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S1 (box): INTENTIONAL LANGUAGE AND ADAPTATION

Biologists sometimes borrow phrases from everyday speech to describe phenomena, such as selfish, altruism and signal. The advantage of this is that it can convey information in an efficient way. However, at last two things need to be considered when defining phrases: (1) Is it formally justified? (2) Is it useful?

Justification: A potential problem with phrases such as altruism or selfish is that they imply cognitive intent where there is none. Consequently, how can their use be justified or formalised? The solution to this problem is that natural selection leads to organisms that act with the appearance of intention. Specifically, organisms will be adapted to their environments, such that they appear to be trying to maximise their fitness. This does not mean that any intentional language is justified, but rather that intentional language is justified when it can be linked to the how organisms are designed to maximize their fitnesss1,2. Put simply, intentional language can be justified in the context of adaptations to the environment. This will often require terms to be precisely defined in terms of fitness consequences3.

Consequently, there is a formal justification for using the phrase ‘division of labour’ to describe a particular type of adaptation. This is why we emphasise that we are interested in cases where the actual dividing of tasks between individuals is an adaptation. If phrases such as ‘working together’ are used, this implies intention/adaptation for all individuals concerned, and so the trait must increase the fitness of all individuals involved. Similar issues arose with cooperation, which is defined as a trait which provides a benefit to another individual, and which is selected for, at least partially, because of its beneficial effect on the recipient3. The second clause, about how it was selected, was necessary because we are interested in cooperation as an adaptation, and not just as a byproduct of something else (i.e. not just any +/+ behaviours, but when the second + was selected for). Grafen discusses issues with the phrase bet-hedging1.

Use: The other issue is whether a definition is useful. When we define a type of trait, we wish this to group together a number of examples in a useful way. Specifically, that they involve the same type of problems and solutions. To give a specific example, altruism is when a behavior decreases the fitness of the actor, but increases the fitness of another individual3,4. The use of this definition is that it not only classifies certain traits together, but that it does so in a way that is useful from an evolutionary perspective. In particular, it makes the evolutionary problem of altruism clear – why should an organism give up its own fitness to help another individual reproduce? All cases of altruism have the same explanation - altruism is favoured when it is directed towards relatives who share the altruistic genes4. There are numerous examples of the redefining of altruism leading to confusion3.

We wish our definition of division of labour to be as useful as terms such as altruism have been. In particular, we wish to make clear that the problem is why should individuals be selected to work together? If we had defined division of labour in some broader way, then the different examples would not share problems and explanations. For example, if our definition included cases where phenotypic variation has arisen as a by-product of otherwise self-interested traits, such as diversification to exploit different niches, then we would not need: (a) the efficiency benefit illustrated in figure 2a; and (b) an alignment of interest. A broader definition would therefore have been less useful. Although, it can also be useful to conceptualise at multiple levels, for example, classifying how the different types of phenotypic plasticity are related to each other.

Illustration: The utility of our definition of division of labour can also be illustrated with a non-microbial example from the field of animal behaviour. Reed warblers are tricked into rearing the chicks of cuckoos. We do not think of this as an evolved division of labour between cuckoos and reed warblers5. Reed warblers are not adapted to raise cuckoo chicks. Instead, the adaptation here is in cuckoos, to exploit reed warblers, who, as with the algae taken up by sea slugs, are selected in the opposite direction to avoid exploitation5.
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S2 (box): THE MUTATION TEST

The mutation test is sometimes used to distinguish altruism from traits that are not altruistic1. Imagine an individual who mutates from non-cooperator to cooperator. Does this lead to a decrease or increase in personal fitness? If it provides no return benefit to that individual, then that cooperation is altruistic. In contrast, if it provides some return benefit that outweighs the costs, for example if there were reciprocal helping, then this would be mutually beneficial and not altruistic.


We suggest that a similar mutation test could be made to diagnose division of labour. In order to be division of labour, we require that the steps towards the division provide a benefit, measured in inclusive fitness, to all partners. For example, consider the transition from a monomorphic population of cyanobacteria, to one with photosynthesising cells and nitrogen fixing heterocysts. Becoming a heterocyst leads to reduced reproduction, but provides a benefit to related cells which presumably outweighs this (direct cost < indirect benefit). Becoming a photosynthesiser that does not fix nitrogen provides a direct benefit to that cell (direct benefit > 0). Consequently, this passes the division of labour mutation test.
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S3 (box): DIFFERENT TYPES OF DIVISION

We distinguish between two types of division of labour, depending upon whether the cooperation is one or both ways. One possibility is that division of labour involves cooperation in one direction, with one altruistic phenotype helping a reproductive phenotype (FIG. 1B). This kind of division between helper and reproducer occurs within species, and is analogous to that between germ cells and soma cells in multicellular species1. Less extreme examples exist, where the helper phenotype also can also gain some direct benefit from their cooperative behaviour. For example, we have already described how only a fraction of B. subtilis cells produce proteases, but the benefits of protein degradation are shared between producers and non-producers. Whether the direct benefits of producing such goods outweigh the metabolic costs will depend upon factors such as diffusion rates. Another example from B. subtilis is how only a small fraction of cells produce the exopolysaccharide which holds cells together as a biofilm on solid surfaces2.

Alternatively, division of labour can involve cooperation in both directions, with different phenotypes providing services for each other, potentially to their mutual benefit (FIG. 1B). For example, in the cyanobacteria, there is a division between cells that photosynthesise to produce sugars and cells that fix nitrogen into ammonia (heterocycts)3. These two cell types each provide the other with the products of their labours. Although, the nitrogen fixing heterocysts do not reproduce, and so represent an altruistic phenotype. 
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S4 (box): GRAPHING EFFICIENCY BENEFITS

We have illustrated graphically how efficiency benefits can arise, emphasizing the importance of non-linear returns (FIG. 2). Another alternative is to plot how returns from trait A correlate with returns from trait B1,2. A concave line implies division of labour would be favoured, whereas a convex line implies all individuals would be favoured to do both traits. Such curves have a long history in the field of sex allocation3. These two different approaches have different advantages. The sex allocation style curves are excellent at making the general point. However, they hide the biological details and can be hard to link to data, in that they arise from multiple relationships. It is for this reason that we chose the approach we follow in FIG. 2. The disadvantage of our approach is that it represents just one part of the selective regime, and other parts can matter.
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S5 (box): CAN YOU GET DIVISION OF LABOUR BETWEEN SPECIES?

Our focus in the main text is the division of labour within species. We can, however, ask if interactions between species can lead to division of labour? Many interactions between species are not cooperative, and so would not represent division of labour. Simple cross-feeding or two-step metabolism processes involve different cells carrying out different tasks. For example, nitrification can be carried out by two groups of bacteria, one that oxidises ammonia, and one that oxidises nitrite, in a two-step process1. This is not cooperation – it is just one group utilising the waste product of another. A more complicated example is provided by how sacoglossan sea slugs take the plastids from unicellular algae, and keep them photosynthetic active for months2. The adaptation here is the ability of the slugs to exploit algae, and not an ability for algae (plastids) and slugs to divide tasks. Selection on the algae is in the opposite direction, to avoid being exploited. Again, this is not cooperation, and so would not represent division of labour.


In contrast, if two species evolved to help each other then this could potentially lead to division of labour between species. One possibility is symbionts that produce and supply something to their hosts, who, in exchange, produce something that they supply to the symbiont3. For example: mycorrhizal fungi provide their plant hosts with phosphorous and acquire carbohydrates in exchange4; or Buchnera aphidicola bacteria provide their aphid hosts with essential amino acids, and obtain nutrients and housing in exchange5. If the different partners have each become more specialised at acquiring or producing a certain resource, while reducing the ability to acquire the resource that their partner is specialised to acquire, then this could represent division of labour. Theory predicts that cooperation between species is highly likely to lead to such specialisation, with one or both partners becoming completely reliant on the other for a service or resource6. The alignment of fitness interests and efficiency benefits for cooperation that are required to favour division, can arise for different reasons in interactions between species7.

Theory predicts that cooperation between species is highly likely to lead to an extreme division of labour, with one or both partners becoming completely reliant on the other for a service or resource. Wyatt et al.6 examined theoretically the case when two species interact to trade resources, and where each species is better at acquiring a certain resource. For example, mycorrhizal fungi are better at acquiring phosphorous, and plants are better at acquiring carbon. They found that whenever trade of resources was favoured between species, that either one or both of the species was favoured to stop acquiring a resource directly, and only acquire it for trade6. 

So how could individuals of different species, or unrelated individuals of the same species, have their interests aligned in ways that would select for division of labour? First, individuals could be associated in such a way that their fitness is entwined8. For example, if clonal symbionts are only passed vertically to their host’s offspring, this would both reduce conflict between symbionts and align the interests of the symbionts with that of their host (i.e.. decrease competition for host resources and increase the chances that reproduction of the host will also increase the chances of reproduction of the symbiont). This is likely to represent the case in many bacterial symbionts of insects, such as Buchnera in aphids9. Second, alignment of interests can be enforced. For example, in some plant-fungi symbiosis, plant hosts preferentially supply more resources to mycorrhizal fungi that provide them with more nutrients4. Division of labour between species also requires that the different species reliably interact with each other – hosts are unlikely to become dependent upon a symbiont providing a resource if they will not always have that symbiont.
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S6 (box): VARIATION IN MECHANISM WITHIN SPECIES

How will mechanisms for dividing labour vary within a species? Within a given species, multiple traits can show division of labour. For example, in B. subtilis, there can be division over the production of proteases and exopolysaccharide 1,2. Should we expect these different divisions of labour to be controlled by the same or different systems, or even different types of systems? In the B. subtilis case, both these divisions are regulated by Spo0A, the master sporulation regulator. Having multiple traits controlled by the same mechanism can make sense, because there can be advantages to having ‘cell types’3. Another example, would be that we would expect multiple traits to vary between the germ and soma cells of Volvox species. But, this need not always be the case, and we do not know enough to be able to generalise.
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S7 (box): SELECTION VERSUS ADAPTATION

It is important to distinguish between selection and adaptation1. Selection can easily act at multiple levels, such as within and between-group. This is accounted for by inclusive fitness. Irrespective of the amount of between and within group selection, individuals will be selected to maximise their inclusive fitness2. Thus, we have the relatively general result, that adaptation is at the level of the individual, to maximise individual inclusive fitness. In contrast, adaptation at the group level, to maximise group fitness, only occurs under very restricted conditions, and so it can be very misleading to take it as a starting assumption1. Furthermore, under those restrictive conditions, such as clonality, where groups are selected to maximise their fitness, individuals are still selected to maximise their inclusive fitness. Consequently, we can always think of division of labour as an individual adaptation, to maximise an individual’s inclusive fitness. In contrast, to think of division of labour as a group or population or colony adaptation will only be correct in extreme cases such as completely clonal populations, and hence will often be wrong.
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S8 (box): CAN BET-HEDGING BE COOPERATIVE?

The range of phenotypes observed in cyanobacteria raise the question of whether bet-hedging strategies can represent a division of labour. Bet-hedging and division of labour are often seen as fundamentally different reasons for phenotypic variation1. In many cases, bet-hedging will not be cooperative, and so it will not represent division of labour. However, some bet-hedging strategies, such as akinetes or persister cells, can be cooperative, because adopting a slow growing state reduces competition for other local cells2. Consequently, the ESS proportion of persister cells will be higher in groups where relatedness is higher, in a way that could result from selection to both bet-hedge and divide labour 2. Although, selection to bet-hedge is likely to be by far the primary selective force here, and so it may be confusing to use division of labour in this context. Put simply, the social consequences, and cooperation, may just be tweaking selection on a bet-hedging strategy. 
1.
Arnoldini, M., Arnoldini, M., Vizcarra, I. A., Peña-Miller, R. & Stocker, N. Bistable expression of virulence genes in salmonella leads to the formation of an antibiotic-tolerant subpopulation. PLoS Biol 12, e1001928 (2014).

2.
Gardner, A., West, S. A. & Griffin, A. S. Is Bacterial Persistence a Social Trait? PLoS ONE 2, e752 (2007).

S9 (box): CAN YOU GET DIVISION OF LABOUR WITH SPITEFUL TRAITS?

Spiteful traits have costs for both the actor and the recipient (-/-)1. Examples include bacterial cells exploding to release bacteriocins which kill other bacteria2. This is favoured by kin selection, when it reduces competition for the relatives of the cell releasing bacteriocins.

Another way to think about spite is to distinguish between the primary recipient of the harming behavior (the individual physically attacked) and those secondarily influenced as a byproduct of this (those experiencing reduced competition from the harmed individual) 3,4. From this perspective, spite can be favored if the actor is more related to the secondary recipients (who benefit) than to the primary recipients (who are harmed). Spite can therefore be thought of as altruism (cooperation) toward the secondary recipients: harming an individual can be favored if this provides a benefit to closer relatives. These two different encapsulations of spite are different ways of looking at the same thing, using different forms of Hamilton’s rule. Neither approach is more correct than the other. 

Given that spiteful traits can be thought of as cooperative, it is clear that they can involve division of labour. For example, just a fraction of cells specialising to produce bacteriocins, while other cells concentrate on growth and reproduction.
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