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The evolution of eusociality in social insects, such as termites, ants, and some bees and wasps, has been regarded as a major evolutionary transition (MET). Yet, there is some debate whether all species qualify. Here, we argue that worker sterility is a decisive criterion to determine whether species have passed a MET (= superorganisms), or not. When workers are sterile, reproductive interests align among group members as individual fitness is transferred to the colony level. Division of labour among cooperating units is a major driver that favours the evolution of METs across all biological scales. Many METs are characterised by a differentiation into reproductive versus maintenance functions. In social insects, the queen specialises on reproduction while workers take over maintenance functions such as food provisioning. Such division of labour allows specialisation and it reshapes life history trade-offs among cooperating units. For instance, individuals within colonies of social insects can overcome the omnipresent fecundity/longevity trade-off, which limits reproductive success in organisms, when increased fecundity shortens lifespan. Social insect queens (particularly in superorganismal species) can reach adult lifespans of several decades and are among the most fecund terrestrial animals. The resulting enormous reproductive output may contribute to explain why some genera of social insects became so successful. Indeed, superorganismal ant lineages have more species than those that have not passed a MET. We conclude that the release from life history constraints at the individual level is a important, yet understudied, factor across METs to explain their evolutionary success.
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INTRODUCTION

Life on earth has evolved through rare but large steps called major evolutionary transitions (METs; Maynard Smith and Szathmáry, 1995; Michod, 1997; Bourke, 2011; West et al., 2015). During such a transition, organisation is shifted. Individual units (e.g., cells or insects) which were previously independent, integrate into a new larger “entity” (e.g., multicellular organisms or superorganisms) (see Table 1 for glossary of bold terms) (Maynard Smith and Szathmáry, 1995; Bourke, 2011; West et al., 2015; Figure 1). A MET has therefore been defined to be accomplished, when the fitness of the lower-level units is completely transferred to the higher level (see e.g., Okasha, 2005, 2006). As a consequence, the higher-level unit becomes the common unit of selection, evolutionary fitness interests among lower-level units are aligned and within-lower-level conflict becomes rare. The transition from multicellular organisms to eusocial animal societies, such as honey bee colonies, has been referred to as a MET (e.g., Maynard Smith and Szathmáry, 1995; Bourke, 2011, 2019; Szathmáry, 2015; West et al., 2015; Helanterä, 2016; Boomsma and Gawne, 2018). Yet debates exist whether they qualify as such. The large degree of social organisation that exists in social insects is a major reason for these discussions. Even the term eusociality covers considerable variation (e.g., Bourke, 1999, 2019; Anderson and McShea, 2001; Korb and Heinze, 2016; Boomsma and Gawne, 2018 and references therein). The variation in social organisation has been categorised into three steps that characterise a MET (e.g., Bourke, 2011; Korb and Heinze, 2016 for details). Using these three steps, we outline when we consider eusocial species as superorganismal (i.e., having passed a MET). We apply the theoretically founded criterion of complete fitness transfer to the higher level (Okasha, 2006). Thus, in our opinion, a MET is only realised in species with sterile workers (including soldiers; i.e., true neuters) because only then the lower-level fitness of colony members (lower-level units; i.e., workers/soldiers and queens as well as kings in termites) is completely transferred to the colony level (higher-level unit). This colony level fitness is realized by a colonies’ queen/king, which represent the exclusive germline of these superorganisms. Workers can only increase their fitness by increasing the reproductive success of the colony, which means by supporting their germline, the queen/king, to which they are related. Under these conditions, the inclusive fitness of workers/soldiers consist exclusively of the indirect fitness component, which is the (direct) fitness of the higher evolutionary unit (i.e., the colony). Therefore, conflict over reproduction among group members is absent as reproductive interests are aligned. Based on this consideration, we highlight the importance of division of labour and specialisation among lower-level units in overcoming life history trade-offs as potential drivers toward METs.


TABLE 1. Definition of terms used in the paper.
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FIGURE 1. (A) The three key steps that characterise a major evolutionary transition (following Bourke, 2011, 2019). These steps go along with important changes in terms of cooperation and conflict within groups (see main text for details). (B) Species richness in superorganismal and non-superorganismal ant genera. Species richness was significantly higher in superorganismal than non-superorganismal ant genera (Mann–Whitney U test: N = 337, W = 355, P < 0.005). Controlling for phylogenetic dependencies, a phylogenetic ANOVA was run on a subset of 111 genera for which a phylogeny was available. They showed that genera with sterile workers (N = 10) had higher species richness than genera that we do not consider superorganismal (F = 24.56, P ≤ 0.005) (see Supplementary Material for more details). (C) Species richness in superorganismal and non-superorganismal termite lineages. There was a trend for species richness to be significantly higher in superorganismal than non-superorganismal termite lineages (Mann–Whitney U test: N = 17, W = 13.5, P = 0.056). The phylogenetic ANOVA revealed no differences in species richness between superorganismal (N = 6) and non-superorganismal (N = 6) termite lineages (N = 12, F = 2.28, P = 0.371).




THREE STEPS CHARACTERISE A MAJOR EVOLUTIONARY TRANSITION

Three steps characterise a MET (e.g., Bourke, 2011; Korb and Heinze, 2016 for details). These steps go along with important changes in terms of cooperation and conflict within groups (see Queller and Strassmann, 2009; Figure 1A):


(1)Group formation (cooperation: intermediate, conflict: low). The first stage, group formation, results from individuals coming together. It is selected mainly because individuals gain direct fitness, for instance, from selfish herd effects, improved protection against predators, facilitated resource exploitation, and/or energetic benefits as in the case of birds migrating in flocks. Taxon-specific ecology is important and different ecological conditions favour associations in different species and in different populations (e.g., Korb and Heinze, 2008; Jetz and Rubenstein, 2011; Rubenstein and Abbot, 2017 and reference therein). Strictly speaking, group formation is often a result of by-product mutualisms (sensu Bshary and Bergmüller, 2008) as no costs are involved for the participating individuals. Group formation is facilitated by a lack of local scale competition over resources or mating partners. Division of labour (DOL) plays a minor role and these associations are often transient. None of the eusocial animals belongs into this category as they live in non-transient groups.

(2)Group maintenance (cooperation: increasing from intermediate to high, conflict: decreasing from intermediate to low). The second step, group maintenance, refers to established groups, which are not transient. Non-transient groups often arise through parent/offspring associations with extended brood care (i.e., subsociality) (Grosberg and Strathmann, 2007; Michod, 2007; Boomsma, 2009; Griesser et al., 2017). DOL appears as another major driver of the evolution of permanent groups (e.g., Michod, 2007). DOL results in complementary functions and/or traits, which increase the direct fitness of interacting partners. Continued selection of specialisation can lead to reciprocal dependence and further enhanced fitness (for detail, see below). Such permanent groups are generally characterised by cooperation rather than by-product mutualisms. Hence costs are involved and the evolutionary stability of groups can be threatened by evolutionary cheaters. Thus, the evolution of mechanisms of conflict resolution, such as partner choice or sanctioning of selfish individuals, is important for the evolutionary stability of these groups (e.g., Frank, 1998).



In the case of social insects (or more broadly, all fraternal associations), indirect fitness benefits derived from helping relatives are of major importance (e.g., Korb and Heinze, 2004; Foster et al., 2006; Boomsma, 2009; Abbot et al., 2011). They facilitate stable maintenance of associations, and potential selection against cheating, for instance through the evolution of self-restraint (e.g., Frank, 1998; Ratnieks et al., 2006 and references therein). In the case of the evolution of altruism, relatedness is even a necessary pre-requisite (Foster et al., 2006; Boomsma, 2009; Abbot et al., 2011). Importantly in all associations of step 2, single individuals still have the potential to produce own offspring (i.e., gain direct fitness benefits) so that fitness is not completely transferred from the lower to the higher level and conflict over reproduction among lower-level units remains.

Many systems of cooperatively breeding birds and mammals (Rubenstein and Abbot, 2017) can be classified as having crossed the group maintenance step. Among the eusocial animals, all those species, in which workers and/or soldiers (i.e., the altruistic castes) can still reproduce, belong into this category. This includes, e.g., social mole rats, many social aphids and thrips, all termite species except the Termitidae, and all social Hymenopterans in which workers can produce males (including the honey bee) (Korb and Heinze, 2016; see Supplementary Table 1).


(3)Group transformation (cooperation: high; conflict: low). The third stage, group transformation, generally considers groups that have passed a MET (Okasha, 2006; Bourke, 2011; West et al., 2015; Boomsma and Gawne, 2018). Formally, it corresponds to the emergence of new higher-level entities (here, groups composed of individuals) (Okasha, 2006; Bourke, 2011; West et al., 2015). Most researchers would agree that social insects in the third stage are superorganisms. Yet, disagreement and debates remain about the strict criterion or thresholds at which a new higher level entity emerges. To date, mostly definitions are favoured which centre around the loss of totipotency of individuals (e.g., Boomsma and Gawne, 2018) or which are based on a continuum of the extent of cooperation and conflict (Queller and Strassmann, 2009) (for a discussion, see below). In the current paper, we strictly apply the theoretically founded ultimate criterion of complete transfer of fitness of lower-units to the higher-level unit (see above).



Accordingly, in our opinion, in social insects, group transformation is reached when workers are sterile, so that they cannot gain any direct fitness. We consider worker sterility to be reached when workers have completely lost their reproductive organs or when ovaries are no longer involved in reproduction but “only” necessary for other physiological or developmental processes (Khila and Abouheif, 2010). Under such conditions, workers cannot gain any direct fitness, but only indirect fitness via the reproductive success of the colony. The colony is the unit of selection and the indirect fitness of its members becomes the direct fitness of the colony. Social insects with sterile workers qualify as “true” superorganisms with a complete separation of the germline (queen, and in termites also a king) and the soma (workers and sometimes soldiers) (Korb and Heinze, 2016).

From this perspective, surprisingly few eusocial insect species have passed the MET - and no eusocial mammal – all of which qualify in analogy of multicellular organisms as true superorganisms. Examples are the Termitidae among the termites, and several genera of social Hymenoptera, such as Pheidole, Monomorium, and Cardiocondyla (see Supplementary Table 1, for simplicity we only included here species with workers that have completely lost their ovaries).



WHICH FACTORS FACILITATE THE ‘PROGRESSION’ TOWARD A MAJOR EVOLUTIONARY TRANSITION?

As shown above, step 2, stable group maintenance, is critical to understand the transition toward a MET. Which factors lead to stable group maintenance and may facilitate a MET? For fraternal transitions, a major factor for a successful transition seems to be the relatedness among cooperating individuals (e.g., Hamilton, 1964; Korb and Heinze, 2004; Foster et al., 2006; Boomsma, 2009; Abbot et al., 2011). This close evolutionary linkage among cooperating partners can be rephrased as common ancestry (relatedness) and aligned future (obligate uniparental vertical transmission) for fraternal and egalitarian transitions, respectively (Korb, 2010). In addition, all METs are characterised by DOL, and benefits derived from DOL appear to be major drivers for stable group maintenance.

Division of labour emerges spontaneously, when two or more individuals are grouped together (e.g., Fewell and Page, 1999). Hence, DOL plays a pivotal role during the initial steps of group formation (Michod, 2007). When associated with net direct fitness benefits for interacting partners, group maintenance can be selected, along with specialisation of partners for different tasks. The latter results in increased efficiency and fitness (Oster and Wilson, 1978; Michod, 2007; West et al., 2015; West and Cooper, 2016; Cooper and West, 2018) as well as mutual dependency between interacting partners, which are no longer all-rounders (loss of individual totipotency) (McShea, 2002 but also Michod, 2006, 2007; Bourke, 2011; West et al., 2015; Birch, 2017; Cooper and West, 2018). Together with conflict resolution mechanisms, mutual dependency is of fundamental importance for the stability of groups. Benefits associated with increased group sizes can re-enforce these processes, resulting in positive feedback loops with increasing task division and specialisation (Michener, 1964; Karsai and Wenzel, 1998; Michod, 2007; Korb, 2010; Bourke, 2011) and the occurrence of novel emergent properties (for social insects: more efficient communication via trail pheromones, construction of mounds) (Korb, 2010; Leonhardt et al., 2016).

Strikingly, all fraternal transitions (note, the multiple independent origins of multicellularity and of superorganismality in social insects) are centred on reproductive DOL. Some parts of the emerging group (multicellular organisms, superorganisms) specialise in reproduction, which are sometimes but not always (e.g., plants, hydra) separated as a germline, while the remaining units perform all the others tasks, such as intake of food, nutrient provisioning, mobility, and/or defence. By outsourcing reproduction versus maintenance to different individuals within a group, reproductive DOL freed individuals (i.e., lower-level units) partially from the corresponding life history constraint. As the “degrees of freedom” increase, life history trade-offs of individuals can be overcome and eventually be reshaped. We, therefore, propose that DOL-associated vanquishing of life history trade-off to be another driver that can lead from group maintenance to group transition, and thus to METs.



THE “VANQUISHING” OF LIFE HISTORY TRADE-OFFS, A SPECIAL “BENEFIT” OF DIVISION OF LABOUR

There are a number of causes for the occurrence of life history trade-offs, some of the most common, non-mutually exclusive ones are: (i) pleiotropic genes, (ii) endocrine mechanisms (e.g., JH, testosterone), (iii) developmental constraints, and/or (iv) limiting resources (i.e., allocation trade-offs) (e.g., Stearns, 1992). Several of these constraints can be overcome either through differential regulation of gene expression between tissues/castes (fraternal transitions) or through “independent evolution” (different gene sets) (egalitarian transitions).

Prominent examples are social insects, which have apparently overcome the omnipresent trade-off between fecundity and longevity (Monroy Kuhn and Korb, 2016 and references therein), that commonly constrains the fitness of solitary organisms. In eusocial insects, the queens (and in termites also kings) are the only individuals reproducing within a colony. At the same time, they can reach lifespans of decades with reproduction increasing longevity, while the non-reproducing workers often live for a few months only (Keller and Genoud, 1997; Keller, 1998; Schrempf et al., 2005; Kramer and Schaible, 2013; Korb and Thorne, 2017). In ants (Kramer and Schaible, 2013) and termites (Korb and Thorne, 2017) longevity of queens increases with social complexity. In termites, the most long-lived females occur in superorganismal species that passed a MET: queens of the fungus-growing Macrotermes termites can live for more than 20 years and produce 20,000 eggs per day (Korb and Thorne, 2017). Thus, they are arguably the most fecund terrestrial animals. A mechanistic example of how trade-offs can be overcome are cases of caste-specific gene expression that are associated with gene duplications. Multi-copy genes can be co-opted during evolution for caste-specific functions, thus e.g., vanquishing trade-offs associated with pleiotropic gene functions (Gadagkar, 1997; Korb, 2016). A recent study suggests that this has been the case in termites (Shigenobu et al., 2021). We hypothesise that mechanisms vanquishing life history trade-off, are less studied drivers toward METs, which are most prominent in superorganismal species (Blacher et al., 2017). They might contribute to explain the ecological and evolutionary success of social insects (social Hymenoptera1; termites: Kambhampati and Eggleton, 2000; Korb and Thorne, 2017 and references therein). To test the hypothesis that social insects, which have passed a MET are more successful than those that have not, we used species richness as a potential proxy of evolutionary success (for more information, see Supplementary Table 1, Data Sheet 1). Ant genera with sterile workers have, indeed, an increased species richness compared to those which were non-superorganismal (i.e., no sterile workers, Figure 1B – for simplicity of identification, we only used species, in which workers have completely lost their ovaries). For termites, direct comparison between lineages with sterile workers and those without showed a trend for increased species richness in lineages without worker reproduction but this trend disappeared when data were controlled for phylogeny (Figure 1C).



DISCUSSION

Our definition of a MET in social insects (sterility of workers, including soldiers, i.e., true neuters) differs from existing definitions (e.g., Helanterä, 2016; Boomsma and Gawne, 2018; Bourke, 2019) and it apparently seems to align with former ones (e.g., Wheeler, 1911; Wells et al., 1929; Buss, 1987; Hölldobler and Wilson, 2009). However, the latter studies, which used worker sterility as a defining hallmark for superorganisms, were not formulated within a MET framework and the authors had different reasons for delimiting superorganisms unlinked to a formal foundation in evolutionary theory. By contrast, we based our criterion on the ultimate explanation that the fitness of these lower-level units is only completely transferred to the higher colony level when there are true neuters. Therefore, our definition offers two major advantages: it is founded in (i) fundamental first principles of evolution that (ii) apply across all METs. We think these two points are major advantages of our definition.

As, recommended by Herron (2021), our definition is not guided by impressive complex traits of specific taxa, such as the dance language in the honey bee, mound building in some termites or complex societies observed in army ants or fungus-growing ants and termites. Some of these species would qualify as formal evolutionary superorganisms, others not. Many other organisms evolved complex traits (e.g., bacterial biofilm). Yet, these organisms would not be considered to have passed a MET. Our criterion is also not guided by specific social insects. Many of the currently available definitions have implicitly social Hymenoptera in mind. For example, “loss of totipotency” as a superorganism/MET criterion does not mean loss of direct fitness in termites. Among the so called “lower termites” there a many species, in which workers lost totipotency as they cannot become winged sexuals but they still commonly reproduce within the natal nest and gain considerable direct fitness (Korb and Hartfelder, 2008; Roisin and Korb, 2011). These species also have morphologically differentiated workers, another criterion sometimes used to define superorganism. Yet, none of these species would be defined as superorganisms in a MET context. Similar arguments would apply to social thrips or aphids (e.g., morphological soldier castes; e.g., Chapman et al., 2008; Pike and Foster, 2008), which most researcher would not consider as superorganismal.

Our definition could be criticised as Gardner and Grafen (2009) have shown in their model that sterile workers are neither necessary nor sufficient for superorganisms to evolve. Yet, they defined superorganisms “as a group that wields adaptations in its own right” (more like Wheeler, 1911; Wells et al., 1929; Buss, 1987; Hölldobler and Wilson, 2009). This is not the MET concept, we apply here.

An important point in the discussion of distinguishing superorganisms is conflict within colonies. According to our definition there is no conflict over reproduction within monogamous colonies though conflict of the sex ratio may still exist in social Hymenoptera. We argue, this is similar to multicellular organisms, in which conflict over the sex ratio can still occur due to maternal inheritance of, e.g., mitochondria (Burt and Trivers, 2006). One situation under which conflict over reproduction can occur even in species with sterile neuters are polygamous colonies. Polygamy is generally considered to be a derived trait in social insects (e.g., Boomsma, 2009). After a MET, new conflicts can be evolve, similar as after the evolution of individuality in multicellular organisms.

One solution to overcome the conflict argument is the superorganismality approach by Queller and Strassmann (2009) and Strassmann and Queller (2010) to regard associations as a continuum along the two axes of cooperation and conflict (Sherman et al., 1995). While we are much in favour of this concept, it does not allow to delimit METs, which seem to exist in nature. During a transition process – as might be happening in social insects as a whole – it might be difficult to identify specific criteria, which become apparent only later. While our definition can be criticised (e.g., because it excludes some species with very complex sociality), we hope it contributes to clarify what is a MET and how best to define it. We think that METs should be defined using criteria that are based on common ultimate/evolutionary principles that apply across transitions.
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Definition

Insects/animals that are characterised by overlapping
generations, reproductive division of labour, and brood care.

Eusocial insects/animals with sterile workers/soldiers, and
accordingly a complete germline (Queen/king) — soma
(workers, soldiers) separation; in superorganisms the fitness of
the individuals (lower-level units) is transferred to the colony
(higher-level unit) realized via the colonies’ germline, the queen
(and sometimes also a king). Superorganims qualify as having
passed a major evolutionary transition.

Workers which have completely lost their reproductive organs.
Alternatively, workers can be considered as sterile if their
ovaries are no longer involved in reproduction but only in
alternative functions.

Number of own offspring (or better, allele copies) produced
and transmitted to the next generation without the help of
others; equivalent to classical Darwinian fitness.

Number of offspring (or better, allele copies) that relatives
produce and transmit to the next generation due to the help of
the altruist, weighed by relatedness.

A cost-free interaction between individuals/units from which all
participants derive direct fitness benefits as by-products of the
action of others.

A costly interaction between individuals/units from which all
participants derive net direct fitness benefits.

A costly interaction between individuals/units in which one
partner, the altruist, increases the direct fitness of another
individual, recipient, with net direct fitness costs for the altruist.
Individuals/units, which invest less than their fair share into an
association, thus exploiting their partners; selection generally
favours such cheaters in the short-run, so that they often can
“threaten” the stability of a cooperative interaction.

Major evolutionary transitions that originated from associations
of similar, related units; “more of the same” which results in
division of labour after the association formed.

Major evolutionary transitions that originated from associations
of different, disparate units, both partners reproduce; each unit
contributed different functions right from the beginning to the
association.

They are highlighted in bold, when first mentioned in the text.
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