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ABSTRACT

Phenotypic plasticity, the capacity of a single genome to produce different phenotypes in response to
environmental cues, has been a topic of interest for the past decade. Polyphenism is a special case of
phenotypic plasticity in which individuals with the same genome exhibit different phenotypes at the same
developmental stage. With their reproductive queens and non-reproductive workers, eusocial insects provide
one of the best models to study polyphenism, exhibiting a great diversity of morphology, physiology, behavior,
and life history. The aim of my thesis is to contribute to the understanding of phenotypic plasticity by
investigating two cases of polyphenism in Pogonomyrmex seed harvester ants, the first one on worker size,
and the other on the female caste determination (the differentiation into queens and workers). In many ant
species, polyphenism is not only found between reproductive queens and non-reproductive workers but also
within the worker caste, with the first workers raised in newly founded colonies (nanitics) being much smaller
in size than workers raised in mature colonies. In the first chapter, | test whether previously identified miRNAs
are involved in the regulation of adult worker size, and more precisely in the development of the nanitic worker
phenotype. | experimentally manipulated the levels of the four miRNAs in ant embryos, by injecting a synthetic
miRNA, either a mimic or an inhibitor. No difference in size was observed between pupae from the treatment
(injection of one synthetic miRNA) and those from the control (injection of water), which strongly suggest that
the targeted miRNAs are not involved in worker size. Unexpectedly, | found that the inhibition of one miRNA
(miRNA-1) increased the number of larvae developing into gynes. In chapter 2, | investigate the possibility that
this miRNA might be involved in caste differentiation. In the following two chapters, | investigated two other
instances of caste differentiation: an environmental caste determination using P. rugosus species (chapter 3)
and a genetic caste determination using Pogonomyrmex J lineage (chapter 4). In the third chapter, | report
evidence that trophic eggs are an evolved maternal adaptation in P. rugosus ants that may regulate caste
differentiation. | demonstrate that first instar larvae that consume trophic eggs mostly develop into workers,
whereas first instar larvae without trophic eggs mostly develop into gynes, which strongly suggests that trophic
eggs influence the larval caste fate. Following this discovery, | investigated the molecular content of these
trophic eggs to identify which molecules could induce worker larval development. | found that miRNAs are
potential candidates. Finally, in the fourth chapter, | used transcriptomic analysis to investigate the molecular
mechanisms underlying gyne and worker caste differentiation in early developmental stages in ants. | found
caste-specific gene expression patterns in embryos as early as 24 hours after egg laying, which suggests that
caste differentiation starts early in embryonic development in Pogonomyrmex J lineages. Moreover, my results
support the idea that the queen phenotype is the default developmental pathway in ants and worker
development is a derived pathway that need to be actively switched on. Altogether, this thesis proposes the
hypothesis that miRNAs and trophic eggs are two novel factors influencing caste determination in P. rugosus
and provides important insights into the understanding of the molecular mechanisms involved in genetic caste

determination in ants.






RESUME

La plasticité phénotypique, qui est la capacité d'un unique génome a produire différents phénotypes en
réponse a des facteurs environnementaux, est un sujet d'intérét depuis plusieurs décennies. Un cas particulier
de plasticité phénotypique est le polyphénisme, dans lequel des individus avec un méme génome présentent
des phénotypes différents au méme stade de développement. Avec leurs reines spécialisées dans la
reproduction et leurs ouvrieres non-reproductrices, les insectes eusociaux fournissent I'un des meilleurs
modeéles pour étudier le polyphénisme, grace a leur grande diversité de morphologie, physiologie,
comportement et histoire de vie. L'objectif de ma thése est de contribuer a la compréhension de la plasticité
phénotypique en étudiant deux cas de polyphénisme chez les fourmis moissonneuses du genre
Pogonomyrmex ; le premier sur la taille des ouvrieres, et I'autre sur la détermination de la caste femelle (i.e.
le développement en reine ou en ouvriere). Chez de nombreuses especes de fourmis, le polyphénisme est
observé non seulement entre les castes reine et ouvriére, mais aussi au sein méme de la caste ouvriéere, les
premieres ouvrieres qui émergent dans les colonies fondatrices (appelées nanitiques) étant beaucoup plus
petite que les ouvriéres élevées dans des colonies établies. Dans le premier chapitre, je teste I'hypothese
selon laquelle quatre microARNs (miARNSs) suspectés d'étre impliqués dans la taille des ouvriéres, influencent
réellement le développement du phénotype nanitiques. J'ai manipulé expérimentalement la concentration de
ces quatre miARNs dans les ceufs de fourmi en injectant un miARN synthétique, imitateur ou inhibiteur.
Aucune différence de taille n'a pu étre observée entre les nymphes (dernier stade de développement ayant
déja la morphologie adulte) du traitement (injection d'un miARN synthétique) et celles du contrdle (injection
d'eau), ce qui suggere fortement que les miARNSs ciblés ne sont pas impliqués dans la taille des ouvrieres. De
maniére inattendue, j'ai découvert que l'inhibition d'un des miARN (miARN-1) semble influencer le ratio des
castes reine-ouvriére en augmentant significativement le nombre de larves se développant en reine. Dans le
chapitre 2, j'étudie la possibilité que ce miARN-1 puisse étre impliqué dans la différenciation des castes reine-
ouvriere. Dans les deux chapitres suivants, j'ai étudié deux autres cas de différenciation de la caste : une
détermination environnementale de la caste avec l'espéce P. rugosus (chapitre 3) et une détermination
génétique de la caste avec la lignée génétique J de Pogonomyrmex (chapitre 4). Dans le troisiéme chapitre,
j'apporte des preuves a I'appui que les ceufs trophiques sont une adaptation évolutive maternelle chez P.
rugosus et qu’ils pourraient étre impliqués dans la différenciation des castes. Je démontre que les larves du
premier stade larvaire qui consomment des ceufs trophiques se développent principalement en ouvrieres,
tandis que sans ceufs trophiques elles se développent principalement en reines. Ceci suggére fortement que
les ceufs trophiques influencent le destin des larves vers la voie ouvriére. A la suite de cette découverte, j'ai
étudié la composition des ceufs trophiques pour identifier quelles molécules pourraient induire le
développement des larves en ouvrieres. Les miARNs apparaissent comme des candidats potentiels. Enfin,
dans le quatrieme chapitre, j'ai étudié un cas de détermination génétique de la caste. J’ai utilisé I'analyse
transcriptomique pour étudier les mécanismes moléculaires sous-jacents a la différenciation des castes reine-
ouvriere dans les premiers stades de développement des fourmis. J'ai trouvé des profils d'expression de génes
spécifiques a la caste dans les embryons dés 24 heures apres la ponte, ce qui suggéere que la différenciation
des castes commence t6t dans le développement embryonnaire des lignées génétiques de Pogonomyrmex.
De plus, nos résultats soutiennent I'idée que le phénotype de la reine est la voie de développement par défaut
chez les fourmis et que la voie de développement en ouvriere doit étre activée. En conclusion, cette these
propose les miARNs et les ceufs trophiques comme deux nouveaux facteurs potentiels influencant la
détermination de la caste chez P. rugosus et apporte de nouveaux éléments pour la compréhension des
mécanismes moléculaires impliqués dans la détermination génétique de la caste chez les fourmis.
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GENERAL INTRODUCTION

Phenotypic plasticity

There is an extraordinary phenotypic diversity between species, driven by the interactions between the
genotype of an organism and its environment (Bradshaw 1965; Thompson 1991). Even within a species, or
between close relatives, individuals can present extremely different phenotypes despite having similar
genomes. This phenomenon is known as phenotypic plasticity, whereby different phenotypes can arise from

a single genome under different environmental conditions (Pigliucci 2001; Moczek et al. 2011).

Traditionally phenotypic plasticity was limited to the discussion of morphological traits (Woltereck 1909;
Schlichting and Pigliucci 1998) triggered against a background of diverse environmental signals. For example
the butterfly Precis octavia Cramer exhibits extreme seasonal polyphenism, with wing surfaces and colors
being dramatically different between the wet and dry seasons (McLeod 2007). Morphological changes can
also be triggered by local environmental stimuli, such as the shape of the food on which Nemoria arizonaria
caterpillars feed, with spring brood resembling the oak catkins they consume, and summer brood feeding on
oak leaves and resembling oak twigs (Whitman and Agrawal 2009). The presence or absence of predators
can also induce phenotypic plasticity, such as in the case of Daphnia lumholtzi with individuals exposed to

predators manifesting elongated heat and tail-spines to protect themselves (Engel et al. 2014).

However, it is now recognized that phenotypic plasticity is a much wider phenomenon and also incorporates
plastic physiological and behavioural changes (Agrawal et al. 2007; Whitman and Agrawal 2009). In the case
of clownfish, individuals can change sex once reaching a certain size, or in other species, after female
disappearance (Casas et al. 2016). Similarly, sea-turtles exhibit temperature dependent sex determination
(Woolgar et al. 2013), illustrating the complex physiological and developmental changes that can occur in
response to environmental signals and cues. Behaviour is also included in the umbrella of phenotypic plasticity,
with courtship behaviour differing between populations of oceanic sticklebacks, depending on whether group
cannibalism is present or absent (Shaw et al. 2007). This last example also demonstrates the role of the social
environment in phenotypic plasticity with an example of reciprocal phenotypic change between interacting

individuals.

il B

Figure 1. Morphological phenotypic plasticity. (A) Wet-season and (B) dry-season
) morphs of the African butterfly Precis octavia. (C) Spring and (D) summer phenotype
§ in Nemoria arizonaria caterpillars. Spring brood feeds on and resembles oak catkins

and summer brood feeds on oak leaves and resembles an oak twig © E. Greene. (E)
Undefended (left) and defended (right) phenotypes of Daphnia lumholtzi. The
defended phenotype exhibits elongated head and tail-spines in response to chemical
cues from predators © Dr Linda Weiss.
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GENERAL INTRODUCTION

Why is phenotypic plasticity so important to study?

Phenotypic plasticity is of immense importance to biology. While it is valuable in itself to study plastic responses
to assess the potential adaptive advantages they may bring (Wilson and Franklin 2002; West-Eberhard 2003),
it may be of even more fundamental importance to our understanding of evolution as phenotypic plasticity can
give rise to novel phenotypes that precede genetic changes (West-Eberhard 1989; Whitman and Agrawal
2009; Laland et al. 2014). Subsequently the question of how phenotypic plasticity might expand our
understanding of adaptation and speciation continues to generate substantial scientific debate (Laland et al.
2014). Consider for example the case of the fruit fly, Rhagoletis pomonella. Following the colonization of North
America by Europeans, a number of non-native fruit tree species were introduced. Although R. pomonellas
original host plant was the hawthorn tree, this species was subsequently documented as jumping from
hawthorn to the newly introduced apple and cherry trees (Bush 1975; Prokopy et al. 1988; Feder et al. 1994).
Hawthorn fruit flies prefer hawthorn fruits (Whitman and Agrawal 2009), however, in their absence, an adult
will lay its brood on a novel host, and, when the brood emerge, they behaviourally imprint on this new host
species, returning to it when they reach maturity and begin laying their own eggs (Prokopy et al. 1988). This
behavioural phenotypic plasticity results in host-specific oviposition behaviour (Feder et al. 1994) and in turn
appears to have become a target of selection resulting in sympatric host race formation. A number of studies
have compared the “hawthorn” and “apple” races of R. pomonella and described a number of race-specific
variants in life-history traits such as variability in the size of the ovipositor (Bush 1969), shifted diapause to
match the phenology of host-tree fruit production (Dambroski and Feder 2007) and distinctive physiologies
(Feder et al. 1997; Filchak et al. 2000). Although gene flow still exists between these races, it is low and
appears to be decreasing (Ananthakrishnan and Whitman 2005) with a number of authors concluding that this
is a case whereby behavioural phenotypic plasticity is driving rapid speciation (Feder et al. 1994; Dambroski
et al. 2005; Bolnick and Fitzpatrick 2007; Whitman and Agrawal 2009).

Developmental plasticity in the eusocial insects

Eusocial insects feature extreme cases of polyphenism, which is a special case of phenotypic plasticity, where
organisms express several discrete adaptive phenotypes at the same developmental stage (Moczek 2010),
such as the distinct queen and worker phenotypes in ant and social bee and wasp colonies (Miura 2005).
These hymenopteran species undergo complete metamorphosis, with a distinct transformation from a single
pre-adult form (the larva) to an adult form. Only larvae can express developmental plasticity and alter their
ultimate caste fate; once they reach the adult form, there is no more possibility for external morphological
change, as adult do not molt any more. Developmental plasticity in social Hymenoptera is largely binary:
individuals are either “totipotent”, which is to say that they can become any of the castes existing in that
species, or they are “committed”, their caste fate is fixed and they have lost plasticity (Crespi and Yanega
1995; Boomsma and Gawne 2018). An extreme example of fixed castes is found in a few ant species with a
genetic caste determination system (see section below; Helms Cahan et al. 2002; Julian et al. 2002; Volny
and Gordon 2002; Helms Cahan and Keller 2003; Schwander et al. 2010). There are of course some
exceptions, such as Polistes paper wasps, which retain their plasticity into adulthood (Jandt et al. 2014), and

males for which caste fate is determined genetically in all species (i.e. non-fertilized eggs develop into males).
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GENERAL INTRODUCTION

But largely, in the social Hymenoptera, an individual has the potential to become any caste until some point in

development, after which it is developmentally committed to a specific caste.
Polyphenisms within worker caste

In many ant species, polyphenism is also observed within the worker caste with the subdivision of the workers
into two or more groups of morphologically and/or behaviourally distinct individuals. Their task in the colony is
normally allocated according to their specialised phenotypes (Wilson 1971; Oster and Wilson 1978; Scharf et
al. 2007). For instance, Pheidole species have two distinct worker subcastes composed of minor and major
workers, the latter exhibiting enlarged head and mandibles used for defense and food processing (Traniello
2010), or in the turtle ants Cephalotes, the soldier subcaste use their flat and oversized head as a door to
block the nest entrance (Gordon et al. 2019). Many species also have distinct worker phenotypes in founding
versus established colonies. In species with claustral colony foundation, the queen initiates the colony by
herself after the mating flight and she uses her own fat reserves to feed the first developing larvae (Wheeler
1994). In these species, the first batch of workers is relatively small, called “minims” or “nanitics”, and they are
normally miniature forms of the smallest workers found in an established colony (Wilson 1971; Porter and
Tschinkel 1986; Holldobler and Wilson 1990). This nanitic phenotype is believed to be an adaptation to
maximize the survival of founding colonies (Holldobler and Wilson 1990). Ant colony survival is strongly
affected by the number of workers but as resources are limited at the founding stage, the queen, by producing
minims, can divide the limited available resources into an optimum number of workers (Oster and Wilson 1978;
Porter and Tschinkel 1986; Holldobler and Wilson 1990). Therefore the nanitic phenotype may represent an
optimal trade-off between number and size, in accordance with environmental factors, such as quantity of food

provided to the larvae (Hasegawa and Imai 2012) or queen condition (Liu et al. 2001).

Because eusocial insects demonstrate this amazing variety of morphological, behavioural and physiological
polyphenism, it has been suggested that the polyphenism they exhibit has heavily contributed to many species
ecological dominance (Manfredini et al. 2019), and therefore understanding the proximate mechanisms by
which eusocial polyphenism arises is critically important to ecology and evolution (Whitman and Agrawal 2009;
Revely et al. 2021). Eventually, only the identification of the molecular mechanisms enabling plastic responses
of the organism to the environment will pave the way for full acceptance of plasticity in evolution and its
significance for evolutionary change (Sommer 2020). Such studies must also reveal that plasticity is subject

to selection, ultimately resulting in adaptive phenotypes.
Female caste determination

It has been documented in different eusocial species that whether a female egg develops into a worker or into
a gyne (virgin queen) is influenced by environmental, nutritional, social, hormonal, pheromonal, epigenetic
and/or genetic factors (Haydak 1970; Wheeler 1986; Holldobler and Wilson 1990; Richards and Packer 1994;
Schwander et al. 2008; Smith et al. 2008; Bignell et al. 2010; Miura and Scharf 2011; Guo ef al. 2013; Walker
2017; Taylor et al. 2019). In the honeybee Apis mellifera, the quantity and quality of food is known to be
responsible for caste differentiation (Asencot and Lensky 1985; Leimar et al. 2012; Slater 2017; Slater et al.

2020; Vieira et al. 2021), as well as maternal effects (Wei et al. 2019), juvenile hormone (Barchuk et al. 2007),
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and miRNAs (Guo et al. 2013; Shi et al. 2015; Ashby et al. 2016; Zhu et al. 2017; Vieira et al. 2021). Different
genes and genetic pathways have also been linked to caste determination, TOR (target of rapamycin),
hexamerin gene, insulin/insulin-like growth signaling, to cite only a few (Patel ef al. 2007; Cameron et al. 2013;
Corona et al. 2016). In ants, many factors have been found to influence caste development with variations
between species: food, worker:egg ratio, queen hibernation, queen absence, pheromones, age or condition
(Libbrecht et al. 2013). The genotype of the nurses taking care of the developing larvae can influence caste
fate as well (Linksvayer 2006; Linksvayer et al. 2011; Teseo et al. 2014; Villalta et al. 2016). All factors are
described as influencing the probability of gyne production, however it remains unknown whether one or
several of these factors are necessary or sufficient for gyne development. Finally, in some species of the genus
Pogonomyrmex (Helms Cahan et al. 2002; Julian et al. 2002; Schwander et al. 2010; Sirvid et al. 2011),
Solenopsis (Hung and Vinson 1977; Helms Cahan and Vinson 2003) or Messor (Norman et al. 2016), the
genotype of the individual is the main determinant of the caste, with queens and workers having different

genomic compositions.

What is currently missing in the literature is studies investigating caste determination in early developmental
stages before the appearance of morphological differences between queen and worker-destined individuals.
Most studies so far have used already morphologically distinct individuals and therefore their comparison does
not help in understanding caste determination but rather highlight caste differences in already differentiated
individuals. However a major challenge to overcome before such research can be carried out is to find a means
to distinguish individuals without morphological differences. Here species with a genetic caste determination
system provide an interesting opportunity to study caste differentiation as queen and worker-destined

individuals can be separated at any developmental stage through genotyping methods.

It is worth mentioning that while environmental caste determination falls within the generally accepted definition
of polyphenism, genetic caste determination does not, as in the latter, the caste fate of the individuals is
determined by their genotype and not (or at least not entirely) by environmental factors, therefore two
individuals from a different caste do not have a similar genome. In this thesis | have explored both

environmental (Chapter Il and 1ll) and genetic caste determination (Chapter 1V) in Pogonomyrmex ants.
Genetic caste determination in Pogonomyrmex

P. rugosus overlaps part of its range with another ecologically similar species, P. barbatus. Historical
hybridization occurred in the overlap region between P. rugosus and P. barbatus both with an environmental
caste determination (ECD), which gave rise to several co-dependent lineages with genetic caste determination
(GCD; Helms Cahan et al. 2002; Julian et al. 2002; Volny and Gordon 2002; Helms Cahan and Keller 2003).
These lineages are reproductively isolated from their parental species (Helms Cahan et al. 2006; Schwander
et al. 2007) and characterized by an unusual reproductive system, called social hybridogenesis (Figure 2;
Helms Cahan et al. 2002; Julian et al. 2002), in which the lineages are completely dependent on one another
to produce the workers. In this system, the virgin queen needs to mate with at least two males during the
mating flight to be able to develop her colony, one from her own lineage and one from the other lineage. Within

lineage fertilization gives rise to gyne-destined eggs, whereas eggs fertilized by sperm from male of the other
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lineage develop into workers (Helms Cahan et al. 2002; Julian et al. 2002; Volny and Gordon 2002). Therefore
the male genetic material is only used in the alternative lineage to produce nonreproductive individual (i.e.
workers) that contribute to colony growth, and is excluded from the reproductive line (i.e. gynes; Helms Cahan
et al. 2002; Julian et al. 2002). Males are haploid and develop from unfertilized eggs laid by queens from both

lineages.

Symmetrical social hybridogenesis

Classical reproduction . . .
with classical reproduction

Lineage 1

s Rle o8 gee
(B Queens (diploid) (J Males (haploid) S? workers (diploid) @ O Nonhybrid individuals

O F1 hybrid individuals

Lineage 2

= Sexual production

— Asexual production

Figure 2. Schematic representation of two reproductive systems in ants, classical reproduction and social
hybridogenesis. In the classical reproduction, which is the most widespread reproduction mode in ants, queens mate
with one or several conspecific males and use the sperm to produce female offspring (queens and workers). Females
are produced by sexual reproduction, they develop from fertilized eggs and are diploid, whereas males are produced
by parthenogenesis (arrhenotoky), they arise from unfertilized eggs and are haploid. Some species have evolved
unusual reproductive systems (i.e. symmetrical social hybridogenesis) where queens mate with at least one male
from their own lineage to produce pure lineage gynes and from the other lineage than their own to produce inter-
lineage workers (figure adapted from Darras et al. 2019).

MicroRNAs and microinjections

Several chapters of this thesis describe and use microRNAs (miRNAs), that are small non-coding RNAs of 20-
24 nucleotides, which main function is the regulation of gene expression at the post-transcriptional level by
targeting sites within messenger RNA. In insects, miRNAs have been shown to regulate a variety of
physiological processes throughout insect development, including molting, metamorphosis, oogenesis,
embryogenesis, behavior and host-pathogen interactions (Asgari 2013; Puthiyakunnon et al. 2013). In
addition, miRNAs have many features that make them useful tools for gene expression regulation, such as
their small size and an easy targeting design based on sequence complementary. We designed synthetic
miRNAs to manipulate the level of endogenous miRNA in ant embryos; miRNAs mimics were designed to

mimic endogenous miRNAs, whereas miRNA inhibitors specifically bound to and inhibit endogenous miRNAs.
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To address whether and how microRNAs (miRNAs) regulate worker size (chapter | & II), we have developed
a microinjection method to deliver synthetic miRNAs into young embryos during their syncytial stage (i.e. when
nuclei divide without cytokinesis; Pontieri et al. 2020), 8 to 16 hours after egg laying, which is the ideal time for
genetic manipulation by microinjection (Yan et al. 2017; Sieber et al. 2021). Our microinjection method was
adapted for Pogonomyrmex eggs from methods used in other insects (Drosophila, mosquito; Mollinari and
Gonzalez 1998; Déjardin and Cavalli 2004; Gompel and Schréder 2015).

Study species - Pogonomyrmex genus

Pogonomyrmex (Hymenoptera: Formicidae: Myrmicinae) is the most abundant genus of harvester ants living
in the deserts and grasslands of the south-western North America and Northern Mexico (cf. map), and as their

name suggests, they mainly forage for seeds.

Pogonomyrmex rugosus lives underground in nests that can reach a couple of meters under the surface. Nests
consist of 12 to 15 broad interconnected galleries radiating out from a central tunnel (Whitford et al. 1976).
Colonies maintained in the laboratory are generally initiated from newly mated queens collected just after the
mating flight, before they start digging their nest, as digging out an established colonies takes 60-90 hours

(MacKay 1981), with no guaranty to find the queen.

Like most of the species of this genus, P. rugosus is strictly monogynous (i.e. one queen per colony; MacKay
1981). Mating flights takes place between July and August and queens mate on average with 4 to 5 males
(Holldobler 1976). The newly mated queen will then remove her wings and look for a place to start her nest.
P. rugosus uses a fully claustral colony-founding strategy, meaning that the queen seal herself in the nest after
mating and raise the first clutch of workers entirely from body reserves (Hoélldobler and Wilson 1990; Hahn et
al. 2004). Fully claustral colony founding is thought to be a major innovation in ants because it eliminates the
need for queens to leave the nest to forage, reducing their exposure to predators, desiccation, and other
sources of mortality (Holldobler and Wilson 1990; Brown and Bonhoeffer 2003). Colonies grow several

thousands of workers and produce sexual brood only after several years of initial growth.

The development is separated in three stages: the egg stage which lasts 10 days for both female castes, the
larval stage with includes 3 instars whose length vary between castes (approximately 18 days for workers and
30-35 days for gynes, pers. obs.), the pupal stage where there is a complete metamorphosis (approximately
12 days for workers and 14-16 days for gynes, pers. obs.) and finally the adult stage. The entire developmental

time from eggs to adult lasts approximately 40 days for workers and 56-59 days for gynes.

In this thesis, | worked with the species P. rugosus ECD (environmental caste determination) and with the J1-
J2 linages with genetic caste determination (GCD). P. rugosus ECD, and GCD J linage cannot be differentiated
by their morphology, but can be by color: P. rugosus ECD is dark-brown to black, whereas Pogonomyrmex J
lineages are red (Figure 3). Both present three castes: queens, specialised in reproduction, males whose role
is limited to mating with the queens, and monomorphic workers, who accomplish all the other tasks in the
colony, such as brood care, foraging, defending the nest, and digging new colony chambers and galleries

(Holldobler and Wilson 1990). In both P. rugosus ECD and GCD J lineages, males arise from unfertilized eggs.
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Fertilized eggs develop into females in all cases, with the fundamental difference that in P. rugosus ECD, all
females (i.e. queen and worker) arise from a single genome, their caste fate being determined by
environmental factors, whereas in GCD J lineages, the female caste fate is genetically determined, meaning
that queen and worker do not share the same genome. Queens develop from pure lineage fertilization (J1J1

or J2J2) whereas workers are interlineage (i.e. hybrid J1J2).

Colonies of P. rugosus and GCD J lineages are easy to raise in captivity, providing controlled temperature of

30°C on average and 60% humidity, as well as grass seeds, dead flies, and honey-water for food.

Figure 3. (A) Pogonomyrmex rugosus workers, (B) workers and (C) gyne from Pogonomyrmex J lineages, (D) an egg and
freshly hatched larvae of P. rugosus. © Images from Dr Elizabeth Cash (www.flickr.com/photos/elizabethcash) and
Eléonore Genzoni.
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Thesis outline

The aim of this thesis was to provide a better understanding of the proximate mechanisms involved in
polyphenism using Pogonomyrmex ants as a study species. In chapter 1, | investigated maternal effects on
worker size at two different colony life cycle stages. In the following two chapters, | then investigated female
caste determination in P. rugosus with environmental caste determination. In the last chapter, | worked with

genetic lineages of Pogonomyrmex ants to investigate a case of genetic caste determination.

Recently, different microRNAs (miRNAs) levels have been found between eggs laid by founding and
established queens of P. rugosus ants, which suggests that miRNAs are involved in worker size. In Chapter
1, l aimed at proving the influence of the previously identified miRNAs on the development of the nanitic worker
phenotype (i.e. small workers developing in newly founded colonies). | experimentally manipulated the levels
of four miRNAs in ant eggs, by injecting either a synthetic miRNA or a miRNA inhibitor. | injected the miRNAs
in eggs laid by established queens to recreate the environment of an egg laid by a founding queen, and |
therefore expected to obtain the development of smaller workers (i.e. nanitic phenotype) compared to the
control ones. | did not find a difference in size between pupae from the treatment (injection of one synthetic
miRNA) and those from the control (injection of water), which strongly suggest that the targeted miRNAs are
not involved in worker size. However, instead of a difference in worker size, | found that the inhibition of one
miRNA (i.e. miRNA-1) influenced the gyne:worker caste ratio. | found a significantly higher proportion of gynes
developing from eggs treated with the miRNA inhibitor compared to eggs subjected to a control treatment, with
50% and 22% of gynes, respectively. This study provides evidence that the inhibition of miRNA-1 is associated

with caste differentiation, by triggering gyne development. This unexpected result is presented in Chapter 2.

Since the beginning of my PhD, all the different projects or investigations | carried out involved ant eggs, which
led to the discovery of trophic eggs in P. rugosus (ECD) as well as in Pogonomyrmex J lineages. | reviewed
the literature on trophic eggs, especially within eusocial insects, and found relatively little information, which
left most of following questions unanswered: By which caste, queen and/or worker are trophic eggs laid? Do
season or time of the year (before-after hibernation) influence the number or proportion of trophic egg? Are
trophic eggs laid at any colony life cycle stages (colony founding versus established stage)? What do they
contain? What is their function? To answer some of these questions, | decided to investigate trophic eggs in
P. rugosus ants and the results are presented in Chapter 3. | first characterized P. rugosus queen’s egg laying
behaviour as well as trophic and reproductive eggs. | found that only the queen lays both reproductive and
trophic eggs, whereas workers, which lay eggs in queenless colonies, only produce reproductive eggs (that
can develop into males). Trophic eggs differ morphologically and quantitatively from reproductive eggs, with
less protein, triglycerides, glycogen, sugar and small RNAs. | then found empirical evidence supporting a role
of trophic eggs on female caste determination in P. rugosus. | showed that first instar larvae that consume
trophic eggs mostly developed into workers, whereas larvae without trophic eggs mostly developed into gynes,
which strongly suggests that trophic eggs influence the larval caste fate. Following this discovery, | investigated
trophic egg content to identify which molecules could influence larval development in the direction of the worker
caste. Comparison of miRNAs fragment size distribution suggests differences in the composition of these

miRNAs between the two egg types, which reveals miRNAs as potential candidates to influence larval caste
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fate. These results raise the possibility that trophic eggs are an evolved maternal adaptation involved in caste

determination in ants.

In contrast to the many identified environmental factors affecting queen vs worker production, little is known
about the molecular mechanisms regulating queen vs worker development. Several genomic studies have
identified genes differentially expressed between castes, at the adult stage in different social insects (Sumner
et al. 2006; Graff et al. 2007; Grozinger et al. 2007; Hoffman and Goodisman 2007; Toth et al. 2007; Hunt et
al. 2010; Colgan et al. 2011; Ometto et al. 2011). However, adults are morphologically and
physiologically differentiated and therefore do not provide information on caste determination. Investigations
at early developmental stages have thus far only been done in bees where individual caste fates are known
(Pereboom et al. 2005; Cameron et al. 2013) as a result of distinctive differences between worker and queen
cells (Shi et al. 2011). In Chapter 4, | investigated the molecular mechanisms underlying gyne versus worker
caste differentiation in early developmental stages using the J lineages of Pogonomyrmex ants. Thanks to
their genetic caste-determination system, | could determine the caste-fate of an individual at any
developmental stage via genotyping approaches. | used transcriptomic analysis to identify caste-biased genes
and profile gene expression dynamics at five early developmental stages: in 24-hour old, 6-days old and 9-
days old eggs, and in first and second instar larvae. | found caste specific gene expression patterns in embryos
as early as 24 hours after egg laying, and two developmental stages show a burst of caste-biased genes, in 6
day old eggs and in the first instar larvae, which suggests that gyne and worker caste differentiation starts
early in embryonic development in Pogonomyrmex J lineages. There were more worker-biased than gyne-
biased genes in all five developmental stages, which supports the idea that the queen phenotype is the default

developmental pathway in ants and worker developmental paths are actively switched on.

The concluding chapter highlights some ongoing work and potential future projects on caste determination in

Pogonomyrmex ants.
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Glossary

Adult

Caste

Caste determination

Established stage
Founding stage

Gyne

Larva

Males

miRNA (microRNA)

miRNA inhibitor

miRNA mimic

The final stage after the last ecdysis.

Social insects are usually divided in three castes, each having a specialized function
in the colony and characterized by anatomical, morphological, and behavioural
differences: reproductive females (queens), non-reproductive females (workers) and
males. Some species have a subdivision of the worker caste in several groups
characterized by different morphologies, size, and behaviour, such as the soldier,

forager, and nurse; they are called worker castes or subcastes.

In social insects, whether a female egg or larva develops into a worker or into a queen
is influenced by environmental, nutritional, social, hormonal, pheromonal, epigenetic
and/or genetic factors. Most ant species have an environmental caste determination
system, and a few species have a genetic caste determination system, which means
that the castes are not determined by environmental factors but by the genotype of

the individual.

Life cycle stage where the colony has reached a critical size (usually several years

after colony foundation) and starts producing gynes and males.

First colony life cycle stage. After mating, the queen(s) starts a new nest and raises

her first worker offspring.

Virgin female which lives in the colony until the mating flight ,after which she is referred
to as a queen and start her own colony. In most ant species, gynes have wings that

they use for the mating flight and remove soon after.

Juvenile form, between the egg and pupa developmental stages. Composed of
several instars each separated by a molt allowing larval growth. Social insect larvae
are non-motile and therefore dependent on workers and/or queen (in the founding

stage) to be fed.

Winged individuals, which are generally present within a colony for only a short time

each year and typically live a few weeks, dying very soon after mating.

Small single-stranded non-coding RNA molecule containing between 20to 24
nucleotides found in plants, animals, and some viruses, which regulates gene

expression at the post-transcriptional level.

Synthetic miRNA designed to specifically bind to and inhibit endogenous miRNAs,

resulting in up-regulation of target mRNA translation.

Synthetic miRNA designed to mimic endogenous miRNAs, resulting in down-

regulation of target mMRNA translation due to mRNA sequestration or degradation.
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Nanitic worker

Pupa

Queen

Reproductive egg

Trophallaxis

Trophic egg

Worker

First workers that develop in a founding colony which are characterized by a relatively

smaller size than workers developing in an established colony.
Last developmental stage before adulthood that undergo complete metamorphosis.

Reproductive female which, after having mated with one or several males, will

normally remove her wings and start her own colony.

Egg which contains an embryo developing into a female (worker or queen) if fertilized,

or into a male if not fertilized.

Transfer of fluids between colony members through mouth-to-mouth or anus-to-
mouth, which can contain nutrients, molecules such as hormones or pheromones,

symbionts, etc.

Egg which does not contain an embryo, in species where recorded, differ from
reproductive eggs in morphology and size, and are usually eaten by larvae and other

colony members.

Non-reproductive females, always wingless, they do all tasks in the colony apart from
reproduction and typically live from several months to a few years. Depending on the
species, workers can lay unfertilized eggs that develop into males, trophic eggs, or

may lack ovaries completely.
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Maternal effect on worker size

E. Genzoni, S. Paolucci, L. Keller and T. Schwander
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Abstract

In many eusocial Hymenopteran species, polyphenism is not only found between reproductive queens and
non-reproductive workers but also within the worker caste. In newly founded ant colonies, the first workers to
eclose (nanitics) are much smaller in size than workers in mature colonies. Recently, different levels of miRNAs
have been found between eggs laid by founding and established queens of the ant species Pogonomyrmex
rugosus, which suggests that miRNAs are involved in worker size. In order to investigate the potential role of
miRNAs in worker size, we experimentally manipulated the levels of four miRNAs in ant eggs, by injecting
either a synthetic miRNA or a miRNA inhibitor. Injections were performed on eggs laid by established queens,
to recreate the miRNA environment of an egg laid by a founding queen. We did not detect a difference in size
between pupae that developed from eggs injected with a miRNA compared to those injected with water as a
control. Our results strongly suggest that the targeted miRNAs are not involved in worker size. It is highly likely
that they are involved in another developmental or physiological pathway which differs between colony life

cycle stages, such as miRNA-1 which has been found to influence caste ratio (see Chapter 2).

Keywords: phenotypic plasticity, miRNA, colony life cycle stages, ants, Pogonomyrmex rugosus.
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Introduction

In many eusocial species, polyphenism is not only found between reproductive queens and non-reproductive
workers but also within the worker caste. Workers can exhibit extreme differences in their morphologies that
are related to their specific roles in the colony (Oster and Wilson 1978; Hélldobler and Wilson 1990). Many
species also have distinct worker phenotypes in founding versus established colonies. In species with claustral
colony foundation, the queen initiates the colony by herself after the mating flight and she uses her own fat
reserves to feed the first developing larvae (Wheeler 1994). The first few workers are relatively small, called
“minims” or “nanitics”, and they are either miniature forms of the smallest workers found in an established
colony (Wilson 1971; Hdlldobler and Wilson 1990), or constitute a distinct caste from the other workers, as
concluded by Watanabe et al. (2017), in the ant Camponotus obscuripes. This worker polyphenism across the
colony life cycle is believed to be an adaptation to optimize the survival of founding colonies (H&lldobler and
Wilson 1990). Colony survival is strongly positively affected by the number of workers. Therefore, by producing
minims, the queen divides the limited available resources into an optimum number of workers (Oster and
Wilson 1978), which is determined by the balance of the advantages of a larger initial worker force and the
disadvantages of smaller body size (Porter and Tschinkel 1986; Holldobler and Wilson 1990). Therefore in
ants, the size of the first workers is determined by the trade-off between number and size (Watanabe et al.
2017), which remain flexible and change in accordance with environmental factors (Liu et al. 2001; Hasegawa
and Imai 2012). Porter and Tschinkel (1986) showed that in Solenopsis invicta, the numerous nanitic workers,
although less efficient on an individual basis to rear brood than minor workers, are more efficient as a group

of equal combined weight.

The nanitic size of founding colony workers is generally believed to stem from the limited nutritional resources
available during larval development (Hasegawa and Imai 2012). However, a cross-fostering experiment in P.
rugosus ants showed that worker size was also constrained by maternal effects (Paolucci et al. unpublished
data). Maternal effects occur when the phenotype of the mother or the environment she experiences influence
the phenotype of her offspring over and above the direct effect of transmitted genes (Marshall and Uller 2007).
For the cross-fostering experiment, eggs laid by founding and established queens were collected. These eggs
were reared in recipient colonies of workers from established colonies. The brood was collected at the pupal
stage for size measurements. The results showed that, when reared under the same conditions, pupae
originating from eggs laid by established queens were on average 11% larger than pupae originating from
eggs laid by founding queens (Paolucci et al. unpublished data). This indicates that there is a maternal effect
on worker size and suggests that queens can influence the development of their offspring through manipulating
egg composition. In addition to the cross-fostering experiment, microRNAs (miRNAs) were isolated from eggs
from founding and established queens. MiRNAs are small non protein coding RNAs of 18 to 24 nucleotides in
length, produced by animals, plants and viruses (Jones-Rhoades and Bartel 2004; Wienholds et al. 2005;
Hussain et al. 2008). They modulate gene expression at the post-transcriptional level in numerous important
biological processes, such as development, differentiation, apoptosis and immunity (Lee et al. 1993; Bushati
and Cohen 2007). MiRNA typically binds complementary target sites within messenger RNAs (mRNAs),

resulting in either translational inhibition or mRNA degradation (Bartel 2004).
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Paolucci et al. (unpublished data) found differences in the quantity of miRNAs in eggs laid by founding and by
established queens. They identified 237 miRNAs, including 80 conserved miRNAs described in A. mellifera
and 157 novel miRNAs that have not previously been reported in any other species. Twelve of the 237 miRNAs
had significantly different concentration in eggs laid by founding queens compared to established queens, of
which eight were conserved miRNAs (four at low concentration and four at high concentration in founding
queen’s eggs) and four were novel miRNAs (three at low concentration and one at a high concentration in
founding queen’s eggs). They suggested that those miRNAs could be involved in worker size, and more

precisely in the development of the nanitic phenotype.

To assess the involvement of miRNAs on worker size, we designed an experiment aiming at recreating the
nanitic phenotype. For this, we experimentally manipulated the levels of four miRNAs in eggs by injecting
synthetic miRNAs and miRNA inhibitors. The injections were designed to change miRNA levels in eggs from
established queens to miRNA levels in eggs from founding queens. Therefore, we expected workers
developing from established queens’ eggs that were injected with a miRNA to have a smaller size than workers

developing from control eggs.
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Materials and methods

The aim of this study was to influence embryonic development using synthetic miRNAs. Among the 12 miRNAs
whose concentration differed between eggs from founding vs established queens (Paolucci et al. unpublished
data), we selected the 4 miRNAs with the highest consistent difference in concentration between replicates.
Two had a low concentration in eggs from founding queens (miRNA-1 and miRNA-2) and the two others had
a high concentration in eggs from founding queens (miRNA-3 and miRNA-4). The bee homologue of miRNA-
2 has been described as associated with lipid loss in A. mellifera, involved in regulation of behavioral
maturation and was up-regulated in 4-day-old queen larvae (Chen et al. 2017). The miRNA-4 has also been

identified in A. mellifera but its function remains unknown. MiRNA-1 and miRNA-3 are novel miRNA.

The four selected miRNAs were used as a template for the creation of synthetic miRNAs (done by Qiagen).
MiRug-u3 and -u4 were created to mimic the naturally occurring miRNAs found in founding queen’s embryo
(miRNA-3 and miRNA-4 respectively), whereas miRug-d1 and -d2 were created to act as inhibitors of miRNA-

1 and miRNA-2 respectively.

Two experiments were carried out using Pogonomyrmex rugosus colonies. The first one took place after
hibernation (January to March 2020; hereafter referred to as Exp. A) and the second one before hibernation
(July to September 2020; hereafter Exp. B). Each colony was initiated by one queen collected after the mating
flight in 2008 (Bowie, Arizona, USA) and 2013 (Bowie and Florence, Arizona, USA). They were maintained in
the laboratory at 28°C with 60% humidity, with a 12-h/12-h light:dark cycle and fed once a week with grass

seeds and flies, and 20% honey water every 3 days.

For Exp. A, 12 and 18 colonies were used for miRug-d2 and miRug-u3 groups, respectively. An unexpectedly
high proportion of gynes developed in both the treatment and control recipient colonies, decreasing
substantially the number of worker pupae required for size comparison. The fact that the experiment was
carried out after hibernation could explain the high proportion of gynes, which develop after hibernation in wild
colonies. We therefore stopped the experiment prior to the injections of the two other miRNAs (miRug-d1 and
miRug-u4). For Exp. B, 10 to 13 colonies were used for each of the four miRNAs injected individually as well

as for all together (five different treatments).

The experimental design was the same for both experiments. As the egg laying rate decreases after 24 hours
of isolation (pers. obs), we isolated the queens for 16 hours for egg laying, with two egg collections (every
eight hours). The queens were then put back in their native colony for eight hours until the next isolation
session. After three days under this isolation schedule, the queens were returned to their native colonies for

an uninterrupted 24-hour break.

After the egg collection, reproductive eggs were kept in a clean and humid petri dish for eight hours until the
injection. Eggs ranged from eight hours old (if laid at the end of the isolation period) to a maximum of 16 hours
(if laid at the start of the isolation period) at the injection time. Reproductive eggs laid within the same eight

hours were randomly separated into two groups; half were injected with ~7nl of 10pmol/ul miRNA and half
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injected with Milli-Q® ultrapure water as a control. For the treatment with all miRNAs together, the

concentration of each miRNA was the same as when injected individually (i.e. 10pmol/ul).

For the injection, the eggs were placed on a 600pym nylon mesh, to prevent them from moving during the
injection. Injections were performed manually using a FemtoJet ® 4x micro-injector (Eppendorf) with glass
needles made from pulled capillary tubes using a P-97 Pipette Puller. The exact settings were adjusted for
every needle separately to have an identical volume injected in the eggs for every injection session. Eggs
stayed in the mesh, untouched, for two hours to recover from the injection. They were then removed carefully
from the mesh and placed into a petri dish containing a water reservoir for humidity where they developed for
10 days. Larvae were collected right after hatching (petri dishes monitored every four hours) and placed into
recipient colonies as they need care and food to develop until pupation. We created three recipient colonies
for the control and three for the treatment to take into account the box effect of the recipient colonies on the
developing larvae. In addition, for miRug-u4 treatment in Exp. B, when each larva was placed in a recipient
colony, we also transferred three trophic eggs, to increase larval developmental success (pers. observation).
A recipient colony contained 20 foragers taken from the foraging arena and 20 nurses taken from inside the
nest. There was no crossfostering between the origin of the eggs and of the workers, so they both came from
the same native colony. When pupae developed black pigmentation in the eyes, individuals were collected,
pictures were taken using a stereo microscope and the head width and tibia length were measured using Zen

light software (Carl Zeiss Microscopy).

We compared pupal head width and tibia length between the treatment and control group, within caste and
native colony. We used Rstudio (RStudio Team 2015) and the package Ime4 (Bates et al. 2015) to perform a
linear mixed effects analysis, with head width as response and treatment type as explanatory variables. We
used recipient colonies nested in native colony as random effects. Recipient colonies missing pupae in the
treatment or control group were excluded from the analysis as average worker size varies between native
colonies and therefore requires data from both control and treatment to make a meaningful comparison within

native colonies.

To test whether the treatment might influence the survival (from egg to larvae and from larvae to pupae), we
performed a linear mixed effects analysis with survival as response variable, treatment type as an explanatory

variable, and colony as random effect.
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Results

For Exp. A, a total of 589 and 1204 reproductive eggs were collected for miRug-d2 and miRug-u3 groups,
respectively, and a total of 85 and 385 pupae (details in Table 1) developed from those eggs, which represent
a developmental success of 14.4% and 32.0%, respectively. Pupae developed in both the treatment and

control groups of 7 colonies (out of 12) for miRug-d2 and in 15 colonies (out of 18) for miRug-u3.

For Exp. B, a total of 1100, 612, 851, 396 and 756 reproductive eggs were collected for the groups miRug-d1,
-d2, -u3, -u4 and all miRNAs together, respectively, and a total of 177, 170, 297, 159 and 117 pupae (details
in Table 1) developed from those eggs, which represents a developmental success from egg to pupae of
16.1%, 27.8%, 34.9%, 40.2% and 15.5% respectively. In Exp. B, pupae were found in both the treatment and
control groups in all 10 colonies for miRug-d1, in 10 out of 11 for miRug-d2, in all 13 colonies for miRug-u3, in

all 9 colonies for miRug-u4 and in 9 out of 10 colonies for all miRNAs injected together (details in Table 1).

Table 1. Number of eggs injected, number of pupae collected, developmental success from egg to pupae for Exp.
A and B, per miRNA groups, for treatment and control. The small numbers on the right in each column show the
total number of eggs, the total number of pupae and the average between miRNA treatment and control,
respectively. The last column gives the number of colonies in which pupae developed in both the treatment and
control groups.

Number of eggs Number of Developmental Number of colonies
injected pupae success producing pupae

. Treatment 295 48 16.3%

< mMiRug-d2 Control 94 589 37 85 712 oy 14.4% 7 out of 12
d- . o
x Treatment 605 200 33.1%

W miRug-u3 1204 385 ——————  32% 15 out of 18
Control 599 185 30.9%
Treatment 14.5%

miRug-d1 553 1100 80 177 | 14.5% 16.1% 10 out of 10
Control 547 97 17.7%
) Treatment 7 28.2%

miRug-d2 309 612 8 170 | 282% 27.8% 10 out of 11
Control 303 83 27.4%
N Treatment 424 162 38.2%

2 miRug-u3 851 297 [ 349% 12 out of 13
35 Control 427 135 31.6%
. Treatment 201 85 42.3%

miRug-u4 396 159 ———— 40.2% 9 out of 9

Control 195 74 37.9%
Treat t %

AllmiRNAs — comen 3r7 756 64, |L170% ok 8 out of 10
Control 379 53 14.0%

In Exp. A, there was no significant difference in worker or gyne size (head width or tibia length) between treated
and control pupae, neither for miRug-d2 (Figure S1) nor miRug-u3 groups (Figure 1A; details per colony on
Figure S2). In Exp. B, there was no significant difference in worker size between miRug-u3 treated and control
pupae (Figure 1B, details per colony on Figure S5). However, gyne pupae treated with miRug-u3 were
significantly smaller than the control (B =-0.11, SE = 0.03, t23 = -3.29, p = 0.003; Figure 1B). No difference in
size between treated and control pupae was found among workers or gynes in all the other miRNA groups

(miRug-d1, miRug-d2, miRug-u4 and all miRNAs together; Figure S3-S4,S6-S7 respectively).
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Figure 1. Workers and gynes head width from miRug-u3 and control groups, for Exp. A and Exp. B.

4.41,1(9) =3.17, p = 0.011). There was no significant difference in survival for the three other miRNAs in any

transitions (egg to larvae and larvae to pupae; Table 2).

Table 2. Percentage of survival at two developmental stages: egg to larvae and larvae to pupae, for Exp. A and Exp.
B (average +SE). # Each larva from miRug-u4 group (both treatment and control) was placed in its respective

recipient colony with 3 trophic eggs.

In Exp. A, there was no significant effect of the injection on survival from egg to larvae nor larvae to pupae
neither for miRug-d2 nor miRug-u3 (Table 2). In Exp. B, there were significantly more larvae that hatched from
eggs injected with miRug-d2 (55.6+5.5% mean + SE) than from control eggs (41.9+7.5%; B = 13.97, SE =

Percentage of survival Exp. A Exp. B
(average +SE) Egg to larva Larvae to pupa Egg to larva Larvae to pupa
) Treatment - - 47.2 £7.3% 19.8 £5.0%
miRug-d1
Control - - 42.9 +7.7% 21.8 +4.5%
) Treatment 46.3 +5.6% 41.2 +£10.6% 55.6 +5.5% * 30.3 +9.6%
miRug-d2
Control 38.9 +5.4% 441 £10.2% 41.947.5% * 29.4 +8.8%
) Treatment 54.8 +2.8% 39.5 +3.8% 57.9 +5.0% 32.5+5.8%
miRug-u3
Control 58.3 +1.9% 36.1 £3.1% 52.4 +4.4% 35.4 +8.0%
) Treatment - - 64.9 £7.9% 27.0 £3.9% %
miRug-u4
Control - - 53.6 +8.5% 37.4 +6.8% %
All miRug Treatment - - 43.0 +6.6% 26.5+11.0%
injected
together Control - - 41.3 +£5.5% 21.5+7.1%
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Discussion

Our results do not support the hypothesis that either of the four tested miRNAs play a role in worker size. While
gyne pupae treated with the miRNA mimic miRug-u3 had a significantly smaller head width than the control
ones in Exp. B, this result was not reproducible, and in all other experiments there was no statistically

significant effect of any of the miRNAs tested.

A negative result often requires a higher degree of confidence, especially in an emerging field of science where
there are a number of technical challenges. The lack of an effect of the miRNAs on worker size could arise
from erroneous timing of the injection or the amount of miRNA injected. However, in our study, eggs were
injected at the syncytial stage (i.e. when nuclei divide without cytokinesis; Pontieri et al. 2020), 8 to 16 hours
after egg laying, which is the ideal time for genetic manipulation by microinjection (Yan et al. 2017; Sieber et
al. 2021). The quantity of miRNAs injected in zygote, embryo or larva of different organisms varies substantially
between studies, ranging from 1.5*10-7 to 0.5 nmol (see Table S1). Here, we injected 7*10-5 nmol per egg,
which falls in the range of previous studies, but is about 7 times higher than the amount recommended by
Mollinari and Gonzélez (1998) for Drosophila. In addition, in chapter 2 we found that one synthetic miRNA,
miRug-d1, influenced the caste ratio by significantly increasing the proportion of gynes. This strongly supports
the fact that the miRNAs were injected at the appropriate time and concentration to influence the embryo’s

development.

Another consideration which might explain the negative result of our miRNA injections is redundancy. A single
miRNA can target a large number of mMRNAs and a single mRNA can be targeted by several miRNAs
(Palanichamy and Rao 2014; Fischer et al. 2015; Guo and Wang 2019). This is of relevance for our two
synthetic miRNA inhibitors miRug-d1 and miRug-d2. Despite their inhibiting action on miRNA-1 and miRNA-2
respectively, other miRNAs might have substituted their action, and therefore the miRNA inhibition would have
been counteracted by the action of redundant, non-inhibited, miRNAs. However, miRug-d1 did have a highly
significant effect on development (see Chapter 3) in that it influenced caste ratio. This suggests that
redundancy is unlikely to have affected the outcome reported here, as this does not reconcile with the effect
on development reported in Chapter 3. Therefore, we conclude that redundancy, whilst an issue that needs

further consideration for miRug-d2, did not affect the outcome of the miRug-d1 injection experiment.

Finally, we have not tested whether the synthetic miRNAs acted as intended, either as a miRNA mimic or
miRNA inhibitor. Several studies have demonstrated that synthetic miRNAs sometimes, and for unknown
reasons, do not act as designed to and specifically activated targeted genes instead of acting as
posttranscriptional gene silencers and inducing mRNA transcript degradation (Li et al. 2006; Vasudevan et al.
2007; Turner et al. 2014). If this happened in our experiments, it would mean that the injections did not mimic
the environment of an egg laid by a founding queen and therefore did not produce the expected phenotype
(i.e. nanitic workers). For instance, miRug-u3 and miRug-u4 were designed to mimic miRNA-3 and miRNA-4,
and therefore aimed at inhibiting their respective mRNA targets. If they did not mimic but rather inhibited their
respective miRNA, we would be unable to detect a decrease in size among the pupae. Further study should

demonstrate that the synthetic miRNAs do influence the concentration of the targeted miRNAs, by performing
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Northern blot analysis or quantitative real-time PCR (qPCR) using total RNA, and probes or primers specific
for a given miRNA and mRNA target. This would allow to rule out any problem of accuracy and specificity of
the designed miRNAs.

With regards to the Paolucci et al. findings, that reported miRNAs associated with worker size, and provided
the basis for this chapter, two elements potentially explain why we did not confirm their results. First, the
difference in miRNAs expression between eggs laid by founding and established queens (Paolucci et al.
unpublished) could have been a false positive, which would explain why manipulating the titres of the four
miRNAs in the eggs did not influence worker size. The second potential explanation is linked to the miRNA
quantification done by Paolucci et al., which may have been biased by the presence of trophic eggs among
their samples. When they collected the eggs for miRNA expression investigation, trophic eggs had not been
identified in this species yet. Therefore, their samples contained a mix of reproductive and trophic eggs of
unknown ratio, which, if different between founding and established queens, may have biased the miRNA titres
and furthermore, the miRNA expression difference between the two queen's groups. Trophic eggs have been
identified afterwards in established colonies, with a range between 30 - 50% of all eggs laid recorded as trophic
(pers. obs, see chapter 3). We assume that there was a similar percentage among the established colonies at
the time of Paolucci et al.’s sampling. However, the percentage of trophic eggs laid by founding queens of this
species is currently unknown. In Solenopsis invicta and Atta sexdens, the percentage of trophic eggs laid by
founding queens was 46.8% + 4.5% (average = SE; Glancey et al. 1973) and 90% (average; Huber 1907),
respectively, and for established queens it was 9.6% + 6.6% (Glancey et al. 1973) and 7.7% (Della Lucia et
al. 1990; Augustin et al. 2011), respectively. If P. rugosus follow the same pattern as S. invicta and A. sexdens,
then it is likely that the percentage of trophic eggs laid by P. rugosus founding queens was potentially much
higher at this early stage in comparison to the established stage. It is currently unknown what compounds are
present in trophic eggs, but if those miRNAs are not present or present but at different concentrations, this
becomes of extreme relevance as then the titres collected by Paolucci et al. are likely to have been diluted.
This would mean that the concentration of miRNAs is inversely proportional to the proportion of trophic eggs
in the sample, and that the difference in miRNA titres, between eggs laid by founding and established queens,
identified by Paolucci et al., is different than the reality. Therefore, the synthetic miRNA injected could not have
had the expected effect, which would explain why we did not detect a difference in worker size between treated
and control groups. This second explanation could be tested by evaluating the percentage of trophic eggs laid
by founding queens, as well as by determining whether the four targeted miRNAs are presents in trophic eggs

and in which concentration (i.e. identical or not to that in the reproductive eggs).

Conclusion

To conclude, the four synthetic miRNAs did not significantly influence worker size. Further investigation should
consider the use of a wider range of miRNAs as it is likely that many miRNAs influence size. Alternatively, a
complementary experiment could be done whereby the environment of founding queens’ eggs could be
manipulated, to see if the findings of Paolucci et al. is confirmed when scrutinized in the alternative direction.

In this case we would predict that the manipulated eggs of founding queens would develop into normal sized
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worker or larger than the average sized nanitic workers. In addition, this is the first time a method has been
developed for the microinjection in P. rugosus eggs and we firmly believe that such techniques could be used
to further investigate miRNAs functions in development, and can additionally be used to manipulate egg

content in a wider range of species, for a variety of measurable traits.
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Figure S1. Exp. A - Workers (A) and gynes (B) head width, treated with miRug-d2 (orange) or with the control
(green). The different point shapes show the data per recipient colonies (rc1-2-3 for the control and rc4-5-6 for the
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Table S1. Amount of miRNA injected in different organism.

Organism

Amount injected in nmol Reference

Mouse embryo

0.5 nmol

Joo et al. 2014

Mouse zygote

5*10-4-7*10-4 nmol

Zhang et al. 2015

Larvae and adult mosquitos 0.01 nmol Puthiyakunnon et al. 2013
Porcine oocyte 2*107 nmol Ridlo et al. 2021

Drosophila embryo 1.3*10-5 nmol Mollinari and Gonzalez 1998
Pogonomyrmex rugosus embryo 7*105 nmol This project
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Abstract

In eusocial insects, queen and worker castes arise from a single genome and exhibit substantial morphological,
behavioural and reproductive differences. It remains a fundamental challenge in biology to understand how
this phenomenon occurs. While a number of factors have been implicated in caste determination, one that has
thus far received little attention is the possible role of microRNAs (miRNAs), small noncoding RNAs. These
play essential roles in embryonic development by regulating gene expression and several miRNAs have
recently been described as involved in worker size regulation in the ant species Pogonomyrmex rugosus. In
order to experimentally verify the influence of miRNAs on worker size, we manipulated the levels of four
miRNAs in the egg, by injecting synthetic miRNAs and miRNA inhibitors. Instead of a difference in worker size,
the results showed that the inhibition of one miRNA, miRNA-1, influenced caste differentiation. We found a
significantly higher proportion of gynes developing from eggs treated with a miRNA inhibitor compared to eggs
subjected to a control treatment, with 50% and 22% of gynes, respectively. Our study provides evidence that

the inhibition of miRNA-1 is associated with caste differentiation, by triggering gyne development.

Keywords: microRNA, caste determination, gyne development, ants, Pogonomyrmex rugosus.
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Introduction

There are a number of factors that influence caste development in ants with variations between species, such
as food, worker:egg ratio, queen hibernation, presence/absence of the queen, hormones and pheromones,
age and condition, and genotype (see Chapter 4; Haydak 1970; Wheeler 1986; Holldobler and Wilson 1990;
Richards and Packer 1994; Schwander et al. 2008; Smith et al. 2008; Bignell et al. 2010; Miura and Scharf
2011; Guo et al. 2013; Walker 2017; Taylor et al. 2019; Libbrecht et al. 2011). However, the mechanisms
underlying caste determination in ants remain poorly understood and it is likely that several factors influencing
caste fate have not yet been identified. Moreover, it is unknown whether one or several factors need to act

jointly to regulate caste differentiation.

Among several experiments designed to investigate the potential effect of miRNAs on worker size (see Chapter
1), we serendipitously found that a high proportion of gynes emerged from eggs injected with miRug-d1. This
happened twice, in two different experiments, which took place at different times of the year, (i.e. before and
after hibernation). The production of gynes in the wild occurs after hibernation, in spring, in Pogonomyrmex
rugosus (Smith and Tschinkel 2006), with the mating flight in the summer (Gordon 1995; Smith and Tschinkel
2006). It is rare to observe gyne development in colonies maintained in the lab, except after the queen’s death
(pers. obs) or after a treatment with methoprene (juvenile hormone analogue), which triggers gyne
development (Libbrecht et al. 2013). This observation led us to investigate whether the miRNAs we were using

as a treatment to influence worker size might influence the larval caste fate.
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Materials and methods

The data used for the analyses of caste ratios comes from experiments designed to test whether four specific
miRNAs influence worker size. 12 miRNAs have been found to be differentially expressed between eggs laid
by founding and established queens (Paolucci et al., unpublished data). MiRNA-1 was under-expressed in
eggs from founding queens and seemed a potential candidate to be involved in influencing worker size.
MiRNA-1 was used as a template to synthesise miRug-d1 (Qiagen), acting as an inhibitor of miRNA-1. The
injections of miRug-d1 in eggs from established queens decreased miRNA-1 levels and mimicked its level in

eggs from founding queens.

Here we focus on miRug-d1 which was the only synthetic miRNA found to influence gyne development; the
three other synthetic miRNAs (miRug-d2, miRug-u3 and miRug-u4) are used as negative controls, to control
for nucleotide toxicity (see Chapter 1 for the characterization of the synthetic miRNAs, and details on the
method used for egg injection). Additionally, Milli-Q® ultrapure water (the solvent for mRNA dilution) was used

as a control treatment for the effect of injection.

Two experiments were carried out, the first one (hereafter referred to as Exp. 1) started 15 days after the
colonies came out of hibernation in March 2018 and the second one (hereafter Exp. 2) took place from July to
August 2020. Nine and ten colonies of Pogonomyrmex rugosus were used for Exp. 1 and Exp. 2, respectively.
Each colony was founded by a single queen collected after the mating flight in 2008 (Bowie, Arizona, USA) or
2013 (Bowie and Florence, Arizona, USA). They were maintained in the lab at 28°C with 60% humidity, with a
12-h/12-h light:dark cycle and fed once a week with grass seeds and flies, and 20% honey water every three

days.

For Exp. 1, we isolated the queens for 48 hours. The eggs were collected every eight hours and sorted by
type; trophic or reproductive (see Chapter 3), and trophic eggs were discarded. At the end of the 48h of
isolation, the queens were put back in their colony. The procedure for the injection is the same as for Exp. 2
and is described below. During Exp. 1, we observed that the egg laying rate decreased after 24 hours of
isolation, and so for Exp. 2 we isolated the queens only for 16 hours for egg laying, with an egg collection
every eight hours. The queens were then put back in their colony for eight hours until the next isolation session.
After three days under this isolation schedule, the queens were returned to their colonies for an uninterrupted
24-hour break.

After the collection, reproductive eggs were kept in a clean and humid petri dish for eight hours until the
injection. Eggs from both Exp. 1 and exp. 2 ranged from eight hours old (if deposited immediately prior to
collection) to a maximum of 16 hours (if deposited immediately post collection) at the injection time.
Reproductive eggs laid within the same eight hours were randomly separated into two groups; half were

injected with ~7nl of 10pmol/ul mMiRNA and half injected with Milli-Q® ultrapure water as a control.

For the injection, the eggs were put in a 600pm nylon mesh, to prevent them moving while injecting. Injections
were performed manually using a Femtodet ® 4x micro-injector (Eppendorf) with glass needles made from

pulled capillary tubes using a P-97 Pipette Puller. The exact settings were adjusted for every needle separately
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in order to have an identical volume injected in the eggs for every injection session. Eggs stayed in the mesh,
untouched, for two hours to recover from the injection. They were then removed carefully from the mesh and
put into a petri dish containing a water reservoir for humidity where they developed for 10 days. Larvae were
collected right after hatching (petri dishes monitored every four hours) and placed into recipient colonies (a
group of workers without a queen) as they needed care and food to develop until pupation. We created one
recipient colony for the control and one for the treatment for Exp. 1, whereas for Exp. 2 there were three
recipient colonies for the control and three for the treatment in order to take into account the box effect of the
recipient colonies on the developing larvae. A recipient colony contained 40 workers in total — 20 foragers
taken in the foraging arena and 20 nurses taken from inside the nest. There was no crossfostering, so both
the eggs and the workers raising the eggs came from the same colony. Individuals developing from the injected
eggs were collected at the pupal stage, as worker and gyne are morphologically distinct at this developmental

stage in P. rugosus and the caste was recorded.

For the analysis, we compared the proportion of gyne pupae between the control and treatment group. We
used Rstudio (RStudio Team 2015) and the package Ime4 (Bates et al. 2015) to perform a linear mixed effects
analysis, with caste as response variable, which is a binary categorical factor, and treatment type as
explanatory variable. We added colony as a random effect for Exp. 1, and recipient colonies nested in colony
for Exp. 2. We ran an additional analysis to test whether the treatment type might influence the survival (from
egg to larvae and from larvae to pupae). We performed a linear mixed effects analysis with survival as

response variable, treatment type as explanatory variable, and colonies as random effects.
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Results

We did not find any difference in size between the treatment (injection of eggs with one of four different
miRNAs) and control groups (injection with water) for either workers or gynes (see Chapter 1). However, we
found a significantly higher proportion of gynes in the group treated with miRug-d1 compared to the control, in
both experiments (Exp. 1: B = -6.50, SE =3.10, z =-2.10, p = 0.036; Exp. 2: B =-2.40, SE=1.13,z=-2.13, p
= 0.033; Data of both experiments pooled together: 8 =-3.77, SE = 1.23, z=-3.07, p = 0.002). In Exp. 1 there
was 48+16% of gynes in the treatment and 18+15% of gynes in the control (Figure 1A; average + SE). In
Exp. 2, there was 52+12% and 27+8% of gynes in the in the treatment and control groups, respectively (Figure
1B).
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Figure 1. Average of the percentage of gynes treated with miRug-d1 or with the control, for Exp. 1 (A) and Exp. 2
(B).

-50-



CHAPTER Il — miRNA manipulation affects gyne development

Table 1. Number of worker and gyne pupae that developed from eggs injected with water (control treatment - ¢) or
miRNA treatment - t). For Exp 1. (A) there was one recipient colony for the control and one for the treatment for
each colony replicate, for Exp. 2 (B) there were three recipient colonies per colony replicate and treatment and the
three numbers per cell show the number of pupae per recipient colony. Empty lines or cell means that no pupae

developed in this recipient colony.

A Sample 1 81 117 130 173 303 316 12B 99A Total
size c |t c |t c|t c |t c |t c |t c|t c |t c |t c |t
worker | 1 | 5 412 17 1 3 1 716 33|14
gyne 5 2 (1 2|6 2 1 1 7 13

B Sample 1 81 117 130 173 193 303 316 12B 99A Total
size | ¢ |t c|t c|t c|t c|t c|t c|t c|t c|t c|t c|t

13| |6|2| 2|3]| |6 113 |1 1)1 102 |1]2] 3]|2
worker | 3 5|2 |9 1 1|1 20 1|7 1|3/ 71|38
6 63| |6 1|1 1 8
2|1 4| 3|3 |3 3 1 1 11 1
gyne 2|3 4| |32 |31 1 1(3 4|2 26|41
3 3 4

In both Exp. 1 and Exp. 2, there was no significant difference in survival between treatment and control groups
for the transition from egg to larva (Exp. 1: B =-1.72, SE = 2.35, t20) = -0.73, p = 0.48; Exp. 2: B = 4.27, SE =
4.58, t(20) = 0.93, p = 0.37) and larva to pupa (Exp. 1: B =-3.80, SE = 12.92, t(20) =-0.29, p = 0.78; Exp. 2: B =

-1.94, SE = 3.80, t20) = -0.51, p = 0.62; Table 2).

Table 2. Percentage of survival at two developmental stages: egg to larva and larva to pupa, for Exp 1 and Exp 2

(average +SE).

Percentage of survival

(average +SE)

miRug-d1

Treatment

Control

Exp. 1
Egg tolarva Larva to pupa
23.6+4.1%  29.91+10.3%
25.345.0% 33.7+8.8%
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Discussion

This study provides the first evidence for the role of a miRNA in queen vs worker caste determination in the
ant P. rugosus. This novel miRNA, miRNA-1, when down regulated in eggs, significantly increases the
likelihood of gyne development. Although miRNA-1 has not previously been described, we suggest it is a good
target for future research on ant caste determination. Furthermore, this is the first study to have successfully
influenced caste fate by experimentally manipulating miRNA within eggs and we hope future research is able

to utilize our methodology.

Paolucci et al. (unpublished data) found that miRNA-1 is expressed in eggs laid by established queens and
under-expressed in eggs from founding queens. In our study, miRug-d1 was designed to inhibit miRNA-1, and
we expected that its injection into eggs from established queens would result in the development of small
workers. However, we instead found that the injection influenced the embryo’s development by increasing the
probability of developing into a gyne. Those two results could seem contradictory as no gynes develop at the
founding stage even though miRNA-1 is under-expressed in eggs, but as discussed below, there are at least

three non-mutually exclusive explanations for our findings.

First, trophic eggs had not been identified in this species when Paolucci et al. collected the eggs for miRNA
expression investigation. Subsequently, their samples contained a mix of reproductive and trophic eggs of
unknown ratio. Trophic eggs have been identified in the course of Exp. 1 (see Chapter 1), with a range between
30 - 50% of all eggs laid recorded as trophic (pers. obs). We assume that there was at least a similar
percentage among the established colonies at the time of Paolucci et al.’s sampling. However, the percentage
of trophic eggs laid by founding queens of this species is currently unknown. In Solenopsis invicta and Afta
sexdens, the percentage of trophic eggs laid by founding queens was 46.8% + 4.5% (average = SE; Glancey
et al. 1973) and 90% (average; Huber 1907), respectively, and for established queens it was 9.6% * 6.6%
(Glancey et al. 1973) and 7.7% (Della Lucia et al. 1990; Augustin ef al. 2011), respectively. If P. rugosus follow
the same pattern than S. invicta and A. sexdens, then it is a reasonable assumption that the percentage of
trophic eggs laid by P. rugosus founding queens was potentially much higher at this early stage in comparison
to the established stage. It is currently unknown what is actually in the trophic eggs, but if we assume that
miRNA-1 is not present in them, this becomes of extreme relevance as then the titres per egg determined by
Paolucci et al. are likely to have been diluted by the presence of trophic eggs in the sample. This would mean
that the measured expression of miRNA-1 in a pooled eggs sample is inversely proportional to the proportion

of trophic eggs in the sample.

Second, at the time of the experiment done by Paolucci et al, the established colonies were five years old but
had not started producing gynes, although it is the approximate age where colonies start producing them
(Gordon 1995). It is likely that the laboratory conditions and colony growth limitation due to the box size
influenced the development of the colonies and thereby delayed the production of sexuals. Wild colonies reach
12’000 workers at five years old (Gordon 1995), while lab colonies count 800 workers maximum at the same
age (pers. obs), and in several species, colonies need to reach a minimum size to start producing sexuals

(Gordon 1995; Cole and Wiernasz 2000; Smith and Tschinkel 2006). In the absence of any recorded gyne
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development, we can extrapolate that the level of miRNA-1 detected by Paolucci ef al. came from worker-
destined eggs. The established colonies used for Exp. 1 and 2 were 5 and 12 years old, respectively, and they
had started producing gynes. Therefore, the inhibition of miRNA-1, through injections of miRug-d1, could have
triggered the development of gynes. As a consequence, the fact that miRNA-1 was under-expressed in
founding queen’s eggs but that no gynes develop at this stage could be explained by the colony life cycle
stage. Many factors, such as queen age, the food quality and quantity or the social environment may favor the
development of workers and prevent the development of gynes at the founding stage (Schwander et al. 2008;
Libbrecht et al. 2011; Taylor et al. 2019). At this critical stage, the queen needs to produce enough workers to
develop the colony and the energy required for gyne production would be highly detrimental for the colony
survival. The queen herself could influence the caste fate of her offspring by changing the content of her eggs
(i.e. maternal effect; Schwander et al. 2008). The expression level of miRNA-1 could vary between life cycle
stages, as it has been shown to vary between developmental stages. Feng et al. (2018) showed that miRNAs
were highly expressed in the larval and adult stages and under-expressed in the pupal stage. The interaction
between factors specific to the founding stage with the expression level of miRNA-1 could explain how the
latter is under-expressed in founding queen’s eggs without triggering gyne development, whereas its inhibition

in established queens’ eggs results in the development of gynes.

And finally, the difference in miRNA-1 expression level between eggs laid by founding and established queens
detected by Paolucci et al. could be a false positive. This would explain why there is no gyne development at
the founding stage if the level of miRNA-1 in the reproductive eggs is the same than at the established stage,

when only workers are produced.

We find that miRNA-1, when down regulated in eggs, significantly increases the likelihood of gyne
development. One alternative interpretation that is less compatible with our results is that the queen- and
worker-destined eggs would have a differential survival probability when injected with miRNA-1. For instance,
pre-determined eggs could have a differential mortality influenced by their caste fate, which could result in a
higher number of gynes simply by merit of larger number of eclosing pupae. However differential survival alone
cannot explain our results. We performed analyses to check for confounding differences in survival (from egg
to larvae and larvae to pupae) and we did not find any difference between control and treatment groups. This
allows us to exclude differential survival between castes as the main explanation for the high proportion of

gynes observed in the treatment group.

A recent study from Guo et al. (2013) artificially manipulated the concentration of miRNAs in the royal jelly of
the honeybee A. melifera. The queen-destined larvae fed with this royal jelly developed a worker-like
morphology, and in addition, significant changes in mRNA expression were observed. Guo et al. (2013) and
Zhu et al. (2017) found that in the honeybee, the worker jelly is enriched in miRNA complexity and abundance
compared to the royal jelly, and they suggest that it is not the royal jelly that stimulates the differentiation of
larvae into queens but rather the worker jelly which ensures the development of the larvae into workers.
MiRNAs enriched in the worker jelly delay larval development and decrease body size, thereby preventing

larval differentiation into queens and inducing development into worker bees (Zhu et al. 2017). Guo et al.
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(2013) propose that miRNAs in the nurse bee secretions constitute an additional element in the regulatory

control of caste determination in the honey bee.

One of the differences between the study of Guo et al. (2013) and ours is the fact that they have influenced
caste-related traits at the larval stage, resulting in queen-destined pupae that developed worker-like traits. In
our study, we managed to manipulate the caste fate of the individual earlier, at the egg stage, which is as early
as possible in ant development without artificially removing eggs from the queen directly. As it is currently
unknown when caste differentiation occurs in P. rugosus, we cannot know whether the miRNA inhibitor
influenced gyne development right after injection or whether it stayed undegraded in the eggs and acted later
in the embryo’s development or even in the early larval stage. However, we obtained well developed queen
pupae, not only worker pupae with a queen-like morphology, which suggests that miRNA-1 has a complete
action in caste differentiation in P. rugosus. Investigations of miRNA expression at early developmental stages
have thus far only been done in bee larvae where individual caste fate is known (Pereboom et al. 2005;

Cameron et al. 2013), thanks to distinct worker versus queen cells (Shi et al. 2011).

Our study provides further compelling evidence that miRNAs are key factors involved in development. In
insects, both maternal miRNAs and miRNAs produced by the embryo play important roles in developmental
transitions (Asgari 2013; Ylla et al. 2017), sex determination (Fagegaltier et al. 2014) and phenotypic plasticity
(Trionnaire et al. 2008; Legeai et al. 2010). For example, let-7 is one of the most conserved miRNA known,
which is involved in several important developmental processes, such as the regulation of the developmental
timing, the development of the nervous system, or the control of cell divisions in wing development (Asgari
2013). Seventeen miRNAs have been found involved in the development of the two sexual and asexual
morphs in aphids (Trionnaire et al. 2008), and in the locust Locusta migratoria, the concentration of miRNAs
was found to be nearly twice higher in the gregarious phase compared to the solitary phase (Wei et al. 2009).
Within the eusocial Hymenoptera, several studies have identified differentially expressed miRNAs between
queen and worker adult (Weaver et al. 2007; Ashby et al. 2016), queen- and worker-destined larvae (Guo et
al. 2013; Shi et al. 2015; Collins et al. 2017; Zhu et al. 2017) or within the worker caste, between soldiers and
workers (Matsunami et al. 2019). Liu et al. (2012) found that nine miRNAs are differentially expressed between

bee nurses and foragers, and that some of the predicted target genes are associated with neural functions.

The importance of miRNAs cannot be understated for their role in development, however they are likely to be
of even greater biological significance. In 2015, Sovik et al. found 5 genes associated with eusociality in
Hymenoptera independent of phylogeny. They suggested that miRNAs might have contributed to the
emergence of eusociality in insects. Comparisons of miRNA expression amongst castes have been conducted

in eusocial Hymenoptera.

In conclusion, we offer evidence of a novel miRNA involved in caste determination in the ant P. rugosus.
Experimentations with direct pharmacological manipulation supports the premise that suppression of miRNA
expression at the egg stage can influence ultimate determination of gyne caste, irrespective of external factors.

While there are no doubt additional factors at play (as the result is not black and white), this is strong evidence
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of an actual important regulating aspect, as the gynes produced had distinctive gyne morphology and no

worker-like characteristics (unlike in Guo et al. 2013).

Further investigations in miRNA expression in P. rugosus eggs and first instars larvae might give further
resolution on the miRNAs involved in caste determination at those developmental stages. More precisely,
determining the titres of miRNA-1 in the eggs as well as in queen- and worker-destined larvae would confirm
whether miRNA-1 is naturally differentially expressed according to the caste fate of the individuals, and
therefore corroborate our results. In addition, the accurate identification of specific miRNA cocktails combined
with our injection technique and incubation process of manipulated eggs might further resolve the precise

importance of early gene expression on caste.
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Supplementary material

Table S1. Percentage of survival at two developmental stages: egg to larva and larva to pupa, for Exp 1 and Exp 2

(average +SE).

Percentage of survival Exp. 1 Exp. 2
(average +SE) Egg to larva Larva to pupa Egg to larva Larva to pupa

Treatment 23.6+4.1% 29.9+10.3% 47.2 +7.3% 19.8 +5.0%

miRug-d1 Control 25.3+5.0% 33.718.8% 42.9 +7.7% 21.8 +4.5%
Statistics B=-172 SE=235 B=-3.80 SE=1292 | B= 427 SE= 458 B=-1.94 SE=3.80
t(zo) =-0.73 p= 0.48 t(zo) =-0.29 p= 0.78 t(zo) =0.93 p= 0.37 t(zo) =-0.51 p= 0.62

Treatment 23.0+3.3% 29.1+7.0% 55.6+5.5% * 30.3 +£9.6%

miRug-d2 Control 24.5+3.4% 25.1+6.7% 41.947.5% * 29.4 +8.8%
Statistics B=-150 SE=233 B=4.00 SE=7.91 B=1397 SE=4.41 PB=0.90 SE=11.58
a t(zo) =-0.65 p= 0.53 t(go) =0.51 p= 0.62 t(zo) =3.17 p= 0.01 t(zo) =0.08 p= 0.94

Treatment - - 57.9 +5.0% 32.5+5.8%

miRug-u3 Control - - 52.4 +4.4% 35.4 +8.0%
Statistics ) ) B=555 SE=3.42 PB=-285 SE=549

te0) = 1.62 p=0.13

t0) =-0.52 p=0.61

In Exp. 1 there is no significant difference in survival between treatment and control groups for the transition

from egg to larva and larva to pupa. Exp. 2 there is significantly more larvae that hatch from the eggs injected
with miRug-d2 than from the control, 55.6+5.5% for 41.9+7.5% respectively (average + SE; p = 13.97, SE =

4.41, t(9) = 3.17, p = 0.011). There is no significant difference in survival for the other miRNAs in both

transitions (egg to larva and larva to pupa).
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Abstract

Understanding how a single genome creates distinct phenotypes remains a fundamental challenge for
biologists. Social insects provide a striking example of polyphenism, with queen and worker castes exhibiting
morphological, behavioural, and reproductive differences. Although a number of factors are known to influence
caste development in ants (e.g., food, worker: egg ratio, presence/absence of the queen or hormones), it is
likely that several factors have not yet been identified. In this study, we report evidence supporting a role of
trophic eggs in caste determination in the harvester ant Pogonomyrmex rugosus. Trophic eggs, unlike
reproductive eggs, do not contain an embryo and are primarily regarded as an additional food source for the
colony. We show that first instar larvae that had access to trophic eggs mostly developed into workers, whereas
larvae without access to trophic eggs developed into gynes. This prompted us to investigate trophic egg
content to identify which molecules could influence larval development in the direction of the worker caste. The
results show that trophic eggs differ morphologically and quantitatively from reproductive eggs, with less
protein, triglycerides, glycogen, sugar and small RNAs. Moreover, comparison of miRNAs fragment size
distribution suggests differences in the composition of these miRNAs between the two egg types. These results
raise the possibility that trophic eggs are an evolved maternal adaptation involved in caste determination in

ants.

Keyword: Trophic eggs, P. rugosus ant, caste determination, triglycerides, glycogen, proteins, small RNA
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Introduction

The textbook definition of trophic eggs are eggs that do not contain an embryo whose primary function has
been described as a food source for developing offspring. The occurrence of this phenomenon is widespread,
having been observed in several taxa, including insects, spiders, amphibians, marine invertebrates and sharks
(Levin and Bridges 1995; Blake and Arnofsky 1999; Collin 2004; Kudo and Nakahira 2004; Perry and Roitberg
2006; Strathmann and Strathmann 2006; Gibson et al. 2012; Lépez-Ortega and Williams 2018). In all cases,
the widespread assumption is that these non-developing eggs are either (1) a mistake or by-product of failed
reproduction, or (2) an evolved maternal adaptation to provide food resources for offspring and/or to reduce
sibling cannibalism (Perry and Roitberg 2006). The only review on trophic eggs in eusocial insects was
published by Crespi (1977) who put forwards two hypotheses providing an adaptive explanation of the
evolution of trophic eggs. The first hypothesis assumes that trophic eggs serve as food for the colony members,
and the second hypothesis is that trophic eggs provide an advantage for workers by keeping their ovaries
active, which would be beneficial to rapidly switch to reproductive egg laying after the queen’s death. None of
the hypotheses explain the evolution of trophic egg laying by queens. Since Crespi’s review, there has been

no further theoretical debate on the evolutionary origins of trophic eggs in eusocial insects.

The morphological differences between reproductive and trophic eggs have been described in several ant
species (Acanthomyrmex careoscrobis, Anoplolepis gracilipes, Lasius niger, Messor semirufus, Myrmecia
gulosa, several Myrmica sp. and Neoponera villosa; Urbani 1991; CamargoMathias and Caetano 1995;
Wardlaw and Elmes 1995; Dietemann et al. 2002; Helms Cahan et al. 2011; Lee et al. 2017; Yamada et al.
2018), however we found very little first-hand information about trophic eggs composition and production in
ants across the literature. Only a few studies aimed at investigating trophic eggs directly, and the general
assumption is that they are a food source for the colony and that they are laid by workers (as per Crespi 1977;
Perry and Roitberg 2006). For the few species for which information is available, it is often incomplete and
surprisingly unclear whether trophic eggs are laid by queens and/or workers. As a demonstration, we have
collected all the data available on 60 species (to the best of our knowledge this is all the data available and
comprises eight subfamilies; Table 1), and recorded whether or not the authors noted if the trophic eggs of
that species were produced by queen(s) or workers. Trophic eggs are laid only by workers in three species,
only by queens in three species, by both worker and queen in 10 species, and there are two species that do
not produce trophic eggs at all. For the remaining 42 species, either workers or queens have been identified

as producing trophic eggs, but it remains unclear whether the other caste lay or not trophic eggs.

It remains to be determined what factors influence trophic egg production, whether trophic eggs are laid all
year-round or in specific periods (e.g. before and after hibernation) or how the timing of the colony life cycle
(e.g. founding vs established stage) affects their production. Studies on several Myrmica species revealed that
the production of trophic eggs by workers is influenced by the absence of the queen, the period of the year
(before and after hibernation) and an increased exposure to light (Brian and Rigby 1978; Passera 1978; Choe
1988; Wardlaw and Elmes 1998), but not by worker size or age, the presence of brood or the size-class of the
larvae. It remains to be clarified whether queens in Myrmica species are involved in trophic egg production.

Additionally, there is almost no information regarding the content of trophic eggs, with the exception of one
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study from Lorber and Passera (1981) which showed that trophic and reproductive eggs have the same

composition in soluble proteins, but that the concentration is lower in trophic than in reproductive eggs.

Ultimately, the sweeping generalization that trophic eggs only provide a nutritional function is based on
surprisingly little direct evidence and may be inaccurate. For example, recent studies on marine invertebrates
revealed that trophic eggs contribute to the development of different morphs in the larvae of several spionid
species (Gibson et al. 2012; Oyarzun and Brante 2015) and influence the duration of the larval stage (Simon
2015). In these species, trophic eggs are produced by the mother and are formed through an active
developmental process, which lead Gibson et al. (2012) to conclude that trophic eggs are an evolved maternal
adaptation. In ants, we were able to find a single study (Bartels 1988) in which the author described a potential
influence of trophic eggs on larval development in the Argentine ants Linepithema humile. He observed a direct
competition between queen and larvae to eat the trophic eggs laid by workers, with larvae failing to develop
into queens without eating trophic eggs. The results from our own work on P. rugosus (see chapter 1,
unpublished data) also suggest a role of trophic eggs on caste determination. A substantial research effort has
been spent for years in eusocial insects to try to understand the factors influencing the caste fate of an egg.
So far, several factors have been identified, such as environmental, nutritional, social, hormonal, pheromonal
and genetic factors (Brian 1974; Bartels 1988; Anderson et al. 2008; Helms Cahan et al. 2011; Guo et al. 2013;
Libbrecht et al. 2013), but despite this, the mechanism behind caste determination remains unclear. The aim
of the present study is to investigate the potential role of trophic eggs in caste determination in P. rugosus
ants. Firstly, we report on an experiment confirming a role of trophic eggs in caste determination wherein we
discovered that when first instar larvae are raised in recipient colonies without trophic eggs, the percentage of
gynes that developed was significantly higher than in recipient colonies where there were trophic eggs.
Secondly, we investigate the structure and molecular composition of trophic eggs to test the hypothesis that
the larval caste fate is directly influenced by some components found in trophic eggs. Finally, we discuss our
results in the light of the theory of trophic eggs as an evolved maternal adaptation in P. rugosus and suggest

that the notion of trophic eggs serving only as a nutritional supplement is inaccurate.

Table 1. List of ant species for which previous studies described the presence or absence of trophic eggs and
whether they are laid by queens (q), workers (w), both (q & w) or neither (no trophic eggs). Question marks indicate
that there is no information available concerning this caste or that further investigations are necessary to confirm or
deny it. The absence of a caste means that it does not lay trophic eggs.

Subfamily Species T-eggs laid by: | References
Amblyoponinae An7b/yopone silvest/"ii ' no trophic eggs | (Masuko 2003)
Prionopelta kraepelini w-q? (Masuko 2003)
Dolichoderus quadripunctatus w-q? (Fletcher and Ross 1985)
Dolichoderinae Linepithema humile w-q? (Bartels 1988)
Technomyrmex albipes w&q (Yamauchi et al. 1991)
Gnamptogenys menadensis w (Gobin et al. 1998, 1999)
Ectatomma tuberculatum w-q? (Hora et al. 2007; Azevedo et al. 2011)
Ectatomminae Gnamptogenys costata w-q? (Gobin et al. 1998)
Gnamptogenys dammemani w-q? (Gobin et al. 1998)
Gnamptogenys moelleri w-q? (Gobin et al. 1998)
Formicinae Plagiolepis' pygmﬁea w (Passera 1980)
Anoplolepis gracilipes w-q? (Lee et al. 2017)
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Cataglyphis floricola w-q? (Amor et al. 2017)
Cataglyphis tartessica w-q? (Amor et al. 2017)
Formica pergandei w-q? (Hung 1973)
Oecophylla longinoda w-q? (Gobin et al. 1998)
Lasius niger w-q? (Urbani 1991)
Myrmegiinae Myrmec{a forceps w-q? (Freeland 1958)
Myrmecia gulosa w-q? (Dietemann et al. 2002)
Pheidole pallidula q (Lorber and Passera 1981)
Pogonomyrmex rugosus q (Genzoni pers. obs.; Cahan et al. 2011)
Solenopsis invicta q (Fletcher and Ross 1985)
Pogonomyrmex barbatus q-w? (Volny et al. 2006)
Pogonomyrmex J lineages q-w? (Helms Cahan et al. 2011)
Acromyrmex sp. w-q? (Choe 1988; Dijkstra et al. 2005)
Aphaenogaster cockerelli w-q? (Smith et al. 2008)
Aphaenogaster rudis w-q? (Khila and Abouheif 2008, 2010)
Aphaenogaster subterranea w-q? (Passera 1978; Choe 1988)
Atfta laevigata w-q? (Passera 1978)
Leptothorax acervorum w-q? (Ilto 2005)
Leptothorax recedens w-q? (Choe 1988)
Messor sp. w-q? (Choe 1988)
Messor capitatus w-q? (Urbani 1991)
Myrmicinae Messqr semiru.fus w-q? (Urt.>ani 1991) .
Myrmica americana w-q? (Khila and Abouheif 2008)
Novomessor cockerelli w-q? (Choe 1988)
Pogonomyrmex badius w-q? (Passera 1978)
w-q?
w-q?
q?

Pogonomyrmex californicus

(Smith et al. 2007)

Temnothorax recedens (Nyl.)

(Dejean and Passera 1974)

Zacryptocerus varians (fr. smith)

=

(Wilson 1976)

Acanthomyrmex careoscrobis Moffett

w&q

(Yamada et al. 2018)

Acanthomyrmex ferox

(Gobin and Ito 2000)

Atta sp.

(Choe 1988; Dijkstra et al. 2005)

Atta sexdens

(Della Lucia et al. 1990; Augustin et al. 2011)

Crematogaster smithi Creighton

(Heinze et al. 1995)

Myrmica rubra

(Wardlaw and Elmes 1995)

Myrmica ruginodis

(Wardlaw and Elmes 1995)

Myrmica schencki

(Wardlaw and Elmes 1995)

Myrmica sulcinodis

|z |g |2 g |2 |2
Q0| Qo0 Qo Qo |QoQo|Qo|Qo
o|lolo|aelalola|a

(Wardlaw and Elmes 1995)

Nothomyrmeciinae | Nothomyrmecia macrops w-q? (Choe 1988)
Rhytidoponera mayri no trophic eggs | (Choe 1988)
Hypoponera eduardi q? (Choe 1988)
Odontomachus haematodes q? (Choe 1988)
Rhytidoponera purpurea q? (Choe 1988)

Ponerinae Pachycondyla apicalis w (Dietemann and Peeters 2000)
Neoponera villosa w-q? (CamargoMathias and Caetano 1995)
Pachycondyla krugeri w-q? (Gobin et al. 1998)
Paraponera clavata w-q? (Peeters 2017)
Diacamma rugosum w? (Choe 1988)
Ophthalmopone berthoudi w? (Choe 1988)
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Materials and methods

All established colonies used in this study were initiated by queens collected after a mating flight in 2008
(Bowie, Arizona, USA) or 2013 (Bowie and Florence, Arizona, USA). For all the sampling periods, the colonies
were maintained at 28°C and 60% humidity, with a 12-h/12-h light:dark cycle and fed 24 hours before an egg

collection session or once a week with grass seeds, flies and 20% honey water.
Trophic eggs influence on the larval caste fate

To determine whether trophic eggs influence the process of caste determination, we conducted an experiment
where small queenless colonies (hereafter called recipient colonies) raised larvae until pupal stage. In half of
the colonies, larvae were provided trophic eggs and in the other half, they did not receive trophic eggs. Once
the pupal stage was reached, we compared the proportion of gynes and worker pupae that developed in
recipient colonies. We conducted the experiment in October and November, 2020 using twenty-two P. rugosus
colonies. Each day queens were isolated for 16 hours and eggs were collected twice every eight hours. The
queens were then put back in their colony for eight hours until the next isolation session. After three days under
this isolation schedule, the queens were given an uninterrupted 24-hour break. After collection, the eggs were
sorted by type, trophic or reproductive, based on their color, shape and chorion resistance (see result section
& Figure 1 for details). Reproductive eggs were kept in a petri dish containing a water reservoir and developed
for 10 days until larvae hatched and trophic eggs were discarded. We created two recipient colonies per colony,
one was used for the treatment group (with trophic eggs) and the other one for the control (no trophic eggs).
Each recipient colony contained 10 foragers taken from the foraging arena and 10 nurses taken from inside
the nest. Right after hatching, each larva from the treatment group was introduced in the corresponding
recipient colony with three 0-4-hours old trophic eggs (queens were isolated again every day once larvae
started hatching to provide freshly laid trophic eggs), whereas larvae from the control group were put in the
recipient colony without trophic eggs. The same number of larvae (15 larvae on average) were placed in the
two recipient colonies (control and treatment). There was no cross-fostering between colonies, so both the
larvae and the workers raising the larvae came from the same colony. Individuals were collected at the pupal
stage, as worker and gyne are morphologically distinct at this developmental stage in P. rugosus and the caste

was recorded.

To compare the proportion of gyne pupae between the group with and without trophic eggs, we used Rstudio
(RStudio Team 2015) and the package /me4 (Bates et al. 2015) to perform a binomial linear mixed effects
analysis, with caste as response variable (binary categorical factor) and presence/absence of trophic eggs as
an explanatory variable. Colony was included as a random effect. We considered that an alternative
explanation of a differential caste ratio between control and treatment (other than an effect of trophic eggs on
the larval caste fate) could be a differential mortality with larvae eating trophic eggs having a higher survival
rate than larvae without trophic eggs. To test for this, we performed a linear mixed effects analysis with mortality
as response variable, presence/absence of trophic eggs as explanatory variable, and colonies as random
effects. As we found a significantly higher survival rate in larvae eating trophic eggs than larvae without trophic

eggs, we tested whether the survival might be correlated to the percentage of gynes by performing a linear
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mixed effects analysis with the percentage of gyne as response variable, number of dead larvae as an

explanatory variable and colonies as random factor.
Content of trophic and reproductive eggs

The egg collections were carried out in March-October 2021 in twelve colonies. Queens were isolated for 10
hours (7am to 5pm CET) and kept in the dark in a petri-dish with three workers and a water supply. Eggs were
collected every hour using a fine brush, sorted and pooled by type, trophic or reproductive, according to the
different protocol requirements: 6 eggs were pooled for RNA extraction and 20 eggs pooled for fat-sugar-
protein extraction. Right after, the samples were flash-frozen in liquid nitrogen, so all eggs were a maximum
of one hour old. Egg samples were kept at -80°C to preserve their content until the extractions were performed.
After the 10 hours isolation, queens and workers were put back into their colony until the next isolation session.

There were two replicates per egg type and colony for both RNA and fat-sugar-protein extractions.
Total and small RNA

RNA (>200 nt) and small RNA isolations were performed using the miRNeasy Mini Kit (Qiagen, cat. no.
217004) and RNeasy® MinElute® Cleanup Kit (Qiagen, cat. no. 74204), respectively. In brief, eggs were
homogenized in QlAzol Lysis Reagent (Qiagen) with beads using a Precellys Evolution tissue homogenizer
coupled with a Cryolys Evolution (Bertin Technologies SAS). Chloroform was added and after centrifugation,
the upper aqueous phase containing the RNA was carefully removed and transferred in a new reaction tube.
Ethanol was added to the sample and after vortexing, it was pipetted into a RNeasy Mini spin column. After
centrifugation, the flow-through containing the small RNAs was transferred into a RNeasy MinElute spin
column and after several washes, small RNAs were eluted in RNase-free water. The RNeasy Mini spin column
was washed as well, and the RNA (>200 nt) were eluted in RNase-free water. RNA (>200 nt) and small RNA
concentrations were measured with a QuantiFluor® RNA System (Promega). RNA (>200 nt) integrity was
examined with an Agilent Fragment Analyzer (at the Lausanne Genomic Technologies Facility) using a High
Sensitivity Assay and small RNA were examined using the small RNA kit (at the Gene Expression Core Facility

at EPFL). All RNA samples were stored at 4°C for future potential analyses.

For the analyses, we compared the miRNA and RNA (>200nt) concentrations between the reproductive and
trophic egg groups. We took the average between the two replicates per colony and used Rstudio (RStudio
Team 2015) to perform a paired t-test. To detect potential differences in small RNA identity between trophic
and reproductive eggs, we used the electropherogram of the samples and did a Mantel test on the fragment
distribution, between 10 to 40 nucleotides for the miRNAs (Figure 6C) and 50 to 90 for the RNA transfer (tRNA).
As the RNA messenger (mRNA) fragments are too large to be detected by the Fragment Analyzer, we used
the range containing the mRNA degraded fragments (from 200 to 2000 nucleotides; Figure 7A) to indirectly
evaluate the mRNA fragment distributions. Differences in mRNA fragment distributions between trophic and
reproductive eggs would be an indication of differential mRNAs between the two egg types. We also compared
the mRNA degradation between the two egg types by calculating the area under the curve for the fragments
between 200 and 2000 nucleotides. We did a linear mixed model analysis with the residues to take the RNA

concentration into account.
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Triglycerides, glycogen, glucose, and proteins quantification

Triglycerides, glycogen and glucose were quantified as described by Tennessen et al. (2014), and protein
levels were measured using a Bradford assay (Bradford 1976). The 20 one-hour old eggs per sample were
homogenized with beads in 200ul of PBS buffer in a Precellys Evolution tissue homogenizer coupled with a
Cryolys Evolution (Bertin Technologies SAS). The homogenate was separated in aliquots to perform the three
Bradford, Glycogen/Glucose and Triglycerides assays. All isolated homogenates that could not be immediately

processed were stored at -80°C to avoid degradation.

For the Bradford assay, 10ul of the homogenate (in duplicates) were put in a clear-bottom 96-well plate with
300ul of Coomassie Plus Reagent (Thermo Scientific: 23200) and incubated for 10 minutes at room
temperature. Protein standard (Sigma: P5369) was used as standard (ranging from 0-0.5mg/ml) and protein

absorbance was read at 595nm on a Hidex Sense Microplate Reader.

To get an estimation of the lipid content in trophic and reproductive eggs, we extracted and quantified
triglycerides, as they are the basic unit of lipids. For the triglycerides assay, 90ul of homogenate were heat
treated at 70°C for 10 minutes, then 40ul were mixed with 40ul of Triglyceride Reagent (Sigma: T2449) for
digestion and 40ul were mixed with PBS buffer for free glycerol measurement. After a 30 minutes incubation
at 37°C, 30ul of each sample and standards were transferred to clear-bottom 96-well plate (in duplicate). We
added 1001 of Free Glycerol Reagent (Sigma: F6428) to each sample, mixed well by pipetting and incubated
five minutes at 37°C. Glycerol standard solution (Sigma: G7793) was used as standard (ranging from 0-1.0
mg/ml TAG) and absorbance was read at 540nm on a Hidex Sense Microplate Reader. The triglycerides
concentration in each sample was determined by subtracting the absorbance of free glycerol in the

corresponding sample.

Glucose is another major source of energy, which is stored in the form of glycogen. To estimate the glucose
and glycogen content in trophic and reproductive eggs, we used a glycogen assay, as described in Tennessen
et al. (2014). The assay is based on the conversion of glycogen to glucose by the amyloglucosidase enzyme
and on its measurement by the glucose assay reagent. The 90 pl aliquot was heat treated at 70°C for 10 min
and then diluted 1:2 with PBS. The standard curves for glucose (Sigma, G6918) and glycogen (Sigma: G0885)
were made by diluting stocks to 160 pg/ml, making 1:1 serial dilution for 160, 80, 40, 20 and 10 ug/ml. 40 ul of
each sample was pipetted in duplicates of a clear microplate, and 30 ul of each glucose or glycogen standard
was pipetted in duplicates. Amyloglucosidase enzyme (Sigma, A1602) was diluted 3 pl into 2000 pl of PBS,
and 40 pl diluted enzyme was pipetted to the glycogen standards and to one well of the sample (for total
glucose determination), 40 yl PBS was pipetted to the glucose standards and to the other sample well (for free
glucose determination). The plate was incubated at 37°C for 60 minutes. 30ul of each standard and samples
(in duplicates) were transferred to a UV 96-well plate and 100 ul Glucose Assay Reagent (G3293) was pipetted
to each well. The plate was incubated at room temperature for 15 min and the absorbance was read at 340
nm on a Hidex Sense Microplate Reader. The free glucose concentration was calculated based on the glucose
standard curve. The glycogen concentration was quantified by subtracting the free glucose absorbance from

the total glycogen + glucose absorbance.
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Concentrations of each compound (protein, triglycerides, glycogen, and glucose) between the reproductive
eggs and trophic eggs were compared with Rstudio (RStudio Team 2015) and the package Ime4 (Bates et al.
2015) to perform a linear mixed effects analysis, with the concentration as response variable and egg type as

explanatory variable. We added colony and extraction batch as random effects.
Worker and queen egg laying behaviour

To determine whether P. rugosus workers lay trophic and/or reproductive eggs, we isolated ten workers from
each of 12 queenless colonies and divided them randomly into two groups of five, each placed in a petri-dish.
The workers remained in these petri dishes for 12 hours every other day for two weeks. We collected the eggs
at the end of each isolation and sorted them by type, trophic or reproductive. All eggs were put into a petri dish
containing a water reservoir for humidity where they developed for 10 days to confirm their type. The number

of larvae hatching from reproductive eggs was recorded.

To test whether queens lay reproductive and trophic eggs non-randomly (Figure 3), we performed a Wald—
Wolfowitz runs test for each queen’s egg laying sequence using Rstudio (package snparv.1.0; RStudio Team

2015). This is a non-parametric test which calculates the likelihood that a binomial data sequence is random.
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Results

Characteristics of trophic and reproductive eggs in P. rugosus

P. rugosus queens lay both reproductive eggs (Figure 1A-C), that develop into either worker or gyne, and
trophic eggs that do not contain a developing embryo (Figure 1D-F). It remains unclear whether they lay
unfertilized eggs that develop into males, as males very rarely develop in queenright colonies in the lab (pers.
obs). However, Smith et al. (2007) found that in P. badius, the majority of the males (>97%) produced in
queenright colonies develop from haploid eggs laid by the queen. We found that P. rugosus workers start
laying eggs approximately three weeks after queen’s removal. None of the eggs laid by the workers were
trophic, they were all reproductive eggs; approximately 90% of them successfully hatched and only
approximately 5% succeeded to develop until the pupal stage; 100% of the pupae were males. We therefore
conclude that workers do not lay trophic eggs but can lay reproductive haploid eggs in queenless colonies

that, despite being unfertilized, develop into males.

Trophic and reproductive eggs are morphologically different in P. rugosus and can be distinguished under a
microscope as soon as they are laid (Figure 1A,D). Trophic eggs are about a third larger than reproductive
eggs (94.3+4.3nL vs. 63.3+1.6nL, respectively), slightly oval in shape, white and semi-transparent, with a

smooth surface containing granular looking content and a fragile chorion (Figure 1D-F). Reproductive eggs

have a distinct oval shape, white with a bright surface, a homogenous content, and a solid chorion (Figure 1A-
C).
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Figure 1. Morphology and development of eggs laid by P. rugosus queens. Reproductive eggs (A-C) with the
embryo’s development at approximately 25 hours (B) and 65 hours (C). The white dots are nuclei dyed with Dapi.
In trophic eggs (D-F), we do not observe any embryonic development at 25 hours (E), nor at 65 hours (F). The bright
white dot on (F) could be the maternal nucleus of the oocyte, as we found that trophic eggs contain DNA (see Figure
5C), but approximately half the amount found in reproductive eggs right after egg laying, which suggests that trophic
eggs are not fertilized.

Trophic eggs represent on average 56.61+1.3% of the total number of eggs laid by queens (mean+ SE; n=43
colonies). There is a significantly higher percentage of trophic eggs before hibernation (61.6+1.4%) than after
(50.31+2.0%; B= 11.20, SE=2.21, 1(86)=5.04, p=9x10-6), which is caused by an increase in the number of

reproductive eggs laid after hibernation compared to before, whereas the number of trophic eggs remain stable

Reproductive eggs Trophique eggs

throughout the year (Figure 2).

—_ a 4
o = N

Number of eggs

o =2 N W h OO N 0 ©

m Before hibernation m After hibernation

Figure 2. Average number of reproductive and trophic eggs laid by the queens in 24 hours, before and after
hibernation.

Queens lay eggs by batches consisting solely of either reproductive or trophic eggs (Figure 3), non-randomly,
as supported by the significant p-values from the Wald-Wolfowitz runs tests (p-values in Table 2). Each queen’s
egg laying sequence was tested independently and in each case, the sequence was determined to be non-
random. Within each batch, we recorded an average of 6.1+0.5 eggs (mean+SE) regardless of the egg type.
The fact that eggs are laid by batch of same type and neither randomly, or one by one (one reproductive, one
trophic and so on), support the fact that the production of the two egg types is different and therefore that
trophic eggs are not failed reproductive eggs. This assortative laying behavior might suggest that production
of both egg types is under the control of the queen.
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Figure 3. Egg laying sequences from eleven P. rugosus queens. Every row shows the eggs laid by one queen
(queen ID in the orange cell), with R for reproductive and T for trophic eggs. Each egg laying session lasted 10
hours. Each yellow square separates two egg laying sessions and represents an interval of minimum 16 hours to
several days.
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Table 2. Results of the Wald-Wolfowitz runs tests on the queen’s egg sequence. The significant p-values indicate
that queens do not lay reproductive and trophic eggs in a random sequence.

P-value for egg | P-value of random | Number of eggs

Queen ID sequence sequence per sequence
338 8.2e12 0.419 94
117 8.7e08 0.567 63
173 3.4e04 0.755 92
303 1.0e13 0.765 110
215 2.0eM 0.292 70
120 2.8e06 0.518 75
12B 3.7e04 0.298 38
316 6.9e10 0.737 93
193 8.6e13 0.655 101
150 2.9eM 0.630 62
125 3.0e06 0.404 58

Trophic eggs as a new factor influencing caste determination

There was a significantly higher percentage of larvae that developed into gynes in the control (without trophic
eggs; 83+10%; mean + SE) than in the treatment group (with trophic eggs; 27+9%; 3 = 2.95, SE =0.64, z =
4.25, p = 2x105; Figure 4). To determine whether this could be due to differential mortality between larvae
eating or not trophic eggs, rather than an effect of trophic eggs on the larval caste fate, we performed a linear
mixed effects analysis with mortality as response variable and presence/absence of trophic eggs as
explanatory variable (colony added as random factor). This analysis revealed a significantly higher survival of
the larvae that received trophic eggs (30.2+6.7% of survival; mean +SE) compared to the larvae that did not
receive trophic eggs (16.91+3.8% of survival) for the transition from larva to pupa (B = 0.85, SE = 0.32, z =
2.66, p = 0.008). However, there was no correlation between the percentage of gynes and number of deaths
among larvae (f =0.88, SE = 0.91, z = 0.97, p = 0.34). This allows us to exclude differential survival between

castes as an explanation for the high proportion of gynes observed in the control group.

100% —
90% T

80%

70%

60%

50%

40%

Percentage of gynes

30%

20%

10%

0%
Larva alone Larva + 3 trophic eggs

Figure 4. Percentage of gynes which developed from larva transferred in the recipient colony without (grey) or with
(black) trophic eggs.
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Table 3. Number of worker and gyne pupae that developed from larva without trophic eggs (W) or with three trophic
eggs (3T). Empty cells mean that no pupae developed in this recipient colony.

Sample 50 61 66 69 75 81 17 120 125 130 150 173
Slzé w3T Wa3T W3T W3T W3T W3 W3T W3 W3T W3T W3T W 3T
worker 5 12 1 2 1 4 1 1 1 2 1 1 1 2

gyne 2 3 3 1 11 2 1 1 1 21 2
Sample 193 215 235 286 303 316 338 12B 59A 99A Total

sizé w 3T W3T WS3T W3T W23T W3T W3T W3T W3T W3T W 3T
worker 1 4 1 1 2 5 3 6 46

gyne 3 3 2 2 1 2 1 1 1 4 2 1 2 29 17

Quantitative and qualitative evaluation of RNA in eggs

There was a significantly higher amount of small RNA in reproductive eggs (44.3+1.4ng, mean + SE) than in
trophic eggs (22.3+1.1ng; tes = 15.9, p = 6.5*10-14; Figure 5A). The same is observed in RNA (>200 nt) with
7.61+2.1 ng per reproductive eggs and 3.6+0.3ng per trophic egg (tes = 7.2, p = 2.7*107; Figure 5B).

To determine whether trophic eggs were fertilized or not (i.e. in which case we would expect half the DNA than
that of reproductive eggs), we quantified DNA in both reproductive and trophic eggs and used the amount of
DNA in reproductive eggs as a reference for the quantity of DNA in fertilized eggs. There was significantly less
DNA in trophic eggs (8.8+1.9ng/ul; ts7 = 2.7, p = 0.045; Figure 5C) compared to reproductive eggs

(15.94+1.9ng/ul), corresponding approximately to half that of reproductive eggs. This suggests that trophic eggs
are not fertilized.
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Figure 5. Total amount of small RNA (A) and RNA (>200 nt;
B) in reproductive and trophic eggs; each dot represents one
sample (with 2 replicates per egg type and colony;
***p <.001).

(C) Total amount of DNA per reproductive or trophic egg; each
dot represents one sample which contained a pool of 10 eggs
(* p=0.045).

There was a significant difference in the miRNA fragment size distribution between reproductive and trophic

eggs (rv = 0.26, p<.0001). A principal component analysis (PCA) revealed that 56.5% of the total variation in

the fragment size was explained by the first principal component (PC1; Figure 6A) which separates trophic

and reproductive eggs into two clusters; 24.3% of the remaining variation was explained by the second

principal component (PC2). There was no difference in the tRNA fragment size distribution between the two

egg types (rm = -0.01, p=0.49), as shown on the PCA (Figure 6B) where there is no separation of the samples

by egg types.
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Although not statistically significant, there was a trend with a higher RNA (>200nt) degradation in reproductive
than trophic eggs (B = -28447, SE = 16616, t =-1.71, p = 0.09; Figure 7B).
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Figure 7. (A) Profile of the RNA electropherogram, with the peaks showing the size distribution of RNA and degraded
RNA fragments. The yellow square shows the range (from 200 to 2000 nucleotides) used to evaluate RNA
degradation between egg types. (B) Residue of the size distribution of the degraded RNA (>200nt) fragments in
reproductive and trophic eggs.
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Triglycerides, glycogen, glucose, and proteins concentrations

The concentrations were consistently significantly higher in reproductive eggs than in trophic eggs for the four
quantified compounds: protein (8 =-3.93, SE = 0.30, t =-13.11, p <.0001), triglycerides (B = -3.70, SE = 0.32,
t=-11.66, p <.0001), glycogen (B =-1.24, SE =0.10,t=-11.98, p <.0001), and glucose (B =-1.61, SE = 0.09,
t=-18.60, p <.0001; Figure 8).
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Figure 8. Concentration of protein (A), triglycerides (B), glycogen (C) and glucose (D) per reproductive and trophic
egg. On the figure, each dot represents one sample (with 2 replicates per egg type and colony).
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Discussion

Trophic eggs, an evolved maternal adaptation in 2. rugosus ants

Our study provides several lines of evidence supporting the hypothesis that trophic eggs in P. rugosus are an
evolved maternal adaptation, and not just a by-product of egg production. First, trophic and reproductive eggs
are morphologically distinct, similar to what has been described in other ant species (Wilson 1976; Wardlaw
and Elmes 1995; Dietemann et al. 2002; Lee et al. 2017) and they can be distinguished as soon as they are
laid (Figure 1; Gobin et al. 1998; Perry and Roitberg 2006). Dissections of the ponerine ants Gnamptogenys
menadensis and Pachycondyla apicalis showed that trophic and reproductive eggs are already distinguishable
in the ovaries (Gobin et al. 1998; Dietemann and Peeters 2000), with trophic and reproductive oocytes even
found to be developing in the same ovariole in Aphaenogaster rudis workers (from queenless colonies; Khila
and Abouheif 2010). This suggests that trophic and reproductive eggs could be the product of two
fundamentally different developmental pathways. We found approximately half the amount of DNA in trophic
eggs compared to reproductive eggs, which suggests that trophic eggs are not fertilized (see also Urbani 1991;
Elgar and Crespi 1992). However, as unfertilized eggs usually develop into males across Hymenopteran
species, the fact that trophic eggs are unfertilized but do not develop into males further support that they follow
a different developmental pathway than reproductive eggs. One promising candidate for trophic egg
development might be the localization of the maternal determinant (Vasa) during oocyte development. Khila
and Abouheif (2008, 2010) reported that in Aphaenogaster ants, oocytes follow a common developmental
pathway up until Vasa localization after which development diverges between reproductive and trophic

oocytes, the latter being characterized by the absence of Vasa localization.

Second, trophic and reproductive eggs show differences in their nutritional content, with trophic eggs having
fewer proteins, glycogen, glucose and triglycerides than reproductive eggs. This is consistent with Crespi's
(1977) suggestion on the evolution of cannibalism and trophic eggs asserting that trophic eggs must be less
costly to produce than reproductive ones. Weeks et al. (2004) reported that larvae are fed with proteins in
higher proportions than with lipids or carbohydrates and suggested that early protein provision assists
development. This is supported by our finding that protein is the most abundant constituent of P. rugosus
trophic eggs, consistent with what was found in Pheidole pallidula (Lorber and Passera 1981). Our results
found that trophic eggs contain a quantifiably lower amount of lipids, proteins and carbohydrates, which means
that the investment into trophic eggs is likely less than that of reproductive eggs. This observation corroborates
the hypothesis of Crespi (1977) that trophic eggs are less costly to produce than reproductive eggs. Our results
also showed that protein is the largest constituent part of trophic eggs, and if it is the case that trophic eggs
are a maternal adaptation, this might be advantageous for early larval development (as per the observation of
Weeks et al. 2004).

Third, we found a higher percentage of trophic eggs (57%) than reproductive eggs, which is higher than what
was has been reported in other species (30% of trophic eggs in Myrmica rubra, Wardlaw and Elmes 1995;
49% of trophic eggs in Acanthomyrmex ferox, Gobin and Ito 2000). This high percentage of trophic eggs is

inconsistent with the by-product hypothesis as it predicts a low number of failed reproductive eggs such that
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there is no measurable adaptive benefit to the offspring. It is important to note that first instar larvae cannot
process solid food (Freeland 1958), therefore workers cannot feed them with seed bread or insects, as in later
instar. Trophic eggs therefore represent an important nutritional intake for freshly hatched larvae (Crespi 1977),
which may significantly enhance larval survival and contribute to their faster development into workers,
compared to the longer developmental time that we observe in gynes without trophic eggs (on average in P.
rugosus, 57 days for gynes development from egg to adult emergence vs 41 days for workers, pers. obs).
Taken together, these results provide clear evidence for two fundamentally different egg types and support the

hypothesis that trophic eggs are an evolved maternal adaptation in P. rugosus.
Influence of trophic eggs on larval caste-fate

The first part of our study showed that larvae fed with trophic eggs are significantly more likely to develop into
workers than larvae without access to trophic eggs. This suggests that the function of ant trophic eggs may go
further than the provision of early larval nutrition and is also involved in caste determination. Maternal effect
on caste determination has been shown in several species, either by queen behaviour on developing larvae,
or egg content, effect of hibernation on queen’s physiology (Schwander et al. 2008; Libbrecht et al. 2013), and
we now provide evidence for the first time that the provision of trophic eggs influences caste fate in P. rugosus.
Using trophic eggs, which are the first food source for freshly hatched larvae (Freeland 1958; Brian and Rigby
1978), the queen could transfer compounds to the larva and influence its development along the worker
pathway. Our results are consistent with findings in other species (including Argentine ant and spionid worms;
Bartels 1988; Gibson et al. 2012; Oyarzun and Brante 2015), suggesting that the use of trophic eggs as a
mechanism for phenotype differentiation may be substantially more widespread than what has been previously
hypothesized in the literature on trophic eggs (see introduction). Ant species that do not have trophic eggs
might use other mechanisms (e.g. trophallaxis) to transfer or exchange nutrients and other molecules between
colony members (Crespi 1977; Dietemann et al. 2002), such as caste-influencing compounds, chemicals or
hormones (LeBoeuf et al. 2016).

Our results predict that under natural condition, should a colony experience a decrease in trophic eggs, there
would be an increase in gyne production. There are two situations where we observe the development of
gynes in P. rugosus colonies, (1) after hibernation (such as in P. badius, Smith and Tschinkel 2006) and (2)
when the queen dies or is removed from the colony (also observed in Myrmecia gulosa, Dietemann et al.
2002). We found that the trophic:reproductive egg ratio is lower after hibernation compared to before, which
means that there are less trophic eggs available per larva after hibernation. As trophic eggs are produced only
by the queen and not by the workers in P. rugosus, when the egg laying rate of the queen decreases (winter
period) or stops (queen’s death), there are less or no trophic eggs available for the larvae developing from the
last batch of eggs laid by the queen, which coincides with an increase of gyne development, further supporting

trophic eggs playing a role in the process of caste determination.

It has been shown in several ant species that workers lay only trophic eggs in queenright colonies but mostly
(if not only) reproductive eggs (that develop into males ) in queenless colonies (pers. obs. in P. rugosus; Dejean
and Passera 1974; Passera 1980; Wardlaw and Elmes 1998; Dietemann and Peeters 2000; Gobin and Ito
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2000; Dietemann et al. 2002; Smith et al. 2007, 2008; Khila and Abouheif 2008; Amor et al. 2017). This
suggests that even in ant species where trophic eggs are laid by workers, the number of trophic eggs decrease
in the absence of the queen as workers focus their efforts on producing their own reproductive male offspring.
As the number of trophic eggs decline within the colony, this coincides with an increase in the proportion of
larvae that developed into gynes. Although the above correlation between the decline in trophic egg humber
and the increase in gyne percentage is empirically untested, it merits investigation to determine if this further

supports a role of trophic eggs in caste-determination, as demonstrated here.
RNA content in trophic and reproductive egg

The overall RNA concentration (small RNA and longer RNA together) was higher in reproductive eggs than in
trophic eggs, although both egg types shared the same proportion of small RNA to longer RNA in a ratio of
4:1. Small RNAs (i.e. miRNAs, tRNAs, 5S and 5.8S) comprised the dominant fraction with 85% of the total
RNAs (comparatively similar proportion in trophic and reproductive eggs), whereas the minor fraction
represented longer RNA (i.e. mRNAs, 18S and 28S rRNAs). The same pattern was observed in ovaries of
roach Rutilus rutilus (Kroupova et al. 2011), in oocytes of the frog Xenopus laevis (Picard et al. 1980) and in
the oocytes of nine teleost fishes (Mazabraud et al. 1975) with higher concentration of small RNAs than longer

RNAs. Our results are consistent with what has been shown in eggs from other species.

The difference in miRNA fragments size distribution between the two egg types suggests differences in the
identity of miRNAs. miRNAs have already been shown to influence larval caste determination in the honeybee
(Guo et al. 2013) with previous studies finding differences in miRNA complexity between the royal jelly and
worker jelly, the latter being enriched in miRNA (Guo et al. 2013; Zhu et al. 2017). These studies suggest that
it is not the royal jelly that stimulates larval differentiation into queen, but rather the worker jelly which stimulates
the development of larva into worker. We can make a parallel between the honeybee worker jelly and the ant
trophic eggs. Both jelly and trophic eggs are eaten by larvae, both at the first larval instar and both might
transfer molecular compounds to the larvae through the medium of a food packet. When honeybee larvae are
fed with worker jelly, they develop into workers, which is identical to what we found in P. rugosus with larvae
developing into workers when they are fed with trophic eggs. Our findings are analogous to those of Guo et al.
(2013) and we suggest that trophic eggs in P. rugosus are analogous to honey bee jelly in the honey bee,
confirming the hypothesis of Bartels (1988) for a role of trophic eggs in caste determination. We suggest that
small RNAs are good candidates to trigger larval development into one caste or the other. miRNA sequencing
would allow us to confirm the suspected difference in miRNAs composition between trophic and reproductive
eggs as well as to identify miRNAs that could influence the larval caste fate. For this, the miRNAs with the
highest concentration in trophic eggs should be selected, their inhibitor synthesized, and then injected into
trophic eggs to artificially manipulate the miRNAs composition (as per Guo et al. 2013). By feeding those
manipulated trophic eggs to first instar larvae, we could observe whether they influence larval development
into gynes, by comparison with unmanipulated trophic eggs as a control where larvae would develop into

workers. We predict either gyne pupae or worker pupae with measurable gyne-like phenotype.

-78-



CHAPTER Il — Effect of trophic eggs on larval caste fate

Our results show a trend of higher RNA degradation in reproductive eggs than in trophic eggs. If the analysis
of additional samples reveal that there is indeed a difference in RNA degradation between reproductive and
trophic eggs, several explanations can be put forward. Previous studies on Drosophila found that the
degradation of the maternal RNA starts upon egg activation at the oviposition time (Vastenhouw et al. 2019).
The Drosophila egg is blocked in the first meiotic division until the oviposition, which activates the eggs to
complete the meiosis and initiates its development (Went 1982). Observations of egg laying in bumblebees
and honeybees (Reinhardt 1960; Went 1982) suggest that in Hymenoptera Aculeata, the egg is activated as
well by the oviposition, and more precisely by its deformation or compression caused by its passage in the
uterus and/or vagina (cf. figure page 33 in Wheeler 1910). In our study, eggs were collected and flash frozen
maximum one hour after being laid. If maternal RNA starts to degrade upon egg activation as supposed, it
could explain the RNA degradation observed in reproductive eggs. As we found low RNA degradation in trophic
eggs and as no embryo develops in them, we can assume that trophic eggs are not activated. There are two
potential explanations for this, (1) as trophic eggs do not possess a solid chorion, like that of reproductive eggs
(Went 1982; Klowden 2013), their passage through the uterus/vagina does not compress them or move their
content around and therefore does not activate them (Went 1982; Klowden 2013) and/or (2) trophic eggs
contain a protein or 3’ 5° RNA modifications which protects the RNA against degradation (Wang et al. 2010;
Towler et al. 2015; Gagliardi and Dziembowski 2018). If there is such a mechanism in trophic eggs protecting
miRNAs from degradation, it would make miRNAs even more likely to be able to mediate gene expression if
they are ingested by a larva through trophic eggs. Further investigations on proteins or RNA modifications in

trophic egg would help understanding the mechanisms protecting and stabilizing miRNA from degradation.

Conclusion

Our study provides evidence dismissing the by-product hypothesis and raising the possibility that trophic eggs
are a maternal adaptation in P. rugosus ants. We propose that trophic eggs function not just as a food source,
as we showed that they also directly influence larval caste fate by triggering the worker developmental
pathway. Finally, we propose a potential molecular mechanism similar to that described in the honeybee (Guo
et al. 2013), whereby miRNAs might act on and influence larval development. Ongoing quantification of juvenile
hormone and ecdysteroids will provide a better understanding of which molecules influence larval development
into workers. Further investigation is still necessary to fully understand the role and influence of trophic eggs

on caste determination in P. rugosus and in other ant species.
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Abstract

Phenotypic plasticity, the capacity of a single genome to produce different phenotypes in response to
environmental cues, has been a topic of interest for the past decade. However, there is limited understanding
of the molecular mechanisms underlying this phenomenon. Eusocial insects provide a good model to study
phenotypic plasticity thanks to the presence of reproductive queens and non-reproductive workers that differ
greatly in morphology, physiology, behavior and life history. This study aims at investigating the molecular
mechanisms underlying gyne and worker caste differentiation in early developmental stages in ants. To
address this, we used Pogonomyrmex J lineages ants as their genetic caste-determination system allows us
to determine the caste-fate at any developmental stage via genotyping approaches. We used mRNA-seq to
identify caste-biased genes and profile gene expression dynamics at five early developmental stages ranging
between 24-hour old eggs and second instar larvae. We found differences in gene expression between gyne
and worker-destined embryos as early as 24 hours after egg laying, and two developmental stages showed a
burst of caste-biased genes, in six day old eggs and in the first instar larvae, which suggests that in P. rugosus
J lineages, caste differentiation starts early in embryonic development. There were more worker-biased than
gyne-biased genes in all five developmental stages, which supports the idea that the queen phenotype is the
default developmental pathway in ants and worker developmental programs are actively switched on. More
studies on gene expression in worker and gyne-destined ants at the egg stage are necessary to broaden our

understanding of caste differentiation mechanisms.

Keywords: Genetic caste determination, caste-biased gene expression, early developmental stages, ants,

Pogonomyrmex J lineages.
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Introduction

The key characteristic of eusocial insects is the reproductive division of labor between female castes, with the
queen specializing in reproduction and the workers specialized in all the non-reproductive tasks. It has been
documented in different eusocial species that whether a female egg develops into a worker or into a gyne
(virgin queen) is influenced by environmental, nutritional, social, hormonal, pheromonal, epigenetic and/or
genetic factors (Haydak 1970; Wheeler 1986; Holldobler and Wilson 1990; Richards and Packer 1994;
Schwander et al. 2008; Smith et al. 2008; Bignell et al. 2010; Miura and Scharf 2011; Guo et al. 2013; Walker
2017; Taylor et al. 2019). However, in ants it remains unknown whether one of these factors alone is sufficient
to trigger caste differentiation. In the honeybee Apis mellifera, the quantity and quality of food is known to be
responsible for caste differentiation (Asencot and Lensky 1985; Leimar et al. 2012; Slater 2017; Slater et al.
2020). In ants, many factors have been found to influence caste development with variations between species:
food, worker:egg ratio, queen hibernation, queen absence, pheromones, age or condition (Libbrecht et al.
2011). The genotype of the nurses taking care of the developing larvae can influence caste fate as well
(Linksvayer 2006; Linksvayer et al. 2011; Teseo et al. 2014; Villalta et al. 2016). All factors are described as
influencing the probability of gyne production, however it remains unknown whether one or several of these
factors are necessary or sufficient for gyne development. Finally, in some species of the genus Pogonomyrmex
(Helms Cahan et al. 2002; Julian et al. 2002; Schwander et al. 2010; Sirvi6 et al. 2011), Solenopsis (Hung and
Vinson 1977; Helms Cahan and Vinson 2003) and Messor (Norman et al. 2016), the genotype of the individual
is the main determinant of the caste, with queens and workers having different genomic compositions.
However, despite the genotype determining the caste fate, additional factors are required for successful queen

development (Schwander et al. 2008).

In contrast to the many identified environmental factors affecting queen vs worker production, little is known
about the molecular mechanisms regulating queen vs worker development. Whilst there are some genomic
studies that have identified genes that are differentially expressed between castes at the adult stage of different
social insects (Sumner et al. 2006; Graff et al. 2007; Grozinger et al. 2007; Hoffman and Goodisman 2007;
Toth et al. 2007; Hunt et al. 2010; Colgan et al. 2011; Ometto et al. 2011), adult individuals are already
morphologically and physiologically differentiated and therefore do not provide information on caste
determination. Investigations at early developmental stages have thus far only been done in bees where
individual caste fates are known (Pereboom et al. 2005; Cameron et al. 2013) thanks to distinct worker vs
queen cells (Shi et al. 2011). Cameron et al. (2013) found early differences in gene expression in honeybees
between worker- and gyne-destined larvae six hours after hatching. During this early phase, larval gene
expression changed in response to royal jelly (newly hatched larvae were grafted into queen rearing cells),
biasing development towards queens, while retaining the ability to reverse to the worker developmental
pathway. Royal jelly contains histone deacetylase inhibitors (Bonasio et al. 2012; Sumner et al. 2018) and
noncoding microRNAs that have been proposed as regulators of caste differentiation (Guo et al. 2013; Ashby
et al. 2016). After 84 hours, a peak of juvenile hormone (JH) induces a unique set of genes in queen larvae
which marks the irreversible bifurcation in the developmental pathway (Cameron et al. 2013) and later in

development, A. mellifera larvae express a distinct set of worker- or queen-related genes (Evans & Wheeler,
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2000). Four differentially expressed genes in A. mellifera are also differentially expressed in the bumblebee
Bumbus terrestris (Pereboom et al. 2005), however there is little further similarities between the two species,
as the expression pattern varies between species; in the bumblebee, most of the genes that are upregulated
in early-instar queen-destined larvae are also upregulated in worker-destined larvae but later on in their

development (Pereboom et al. 2005).

In summary, there is very little information on molecular mechanisms of caste differentiation in social insects,
with the exception of the honeybee, where the caste fate can be assigned early in development, before any
morphological differences, depending on whether the larva is in a worker or queen cell. Recent data from
bumblebees suggest that the molecular mechanisms underlying caste differentiation in different bee species
feature little convergence (Collins et al. 2021) and does not allow us to draw further conclusions about whether
or not caste differentiation is a conserved process across the social insects. Here, we will use an ant species
with genetic caste determination, which allows to determine the individual’s caste fate early in the development,
to investigate molecular mechanisms underlying caste differentiation in ants and to provide an additional

comparison to the existing literature on bees.

In the ant genus Pogonomyrmex, historical hybridization between P. rugosus and P. barbatus with
environmental caste determination (ECD) gave rise to several co-dependent lineages characterized by genetic
caste determination (GCD; Helms Cahan et al. 2002; Julian et al. 2002; Volny and Gordon 2002; Helms Cahan
and Keller 2003). These lineages are characterized by an unusual reproductive system, called social
hybridogenesis (Figure 1; Helms Cahan et al. 2002; Julian et al. 2002), in which the lineages are completely
dependent on one another to produce the workers. In this system, the virgin queen needs to mate with at least
two males during the mating flight, one from her own lineage and one from the other lineage. Within lineage
fertilization gives rise to gyne-destined eggs, whereas eggs fertilized by sperm from male of the other lineage
develop into workers. Males are haploid and develop from unfertilized eggs laid by queens from both lineages.
This genetic difference between pure lineage gynes and inter-lineage workers allows us to accurately
determine the caste of the individual through genotyping at any developmental stage, especially before visible

morphological differences between gynes and workers.

In both P. rugosus and P. barbatus (ECD), and Pogonomyrmex lineages (GCD), the development of gynes is
triggered by specific conditions. Only eggs laid by queens of at least 3 years old and having hibernated are
able to go through the development to become adult gynes (Schwander et al. 2008). Libbrecht et al. (2013)
showed that the hibernation of the queen increases the gene expression of the insulin/insulin-like growth factor
signaling and JH, which increase the production of vitellogenin, and the high proportion of vitellogenin in the
egg influences its development into gyne. Although queens from GCD colonies lay gyne-destined eggs all year
round, only the eggs laid after hibernation can develop successfully into gynes until the adult stage. The rest
of the year, gyne-destined eggs stop developing at late egg-early larval stage (Helms Cahan et al. 2004; Clark

et al. 2006; Volny et al. 2006), but how and why this happens remains unknown.

In this project, we took advantage of being able to determine the individual’s caste at any developmental stage

to compare gene expression during early development, where we expect the caste determination to occur, as
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worker- and gyne-destined larvae from third instar exhibit morphological differences (Smith and Tschinkel
2006). This study had three main aims. The first one was to profile gene expression differences between
queen- and worker-destined individuals of Pogonomyrmex J lineages at early developmental stages and
determine when gene expression starts differing between castes. The second aim was to characterize the
gene expression dynamics throughout the embryonic and early larval-instar stages and the third aim was to

identify promising candidate genes and GO-terms that may be involved in caste differentiation.

Symmetrical social hybridogenesis

Classical reproduction . : .
P with classical reproduction

Lineage 1

9——@” Ojg O”O”? o
AR
cEollo oy §og

9 Queens (diploid) T Males (haploid) ? Workers (diploid) @ O Nonhybrid individuals

O F1 hybrid individuals

Lineage 2

= Asexual production

— Sexual production

Figure 1. Classical reproduction mode in P. rugosus and P. barbatus with environmental caste determination and
social hybridogenesis experienced by the Pogonomyrmex genetic lineages (figure adapted from Darras et al. 2019).
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Materials and methods

In this study, we are using colonies from the J lineages system (Volny and Gordon 2002; Helms Cahan and
Keller 2003); three J2 colonies and one J1 colony. The colonies developed in the lab from single multiply-
mated queens collected after mating flights in Scottdale (Arizona, USA) in 2012 and 2015. As queens need to
be exposed to cold to produce gynes (Schwander et al. 2008), we started the sampling seven days after the
colonies came out of eight weeks of hibernation (at 16°C, 60% humidity, 12-h/12-h light:dark cycle; sampling
from February 2019). For all the sampling period, the colonies were maintained at 28°C with 60% humidity,
with a 12-h/12-h light:dark cycle.

Sample collection — queen isolation

Queens were isolated for egg laying for 12 hours per day (7am to 7pm) and kept in the dark in a petri-dish with
three workers and a water supply. Eggs were collected every four hours using a soft brush and transferred to
a humid petri-dish. Queens and workers were put back into their colony for 12 hours during the night until the
next isolation session. The eggs laid within the same four hours (collection batch) were attributed to one of the
five following age groups: 24 hours old, 6 days old, 9 days old (when the larvae started moving inside the
eggs), 1t larval instar (24 hours after larvae hatching), 2nd larval instar (72 hours after larvae hatching). We
focused on eggs and early larval instars as worker- and queen-destined larvae can be distinguished visually
by the last instar (Smith and Tschinkel 2006), so caste determination likely occurs before the 31 instar larvae.
In the meantime, eggs were kept per collection batch in a humid petri dish until flash freezing in liquid nitrogen.
For the samples flash frozen at the larval stage, freshly hatched larvae were collected and put in recipient
colonies, each containing 20 workers (picked randomly from the nest and foraging arena), to be fed and cared
for until flash freezing. Recipient colonies were fed every two days with sugar water and seeds. After flash-

freezing, samples were kept at -80°C until DNA and RNA extraction.
Egg and larval caste determination

DNA and RNA were extracted from whole individuals (eggs or larvae) using TRIzol (Life Technologies). The
protocol was adapted for small tissue quantities (see Sl Text 1 for details). Eggs and larvae were classified as
gyne (same-lineage) or worker (inter-lineage) based on their genotype after DNA amplification at eight
microsatellite loci [Pb5, Pb8, Pb9, Pb10 (Volny and Gordon 2002), Po3, Po8 (Wiernasz et al. 2004), Pr1
(Gadau et al. 2003) and L18 (Foitzik et al. 1997; see Table S5 for primer sequences and Table S6 for PCR
conditions). Amplifications were performed on a VERITI thermal cycler (model 9902, Applied Biosystem) and
PCR products were run on an ABI 3100 sequencer. Fluorescent signals were visualized using GeneMapper
v.4.1 (Applied Biosystems, Foster City, CA, USA). Dead eggs have degraded DNA and cannot be successfully
amplified (Schwander et al. 2006). Eggs with allele peak heights over 400 relative fluorescence units (RFUs)

were considered alive. The genotype of all individuals and their inferred caste are available in Table S7.
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Sample choice for libraries and sequencing

We found different paternal genotypes among workers belonging to the same colony (Table 3), which
corroborates previous studies showing that most Pogonomyrmex queens mate with several males (Hélldobler
1976; Volny and Gordon 2002; Gadau et al. 2003; Wiernasz et al. 2004). To reduce the variability between
samples within caste and colony for the differential gene expression analyses, we selected individuals from a
single patriline (within caste). The genotyping revealed that the J1 queen probably did not mate with a J1 male,
as there was not a single gyne-destined egg or larvae among the samples. We therefore excluded the J1
colony for the first gene expression analyses. After this first selection, the samples with the highest RNA
concentration (quantified using RiboGreen Reagent) and the lowest RNA degradation (done by Fragment
Analyzer) were chosen for the libraries. We sequenced worker and gyne-destined samples from the three J2
colonies (30 libraries in total, one sample per age, caste and colony, representing three biological replicates
for each developmental stage; Table 1). The sequencing libraries were constructed by the Lausanne Genomic
Technologies Facility using a NEBnext Ultra Il preparation kit (lllumina; poly(A) selected RNA-seq libraries).
Paired-end sequencing of 150-bp was performed with a Hiseq 4000 sequencer (lllumina). The libraries were
sequenced on three lanes, one lane containing 10 samples (5 per caste) from the same colony. Post
sequencing quality checks revealed that the RNAseq libraries had been contaminated by human exome
libraries at the step of PCR amplification. After removing the contaminant human reads, the samples still
contained more than 30 million reads. To avoid potential biases stemming from this contamination, we
sequenced a second set of samples from the three J2 colonies (again 30 libraries in total, one sample per age,
caste and colony, representing three biological replicates for each developmental stage; Table 1) and from the
single J1 colony (15 libraries in total, three samples per age for worker caste). For the second sequencing, the

45 libraries were multiplexed and run together on five lanes.
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Table 1. Description of samples included in this study. There were two runs of sequencing. In the 1st run, only gyne
and worker samples from J2 lineage were sequenced. Three J2 colonies (A, B and C) were used for the sampling, so there
are three samples per developmental stage and caste (one sample per colony). In total, 30 samples were sequenced in
the 1st run, 10 samples per lane per colony (3 lanes in total). For the 2 run, we sequenced again 3 samples per
developmental stage and caste (one sample per J2 colony) as well as 3 worker samples per developmental stage for J1,
all coming from the same unique J1 colony (D). In total, 45 samples were sequenced in the 2n run, all samples were
multiplexed and sequenced on 5 lanes. See Table S3 for patriline information.

* At 6d, one interlineage sample from the J1-lineage colony (D) was suspected to be an interlineage gyne and was
therefore removed from the analyses (analyses were also re-run without this exclusion and are available in the
supplementary material). 4 The two worker samples from colony A at 6d were removed as well as they appeared as
extreme outliers on the PCA plot. ™ One gyne sample from L2 for was also removed following quality checks as the result
of severe degradation.

J2 lineage J1 lineage
Developmental stage = Gyne Worker | Gyne Worker Total

= 24h 3 3 - 0 6
g 6d 3 24 - 0 6
o
§. 9d 3 3 - 0 6
@ L1 3 - 0 6
- L2 0" 3 - 0 5

Total 28
> 24h 3 3 - 3 9
§ 6d 3 24 - o* 9
?.,- 9d 3 - 3 9
@ L1 3 - 3 9
©
& L2 3 - 3 9

Total 43

Updating reference genome annotation

Raw read quality was assessed with FastQC tools (www.bioinformatics.bbsrc.ac.uk/projects/fastqc) and FastQ
Screen (Wingett and Andrews 2018). FastQC data quality analysis revealed minimal adapter content in
libraries (< 1%), and as STAR read aligner is highly robust to adapters, no further adapter trimming/filtering
was deemed necessary. Genes that are not annotated in the available reference genome of Pogonomyrmex
barbatus would not be included in our gene expression comparisons, and we therefore updated the available
annotations with our new transcriptome information. Reads were mapped to the latest NCBI RefSeq
Pogonomyrmex barbatus genome (v101, GCF_000187915.1) using the STAR RNA-seq read aligner (Dobin
et al. 2013) guided by splice junctions from the corresponding RefSeq annotation. A custom gene annotation
was then created by building separate reference guided transcript assemblies for each condition (genotype x
age) using Stringtie2 (v2.1.4; Kovaka et al. 2019), again using the RefSeq v101 annotation to guide
assembly (-G option) and using stranded settings (--rf option). These were then combined with the Stringtie2
"merge" function, again using the RefSeq v101 annotation to guide merging. Reads mapping to transcripts in
this annotation were then tallied using the featureCounts program from the Subread suite (Liao et al. 2014).
Approximately 80-95% of mapped reads were successfully assigned to features in this annotation, vs. ~60-

80% when using the RefSeq annotation. As such, our custom annotation was used in downstream analysis.
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Differential expression analysis

The resulting expected counts were used in the differential gene expression analysis with the R Bioconductor
package, EdgeR (Robinson et al. 2009). Reads generated by the first and second sequencing runs were used
as replicates. Similarity between our replicates was assessed by the biological coefficient of variation
implemented in EdgeR. Reads generated from the 71 samples (28 from 1st sequencing runs and 43 from the
second 2nd; for details see Table 1) were used as replicates, and comparisons were made across castes within
each developmental stage. For all comparisons, we first filtered out transcripts with very low read counts by
removing loci lower than one per kilobase of exons per million fragments mapped in at least half of the
sequenced libraries, as recommended by EdgeR. TMM normalization was applied to account for compositional
differences between libraries. We implemented generalized linear models (GLM) to identify differentially
expressed genes between castes including colony (three colony J2 and one colony J1) and batch (first or
second sequencing run) as a covariate in the model to control for variation introduced by differences between
nests and sequencing runs. Expression differences were considered significant after correction for multiple
testing using a false discovery rate of FDR < 0.05. We used the R packages UpSetR v.1.4.0 (Conway et al.
2017) and ggplot2 v.3.3.5 (Wickham 2016) to visualize the number of caste-biased genes (or GO-terms) that
were unique to a developmental stage or shared between them. We used the SuperExactTest v.1.0.7 (Wang
et al. 2015) to test whether the overlap of caste-biased genes between the five developmental stages was
greater than what is expected by chance. A Principal Component Analysis (PCA) plot was drawn to measure
the similarity between samples using EdgeR package. We visualized the caste-biased gene expression across
developmental stages using logFC with pheatmap v.1.0.12 (Kolde 2019). A two-tailed Fisher’s exact test, as
implemented in the exact2x2 R package v.1.6.6 (Fay 2010), was used to compare the number of genes biased

towards a caste or a developmental stage relative to the total number of genes.
Functional analysis of differentially expressed genes

The NCBI nr database was downloaded from the NCBI BLAST FTP site on June 7th, 2021. Transdecoder
(http://transdecoder.github.io) was used to find ORFs and translated all transcripts from the reference-
guided Stringtie annotation. These protein sequences were searched against the nr database using blastp
with all default settings. The eggNOG-mapper tool (http://eggnog-mapper.embl.de) was used to infer functional
annotation of the de novo transcriptome gene set using structural similarity. The GOstat package for R v.1.7.4
(Falcon and Gentleman 2007) was used to conduct GO term enrichment analysis on differentially expressed
genes, using all genes having GO terms as the universe. A two-tailed Fisher’s exact test, as implemented in
the exact2x2 R package v.1.6.6 (Fay, 2010), was used to compare the number of enriched GO-terms between

castes and developmental stages relative to the overall number of genes.

Enriched GO terms (p < 0.05) were then semantically clustered using rrvgo R package v.1.6.0 (Sayols 2020),
to avoid redundancy of GO terms and to help interpretation. For each developmental stage and Biological
Process GO term, similarity matrices were created using the “Rel” (Relevance) as the method and
“org.Dm.eg.db” (Drosophila melanogaster) as a reference database. Similarity matrices were reduced using a

threshold of 0.7 and using —log(p value) as scores, meaning a lower p value equals a higher score.
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Results

We investigated overall gene expression profiles from whole bodies of worker-destined and gyne-destined
eggs at 24 hours (24h), six days (6d), nine days (9d) after egg laying and worker-destined and gyne-destined
larvae in first larval instar (L1; 24h after larvae hatching) and second larval instar (L2; 72 hours after larvae
hatching). Sequencing using the lllumina HiSeq4000 platform yielded 2275.9 million 150-bp paired-end
sequence reads (BioProject ID PRJNA802583, www.ncbi.nlm.nih.gov/bioproject/802583).

Gene expression patterns

Visual inspection of the PCA plots show three main results (Figure 2). First, when all developmental stages
are plotted together, the samples cluster by developmental stage and not by genotype/caste (pure J2J2 gyne
versus inter-lineage J1J2 worker). This shows that the developmental stage brings more variation than
genotype/caste. One 6d sample, which was genetically a worker (inter-lineage J1J2), clustered with the pure
lineage gynes (J2J2; Figure S1A). This sample came from the single J1 colony that did not produce any brood
with gyne genotypes. We suspected that this sample would have developed into an inter-lineage gyne.
Previous studies showed that, although very rare, inter-lineage individuals can occasionally develop into
gynes, especially when the queen did not mate with a male of her own lineage and there is therefore no
competition with pure-lineage brood (Helms Cahan et al. 2002; Schwander et al. 2007). We therefore
proceeded to run all analyses twice, first with the exclusion of this sample, and then a second time with this
sample considered as an inter-lineage gyne. For clarity, only the results without this sample will be shown

here, results with this individual considered as a gyne are available in the supplementary material.

The second observation from the PCA plots is that developmental stage differences are smaller between the
three oldest samples, 9d-L1-L2, which cluster together with an overlap between L1 and L2 samples (Figure
2B), whereas samples from 24h and 6d cluster in two clearly distinct groups. This is probably linked to the
differences in time between the developmental stages (120 hours between 24h and 6d, 72 hours between 6d
and 9d, 48 hours between 9d-L1 and L1-L2) as well as perhaps more major developmental transitions in

embryos than young larvae.

Third, when all developmental stages are plotted separately, a clear cluster by caste is observed at 6d and L1
(Figure 2D,F). No effect of caste is detected in the samples of 24h, 9d and L2 (Figure 2C,E,G, respectively).
However, when we plotted PC1 and PC3 for 9d and L2, there was a clear separation by caste (Figure S1B-
C), which suggests that other factors explain more variation than the caste at 9d and L2. At 24h, no principal
component showed a separation of the samples by caste although we were still able to detect significant gene

expression differences between castes at 24h (see below).
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Figure 2. First two principal components (PC1 and PC2)
explaining transcriptomic variation across samples from
all developmental stages (A) or only the three oldest ones
showing an overlap (B). Each developmental stage is
plotted individually from C-G. Colors show the
developmental stage (24h in blue, 6d in green, 9d in pink,
L1 in orange and L2 in purple) and the caste (light color
for gynes and dark color for workers). Filled symbols refer
to the three J2-lineage colonies and open symbol refer to
the single J1-lineage colony.

We found differences in gene expression between queen- and worker-destined eggs as early as 24 hours after

egg laying, as well as in all the following developmental stages (i.e. 6d, 9d, L1 and L2; data on additional file

Table S1). The number of caste-biased genes varied between developmental stages, with an abrupt significant

increase from 24h to 6d (with 42 respectively 416 caste-biased genes p < .001, Fisher’s exact test, Figure 3),

and a significantly lower number of caste-biased genes at 9d compared to all the other developmental stages

(all pairwise comparisons p < .001, Fisher’s exact test). The number of worker-biased genes were higher in

every developmental stage compared to gynes-biased genes (worker vs gyne, 343 vs 73 at 6d, 212 vs 31 at

9d, 360 vs 41 at L1 and 284 vs 108 at L2; Figure 3, p < .001, Fisher’s exact test). The 42 caste-biased genes

at 24h were all biased towards workers, there were no gyne-biased genes at 24h.
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Figure 3. The number of caste-biased genes varied significantly between castes at all developmental stages and
the developmental stages 24h and 9d are significantly different to all the other developmental stages (Fisher’s exact
test, *** p < .001). The x-axis indicates the five developmental stages, with the total number of caste-biased genes
per developmental stage in brackets. The y-axis indicates the number of DEG found up-regulated in gynes (light
grey) or workers (dark grey). Numbers in the bars give the number of up-regulated genes per caste.

Caste-biased gene dynamics between developmental stages

More genes were over-expressed in workers than in gynes, and the few gyne-biased genes tend to be more
specific to one developmental stage, compared to the worker-biased genes. Only 9.8% of gyne-biased genes
were found overexpressed in two or more developmental stages, compared to 34.5% for worker-biased genes
(p < .001, Fisher’s exact test; Figure 4). Nine genes (out of 987 caste-biased genes) were found consistently
worker-biased in all five developmental stages, and 71 genes were worker-biased in four developmental stages
from 6d to L2 (Figure 4B). A single gene (PogoMSTRG.12666, no functional annotation) was consistently
gyne-biased in the four developmental stages from 6d to L2. Thirty-three genes were caste-biased in at least
two developmental stages, but the direction of expression changed between caste: 13 genes were first worker-

biased and then switched to gyne-biased, 17 genes were first gyne-biased and then switched to worker-biased
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and three genes changed direction three times over three or four developmental stages. No caste-biased gene

switched more than three times between developmental stages.
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Figure 4. Number of caste-biased genes shared between developmental stages. The vertical bars of the UpSetR
plots show the number of (A) gyne-biased and (B) worker-biased genes expressed in a single developmental stage
(in grey) or shared between two (yellow), three (orange) and four or five (red) developmental stages. The dot plot
below the graph indicates which developmental stages share the caste-biased genes shown in the vertical bar. In
cases where genes are shared between two or more developmental stages, dots are linked with a vertical line.
Horizontal lines adjacent to the dot plot show the total number of caste-biased gene per developmental stage. The
number of genes shared between all five stages (all worker-biased) was greater than expected by chance (observed
overlap =9, expected overlap = 3x10?®, Exact test of multi set intersections: p = 2x10#7). All pairwise overlaps also
contained more genes than expected by chance (detailed results in Table S8).

We looked for functional annotations of the 42 worker-biased genes at 24h in the NCBI nr. database. More
than half of them (23/42) had functional annotations (Figure 5), however we did not find related information in
previous studies. Among the genes consistently worker-biased through all five or four (from 6d to L2)
developmental stages, approximately half of them were annotated (36/71 and 5/9, respectively; Figure 5 and
Figure S5). The overall proportion of genes with a functional annotation did not differ between worker-biased

and gyne-biased genes (51+4% and 5412%, respectively).
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Annotations
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trichohyalin-like
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dentin sialophosphoprotein-like isoform X1
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Figure 5. Caste-biased genes shared across development. The heatmap shows the 42 caste-biased genes (all
worker-biased) at 24h stage with their annotations and their expression in the five developmental stages. Genes in
red are worker-biased, blue are gyne-biased. Saturation of the colors increases with the log2FC. Genes without a
label have no annotation, annotation in green is for genes that were caste-biased in all five stages (all worker-
biased).

Fourteen key genes known to play a role in social insect caste differentiation (in A. mellifera, B. terrestris and
several ant species; Sieber et al. 2021) were found caste-biased in one or more developmental stages (see
Table 2). Eight genes for cytochrome P450 (CYP) were found caste-biased at 6d, 9d, L1 and/or L2. CYP 4C1
stayed up-regulated in workers from 6d to L2 and four other CYP genes were expressed in workers in at least
one or all three developmental stages between 6d and L2. Two genes for CYP 4g15 were up-regulated in
gynes, at 9d and L2. Four fatty-acid synthase-like genes were up-regulated in workers in several
developmental stages from 6d to L2, the myosin light chain kinase gene was worker-biased at 24h and 6d and

the heat shock protein gene (HSP70) was up-regulated in workers at L1.
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Table 2. List of caste-biased genes previously described as involved in caste-differentiation or sex-differentiation,

per developmental stage.

Up-regulated in: Possible function(s) from previous
Gene : References
Caste  Dev. stages studies
CYP 4c Worker  6d. 9d, L1, L2 Overgxprredgsed in worker compared to (Evans and Wheeler
gyne in 3 instar larvae 2001)
Expressed throughout development in (Wen and Scott
CYP 6K Worker 6d,L1,Lo | Blattella germanica 2000
T Associated with sex differentiation in (Harrison et al. 2015)
Bombus terrestris larvae
. NA
CYP 9e2-like Worker L1 Potentially involved in the metabolism of | Flybase database
CYP 304a1 .
insect hormones
CYP 18at Essential for proper insect development | (Sztal et al. 2012;
Cytochrome Worker L2 and metamorphosis (up-regulated by Wan et al. 2013)
P450 ecdysteroids in D. melanogaster)
CYP 6a14 NA
Biosynthesis of endogenous
CYP 4g15 Gyne 9d, L2 compounds, pheromone metabolism, (Wan et al. 2013)
diapause in different insects
Mitochondrial role in the detoxification of | (Wan etal. 2013)
compounds tal ef 4l 2012
CYP 301at, Gvne ad Potentially involved in ecdysteroid (Sztal et al. 2012)
mitochondrial Y metabolism, 20-hydroxyecdysone
signaling or regulation during adult
cuticle formation
Myosin light chap kinase, Worker  24h, 6d Overexpressed in adultl workers . (Morandin et al.
smooth muscle-like (compared to queens) in 16 ant species | 2016)
Fatty acid synthase-like Worker  6d, 9d, L1, L2 ga%eer)‘es In total, 2 per developmental
. . Over expressed in young bipotential A. (Evans and Wheeler
Hsp70 family protein Worker L1 melifera larvae 2001)
Involved in JH biosynthesis,
Juvenile hormone acid O- overexpressed in A. mellifera queen- .
methyltransferase-like Gyne L2 destined individuals in second and fifth (Lietal 2013)
instar larvae, and in pupae
Sex-biased in mammals and presumed
Sex-determining region Y role in gonadogenesis or gonadal (Herpin and Schartl
L Worker 6d : - . -
protein-like differentiation non-mammals, including in | 2015)
insects
Nose. re5|§tant to fluoxetine Worker  6d, L1 Associated with ;ex differentiation in (Harrison et al. 2015)
protein 6-like Bombus terrestris larvae

Caste-biased gene enrichment analysis

The overall number of GO-terms related to caste-biased genes increases with the developmental stages
(p <.001, Fisher’s exact test, Figure 7), except between 6d and 9d where there is no significant increase. The
number of GO-terms related to gyne-biased genes is low in all developmental stages except at L2 where we

observe a substantial increase. There are significantly more GO-terms related to the worker-biased genes than
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to the gynes in all developmental stages (*** p <.001), except at L2 where there appear to be more GO-terms

related to gyne-biased genes, however the difference is not significant.
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Figure 7. The number of enriched GO-terms related to caste-biased genes increases with the progression through
the developmental stages (*** p <.001), except between 6d and 9d. There are significantly more GO-terms related
to the worker-biased genes than to the gynes in all developmental stages (*** p < .001), except at L2 where there
are more GO-terms related to gyne-biased genes, however the difference is not significant. The x-axis indicates the
five developmental stages, with the total number of GO-terms related to caste-biased genes per developmental

stage in brackets. The y-axis indicates the number of enriched GO-terms related to caste-biased genes up-regulated
in gynes (light grey) or workers (dark grey). Numbers in the bars give the number of GO-terms per caste.

In workers, 7 enriched GO terms were found shared between all five developmental stages, and 104 were
shared between two to four developmental stages (Figure 8B). The number of enriched GO terms specific to
one developmental stage increased with developmental stage (11 enriched GO terms found at 24h, 26 at 6d,
23 at 9d, 80 at L1 and 149 at L2; Figure 8B) in workers. In gynes, the overall number of enriched GO-terms
was quite low, except at L2 where we found 264 GO terms specific to L2 gynes (Figure 8A), and only nine

enriched GO terms were found shared between developmental stages.
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Figure 8. Number of GO-terms shared between developmental stages. The UpSetR plots show the number of (A)
gyne-biased and (B) worker-biased GO-terms found in a single developmental stage (in grey) or shared between
two (yellow), three (orange) and four or five (red) developmental stages. The dot plot below the graph indicates
which developmental stages share the GO-terms shown in the vertical bar. In cases where GO-terms are shared
between two or more developmental stage, dots are linked with a vertical line. Horizontal lines adjacent to the dot
plot show the total number of caste-biased GO-terms per developmental stage.

Differences in the gene enrichment profiles are observed between castes at the five developmental stages,
and associated processes often have plausible links to caste determination and overlap with findings from
previous studies (see Table 3 for details). At 24h, caste-biased genes (all worker-biased) were enriched for
GO-terms related to diverse metabolic and biosynthetic processes, with no clear association to caste
differentiation (Figure S8A, data on additional file Table S9).

At 6d, workers showed gene enrichment in diverse metabolic, biosynthetic and catabolic processes, in
transport, in histone/protein modification and in regulation of mating type switching (Figure S8B), which may
play a role in caste determination. Gynes showed gene enrichment in guanosine monophosphate and purine

nucleoside biosynthetic processes, as well as in N-terminal protein amino acid methylation and modification.

At 9d, gynes showed gene enrichment in response to chemical stimulus, in fatty acid/lipid metabolic processes
and in response to oxidative stress (Figure S8C). Genes worker-biased at 9d were enriched for GO-terms
related to metabolic and biosynthetic processes, transmembrane transport, nitrate assimilation and production

of small RNA, with no clear association to caste determination.

At L1, worker-biased genes were enriched for GO-terms related to regulation of circadian rhythm, quinolinate
metabolic process, positive regulation of hippo signaling, olfactory behaviour and like at 6d, regulation of
mating type switching (Figure S8D). Gynes were enriched in DNA metabolic process and innate immune

response.
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At L2, caste-biased genes stayed enriched for GO-terms related to immune response like at L1 and to cytokine
signaling pathways like at 9d. Worker biased genes were also enriched in circadian rhythm and regulation of
hippo signaling like at L1. Several GO-terms related to gyne development were found at L2. Gyne-biased
genes were enriched in viral processes, wing morphogenesis, positive regulation of TOR signaling and mitotic

spindle organization (Figure S8E).

Table 3. List of GO-terms that are potentially good candidate to be involved in caste determination, per caste and
developmental stages.

Dev. stage Caste Semantic similarity terms Related GO-terms

» Metabolic and biosynthetic proteolysis, nucleic acid metabolic process, fructose

24h Worker processes metabolic process, DNA biosynthetic process

« Metabolic, biosynthetic and
catabolic processes

 Transport
Worker | o Histone/protein modification

lipid catabolic processes, proteolysis, nitrogen cycle
metabolic process

fatty acid transport, oligopeptide transport

positive regulation of histone acetylation, regulation of
éd histone modification

¢ Eﬁﬁgﬁzgn of mating type mating type switching, mating type determination

« Guanosine monophosphate (GMP) and purine nucleoside biosynthetic processes

Gyne « N-terminal protein amino acid methylation and modification
o Metabolic and biosynthetic processes
Transmembrane transport
Worker | * _a sme ba e. anspo
« Nitrate assimilation
 Production of small RNA
9d « Response to chemical stimulus , ) o
chemokine-mediated signaling pathway, response to
Gvne F id/liid boli cytokine
y » Fatty acid/lipid metabolic fatty acid biosynthetic process, cellular lipid metabolic
processes process

» Response to oxidative stress

» Regulation of circadian rhythm
« Quinolinate metabolic process

« Positive regulation of hippo
Worker | signaling

L1 « Olfactory behaviour

¢ Regulation of mating type
switching

circadian behaviour, circadian sleep/wake cycle
process

« DNA metabolic process

Gyne .
e Innate immune response

o Immune response pathway
« Cytokine signaling pathway
« Circadian rhythm

« Regulation of hippo

Worker

L2 « Immune response pathway imaginal disc-derived wing morphogenesis, wing disc

« Cytokine signaling pathway development

« Mitotic spindle organization mitotic spindle pole body organization, spindle

« Positive regulation of TOR signaling ~ €/ongation, mitotic spindle assembly

« Viral processes negative regulation of viral process, modulation by virus
« Wing morphogenesis of host gene expression, viral RNA genome replication

Gyne
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Developmental stage-biased gene enrichment analysis

Six GO-terms were consistently enriched in workers across all developmental stages: metabolic process, DNA
biosynthetic process, DNA metabolic process, DNA integration, proteolysis and nucleic acid phosphodiester
bond hydrolysis. In gynes, DNA metabolic process was found in 6d, 9d and L1, and proteolysis at L2. No

enriched GO-term was found in gyne across all developmental stages.
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Discussion

Our main goal was to profile gene expression differences in queen- and worker-destined individuals of
Pogonomyrmex J lineages at early developmental stages when caste determination is expected to occur.
When plotting gene expression of all samples together, we observe that they cluster by developmental stage
rather than by caste (Figure 2). This pattern has been observed in several social insect species comparing
gene expression in larvae and pupae (Ometto et al. 2011; Harrison et al. 2015; Collins et al. 2021), however
when a single developmental stage is analyzed, samples separate by caste (Morandin ef al. 2015; De Souza
et al. 2018; Figure 2).

Gene expression patterns differ between queen- and worker-destined eggs as early as 24 hours old after the
egg was laid. There is an abrupt increase in the number of caste-biased genes between 24 hour old eggs and
6 day old eggs, but further studies with more frequent sampling rates would be required to discern whether
caste-biased genes are added gradually throughout the five day period of time that separates our sampling
schedule or whether this significant increase is indicative of an abrupt ‘spike’ in developmental expression.
There is a drop in the number of caste-biased genes at 9 days old compared to 6d, and a second peak in the
first larval instar (L1), which raises the same question, but the number of caste-biased genes as well as the
clear clustering by caste at 6d and L1 does suggest that the caste differentiation may follow a ‘bursty’ pattern
with periods of greater caste-specific development, perhaps starting at 6 days old and then again at L1. Our
inference is further supported by the observation that the developmental stage 9d corresponds to the pre-
hatching stage, where the larva prepares to hatch from the egg (samples were collected less than 24 hours
before hatching). In the ant Monomorium pharaonis, this corresponds to a period where no major
developmental changes happen (stage 16; Pontieri et al. 2020). The decrease in caste-biased genes observed
at 9d (Figure 2) likely reflects this critical step in Pogonomyrmex J lineages and, samples not clustering by
caste, support the fact that other factors influence gene expression more than the caste at this developmental
stage. We also observed a lower RNA concentration at 9d than at 6d (Figure S1), which supports the idea that
the larva at 9d is preparing for molting and is not going through major developmental changes. In P. rugosus,
the first larval molt occurs between 24 and 48 hours after the larva had hatched from the egg (pers. obs. and
unpublished data from Dr Eduardo Fox), therefore at L2 (72 hours after hatching) the first larval molt had
occurred already. It did not appear that larvae collected at L2 were in a critical developmental stage that could

explain by which factor(s) the caste-biased gene expression were hidden.

One major concern in the conception of this project was the fact that the worker and gyne gene expression is
influenced by a different genetic background and that it would be challenging to attribute differential expression
to either caste (i.e. worker vs gyne) or genotype (i.e. inter-lineage J1J2 workers vs pure lineage J1J1 gynes).
The presence of a single inter-lineage sample that clustered clearly within the pure lineage gynes at 6d eases
this concern. If we are correct in our assumption that this sample is an inter-lineage gyne, it means that the
effect of the genotype (pure lineage versus inter-lineage) does not conceal any caste effects. Moreover, a
study on the whitefish Coregonus clupeaformis found that very few transcripts differed in mean expression

level between normal and inter-lineage hybrid fishes at the embryonic stage (which lasts about 6 to 8 weeks),
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in contrast to 16-week-old juvenile fishes (Renaut et al. 2009). We can therefore assume that the differentially

expressed genes observed in this study were more linked to caste than to genotype.

A second aim of our study was to characterize the gene expression dynamics throughout the egg stage and
first two larval stages. Although only 42 genes were caste-biased at 24h, they were all worker-biased and nine
of them remained consistently worker-biased throughout all developmental stages. In all five developmental
stages, there were more worker-biased genes than gyne-biased genes. To our knowledge, this study is the
first to show an early bias towards worker-transcribed genes from eggs at 24h old until the second larval instar.
A shift from worker- to gyne-bias in gene expression during development was found in several eusocial insect
species (with variation in developmental stage between species), where little gyne-biased expression was
detected until the late-larval, pupal or even emerging adult stages (Ometto et al. 2011; Morandin et al. 2015;
Collins et al. 2021). Data presented by Severson et al. (1989) also suggested an early bias toward worker-
transcribed genes followed by a general bias toward queen-specific gene expression in pre-pupae and pupae,
periods during which much of the reproductive differentiation between queens and workers take place in A.
mellifera. Our data further support the idea that queen is the developmental pathway by default and the worker
pathway is actively switched on (Severson et al. 1989; Thompson et al. 2006; Guo et al. 2013; Wojciechowski
et al. 2018).

The third aim was to find genes that could be involved in caste differentiation. None of the worker-biased genes
at 24h have been described as involved in caste differentiation in previous studies on eusocial insect species.
However, in the following four developmental stages measured, several caste-biased genes we detected have
previously been described as involved in caste differentiation in several social insects (Table 2) and could

potentially represent critical genes involved in the caste differentiation of Pogonomyrmex J lineages.

Several cytochrome P450 (CYP) genes have previously been linked to caste determination. CYP genes were
found caste-biased in the several Apis species in all larval instars (Corona et al. 1999; Evans and Wheeler
1999; Pereboom et al. 2005; Cameron et al. 2013; Kang et al. 2021), in late-instar larvae in the bumblebee
Bombus terrestris (Pereboom et al. 2005), in freshly emerged females in the wasp Polistes canadensis
(Sumner et al. 2006), in the red imported fire ant, Solenopsis invicta (Liu and Zhang 2004) as well as in termites
(Cornette et al. 2006; Tarver et al. 2012). We found several CYP genes biased towards worker in all
developmental stages except at 24h (see Table 2). CYP4C1 was proposed to participate in fatty acid oxidation
(which provides an energy supply) in the cockroach (Lu et al. 1999) and CAP6k1, was shown to be essential
for proper development and metamorphosis in other insects (Collins et al. 2021). The single CYP that we found
up-regulated in gynes at 9d and L2 (CYP4g15) was found up-regulated in newly emerged workers in Melipona
bees (Judice et al. 2004). This indicates that modulation of these CYP genes could be associated with energy
requirements and the morphological changes in development associated with the castes in Pogonomyrmex J

lineages.

The two enzyme families, glutathione transferase and cytochrome P450, play a central role in the detoxification
of both endogenous and xenobiotic compounds, including oxygen free radicals (Diao ef al. 2018). Glutathione

transferase participates as well in the oxidative stress response and is involved in intracellular transport and
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biosynthesis of hormones (Allen and Sohal 1986; Enayati et al. 2005). Two GO-terms related to glutathione
transport have been found enriched in workers at 6d and stayed enriched in all following developmental stages
until L2. Cameron et al. (2013) and Kang et al. (2021) found that A. mellifera and A. cerana workers,
respectively, have higher expression of glutathione-s-transferase genes in larval and adult stages, which

support our results.

Several caste-biased genes and GO-terms that we found in this study overlap with findings in previous
research on social insects, however their role in caste determination remains unclear. These include the
myosin light chain kinase, worker-biased at 24h and 6d, which was found to be consistently worker-biased in
16 ant species (at the adult stage; Morandin et al. 2016). Although its role remains unclear, myosin light chain
kinase is likely a housekeeping gene part of a multicomponent signaling pathway (Morandin et al. 2016; Isobe
et al. 2020). A fatty acid synthase-like gene was consistently up-regulated in workers from 6d to L2. Sumner
et al. (2006) found this gene up-regulated in newly emerged workers in P. canadensis, supporting the likelihood
that this gene might be involved in a pathway specific to worker development. The heat shock protein gene
(HSP70) was worker-biased at L1, which is consistent with previous studies which found heat shock protein
genes differentially expressed between castes or developmental stages in larvae and adults of A. mellifera
(Evans and Wheeler 2001; Xu et al. 2010). Two genes (e.g. Sex-determining region Y and nose-resistant to
fluoxetine, upregulated in 6d and 6d&L1 workers, respectively) have been linked to caste differentiation in B.
terrestris (upregulated in queen-destined larvae) and to sex differentiation in other insects (Table 2). Moreover,
several GO-terms related to mitotic spindle organization (enriched in L2 gynes) and to mating-type switch
(enriched in workers at 6d and L1) have also been linked to sex differentiation in insects and yeast,
respectively, which is consistent with reports linking the processes of caste- and sex differentiation in other

eusocial species (Klein et al. 2016; Kapheim 2019; Warner et al. 2019).

Finally, we looked for caste-biased gene enrichment in all five developmental stages that could be related to
caste differentiation. Several pathways have already been described as regulating the queen and worker caste
determination, such as insulin growth signaling, target of rapamycin (TOR), Fat/Hippo signaling pathway,
juvenile hormone/ecdysteroids, and vitellogenin (Barchuk et al. 2007; Wheeler et al. 2014; Ashby et al. 2016;
Corona et al. 2016; Yin et al. 2018). However, only two of those pathways were differentially expressed
between castes in this study: TOR and Fat/Hippo signaling pathways. TOR and Fat/Hippo signaling pathways
are involved in the regulation of organ size through their respective functions in cell size or cell number
regulation (Tumaneng et al. 2012). We found three enriched GO-terms related to positive regulation of TOR
signaling that were up-regulated in gynes at L2. TOR is a highly conserved serine/threonine kinase that
controls cell growth and metabolism in response to nutrients, growth factors, cellular energy, and stress.
Wheeler et al. (2014) found that TOR is more highly expressed in A. mellifera queen larvae at 40 hours post-
hatching. Previous studies showed that TOR gene knockdown blocks queen fate and results in individuals with
worker morphology (Patel et al. 2007; Wheeler et al. 2014; Wang et al. 2021) and therefore suggested that
this pathway is involved in caste determination in the honeybee A. mellifera. Our result support those previous
findings and suggest that TOR might be involved in caste determination in the ant Pogonomyrmex J lineages
as well. Pogonomyrmex queens are morphologically much larger than workers, therefore size and metabolism

are likely an important facet of development.
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Hippo signaling is essential for the earliest cell fate decisions in mammalian embryos (Barry and Camargo
2013) and in Drosophila, mutations in this pathway result in organized overgrowth of imaginal discs resulting
in normal, but enlarged organs (Gotoh et al. 2015). In this study, we found enriched GO-terms related to the
positive regulation of hippo signaling in workers at both 6d and L1 developmental stages. The fact that 6d and
L1 developmental stages show an enrichment for genes involved in the Hippo signaling pathway and have the
highest number of caste-biased genes plus show a clear separation by caste on the PCA plot, supports the
fact that the Hippo pathway has a role in caste differentiation, as proposed by Gotoh et al. (2015). The
development of morphological differences between gyne and worker castes requires a complex fine-tuning

that may be regulated by the hippo signaling pathway, through the control of organ growth and cell proliferation.

We did not find caste-biased genes involving vitellogenin, although vitellogenin was described as involved in
caste differentiation in several studies. Higher vitellogenin content was found in eggs laid by overwintered
queens compared to non-overwintered queens (Libbrecht et al. 2013). Vitellogenin is incorporated in the egg
during its production by the queen and used by the developing embryo as a nutritive source (Wu et al. 2021)
but is not produced by the embryo, which explains why we did not find gene expression related to vitellogenin
in any of the five developmental stages. The higher levels of vitellogenin in post hibernation eggs and the likely
expensive cost of gyne development may be one reason why vitellogenin titres are different, but are not a
prime reason for caste differentiation, rather they are a limiting factor. Indeed, if a gyne does not have enough
vitellogenin, she cannot complete her more energetically costly development. A single gene related to juvenile
hormone (juvenile hormone acid O-methyltransferase-like) was overexpressed in gynes at L2. Li et al. (2013)
found this gene overexpressed in A. mellifera queen-destined larvae in second and fifth instar, which supports

a role of juvenile hormone acid methyltransferase in caste differentiation.

At developmental stage 6d, we found several GO-terms enriched in histone acetylation in workers and genes
enriched in N-terminal protein amino acid methylation in gynes. Modifications of histones has been proposed
as a modifier of gene expression in social insects (Sieber et al. 2021). Wojciechowski et al. (2018)
demonstrated that chromatin modifications have a key role in the establishment and maintenance of caste-
specific transcriptional programs in A. mellifera larvae at 96 hours. Higher levels of methylation in A. mellifera
induce the development of the worker phenotype, while having comparatively less methylation induces a
queen phenotype (Sieber et al. 2021). In adult ants, a higher degree of methylation was observed in queens
than in workers (Smith et al. 2012; Morandin et al. 2019). However, data showing methylation degree in egg
and first instars larvae in ants are missing. Post-translational modifications of histones (i.e. histone acetylation)
was shown to influence the generation of distinct ant worker castes (i.e. minor vs major workers; Bonasio 2014;
Simola et al. 2016). Another study suggested that histone acetylation is involved in the molecular regulation of
adult worker reproduction in the ant Temnothorax rugatulus (Choppin et al. 2021). We also found GO-terms
enriched in the regulation of circadian cycle in 6d workers. Libbrecht et al. (2020) suggested a role for histone
acetylation in controlling and regulating circadian rhythms in adult ants. It is therefore possible that the GO-
terms for histone acetylation and circadian cycle work together in early developmental stage in workers, by

modifying gene expression.
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Last but not least, among the numerous GO-terms found in L2 gynes, five of them showed enrichment for
genes related to imaginal disc wing morphogenesis. Recent studies showed that genes related to imaginal
disc wing are expressed worker-destined larvae not for wing development, but in the soldier and minor worker
subcaste differentiation (Abouheif and Wray 2002; Koch et al. 2021). In our study only L2 gynes expressed
those genes, which suggests that gyne-destined larvae in second instar (L2) are already in a well differentiated

developmental pathway with development of caste specific organs.

Even if the knowledge on gene expression between social insect castes is growing, it is difficult to make
meaningful connections between caste-biased genes, their related GO-terms, and caste determination. As
mentioned above, most of the caste-biased genes differ between species and developmental stages, therefore
more studies on gene expression in social insects are necessary, as well as gene knockdowns to confirm gene

function, to improve our understanding of caste determination.

Conclusion

To our knowledge, this study is the first to describe the dynamics of caste-biased gene expression in early
developmental stages in ants, before any visible morphological difference between castes. Overall, our results
show that several genes are caste-biased at a very early developmental stage in Pogonomyrmex J lineages,
with two hotspots of caste differentiation at 6 day old eggs and first instar larvae. Our data support what has
been previously suggested, that the worker developmental pathway is actively switched on from a default
queen developmental program. We were able to identify a number of genes that might be involved in caste
determination and differentiation among those already described as differentially expressed in later
developmental stages (when castes are morphologically differentiated) in other eusocial insect species. More
studies on gene expression in worker and queen-destined ants at the egg stage are necessary to broaden our
understanding of caste differentiation and development. It would also be particularly interesting to look for
caste-biased genes in an ant species with an environmental caste determination to compare caste

differentiation between species with an environmental or genetic caste determination system.
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Supplementary Information

Additional Tables S1 and S9 available for download on the following dropbox link:
www.dropbox.com/transfer/AAAAABmMxhk47dcDkPCND18T8quYhbR54RsfGgKb9pdUy8qWxYmWgMt4

Confirmation of the caste

We managed to infer intra and inter-lineage ancestry for 715 individuals out of 895 (Table ). For the other 180

individuals, either the DNA extraction and/or microsatellites PCR amplification failed, or the genotype did not

allow the attribution to the worker or gyne caste.

Table S2. Numbers of DNA extractions done on the J1-lineage colony and on the three J2-lineage colonies with
successful caste attribution (worker or gyne), inconclusive genotype or failed DNA extraction. Inconclusive genotype

contains individuals for which different microsatellite makers indicated different caste fates.

Lineage | Colony | Age | Worker | Gyne Inconclusive | Failed D_NA Total samples Total
genotype extraction extracted
24h 22 13 2 5 42
6d 5 12 7 24 48
1 ~9d 12 9 8 18 47 234
L1 17 17 6 10 50
L2 24 17 3 3 47
24h 41 12 1 0 54
6d 22 31 0 0 53
J2 2 ~9d 31 25 0 6 62 246
L1 22 22 1 0 45
L2 20 12 0 0 32
24h 53 9 0 0 62
6d 38 14 1 0 53
3 ~9d 34 5 2 3 44 225
L1 30 12 0 0 42
L2 15 9 0 0 24
24h 25 0 3 7 35
6d 17 0 5 14 36
Ji 4 ~9d 11 0 4 19 34 190
L1 28 0 5 7 40
L2 29 0 9 7 45

Table S3. Numbers of patrilines per colony and caste. P1-P3: worker patrilines, P4-P7: gyne patrilines. There is no
relationship in patriline numbers between colonies (i.e. P1 in colony 1 is not the same than P1 in colony 2).
Unassigned samples represent workers whose genotype could not be assigned to a patriline because of

incomplete/unique genotypes.

. Worker patrilines Gyne patrilines | Total number of patrilines
Lineage | Colony K
P1 P2  P3 Unassigned P4 P5 P6 P7 Percaste (worker - gyne)
1 52 | 27 1 25|19 | 13 | 11 2-4
J2 2 130 | 4 54 | 48 3-2
3 80 | 76 5 9 14 14 |13 | 8 3-4
J1 4 55 | 44 | 10 1 2-0
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RNA concentration and quality

The RNA average concentration (elution done in 50ul for every sample) per caste and age shows a surprisingly
low RNA concentration in 9 day old eggs compared to 6 days old and 11 days old (first larval stage; Figure ).
We collected 9 days old samples once we could see the larva moving in the egg (i.e. close to hatching time
which happens at ~10 days old). This low RNA concentration in 9 day old eggs does not seem to be explained
by RNA degradation (Table S4), suggesting that transcription rates may be reduced, perhaps because of a

transient pause in development until hatching.

Another unexpected result is the very high RNA degradation observed in 6 day old eggs, which is consistent
in both worker and gyne samples (Table S4). It is probably too late in the development to be the maternal-to-
zygote transition as it happens much earlier (2 to 32 hours after fertilization) in the classical model species
(Drosophila, C. elegans, Zebrafish, mouse, human; (Vastenhouw et al. 2019). However, it is possible that
another important developmental transition occurs at 6 days. Further investigations are required to confirm this

observation.

18

16

14

12

10

RNA concentration [ng/ul]

: | |
- . =

24 hours old 6 days old 9 days old 11 days old 14 days old
9,3) (16, 11) (6, 5) (1st larval stage) (2nd larval stage)
(9,3) (7,5)

Sample's age
(Sample size)

B Gyne E3 Worker

Figure S1. RNA average concentration [ng/ul; RNA elution done in 50ul1] per egg for the five developmental stages,
for gyne and worker caste (measures done by Ribogreen). Sample size (gyne, worker) is given in brackets under
each age.
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Table S4. RNA quality (evaluation by eyes based on Fragment Analyzer profiles). Percentage of samples with good
quality/slightly degraded RNA and borderline/degraded RNA, per caste and egg age. The sample size is indicated
in brackets.

Genotype Egg age Ok or slightly degraded | Borderline or degraded
24 hours old 100% (8) 0% (0)

6 days old 10% (1) 90% 9)

gyne 9 days old 100% (4) 0% (0)
1st larval stage (11 day old) 78% 7) 22% 2

2nd |arval stage (14 days old) 75% (6) 25% 2

24 hours old 100% (3) 0% (0)

6 days old 11% (1) 89% (8)

worker 9 days old 100% (3) 0% (0)
1st larval stage (11 days old) 100% (3) 0% (0)

2nd |arval stage (14 days old) 60% (3) 40% 2
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Sl Text 1

Protocol for double RNA/DNA extraction using TRIzol® with specific steps for small RNA amount extraction

(24 hour old egg, one egg/sample) for Pogonomyrmex ant

Before starting

Cool down the centrifuge at 4°C (fast temp)

Make fresh 75% ethanol and put it at -20°C freezer to add it cold in the samples
Incubate milliQ water at 60°C (to facilitate pellet dissolution)

Defrost the Glycogen blue

Homogenization

Work under the hood from here

Make a mix of TRIzol and B-mercaptoethanol (number of samples + 10%)

Per sample = 1ml of TRIzol + 10yl of B-mercaptoethanol/ml of TRIzol (protect the RNA from degradation)
Add 1010yl of the mix per tube containing the sample

Homogenize tissue sample in TRIzol 2x 30 seconds at 6.500 using a machine with dry ice

Label 2 new tubes per samples (1.5ml with lid)

Transfer the content into new tube = important step to keep the liquid without the beads (for DNA
extraction later)

Separation phase

Incubate 5 minutes at room temperature (RT)

Add 200u1 of chloroform per ml of TRIzol used (to denature protein in action with TRIzol)

Shake vigorously for 15 seconds, the 2 phases have to be well mixed

Incubate 3 minutes at RT

Centrifuge 15 minutes at 12 000g at 4°C (to separates the mixture into 3 phases: the upper transparent
phase contain the RNA. With egg and small larva there is no visible interphase. The lower pink phase is
used for DNA extraction)

Transfer the upper aqueous phase containing the RNA (~500ul) into a new 1.5ml labelled tube

Add 500yl of 2-propanol (half of the TRIzol quantity used in step 1; to desalt and concentrate RNA) + 1pl
Glycogen blue (RNAse-free, Invitrogen, 15 mg/ml; to increase the visibility of the pellet) and vortex =
sample can be stored at -80°C, for max 2 weeks

If you want to extract the DNA as well, put the RNA + 2-propanol samples in the freezer until the end of
RNA extraction. If no DNA extraction, jump directly to RNA extraction.

DNA isolation for 24 hour old eggs (low DNA amount)

Work on ice under the hood

After having taken the aqueous phase with RNA, spin down the tubes which contain the
interphase/organic phase with TRIzol at 12,0009 for 5 min. at 4°C

Carefully remove any remaining aqueous phase which would contaminate the DNA sample with RNA

& Removal of the remaining aqueous phase before DNA precipitation is a critical step for the quality of
the isolated DNA.

Add 700uI of re-extraction buffer (4M guanidine thiocyanate (powder), 50mM sodium citrate and 1M Tris,
pH 8.0-8.5)

Mix intensively by inverting for at least 3 min (or put on a shaker for 10 min), /N DO NOT VORTEX
(shearing)

Centrifuge at 12000g for 15-30 min at 4°C

Transfer the upper phase to the 1.5 ml eppendorf tube previously labelled

Add 1pul Glycogen blue (RNAse-free, Invitrogen, 15 mg/ml; carrier) + 360ul of isopropanol, mix by
inversion and incubate for 5 min. at RT
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Centrifuge at 12,0009 for 30 min. at 4°C (to pellet DNA)

Remove the supernatant

Wash the pellet with 1ml of 75% ETOH

Centrifuge at 12,0009 for 5 min. at 4°C

Remove ethanol and dry the DNA pellet for 3 min by air-drying

Dissolve pellet in 16 yl of TE buffer (=10 mM Tris / 0.1 mM EDTA) by pipetting up and down all around
the bottom of the tube for ~2 min. to be sure the DNA pellet is well dissolved.

DNA isolation for eggs from 3 days old until small larvae

Add 300 pl of 100% ethanol and 1u1 of Glycogen blue

Mix by inversion /N DO NOT VORTEX

Incubate 3 minutes at RT

Centrifuge 5 minutes at 2000g (=4300rpm) at 4°C (to pellet DNA)

Remove the phenol/ethanol supernatant

Add 1 ml of 0.1M trisodium citrate 10% ethanol pH 8.5 solution (washing step)

Incubate at RT, with occasional mixing, for AT LEAST 30 minutes & DO NOT reduce the time samples
remain in the washing solution. 30 minutes is the absolute minimum time for efficient removal of phenol
from the DNA (maximum 2 hours).

Centrifuge for 5 minutes at 2000g at 4°C

Remove the supernatant

Repeat the washing step: add 1 ml of 0.1M trisodium citrate 10% ethanol solution, incubate at RT AT
LEAST 30 minutes, centrifuge for 5 minutes at 2000g at 4°C and remove the supernatant.

Add 1.5ml of 75% ethanol in the tube with the pellet

Incubate for 15 minutes at RT

Centrifuge at 2000g for 5 minutes at 4°C

Remove the ethanol by flipping the tube, then quick spin and remove the last drop with the pipette.

Dry the DNA pellet for 3 minutes by letting the tubes opened < DO NOT over-dry the pellet, otherwise it
cannot be solubilized anymore

Make a mix NaOH-HEPES (sample number+10%):

Per sample: 15ul of NaOH 8mM + 1.35ul of HEPES 0.1M to adjust pH at 8.4 = 16.35ul/sample

Dissolve the pellet in 16.35ul of mix NaOH 8mM-HEPES 0.1M with repeated slow pipetting up and down

RNA isolation

Work on ice under the hood

Centrifuge 10 minutes at 12 000g at 4°C.

Remove the supernatant (the RNA precipitate will form a blue pellet (Glycogen) on the side-bottom of the
tube)

Add 1ml of 75% cold ethanol (to remove residual protein)

Vortex

Centrifuge 5 minutes at 12000g at 4°C.

Remove the ethanol by flipping the tube and remove the last drop carefully with a pipet. Dry the RNA
pellet for 5 minutes by air-drying.

& DO NOT over-dry the pellet, otherwise it cannot be solubilized anymore.

Add 20-40ul of RNase free milliQ water at 60°C and pipette up and down for 2 min. to ensure complete
dissolution.
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Table S5. The caste of P. rugosus eggs and larvae was determined by microsatellite genotyping using the indicated
primer sequences. (Primer names and sequences, fluorescent dye added to the 5’ end of the forward primer, locus
amplified in the same multiplex, repeat motif type, number of observed alleles (Na), corresponding size range of the

amplified fragment and GenBank accession numbers are given for each locus.)

Locus | Primer (5°-3’) Dye | Multiplex | Motif Na | Size range (bp) | GenBank
Pb5 |1 O A FAM 1 (CTTT)TT(CT)is| 4 220-240 AF481937
Pb8 | I O o aaATASCAC | Fam 1 (CT)TT(CT) | 6 260-293 AF481940

Pb10 | GO T e 8 NED 1 (CAA)o 3 266-290 AF481942
o [ SEASSES S [ | 1 | amoiom 5| wwme |
PbY |1 O e e hCG | FAM 2 (CA)AA(CG)s | 7 315-360 AF481941
Po3 | A aaneC o NED 2 (TC)ze 9 150-180 AY301007
PoB |1 R FAM 2 (ATC)s(CAG)1s | 6 200-270 AY301009
P | e A, NED 2 na 2 380-400 AF521193

Table S6. PCR conditions for the amplification at the 8 loci (see Table S5) to determine the genotype of P. rugosus

eggs and larvae.

Cycling conditions Temp Time | Cycles
Denaturation initial | 95°C 15 min
Denaturation 94°C 30 sec
Annealing 228 Emz:::g:gi ;; 90 sec 30
Extension 72°C 1 min
Final extension 60°C 30min
12°C XXX
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Table S7. Genotypes of the eggs and larvae at 8 microsatellite loci. Gynes genotypes are pure J1J1 lineage,
whereas workers genotypes are inter-lineage J1J2. Paternal alleles are given in italics.

| age |sampIeID|CoIony|Batch| Father| Pb9 | | Po3 | | Po8 | | Pb10 | | Pb5 | | Pb8 | | L18 | | Pr1 |
Gyne
318sll 1 1st M6 | 315|333 177|181 232 241 270\ 270 289 | 289 154 | 156 398 | 398
551sll 1 2nd M3 [315|315| |169|177| |232|241| |270|270| |222|222| |289|287| |154|154| |398| 398
24h 916Q 2 1st M3 | 315 3715 177|177 238 | 238 270|270 287 | 291 154 | 161 398 | 398
582Q 3 1st M7 [315|315| |165|177| |238|238| |270|270| |224|224| |287|279| |154|154| |398| 398
164Q 3 2nd M5 |[315| 315 165 165 238 | 238 270|270 279| 287 156 | 161 398 | 398
322sll 1 1st M6 |[315|333| |177|181| |232|241| |270|270| |224|222| |289|289| |163|156| |398| 398
039sll 1 2nd M4 | 315( 315 169| 181 232| 238 270|270 224|222 289|279 163 | 156 398 | 398
251Q 2 1st M3 [315|315| |177|177| |238|238| |270|270| |224|222| |287|291| |154| 161| |398| 398
6 329Q 2 2nd M3 [315|315| |165|177| |238|238| |270|270| |224|222| |287|291| |154| 161| |398| 398
098Q 3 1st M7 [315|315| |165|177| |238|238| |270|270| |222(224| |279|279| |154| 154| |398| 398
182Q 3 2nd M5 | 315 3715 165| 165 238 | 238 270\ 270 222|222 279 | 287 156 | 161 398 | 398
665sll 1 1st M6 |[333| 333 222|222 289 | 289 398 | 398
095sll 1 2nd M4 | 315|315| |177]| 181 270|270| |222|222| |289|279| |154|156| |398|398
694Q 2 1st M3 | 315 3715 177|177 238 | 238 270|270 291 | 291 154 | 161 398 | 398
o 445Q 2 2nd M3 [315|315| |165|177| |238|238| |270|270| |224|222| |291|291| |156| 161| |398| 398
937Q 3 1st M7 | 315|315 165|177 238 | 238 270|270 287|279 154 | 154 398 | 398
1616Q 3 2nd M6 |[315| 315 165| 181 238 | 238 270|270 222|224 287|283 156 | 154 398 | 398
683sll 1 1st M6 | 333|333 224|222 289 | 289 398 | 398
286sl| 1 2nd M4 | 333 315 222|222 289|279 398 | 398
P 887Q 2 1st M3 [315|315| |165|177| |238|238| |270|270| |224|222| |287|291| |154| 161| |398| 398
606Q 2 2nd M3 | 315 3715 165|177 238 | 238 270|270 287| 291 156 | 161 398 | 398
557Q 3 1st M7 [315|315| |165|177| |238|238| |270|270| |224|224| |279|279| |154| 154| |398| 398
388Q 3 2nd M5 | 315( 3715 165| 165 238 | 238 270|270 224 | 224 279 | 287 156 | 161 398 | 398
698sll 1 1st M6 | 333|333 224 | 222 289 | 289 398 | 398
890sll 1 2nd M4 [ 315|315| |177|181| |241|238| |270|270| |222|222| |289|279| |163|156| |398| 398
L2 962Q 2 1st M3 [315|315| |177|177| |238|238| |270|270| |224|222| |291|291| |154| 161| |398| 398
899Q 2 2nd M3 [315|315| |177|177| |238|238| |270|270| |224|222| |291|291| |154| 161| |398| 398
815Q 3 2nd M5 | 315 3715 165| 165 238 | 238 270|270 222|224 279 | 287 156 | 161 398 | 398
Worker
459sl| 1 1st M1 [315|355| |177|171| |232|244| |270|270| |224|230| |289|267| |154| 184| |398| 386
564sll 1 2nd M2 [333|341| |177|173| |232|244| |270|270 289 | 267| |154| 154| |398| 386
481Q 2 1st M1 [315|341| |177|173| |238|244| |270|274| |224|230| |287|267| |154|182| |398| 386
022Q 2 2nd M1 [315|341| |165|173| |238|244| |270|274| |224|230| |287|267| |154|182| |398| 386
915Q 2 2nd M1 [315|341| |165|173| |238|244| |270|274| |224(230| |291|267| |154|182| |398| 386
24h 740Q 3 1st M2 | 315 355 165| 171 238 | 244 270|270 222|230 279 | 267 156 | 182 398 | 386
029Q 3 2nd M1 [315|341| |165|171| |238|244| |270|270| |222(230| |279|267| |154|184| |398| 386
023sll 4 2nd M3 [355|335| |173|169| |244|238| |270|274| |230(222| |267|279| |161|161| |386| 398
233sll 4 2nd M3 [355|335| |173|169| |244|238| |270|274| |230(222| |267|279| |161|161| |386| 398
319sll 4 2nd M1 355| 335 173| 169 244 | 238 270 | 274 267|279 153 153 386 | 398
274sll 1 1st M1 [315|355| |169|171| |232|244| |270|270| |222(230| |289|267| |163|184| |398| 386
669Q 2 1st M1 [315|341| |177|173| |238|244| |270|274| |224(230| |291|267| |154|182| |398| 386
642Q 2 2nd M1 [315|341| |165|173| |238|244| |270|274| |224|230| |287|267| |154|182| |398| 386
053Q 3 1st M2 | 315 355 165| 171 238 | 244 270|270 222|230 279 | 267 156 | 182 398 | 386
6 176Q 3 2nd M1 [315|341| |165|171| |238|244| |270|270| |222(230| |279|267| |156| 184| |398| 386
066sll 4 2nd M3 [355|335| |173|169| |244|238| |270|274| |230(222| |267|279| |154|154| |386| 398
258sl| 4 2nd M3 | 355|335 230| 222 267|279 386 | 398
910sll 4 2nd M1 355| 335 173| 169 244 | 238 270 | 274 230| 226 267|279 153 153 386 | 398
194sll 1 1st M1 [ 315|355 270|270| |222|230| |289|267| |163| 184
960sll 1 2nd M2 [315|341| |169|173| |241|244 398|386
627Q 2 1st M1 [315|341| |165|173| [238|244| (270|274 291|267| |154| 182| |398| 386
od 321Q 2 2nd M1 [315|341| |177|173| |238|244| |270|274| |224(230| |291|267| |154|182| |398| 386
840Q 3 1st M2 | 315 355 165| 171 238 | 244 270|270 279| 267 156 | 182 398 | 386
1065Q 3 2nd M1 [315|341| |165|171| |238|244| |270|270| |222(230| |287|267| |156| 184| |398| 386
323sll 4 2nd M1 355| 335 230| 226 267|279 386 | 398
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799slI 4 2nd M3 | 355|335 173| 169 244 | 238 270|274 230 222 267|279 161 161 386 | 398
822sll 4 2nd M3 | 355|335 173| 169 244 | 238 270|274 230|222 267|279 161 161 386 | 398
284sll 1 1st M1 333 | 355 224|230 289 | 267 398 | 386
247slI 1 2nd M2 | 333]| 341 222|230 289 | 267 398 | 386
716Q 2 1st M1 315 341 177|173 238 | 244 270|274 224|230 287 | 267 154| 182 398 | 386
1023Q 2 2nd M1 315 341 165|173 238 | 244 270|274 224|230 291 267 154| 182 398 | 386
L1 709Q 3 1st M2 | 315|355 165| 171 238 | 244 270|270 279 | 267 156 | 182 398 | 386
703Q 3 2nd M1 315 341 165| 171 238 | 244 270|270 287 | 267 156 | 184 398 | 386
296slI 4 2nd M3 | 355|335 230 222 267|279 386 | 398
329sl| 4 2nd M1 355 335 230 | 226 267|279 386 | 398
708slI 4 2nd M3 | 355|335 230|222 267|279 386 | 398
584sll 1 1st M1 315 355 177|171 241|244 270|270 222|230 289 | 267 154 | 184 398 | 386
196sll 1 2nd M2 | 333]| 341 224|230 289 | 267 398 | 386
771Q 2 1st M1 315 341 165|173 238 | 244 270|274 224|230 291 267 154| 182 398 | 386
770Q 2 2nd M1 315 341 165|173 238 | 244 270|274 224|230 287 | 267 154| 182 398 | 386
L2 392Q 3 1st M2 | 315|355 165| 171 238 | 244 270|270 224|230 279 | 267 156 | 182 398 | 386
812Q 3 2nd M1 315 341 165| 171 238 | 244 270|270 222|230 287 267 154 | 184 398 | 386
560slI 4 2nd M3 | 355|335 173 | 169 244 | 238 270|274 230 222 267|279 162| 162 386 | 398
676sll 4 2nd M1 355 335 230 | 226 267|279 386 | 398
986sll 4 2nd M3 | 355|335 173| 169 244 | 238 270|274 230 222 267|279 161 161 386 | 398

Interlineage gyne sample

| 6d | estsi | 1 [ ond | w1 [s15]333] [ | | | | | [270]270] [224]230] [280] 267 | | | |398]3se]
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Figure S2. Principal component plots. (A) First two principal components (PC1 and PC2) explaining transcriptomic
variation across samples for the developmental stage 6d with the inter-lineage gyne sample from J1 colony (arrow).
First and third principal components (PC1 and PC3) for developmental stages 9d (B) and L2 (C) showing a clear
separation by caste, which was not the case with PC1 and PC2. Colors show the caste (light color for gynes and
dark color for workers). Filled symbols refer to the three J2-lineage colonies and open symbol refer to the single J1-

lineage colony.
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Table S8. Exact test of multi set intersections of gyne- and worker-biased genes between developmental stages.

Intersections ‘ Degree ‘ Observed Overlap | Expected Overlap FE P-value
Workers
L2 1 284 NA NA NA
L1 1 211 NA NA NA
L1 &L2 2 68 4,98 13,67 7.31e-60
9d 1 212 NA NA NA
9d & L2 2 111 5,00 22,21 3.39e-130
9d & L1 2 55 3,71 14,81 5.07e-50
9d & L1 & L2 3 37 0,09 422,55 6.03e-87
6d 1 343 NA NA NA
6d & L2 2 105 8,09 12,98 3.61e-92
6d & L1 2 60 6,01 9,99 7.81e-44
6d & L1 & L2 3 35 0,14 247,05 1.81e-73
6d & 9d 2 135 6,04 22,36 6.96e-164
6d & 9d & L2 3 91 0,14 639,30 2.51e-240
6d & 9d & L1 3 44 0,11 416,06 1.79e-103
6d &9d & L1 & L2 4 34 2.49e-03 13635,42 1.04e-131
24h 1 42 NA NA NA
24h & L2 2 11 0,99 11,11 2.31e-09
24h & L1 2 9 0,74 12,23 3.54e-08
24h & L1 & L2 3 5 0,02 288,23 9.31e-12
24h & 9d 2 12 0,74 16,23 4.50e-12
24h & 9d & L2 3 10 0,02 573,73 1.53e-25
24h & 9d & L1 3 6 0,01 463,34 3.88e-15
24h & 9d & L1 & L2 4 5 3.05e-04 16375,87 1.52e-20
24h & 6d 2 15 1,20 12,54 2.38e-13
24h & 6d & L2 3 10 0,03 354,61 2.02e-23
24h & 6d & L1 3 7 0,02 334,11 1.74e-16
24h & 6d & L1 & L2 4 5 4.94e-04 10121,53 1.71e-19
24h & 6d & 9d 3 9 0,02 427,54 6.69e-22
24h & 6d & 9d & L2 4 9 4.96e-04 18132,82 1.35e-36
24h & 6d & 9d & L1 4 5 3.69e-04 13559,03 3.93e-20
24h & 6d & 9d & L1 & L2 5 5 8.70e-06 575065,3 2.77e-28
Gynes
L2 1 108 NA NA NA
L1 1 41 NA NA NA
L1 &L2 2 7 0.37 44305,00 6.70e-08
9d 1 31 NA NA NA
9d & L2 2 11 0.28 39.57 1.30e-15
9d & L1 2 5 0.111 47.38 5.65e-08
9d & L1 & L2 3 2 9.46e-04 2113.85 4.19e-07
6d 1 73 NA NA NA
6d & L2 2 4 0.65 44506,00 4.14e-03
6d & L1 2 5 0.25 44550,00 4.50e-06
6d & L1 & L2 3 1 0.002 448.83 2.23e-03
6d & 9d 2 3 0.19 15.97 8.50e-04
6d & 9d & L2 3 2 0.002 1187.23 1.34e-06
6d & 9d & L1 3 2 6.40e-04 3127.34 1.90e-07
6d & 9d & L1 & L2 4 1 5.73e-06 174392.70 5.73e-06
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Figure S3. Number of caste-biased genes shared between developmental stages, with the inter-lineage gyne
sample from J1 colony. The UpSetR plots show the number of (A) gyne-biased and (B) worker-biased genes
expressed in a single developmental stage (in grey) or shared between two (yellow), three (orange) and four or five
(red) developmental stages.
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Figure S4. Number of GO-terms shared between developmental stages, with the inter-lineage gyne sample from J1
colony. The UpSetR plots show the number of (A) gyne-biased and (B) worker-biased GO-terms found in a single
developmental stage (in grey) or shared between two (yellow), three (orange) and four or five (red) developmental
stages.
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24h 6d 9d L1 L2 Annotations

uncharacterized protein LOC112459941
Copia protein

trichohyalin-like

gag-pol polyprotein

myosin light chain kinase, smooth muscle-like
nascent polypeptide-associated complex subunit alpha, muscle-specific form-like
uncharacterized protein LOC112552323, partial

dentin sialophosphoprotein-like isoform X1

golgin subfamily A member 6-like protein 22

uncharacterized protein LOC112552359

General transcription factor II-I repeat domain-containing protein 2

enzymatic polyprotein endonuclease reverse

uncharacterized protein LOC120359509
NPL4-domain-containing protein
hypothetical protein RF55_8981

enzymatic polyprotein endonuclease reverse

Nucleic-acid-binding protein from mobile element jockey
exopolysaccharide synthesis protein

uncharacterized protein LOC105426752, partial

General transcription factor II-1 repeat domain-containing protein 2

*

Ig-like domain-containing protein

*

enzymatic polyprotein endonuclease reverse
cell division protein FtsA

*

Figure S5. Caste-biased genes shared across development, with the inter-lineage gyne sample from J1 colony. The
heatmap shows the 42 caste-biased genes (all worker-biased) at 24h stage with their annotations and their
expression in the five developmental stages. Genes in red are worker-biased, blue are gyne-biased. Saturation of
the colors increases with the log2FC. Genes without a label have no annotation, annotation in green is for genes
that were caste-biased in all three stages (all worker-biased). The tree shows the relation between genes according
to Euclidian distance.
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24h 6d 9d L1 L2 Annotations
uncharacterized protein LOC112459941

Copia protein
General transcription factor Il-I repeat domain-containing protein 2

hypothetical protein ALC57_13305
Retrovirus-related Pol polyprotein from transposon 412-like Protein

bifunctional (p)ppGpp synthetase/guanosine-3',5'-bis(diphosphate) 3'-pyrophosphohydrolase
Cytochrome P450 4C1

Nucleic-acid-binding protein from mobile element jockey

enzymatic polyprotein endonuclease reverse

transposase

Luciferin 4-monooxygenase
TARB1 methyltransferase
lipase 3-like

dedicator of cytokinesis protein 9

Bardet-Bied| syndrome 4 protein homolog isoform X1
dihydrofolate reductase isoform X2

Ig-like domain-containing protein

*

kynurenine 3-monooxygenase
KBTBC protein

uncharacterized protein LOC105424769

F-box/LRR-repeat protein 4-like

A disintegrin and metalloproteinase with thrombospondin motifs 7-like
insulinase family protein

chymotrypsin-1-like

KBTBC protein

golgin subfamily A member 6-like protein 22

PAS domain-containing protein

translocation/assembly module TamB domain-containing protein
chemotaxis response regulator protein-glutamate methylesterase

FAD-binding oxidoreductase

4 hypothetical protein ALC62_07292
2 LUC7-domain-containing protein
uncharacterized protein LOC105424846
Histone-lysine N-methyltransferase SETMAR
0 3-oxo-5-alpha-steroid 4-dehydrogenase 3
-2
General transcription factor II-1 repeat domain-containing protein 2
-4

* Not found in the analysis with the inter-lineage gyne sample

Figure S6. Caste-biased genes shared across development from 24h or 6d developmental stages, without the inter-
lineage gyne sample from J1 colony. The heatmap shows the 80 genes caste-biased (all worker-biased) in all five
or four developmental stages (from 24h or 6d, respectively). Genes in red are worker-biased, blue are gyne-biased.
Saturation of the colors increases with the log2FC. Genes without a label have no annotation, annotation in blue is
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for gene that was not found in the analysis with the inter-lineage gyne sample. The tree shows the relation between
genes according to Euclidian distance.
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24h 6d 9d L1 L2 Annotations
uncharacterized protein LOC112459941

Copia protein
General transcription factor II-1 repeat domain-containing protein 2

kynurenine 3-monooxygenase

uncharacterized protein LOC105424769
F-box/LRR-repeat protein 4-like

KBTBC protein
chymotrypsin-1-like
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PAS domain-containing protein

golgin subfamily A member 6-like protein 22

insulinase family protein

LUC7-domain-containing protein

General transcription factor II-| repeat domain-containing protein 2
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Histone-lysine N-methyltransferase SETMAR
3-oxo-5-alpha-steroid 4-dehydrogenase 3
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FAD-binding oxidoreductase

hypothetical protein ALC62_07292

Ig-like domain-containing protein
Cellular nucleic acid-binding protein like protein
Nucleic-acid-binding protein from mobile element jockey

dedicator of cytokinesis protein 9

Bardet-Bied| syndrome 4 protein homolog isoform X1
dihydrofolate reductase isoform X2

TARB1 methyltransferase

lipase 3-like

Luciferin 4-monooxygenase

A disintegrin and metalloproteinase with thrombospondin motifs 7-like

hypothetical protein ALC57_13305

Retrovirus-related Pol polyprotein from transposon 412-like Protein

enzymatic polyprotein endonuclease reverse

transposase

bifunctional (p)ppGpp synthetase/guanosine-3',5'-bis(diphosphate) 3'-pyrophosphohydrolase
Cytochrome P450 4C1

* Not found in the analysis without the inter-lineage gyne sample

Figure S7. Caste-biased genes shared across development from 24h or 6d developmental stages, with the inter-
lineage gyne sample from J1 colony. The heatmap shows the 80 genes caste-biased (all worker-biased) in all five
or four developmental stages (from 24h or 6d, respectively). Genes in red are worker-biased, blue are gyne-biased.
Saturation of the colors increases with the log2FC. Genes without a label have no annotation, annotation in blue is
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for gene that was not found in the analysis without the inter-lineage gyne sample. The tree shows the relation
between genes according to Euclidian distance.
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RNA-dependent DNA biosynthetic process proteolysis

fructose 6—phosphate

nucleic acid phosphodiester bond hydrolysis —

Figure S8. TreeMap view (obtained with “rrvgo” R package) of GO Biological process enriched terms generated
from caste-biased genes at 24h (A), 6d (B), 9d (C), L1 (D) and L2 (E). Similar colors denote semantic similarity and
the size of the rectangles reflects the p-value of enrichment. Not all the terms are reported due to space constraints
(see Table S1 on additional file for details).
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GENERAL DISCUSSION

Understanding the molecular basis of phenotypic plasticity represents a fundamental challenge in evolutionary
biology. In this thesis, my main objective was to contribute to answering the unresolved question “What is the
molecular basis of caste determination in ants?” and more specifically “Which genes are involved in queen
and worker caste differentiation in ants during the early developmental stage?”. To investigate these questions,
I worked with Pogonomyrmex rugosus ECD (environmental caste determination) in which I identify new factors
potentially influencing caste fate, and with Pogonomyrmex J lineages GCD (genetic caste determination)

where | looked for caste-biased gene expression patterns in early developmental stages.

In this general discussion, | outline the main findings of my thesis and place them in the context of the current
collective knowledge of caste determination in ants. | explain how these results contribute to a broader
understanding of caste determination in ants and | provide details for future studies that could be conducted
on Pogonomyrmex to continue to broaden our knowledge and understanding of the proximate and ultimate

mechanisms of caste determination.

Main conclusions

Maternal effect on worker size

The aim of this first chapter was to confirm the role of previously identified miRNAs in worker size. For this,
synthetic miRNAs were designed to recreate the internal environment of eggs laid by founding queens, by
altering the molecular composition of eggs laid by established queens. Using microinjection, | manipulated
miRNA levels in reproductive eggs and predicted | would obtain workers with a smaller size than workers from
the control, as synthetic miRNAs should have influenced the embryo’s development towards the nanitic
phenotype. However, the experiment did not generate any quantifiable differences in worker size for any of
the four targeted miRNAs and | was unable to confirm whether or not these miRNAs had an effect on worker

size.

There are four potential explanations to explain this negative result. First, at the time of Paolucci et al.’s
experiment, where they found the differences in miRNA level between eggs laid by founding and established
queens, they were not aware of the presence of trophic eggs among eggs laid by P. rugosus queens.
Therefore, the miRNAs suspected to be involved in worker size might have been falsely identified due to the
presence of trophic eggs in the samples. For example, if the percentage of trophic eggs laid differ between
founding and established queens, this could have affected the miRNA concentrations measured (See chapter
1 for details). This is likely to be the case, as P. rugosus is a species that does not perform trophallaxis (pers.
obs, Smith et al. 2007) and uses a fully claustral colony-founding strategy. As such, new queens must rely on
stored fat and muscle reserves to feed the first developing brood (Hélldobler and Wilson 1990; Hahn et al.
2004), likely through the synthesis of nutrient rich trophic eggs (as supported by our study in chapter 3). If this

assumption is correct, we would predict an even higher proportion of trophic eggs at the colony founding stage
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(compared to the established stage in which we found an average of 57% of trophic eggs) to be able to feed
developing brood, as no other food sources are available. It has also been demonstrated, in other ant species,
that queens lay trophic eggs during the founding stage (Cassill 2002; Volny et al. 2006), which further validates
this explanation. If correct, such a high percentage of trophic eggs in the sample (from Paolucci et al.) would
have diluted the miRNAs present in reproductive eggs. Of course, this explanation would only be valid if
reproductive and trophic eggs do not contain the same type and amount of miRNA, which is what is suggested
by our results of Chapter 3 (regarding small RNA concentration in trophic and reproductive egg). In order to
shed light on this hypothesis, it is necessary to determine whether P. rugosus queens lay trophic eggs at the
founding stage and if yes, in which proportion. If the proportion of trophic eggs varies between founding and
established queens, then the experiment of Paolucci et al. should be redone with samples containing only
reproductive eggs. The results should then be compared to the first experiment of Paolucci et al. to determine
whether previously identified miRNAs used for the experiment in chapter 1 remain the same or not. If the two
results (from Paolucci et al, and from the additional sampling without trophic eggs) are similar, it means that
the fact that | was not able to detect a difference in worker size does not stem from miRNA misidentification.

Otherwise, the entire manipulation experiment should be repeated with new synthetic miRNAs.

Second, one synthetic miRNA alone, and the combination of the four of them, may not have been enough to
sufficiently influence worker size to be able to detect a difference, or their concentration was not appropriate
to mimic or inhibit endogenous miRNAs, and therefore did not affect the phenotype as expected. An
inappropriate concentration explanation is rather unlikely as we found an influence of one synthetic miRNA
(miRug-d1) on gyne development, which support the fact that the concentration used were appropriate to
generate a response. However it remains possible that, as miRNAs are not all present in the egg in the same
concentration (Paolucci et al.), we could have injected the other miRNAs at inadequate concentrations. For
the injection of the four miRNAs together, we cannot exclude an interaction between them that could have

prevented miRug-d1 to produce the same response than when it was injected alone.

Thirdly, the combinations of several maternal factors, in addition to the miRNAs, might be necessary to create
the nanitic phenotype, which could explain why we did not influence worker size by only injecting synthetic
miRNA(s). For instance, in GCD Pogonomyrmex J lineages, the level of juvenile hormone in queens influenced
the adult body mass of worker offspring as well as the concentration of ecdysteroids in eggs which was found
to be negatively correlated to worker body size (Helms Cahan et al. 2011). The authors suggested that queens
could bias worker size by varying ecdysteroid deposition in their eggs. Therefore the modification of miRNA
level alone, without the influence of other maternal factors, might not have been enough to influence worker

size.

Finally, assuming that the finding of Paolucci et al. is not biased by trophic egg percentage, the identified
miRNAs may simply not be involved in worker size. Although the main observable difference between workers
developing in founding or established colonies is their size (with the former being much smaller), it is extremely
likely that other differences exist during embryonic development between the two colony life cycle stages. As
in our study we only measured head width and tibia length, it is possible that the targeted miRNAs would have

other morphological or physiological effects, that we did not detect. For example, in termites in addition to size,
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Matsuura and Kobayashi (2010) found that the number, distribution and symmetry of setae of nanitic soldiers
differed between nanitic soldiers and mature soldiers in two termite species. It is therefore possible that the
observed differences in miBRNA generate other morphological, physiological and/or behavioural differences

between nanitics and workers.

MiRNA manipulation triggers gyne development

Although in Chapter 1, | was not able to show that the targeted miRNAs are involved in worker size, the
microinjection technique | have developed remains valid and is an extremely useful method for future projects
requiring manipulation of egg content. Using this technique, eggs can be injected with liquids without damaging
or killing the developing embryo. Indeed, in chapter 2, | showed that the microinjection of inhibitor miRug-d1
influenced the development of embryos towards the gyne developmental pathway, which is evidence in itself
for the viability of this method. This result, coupled with recent studies showing that miRNAs are involved in
physiology and development in insects, and in caste determination in social insects (Guo et al. 2013; Lucas et
al. 2015; Duan et al. 2021; Vieira et al. 2021; Zafar et al. 2021) makes miRNAs interesting and promising
molecules to further investigate. The combination of the microinjection technique and generation of synthetic
miRNAs to manipulate egg content can contribute to a better understanding of miRNAs function and
implications in caste determination, and will broaden our understanding of developmental plasticity. For
instance, as our results on trophic egg content (chapter 3) found that they contain miRNAs, we could use the
microinjection technique to manipulate miRNA levels in trophic eggs and, by feeding the latter to first instar

larvae, try to influence their caste fate (see next section).

Effect of trophic eggs on larval caste fate

It was during the projects of Chapter 1 and 2 that | discovered trophic eggs in P. rugosus. After the experimental
injections, | was keeping the eggs in petri dishes, separated from the colonies, until larval hatching. | observed
embryonic development every day and observed that some eggs failed to develop and dried out after a few
days. Using morphological descriptions from other species in the literature, | was able to confirm that these

eggs were trophic eggs.

While investigating queen and worker egg laying behaviour in P. rugosus, we found that workers start laying
eggs approximately three weeks after the removal of the queen from the colony, similarly to what was observed
in P. badius where workers start laying eggs 28 days after queen’s removal or queen death (Smith et al. 2007).
Smith and Tschinkel (2006) recorded the first and, to date, only Pogonomyrmex species, P. badius, in which
workers lay reproductive eggs that develop into males; in this thesis we report a second species, P. rugosus,
where workers exhibit the same behaviour. In addition, we found that P. rugosus workers do not lay trophic
eggs, which disproves the hypothesis of Smith et al. (2007) that all Pogonomyrmex workers are expected to

have some degree of ovary development for trophic egg laying. Smith’s hypothesis was a reiteration of Crespi
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(1977), stating that trophic eggs could provide an advantage for workers by keeping their ovaries active, which
would be beneficial to rapidly switch to reproductive egg laying after the queen’s death. We can therefore rule
this out in P. rugosus, as workers do not lay trophic eggs but are able to lay reproductive eggs in queenless

colonies.

After having characterized trophic eggs in P. rugosus, | performed the experiment described in Chapter 3
which found that trophic eggs likely have another role in ants other than simply providing a food source for
larvae. Our result suggests that trophic eggs influence larval development in the direction of the worker caste,
as in the absence of trophic eggs, larvae mostly develop into gynes. In the entirety of the Pogonomyrmex
genus, trophic eggs have only previously been recorded in P. barbatus (without mention of which caste lays
them, V.P. Volny, personal observation) and in GCD Pogonomyrmex J and H lineages where trophic eggs are
also laid only by queens (E. Genzoni, personal observation; Helms Cahan ef al. 2011). As stated in chapter 3,
there is an overall lack of knowledge about trophic eggs in ants, and therefore characterizing trophic eggs in
several Pogonomyrmex species would be necessary to determine whether the use of trophic eggs to influence
the larval caste fate is an evolutionary novelty in P. rugosus or if this trait is shared across Pogonomyrmex
genus. Additional studies are necessary to determine whether trophic eggs provide a greater role (other than
a food source) in the eusocial Hymenoptera in general. A promising avenue for further research would be a
comparative approach (see Sommer 2020); collecting data on trophic eggs across a range of species and
using phylogenetic models to determine whether there are any shared evolutionary patterns between species

that utilize trophic eggs.

The result of chapter 3 highlights trophic eggs as a promising (and potentially overlooked) mechanism involved
in caste determination. Previous studies have already identified ecdysteroids and juvenile hormone in ant eggs
and suggested that they are involved in caste determination (Schwander et al. 2008; Helms Cahan et al. 2011;
Libbrecht et al. 2013) and so we have taken the approach to search for these molecules in trophic eggs.
Ongoing quantification of juvenile hormone and ecdysteroids might subsequently reveal further candidate

molecules within trophic eggs that could influence the larval caste fate.

Caste differentiation in PogonomyrmexJ lineages

To date, most of the studies concerning caste determination in eusocial insects, including ants, consider only
larvae, pupae or the adult stage, as in these developmental stages, the caste fate of the individuals can be
attributed based on the morphology. The earliest developmental stage (i.e. egg stage) has never been studied

until now.

The study presented in this thesis is the first one to show caste-biased gene expression pattern during the
early developmental stage (from 24 hours old embryo), before visible morphological differences exist between
gynes and workers. This was made possible with the acquisition of an ant with a genetic caste determination,
Pogonomyrmex J lineages. The genetic difference between pure lineage gynes and inter-lineage workers

allowed me to accurately determine the caste of each individual via genotyping at any developmental stage.
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The results showed that 24 hours after the egg is laid, there are already genes that are differentially expressed
between gyne- and worker-destined embryos. At six days, we observed a peak of caste-biased genes,
suggesting that important caste-specific developments occur at this stage. Additional sampling between 24
hours and 6 days would provide higher resolution longitudinal data on how caste-biased gene expression
changes over time. This would provide a means to confirm whether or not the peak at 6 days old reflects an
important developmental stage in caste differentiation, which would be a working hypothesis if no prior

temporal stages of development express higher peaks of caste-biased gene expression.
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Some unanswered questions and perspectives

This thesis has improved our understanding of several aspects of caste determination in Pogonomyrmex ants.

However, there are still a number of gaps in our knowledge of Pogonomyrmex biology and evolution, that

could, if they were filled, allow us to have a better understanding of the factors involved in and triggering caste

determination, as well as the genetic basis of caste determination.

Trophic eggs, a new potential factor contributing to caste determination

| initiated the quantification (data not shown in this thesis) of juvenile hormone and ecdysteroids in trophic
and reproductive eggs, aiming at identifying which molecules could influence the larval caste fate towards
worker developmental pathway. While preliminary results seemed to indicate the presence of juvenile
hormone in both egg types, and most probably at higher concentration in reproductive eggs, a precise
quantification in both egg types with replicates is necessary to confirm this trend and put this in light with
the most recent studies showing the role and importance of juvenile hormone and ecdysteroid in
development, and more precisely in caste determination in social insects (Libbrecht et al. 2013). Tests and
improvements of ecdysteroid extraction protocol and quantification by LC-MS are ongoing. The samples
for those investigations have already been collected and will be processed as soon as the protocols are

approved.

Investigation of trophic egg content could go further looking at other molecules or compounds already
described as having a role in caste differentiation, such as vitellogenin and insulin (Libbrecht et al. 2013;
Wheeler et al. 2014). Metabolomics is one of the newest ‘-omics’ technologies, which has rapidly expanded
over the last decade, providing an integral new approach to the study of biological systems, including
insects as reviewed in Snart et al. (2015). Metabolomic studies would provide a wider picture of the egg
content by detecting the full metabolome in trophic and reproductive eggs, and such metabolomic studies
have already been performed successfully, for example in the honeybee brain (Pratavieira et al. 2020) or

in the Asian corn borer (Su et al. 2021).

We determined miRNA concentration, quality and size distribution in trophic and reproductive eggs. We
found differences in miRNA concentration which suggests differences in miRNA identity. miRNA
sequencing would allow us to confirm our results as well as to go a step further towards identifying miRNA
candidates that could influence larval caste fate. Similar to the method described in the first two chapters,
we would use the miRNA candidates as a template to design synthetic miRNAs. Then, using the
microinjection technique that we have developed, we would inject these synthetic miRNAs into trophic eggs
to change the miRNA levels in order to manipulate the caste fate of the developing larvae. We predict that
larvae eating manipulated trophic eggs would develop into gynes, whereas larvae eating unmanipulated

trophic eggs would develop into workers.
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Investigation of caste-biased genes expression in early developmental stages in
Pogonomyrmex rugosus with environmental caste determination

¢ Investigating the molecular basis of caste differentiation in a species with environmental caste
determination would broaden our knowledge and understanding of caste determination. We could use the
results from Pogonomyrmex J lineages (GCD) to investigate caste-biased genes and expression patterns
in P. rugosus (ECD) that might be linked to caste determination. We could look for clusters at 6d and L1 in
P. rugosus, as those two dev. stages showed clear clusters by caste in J lineages. As we are unable to
determine the caste of ECD individuals prior to analysis, a cluster analysis at or around dev. stages 6d and
L1 (as those two developmental stages showed clear clusters by caste in J lineages) might permit
separation of the samples into two groups representative of worker and gyne. Collecting samples at two
different time points would also help distinguishing samples by caste; after hibernation to get samples
containing gynes and workers, and before hibernation to have only worker samples (Figure 1). Despite the
fact that gyne development is known to occur only in the post-hibernation period in P. rugosus (Schwander
et al. 2008), we cannot exclude the possibility that we would collect some gyne samples at an early
developmental stage in the sampling before hibernation. However, we would expect only a small proportion,
which should cluster with the gyne samples collected after hibernation. It should therefore be possible to
determine the sample caste. We could then attribute the caste to the unknown samples based on the
clusters and carry out a differential gene expression analysis. If the caste-biased genes are the same in
Pogonomyrmex J lineages and P. rugosus ECD, it would give stronger support to genes identified in this

thesis as involved in caste differentiation.

A Samples from before and after hibernation B Samples from before and after hibernation
[ ] [ ]
° ° ° °
° (] . °
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® Uncertain caste
Figure 1. Hypothetical cluster analysis of P. rugosus ECD samples, with (A) samples collected before and after

hibernation, with known and unknown caste, respectively and (B) caste attribution to the unknown samples based
on the clustering with worker samples.
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