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Abstract

In ovipositing animals, egg placement decisions can be key determinants of offspring survival. One oviposition strategy reported across taxa
is laying eggs in clusters. In some species, mothers provision eggs with diffusible defence compounds, such as antimicrobials, raising the
possibility of public good benefits arising from egg clustering. Here we report that Drosophila melanogaster females frequently lay eggs in
mixed-maternity clusters. We tested two hypotheses for potential drivers of this oviposition behaviour: (i) the microbial environment affects
fecundity and egg placement in groups of females; (ii) eggs exhibit antimicrobial activity. The results partially supported the first hypothesis.
Females reduced egg laying but did not alter egg clustering, on non-sterile substrates that had been naturally colonized with microbes from the
environment. However, oviposition remained unaffected when the substrate community consisted of commensal (fly-associated) microbes. The
second hypothesis was not supported. There was no evidence of antimicrobial activity, either in whole eggs or in soluble egg-surface material.
In conclusion, while we found no behavioural or physiological evidence that egg clustering decisions are shaped by the opportunity to share

antimicrobials, females are sensitive to their microbial environment and can adjust egg-laying rates accordingly.
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Introduction

For an oviparous animal, deciding where and how to place
eggs can have major fitness consequences (Resetarits, 1996).
Several hypotheses have been proposed for oviposition site
selection and, of these, maximizing embryo survival is viewed
as a key driver (Refsnider & Janzen, 2010). As such, females
of many species exhibit a remarkable ability to detect and
respond to a range of abiotic and biotic conditions when
making egg placement decisions. For example, in the tree-hole
breeding frog (Phrynobatrachus guineensis) females prefer to
oviposit at sites already inhabited by conspecific eggs and tad-
poles, which is thought to reduce predation risk to their off-
spring (Rudolf & Raodel, 2005). Females also select sites with
the appropriate level of water persistence required for suc-
cessful offspring development. In the pine sawfly (Neodiprion
sertifer), females prefer to oviposit on trees with high resin
acid concentrations, which lowers the vulnerability to attack
by parasitoids (Bjorkman et al., 1997).

Animals can also exhibit oviposition decisions within a sin-
gle oviposition patch or substrate, by adjusting the number of
eggs they lay, delaying oviposition if the substrate or environ-
mental conditions are perceived as sub-optimal, or positioning
their eggs in non-random patterns (Deas & Hunter, 2013). For
example, females can lay their eggs in dispersed patterns, or
cluster their eggs together or with those of other females. Egg

clustering behaviour, including mixed-maternity clustering, has
been reported for many taxa, including in reptiles and amphib-
ians (Doody et al., 2009), birds (Riehl, 2013), fish (Welsh &
Fuller, 2011), and several invertebrate species (e.g., Courtney,
1984; Faraji et al., 2002). Egg clustering has recently been
studied in the fruit fly Drosophila melanogaster and has been
shown to be a plastic behaviour that increases in frequency
with increasing social density (Churchill et al., 2024).

Several fitness benefits of egg clustering have been proposed,
although empirical evidence remains scant (Janz, 2003). For
example, egg clustering could be the outcome of females
reducing site and substrate evaluation times and instead rely-
ing on the decisions of others (Courtney, 1984). Alternatively,
clustering could reduce egg predation risk if predators have
limited search, consumption times, or searching capacity. For
instance, Iphiseius degenerans mites oviposit in clusters in
acarodomatial leaf hairs. Females prefer to cluster their eggs
in acarodomatia already containing eggs, and clustered eggs
are less likely to be predated by thrips (Faraji et al., 2002).
Egg clustering may also increase egg survival during expo-
sure to abiotic factors, such as low humidity. For example, in
the Nymphalid butterfly Chlosyne lacinia, hatching success
is positively related to humidity, and eggs clustered in larger
groups have greater desiccation resistance in comparison to
small groups of monolayered eggs (Clark & Faeth, 1998).
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In this study, we propose and test an additional hypothe-
sis—that clustered eggs benefit from the collective increased
concentrations of defensive (i.e., antimicrobial) compounds
potentially provisioned to the egg surface by the mother
(Hilker & Blum 2003). When such defensive compounds are
external and diffusible, they are potential “public goods,”
because eggs lacking these defences can nevertheless receive
protection from those released by nearby eggs (Levin, 2014).
Findings in some fly species suggest this is possible. For exam-
ple, Mediterranean fruitfly (Ceratitis capitata) females smear
the surface of their eggs with secretions containing ceratotox-
ins—a family of broad-acting antimicrobial peptides (AMPs),
that are produced in the female reproductive tract (Marchini
et al., 1997). The genes encoding ceratotoxins have no known
homologues outside Ceratitis (Rosetto et al., 2003). However,
some AMPs of Drosophila are similarly expressed in the
female reproductive tract and have the potential to be trans-
ferred to egg surfaces. For example, the anti-fungal peptide
encoding gene Drosomycin is expressed in the reproductive
tract epithelium (Ferrandon et al., 1998; Tzou et al., 2000)
and the anti-bacterial encoding gene Drosocin is constitu-
tively expressed in the female oviduct (Charlet et al., 1996;
Tzou et al., 2000). The promoters of AMP genes cecropin,
defensin, metchnikowin, and attacin are also active in the
reproductive tract (Tzou et al., 2000). A transcriptomic study
of female reproductive tissues found that some AMP genes
were upregulated following mating (McDonough-Goldstein
et al., 2021a). It is not yet known why, but one possibility is
that it enables the production of AMPs to protect the elevated
numbers of eggs that are produced and laid following mating.

Consistent with the idea that egg clustering may facilitate
beneficial interactions with microbes or protect against harm-
ful ones, several studies provide evidence that the microbial
environment influences oviposition behaviour. For example,
when offered a direct choice between substrates containing
commensal microbes (i.e., members of the fly-associated
microbiome) vs. sterile substrates, D. melanogaster prefer
to lay on microbe-inoculated substrates, whereas D. suzukii
prefers sterile substrates (Sato et al., 2021). These differences
may reflect the natural oviposition substrates of these two
species, with D. melanogaster laying into fermenting fruit and
D. suzukii into ripening fruit. The oriental fruitfly Bactrocera
dorsalis uses a volatile compound associated with the pres-
ence of egg-surface bacteria to avoid laying into fruits already
occupied by conspecific eggs (Li et al., 2020). There is also evi-
dence that D. melanogaster uses sucrose levels as a means of
assessing the presence or level of commensal bacteria in their
food, since the lactic acid bacteria Enterococci metabolizes
and therefore depletes sucrose within food sources (Liu et al.,
2017). D. melanogaster eggs also appear to be dependent on
microbes for successful development, with germ-free eggs fail-
ing to develop beyond the second instar larvae when reared in
food-lacking yeast (Liu et al., 2017; Shin et al., 2011).

D. melanogaster females lay eggs in decomposing fruit with
a rich microbial environment that is very likely to contain a
mix of beneficial, neutral, and pathogenic microbial species
(Bing et al., 2021; Keebaugh & Schlenke, 2014). Although
few extracellular pathogens have so far been identified as
attacking D. melanogaster eggs (Keebaugh & Schlenke,
2014), ingestion of some bacterial strains by larvae can be
fatal (Bing et al., 2021). This suggests there should be selec-
tion for choosing or maintaining pathogen-free oviposition
sites. Consistent with this, D. melanogaster females can
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detect and avoid the odorous compound geosmin, which is
produced by some microbes, including pathogenic species
(Keebaugh & Schlenke, 2014). Collectively, these data sup-
port the hypothesis that female flies choose oviposition sites
according to the prevailing microbial milieu and/or protect
their eggs from pathogens by deploying antimicrobials. The
latter raises the possibility that oviposition clustering deci-
sions are shaped by potential public good benefits for antimi-
crobial protection. The aims of this study were to investigate
these ideas by testing the hypotheses that: (1) D. melano-
gaster females plastically adjust egg placement based on the
microbial environment; and (2) D. melanogaster eggs exhibit
broad-spectrum antimicrobial activity.

Materials and methods

Fly stocks and handling

Wild-type D. melanogaster (strain: Dahomey) and a scarlet
line (backcrossed multiple times into the Dahomey genetic
background) were both maintained in large stock cages
with overlapping generations. Flies were reared on stan-
dard sugar yeast agar (SYA) medium (100 g brewer’s yeast
(MP Biomedicals, Fisher Scientific #11425722), 50 g white
caster sugar (Tate & Lyle), 15 g agar (Formedium #AGAO01),
30 ml Nipagin (methylparaben, 10% w/v solution, dissolved
in 95% ethanol), and 3 ml propionic acid (Sigma-Aldrich
#P5561), per litre of medium) in a controlled environment
(25 °C, 50% humidity, 12:12 hr light:dark cycle). Eggs were
collected from population cages on grape juice agar plates
(50 g agar, 600 ml red grape juice (medium dry red wine kit,
Magnum), 42 ml 10% w/v Nipagin solution per 1.1 1 RO
H,0) supplemented with fresh yeast paste (Saf-levure active
dry yeast, Lesaffre), and first instar larvae were transferred
to SYA medium at a standard density of 100 per vial (glass,
75 x 25 mm, each containing 7 ml medium). Male and female
adults were separated within 6 hr of eclosion (before mating
occurs) under ice anaesthesia and stored in single-sex groups
of 10/vial until required.

Statistical methods—general principles

All statistical analyses were conducted using R version 4.2.1
(R Core Team, 2022). Graphs were produced using ggplot2
(Wickham, 2016) and ggpubr (Kassambara, 2020) packages.
Summary statistics were produced using the Rmisc package
(Hope, 2022).

We defined an egg cluster as a group of two or more eggs
where any part of the main body of an egg was in physi-
cal contact with any part of the main body of another egg
(Supplementary Figure S1). The egg clustering proportion
was calculated for vials containing > 2 eggs. The clustering
proportion per vial was calculated by summing the total
number of eggs in each cluster and dividing that by the total
number of eggs laid in the vial (Supplementary Figure S1)
(Churchill et al., 2024). For all analyses, full models con-
taining all explanatory variables and their interactions were
fitted in the first instance. Non-significant interactions (as
tested using the anova function) were then removed from
the models using a stepwise process. Model residuals were
plotted and checked visually, using the DHARMa package
where possible (Hartig, 2022). Hurdle models were used to
analyze zero-inflated count data. Negative binomial GLMs
were used for over-dispersed count data, and quasibinomial
GLMs were used to analyze over-dispersed proportion data.

G20z Iudy 80 uo 3sanb Aq ££9656./6.€/€/8€/191LE/g8(/W0d dnoolWwapede//:sdpy Woly papeojumoq


http://academic.oup.com/jeb/article-lookup/doi/10.1093/jeb/voaf004#supplementary-data
http://academic.oup.com/jeb/article-lookup/doi/10.1093/jeb/voaf004#supplementary-data

Journal of Evolutionary Biology, 2025, Vol. 38, No. 3

Further details of specific analyses for each experiment are
described in the sections below, and the final model outputs
are presented in the Supplementary Material.

Hypothesis 1. D. melanogaster females plastically
adjust egg placement based on the microbial
environment

We conducted a set of three experiments in which we mea-
sured fecundity, egg clustering, and egg-adult survival in
groups of females in the presence of a range of microbial
conditions. Each experiment had a different set of oviposi-
tion substrates but was otherwise carried out using the same
protocol. Unmated females were collected as described above
and then transferred to SYA vials in same-sex groups of
four at ~4 days post-eclosion. Then, after a further 2 days,
groups of six males were introduced to female vials and left
for 2 hr to mate. Flies were unobserved during the mating
period. However, a similar study using the same strain of D.
melanogaster reported that > 97% of females mated within a
2-hr window under a 3:2 male:female ratio (Churchill et al.,
2024). Females were then separated from males, transferred
to the oviposition substrates and given 3-4 hr to lay eggs.
Assays were all conducted under no-choice conditions, with
each treatment group exposed to one substrate type only.
A sample size of 30 vials per treatment was used for each
experiment. The number of eggs laid, and the number and size
of egg clusters (defined as > 2 eggs in physical contact) were
recorded immediately following each assay, and the number
of adult offspring was counted 12 days later. Further details
of the oviposition substrates used for each of the three exper-
iments are as follows:

Effect of environmental microbes and nutrients on
oviposition

To test the effect of environmental microbes (i.e., microbes
occurring naturally in the environment, which colonize sub-
strates in the absence of sterilization or preservatives) and
the nutritional content of the oviposition substrate on egg
placement, females were given one of the following oviposi-
tion substrates (7 = 30 each): (1) standard SYA; (2) standard
SYA lacking the preservatives propionic acid and Nipagin
(methylparaben); (3) low-nutrient SYA, with 25% of the yeast
and 25% of the sugar of standard SYA; and (4) low-nutrient
SYA lacking the preservatives propionic acid and Nipagin.
Substrates lacking propionic acid and Nipagin showed vis-
ible microbial growth 48 hr after preparation. To prevent
substrates from being completely swamped with microbial
colonies, all oviposition substrates were made only 24 hr
prior to the assay. In addition to egg-to-adult development,
we also scored the number of hatched eggs after 48 hr and the
number of pupae after 7 days. Two vials were excluded from
the hatching analysis because extensive microbial growth
obscured hatching success. To additionally test the effect of
substrate condition (low-nutrient SYA = preservatives, 7 = 30
per treatment) on the extent of mixed-maternity egg cluster-
ing (> 1 egg in direct contact with > 1 egg laid by > 2 differ-
ent females), we followed the same protocol but used a dye
method to mark non-focal eggs. For this, non-focal females
were reared from the larval stage, and maintained, on SYA
diet containing 1,400 ppm Sudan Black B (Sigma-Aldrich
#199664) dissolved in corn oil (Mazola). Sudan Black B is an
oil-soluble dye that binds lipids and thus becomes incorpo-
rated into the eggs of females feeding on the dye (Vilarinho

381

et al., 2006). Eggs laid by non-focal females appeared grey
in colour, in contrast to the white of eggs laid by the non-
dyed focals. We also used non-focal females with the scarlet
eye marker mated to scarlet males, which allowed us to dis-
tinguish the offspring of the focal females from those of the
non-focals. Each female group consisted of one focal (wild-
type, non-dyed) and three non-focal flies (scarlet, dyed).

Detailed statistical analysis: We analyzed the effect of nutri-
ent level and preservative presence on the total number of
eggs laid using a two-part hurdle model from the pscl pack-
age (Jackman, 2020). The probability of eggs being laid was
modelled with a binomial distribution and logit link function,
while a zero truncated negative binomial distribution with
log link function was used for the count part of the model.
Nutrient (two levels: low, standard) and preservative (two
levels: absent, present) were fixed factors in both parts of the
model. We analyzed the effect of nutrient level and preserva-
tive presence on egg clustering proportion, egg hatchability,
egg-to-pupa viability, egg-to-adult viability, and hatched egg-
to-adult viability using quasibinomial GLMs. The variable
“total eggs” was included as a fixed factor when modelling
clustering proportion as a response variable, and “clustering
proportion” was included as a fixed factor when modelling
egg hatchability as a response. There was significant collin-
earity between “total eggs” and “clustering proportion” as
measured using a Pearson’s correlation test from the per-
formance package (Liidecke et al., 2021). Therefore, for all
other measures of development, two separate models were
run per response variable—one model included total eggs as
a fixed factor and the other included clustering proportion.
All models included nutrient and preservative as fixed factors.
Reported significance values were derived using the Anova
(Type ) function from the car package (Fox & Weisberg,
2018).

To test the accuracy of egg maternity scoring, we used the
one-way intraclass correlation coefficient from the irr pack-
age (Gamer et al., 2019) to test the agreement between focal
(non-dyed) eggs counted and the number of focal (wild-type)
offspring which eclosed from each vial. We also generated a
Bland Altman Plot of focal eggs and focal offspring using the
BlandAltmanleh package (Lehnert, 2015).

Effect of antimicrobial preservatives alone on oviposition

To test the effect of antimicrobial preservatives on oviposi-
tion in the absence of microbes, we provided females with
sterile oviposition substrates that contained or lacked individ-
ual preservatives. In contrast to the first experiment, above,
here all substrates were sterile. Therefore, females were not
exposed to environmental microbes at the start of the oviposi-
tion assay (regardless of whether preservatives were present).
The oviposition substrates were as follows: (1) standard SYA,
(2) no preservatives (both Nipagin and propionic acid omit-
ted), (3) propionic acid only (Nipagin omitted), (4) Nipagin
only (propionic acid omitted), and (5) ethanol only (Nipagin
and propionic acid omitted). Where one or more preservatives
were omitted, the equivalent volume of sterile RO water was
added instead. Propionic acid and Nipagin both have general
fungicidal and bactericidal properties, although Nipagin may
be more effective against a greater diversity of microbes (Téfit
et al., 2018).

Detailed statistical analysis: We analyzed the effect of anti-
microbial preservatives on total eggs using a negative bino-
mial GLM, and we analyzed the effect of preservatives and
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total eggs on egg clustering proportion using a quasibinomial
GLM. Preservatives (five levels: standard; no preservatives;
propionic acid only; Nipagin only; and ethanol only) were
included as a fixed factor in all models. Again, because of
the collinearity between total eggs and clustering proportion,
when analyzing the effect of preservatives on egg-to-adult via-
bility we ran two separate quasibinomial GLMs. One model
included preservatives and total eggs as fixed factors and the
other included preservative and clustering proportion as fixed
factors. All reported significance values were derived using
the Anova (Type II) function from the car package.

Effect of commensal and pathogenic microbes on oviposition

In the third experiment, we tested the effect of fly-associated
microbial communities on egg placement in the absence of
preservatives. To do this, we used sterile oviposition sub-
strates lacking preservatives, with or without microbial
washes added to the surface of the substrate. Twenty-four
hours before the oviposition assay, each oviposition substrate
was spiked with 40 pl of one of the following washes: (1)
negative control; (2) fly background control; (3) commensal
microbes (i.e., members of the fly-associated microbiome);
and (4) a culture of the bacteria Alcaligenes faecalis M3A.
The species A. faecalis is an identified pathogen of D. mela-
nogaster, exhibiting a 25% mortality rate upon larval inges-
tion in a previous study (Bing et al., 2021). The commensal
microbe and fly background washes were made by placing
three sterile grape juice agar plates into mini-cages with 300
adult flies per cage (1:1 sex ratio) for 10 hr (similar method-
ology used in Sato et al., 2021). The flies were then discarded,
and each plate was repeatedly washed with 2.5 ml sterile RO
H,O. Half of this wash was used as the commensal microbe
treatment, and the other half was filter sterilized to generate
the fly background control (Corning Costar Spin-X centrifuge
tube filter, 0.45 pm pore size, #8163). To generate the negative
control wash, 2.5 ml RO H,0O was used to wash the surface
of three separate sterile grape juice agar plates that remained
unexposed to flies, and the entirety of this wash was filter
sterilized to remove any microbial contaminants. Finally, an
overnight culture of the gram-negative bacterium A. faecalis
M3A was inoculated 1:100 into 100 ml Lysogeny Broth (5 g
NacCl, 10 g tryptone, 5 g yeast extract, and 1.5 g glucose per
litre H,0) and grown at 30 °C, 200 RPM for 3 hr, resulting
in an optical density of 0.14 at 600 nm wavelength. In total,
1 ml of this culture was centrifuged for 2 min at 15 000 RPM
and resuspended using 2 ml of the negative control wash to
create the A. faecalis treatment. Following the addition of the
washes to the oviposition surfaces, vials were incubated for
24 hr at 25 °C before the oviposition assay. To verify that
the washes lead to differences in microbial environment, we
checked the substrates 48 hr following oviposition for visi-
ble microbial colonies. There were visible colonies in 90% of
the commensal microbe substrates, compared with 27% of
negative control substrates, 20% of fly background control
substrates, and 23% of A. faecalis substrates. A set of five
to six unexposed vials from each treatment was incubated at
25 °C for the duration of the experiment. These vials were
spiked with the washes, but never exposed to flies, enabling
us to check the extent of microbial growth from the washes,
separate from the microbes introduced by females during the
oviposition assay. Of these unexposed substrates, there was
visible microbial growth on five out of six commensal wash
substrates, and one out of five negative control substrates, but

Fowler et al.

no colonies were visible on any of the fly background con-
trol or A. faecalis substrates. Combined, these observations
showed that, as intended, microbes were successfully trans-
ferred to the oviposition substrates in the commensal microbe
wash, but not the negative or background controls.

Detailed statistical analysis: We analyzed the effect of
microbes on total eggs using a negative binomial GLM and
analyzed the effect of microbes and total eggs on egg cluster-
ing proportion using a quasibinomial GLM. Microbes (four
levels: negative control, fly background control, fly commen-
sal microbes, and A. faecalis) were a fixed factor in all models.
As for the previous two experiments, we ran two separate
quasibinomial GLMs for to analyze the effect of microbes
on egg-to-adult viability. One model included microbes and
total eggs as fixed factors, and the other included microbes
and clustering proportion as fixed factors. All reported signif-
icance values were derived using the Anova (Type II) function
from the car package.

Hypothesis 2—D. melanogaster eggs exhibit broad-
spectrum antimicrobial activity

Antimicrobial activity of egg-surface molecules

To test if D. melanogaster eggs exhibit antimicrobial activity,
we conducted radial diffusion assays according to (Steinberg
& Lehrer 1997). As a positive control, given medfly eggs
are known to exhibit antimicrobial activity (Marchini et
al., 1997), we also tested whole eggs and soluble material
washed from the eggs of the Toliman medfly strain, which
was maintained as described in (Darrington et al., 2022). The
bacteria Escherichia coli dh5a, Alcaligenes faecalis M3A and
Micrococcus luteus were grown overnight in Lysogeny Broth
(LB, recipe as above) and the yeast Saccharomyces cerevi-
siae NYCC 505 was grown overnight in YPD medium (10 g
yeast extract, 20 g peptone, and 20 g glucose per litre H,O).
Overnight cultures were inoculated 1:100 into fresh broth
and grown for 4 hr at 180 RPM and 30 °C. In total, 50 ml of
each culture was centrifuged at 4 °C for 10 min, washed in
10 ml ice-cold 10 mM sodium phosphate buffer, centrifuged
once more and finally resuspended in 5 ml ice-cold sodium
phosphate buffer. The CFU/ml of the resuspended microbial
cultures was estimated from OD600 measurements and the
volume equivalent to 2.54 x 10° CFU was used to inoculate
the underlay agarose medium in the diffusion assay. The
underlay medium for E. coli, M. luteus, and A. faecalis con-
sisted of 50 ml 100 mM sodium phosphate, 5 ml LB, 5 g aga-
rose, and 445 ml H O. The underlay medium for S. cerevisiae
was identical but with 5 ml YPD broth in place of LB. Once
autoclaved and cooled to 42 °C, 7 ml of the underlay medium
was mixed with ~2.54 x 10° CFU of the focal microbial spe-
cies and poured into 90 mm Petri dishes (Fisher Scientific
#12654785) to make a very thin layer. Once set, a modified
sterile p1000 Gilson pipette tip was used to punch four holes
of ~2 mm in the underlay. One hole was punched for each of
the samples being tested (two negative controls, Drosophila
egg wash and medfly egg wash).

To generate the laid egg soluble material (LESM), we
allowed D. melanogaster females to lay onto purple grape
juice agar plates before picking 1,000 eggs to 50 pl of PBS.
For medfly, eggs were collected dry as females pushed them
through a mesh onto a piece of foil. A total of 500 medfly
eggs (the equivalent approximate weight of 1,000 Drosophila
eggs) were transferred to 50 pl of PBS. Since purple grape
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Figure 1. Females lay fewer eggs when antimicrobial preservatives are absent from the substrate. Oviposition substrates had low or standard levels
of nutrients (yeast and sugar), and antimicrobial preservatives were either absent (darker, green boxes and bars) or present (lighter, yellow boxes and
bars). (A) Total eggs laid by four females per oviposition vial. (B) The proportion of total eggs in each vial that were clustered (total clustered eggs /
total eggs). (C) The frequency of egg cluster sizes seen in each substrate treatment. Data are combined from across all vials in each treatment. (D) The
proportion of total eggs hatched after 48 hr (number of hatched eggs / total eggs) in each vial. (E) The proportion of total eggs developed into pupae
after 7 days (number of pupae / total eggs) in each vial. (F) The proportion of total eggs that developed into adults (total adult offspring / total eggs) in
each vial. (G) The proportion of hatched eggs that developed into adults (total adult offspring / number of hatched eggs) in each vial. Boxplots show the
interquartile range (IQR) and median, and whiskers represent the largest and smallest values within 1.5 times the IQR above and below the 75th and
25th percentiles, respectively. Raw data points are plotted with jitter. Statistically significant differences between treatments are indicated, using p

values estimated from model testing (*** p < .0001, ** p < .001).

juice agar plates contain Nipagen, a negative control for the
D. melanogaster eggs was made by transferring a small piece
of grape juice agar to 50 ul PBS, to control for any small
amount of grape juice agar that may have been transferred
with the eggs. After incubating the eggs or grape juice agar in
PBS for 5 min, we centrifuged the samples to pellet the insol-
uble material and collected the supernatant. The supernatant
(LESM) was passed through a spin filter before use in the
assays (Corning Costar #8163).

We quantified the amount of protein in each LESM wash
using a Qubit assay according to kit protocol, and then 2 pl
of the LESM samples, or negative controls (PBS for medfly
eggs, PBS exposed to purple grape juice agar for D. melano-
gaster eggs) were applied to each of the wells of the underlay
medium. The underlay was then incubated at 30 °C for 3 hr.
The overlay gel consisted of an enriched nutrient agarose.
For E. coli, M. luteus, and A. faecalis, the overlay medium
was made to the following recipe: 5 g NaCl, 10 g tryptone,
5 g yeast extract, 1.5 g glucose, 5 g agarose, and 500 ml RO
H,0, and for S. cerevisiae the overlay medium was 10 g yeast
extract, 20 g peptone, 20 g glucose, 5 g agarose, and 500 ml
H,O. Once autoclaved and cooled to 42 °C, 8 ml of overlay
agarose was poured over the underlay. Plates were then incu-
bated at 30 °C overnight. The following day, plates were pho-
tographed using a GXCAM HiChrome-S camera (GT Vision

Ltd.) mounted on a Leica MZ75 dissecting microscope.
The assay was then repeated using 0-30 intact eggs per well
(rather than egg wash), against E. coli.

Results

Hypothesis 1—D. melanogaster females plastically
adjust egg placement based on the microbial
environment

Effect of environmental microbes and nutrients on
oviposition

We found that, independent of the nutritional content of the
oviposition substrates, females laid fewer eggs when preser-
vatives were absent (Figure 1A, Supplementary Tables S1
and S2, hurdle model with a negative binomial distribution,
count part: Z=15.00, p<.0001; binomial part: Z=35.10,
$ <0.0001). The most striking finding was that only 39.0%
of female groups laid any eggs in the absence of preserva-
tives, compared with 88.1% when preservatives were present.
Nutrient level had no significant effect on the number of eggs
laid (Figure 1A, Supplementary Tables S1 and S2). Although
there were no microbial colonies visible on any substrate
during the oviposition assay period, we noted that within
24 hr of the oviposition assay, microbial growth was visible
on 81% of substrates lacking propionic acid and Nipagin
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(Supplementary Figures S2 and S4). Substrates containing
preservatives did not exhibit visible microbial growth at any
point. This observation suggests females were exposed only
to actively growing microbial communities in vials lacking
preservatives.

There was no significant effect of preservative presence
or nutrient level on egg clustering proportion (Figure 1B,
Supplementary Table S3), but clustering proportion increased
significantly with the total number of eggs (F, ., =5.38,
p =.02; Supplementary Figure S3, Supplementary Table S4).
Egg cluster sizes ranged from 2 to 9, with the largest clus-
ters found on low-nutrient substrates (Figure 1C). There were
no significant effects of nutrient level, preservative presence
or clustering proportion on egg hatching success, although
hatching was lowest on standard, preservative-free substrates
(Figure 1D, Supplementary Tables S5 and S6), which were
also more quickly covered in mould-type growth than were
low-nutrient substrates (Supplementary Figure S4). After 7
days, the proportion of laid eggs that had reached the pupal
stage was significantly lower in the low-nutrient treatments
(F ¢ =131.94, p <.0001), consistent with previous find-
ings that lower nutrient levels increase development time
(e.g., Duxbury & Chapman, 2019). There was no significant
effect of preservative presence on pupariation. However, there
was a significant effect of the interaction between nutrient
level and clustering proportion on pupariation (F, . = 5.07,
p =.028) (Figure 1E, Supplementary Table S9). There were no
significant effects of nutrient level, preservatives, total eggs or
clustering proportion on egg-to-adult viability or on hatched
egg-to-adult viability (Figure 1F and G, Supplementary Tables
S$10-S15), and hatched egg-to-adult viability was generally
high (mean 94.8%, Figure 1G).

We tested the extent to which females clustered their eggs
with those of other females and whether this was affected
by substrate condition, by using dyed eggs and low-nutrient
media with and without preservatives. Across all vials, there
was a grand total of 35 egg clusters containing > 1 focal egg,
and 25 of those clusters also contained > 1 non-focal egg,
meaning that focal eggs were part of a mixed-maternity clus-
ter in 71% of cases. Of the 35 clusters containing at least one
focal egg, only seven were found in the no-preservative treat-
ment, and, of these seven, only two were of mixed maternity
(additional details in Supplementary Figure S6). There was
significant agreement between the number of focal eggs scored
and the number of focal offspring that eclosed from each
vial (ICC=0.96, F,  =55.1, p = 1.39e-36, Supplementary
Figure S5), showing that focal and non-focal eggs were reli-
ably distinguished.

Effect of antimicrobial preservatives alone on oviposition

To separate the confounding effects of microbe presence from
the absence of preservatives, we tested for the effects of pre-
servatives alone on oviposition, by using sterile substrates that
contained or lacked different combinations of the standard
antimicrobial preservatives used in SYA media. Overall, pre-
servative treatment had a marginally significant effect on the
number of eggs laid in each vial (Figure 2A, Supplementary
Tables S16 and S17). Compared with the standard treat-
ment, which contained all preservatives, there were signifi-
cantly fewer eggs laid when preservatives were completely
absent, or when only Nipagin and/or ethanol were present
(N + EtOH: Z =-2.53, p=.01; EtOH: Z=-2.01, p =.04;
none: Z = -2.61,p =.009). There were also fewer eggs laid on
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substrates that contained propionic acid, but lacked Nipagin
and ethanol, when compared to the standard treatment, but
this difference was not statistically significant (Z =-1.41,
p =.16). There was no significant effect of preservative treat-
ment on clustering proportion (Fiy 149 =1.57, p=.19), but
clustering proportion significantly increased with the num-
ber of eggs laid (F ,,, p <.0001, Supplementary Figure S7,
Supplementary Table S19). Egg-to-adult viability was not sig-
nificantly affected by treatment, total eggs, or clustering pro-
portion (Figure 2D, Supplementary Tables S20-S22).

Effect of commensal and pathogenic microbes on oviposition

To better control for the type of microbial environment expe-
rienced by ovipositing females, and to test whether com-
mensal microbes elicit a different response to pathogenic
microbes, we provided females with oviposition substrates
containing fly-associated or pathogenic species. Despite
established differences in the microbial environment across
vials (see Methods section) there were no significant effects
of treatment on the number of eggs laid, or the egg clustering
proportion (Supplementary Figure SSA and B, Supplementary
Tables S23-S26) although clustering proportion was again
significantly affected by the total number of eggs (F
1o, = 7+95 p = .006, Supplementary Figure S9, Supplementary
Table S26). Egg-to-adult viability was unaffected by sub-
strate treatment and remained high at 88% despite extensive
microbial growth in many vials (Supplementary Figure S8D,
Supplementary Tables S27-S29).

Hypothesis 2—D. melanogaster eggs exhibit broad-
spectrum antimicrobial activity

Antimicrobial activity of egg surface molecules

We found clear zones of growth inhibition around wells
containing medfly, but not D. melanogaster laid egg solu-
ble material (LESM) for all four species of microbes tested
(gram-negative strains Escherichia coli DHSa and Alcaligenes
faecalis M3A, the yeast Saccharomyces cerevisiae, and the
gram-positive bacteria Micrococcus luteus) (Figure 3). We
quantified the total protein amount in the egg wash for each
species using a Qubit protein assay. For the medfly sample,
the protein concentration was 834 pg/ml, equating to 83 ng
per egg. For D. melanogaster, the protein concentration was
below the limit of detection. Whole eggs from D. melanogas-
ter also did not exhibit any antimicrobial activity when tested
against E. coli (Supplementary Figure $10).

Discussion

Our main aim was to test whether the microbial environment
could be a driver of egg clustering behaviour in D. melan-
ogaster. To do this, we conducted a series of experiments
designed to untangle the effects of the microbial community
on oviposition from confounding factors, namely the pres-
ence or absence of antimicrobial preservatives. A novel aspect
of our study was also to test for the antimicrobial activity of
D. melanogaster eggs, as has been found in other Dipteran
species (Marchini et al., 1997). Partially supporting our first
hypothesis, we found that females adjusted the number of
eggs they lay depending on the microbial environment pres-
ent during oviposition, but that the extent of egg clustering
was unaffected. Contrary to our second hypothesis, we found
no evidence for broad-acting antimicrobial activity on D.
melanogaster eggs. Overall, our results suggest the microbial
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Figure 2. Antimicrobial preservatives have a marginally significant effect on fecundity. Oviposition substrates contained Nipagin and propionic acid
(“all”), Nipagin ("N + EtOH"), Ethanol only (“EtOH"), propionic acid only (“PA"), or no preservatives (“none”). (A) Total eggs laid by four females per
oviposition vial. (B) The proportion of total eggs in each vial that were clustered (total clustered eggs / total eggs). (C) The frequency of egg cluster sizes
seen in each substrate treatment. Data are combined from across all vials in each treatment. (D) The proportion of total eggs that developed into adults
(total adult offspring / total eggs) in each vial. Boxplots are as described for Figure 1. Statistical significance indicated in (A) (* p < .01; ** p < .001; ns:

p > .05) with p values derived from model summary.

environment is not a major driver of egg clustering behaviour
in D. melanogaster.

The microbial environment affects number of eggs
laid but not egg clustering (H1)

The most striking result of our first experiment was that most
females refrained from egg-laying completely when provided
with oviposition substrates that lacked preservatives. This
suggests that females were sensitive to the increased presence
of actively growing environmental microbes (the consequence
of leaving out preservatives). This was further supported by
the results of the second experiment, in which we controlled
for microbial environment by exposing females to sterilized
substrates containing or lacking antimicrobial preservatives.
Most females laid eggs on these sterilized substrates, regard-
less of the presence of preservatives, although they laid the
fewest eggs when propionic acid specifically was removed.

Taken together, these results suggest that although the absence
of propionic acid could partly explain reduced egg laying on
substrates lacking preservatives in the first experiment, it was
most likely the non-sterile environment that caused females to
refrain from egg laying entirely.

Having established that non-sterile environments affect
female oviposition, we then tested whether females responded
differently to the type of microbial community present. We
did not observe any differences in egg-laying between females
exposed to commensal (fly-associated) microbes or the report-
edly pathogenic bacterial species A. faecalis when compared
with controls. Across all experiments, the extent of egg clus-
tering was unaffected by the microbial environment.

The relationship between the microbial environment and
D. melanogaster oviposition is likely to be complex since
microbes can have beneficial, neutral, and/or negative impacts
on flies, depending on microbial species and their abundances.

G20z Iudy 80 uo 3sanb Aq ££9656./6.€/€/8€/191LE/g8(/W0d dnoolWwapede//:sdpy Woly papeojumoq



386

D. melanogaster

E. coli

A. faecalis
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C. capitata

Figure 3. Laid egg soluble material of Drosophila melanogaster does not exhibit broad-spectrum antimicrobial activity. Soluble material from washing
freshly laid D. melanogaster or C. capitata eggs was pipetted directly into wells in the assay plates. The negative control for D. melanogaster was
PBS that had been washed over purple grape juice agar (column 1, “Purp”), and the negative control for C. capitata was PBS only (column 3). Each
plate contained a live culture of either Escherichia coli dh5a, Alcaligenes faecalis M3A, Micrococcus luteus, or Saccharomyces cerevisiae NYCC 505.
Individual wells were photographed under a microscope to show any zones of growth inhibition surrounding the well. The centre of each well was
marked with a black dot on the Petri dish for ease of identification. A 10 mm scale bar is shown at the bottom left.

D. melanogaster oviposit into microbe-rich decomposing
fruit, and their larvae are dependent on beneficial yeasts for
nutrition and normal development to adulthood. However,
some bacteria and fungi (particularly moulds) are patho-
genic when ingested by D. melanogaster larvae (Bing et al.,
2021; Keebaugh & Schlenke, 2014). Therefore, females might
refrain from ovipositing in non-sterile environments if they
detect cues of pathogenic microbes. Indeed, detection of the
microbial volatiles associated with pathogenic microbes (e.g.,
geosmin) leads to the suppression of feeding and egg-laying
behaviours in D. melanogaster (Stensmyr et al., 2012), a type
of behavioural immunity (De Roode & Lefévre, 2012). It is
possible that instead of providing eggs with antimicrobials
and clustering to concentrate such defences, D. melanogas-
ter simply avoid sites where they detect pathogens. Although
we did not characterize the species of microbes growing on
preservative-lacking substrates in the first experiment, we
observed that most substrates harboured a mix of colony
phenotypes, with several spore-bearing species characteristic
of fungal moulds. Moulds such as Penicillium spp. are known
to be detrimental to D. melanogaster development, likely due
to the production of toxic secondary metabolites (Stensmyr
et al., 2012). It would be interesting to further characterize
the identity and pathogenicity of the microbial species in vials
in which females did and did not lay eggs. Most eggs laid

developed to adulthood, suggesting that egg-laying females
made correct oviposition decisions, though we do not know
whether non-laying females were also “correct.” This could
be tested by manually adding eggs to rejected egg-laying sub-
strates and measuring their viability.

We tested responses of females to pathogenic microbes
using the bacterial species A. faecalis, and found no effect of
this microbe on oviposition. However, more extensive tests
should be undertaken using different A. faecalis strains, doses
and different pathogen species. A previous study of A. faeca-
lis pathogenicity reported a 25% mortality rate upon larval
ingestion (Bing et al., 2021), which was not seen in our exper-
iment. It is possible that females did not alter their oviposition
patterns because they had insufficient cues of a pathogenic
environment. No A. faecalis colonies were visible on the
oviposition substrate, so it is possible the culture was not
actively growing, or growing very slowly, which could reduce
the probability of detection. Females also did not alter egg
laying in response to commensal microbes. The diversity of
commensal microbes (which should contain the transient gut
microbiota of flies) is likely to be distinct from the environ-
mental microbes that colonized the substrates in the absence
of preservatives in the first experiment. There is evidence that
Drosophila can distinguish between commensal and patho-
genic microbes and select commensal-rich sites for egg-laying
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(Liu et al., 2017). The commensal microbial community can
produce anti-fungal metabolites as well as provide access to
nutrients which supports larval development (Fischer et al.,
2017; Grenier & Leulier, 2020). These beneficial properties
of a commensal microbial community could explain why
females did not refrain from laying eggs in this assay.

Despite clear aversions to laying eggs in some microbial
environments, we found no evidence that females altered egg
clustering. Although females frequently laid eggs in clusters
with those of conspecifics, mixed-maternity clustering was
not higher in microbial environments. Therefore, it seems
unlikely that the microbial environment is a major driver of
egg clustering, either in single or mixed-maternity groups, at
least under the conditions tested in this study. Although egg
clustering is a widespread behaviour across taxa, the bene-
fits of such behaviour remain largely unknown, though var-
ious protective functions have been suggested. For example,
Chlosyne lacinia butterfly eggs have been shown to withstand
desiccating conditions better when clustered, and eggs of
the mite Iphiseius degenerans are better protected from pre-
dation when clustered within a domatium (Clark & Faeth,
1998; Faraji et al., 2002). It is possible that D. melanogas-
ter cluster eggs for similar reasons. D. melanogaster eggs are
sensitive to desiccation in conditions below 80% relative
humidity (Al-Saffar et al., 1995), so clustering eggs together
in dry conditions may offer some protection. Although lit-
tle is known about the predation of D. melanogaster eggs in
nature, ants have been shown to predate eggs in laboratory
conditions, and flies appear to alter oviposition behaviour in
response to hymenopteran cues (Davis et al., 2021). Egg clus-
tering may either provide “safety in numbers” or minimize
the chances of a predator encountering eggs. Females may
also cluster eggs to take advantage of defence compounds
other than antimicrobials. For example, D. melanogaster
coat their eggs with anticannibalism compounds (Narasimha
et al.,, 2019). Another possibility is that laying in clusters
is a social behaviour, which could lead to greater coopera-
tion between hatching larvae. Drosophila larvae are able to
coordinate their feeding movements to feed more effectively
(Churchill et al., 2024; Dombrovski et al., 2017) and larvae
show greater aggregation on harder substrates, on which it
is assumed feeding is more difficult (Durisko et al., 2014).
Indeed, although the overall proportion of eggs clustered was
not affected by nutrient level, the largest clusters in our initial
experiment were laid on low-nutrient substrates. If egg clus-
tering does lead to greater larval cooperation, this could be
more important when nutrients are scarce. It remains to be
investigated whether larvae emerging from clusters are better
able to aggregate or coordinate feeding compared with larvae
from eggs laid singly.

The egg clustering proportion did increase with the total
number of eggs. This is consistent with a known pattern
where grouped D. melanogaster females initially lay eggs in
a dispersed way, with the extent of egg clustering increas-
ing over time (Churchill et al., 2024). A positive correla-
tion between egg number and egg placement could indicate
females are clustering by chance. However, this is unlikely
for several reasons. First, D. melanogaster females do not lay
batches of eggs in a rapid series and appear to evaluate each
individual oviposition site location before depositing each egg
(Yang et al., 2008). Second, the substrate surface areas used
in our experiments were not limiting in space—similar num-
bers of eggs could have been laid in a completely dispersed
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manner. Third, comparisons of real egg clustering data with
null models simulating random placement support the idea
that females distribute their eggs in non-random patterns
across individual substrates (Churchill et al., 2024).

Drosophila melanogaster eggs are not provisioned
with broad-spectrum antimicrobial compounds
(H2)

If D. melanogaster eggs are provisioned with diffusible anti-
microbials, as seen in some other Dipteran species (Marchini
et al., 1997), females might cluster eggs more in microbially
diverse environments in order to increase the concentration
of protective antimicrobial compounds either from their own
eggs or from those of other females. However, counter to
our hypothesis, there was no evidence that D. melanogaster
females provisioned the surfaces of their eggs with soluble,
broad-spectrum antimicrobial peptides, as occurs in med-
fly (Marchini et al., 1997). Since D. melanogaster oviposit
in microbially rich environments and are reliant on micro-
bial phytophagy to break down fruits and provide nutrients,
broad-spectrum antimicrobials on egg surfaces could be det-
rimental for this species if they deplete beneficial microbial
species.

Despite the evidence that AMP genes encoding antimicro-
bial peptides are expressed and enriched for expression in the
female reproductive tract, none of the 21 known AMPs, or
the 12 Bomanin peptides (Hanson & Lemaitre, 2020) were
found among the 1,840 proteins identified in a recent pro-
teomic study of the female reproductive tissue and luminal
fluid (McDonough-Goldstein et al., 2021b). Regardless, the
absence of antimicrobial activity in our diffusion assays sug-
gests D. melanogaster do not provision their eggs with anti-
microbial defences that could be exploited as public goods.
Instead, it is more likely that D. melanogaster protect their
offspring from infection by avoiding ovipositing into sites
containing pathogens (behavioural immunity (De Roode &
Lefevre, 2012)) or choosing sites where the microbial commu-
nity itself is producing antimicrobials against entomopatho-
genic species (Fischer et al., 2017).

Propionic acid as an oviposition cue

One surprising finding of our study was that propionic acid
was a positive fecundity cue. We found that under ster-
ile conditions, females laid fewest eggs on substrates that
lacked propionic acid. Although antimicrobial preservatives
such as propionic acid are added to artificial diets to con-
trol the growth of mould and bacteria, they may also resem-
ble microbial-derived metabolites that act as positive cues
in natural oviposition sites. For example, yeast and bacteria
produce short-chain fatty acids (SCFAs) including propionic
acid during fruit decomposition, and Drosophila possess neu-
rons that are specifically activated by such acids (Ai et al.,
2010). While adult flies have a positional aversion to higher
concentrations of propionic acid (2.5% vs. 0.3% used in the
current study) (Depetris-Chauvin et al., 2017), this seems
to be uncoupled from visiting a site for oviposition, and
female D. melanogaster exhibit attraction towards oviposi-
tion substrates containing some SCFAs (Joseph et al., 2009).
D. melanogaster larvae are also attracted to propionic acid,
and supplementation of nutrient-poor media with 1% pro-
pionic acid can improve larval survival (Depetris-Chauvin et
al., 2017). It is therefore possible that females increase egg
laying at specific levels of propionic acid as this represents
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a beneficial developmental environment for their offspring.
Similarly, ethanol (used to solubilize Nipagin) is one of the
main metabolites of fermentation. Female D. melanogaster
prefer to oviposit in ethanol-supplemented medium (Azanchi
et al., 2013), although neither Nipagin nor ethanol was
observed to have any significant effect on the number of eggs
laid in our study.

Conclusions

In this study, we have shown that females are sensitive to the
microbial environment and laid more eggs in a sterile envi-
ronment. However, we found that D. melanogaster eggs do
not exhibit antimicrobial activity, and that egg clustering was
unchanged across the environments tested. These findings
suggest D. melanogaster females do not cluster their eggs to
gain public goods benefits from the communal production of
antimicrobial compounds. Therefore, future studies should
focus on finding alternative explanations for egg clustering
behaviour.
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