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Abstract

Social insects are long-standing models for understanding social behaviour and evolution. Recent methodological and
theoretical innovations are driving a step change in the questions that social insects can be used to answer. Here we
examine some of these current trends and attribute them to advances in molecular biology and tracking technology, a
widening perspective of the model organism, and the emerging concept of the superorganism. We identify some of the key
challenges, and outline nascent solutions as offered by leaders in the field. Whilst far from exhaustive, our review show-
cases examples of the potential offered by social insect research to current problems in biology, and encourages open-

minded exploration of one of the richest and most complex of biological phenomena: sociality.

Introduction
The social insects - the ants, aculeate wasps, termites, and certain bees - have inspired biologists for over two thousand

years [1]. We believe that the study of social insects is currently undergoing a conceptual and methodological renaissance.
This new wave of social insect biology is extending into unconventional fields of biology, from immunology to plasticity. As
a result, social insects now offer powerful testing-grounds for emerging trends in biology that are of deep interest to

biologists across the research spectrum.

The history of life can be read as a series of 'major evolutionary transitions', in which individual units come together to
form a single whole [2, 3]. These transitions are governed by similar principles, and include the origin of the genome from
solitary strands of nucleic acid and the evolution of multicellularity from free-living cells. The evolution of insect sociality
represents one of these major transitions, as independent individuals came together to form colonies. As seen in the origin
of multicellularity, insect colonies have evolved complex colony-level traits. Unlike tight groups of cells, however, insect

colonies are in many ways more accessible and readily open to fine-scale experimental manipulation.

The recognition that insect colonies echo the fundamental principles of the major transitions opens new vistas for social
insect research. As a result, insect colonies are now being treated as models for questions as diverse as the evolution of
innate immunity [4], the links between plasticity and adaptation [5], how specialist phenotypes can emerge from a
common genome [6], the emergence of heritability [7], and the roles played by personality and heterogeneity in biological

systems [8].

In this review, we aim to identify some key general areas of debate or challenges in biology, and outline how social insect
research is helping to solve these by offering innovative, concept-changing solutions. Our approach to this task involved
exploiting the expertise of 100+ social insect biologists at the 2015 meeting of the North West European Section of the
International Union for the Study of Social Insects (IUSSI). Delegates were asked to nominate key general topics in biology
that social insect research is — or is moving towards — centre-stage on. Our experts then came together in workshops to
define the conceptual advances offered by social insect research, and discuss emerging challenges and solutions. Here, we
focus on the four emerging trends that most strongly reflected the research activities of our 100+ experts - and which serve
as just an appetiser of the range of key challenges in 21st century biology to which we believe social insect research will

make a significant contribution.



Trend 1: Superorganisms and a unified theory of social evolution
The problem

The evolution of societies with sterile worker and reproductive queen castes is the latest major evolutionary transition.
Inclusive fitness theory has explained the complex interplay of kinship, conflict and cooperation in the evolution of such
societies. While this transition means that selection largely functions at the colony level, we understand surprisingly little
how evolution of group level traits compares to evolution of individual traits that have been the traditional focus of

evolutionary biology.

Conceptual advances

Comparing insect societies (as “superorganisms”) to complex multicellular organisms is compelling, and dates to the early
1900s [9]. The major transitions view calls for taking this seriously. The superorganism view has often been limited to
physical and functional analogies, but it can provide an explicit comparison of new kinds of organisms, guiding a more

unified understanding of how evolution at different hierarchical levels works [3].

Challenges and solutions

To understand how traits of superorganisms evolve, and the similarities between evolution at different levels, we need to
understand of the extent to which fitness effects and heritability of variation are colony-level traits, which constitute the
building blocks of natural selection at the superorganism level. Colonies vary consistently in traits such as reproductive
allocation [10, 11], foraging and nest site decisions [12]. Fitness effects of variation in aspects of colony phenotype such as
caste ratios, genetic diversity, colony sizes and foraging thresholds have been demonstrated experimentally and in the wild
[12], using fitness proxies such as foraging success or disease resistance. In order to set the colony-level variation into an

evolutionary context, we need to understand how colony traits respond to selection.

While heritability and responses to selection of group traits are poorly understood [13], we outline three areas where
significant progress can be made. Firstly, long-term field studies allow mapping fitness effects at the levels of life-time
reproductive output and recruitment [14] and heritability of colony traits [7]. Colony longevity, long dispersal distances,
and pervasive plasticity in colony traits, however, make such field data challenging. This is why, secondly, experimental
approaches are needed. Experimental work in honeybees [15, 16] and ants [17] has shown the complex genetic
architecture of traits such as foraging preferences and allocation decisions, and increased use of ant lab models promises
to advance and broaden this area [18, 19]. Thirdly, theory needs to reveal how traits of superorganisms with internal
genetic diversity, extensive phenotypic plasticity, conflicts of interest between individual and group levels, complex indirect
genetic effects [20] and caste antagonistic selection pressures [21] respond to selection. To achieve this, a quantitative
multi-level selection view has to merge with the optimality logic of inclusive fitness theory [22] instead of pitting the two
against each other. Finally, how individual-level variation translates (during ontogeny, and in the genotype-phenotype map
of the superorganism) into colony-level variation is non-trivial, and continues to be modelled extensively (see [23], and

references below).

The concept of a superorganism combines disparate approaches to a general framework of studying how traits of colonies
evolve. There is potential in comparative tests of adaptive hypotheses over key eco-evo traits [3] and analyses of ongoing
selection of superorganismal traits, both in the field and in the lab. The variation in insect societies (Box 1), and the
mechanistic understanding of the behaviour of the parts that make the whole, provides an excellent setting for taking the
study of evolutionary transitions to the next level, to understand how a transition in heritable fitness-relevant variation

happens [24] and to compare evolutionary processes across hierarchical levels.



Trend 2: Biological heterogeneity is functional, not just noise

The problem

Increasingly, studies of heterogeneity in biological systems — including at a cellular level within organisms — have found
functional benefits [25, 26]. However, it is often unclear in which cases variation is actually adaptive, and in which cases it
is simply ‘noise’. As superorganisms at varying levels of sophistication, social insect colonies provide good models for
investigating this in relation to behaviour, due to their (often) advanced division of labour, and propensity for self-
organisation [27]. The questions that have traditionally been asked have been shaped by the dichotomy of task partitioning
(i.e. different worker tasks and reproductive commitment). Diversity (and intra-caste specialisation) among workers
promotes colony efficiency and productivity [28]. However, recent studies have revealed extraordinary heterogeneity

within each specialist phenotype. To what extent is this heterogeneity adaptive for the superorganism, and how?

Conceptual advances

The heterogeneous nature of social phenotypes within the colony appears to be adaptive, with impacts on colony-level
functioning. Consider temperature regulation in honeybees: genetically-diverse colonies sired by several males have less
excessive colony-level responses to temperature fluctuations, because the response thresholds of individuals are more
variable [28]. Such variation in sensitivity is also important in decision-making. For example, amongst house-hunting ants,
some individuals have high thresholds for accepting a new nest — they continue looking for alternatives when many of their
other nest-mates may be satisfied [29] making it more likely that the colony finds the best available option [30]. At the
same time, lower threshold individuals give stability to the ants’ location, as they are less easily persuaded about the need
to move. Thus, even small differences in thresholds may be sufficient to drive important effects. Social insects lend
themselves to answering these general questions at a fine-scale, due to their large colony sizes, observability, and some

recent breakthroughs in individual-level automated monitoring (Box 3).

Challenges and solutions

We identify five aspects of biological heterogeneity that remain key challenges of general relevance to biology, and that
social insects can offer insights into. First, some forms of heterogeneity are clearly important for colony functioning; but
are all forms important? If not, why not? And if so, are they inter-related? Examples include corpulence, with several ant
genera displaying very heterogeneous distributions of fat stores even in the brood [31, 32], and activity levels, with some

workers doing very little work and others conducting a large proportion [33].

Second, how is heterogeneity linked across organisational scales? Social insects allow us to examine how colony-level
variation may emerge from intra-colonial heterogeneity. Behavioural syndromes (consistently associated behavioural
traits) are observable at the colony-level, but it is not clear how these relate to individual-level heterogeneity [34, 35].
Indeed, it has been suggested that heterogeneous traits at the colony-level may be most important for species-level

ecology, allowing for the co-existence of complementary types [12].

Third, the distributions of heterogeneity are unlikely to be normal. This is a problem, since models of collective behaviour
often assume that group members are homogeneous, even when the group size is large. In decision-making contexts,
where non-uniform distributions of preferences occur, normal distributions are often assumed [36], but skewed
distributions are more likely [37]. Measuring and manipulating the distribution of heterogeneous traits is possible using
social insect workers, particularly ants [33]. However, in order to maximally exploit this, we require a better understanding
of how flexible individual thresholds are in response to the removal of workers in social networks, and over what timescale

[38].



Fourth, if heterogeneity is functional, it must be a target of selection, but the mechanisms by which this occurs are
unknown. Social insects offer insights into the role of life-history and social information in generating and maintaining
adaptive heterogeneity. Life-history factors include physical maturity, nutrition and environmental influences [39, 40],
while social factors include learning and experience [41]. Exploitation of individual tracking technology opens avenues for
future research, such as behavioural tracking over long periods of time under different mechanistic scenarios, to
investigate how thresholds may be altered (Box 2). Use of social information also shapes individual-level variation in
behaviour [42, 43], and may be modulated in certain social insects by their motor planning function [44]. However,
whether a social insect colony can make use of the most relevant information from all members depends on the context,
with speed-accuracy tradeoffs coming into play [45]. Furthermore, social information is not always reliable, due to conflicts

between the group and individual [46].

Finally, plasticity is likely to be an important adaptive trait of heterogeneity. For example, theory predicts that evolution
can favour mixed populations where most individuals rely heavily on social information and a few rely on individual
information [47]. However, there is only limited evidence to suggest that animals can effectively decide whether to use
social or personal information, when the two are in conflict [48]. Social insects are ideal candidate systems to investigate
how evolution has resolved this trade-off, as they constitute easily manipulated units that make use of both information
types. It is here that two of the above themes are linked, as there may be some degree of heterogeneity in individuals’
social information use strategy, and indeed, ability [49, 50]. Furthermore, a recent developing concept in collective animal
behaviour is that of ‘keystone’ individuals, whose importance to their group is comparable to the role of a keystone species
in an ecological community. These are individuals who play a critical role in successful group behaviour, through
dominance, leadership, or spreading information [51]. In relation to the question of biological heterogeneity in the social
insects, the value of the keystone concept could also be considered. Future experiments involving manipulations of the
distribution of individual strategy types will be invaluable (e.g. using molecular methods, Box 3), and will contribute to our

understanding of the benefits provided by individual heterogeneity and plasticity.

Trend 3: Phenotypic plasticity is key to coping with challenging environments
The problem

Phenotypic plasticity is an adaptive mechanism whereby a single genome can respond to environmental challenges by
expressing different phenotypes under different environmental conditions [52]. Such plasticity is especially important in
rapidly changing environments where there is not time for populations to evolve or disperse. Plasticity is understood well
at the behavioural and physiological levels, but the molecular mechanisms underlying plasticity are poorly explored.
Studying these processes is essential for understanding how organisms respond to their environment, and predicting how
they will cope with environmental change. Social insects represent a unique opportunity to engage in these studies: they
display well known patterns of plasticity in their behaviour and physiology at the individual and group level, they are easily
amenable to laboratory and genetic manipulation and there is increasing availability of genomic resources for several

species (Box 3).

Conceptual advances

Social insect castes are an exemplar of phenotypic plasticity, a superorganismal trait closely analogous to the separation of
germ cells and somatic cells in the organism: reproductive and non-reproductive individuals develop via differential
expression of shared genes [53, 54]. Social insect species with simple societies are especially useful for studying phenotypic

plasticity, as they retain caste flexibility throughout life, such that adults can respond to changes in their environment by



switching caste (Box 1) [55, 6]. Recent advances in molecular biology have opened new opportunities to understand caste
differentiation at the level of the genes (Box 2), and are serving as enlightening models for revealing the mechanisms of
phenotypic plasticity [56, 5, 53, 57]. For example, high levels of plasticity have been associated with subtle differences in
transcriptional networks, molecular pathways, DNA methylation, and tissue-specific gene expression [6, 58]. In contrast,
low levels of plasticity appear to be governed by large-scale shifts in molecular processes: functional enrichment and

canalization of gene expression may limit plasticity [59].

Exploring the mechanisms of phenotypic plasticity in social insects is an opportunity to move the focus beyond a single
individual, as plasticity is a feature that applies also to whole colonies. The network of interactions among colony members
can reach different levels of plasticity, depending on fluctuating colony needs, similarly to what we observe in molecular
networks of co-expressed genes. However, this aspect of social behaviour has not been fully characterized yet.
Furthermore, from an applied perspective, understanding phenotypic plasticity in social insects has great value due to their
role as both invasive species, and providers of ecosystem services which are threatened by environmental challenges [60].
The rich diversity of phenotypic plasticity in social insects (Box 1), together with new molecular tools (Box 2), place this
taxonomic group centre stage in advancing our understanding of plasticity at multiple levels of complexity and the

interplay with the environment.

Challenges and solutions

We identify three fundamental aspects of phenotypic plasticity that remain key challenges of general relevance to pure
and applied biology, and that social insects offer insights into. Firstly, we understand little about the molecular processes
underlying plasticity. The tractability of experimental work in the field and lab (Box 1) and their small, accessible genomes
(Box 3) make social insects good models for this. The range of plasticity exhibited by social insects (Box 1), across different
developmental stages offers much potential to pick apart the mechanisms of plasticity. This will generate the fundamental

knowledge required to address urgent challenges to biodiversity in a rapidly changing environment.

A second timely challenge is the need to understand the causes of variation in plasticity. Climate change means that
organisms are increasingly faced with sudden unexpected environmental challenges. Whilst some are able to adapt to
novel environments (e.g. invasive ant species [61]), others are threatened by ongoing challenges such as habitat loss, and
novel toxins or pathogens [62]. We hypothesise that: 1) variation in genomic plasticity may explain differences in the way
social insects react to environmental change; 2) the level of plasticity may vary depending on the nature of the challenge
(e.g. chemical, temperature fluctuation, pathogens). Using a comparative approach (Box 1) and exploiting increasingly
accessible molecular tools (Box 3), traits that explain variation in plastic responses may be identified, and used to advise

biodiversity management.

A third urgent challenge is to understand when phenotypes become more plastic. This is timely as invasive species (which
display high levels of plasticity) threaten natural ecosystems globally. For example, is plasticity a pre-adaptation to invasion
or does plasticity emerge due to the invasion process? Or, can molecular indicators of plasticity (e.g. epigenetic marks)
predict vulnerability to environmental challenges and thus improve predictions (and mitigation) of population declines?
Similar questions have been addressed in plants and occasionally in animals [63, 64, 65]. Using social insects to address
these questions comes with added value: they are an ecologically and economically important group, as ecosystem service

providers (e.g. pollinators, [66]), and in terms of the ecological risks they pose (as invasive species, e.g. [67]).

Understanding how social insects respond to environmental challenges promises to be invaluable for biodiversity
management and protection of natural capital, as well helping address basic science questions on the nature of phenotypic

plasticity.

6]



Trend 4: Towards a unified framework for understanding disease defence
The problem

Research on the vertebrate adaptive immune system has led to major advances in our understanding of host disease
defence [68]. However, despite the potency of immunological memory, it is often innate immunity that makes the
difference between survival and death [69]. The discovery that invertebrates, including social insects, can prime their
immune responses despite lacking adaptive immune machinery, and are able to transfer immune protection across
generations, is paradigm-shifting [70, 71, 72]. Further, many animals including humans, live socially and there is an
emerging view that social interactions can both negatively and positively affect disease dynamics [73, 74]. For example,
although living in groups can be costly because susceptible and infectious animals will more frequently interact than in
solitary species, cooperation and the evolution of collective behavioural defences can enhance disease resistance and
tolerance in social animals [75]. In general, we lack a solid understanding of the interplay between physiological immunity,
behavioural responses and social interactions, yet this is essential to the study of disease defence, host-pathogen

coevolution and epidemiology [68].

Conceptual advances

Social insects offer an integrated approach for the study of disease defence. Unlike other animal societies, social insect
colonies can be easily observed and manipulated in the laboratory and field, with high levels of replication. The natural
variation and plasticity present in their colonies (Trends 2 & 3) makes them ideal candidates for eco-immunological work
and powerful models to study the evolution of immune defences from the gene to the society [76]. With the diversity of
social complexity in social insects (Box 1), we can study disease dynamics and epidemiology in societies of different sizes
and social structures. Studying disease dynamics in social insects has already led to new concepts: “social immunity” is the
additional layer of defence arising from collectively performed disease defences that reduce the disease susceptibility of
the colony, rather than its individuals [77]. It is thereby analogous to the physiological immune system of multicellular

organisms, and could provide insights into the evolution of immune defences across these domains [78].

Challenges and solutions

We identify four critical issues that are of general importance to the study of disease defence in animals. The first concerns
the molecular mechanisms underpinning transgenerational immune priming without antibodies. The fact that mothers can
enhance the resistance of their offspring against diseases without antibodies has been a puzzle and we are only beginning
to understand the mechanisms behind it. For example, a mechanism for maternal immune priming in insects was recently
discovered in the honeybee: egg yolk protein vitellogenin transfers bacterial fragments from food to developing eggs [79,
71]. However, we do not yet know what other mechanisms are at play. Do mothers also pass on other molecules (e.g.
mMRNA or specific proteins), which shape the phenotype of the developing embryo? It has also been argued that the
evolution of immune priming in insects is dependent on the longevity of the species and mechanism of dispersal [80], but
strong evidence is lacking. Social insects would be ideal candidates to test these hypotheses as they exhibit large variation

in longevity and dispersal strategies.

Secondly, a better understanding of the costs of immune defence is required. There is a suggestion that resistance is
traded off against other fitness traits and depends on life history [68]. Immune priming gives undeniable fitness benefits
when faced with re-infection, but the costs remain unknown. In social insects with a strict colony structure and task
division, we predict that the costs and need for immune defence would differ between colony members. With well-

established model systems in social insects (Box 1) and a growing availability of genomic information (Box 3), we are able



to pinpoint the costs immune defences inflict on fitness-related traits, the interaction between physiological and

behavioural immunity, as well as what kind of costs are linked to behavioural defences.

Thirdly, the adaptive significance and fitness effects of behavioural disease defences for the superorganism are untested or
unknown in most cases. In order to study the impacts of behavioural defences on survival and fitness, longer-term studies
are required and can be achieved using social insects with short generation times (e.g. [81]). Experimental manipulation of
behaviour can be challenging, but is possible in the social insects. As an example, nest entrances can be closed to prevent
the removal of corpses, a key social immunity behaviour [82]. Moreover, with the increasing number of sequenced
genomes and RNAi-mediated knockdown techniques, genes that affect behavioural phenotypes can be targeted directly

[83].

Finally, studies of complete social groups are needed to understand the role of social networks on disease transmission and
susceptibility [84]. Social insects are ideal candidates for studies of epidemiological networks, given whole colonies can be
observed and manipulated, and they are modulatory in the form of morphological castes and performance of tasks [85, 86,
87]. With the development of tracking techniques and advances in network analysis (Box 2), disease outbreaks can be
studied across space and in real-time within the ‘physiology’ of the superorganism, providing fine-scaled monitoring of

behaviours and changes in social interactions [84].

Concluding remarks
Social insect research is one of the historic triumphs of modern biology. A comprehensive body of natural history has been

documented for a broad range of species. Theory explaining the mechanisms and evolutionary processes underpinning
sociality is highly developed. Social insects have provided important models for studying behaviour, development, and
cooperation for over a century. We believe that social insects now offer solutions to some of the new big questions in
biology (Box 4). The recognition that sociality exists across the levels of biological organisation, a renewed fascination with
the extraordinary diversity of the social insects, and a powerful new ability to exploit this diversity through technological
and molecular advances (boxes 2 and 3, respectively) represent an exciting trilogy of recent trends, responsible for the rise

of the social insects as small solutions to big problems in biology.
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Figure Legends

Fig. 1: The evolution of social insect ‘superorganisms’ echoes the evolution of organisms: both are major transitions in
evolution. The recognition that these two processes represent parallel events in evolution opens new vistas in biology, as
social insects can provide insights into research questions that were previously only the domain of cell biology, medicine,
and molecular biology. (Rat hippocampus: Gerry Shaw, CC-licence, Wikimedia; army ants: Geoff Gallice, CC-licence,

Wikimedia)

Fig. 2: Trends in research output per year, in biological, agricultural, and environmental sciences on Scopus.



Box 1: Diversifying model organisms: going beyond the honeybee (photos to be added)

Social insect diversity is astounding. Despite this immense variability, social insect research has historically focused on a
relatively small coterie of accessible model organisms, in particular the honeybee (Apis mellifera). These traditional

model organisms are now facing increasing competition.

Models of simple sociality

In the quest to understand the evolution of sociality, it is crucial to study model organisms that are at an early stage of
social evolution. These so-called ‘primitively-eusocial’ insects — including the Polistes paper wasps and halictid ‘sweat
bees’ — offer windows into the conditions favouring group living. Workers in these species are not sterile, and the
distinction between queen and worker is purely behavioural. As a result, they offer valuable opportunities to explore
foundational questions in behavioural biology, including the role of plasticity in adaptation [88], the emergence of
distinct personalities from a common genome [55], and the relative importance of direct and indirect fitness in the

formation of social groups [89].

Models of complex sociality

Species with complex societies offer insights into the extraordinary level of coordination required to maintain
functioning colonies of thousands of individuals. Fire ants (Solenopsis invicta) provide such a model. As an invasive
species with dramatic ecological effects [90], they have become a focus in a high-stakes struggle to understand the role
of sociality in invasions, and a multiplicity of genomic tools have been developed [91]. Remarkably, genetic research in
S. invicta has uncovered the existence of a ‘social chromosome’ determining social structure [92], providing a rare
example of the elusive ‘greenbeard’ traits predicted by evolutionary theory [93]. Similar advances are being made in
the attine leafcutter ants of South America, where comparative genomics are revealing in fine detail the evolution of

complex mutualisms [94].

Models spanning levels of sociality

Lastly, clade-level analyses offer the opportunity to make comparisons across different levels of sociality — something
that would be impossible by focusing only on the honeybee. The bumblebee genus (Bombus spp.) provides a fascinating
case-study: the genus includes species representing a range of social complexity, and certain species (in the subgenus
Psithyrus) are workerless social parasites of the social Bombus colonies, invading foreign colonies, overthrowing the
qgueen and exploiting the host workforce [95]. A new interest in genetic differences between these radically-different

close relatives is revealing the genetic details of selection on social traits (e.g. [96]).




Box 2: The rise of automated monitoring

In recent years, developments in tracking technology have opened the way to more detailed study of collective insect
behaviour. Time lapse video can be used to track aggregate activity levels over time (Boi, Couzin, Buono, Franks, &
Britton, 1999), while individual trajectories of 2-dimensional movements can also be recovered from video using various
tracking software (Pinter-Wollman, et al., 2013), though without persistent tracking of individual identity. Since
different social insects are typically indistinguishable by eye, various marking techniques can be employed to track each
individual’s contribution to cooperative behaviours. Paint marks can be applied by hand to insects to give each a unique
appearance (O'Shea-Wheller, Wilson-Aggarwal, Edgley, Sendova-Franks, & Franks, 2016), while radio-frequency
identification (RFID) chips have been attached to ants to automatically monitor visits to particular nest locations
(Sumner, Lucas, Barker, & Isaac, 2007; Robinson, Smith, Sullivan, & Franks, 2009). Tracking small ants over long
distances is a challenge for a fixed-camera system, and so a moveable gantry-based camera can also be effective for
detailed studies of individual movement (Hunt, Baddeley, Worley, Sendova-Franks, & Franks, Ants determine their next
move at rest: motor planning and causality in complex systems, 2016). Recent research has successfully employed paper
barcode tags to study the colony behaviour of a large species of ant (Mersch, Crespi, & Keller, Tracking individuals
shows spatial fidelity is a key regulator of ant social organization, 2013); attaching tags becomes easier on larger insects.
For flying insects such as bumblebees, small transponders can be attached and individually tracked using harmonic
radar; this technique has been used successfully in long-term studies of their behaviour (Woodgate, Makinson, Lim,
Reynolds, & Chittka, 2016). If individual animals are sufficiently different in appearance, manual marking or tagging may
be unnecessary, with algorithms developed that can identify a ‘fingerprint’ based even on subtle differences (Pérez-
Escudero, Vicente-Page, Hinz, Arganda, & de Polavieja, 2014). Since marking animals may modify behaviour, non-
invasive tracking is clearly preferable. Furthermore, in relation to the question of biological heterogeneity, with ever-
increasing video recording quality, even colonies of numerous, small and apparently identical insects may be revealed

as a collection of behaviourally heterogeneous individuals.




Box 3: ‘Omic’ technologies

Recent advances in whole-genome high-throughput sequencing now facilitate testing of evolutionary and mechanistic
hypotheses using a wide range of taxa, generating unprecedented datasets. Social insects have taken centre stage due
to their ready availability and small genome size. Genomic, transcriptomic, epigenetic and proteomic approaches
showcase the potential of these analyses in social insects to answer wider biological questions. For example,
comparative genomics analyses have revealed the expansion of olfactory receptors in ants [97]; the identification of
caste-associated gene expression has probed the molecular differentiation between simple and and complex social
species [98, 6, 99]; epigenetic studies explain behavioural plasticity across social evolution [100, 101] and proteomic,
lipidomic and metabolomic approaches are on the horizon. Despite the promise, considerable challenges remain in
order that replicable, future-proofed datasets are produced. Methodologies need to be standardised at sample
preparation, sequencing, data analyses and archiving stages to ensure comparability across studies and species. Here

we provide a checklist of key parameters and tools to improve data comparisons.

1. Sample preparation

Collection in the laboratory versus field. The collection of samples in situ reflects the closest natural condition of the
species. The natural environment is highly variable, while semi-controlled environments may result in unwanted
laboratory side-effects [102]. The method should be determined by the biological question. For example, understanding
the impact of diet on social organization requires laboratory conditions in order to quantify and measure the food
intakes of the colony. However, it is important that the limitations of laboratory studies are recognised, particularly for
behavioural studies and for studies which seek to be environmentally-relevant. It is crucial that both laboratory and
field studies are consistent in their sample collection (same day, or at least same time of the day, careful monitoring of

weather conditions) to avoid the introduction of environmental noise.

Pooled samples versus individual samples. Most sequencing studies use pooled samples, which averages the variability
among individuals as well as increasing the amount of starting material, often essential for single tissues of tiny insects.
The disadvantage of pooling is that individual-level phenotypic variation is lost. Use of pooled or individuals should be
determined by the biological question being asked, and the quantity of starting material available. Where pooling is

necessary, experimental design should seek to reduce such noise by controlling for these factors.

Whole-body versus specific tissue analysis. Whole-body analysis is of limited use in genomic studies due to the variability
across tissues. In social insects, the analysis of highly specialized tissues, such as ovaries, will accurately reflect their
specificity but will not necessary allow the identification of upstream signalling pathways linked with individual
phenotype in relation with sociality. When analysing behaviour, brain tissue (either whole brains or dissected segments)
is most widely used to characterize individual phenotypes. A high proportion of genes in the genome are expressed in
the brain, and it has the most diverse population of RNA compared to other tissues [103, 104]. However, the
heterogeneity of brain cells has led to the further isolation of specific brain segments for genomic studies [105, 106,

107].

Il. Sequencing

Library preparations. RNA extraction and library preparation influences the quality and concentration of cDNA. For




example, sequencing the same sample at different concentrations produces greater variation [108]. Testing different
kits (e.g. RNA only or combined RNA-DNA) and library preparation protocols (number of PCR cycles and concentration
of adapters) are key for library optimization, although differences in RNA-Sequgencing library sizes can be mediated by
normalization [109]. Further, external controls such the use of RNA spike-in may be extremely valuable for large-scale

comparisons across different laboratories [110].

Batch effect reduction. Barcoding and sequencing barcoded mixed samples in multiple lanes can reduce batch effect
[111]. The ENCODE project reported that RNA-Seq from multiple tissues from human and mouse clustered by species
and not by tissue, yet once the sequencing lane was taken into account, the reverse was found, highlighting the

importance of normalizing for batch effect [112].

Sequencing Platform. Sequencing platforms have improved in consistency and reliability in recent years, but this has led
to many differences in available data. The extent to which we can compare different platforms [113] suggests biases
may be too great to adequately compare, e.g. between 454 and Illumina platforms. Therefore, it is important to choose
a platform based on costs, reliability, but also on compatibility, comparability, repeatability, and future potential for
exploiting archived data. With new platforms (or versions of) appearing almost annually, reproducibility across

platforms is one of the major challenges facing the future of genomic studies.

Ill. Data analysis

Genome annotation and orthologs. Evolutionary analyses and cross-species gene expression analyses are annotation-
dependent. Thus, the difference in annotation quality may hinder ability to detect genes gained and lost in evolution
and biase gene expression across species. The use of single-copy orthologs (through KEGG orthology) to assess genome
assembly and annotation quality might improve the analysis [114] as performed in Solenopsis invicta genome [101]. But,
ultimately, the power (and relevance) of annotation is limited by the range of genes and species that have been

subjected to functional genomic analyses.

Guanine-cytosine (GC) amino acid content. RNA-Seq is influenced by GC content and sequence length of genes (11).
While these biases exist in analysis of differentially expressed genes (DEGs) within species, e.g. detecting DEGs between
castes, the same biases also occur when comparing orthologous gene expression between species, because GC content
and sequence length may differ between orthologs. Therefore, correcting gene length (for example, only comparing the
gene expression level of aligned orthologous regions) and adjusting GC content difference between orthologs will be

necessary before downstream analysis [115, 116].

In conclusion, the power of “omics” technologies, combined with the variability of social insect biology presents an
invaluable tool for answering key biological questions. However, we require careful integration of needs and standards
from ecologists, molecular biologists, and bioinformaticians in order to generate future-proof, comparable genomic
data. accessible. The integration of fundamental ecological and evolutionary questions with molecular and

computational advances provide an exciting step forward for sociogenomics — the study of sociality in molecular terms.




Box 4: Outstanding questions and challenges

Trend 1: Superorganisms and a unified theory of social evolution

Can the concept of the superorganism help reconcile the need for a unified theory of social evolution, that combines the
logic of inclusive fitness theory with measures of response to selection at multiple levels?

How much variation occurs at a between-superorganismal level, and how does this influence life-history?

How do superorganism traits affect colony life-time fitness?

How heritable are superorganismal traits? How can colony-level traits be heritable with genetic heterogeneity, phenotypic

plasticity and complex life-cycles?

Trend 2: Biological heterogeneity is adaptive, not just noise

Some forms of heterogeneity are clearly important for colony function; but are all forms important? If not, why not? If so,
are they inter-related?

How is heterogeneity linked across different spatial scales?

What shape does heterogeneity take? Normality is assumed, but is unlikely to be realistic.

What are the mechanisms generating heterogeneity? What are the relative roles of genetics, life-history, social information
use and learning?

How important are ‘innovators’ in the evolution of individual heterogeneity?

Trend 3: Phenotypic plasticity is key to managing environmental challenges

How is plasticity regulated at the molecular level?

What traits (genomic, life-history, environmental) explain variation in plastic responses to the environment?

What is the relationship between phenotypic plasticity and conservation, e.g. declining populations, resilience to
environmental change and propensity to become an invasive species? To what extent can measures of plasticity be used to

predict, and mitigate, changes in species ranges and abundance?

Trend 4: Towards a unified framework for understanding disease defence
1.  What are the mechanisms behind trans-generational immune priming?
2. Which kind of costs are associated with immune priming?
3. What is the impact of behavioural disease defense on survival and fitness?
4

How do social network interactions influence disease transmission and susceptibility?




Glossary

Superorganism

A group of individual organisms that is sufficiently integrated that it can be seen as possessing the key characteristics of

an organism itself

Phenotypic plasticity

The characteristic of developing different phenotypes in different environments (either adaptively or passively)

Transcriptomics

The study of messenger RNA molecules, which communicate the ‘commands’ of the genome to the cell for the creation

of proteins

Major evolutionary transition

An event in the history of life in which lower-level units (such as solitary insects) come together to form a highly-
integrated higher-level unit (such as a social insect colony). Other major transitions include the origin of the genome and

the multicellular organism.

Biological heterogeneity

Differences between members of a group, which may be adaptive or passive

Innate immunity

The side of the immune system that presents general, non-specific responses to pathogens




References

(1]
(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

(12]

(13]

(14]

J. B. S. Haldane, “Aristotle's account of bees' 'dances',” J. Hell. Stud., pp. 24-25, 1955.

E. Szathmary, “Toward major evolutionary transitions theory 2.0,” PNAS, vol. 112, no. 33, pp.
10104-10111, 2015.

H. Helanterd, “An organismal perspective on the evolution of insect societies,” Front. Ecol.
Evol, vol. 4:6, no. doi: 10.3389/fevo.2016.00006, 2016.

D. Freitak, H. Schmidtberg, F. Dickel, G. Lochnit, H. Vogel and A. Vilcinskas, “The maternal
transfer of bacteria can mediate trans-generational immune priming in insects,” Virulence, vol.
5, no. 4, pp. 547-554, 2014.

S. Weiner and A. Toth, “Epigenetics in social insects: a new direction for understanding the
evolution of castes,” Genetics Research International, vol. doi:10.1155/2012/609810, 2012.

S. Patalano, A. Vlasova, C. Wyatt, P. Ewels, F. Camara, P. Ferreira, C. Asher, T. Jurkowsi, A.
Segonds-Pichon, M. Bachman, |. Gonzalez-Navarrete, A. Minoche, F. Krueger, E. Lowy, M.
Marchet-Houben, J. Rodriguez-Ales, F. Nascimento, S. Balasubramanian, T. Gabaldon, J.
Tarver, S. Andrews, H. Himmelbauer, W. Hughes, R. Guigé, W. Reik and S. Sumner, “Molecular
signatures of plastic phenotypes in two eusocial insect species with simple societies,” PNAS,
vol. 112, no. 45, pp. 13970-13975, 2015.

D. Gordon, “The rewards of restraint in the collective regulation of foraging by harvester ant
colonies,” Nature, vol. 498, no. 7452, pp. 91-93, 2013.

D. Charbonneau and A. Dornhaus, “Workers 'specialized' on inactivity: behavioral consistency
of inactive workers and their role in task allocation,” Behav. Ecol. Sociobol., vol. 69, pp. 1459-
1472, 2015.

J. Boomsma and R. Gawne, “Superorganismality and caste differentiation as points of no
return: how the major evolutionary transitions were lost in translation,” Biol. Rev., in press.

J. Meunier, S. A. West and M. Chapuisat, “Split sex ratios in the social Hymenoptera: a meta-
analysis,” Behav. Ecol., vol. 19, pp. 382-390, 2008.

T. Wenseleers and F. L. W. Ratnieks, “Comparative analysis of worker reproduction and
policing in eusocial hymenoptera supports relatedness theory.,” Am. Nat., vol. 168, pp. E163-
E179, 2006.

J. M. Jandt, S. Bengston, N. Pinter-Wollman, J. Pruitt, N. Raine, A. Dornhaus and A. Sih,
“Behavioural syndromes and social insects: personality at multiple levels,” Biol. Rev., vol. 89,
pp. 48-67, 2014.

S. Okasha, Evolution and the Levels of Selection, Oxford: Oxford University Press, 2006.

B. J. Cole, “The ecological setting of social evolution: the demography of ant populations.,” in
Organization of Insect Societies: From Genome to Sociocomplexity, Cambridge, Harvard
University Press, 2009, pp. 74-104.



[15]

(16]

(17]

(18]

[19]

[20]

[21]

(22]

(23]

(24]

[25]

(26]

(27]

(28]

[29]

(30]

T. A. Linksvayer, M. K. Fondrk and R. E. Page, “Honeybee social regulatory networks are
shaped by colony-level selection,” Am. Nat., vol. 173, no. 3, pp. E99-E107, 2009.

R. E. Page and M. K. Fondrk, “The effects of colony-level selection on the social organization of
honey bee (Apis mellifera L.) colonies: colony-level components of pollen hoarding,” Behav.
Ecol. Sociobiol., vol. 36, pp. 135-144, 1995.

T. A. Linksvayer, “Direct, maternal, and sibsocial genetic effects on individual and colony traits
in an ant,” Evolution, vol. 60, pp. 2552-2561, 2006.

A. M. Schmidt, T. A. Linksvayer, J. J. Boomsma and J. S. Pedersen, “Queen—worker caste ratio
depends on colony size in the pharaoh ant (Monomorium pharaonis),” Insectes Soc., vol. 58,
pp. 139-144, 2011.

J. Heinze, S. Frohschammer and A. Bernadou, “Queen life-span and total reproductive success
are positively associated in the ant Cardiocondyla cf. kagutsuchi,” Behav. Ecol. Sociobiol., vol.
67, pp. 1555-1562, 2013.

J. W. McGlothlin, A. J. Moore, J. B. Wolf and E. Brodie, “Interacting phenotypes and the
evolutionary process. lii. Social evolution,” Evolution, vol. 64, pp. 2558-2574, 2010.

L. Holman, “Caste load and the evolution of reproductive skew,” Am. Nat., vol. 183, pp. 84-95,
2014.

C. Goodnight, “On multilevel selection and kin selection: contextual analysis meets direct
fitness,” Evolution, vol. 67, pp. 1539-1548, 2013.

I. Planas-Sitja, J.-L. Deneubourg, C. Gibon and G. Sempo, “Group personality during collective
decision-making: a multi-level approach,” Proc. R. Soc. Lond. B., vol. 282, p. 20142515, 2015.

E. Clarke, “Origins of evolutionary transitions,” J. Biosci., vol. 39, pp. 303-317, 2014.

T. Hercend, E. Reinherz, S. Meuer, S. Schlossman and J. Ritz, “Phenotypic and functional
heterogeneity of human cloned natural killer cell lines,” Nature, vol. 301, no. 5896, pp. 158-
160, 1983.

J. Clobert, J.-F. Le Galliard, J. Cote, S. Meylan and M. Massot, “Informed dispersal,
heterogeneity in animal dispersal syndromes and the dynamics of spatially structured
populations,” Ecol. Lett., vol. 12, no. 3, pp. 197-209, 2008.

B. Holldobler and E. O. Wilson, The Ants, Cambridge, Massachusetts: The Belknap Press of
Harvard University Press, 1990.

J. Jones, M. Myerscough, S. Graham and B. Oldroyd, “Honey bee nest thermoregulation:
diversity promotes stability,” Science, vol. 305, no. 5682, pp. 402-404, 2004.

E. Robinson, F. Smith, K. Sullivan and N. Franks, “Do ants make direct comparisons?,” Proc. R.
Soc. Lond. B., p. doi:10.1098/rspb.2009.0350, 2009.

N. Masuda, T. O'Shea-Wheller, C. Doran and N. Franks, “Computational model of collective
nest selection by ants with heterogeneous acceptance thresholds,” R. Soc. Open Sci., vol. 2,
no. 140533, p. doi: 10.1098/rso0s.140533, 2015.



(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

[42]

(43]

[44]

[45]

E. Robinson, T. Richardson, A. Sendova-Franks, O. Feinerman and N. Franks, “Radio tagging
reveals the roles of corpulence, experience and social information in ant decision making,”
Behav. Ecol. Sociobiol., vol. 63, no. 627, pp. doi: 10.1007/s00265-008-0696-z, 2008.

E. Robinson, O. Feinerman and N. Franks, “Experience, corpulence and decision making in ant
foraging,” J. Exp. Biol., vol. 215, no. 15, pp. 2653-2659, 2012.

D. Charbonneau and A. Dornhaus, “Workers 'specialized' on inactivity: behavioral consistency
of inactive workers and their role in task allocation,” Behav. Ecol. Sociobiol., vol. 69, no. 9, pp.
1459-1472, 2015.

S. Bengston and A. Dornhaus, “Be meek or be bold? A colony-level behavioural syndrome in
ants,” Proc. R. Soc. Lond. B., vol. 281, p. 20140518, 2014.

B. Chapman, H. Thain, J. Coughlin and W. Hughes, “Behavioural syndromes at multiple scales
in Myrmica ants,” Anim. Behav., vol. 82, no. 2, pp. 391-397, 2011.

A. M. Simons, “Many wrongs: the advantage of group navigation,” Trends Ecol. Evol., vol. 19,
no. 7, pp. 372-378, 2004.

A. Sih, A. Bell and J. Johnson, “Behavioral syndromes: an ecological and evolutionary
overview,” Trends Ecol. Evol., vol. 19, no. 7, pp. 372-378, 2004.

N. Pinter-Wollman, J. Hubler, J.-A. Holley, N. Franks and A. Dornhaus, “How is activity
distributed among and within tasks in Temnothorax ants?,” Behav. Ecol. Sociobiol., vol. 66, no.
10, pp. 1407-1420, 2012.

T. D. Seeley, “Adaptive significance of the age polyethism schedule in honeybee colonies,”
Behav. Ecol. Sociobiol., vol. 11, no. 4, pp. 287-293, 1982.

S. Kuhn-Buhlmann and R. Wehner, “Age-dependent and task-related volume changes in the
mushroom bodies of visually guided desert ants, Cataglyphis bicolor,” J. Neurobiol., vol. 66,
no. 6, pp. 511-521, 2006.

R. Jeanson and A. Weidenmuller, “Interindividual variability in social insects - proximate
causes and ultimate consequences,” Biol. Rev., vol. 89, no. 3, pp. 671-687, 2014.

T. Seeley, P. Visscher, T. Schlegel, P. Hogan, N. Franks and J. Marshall, “Stop signals provide
cross inhibition in collective decision-making by honeybee swarms,” Science, vol. 335, no.
6064, pp. 108-111, 2012.

T. Sasaki, B. Colling, A. Sonnenschein, M. Boggess and S. Pratt, “Flexibility of collective decision
making during house hunting in Temnothorax ants,” Behav. Ecol. Sociobiol., vol. 69, no. 5, pp.
707-714, 2015.

E. Hunt, R. Baddeley, A. Worley, A. Sendova-Franks and N. Franks, “Ants determine their next
move at rest: motor planning and causality in complex systems,” R. Soc. Open Biol., vol. 3, no.
1, p. 150534, 2016.

N. Franks, A. Dornhaus, J. Fitzsimmons and M. Stevens, “Speed versus accuracy in collective
decision making,” Proc. R. Soc. Lond. B., vol. 270, no. 1532, pp. 2457-2463, 2003.



[46]

[47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

[55]

(56]

(57]

(58]

[59]

(60]

(61]

C. Gruter and E. Leadbeater, “Insights from insects about adaptive social information use,”
Trends Ecol. Evol., vol. 29, no. 3, pp. 177-184, 2014.

L. Rendell, R. Boyd, D. Cownden, M. Enquist, K. Eriksson, M. Feldman, L. Fogarty, S. Ghirlanda,
T. Lillicrap and K. Laland, “Why copy others? Insights from the social learning strategies
tournament,” Science, vol. 328, no. 5975, pp. 208-213, 2010.

Y. van Bergen, |. Coolen and K. Laland, “Nine-spined sticklebacks exploit the most reliable
source when public and private information conflict,” Proc. R. Soc. Lond. B., vol. 271, no. 1542,
pp. 957-962, 2004.

J. Deneubourg, J. Pasteels and J. Verhaeghe, “Probabilistic behaviour in ants: a strategy of
errors?,” J. Theor. Biol., vol. 105, no. 2, pp. 259-271, 1983.

A. Mesoudi, L. Chang, S. Dall and A. Thornton, “The evolution of individual and cultural
variation in social learning,” Trends Ecol. Evol., vol. 31, no. 3, pp. 215-225, 2016.

A. Modlmeier, C. Keiser, J. Watters, A. Sih and J. Pruitt, “The keystone individual concept: an
ecological and evolutionary overview,” Anim. Behav., vol. 89, pp. 53-62, 2014.

S. Kelly, T. Panhuis and A. Stoehr, “Phenotypic plasticity: molecular mechanisms and adaptive
significance,” Compr. Physiol., vol. 2, no. 2, pp. 1417-1439, 2012.

S. Sumner, J. Pereboom and W. Jordan, “Differential gene expression and phenotypic plasticity
in behavioural castes of the primitively-eusocial wasp Polistes canadensis,” Proc. R. Soc. Lond.
B., vol. 273, no. 1582, pp. 19-26, 2006.

S. Cahan, G. Julian, S. Rissing, T. Schwander, J. Parker and L. Keller, “Loss of phenotypic
plasticity generates genotype-caste association in harvester ants,” Curr. Biol., vol. 14, no. 24,
pp. 2277-2282, 2004.

P. Ferreira, S. Patalano, R. Chauhan, R. Ffrench-Constant, T. Gabaldon, R. Guigo and S. Sumner,
“Transcriptome analysis of primitively eusocial wasps reveal novel insights into the evolution
of sociality and origin of alternative phenotypes,” Gen. Biol., vol. 14, no. 2, pp. 1-15, 2013.

R. Bonasio, Q. Li, J. Lian, N. Mutti, L. Jin, H. Zhao, P. Zhang, P. Wen, H. Xiang, Y. Ding, Z. Jin, S.
Shen, Z. Wang, W. Wang, J. Wang, S. Berger, J. Liebig, G. Zhang and D. Reinberg, “Genome-
wide and caste-specific DNA methylomes of the ants Camponotus floridanus and
Harpegnathos saltator,” Curr. Biol., vol. 22, no. 19, pp. 1755-1764, 2012.

C. Smith, A. Toth, A. Suarez and G. Robinson, “Genetic and genomic analyses of the division of
labour in insect societies,” Nature Rev. Genetics, vol. 9, pp. 735-748, 2008.

M. Corona, R. Libbrecht and D. Wheeler, “Molecular mechanisms of phenotypic plasticity in
social insects,” Curr. Op. Insect Sci., vol. 13, pp. 55-60, 2016.

J. Hatle, D. Borst and S. Juliano, “Plasticity and canalization in the control of reproduction in
the lubber grasshopper,” Integ. Comp. Biol., vol. 43, no. 5, pp. 635-645, 2003.

T. New, Hymenoptera and Conservation, Oxford: John Wiley & Sons, 2012.

D. Holway, L. Lach, A. Suarez, N. Tsutsui and T. Case, “The causes and consequences of ant



(62]

(63]

(64]

(65]

(66]

(67]

(68]

(69]

[70]

[71]

[72]

(73]

[74]

[75]

[76]

invasions,” Ann. Rev. Ecol. Syst., vol. 33, no. 1, pp. 181-233, 2002.

D. Goulson, E. Nicholls, C. Botias and E. Rotherary, “Bee declines driven by combined stress
from parasites, pesticides, and lack of flowers,” Science, vol. 327, no. 6229, p. 1255957, 2015.

A. Davidson, M. Jennions and A. Nicotra, “Do invasive species show higher phenotypic
plasticity than native species and, if so, is it adaptive? A meta-analysis,” 2011, vol. 14, no. 4,
pp. 419-431, Ecol. Lett..

C. Kolar and D. Lodge, “Progress in invasion biology: predicting invaders,” Trends Ecol. Evol.,
vol. 16, no. 4, pp. 199-204, 2001.

C. Richards, O. Bossdorf, N. Muth, J. Gurevitch and M. Pigliucci, “Jack of all trades, master of
some? On the role of phenotypic plasticity in plant invasions,” Ecol. Lett., vol. 9, no. 8, pp. 981-
993, 2006.

A. Klein, B. Vaissiere, J. Cane, |. Steffan-Dewenter, S. Cunningham, C. Kremen and T.
Tscharntke, “Importance of pollinators in changing landscapes for world crops,” Proc. R. Soc.
Lond. B., vol. 274, pp. 303-313, 2007.

J. Beggs, E. Brockerhoff, J. Corley, M. Kenis, M. Masciocchi, F. Muller, Q. Rome and C.
Villemant, “Ecological effects and management of invasive alien Vespidae,” BioControls, vol.
56, p. 505, 2011.

P. Schmid-Hempel, Evolutionary parasitology: the integrated study of infections, immunology,
ecology, and genetics, New York: Oxford University Press, 2011.

R. Medzhitov, “Toll-like receptors and innate immunity,” Nat. Rev. Immunol., vol. 1, pp. 135-
145, 2001.

L. Masri and S. Cremer, “Individual and social immunisation in insects,” Trends Immunol., vol.
35, pp. 471-482, 2014.

H. Salmela, G. Amdam and D. Freitak, “Transfer of immunity from mother to offspring is
mediated via egg-yolk protein vitellogenin,” PLoS Pathol., vol. 11, pp. 1-12, 2015.

B. Milutinovi¢ and J. Kurtz, “Immune memory in invertebrates,” Semin. Immunol., vol. 28, pp.
328-342, 2016.

S. Altizer, C. Nunn, P. G. J. Thrall, J. Antonovics, A. Cunningham, A. Dobson, V. Ezenwa, K.
Jones, A. Pedersen, M. Poss and J. Pulliam, “Social organization and parasite risk in mammals:
integrating theory and empirical studies,” Ann. Rev. Ecol. Evol. Syst., vol. 34, pp. 1-689, 2003.

P. Kappeler, S. Cremer and C. Nunn, “Sociality and health: impacts of sociality on disease
susceptibility and transmission in animal and human societies,” Phil. Tran. R. Soc. Lond. B. Biol.
Sci., vol. 370, p. 20140116, 2015.

V. Ezenwa, R. Ghai, A. McKay and A. Williams, “Group living and pathogen infection revisited,”
Curr. Op. Behav. Sci., vol. 12, pp. 66-72, 2016.

N. Wilson-Rich, M. Spivak, N. Fefferman and P. Starks, “Genetic, individual, and group
facilitation of disease resistance in insect societies,” Annu. Rev. Entomol., vol. 54, pp. 405-423,



[77]

(78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

(89]

[90]

[91]

20009.

S. Cremer, S. Armitage and P. Schmid-Hempel, “Social immunity,” Curr. Biol., vol. 17, pp. 693-
702, 2007.

S. Cremer and M. Sixt, “Analogies in the evolution of individual and social immunity,” Phil.
Trans. R. Soc. Lond. B. Biol. Sci., vol. 364, pp. 129-142, 2009.

D. Freitak, H. Schmidtberg, F. Dickel, G. Lochnit, H. Vogel and A. Vilcinskas, “The maternal
transfer of bacteria can mediate trans-generational immune priming in insects,” Virulence, vol.
5, pp. 547-554, 2014,

R. Pigeault, R. Garnier, A. Rivero and S. Gandon, “Evolution of transgenerational immunity in
invertebrates,” Proc. R. Soc. Lond. B. Biol. Sci., p. doi: 10.4161/viru.28367, 2016.

L. Ugelvig, D. Kronauer, A. Schrempf, J. Heinze and S. Cremer, “Rapid anti-pathogen response
in ant societies relies on high genetic diversity,” Proc. R. Soc. Lond. B., vol. 277, pp. 2821-2828,
2010.

L. Diez, P. Lejeune and C. Detrain, “Keep the nest clean: survival advantages of corpse removal
in ants,” Biol. Lett., vol. 10, p. 20140306, 2014.

R. Kamath, A. Fraser, Y. Dong, G. Poulin, R. Durbin, M. Gotta, A. Kanapin, N. Le Bot, S. Moreno,
M. Sohrmann, D. Welchman, P. Zipperlen and J. Ahringer, “Systematic functional analysis of
the Caenorhabditis elegans genome using RNAI,” Nature, vol. 421, pp. 231-237, 2003.

N. Stroeymeyt, B. Pérez and S. Cremer, “Organisational immunity in social insects,” Curr. Opin.
Insect Sci., vol. 5, pp. 1-15, 2014.

D. Naug and B. Smith, “Experimentally induced change in infectious period affects
transmission dynamics in a social group,” Proc. Biol. Sci., vol. 274, pp. 61-65, 2007.

D. Mersch, A. Crespi and L. Keller, “Tracking individuals shows spatial fidelity is a key regulator
of ant social organization,” Science, vol. 340, pp. 1090-1093, 2013.

D. Barrachi and A. Cini, “A socio-spatial combined approach confirms a highly
compartmentalised structure in honeybees,” Ethology, vol. 120, pp. 1167-1176, 2014.

A. Cini, S. Patalano, A. Segonds-Pichon, G. Busby, R. Cervo and S. Sumner, “Social parasitism
and the molecular basis of phenotypic evolution,” Front. Genet., vol. 6, p. 32, 2015.

E. Leadbeater, J. Carruthers, J. Green, N. Rosser and J. Field, “Nest inheritance is the missing
source of direct fitness in a primitively eusocial insect,” Science, vol. 333, no. 6044, pp. 874-
876, 2011.

M. Ascunce, C. Yang, J. Oakey, L. Calcaterra, W. Wu, C. Shih, J. Goudet, K. Ross and D.
Shoemaker, “Global invasion history of the fire ant Solenopsis invicta,” Science, vol. 331, no.
6020, pp. 1066-1068, 2011.

Y. Wurm, J. Wang, O. Riba-Grognuz, M. Corona, S. Nygaard, B. Hunt, K. Ingram, L. Falquet, M.
Nipitwattanaphon, D. Gotzek, M. Dijkstra, J. Oettler, F. Comtesse, C. Shih, W. Wu, C. Yang, J.
Thomas, E. Beaudoing, S. Pradervand, V. Flegel, E. Cook, R. Fabbretti, H. Stockinger, L. Long,
W. Farmerie, J. Oakey, J. Boomsma, P. Pamilo, S. Yi, J. Heinze, M. Goodisman, L. Farinelli, K.



Harshman, N. Hulo, L. Cerutti, |. Xenarios, D. Shoemaker and L. Keller, “The genome of the fire
ant Solenopsis invicta,” PNAS, vol. 108, no. 14, pp. 5679-5684, 2011.

[92] S.Buechel, Y. Wurm and L. Keller, “Social chromosome variants differentially affect queen
determination and the survival of workers in the fire ant Solenopsis invicta,” Mol. Ecol., vol.
23, no. 20, pp. 5117-5127, 2014.

[93] W. D. Hamilton, “The genetical evolution of social behaviour, | & Il.,” J. Theor. Biol., vol. 7, pp.
1-52, 1964.

[94] S. Nygaard, H. Hu, C. Li, M. Schiott, Z. Chen, Z. Yang, Q. Xie, C. Ma, Y. Deng, R. Dikow, C.
Rabeling, D. Nash, W. Wcislo, S. Brady, T. Schultz, G. Zhang and J. Boomsma, “Reciprocal
genomic evolution in the ant—fungus agricultural symbiosis,” Nat. Commun., vol. 7, p. 12233,
2016.

[95] S. Martin, J. Carruthers, P. Williams and F. Drijfhout, “Host specific social parasites (Psithyrus)
indicate chemical recognition system in bumblebees,” J. Chem. Ecol., vol. 36, no. 8, pp. 855-
863, 2010.

[96] B. Fouks and H. Lattorff, “Contrasting evolutionary rates between social and parasitic
bumblebees for three social effect genes,” Front. Ecol. Evol., p. doi:
http://dx.doi.org/10.3389/fevo.2016.00064, 2016.

[97] S. McKenzie, P. Oxley and D. Kronauer, “Comparative genomics and transcriptomics in ants
provide new insights into the evolution and function of odorant binding and chemosensory
proteins,” BMC Genomics, vol. 15, p. 719, 2014.

[98] R. Libbrecht, P. Oxley, L. Keller and D. Kronauer, “Robust DNA methylation in the clonal raider
ant brain,” Curr. Biol., vol. 26, no. 3, pp. 391-395, 2016.

[99] D. Standage, A. Berens, K. Glastad, A. Severin, V. Brendel and A. Toth, “Genome,
transcriptome and methylome sequencing of a primitively eusocial wasp reveal a greatly
reduced DNA methylation system in a social insect,” Mol. Ecol., vol. 25, no. 8, pp. 1769-1784,
2016.

[100] H. Yan, R. Bonasio, D. Simola, J. Liebig, S. Berger and D. Reinberg, “DNA methylation in social
insects: how epigenetics can control behavior and longevity,” Ann. Rev. Entomol., vol. 60, pp.
435-452, 2015.

[101] D. Simola, L. Wissler, G. Donahue, R. Waterhouse and et al., “Social insect genomes exhibit
dramatic evolution in gene composition and regulation while preserving regulatory features
linked to sociality,” Genome Res., p. doi: 10.1101/gr.155408.113, 2013.

[102] J. Jandt, J. Thomas, A. Geffre and A. Toth, “Lab rearing environment perturbs social traits: a
case study with Polistes wasps,” Behav. Ecol., vol. 26, no. 5, pp. 1274-1284, 2015.

[103] E. Lein, M. Hawrylycz, N. Ao, M. Ayres, A. Bensinger and et al., “Genome-wide atlas of gene
expression in the adult mouse brain,” Nature, vol. 445, pp. 168-176, 2007.

[104] O. Naumova, M. Lee, S. Rychkov, N. Vlasova and E. Grigorenko, “Gene expression in the
human brain: the current state of the study of specificity and spatiotemporal dynamics.,” Child



Dev., vol. 84, no. 1, pp. 76-88, 2013.

[105] Minch, D., K. lhle, H. Salmela and G. Amdam, “Vitellogenin in the honey bee brain: atypical
localization of a reproductive protein that promotes longevity,” Exp. Geront., vol. 71, pp. 103-
108, 2015.

[106] A.R., F.S., S. . and M. R., “MicroRNAs in honey bee caste determination,” Sci. Rep., vol. 6, p.
18794, 2016.

[107] C. Lutz and G. Robinson, “Activity-dependent gene expression in honey bee mushroom bodies
in response to orientation flight,” J. Exp. Biol., vol. 216, pp. 2031-2038, 2013.

[108] J. Marioni, C. Mason, S. Mane, M. Stephens and Y. Gilad, “RNA-seq: an assessment of technical
reproducibility and comparison with gene expression arrays,” Genome Res., vol. 18, no. 9, pp.
1509-1517, 2008.

[109] M. Dillies and e. al., “A comprehensive evaluation of normalization methods for lllumina high-
throughput RNA sequencing data analysis,” Brief Bioinform., vol. 14, no. 6, p. 671-683, 2013.

[110] D. Risso, J. Ngai, T. Speed and D. Dudoit, “Normalization of RNA-seq data using factor analysis
of control genes or samples,” Nat Biotechnol., vol. 32, no. 9, p. 896-902., 2014.

[111] P. Auer and R. Doerge, “Statistical design and analysis of RNA sequencing data,” Genetics, vol.
185, no. 2, pp. 405-416, 2010.

[112] Y. Gilad and O. Mizrahi-Man, “A reanalysis of mouse ENCODE comparative gene expression
data,” F1000Research, vol. 4, p. doi:10.12688/f1000research.6536.1., 2015.

[113] S. Liand e. al., “Multi-platform assessment of transcriptome profiling using RNA-seq in the
ABRF next-generation sequencing study,” Nat Biotechnol., vol. 32, no. 9, p. 915-925., 2014.

[114] F. Simao, R. Waterhouse, P. loannidis, E. Kriventseva and E. Zdobnov, “BUSCO: assessing
genome assembly and annotation completeness with single-copy orthologs,” Bioinformatics,
vol. 31, no. 19, pp. 3210-3212, 2015.

[115] F. Cuiand P. LoVerso, “A computational pipeline for cross-species analysis of RNA-seq data
using R and Bioconductor,” Bioinform. Biol. Insights, vol. 9, p. 165, 2015.

[116] G. Perry and e. al., “Comparative RNA sequencing reveals substantial genetic variation in
endangered primates,” Genome Res., vol. 22, no. 4, pp. 602-610, 2012.

[117] S. Boi, I. Couzin, N. Buono, N. Franks and N. Britton, “Coupled oscillators and activity waves in
ant colonies,” Proc. R. Soc. Lond. B., vol. 266, pp. 371-378, 1999.

[118] N. Pinter-Wollman, A. Bala, A. Merrell, J. Queirolo, M. Stumpe, S. Holmes and D. Gordon,
“Harvester ants use interactions to regulate forager activation and availability,” Anim. Behav.,
vol. 86, no. 1, pp. 197-207, 2013.

[119] T. O'Shea-Wheller, D. Wilson-Aggarwal, D. Edgley, A. Sendova-Franks and N. Franks, “A social
mechanism facilitates ant colony emigrations over different distances,” J. Exp. Biol., vol. 219,
no. 21, pp. 3439-3446, 2016.

[120] S. Sumner, E. Lucas, J. Barker and N. Isaac, “Radio-tagging technology reveals extreme nest-



drifting behavior in a eusocial insect,” Curr. Biol., vol. 17, no. 2, pp. 140-145, 2007.

[121] E. Hunt, R. Baddeley, A. Worley, A. Sendova-Franks and N. Franks, “Ants determine their next
move at rest: motor planning and causality in complex systems,” R. Soc. Op. Sci., vol. 3, no. 1,
p. 150534, 2016.

[122] D. Mersch, A. Crespi and L. Keller, “Tracking individuals shows spatial fidelity is a key regulator
of ant social organization,” Science, vol. 340, no. 6136, pp. 1090-1093, 2013.

[123] J. Woodgate, J. Makinson, K. Lim, A. Reynolds and L. Chittka, “Life-long radar tracking of
bumblebees,” PLoS One, vol. 11, no. 8, p. e0160333, 2016.

[124] A. Pérez-Escudero, J. Vicente-Page, R. Hinz, S. Arganda and G. de Polavieja, “idTracker:
tracking individuals in a group by automatic identification of unmarked animals,” Nat.
Methods, vol. 11, no. 7, pp. 743-748, 2014.

Figure 1

Evolution of organisms )
Organism

Solitary cells

Extreme

cooperation
Groups evolve

Evolution of superorganisms , —_—
Superorganism

Solitary insects Extreme
cooperation

Groups evolve




Figure 2

1200

1000

800

600

400

Publications per year

200

—@—Bees
—®—"Wasps
—@— Ants

—@—Termites

—@—Total

2010




