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Abstract

1. The functioning of biological systems relies on the cooperation of specialized
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components and understanding the processes that produce such specialization is

a major challenge in biology. Here, we study the ontogeny of biological systems at

3Insect Biology Research Institute, UMR
7261, CNRS, University of Tours, Tours,
France

a new phenotypic level: the superorganisms (i.e. insect societies with specialized
individuals).

2. We investigate how founding queens, the earliest developmental stage of ant col-
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onies, transition from expressing behavioural pluripotency to becoming strictly
specialized in egg production.
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queen specialization, and propose that such a social control of queen behaviour is
common in ants and regulated by ancestral mechanisms.

. These findings contradict the traditional view of social insect queens as being
intrinsically specialized in egg production and may reshape our understanding of
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the division of labour in insect societies.
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1 | INTRODUCTION

A central question in life sciences is to understand the evolution
and functioning of biological systems that are constituted by spe-
cialized components. Typical examples of such biological systems
include multicellular organisms that are composed of specialized
cells and insect societies that are composed of specialized individu-
als (Szathmary & Smith, 1995). Social insect colonies (also called su-
perorganisms) are analogous to multicellular organisms in that they

have queens that monopolize reproduction (similar to germ cells),
and functionally sterile workers that perform all non-reproductive
tasks and thus act as somatic cells (Boomsma & Gawne, 2018;
Wheeler, 1911). Both types of biological systems evolved from soli-
tary and non-specialized ancestors in major evolutionary transitions
(Szathmary & Smith, 1995): multicellular organisms from unicellular
organisms and insect societies from solitary insects. Interestingly, in
both cases, the specialization also needs to be established in every
generation during the ontogeny of these biological systems (i.e. the
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developmental process that produces the self-assembly and special-
ization of their components).

In this context, it is important to understand the factors and
mechanisms underlying the emergence and maintenance of spe-
cialization and reproductive division of labour in social insect
colonies. The many investigations that tackled this question can
be separated in three broad categories. First, studies of caste
determination and differentiation uncovered critical information
on the regulation of alternative developmental trajectories that
lead to the production of queens and workers (Ashby et al., 2016;
Cameron et al., 2013; Collins et al., 2020; Corona et al., 2016;
Genzoni et al.,, 2023; Libbrecht et al., 2011; Libbrecht, Corona,
et al., 2013; Libbrecht, Oxley, et al., 2013; Montagna et al., 2015;
Mutti et al., 2011; Psalti & Libbrecht, 2020; Schultner et al., 2023;
Schwander et al.,, 2008; Schwander & Keller, 2008; Wheeler
et al., 2006). Second, studies comparing adult queens and work-
ers in mature colonies revealed a suite of caste-specific pheno-
typic and molecular differences (Bonasio et al., 2012; Chandra
et al.,, 2018; Corona et al., 2007, 2013; Feldmeyer et al., 2014;
Grozinger et al., 2007; Kronauer & Libbrecht, 2018; Libbrecht,
Oxley, et al., 2013; Patalano et al., 2015). Third, there have
been investigations of condition-dependent plasticity in the
reproductive activity of workers (Amarasinghe et al., 2014;
Holman, 2014; Holman et al., 2016; Libbrecht et al., 2016, 2018;
Macedo et al., 2016; Negroni et al., 2021; Ronai et al., 2016; Ulrich
et al., 2016). Overall, studies of reproductive division of labour
between queens and workers primarily aimed to understand the
development and functioning of queens as egg-laying machines,
the worker-specific expression of a variety of non-reproductive
behaviours, and the plasticity of worker reproduction. In contrast,
there is limited research on the regulation of non-reproductive be-
haviours in queens (Chouvenc, 2022; Woodard et al., 2013).

By reducing queens to their reproductive activity, studies of di-
vision of labour amplified the notion, also predominant in popular
science, that queens are intrinsically specialized in egg production
once they reach the adult stage and that this robust specialization
does not depend on environmental conditions. However, the matu-
ration process of social insect queens is not completed by the time
they emerge as adults. This is best exemplified by the behaviour of
queens in the process of colony foundation, especially in the many
species of social insects where mated queens found their colony
independently (Peeters, 2020). These pluripotent founding queens
are not specialized in egg production yet, as they express a broad
repertoire of both reproductive and non-reproductive behaviours
to produce the first workers (Augustin et al., 2011; Brossette
et al., 2019; Cassill, 2002; Haskins & Haskins, 1955; Helms Cahan
& Fewell, 2004; Jeanson & Fewell, 2008; Norman et al., 2016;
Rissing & Pollock, 1986; Riippell et al., 2002; Walsh et al., 2018;
Wheeler, 1932, 1933; Woodard et al., 2013). For example, while
workers provide brood care in mature colonies, founding queens
need to groom and feed the larvae during the founding stage
(Schultner et al., 2017). Founding queens may also dig the first
chamber of the nest (Haskins & Haskins, 1955; Helms Cahan &
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Fewell, 2004; Rissing & Pollock, 1986) or cultivate the mutualistic
fungus in leaf-cutting ant species (Augustin et al., 2011). It is only
once the colonies are established (i.e. they contain workers) that
the queens stop expressing non-reproductive behaviours and be-
come strictly specialized in egg production (Augustin et al., 2011,
Chouvenc, 2022; Holldobler & Wilson, 1990; Wilson, 1971,
Woodard et al., 2013).

While the process of queen specialization is central to the ontog-
eny of superorganisms, the factors and mechanisms that control the
specialization of pluripotent founding queens remain poorly under-
stood. It is also unclear whether queen specialization is condition-
dependent, and whether queens become permanently specialized
once the colonies are established (i.e. they lose the ability to express
non-reproductive behaviours). In this study, we aimed to address
these questions by investigating queen specialization in ants. We
showed that the presence of workers was necessary and sufficient
to inhibit brood care behaviour in founding queens—and thus initiate
their specialization in egg production—and we identified potential
mechanisms underlying these behavioural modifications. We found
the queen specialization to be reversible and dependent on the so-
cial environment, as queens reverted to expressing brood care upon
the experimental removal of their workers in two ant species. This
continuous social regulation of queen specialization contradicts the
prevailing notion of ant queens as intrinsically specialized egg-laying

machines.

2 | METHODS
2.1 | General procedures

To investigate the factors and mechanisms that control the queen
specialization in egg production, we conducted a series of experi-
ments using the black garden ant Lasius niger as our main study sys-
tem. In this section, we describe the general procedures that apply
to all experiments regarding the collection and keeping conditions of
queens, the use of workers for experimental manipulation of worker
presence, the experimental setup and behavioural observations, as

well as the statistical analyses.

2.1.1 | Founding queen collection and
keeping conditions

All Lasius niger founding queens used in the experiments were
collected after their nuptial flights in 2017, 2018, 2019 and 2020
around Mainz and Ingelheim, Germany (Table S1 in Supporting
Information). After collecting them in fluon-coated boxes contain-
ing humid paper towel, we transferred the founding queens indi-
vidually into glass tubes (10cm lengthx 1 cm diameter) half filled
with water blocked by cotton and plugged with another piece
of cotton. The tubes were placed in boxes (18cmx12cmx7cm)
kept in darkness. Most queens were kept in a climate chamber at
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21°C and 80% humidity. Founding queens were not provided with
food, since L. niger queens found their colonies without foraging
(claustral colony founding; Janet, 1907; Keller & Passera, 1989;
Peeters, 2020). Once the first workers emerged, each tube con-
taining the queen, brood and workers was transferred into a small
plastic box (15cmx 11 cmx 12 cm) with walls coated with fluon to
prevent the ants from escaping. These colonies were also kept in
a climate chamber at 21°C and 80% humidity, but fed every sec-
ond week with a drop of honey, one frozen cricket and a piece of
artificial food with a 2:1 (carbohydrate: protein) ratio (Dussutour
& Simpson, 2008). Every winter, the established colonies were hi-
bernated for 3-4months at 5°C. They entered and left hiberna-
tion via a 2-week gradual decrease and increase in temperature,
respectively. Table S1 provides information on queen collection,
keeping conditions and sample sizes in all experiments. This study

did not require ethics approval.

2.1.2 | Experimental manipulations of
worker presence

To experimentally provide workers to founding queens, we
used ‘callow’ workers (Errard, 1984; Julian & Fewell, 2004;
O'donnell, 1998; Psalti et al.,, 2021; Stuart, 1988; Stuart &
Page, 1991; Teggers et al., 2021; Woodard et al., 2013). We sam-
pled brood from L. niger field colonies and kept it in laboratory
colonies that we monitored regularly to collect workers that re-
cently emerged from the pupae (<12h). These callow workers did
not elicit aggression from foreign individuals and were readily ac-
cepted by founding queens, possibly because they did not pos-
sess the signature chemical profile of their own colony yet (Dahbi
et al., 1998; Isingrini et al., 1985; Signorotti et al., 2014). Callow
workers were easily recognizable due to their light grey colour.
The laboratory colonies used for callow worker production were
kept between 21°C and 28°C, and between 80% and 100% humid-
ity, depending on the timing and availability of climate cabinets. In
cases where callow workers were kept at a different temperature
than the temperature of the experiment, they were moved to the

room of the experiment at least 1 h before it started.

2.1.3 | Experimental setup

All behavioural analyses were conducted based on observations of
videos that were recorded for 1h with cameras standing ca. 50cm
over the observation arenas. Two white LED light bars illuminated
the arenas approximately 70cm above the observation arenas. One
camera recorded one tray, which could contain up to 12 observation
arenas simultaneously (Figure S1). Whenever multiple cameras were
used simultaneously, the recordings belonged to the same batch. All
experiments were filmed in a climate chamber at 21°C and 80% hu-
midity, with 12h/12h light/dark cycle. The observation arenas con-
sisted of airtight petri dishes (50 mm diameter, 9 mm height; Falcon)

half filled with moistened, and blue plaster for better contrast and
visibility (Figure S2). We used soft forceps and brushes to manipulate
the ants. We ensured that all treatments of an experiment were rep-
resented and equally distributed on each tray. We assigned random
numbers to the observation arenas to ensure that the experiment-
ers were blind to the treatment during the experiments and video

analyses.

2.1.4 | Behavioural analyses

To assess the behavioural specialization of queens, we observed
their brood care behaviour towards larvae. We defined a brood care
event as an active manipulation of the brood, with frequent contacts
with the antennae and touches with the front legs. We also counted
as a brood care event the placement of a brood item into a differ-
ent position. However, merely carrying the brood item in the mouth
parts was not scored as brood care. In the experiments ‘Worker
emergence’ and ‘Worker presence and feeding status’, we counted
the total number of brood care events and divided it by the duration
of the videos. In all other experiments, we scored the brood care be-
haviour via scan sampling. We watched the first 10s of every minute
of each video and recorded the presence or absence of brood care
behaviour. We performed 51 such scans per 1h video, as we did not
analyse the first and last 5min of the videos to avoid potential dis-
turbances due to the experimental manipulations. The videos were
analysed using the software BORIS (version 8.0.5) or Pot player (ver-
sion 1.7.21212).

2.1.5 | Statistical analyses

We performed all statistical analyses (Appendix S1) using R v.
4.0.4 and RStudio v. 1.4.1106. Table S2 provides the input data,
syntax and outputs of all statistical models. We used the Im() com-
mand from R base to build linear models, the Imer() command from
the Ime4 package (Bates et al., 2015) for linear mixed-effect mod-
els, the nls() command from R base for non-linear regressions, and
the glmer() command from the Ime4 package to build generalized
linear mixed-effect models. We used the Ismeans() command from
the emmeans package (Lenth et al., 2019) for post hoc pairwise
comparisons. To test the effect of the response variables, we ei-
ther used the summary() command from R base or an ANOVA with
the Anova() function of the car package (Fox & Weisberg, 2019).
Whenever needed, we used a square root transformation to en-
sure that the residuals of the models followed a normal distribu-
tion. Table S2 provides for each experiment the fixed and random
variables that were included in the models. We included time as a
fixed variable in the analyses of all the experiments that involved
the collection of data at multiple time points. Whenever the analy-
ses could not detect an interaction between time and the treat-
ment of interest, we pooled the numbers of scans with brood care
over the multiple time points. Whenever the analyses could detect
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an interaction between time and the treatment of interest, we in-
vestigated the effect of time separately for the different levels of
the treatment variable (Table S2).

2.2 | Detailed experimental descriptions

In this section, we provide context for each experiment, as well as
experiment-specific information that deviates from the general pro-
cedures. Table S1 provides an overview of the collection and keeping
conditions of all queens.

2.21 | Brood production of founding queens

To verify that L. niger founding queens raise their first cohort of
workers independently, we collected newly mated queens right
after their nuptial flight and transferred them to closed, individual
glass tubes. We used 24 founding queens collected in July 2019
on the campus of the Johannes Gutenberg University of Mainz,
Germany (from now on referred to as JGU Mainz). We used a ster-
eomicroscope to count for each queen the number of eggs, lar-
vae, pupae and workers three times per week for 93 days after the
nuptial flight.

2.2.2 | Effect of worker emergence

To confirm that L. niger founding queens express brood care be-
haviour, we used 12 founding queens collected in July 2017 on the
campus of the JGU Mainz. We kept the queens in their collection
boxes with humid paper towel for 7days before transferring them
into individual glass tubes. The queens were filmed inside their tubes
with all their brood for 15min before worker emergence (35days
after the nuptial flight), and after worker emergence (56 days after
the nuptial flight).

2.2.3 | Effect of experimental manipulations of
worker presence and feeding status

To experimentally manipulate worker presence and feeding status,
we used 54 founding queens collected in June 2018 near the campus
of the JGU Mainz. The queens were kept in glass tubes at 25°C and
approximately 80% humidity with a 12h/12h light/dark cycle. Just
before the start of the experiment, all pupae were removed to pre-
vent the emergence of workers during the experiment (all eggs and
larvae were left in the tubes). The experiment started 30days after
collection. The queens were divided into four treatments: (i) queens
were fed and were given five callow workers (n=14), (ii) queens were
fed and received no workers (n=11), (iii) queens were not fed and
were given five callow workers (n=15) and (iv) queens were not fed

and received no workers (n=14). For the feeding treatment, queens
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were hand-fed for 5-10 min with artificial food with a 2:1 (carbohy-
drate: protein) ratio (Dussutour & Simpson, 2008). We filmed the
queens in their tubes for at least 30 min twice a day (morning and

afternoon) over seven consecutive days (14 time points per queen).

2.2.4 | Effect of worker removal on established
queens that had workers for 3 days

To test whether the presence of workers maintains queen speciali-
zation, we first used 48 founding queens collected in July 2019 in
three locations in and around Mainz, Germany (Mainz-Bretzenheim,
Mainz-Marienborn and campus of the JGU Mainz). The experiment
started 55days after collection, and all pupae were removed once
37 days after collection to ensure that no workers emerged before
the start of the experiment. We assigned the queens to three dif-
ferent treatments: (i) queens with five larvae and five added callow
workers (n=16), (ii) queens with five larvae and without workers
(n=16) and (iii) queens with five larvae that formerly had five callow
workers (workers removed; n=15). In the ‘workers removed’ treat-
ment, queens had been given five callow workers in their glass tubes
3days prior to the experimental setup when the workers were re-
moved, and all tubes were filmed just before the experimental setup.
Then, the queens were filmed in the observation arenas 24 and 48 h

after the experimental setup.

2.2.5 | Effect of worker removal on established
queens that had workers for 2years and 6 months

To further investigate the role of worker presence in maintaining
queen specialization, we used 12 colonies that were established
in the laboratory by founding queens collected in July 2017 on the
campus of the JGU Mainz. The experiment started 932days after
collection. All colonies were treated the same way. First, we filmed
each queen with five of its larvae and five of its workers to allow
direct observations of the queen behaviour and standardize worker
numbers across colonies. Then, we removed the last five workers,
and filmed the queens 24 and 48 h after the experimental setup.

2.2.6 | Effect of worker removal on established
queens that had workers for 3years and 2 months

To complete our investigations of whether the presence of work-
ers maintains queen specialization, we used 24 colonies that were
established in the laboratory by founding queens collected in July
2017 on the campus of the JGU Mainz. The experiment started
1162 days after collection. The experimental setup consisted of one
queen, five of its larvae and five of its workers in observation arenas.
Then, we gradually removed one worker per day over the course of
6 days, until reaching zero workers. We filmed the observation are-
nas every day and removed the workers after each video recording.

85UB017 SUOWIWIOD 8A11E1D) 8|cealdde 8y Aq peusenof 818 sojoiiie YO ‘SN JO S8jnu o} Akeuq1]8UlUO A8]IAN UO (SUOTIIPUOD-PUR-SLLIBY WD A8 | Ae1q 1 pUl|uo//:SdNY) SUORIPUOD Pue SWLB | 81 89S *[1202/ZT/ZT] U0 ARiqiauliuo A8|IM ‘ZUR N ¥eUolqIgseIS BAIUN AQ 9ESHT 'SEVZ-GOET/TTTT OT/I0p/L0S 5| 1M AleIq 1jBulU0S euIN0 58q//:Sty Wouy pepeojumoq 'S ‘%202 ‘SEvZSoeT



MAJIDIFAR ET AL.

1048
Functional Ecology E :#::Liﬁ?;m

2.2.7 | Effect of workersin unmated queens

To test whether mating is necessary for queens to become special-
ized in the presence of workers, we collected 27 unmated queens
from field colonies in June and July 2021 near the campus of the
JGU Mainz, and kept them at 24°C and 80% humidity in darkness.
The experiment started right after collection. Each unmated queen
was observed with five foreign larvae and either five (n=14) or zero
(n=13) callow workers. We filmed the unmated queens six and 24h

after the experimental setup.

2.2.8 | Effect of worker number

To investigate whether the effect of workers on queen specialization
is dose-dependent, we used 76 founding queens collected in July
2019 on the JGU campus. The experiment started 35 days after col-
lection. We set up one queen with five larvae and either zero (n=14),
one (n=18), two (n=15), three (n=13) or five (n=16) callow work-
ers. We recorded the queens 24, 48 and 72h after the start of the
experiment. A similar experiment was conducted using 80 founding
queens collected in July 2020 in several locations in Mainz, Germany
(Marienborn, Mainz-Hechtsheim and Mainz-Oberstadt). This second
experiment started 47 days after collection. For the last experimen-
tal setups of this second experiment, all pupae were removed to en-
sure that no workers naturally emerged before the experiment was
completed. The queens were provided with 15 larvae and either zero
(n=16), one (n=16), two (n=16), three (h=16) or five (h=16) callow
workers, and were also filmed 24, 48 and 72 h after the experimental
setup.

2.2.9 | Effect of worker cuticular
hydrocarbons (CHC)

To test the effect of worker CHC on the brood care behaviour of
founding queens, we used 36 queens collected in July 2019 on the
campus of the JGU Mainz. The experiment started 40days after
collection. We produced five CHC extracts, each from 100 work-
ers collected in a field colony around Mainz, Germany. The workers
were sedated with CO,, transferred into glass vials and immersed
in n-hexane 10 min while occasionally swaying the vials. The liquid
was transferred to a micro insert and completely exhausted under
a gentle nitrogen stream. The CHC were then re-dissolved in 50 uL
of hexane and stored at 4°C until used in the experiments. We ap-
plied either 10 pL of the worker CHC extracts (treatment) or 10 uL of
pure n-hexane (control) on glass beads (~1.5mm, Roth GmbH). Five
glass beads were placed on a bowl made of aluminium foil (5mm
diameter) to ensure that the CHC extracts would not soak into the
plaster below. One queen and five larvae were placed in each ob-
servation arena, together with either treatment (n=18) or control
(n=18) beads. We filmed the observation arenas 3, 6 and 24 h after
the experimental setup.

2.2.10 | Effect of former presence of workers

To investigate the effect of the presence of worker cues on queen
specialization, we first used 36 founding queens collected in July
2019 on the campus of the JGU Mainz. The experiment started
42 days after collection. Each queen was placed together with
five larvae in an observation arena that used to contain 20 field-
collected workers for 48 h (workers removed just before the start
of the experiment, n=18) or in a clean observation arena (n=18).
We filmed the observation arenas six and 24 h after the experi-
mental setup.

2.2.11 | Effect of the presence of dead workers

To further test whether cues of worker presence affect queen
specialization, we then used 54 founding queens collected in July
2020 in Ingelheim and Mainz, Germany. The experiment started
65days after collection. The tubes containing the queens were
regularly checked prior to the experiment to remove any pupae;
thus, ensuring that no workers had emerged before the experi-
mental setup. We assigned the queens to four treatments: one
queen with five larvae and (i) five dead workers (n=18), (ii) five
living workers (n=18) and (iii) without any workers (n=18). Dead
workers were obtained by placing 90 workers at -80°C for 2h,
and then at -20°C for 24 h before the experimental setup. Freshly
killed, frozen ants show a similar CHC profile as living ants (Wilson
et al.,, 1958). We recorded the observation arenas 2, 6 and 24h
after the experimental setup.

2.2.12 | Effect of workers separated by a wire mesh

To investigate whether the queen brood care behaviour changed
in response to workers separated from the queen and brood by a
wire mesh, we used 43 founding queens collected in July 2020 in
Ingelheim and Mainz, Germany. The experiment started 52days
after collection. The tubes containing the queens were regularly
checked prior to the experiment to remove any pupae; thus, ensur-
ing that no workers had emerged before the experimental setup.
In this experimental setup, we modified the observation arenas by
adding a wire mesh cylinder (0.2mm thick, 0.2mm mesh size and
2cm cylinder diameter) in the middle of the arena (Figure S3). The
wire mesh enabled antennation between the queen and the sepa-
rated workers, but the workers had no close physical interactions
with either the queen or the larvae. We assigned the queens to the
following treatments: one queen and five larvae were placed outside
the wire circle and the three callow workers were placed (i) on the
inside of the circle, thus separated from the queen and brood (work-
ers separated; n=13), or (ii) on the outside of the circle together with
the queen and brood (workers present; n=14) or (iii) without any
workers (workers absent; n=16). We filmed the observation arenas
2, 6 and 24 h after the experimental setup.
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2.2.13 | Effect of methoprene and precocene
land Il

To investigate the potential implication of the juvenile hormone
(JH) pathway in the regulation of brood care in queens, we sub-
jected founding queens to treatments with a JH analogue (metho-
prene) or with chemical inhibitors of JH production (precocene |
and I1). We used 160 queens collected in July 2020 in Ingelheim,
Mainz-Bretzenheim and the city centre of Mainz, Germany. The
experiment started 52days after collection for the methoprene
experiment and 66 days after collection for the precocene | and Il
experiment. For the methoprene experiment, queens were treated
with (i) methoprene at 1.5pg/pL (PESTANAL®, a commonly used
JH analogue (Henrick, 2007); n=35) or (ii) acetone (solvent; n=35).
For the precocene | and Il experiment, queens were treated with
(i) precocene | at 1.5pg/puL (Sigma; JH inhibitor; n=30), (ii) preco-
cene Il at 1.5pg/pL (Cayman; JH inhibitor; n=30) or (iii) acetone
(solvent; n=30). To treat the queens, we attached them to an
eraser with a fishing line and applied 1 pL of the treatment on their
thorax with a glass pipette. Each queen was treated every morn-
ing for four consecutive days. In the first 2days, we recorded the
observation arenas without workers. On the third day, before the
application of the treatments, we added five callow workers to
half of the queens and kept them with these workers for another
2days. The observation arenas were recorded between 2 and 6h

after each treatment.

2.2.14 | Effect of larvae on egg production in
founding and established queens

To test the influence of brood presence on egg production in found-
ing and established queens, we used 66L. niger queens collected in
July 2019 on the campus of the JGU Mainz. The queens were distrib-
uted into the following treatments: (i) founding queens with larvae
(n=18), (ii) founding queens without larvae (n=18), (iii) established
queens with larvae (n=15) and (iv) established queens without lar-
vae (h=15). Founding queens were queens that had not yet pro-
duced pupae or workers and were tested 8days after the nuptial
flight. Established queens were queens that had produced at least
five workers and were tested 82 days after the nuptial flight. To test
the effect of larvae, we used five larvae collected in field colonies
near the campus of the JGU Mainz. We recorded the number of eggs

once a day for five consecutive days.

2.2.15 | Effect of worker removal on established
Temnothorax nylanderi queens

To investigate whether the presence of workers induces the queen
specialization in another species of ants, we collected 21 T. nylanderi
colonies in April 2021 in the Lenneberg forest of Mainz, Germany.
In the laboratory, each colony was transferred into plastered nest
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boxes containing an artificial nest consisting of a Plexiglas perimeter
(3mm high) with an entrance, sandwiched between two microscope
slides (7Z.5cmx2.5cmx0.5cm). The colonies were kept according
to the general procedures and were fed twice a week with a drop
of honey, half a cricket and water. The experiment started 2 weeks
after collection. The treatments consisted of queens with five larvae
and (i) five of their own workers (n=11) and (ii) no workers (n=10).
We used CO, to anaesthetise and transferred the ants into the ob-
servation arenas. We filmed the observation arenas every 24h for

five consecutive days.

3 | RESULTS

3.1 | Queens become specialized after the
emergence of the first workers

To verify that L. niger founding queens produce workers indepen-
dently, we collected newly mated queens right after their nuptial
flight and monitored brood production and development over the
next 93days (Figure S4). 91.67% of the queens (22/24) survived
the experiment, and 77.28% of the surviving queens (17/22) pro-
duced workers within the observation time (5.26 + 3.95 workers;
mean +sd; Figure S4). This indicates that founding queens provide
care to the brood, as ant larvae cannot develop independently
(Schultner et al., 2017). We confirmed this by direct observations
of brood care behaviour (defined as active manipulation of the
brood) in founding queens before and after worker emergence.
We found that founding queens expressed brood care before they
produced the first workers, but that the emergence of workers
was associated with a sharp decrease in queen brood care be-
haviour (;(2:35.63, p<0.0001, Figure 1a). Therefore, the emer-
gence of workers correlates with the behavioural specialization of

queens in L. niger.

3.2 | The presence of workers triggers the
specialization of queens

The emergence of workers is confounded with the age and nu-
trition of queens, as established queens—defined as queens with
workers—are older and fed by their workers. To disentangle the
effects of age, nutrition and worker presence, we manipulated
worker presence and feeding status of same-age founding queens
that had not produced workers yet, and quantified their brood care
behaviour for 7days. We detected an interaction between time
and worker presence (y?=17.24, p <0.0001), as queens with work-
ers showed a stronger decrease in brood care over time (y? =49.69,
p<0.0001, Figure 1b) than queens without workers ()(2:8.99,
p=0.0027, Figure 1b). In addition, we found very strong evidence
that queens with workers performed less brood care overall than
queens without workers (;(2=596.33, p<0.0001, Figure 1b). This
inhibition of brood care by workers was already detected 20h
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after the addition of workers (;(2:221.28, p<0.0001, Figure S5).
We could not detect any effect of the feeding status, neither as
a main effect (;(2=1.10, p=0.29) nor as an interaction with time
(;(2=1.9O, p=0.17). This experiment demonstrates that the pres-
ence of workers is necessary and sufficient to initiate the behav-
ioural specialization of L. niger queens.

3.3 | The presence of workers maintains the
specialization of queens in established colonies

Then, we investigated whether the presence of workers is necessary
to maintain the queen specialization in established colonies. First,
we studied this question in L. niger queens that were provided with
workers for 3days. As expected, those queens expressed lower lev-
els of brood care than same-age queens that never had any workers
(#*=12.78, p=0.00035). We then removed the workers and com-
pared the queen brood care behaviour to queens that either never
had any workers or were just provided with workers. We found that
queens that had their workers removed performed more brood
care than queens that just received workers (t=6.04, p<0.0001,
Figure 1c), but similar levels of brood care as queens that never had
any workers (t=0.15, p=0.99, Figure 1c).

We report that the worker-driven inhibition of queen brood care
behaviour is reversible after 3days, but it may be that more time
is needed for the queen specialization to be permanently estab-
lished. Therefore, we investigated whether the queen behavioural
specialization is reversible after several years. To do so, we used L.
niger colonies that were founded in the laboratory between 2years
and 6 months before starting the experiment. We first recorded the
queen brood care behaviour after removing all but five workers.
Then, we removed the last five workers, and quantified queen brood
care behaviour on the next 2days. We found that queens expressed
elevated brood care levels both 24 h (t=3.69, p=0.0035, Figure 1d)
and 48h (t=3.073, p=0.015, Figure 1d) after worker removal. We
did not detect any difference between the two time points (t=0.61,
p=0.81, Figure 1d), indicating that the queens did not show fur-
ther behavioural changes after 24 h. To complete these findings, we
quantified changes in queen brood care behaviour in response to the
sequential removal of workers in laboratory colonies that were es-
tablished between 3years and 2months before the experiment. We
found that these established queens went back to expressing brood
care upon the experimental removal of their last worker (Figure Sé).
These experiments show that the presence of workers not only ini-
tiates the specialization of L. niger queens during colony foundation,

but also constantly maintains it in established colonies.

3.4 | Matingis not required for queens to become
specialized in response to workers

Then, we investigated whether mating and reproductive activity
are prerequisites for queens to express brood care behaviour, and
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whether it depends on worker presence. To do so, we manipulated
the presence of workers and quantified the brood care behaviour of
winged unmated queens collected from their colonies of origin (thus
before their nuptial flight). We found that unmated queens performed
brood care behaviour, but at very low levels. We did not observe
brood care behaviour for 37.04% of the unmated queens (10/27),
and those that did express brood care did so in only 1.76 + 1.52 scans
(out of 102). Expression of brood care by unmated queens has been
reported in other ant species (Brown, 1999; Fletcher & Blum, 1983;
Ito et al.,, 2017; Murakami, 2020; Nehring et al., 2012; Pyenson
et al,, 2022; Vieira et al., 2011). In addition, we found moderate evi-
dence that the likelihood of expressing brood care was lower for un-
mated queens kept with workers compared with unmated queens
kept without workers (;(2:4.50, p=0.034, Figure S7). These results
indicate that the presence of workers triggers the specialization of

queens independent of their mating status and reproductive activity.

3.5 | Workers induce queen specialization in a
dose-dependent manner

After demonstrating that the presence of workers controls the queen
specialization, we set out to characterize the inhibitory effect of
workers on brood care. First, we investigated whether the effect of
workers is dose-dependent, as in other instances of social control of
phenotypic variation in social insects (Ulrich et al., 2016; Winston
etal., 1990). We provided same-age founding queens with five larvae,
and either zero, one, two, three or five workers, and found a negative,
non-linear correlation between queen brood care and the number of
workers (t=8.45, p<0.0001, Figure 2a). While the presence of a sin-
gle worker was sufficient to drive a reduction in brood care behaviour,
additional workers inhibited brood care further, as the correlation re-
mained after removing the queens that did not receive any workers
from the analysis (t=3.35, p=0.0014). We repeated the same experi-
ment with 15 larvae instead of five—thus increasing the larval need
for care—and also found a negative correlation between the number
of workers and the level of brood care expressed by queens, both
when queens without workers were included (t=4.19, p<0.0001,
Figure S8) and excluded from the analysis (t=2.37, p=0.021). These
results indicate that workers have a dose-dependent negative effect
on the brood care behaviour of queens.

3.6 | Mere worker cues do not induce the
specialization of queens

Dose-dependent effects of social partners on phenotypic variation are
often driven by variation in the quantity of social cues. Because social
insects detect social partners via the blend of hydrocarbons on their
cuticle (Richard & Hunt, 2013; Sprenger & Menzel, 2020), we extracted
cuticular hydrocarbons (CHC) from pools of L. niger workers and ap-
plied the CHC to glass beads that we provided to same-age founding
queens. We did not detect any effect of the CHC treatment on the
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FIGURE 2 Characterization of the effect of workers on the queen behavioural specialization. (a) Workers show a dose-dependent
inhibition of queen brood care. Founding queens were provided with zero (n=14), one (n=18), two (n=15), three (n=13) or five (n=16)
workers. There was a negative, non-linear correlation between the number of workers and the queen brood care level (t=8.5, p<0.0001).
The black line shows the non-linear regression curve of the model, and grey dots show individual data points. (b) Worker cuticular
hydrocarbons (CHC) do not drive the queen specialization. No behavioural difference was detected depending on whether founding queens
received glass beads covered in worker CHC (n=18) or hexane (control, n=18, )(2=O.6O, p=0.44). (c) Workers separated by a wire mesh

do not drive the queen specialization. The brood care behaviour of founding queens kept with workers separated by a wire mesh (n=21)
differed from founding queens kept with workers (n=14, t=3.95, p=0.001), but not from founding queens kept without workers (n=20,
t=0.66, p=0.79). Coloured dots and error bars represent means and standard errors, respectively, and grey dots show individual data

points.

expression of brood care by queens (;(2:0.60, p=0.44, Figure 2b), in-
dicating that queens do not modify their behaviour in response to the
mere detection of worker CHC. This result was confirmed by three ad-
ditional experiments. First, we did not detect any difference in brood
care behaviour between founding queens depending on whether they
were kept in boxes that used to contain many workers, or in boxes
that never contained any (;(2:0.48, p=0.49, Figure S9). Second,
we found that the presence of frozen workers, and thus of worker
CHC (Modlmeier & Foitzik, 2011; Pamminger et al., 2011; Wilson
et al., 1958), had no detectable effect on queen brood care (t=0.57,
p=0.84, Figure S10). Finally, we investigated how the queen behav-
iour was affected by workers separated from the queen and brood by
a wire mesh. This setup enabled workers to make antennal contacts
with the queen and brood, but prevented closer interactions such as
fluid exchange via trophallaxis (LeBoeuf, 2021). We found that queens
kept with workers separated by a wire mesh expressed more brood
care than queens kept together with workers (t=3.95, p=0.001,
Figure 2c), but as much brood care as queens kept without workers
(t=0.66, p=0.79, Figure 2c). This series of experiments shows that
worker cues are not sufficient to drive the queen specialization and
suggests that workers require close interactions with queens and/or
larvae to inhibit the brood care behaviour of queens.

3.7 | Juvenile hormone may regulate the
specialization of queens

The JH pathway is a good candidate for the regulation of brood
care in queens because its function in regulating multiple worker

behaviours (including brood care) has been demonstrated in many
social insect species (Ferreira et al., 2023; Robinson, 1987b). To in-
vestigate the role of JH, we observed the behavioural response of
same-age founding queens (kept with or without workers) to treat-
ments with a JH analogue (methoprene) or with chemical inhibitors
of JH production (precocene | and Il). We found that the methoprene
treatment decreased queen brood care in the first 2days of the ex-
periment, when brood care levels were relatively high (;(2:4.43,
p=0.035, Figure 3a), consistent with previous reports of methoprene
inhibiting brood care in L. niger queens (Pamminger et al., 2016).
On the contrary, we found that queens treated with the JH inhibi-
tor precocene | expressed elevated levels of brood care, although
this was only detectable on the third and fourth day of the experi-
ment, when brood care levels were overall low (;(2:3.91, p=0.048,
Figure 3b; see Figure S11 and Table S2 for details on the effect of
precocene ll). These effects of methoprene and precocene | were
independent of worker presence (Table S2). Finding that treatments
with a JH analogue reduced brood care, while treatments with a JH
inhibitor increased brood care, suggests a possible role of the JH
pathway in regulating the brood care behaviour of L. niger queens
(Ortiz-Alvarado & Rivera-Marchand, 2020).

3.8 | Founding queens show an ancestral
physiological response to the presence of larvae

The JH pathway interacts closely with the insulin-signalling pathway
(Al Baki et al., 2019; Libbrecht, Corona, et al., 2013; Perez-Hedo
et al.,, 2014; Tatar et al., 2001), and both show variation between
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FIGURE 3 Possible role of JH in regulating the brood care behaviour of queens. (a) Founding queens treated with methoprene (JH
analogue, n=35) showed reduced brood care levels compared with control queens (acetone, n=35) on Days 1 and 2 (;(2:4.43, p=0.035),
but not on Days 3 and 4 (;(2: 1.05, p=0.31). (b) Queens treated with precocene | (JH inhibitor, n=30) increased brood care levels compared
with control queens (acetone, n=30) on Days 3 and 4 ()(2=3.91, p=0.048), but not on Days 1 and 2 (,1/2=2.34, p=0.13). The effect on Days 3
and 4 was primarily driven by the difference between treated and control queens 2 h after treatment (;(2=1O.49, p=0.0012), which was not

detectable anymore 6 h after treatment (;(2 =0.41,p=0.52).

queens and workers in various social insect species (Hartfelder
et al., 2006; Libbrecht, Corona, et al., 2013; Mutti et al., 2011,
Rembold et al., 1974; Roseler, 1976). In ants, the insulin-signalling
pathway likely played a role in the emergence of reproductive di-
vision of labour (Chandra et al., 2018) from a subsocial ancestor
that would alternate between reproduction and brood care phases
(Hunt, 1999, 2012; West-Eberhard, 1987, 1996). These phases of

the ancestral life cycle were controlled by the brood, which inhib-
ited reproduction (Kelstrup et al., 2018). To investigate the effect
of brood on the reproduction of founding and established queens,
we quantified the effect of larvae on egg production over time in
isolated L. niger queens before and after they produced workers. We
found that, while the presence of larvae stimulated egg production
in established queens (interaction between time and presence of

85UB017 SUOWIWIOD 8A11E1D) 8|cealdde 8y Aq peusenof 818 sojoiiie YO ‘SN JO S8jnu o} Akeuq1]8UlUO A8]IAN UO (SUOTIIPUOD-PUR-SLLIBY WD A8 | Ae1q 1 pUl|uo//:SdNY) SUORIPUOD Pue SWLB | 81 89S *[1202/ZT/ZT] U0 ARiqiauliuo A8|IM ‘ZUR N ¥eUolqIgseIS BAIUN AQ 9ESHT 'SEVZ-GOET/TTTT OT/I0p/L0S 5| 1M AleIq 1jBulU0S euIN0 58q//:Sty Wouy pepeojumoq 'S ‘%202 ‘SEvZSoeT



MAJIDIFAR ET AL.

1054
Functional Ecology E :#::Liﬁ?;m

(a) . . (b)
Founding queens Established queens
Worker presence
o @ Without workers
= ® With workers
15 Larva presence 8 .
@ Without larvae ° 1/
@ With larvae 8
[2] =
@) O
g s
B 10 2
— [2]
I} c
2 g
E 2 10
z S
@
5 o
1S
=]
.
¢
0 0 d
1 2 3 4 5 1 2 4 5 1 2 3 4 5

Time after manipulation (days)

Time after manipulation (days)

FIGURE 4 Founding queens may express an ancestral physiological response to brood and workers drive the queen specialization in
another ant species. (a) Founding queens (left) kept with larvae (n=18) produced less eggs than founding queens kept without larvae (n=18;
interaction between time and presence of larvae: ;(2:68.84, p<0.0001; main effect of the presence of larvae: ;(2:16.47, p<0.0001), while
established queens (right) kept with larvae (n=15) produced more eggs than established queens kept without larvae (n=15; interaction
between time and presence of larvae: ;(2=50.02, p<0.0001; main effect of the presence of Iarvae:;{2=9.76, p=0.0018). Note that

both founding and established queens were kept without workers for the duration of the experiment. (b) Established queens of the ant
Temnothorax nylanderi expressed more brood care behaviour when kept without (n=10) than with workers (n=11; ;(2=32.23, p<0.0001).
Coloured dots and error bars represent means and standard errors, respectively.

larvae: ;(2:50.02, p<0.0001; main effect of the presence of larvae:
;(2=9.76, p=0.0018; Figure 4a), it had the reverse effect and inhib-
ited egg production in founding queens (interaction between time
and presence of larvae: ;(2=68.84, p<0.0001; main effect of the
presence of larvae: ;{2=16.47, p<0.0001; Figure 4a). Because lar-
vae inhibit their egg production, founding queens show an ancestral
physiological response to the presence of brood, and are thus more
similar in that respect to the subsocial ancestor of ants than to es-
tablished queens. That founding and established queens show a dif-
ferent response to brood presence in terms of egg production may
also stem from differences between these queens in their physio-

logical condition and in the cost of expressing brood care behaviour.

3.9 | Workers induce the queen specialization in
multiple species of ants

After finding that founding queens may express ancestral traits, we
hypothesized that the social control of queen specialization may not
be specific to L. niger, but rather occur across the phylogeny of ants.
To test this, we used field-collected mature colonies of Temnothorax
nylanderi (which belongs to a different subfamily from L. niger) and
experimentally manipulated the presence of workers. In addition to
worker presence affecting queen brood care changes over time (in-
teraction between time and worker presem:e:;(2 =3.96,p=0.047),we
found that queens without workers generally expressed more brood
care than queens with workers (;(2=32.23, p<0.0001, Figure 4b).
This result shows that workers maintain queen specialization in T.

nylanderi as well, and together with previous reports of social ef-
fects on queen behaviour (Cassill, 2002; Ortiz-Alvarado & Rivera-
Marchand, 2020; Woodard et al., 2013), suggests that it may be a
common feature in social insects (but see (Chouvenc & Su, 2017;
Rippell et al., 2002)).

4 | DISCUSSION

Social insect colonies are often viewed as superorganisms because
they are intricate, complex biological systems that operate through
the coordinated efforts of specialized individuals (Boomsma &
Gawne, 2018; Szathmary & Smith, 1995; Wheeler, 1911). While
numerous studies explored the division of labour between fertile
queens that specialize in egg production and functionally sterile
workers that perform all non-reproductive tasks (Coronaetal., 2016;
Kronauer & Libbrecht, 2018; Libbrecht, Oxley, et al., 2013), our un-
derstanding of the establishment of this division of labour during the
ontogeny of superorganisms remains limited. Specifically, it is crucial
to elucidate the factors and mechanisms governing the behavioural
shift from pluripotent founding queens that display a range of repro-
ductive and non-reproductive behaviours to specialized established
queens that exclusively prioritize egg laying. Our study reveals that
(i) the presence of workers drives queen specialization in egg pro-
duction by inhibiting brood care in a dose-dependent manner, (i) the
mere presence of worker cues does not trigger the queen specializa-
tion, (iii) this specialization is reversible upon worker removal in at

least two species of ants, even after several years of specialization,
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and (iv) founding queens may express ancestral behaviour and
physiology.

Our finding that queen specialization is under the strict con-
trol of the social environment is inconsistent with the traditional
view of social insect queens as being intrinsically specialized in egg
production (Holldobler & Wilson, 1990; Wilson, 1971), but rather
indicates that their specialization is dependent on social condi-
tions and is more flexible than typically assumed. We argue that it
is not sufficient to study caste differentiation (Ashby et al., 2016;
Cameron et al, 2013; Collins et al., 2020; Corona et al., 2016;
Genzoni et al,, 2023; Libbrecht et al., 2011; Libbrecht, Corona,
et al., 2013; Libbrecht, Oxley, et al., 2013; Montagna et al., 2015;
Mutti et al., 2011; Psalti & Libbrecht, 2020; Schultner et al., 2023;
Schwander et al., 2008; Schwander & Keller, 2008; Wheeler
et al., 2006) and/or compare adult queens and workers (Bonasio
etal., 2012; Chandraetal.,2018; Coronaetal.,2007,2013; Feldmeyer
et al.,, 2014; Grozinger et al., 2007; Kronauer & Libbrecht, 2018;
Libbrecht, Oxley, et al., 2013; Patalano et al., 2015) to fully under-
stand division of labour in insect societies. It is necessary to also
investigate the transition from pluripotent to specialized queens, as
well as the maintenance of the queen specialization. Our result that
queen specialization is flexible and context-dependent in two spe-
cies of ants echoes previous reports that social insect species with
lower degrees of morphological differentiation between queens
and workers tend to exhibit behavioural flexibility within the queen
caste, including in the expression of non-reproductive behaviours
(Gustilo et al., 2023; Lorenzi & Turillazzi, 1986; Richards, 1971; Shell
& Rehan, 2018; Theraulaz et al., 1990; Woodard et al., 2013). That
established queens retain the ability to express brood care (i.e., they
retain their behavioural pluripotency) raises semantic doubts on
whether social insect queens are truly specialized. One may argue
that because they keep the ability to express other tasks, queens
show apparent, rather than true specialization. This certainly needs
to be taken into account when considering insect societies with re-
productive division of labour as the epitome of specialization.

Several hypotheses could explain how workers influence the
behaviour of queens. The first hypothesis is that queens show an
active behavioural response to the presence of workers. However,
this hypothesis makes the prediction that queens would modify their
behaviour in response to the mere presence of workers cues, which
is inconsistent with our results. The second hypothesis is that the
effect of workers on queen behaviour requires close interactions be-
tween queens and workers, for example to allow an exchange of flu-
ids via trophallaxis. Indeed, trophallactic fluids not only contain food,
but also molecules that influence behaviour (LeBoeuf et al., 2016;
Meurville & LeBoeuf, 2021). Our finding that the effect of workers
on queen behaviour disappeared when we prevented close interac-
tions between queens and workers is consistent with this hypoth-
esis, but it remains unclear whether the freshly emerged workers
used in the experimental manipulations of the social environment
actually engaged in trophallaxis with the queens. The third hypoth-
esis is that the queen specialization in egg production is a mere
consequence of workers performing all other, non-reproductive
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tasks. This hypothesis is supported by all our findings, in particu-
lar, that workers show a dose-dependent inhibition of queen brood
care behaviour, that cues of worker presence are not sufficient to
drive queen specialization, and that established queens revert to ex-
pressing brood care relatively rapidly upon removal of their workers.
According to this hypothesis, the workers reduce the larval needs by
providing care to the larvae, up to the point when the larvae receive
all the care they need from the workers, and the queens stop pro-
viding brood care. We thus propose that division of labour between
queens and workers may be regulated similarly as the threshold-
based models of behavioural division of labour that exists within
the worker force (Oldroyd & Fewell, 2007; Waddington et al., 2010;
Weidenmdiiller, 2004). In these models of division of labour, work-
ers have distinct thresholds for task-specific stimuli, and they only
respond when a stimulus exceeds their threshold, which in turn
reduces the stimulus for the other workers (Bonabeau et al., 1997;
Duarte et al., 2012; Robinson, 1987a, 1992). Therefore, queen spe-
cialization may simply be explained by queens having a higher re-
sponse threshold to stimuli associated with non-reproductive tasks
(e.g. cues emitted by the brood) than workers.

Several lines of evidence indicate that the behavioural flexibil-
ity and physiological response to brood of the subsocial ancestor of
ants are still apparent during colony foundation. First, the diverse
behavioural repertoire of founding queens can be found in many
species of ants (Augustin et al., 2011; Brown, 1999; Cassill, 2002;
Dejean & Lachaud, 1992; Haskins & Haskins, 1955; Helms Cahan
& Fewell, 2004; Jeanson & Fewell, 2008; Wheeler, 1932, 1933).
Second, our results suggest that the brood care behaviour ex-
pressed by founding queens may be regulated by the JH pathway,
a very conserved and pleiotropic hormonal pathway with ancestral
functions (Robinson & Vargo, 1997). Third, we find that larvae in-
hibit egg production in founding queens, indicating that the phys-
iological response to brood of founding queens parallels that of
the subsocial ancestor of ants (Kelstrup et al., 2018). The similari-
ties between founding queens and the subsocial ancestor of ants
echo recent reports of molecular and structural parallels between
pluripotent stem cells in multicellular organisms and their unicellular
ancestors (Brunet & King, 2017; Mikhailov et al., 2009; Naumann
& Burkhardt, 2019; Sogabe et al., 2019). Not having access to the
subsocial ancestor of ants has hampered the study of the evolution
of ant sociality (Kronauer & Libbrecht, 2018), and investigating plu-
ripotent founding queens may provide a window into these ancestral
functions. In that perspective, the transition from pluripotency to
specialization that underlies colony foundation may even mirror the
evolutionary transition from subsocial pluripotency to division of la-
bour between specialized castes.

Finally, we report that queen specialization is reversible in two
ant species that diverged more than 100 million years ago (Borowiec
et al., 2020). Finding such flexibility in the queen caste is particu-
larly unexpected in L. niger and T. nylanderi, as both are derived ant
species with high degrees of social complexity and differentiation
between the queen and worker castes. Future research should ex-
plore the flexibility of queen specialization in other species of ants,
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including species where queens found their colonies dependently
(i.e. with the help of workers) and thus are not required to express
non-reproductive behaviours at the founding stage of the colony
cycle. We propose that, although it remained relatively unnoticed
so far that workers continuously maintain queen specialization, this
social control may actually be a common feature of ant colonies, and
possibly of other insect societies (Cassill, 2002; Ortiz-Alvarado &
Rivera-Marchand, 2020; Woodard et al., 2013). By revealing such
an underappreciated feature of division of labour and behavioural
specialization, our study could reshape our understanding of the
evolution and functioning of insect societies.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Figure S1. One experimental tray with 12 observation arenas, which
were recorded simultaneously with a single camera.

Figure S2. Resolution of the video when zooming in on one
observation arena with one queen and five larvae.

Figure S3. Experimental setup to test the effect of workers separated
from the queens with a circular wire mesh.

Figure S4. Brood production of 22 founding queens.

Figure S5. Effect of workers on the brood care behaviour of founding
queens 20h after the experimental manipulation.

Figure S6. Brood care behaviour of established queens (3years and
2months after their nuptial flight) in response to the sequential
removal of their workers over the course of 6 days.

Figure S7. Proportion of unmated queens expressing brood care
behaviour in the presence or absence of workers.

Figure S8. Workers induce queen specialization in a dose-dependent
manner.

Figure S9. No effect of former presence of workers on the brood

care behaviour of founding queens.

Figure S10. Effect of dead worker presence on brood care of
founding queens.

Figure S11. Effect of precocene Il on brood care behavior in founding
queens.

Table S1. Information on the collection and keeping conditions of
ant queens.

Table S2. Summary of the input data, syntax, and output of all
statistical models.

Appendix S1. Fully annotated R script to run the data analyses
conducted in the study.
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