10 females), &' 4:1 (10 females with 10 males restricted to the 4:1 patch), & 1:4 (10
females with 10 males restricted to the 1:4 patch), @ 4:1 (10 females with 10 females restricted to the
4:1 patch), and 91:4 (10 females with 10 females restricted to the 4:1 patch). Offspring numbers are
summed across the two diet patches in each arena (individual values are represented by small
circles overlaid on corresponding treatment). Boxes represent IQR with whiskers as 1.5 x IQR,

medians are presented as thick horizontal lines and means as large, filled circles.



854  Table S1. Diet quantities required for 1.5 L of solid meridic diet of varying P:C ratios, based on a

855  combined caloric concentration of 120 g/L.

856
P:C ratio 1:2 1:4 1:5 1:8 4:1
Casein (g) 60 36 30 20 120
Sucrose (g) 120 144 150 160 60
Cholesterol (g) 0.45 0.45 0.45 0.45 0.45
Lecithin (g) 6 6 6 6 6
Agar (9) 30 30 30 30 30
KH.PO,4 (ml) 150 150 150 150 150
KoHPO, (ml) 150 150 150 150 150
MgSO, (ml) 150 150 150 150 150
NaHCO; (ml) 150 150 150 150 150
Nucleic acid sol (ml) 150 150 150 150 150
De-ionised H-O (ml) 300 300 300 300 300
Autoclave the mixture at this stage
10% Nipagin-ethanol 15 15 15 15 15
solution (ml)
Propionic acid (ml) 4.5 4.5 4.5 4.5 4.5
Vitamin mix (ml) 225 225 225 225 225
Top up to Top up to Top up to Top up to Top up to
De-ionised H,O (ml) 15L 15L 15L 15L 15L
857

858  Salt solutions contain 2 L de-ionised H,O and each salt in solid form (14.22 g KH.PO4, 74.6 g
859 KoHPO,, 12.4 g MgSQO., 20 g NaHCOs3). Nucleic acid solution contains 11.4 g Uridine, 12.8 g Inosine,
860 2 litres de-ionised H.O. Diet adapted from Piper and colleagues (Piper et al., 2014).

861

862

863

864



865 Table S2. Recipe to make 2 L vitamin mix

866
Ingredient Quantity
Thiamine (g) 0.0267
Riboflavin (g) 0.133
Nicotinic acid (g) 0.16
Ca Pantothenate (g) 0.222
Pyridoxine (g) 0.033
Biotin solution (ml) 133
Folic acid solution (ml) 133
De-ionised H20 (ml) 1733
867

868 Biotin solution made from 0.01g Biotin and 500ml| de-ionised H,O. Folic Acid solution made from

869 0.119g Folic Acid, 80ml ethanol and 320ml de-ionised H,O. Both made in 500ml conical flasks and

870 stored in fridge until use.

871
872
873

874



875 Table S3

876 Statistical linear models used to analyse data reported in the main manuscript, with test statistic,

877 degrees of freedom and P value reported. All models were carried out in R version 4.0.4 (The R

878  Foundation for Statistical Computing, Vienna, Austria, http://www.r-project.org).

879
Test Model Outcome
Experiment 1
Food preference glmmTMB (foodPref ~ treatment + a) Treatment x23=12.6,

block + (1l|uniqueDay) +

P=0.00565

(1luniqueObs) + (1|id new), data) b) Block x%1=27.4, P<0.001
4:1 preference glmmTMB (propPref ~ treatment + a) Treatment x23=65.1,
block + (1l|uniqueDay) + P<0.001
(1luniqueObs) + (1|id new), weights b) Block x%1=0.5, P=0.4924
= totalfood, data)
4:1 offspring glmmTMB (adult.offspring ~ a) Treatment x?5=15,
treatment, data) P=0.00185
1:4 offspring glmmTMB (adult.offspring ~ a) Treatment x%;=24.4,
treatment, data) P<0.001
Total offspring glmmTMB (total ~ treatment, data) a) Treatment x%3=2.1,
P=0.5583
Experiment 2
Food preference glmmTMB (foodpreference ~ treatment a) Treatment x%:=0.1,
+ day + (l|observation) + (1]id), P=0.998
data) b) Day x%1=710.4, P<0.001
4:1 preference glmmTMB (prefprop ~ treatment + day a) Treatment x2,=52.8,
+ (1|observation) + (1]id), weights P<0.001
= totalfood, data) b) Day x%1=50.7, P<0.001
4:1 offspring glmmTMB (adult offspring ~ a) Treatment x2,=13.4,
treatment, data) P=0.009
1:4 offspring glmmTMB (adult offspring ~ a) Treatment x%,=16.1,
treatment, data) P=0.002878
Total offspring glmmTMB (total ~ treatment, data) a) Treatment x2%,=4.5,
P=0.3478
4:1 eggs glmmTMB (n.eggs ~ treatment, data) a) Treatment x2,=20.1,

P<0.001



http://www.r-project.org/

1:4 eggs glmmTMB (n.eggs ~ treatment, data) a) Treatment x2,=30.4,
P<0.001
Total eggs glmmTMB (total ~ treatment, data) a) Treatment x2:,=9.3,
P=0.05345
Barrier pilot
Food preference, glmmTMB (foodpreference ~ treatment a) Treatment x?=8.6, P<0.01
barrier pilot + block + (l]day) + (l|observation) b) Block x%1=0.6, P=0.436381
+ (11id), data)
4:1 preference, glmmTMB (highpreference ~ treatment a) Treatment x%=4.7,
barrier pilot + block + (l]day) + (l]|observation) P=0.003275
+ (1]1id), weights = totalfood, b) Block x%1=0.001, P=0.97
data)
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