Evolution of division of labour in mutualistic symbiosis
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Abstract

Mutualistic symbiosis can be regarded as interspecific division of labour, which can improve
the productivity of metabolites and services but deteriorate the ability to live without partners.
Interestingly, even in environmentally acquired symbiosis, involved species often rely
exclusively on the partners despite the lethal risk of missing partners. To examine this
paradoxical evolution, we explored the coevolutionary dynamics in symbiotic species for the
amount of investment in producing their essential metabolites, which symbiotic species can
share. Our study has shown that, even if obtaining partners is difficult, “perfect division of
labour” can be maintained evolutionarily, where each species perfectly specializes in producing
one of the essential metabolites so that every member entirely depends on the others for
survival, i.e., in exchange for losing the ability of living alone. Moreover, the coevolutionary
dynamics shows multistability with other states including a state without any specialization. It
can cause evolutionary hysteresis: once perfect division of labour has been achieved
evolutionarily when obtaining partners was relatively easy, it is not reverted even if obtaining
partners becomes difficult later. Our study suggests that obligate mutualism with a high degree

of mutual specialization can evolve and be maintained easier than previously thought.



Introduction

Division of labour is thought to be developed with the demand for the increased total
production in industrialized society [1]. The same idea may apply for differentiated cells and
body parts in multicellular organisms [2,3], specialized behavioural groups (castes) in eusocial
insects [4], and members of social groups in mammals [5]. Mutualistic symbiosis can also be
regarded as interspecific division of labour: in mutualistic symbiosis, each species often
specializes in absorbing different nutrients, to produce different metabolites, or to provide
different services to complement each other [6]. For example, in a lichen, fungi specialize in
providing a stable habitat and minerals to the symbiotic system, and algae specialize in
supplying the photosynthetic products as nutrient resources [7].

Such specialization or division of labour can bring mutualistic benefit to both
symbiotic partners efficiently but, at the same time, make it difficult for them to live alone
when they fail to find the partner [8]. In fact, most species of fungi constituting lichen cannot
live without the symbiotic algae [7]. Such obligate interactions are common in mutualistic
symbiosis: for example, corals and symbiotic algae, fig and fig wasps, aphids and Buchnera,
and land plants and arbuscular mycorrhizal fungi (e.g. [9]). The most extreme indispensable
interactions are those between eukaryotic cells and mitochondria and plastids.

Interestingly, several species that rely exclusively on symbiotic interactions acquire
the partners not from their parents but their surroundings despite the lethal risk of failing to
find symbiotic partners. For example, lichen-constituting fungi usually disperse their spores
which do not contain their algal partners during sexual reproduction, and the offspring have to
find new free-living algae at the patches they colonized [7]. Similarly, more than 70% of
species of corals also lay eggs that do not include symbiotic algae [10]. The suggested reason
why corals do not inherit their symbionts from parents is that the offspring floating on the sea

surface are damaged by strong light and high temperature if they have photosynthetic systems,



or symbiotic algae [8]. In this way, even in mutualistic symbiosis, acquisition of symbionts
from the environment can be favoured under developmental or environmental constraints.

On the other hand, it is not clear why the specialization in symbiotic interaction
evolves despite the potential risk of missing symbiotic partners in environmentally acquired
symbiosis. One may suppose that such risk might be small by certain mechanisms in
assembling symbionts from surroundings. For example, corals will attract their symbiotic algae
by chemical compounds [11] and green fluorescence [11,12], enhancing the successful
initiation of symbiosis. However, although possible mechanisms to obtain partners have been
listed (e.g. [13]), it is still empirically unclear how securely they can. Moreover, even
theoretically, it remains unresolved how secure should encountering partners be for the
evolution of specialization, or division of labour, towards such obligate mutualism. An
important question to ask is how and when division of labour evolves in environmentally
acquired symbiosis.

Assembling all the symbiotic partners would become difficult as the number of
species involved in symbiosis increases, as the potential risk of failing to find them from
surroundings. However, symbiotic systems involving more than two species are becoming
more common in the literature—"‘hidden partners” are found in many symbiotic systems, for
example, symbiotic yeasts in lichen [14,15] and additional protozoan symbionts in coral [16].
If symbiotic systems with more than two simultaneously interacting symbiotic species are by
no means rare, a question then arises, how the number of species involved in symbiosis is
determined evolutionarily, and how it is affected by the potential risk of failure in assembling
symbiotic partners.

Here, we theoretically explored the evolutionary dynamics describing the
development of division of labour in mutualistic symbiosis and revealed when organisms

evolve to specialize in and rely exclusively on symbiotic interaction. Since the evolution of



division of labour has been studied in the context of the evolution of multicellularity and
sociality [3,17-20], the cost of failing to find partners has not received much attention (but see
[3]), which will be shown in this paper to play a pivotal role in environmentally acquired
symbiosis. Implication to the evolution of generalists versus specialists with dispersal in

heterogeneous environment will be discussed later.

Model

To examine the evolution of division of labour, we consider a mutualistic system where
symbiotic species produce and share several essential metabolites. We assume that the amount
of investment in producing the metabolites are the evolutionary traits of each species. We
regard that division of labour is achieved in the symbiotic system if some of the metabolites
essential to all the symbiotic species are produced only by a limited set of them. By contrast,
if each symbiotic species produces all of its essential metabolites by itself, we assume that there
is no division of labour with regards to the production of the metabolites. In the following, we
investigate the coevolutionary dynamics for the metabolite production among the symbiotic
species. Although we focus on metabolite sharing for simplicity, similar arguments should
apply for other kinds of division of labour in mutualism by generalizing “production of
metabolite” to “performance of tasks”. For example, for plant—pollinator mutualism, where
mobility of pollinators is exchanged with energy rewards by plants [6], our model would give
insights into the coevolution of nectar production by plants and diet switching to nectar by
insects.

Metabolite production

We first consider a general scenario of mutualistic symbiosis where n species interchange m
kinds of metabolites (figure 1 is the schematic diagram of our model). We assume that each
species has the potential ability to produce all metabolites by allocating their available

resources to the production of these metabolites. Let (&) be the production of a metabolite

5



when an individual allocates proportion ¢ of its available resources for producing the
metabolite. Thus, letting x;; (0 < x;; < 1) be the amount of investment of species i in
producing metabolite j (i = 1,2,---,n; j = 1,2,---,m), an individual of the species produces
f(xi;) units of metabolite j. The amount of investment x;; is the traits to be evolved, and the
total amount is assumed to be subject to a constraint in each species: x;; + X; + =+ + X, =
1 for each i.

We assume that the production function f(&) is an increasing function (df /d¢é = 0),
i.e. more metabolites are produced if the species invests more to it, and that it vanishes when
there is no investment to it (f (0) = 0). We also assume that the production function is a convex
(accelerating) function, i.e. d?f/dé? > 0, meaning that more metabolites are produced per
investment if the species specializes more in that metabolite (increased efficiency by
specialization). If there is no convexity in f, then there is no merit to specialize either, and
division of labour should never evolve, which is not the situation we want to focus on. More
specifically, in our numerical illustrations of the results, we put f(&) = €& + 2 as one of the
simplest and generic forms of convex production function with f(0) = 0, where parameter &
(>0) is a positive constant. With an increased &, the nonlinear in f is blurred, and
specialization has less impact on production than when ¢ is small.
Colonization process
We consider a population consisting of microhabitats to which propagules of each species
colonize, and assume that a vacant site is colonized independently by a propagule of species i
(i=1,2,---,n) with probability p; (0<p; <1). A set of species that succeeded in
colonizing a particular microhabitat are assumed to engage in a symbiotic system and share
their products evenly. By contrast, when only a single species colonizes a vacant site, it lives
alone without a partner species and uses only its own production. Thus, denoting by s a
combination of species, probability P,(s) that a symbiotic system consists of a species
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combination s is given by [[;esp; [1 jes(l -p j). For example, when the number of species

is three (n = 3), symbiosis with species 1 and 2 but not with species 3 (s = {1, 2}) occurs with

probability P;({1,2}) = p;p,(1 — p3).

Fitness function

We assume that the fitness of an individual of a species is multiplicative to the production of
each essential metabolite, because the lack of any of such metabolites should severely
deteriorate the fitness. We also assume that the produced metabolites are shared evenly among
all the symbiotic partners. Thus, if an individual of species i invests its resource in the
production of metabolites 1,2,:-,m as x; = (x;1, Xi2, ***, X;m), respectively, its fitness when

engaged with a set s of species in a symbiotic system is

_ - Zkesf(xkj)

W(xi,x_i; S) - |S|

, (1)

j=1
where the argument x_; indicates a vector of trait values of all species except species i and
|s| is the number of species constituting symbiotic system s, that is, the number of elements
of s. For example, if there are two species and two essential metabolites, an individual’s fitness
of species 1 is
w(xy, 225 {1}) = f (1) f (x12), (2a)
when it lives alone (s = {1} and |s| = 1), and

fOx) + f(x21)> <f(x12) + f(x22)>

5 > (2b)

w(xy, xy;{1,2}) = (

when it is engaged with species 2 (s = {1,2} and |s| = 2), where x; = (x;1,%;2) and x, =
(x41, X5,) are traits of species 1 and 2, respectively, and x_; = x,.
From the above assumptions, the expected fitness of an individual holding a trait x; =

(xi1, X2, **» Xim) Of species i is



Wik x ) = ) Pu(owxi x-i55), 3)

SES;

where §; is a set of all symbiotic systems including species i, for example, in the case where
the number of species is three (n = 3), S; = {{1},{1,2},{1,3},{1,2,3}}.

Evolutionary dynamics

By employing the adaptive dynamics framework [21], we then trace the phenotypic evolution

of symbiotic specialization, the extent to which is determined by proportions x;;, of which

ij»
species i allocates its resource to producing metabolite j. In this framework, mutations in
either species occur only infrequently, and hence populations of all species are assumed to be
monomorphic in most of the times. Under this situation, we can examine the fate of a mutant
occurred in each species separately. Thus, the invasion fitness for a mutant of species i with
a set of trait values x; = (x;;, X/, ***, X;,,) in the resident populations with the set of trait
values x; (of species i) and x_; = {x1,**,X;_1,X;41,**, X} (of the other species) is
described by:
Fy(xilxeg, x ) = Wi, x_ ) — Wiy, x2)). (4)
Next, we assume that the phenotypic difference between mutants and residents is

sufficiently small. A mutant in species i can invade the population when F;(x;}| x;,x_;) is

positive. Therefore, if there were no constraint, the fitness gradient

oF; OF; OF; \'
V IF- — , ) cee ) 7 5

determines the direction towards which species i’s trait x; evolves, where symbol T

indicates transposition. However, since possible mutants are restricted to a constraint surface

h(x;) = 0, where h(x}) = Teixi; —1, we need the elements of V /F;| along the
t X;=X;

constraint surface to consider the evolutionary dynamics. According to Ito and Sasaki [22], the
corresponding dynamics restricted on the constraint surface is given by integrating the fitness
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function F; and the constraint function h into the Lagrange fitness function

Fuy (%0 20, X4, A,) = FiCei] a0, x-) = A {h(x)) — h(x)} (6)

2
with parameter A, = (ngh(xg) . Vx;Fi) / ngh(x§)| , where operator “-” indicates the inner

product of the two vectors and all derivatives are evaluated at x; = x;. Noting that V,h(x) =
Vx(Z;-”:I Xj — 1) =(1,1,--,1)7 and |V, h(x)| =+m with this constraint, the long-term
coevolutionary dynamics for the trait j of species i is described by using the gradient of the

Lagrange fitness function (6) as

! )

6Fi (x;, Xi |x_l')
6x{j

m
_i 6Fi(x£,xi|x_i)
;
X;=X; mk=1 axik

, (7)

i
! —_— .
xX;=x;

(i=1,-,n;j =1,--,m), where the dot on a variable indicates the time derivative in a long-
term evolutionary time scale and o; (> 0) is a parameter of species i that determines the
speed of their evolution, which consists of the rate of mutation and the variance of its

phenotypic effect.

Results

Two-species two-metabolite model
In this section, we show the coevolutionary dynamics of the simplest case where two species
(species 1 and 2) interchange two kinds of metabolites (metabolite 1 and 2). In the case, the

expected fitness of each species (equation (3)) is given as follows:

f(x1) + f(x21)> <f(x12) + f(x22)
2 2

Wi (x4, x;) = p1p; < ) +p1(1 —p)f(x11)f(x12), (8a)

f(x1) + f(x21)> <f(x12) + f(x22)
2 2

Wy (x4, x;) = p1D; < ) + (1 — p)p2f (x21)f (x22), (8b)

where x; = (x;1,%;,)7 is traits of species i. From equation (7), the coevolutionary dynamics
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oW, (xl,x])
' 2 0x;,

xX;=x;

ow;(x;,
Xig = o‘l< (xl x])

0x;,

) : 9)

(i,j,k =1,2;i # j).In the case of two species (n = 2) and two metabolites (m = 2), the
coevolutionary dynamics (9) can be described as two-dimensional dynamics with the simple

transformation of variables such that y; = x;; and y, = x,; (With x;, =1 —y;, x,, =

1-y,):
. _0 OO\ (fA=y)+f(1—-y,) _ f)+ )\ (A —y1)
Y1 =5 P1P2 2 2 2 2
+ 29 (1= P OOF L =3 = FOOF (= )} (102)
. _02 O\ (fA=y)+f(1=y,) _ )+ )\ (A —y,)
Y2 =5 P1P2 2 2 2 2
+ 2 A= PR O =32 = fOf (L= )}, (100)

where f'($) = df(§)/dS.

We first show the simplest results where the probabilities of encountering partners are
the same for all species (p; = p, = p) and the production function does not have any linear
terms (f(§) = é%). We then touch on more general results later when these simplifying
assumptions are relaxed. Figure 2 shows typical coevolutionary dynamics in the simplest case.
Perfect Division of Labour (PDL): the only coevolutionary outcome with a high chance of finding
partners

First, if the probability of encountering symbiotic partners p is higher than 2/3 (the
right panel of figure 2), the coevolutionary dynamics only attain a state which we call Perfect-
division-of-labour (PDL), where each species perfectly specializes in producing one of
metabolite 1 and 2 so as to complement each other, corresponding to the equilibria (y;,y,) =

(1,0) and (0,1) in the trait space (equilibria labelled “P” in figure 2). Under PDL, both
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species rely exclusively on their symbiotic interaction and cannot live alone. As f'(0) = 0,
y; 1s always positive when y; = 1 and always negative when y; = 0, indicating that these
PDL equilibria are always stable however difficult it is obtaining partners (i.e. even when p
is extremely low).
Both Jack-of-All-Trade (JAT) and PDL maintained with intermediately high chance of finding
partners

Second, if the probability of encountering partners p becomes smaller than 2/3 but
is still larger than 4/11 (the middle panel of figure 2), the coevolutionary dynamics becomes
bi-stable between PDL and a state which we call Jack-of-all-trades (JAT), where both species
do not specialize at all in their metabolite production, corresponding to the point (y;,y,) =
(1/2,1/2) in the trait space (equilibrium labelled “J” in figure 2). Under JAT, living with a
partner does not differ at all from being free-living in terms of their fitness. The JAT
equilibrium (yy,y,) = (1/2,1/2) isstable when p < 2/3, where Jacobi matrix of equation
(10) on JAT equilibrium has only eigenvalues with a negative real part.
Unequal division of labour: Perfect in one species and partial in the other (HPDL) participates
in coevolutionarily stable states with an even lower chance of finding partners

Finally, if the probability of encountering partners p is smaller than 4/11 (the left
panel of figure 2), a state which we call Hemi-perfect-division-of-labour (HPDL) is also stable
in addition to PDL and JAT. In HPDL, one species completely specializes in the symbiotic
interaction, but the other retains the ability to survive in a free-living state by partially investing

the production of both metabolites. In this simplest case, it corresponds to the points (¥,, 0),

(Y, 1), (0,%), and (1,¥;), where ¥, =(3—/(4—11p)/(4—3p))/4 and ¥, = (1 +

\/ 4-11p)/(4 - 3p)) /4, (equilibria labelled “H” in figure 2). These HPDL equilibria are

biologically feasible when p < 4/11 and stable if they are feasible. The existence of a stable
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HPDL equilibrium indicates that asymmetric dependency can evolve spontaneously even if
there is no difference between species in the probability of encountering partners or in
productivity of metabolites.
Fluctuation in p can lead to irreversible transition towards perfect division of labour

Since the coevolutionary dynamics show multistability, as shown above, it causes
hysteresis along the fluctuation of the probability of encountering partners p (figure 2). For
example, once the evolutionary transition from JAT to PDL is achieved along with the increase
in probability p, the PDL state can be maintained evolutionarily even if probability p
decreases again, rather than returning to the JAT state. In particular, since PDL is always
maintained once it is achieved, any coevolutionary dynamics will eventually attain PDL
through the fluctuation of probability p if it is sufficiently large on a long-timescale ---

evolution towards further division of labour is a “contingent irreversibility” [23].

General convex production function f and nonidentical p’s

Even in the more general case where the probabilities of encountering partners p,
and p, can differ between species or the production function f(§) may have a linear part,
the dependency of the stability of each state on the probability of encountering partners, as well
as the existence of multistability and hysteresis, remains qualitatively the same as the above
results for the simplest case (electronic supplementary material, S1, where f(&) = €€ + &2 is
assumed). However, the range of the stability of PDL becomes narrower by introducing the
linear term in the production function f(&). Indeed, the condition for the stability of PDL is
that both p; and p, are greater than a threshold p. (see electronic supplementary material,
S2, for the derivation):

40
P1, P2 > Pc = f,(l) + 3f,(0) (11)

12



That is, if there is a nonzero linear term (f'(0) > 0), or if allocating an infinitesimally small
amount of resource to a metabolite that has not been produced at all can improve its production,
then PDL is no longer stable when finding symbiotic partners is difficult in one of the species
(either p; < p. or p, < p.). Thus, generally speaking, any coevolutionary trajectory can
swing between PDL, JAT, and HPDL through the fluctuation of probability p on a long
timescale (electronic supplementary material, S1). However, if the fluctuation of probability p
does not reach significantly low values (strictly speaking, p does not reach as low as p. =
4e/(4¢€ + 2)), which would be plausible in actual symbiotic interaction, then coevolutionary
dynamics will eventually attain PDL through the fluctuation of p (electronic supplementary
material, S1) as we argued in the simplest case (figure 2).

In contrast with PDL, the condition for the stability of JAT is not so different from the
simplest case of € =0 and p; = p, (electronic supplementary material, S1). For the general
case, JAT equilibrium (x;4,x,,) = (1/2,1/2) is stable when (see electronic supplementary

material, S2, for the derivation):

p1 t P2 — P1D2 <1- f(%)f"(%)

(2 =p1)(2—p2) O (12)

Note that, as f () is a positive and convex function, the right side is always in the range of
zero to one. The left side is also in the range of zero to one, and it increases as p; or p,
increases. Therefore, JAT equilibrium becomes unstable when finding symbiotic partners is
sufficiently easy (when either p; or p, is large so that the inequality (12) is violated).

The stability conditions of HPDL cannot be solved explicitly in the general case,
however, numerical study shows that it tends to be stable for small p;"s (electronic
supplementary material, S1)

In any case, the coevolutionary dynamics can attain PDL, JAT, and HPDL and show

multistability and hysteresis. Our results suggest that, even if obtaining partners is difficult,
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obligate mutualism can be achieved and maintained easier than one may expect. Besides,
whether symbiotic interaction evolves to be obligate and whether division of labour is achieved
through the coevolution depend on the initial conditions of coevolutionary dynamics as well as

the parameters that affect the efficiency of division of labour and difficulty in obtaining partners.

More than two symbiotic species: n-species m-metabolite model

As the number of symbiotic species n and the number of metabolites m increase, the number
of possible equilibria of the model rises rapidly (see Simulation results). Since it is difficult to
examine all the equilibria of the dynamics analytically, we focus only on the stability of PDL
and JAT equilibria. Figure 3a and 3b, respectively, show parameter regions where PDL and
JAT are locally stable in dimension n =m = 2,3,4, and 5 (see electronic supplementary
material, S2, for the analysis). Note that for comparing and illustrating high-dimensional cases,
it is assumed in the figure that the number of species is the same as that of metabolites and that
p; and o; are the same for all the species. Interestingly, although we expected that assembling
all the species into PDL would become difficult as the number of species increases, we found
that the more species are involved, the more extended is the region where PDL is stable: PDL
becomes easier to be maintained evolutionarily for large symbiotic systems with many species.
In addition, JAT equilibrium tends to be unstable in the systems with many species and many
metabolites.

Simulation results

Since the coevolutionary dynamics (equation 7) tend to show multistability as we have seen
above, examining local stability of all the possible equilibria becomes intractable as the
numbers of symbiotic species and essential metabolites increase in our model. We, therefore,
examined by numerical simulations to assess the likelihood with which perfect division of

labour (PDL) or similar highly specialized functional partitioning among symbiotic species is
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attained.
To easily guarantee the positivity constraint in our numerical simulations, we replaced

X;; inequation (7) by Zl-zj and calculated not the coevolutionary dynamics of trait x;; directly

ij
but that of trait z;; alternatively. The reason for adopting this transformation is that there is
no, in our knowledge, simple and rigorous way to restrict the coevolutionary trajectory not to

cross the simplex boundaries, x;; =0 or x;; =1, where selection pressure on trait x;;

J ij
sometimes works in such a way as to push it out from the feasible region.

Figure 4 shows the fraction, for randomly varied initial conditions, eventually fell into
perfect division of labour (PDL: xi; =1 if i =j and xi; =0 if i#j for i,j=12,---,n
shown in black) or no division of labour (JAT: x;; = 1/n for i,j =1,2,---,n shown in
white) in the coevolutionary dynamics equation (7) plotting against the number of symbiont
species and essential metabolites varied from n = m = 2 to 5. The frequency by which a
specific pattern of specialization is attained coevolutionarily for randomly varying initial
patterns can be regarded as the relative size of its “basin of attraction”. The measure is called
“basin stability” and can be interpreted not only as the likelihood with which an equilibrium is
attained but also as how the likelihood of return to the state after any random—possibly non-
small—perturbation [24].

As the number of species and metabolites increases, the frequency of the evolutionary
trajectories that fall into PDL decreases. However, the basin stability of PDL stays high even
in high-dimensional cases if the probability of encountering partners is not too low (figure 4a).
With p = 0.7 and n =5, the probability that all five species constituting the symbiotic
system will be found in a colonizing site is only 17%. Nonetheless, the five-species symbiotic
system evolved in around three-quarters of cases to a PDL where each of five essential
metabolites is produced only by one specialized symbiotic species. Here, the fraction evolving

to PDL decreases from nearly 100% in n = 2 to around 75% in n = 5. However, when we
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look at the second most frequent equilibrium patterns of specialization other than PDL (which
is the most frequent), we found that in almost all the other cases, the system evolved to a

redundant, but nearly perfect division of labour (figure 5): for n = m =5,

X11 X12 X13 X14  Xg5 1 0 0 O 0
X21 X2 X233 X4 X35 1 0 0 O 0
X31 X3z X3z Xz X35 |=[0 1 0 O 0 [, (13a)
X41 X42 X43 Xaq Xgs 0 01 O 0
Xs1 Xsz Xs3 Xs4 Xss 0 0 0 1/2 1/2
for n =m =4,
X11 X12 X13  Xq4 1 0 O 0
X1 Xzz X3 Xza | _[1 0 O 0
X331 X3z X33 X34 | |0 1 O 0o /) (13b)
X41 Xaz Xz Xag 0 0 1/2 1/2
and for n =m = 3,
X11 X12 X33 1 0 0
X21 X2 X3 |=(1 O 0 |. (13¢)
X31 X3z X33 0 1/2 1/2

Such redundancy can mitigate the difficulty in assembling all the partners in the high-
dimensional case and would balance its risk with the benefit of specialization.

If the probability of encountering symbiotic species is low, the frequency that PDL is
attained through the coevolutionary dynamics becomes progressively lower as the number of
species increases (figure 4b). However, the most frequent patterns of specialization attained in
the coevolutionary dynamics are nearly perfect specialization, although there is more
redundancy in metabolite production between species than in the cases with higher p (figure
5; the extents of specialization and redundancy of the attained states are summarized in
electronic supplementary material, S3). For example, when n =5 and p = 0.3, the most

frequent pattern of specialization attained by the coevolutionary dynamics is:

X11 X12 X13 X1a X15 1 0 0 0 0

X21 X2 X23 Xz X5 1 0 0 0 0

X31 X3z X33 X34 X35 (=0 1/2 1/2 0 0 (14)
X1 Xg2 X43 Xga X5 0 1/2 1/2 0 0

Xs1 Xsz Xs3 Xs4  Xsg 0 O 0 1/2 1/2

16



In this example, although all five species rely exclusively on symbiosis, a suitable choice of
three species from each functionally distinct group (one from species 1 or 2, one from specie
3 or 4, and species 5) is sufficient for each of three species to live. In this example, since species
5’s risk of failing to gather partners is the lowest, it enjoys the highest fitness among these
species. It means that although all species share symbiotic benefits evenly in each interaction,
the disparity arises in their eagerness to encounter partners. In any way, although PDL tends
not to be established with a large number of interacting species, almost all species consisting
of the predominantly attained states still specialize completely in and rely exclusively on
symbiotic interactions even if obtaining partners is not easy. As a result, redundant interactions
evolve frequently, and it can mitigate the difficulty in assembling all the partners in symbiotic
systems consisting many species.

The horizontal axis in figure 5 represents the Euclidian distance between the
equilibrium (X441, ***, X190, X21, "> X210, ***» Xn1, ***» Xnn) attained in the coevolutionary
dynamics and JAT equilibrium (1/n,---,1/n). Since the attained equilibria represent the
coevolutionarily attained pattern of specialization, the distances from JAT equilibrium,
therefore, quantify the degree of specialization in essential metabolite production in symbiotic
species. When we randomly assign the initial specialization pattern in simplex trait space in
our simulation, this distance measure is not uniformly distributed initially (see grey histogram
in figure 5). This is due to geometry of high-dimensional space: in high-dimensional space, the
volume of its peripheral region is much larger than that of its central region[25]. We excluded
this bias from initial distance distribution in sampling from our high-dimensional simplex trait
space (electronic supplementary material, S4), but fail to show any qualitative difference from
our results shown in figure 4 or 5. In addition, we confirmed that making the merit of
specialization less remarkable, or increasing parameter & of production function f(§) =

g€ + &2, affects the results only slightly (electronic supplementary material, S5).

17



Discussion

Mutualistic symbiosis can be regarded as interspecific division of labour. In this study, we
theoretically explored the coevolutionary dynamics of division of labour in mutualistic
symbiosis and revealed when organisms evolve to specialize in the symbiotic interaction.
During the analysis, we focused on two states: perfect-division-of-labour (PDL) where each
species perfectly specializes in producing one of the metabolites and relies exclusively on
symbiotic interactions; and Jack-of-all-trades (JAT) where each species does not specialize at
all. Our study has shown that, under the large advantage of specialization, PDL can be stable
even if obtaining partners is difficult, and that it often shows multistability and hysteresis with
other states including JAT. Moreover, although assembling all species becomes difficult when
the number of species increases, the more species are involved, the easier PDL state can be
maintained evolutionarily. In such cases, the coevolutionary dynamics frequently attains to
redundant states with nearly perfect division of labour. In this way, our study can explain why
several species rely exclusively on symbiotic interactions despite the lethal risk of failing to
encounter partners. Our study also suggests that whether symbiotic interaction evolves to be
obligate, that is, whether division of labour is achieved through coevolution, depends on initial
conditions of the coevolution as well as on the cost and benefit of specialization. In other words,
even if obtaining partners is difficult, obligate mutualism can be achieved and maintained
easier than one may expect.

Our study suggests that in mutualistic symbiosis, the evolution of specialization by
division of labour depends not only on the ease of acquiring symbiotic partners but also on the
evolutionary history, or the initial conditions. Intuitively, one may expect that a symbiotic
species specializes more in the interaction if it is easier to encounter partners. However, our
model revealed that the coevolution can lead to a PDL in a large range of p, the probability of

encountering a symbiotic partner. Even when the chance of meeting symbiotic partners is
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remote, PDL can be jointly attracting with the JAT state—to which state the coevolution leads
depends on the initial traits of each species. It would explain why obligate symbiosis is stably
maintained even in environmentally acquired mutualism, for example, coral and symbiotic
algae [8], lichen [7], and tubeworm and symbiotic bacteria [26]. Our model also shows that it
is difficult to achieve moderate specialization, although perfect specialization must pay an
expensive toll due to the lack of free-living ability. This might correspond to the fact that
mutualism in which essential nutrients are exchanged tends to be obligate [27].

Moreover, the robustness of bi-stability in our model might explain that mutualism
tends to be an evolutionary dead-end [28,29] or contingent irreversible [23]. In our model, once
the evolutionary transition from JAT to PDL is achieved by the increased chance of
encountering partners, the PDL state can be maintained evolutionarily without returning to the
JAT state even if encountering partners becomes difficult again. It suggests that once obligate
mutualism is established, its breakdown tends to be difficult. In previous studies, the robustness
of mutualism is often explained by the difficulty of genetically restoring free-living ability [28].
However, our model suggests that even if such recovery is easy, the selective force can trap
symbiotic interactions in the evolutionary dead-end, obligate mutualism.

Our study also provides insight into how the number of species involved in an obligate
symbiosis is determined. In our model, as the number of involved species increases, possible
coevolutionary outcomes are diversified. As a result, the more species are involved, the easier
PDL becomes to be maintained evolutionarily once established, although the more difficult it
becomes to be achieved. In this way, what state is achieved will depend strongly on the initial
conditions of the coevolution. Interestingly, even in the coevolutionarily attained states other
than PDL, all species also tended to rely exclusively on symbiotic interaction. Indeed, they
spontaneously formed several functional groups like “guilds”, where species in a group hold

the same pattern of metabolite production. It reflects the fact that, with the difficulty in
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assembling all species, such redundancy helps improve their chance of survival even if not all
species are assembled. Moreover, the redundancy can help evolutionary replacements of
symbiotic partners within a group of species with the same functional traits. That the redundant
patterns arise very frequently in our model might provide an insight into the endosymbiont
replacements frequently observed, for example, in the symbiosis between several clades of
hemipteran insects and endosymbiotic bacteria [30], weevils and endosymbiotic bacteria [31],
legumes and root-nodule bacteria [32], and dinoflagellates and plastids [33].

The robustness of multistability found in our model for the coevolution of division of
labour in mutualism is due to the improved efficiency in producing metabolites with more
specialization in investment towards them. Such property of production in general can be
described by an accelerating function of invested resources [3], as we assumed as
d?f(&)/dé? > 0, and then benefit for each species engaged in a symbiotic system tends to be
maximized when specialization is perfect. Comparing this with the fact that the benefit should
be maximized under no specialization when each species lives alone, the combined benefit
with a given chance of finding symbiotic partners should be locally maximized either at the
perfect specialization or at non-specialization, and bottomed out when specialization is
intermediate. Thus, our qualitative results by no means rely on a specific form of productivity—
investment relationship or symmetry of metabolites and species we assumed. Moreover, our
results are not limited to division of labour in metabolite exchange but can be generalized to
other kinds of division of labour, for example, the exchange of mobility for nutritional
compensation in plant—pollinator mutualism [6], as we touched in Model.

Our study can also give insights into the classical problem of the evolution of specialist
versus generalist in organisms that disperse to heterogeneous habitats in their life stage
(e.g.[34]). Heterogeneous habitats an organism faces in a dispersed patch, e.g. hosts with

variable resistance for an infecting parasite [35], would correspond to a random combination
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of a symbiotic party in our model. Local adaptation to a specific patch would then evolve if it
acceleratingly increases the productivity from the patch, and if the probability of dispersing to
the right patches is sufficiently large, enough to compensate for low fitness when dispersed to
mismatched patches. Increasing return to specific investment would also promote multistability
in the evolution of specialization as in our model.

Although not explicitly analysed in the present paper, all such factors including as
unfair redistribution of metabolite between symbiotic species, the ability of co-colonization of
symbionts (vertical transmission), and phenotypic plasticity for specialized/non-specialized
production affect the evolution of division of labour. With our assumption of equal
redistribution of products among symbiotic species, free riding in mutualistic interactions never
occurs. The pattern of redistribution itself would evolve as a direct reciprocity in response to a
partner’s investments. If the tendency to co-colonization evolves, perfect division of labour
would evolve easier with a higher chance of assembling symbiotic partners. The division of
labour would evolve easier in vertically acquired mutualism if a phenotypically plastic
response is allowed to switch between specialized and non-specialized metabolite productions
according to the availability of symbiotic partners.

Mutualistic symbiosis can be regarded as interspecific division of labour, and
specialization in the interaction will improve the productivity of metabolites at the expense of
survivorship when finding partners fails. Our study suggests that for the evolution of division
of labour in environmentally acquired mutualism, its benefit of increased productivity must be
weighed more than the risk of failure in finding partners. There, however, is inherent
multistability in coevolutionary dynamics that leads to evolutionary hysteresis and contingent
irreversibility towards division of labour: high specialization in mutualism (obligate

mutualism) can then be maintained evolutionarily even if meeting partners is difficult.
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Figures

Figure 1
Producing SpeCIei1 fpemeS;CZ Producing
metabolites ~11 12 21/\22 metabolites
f(xn) f(x12) f(x21) f(OxZZ)
oo
Sharing evenly Sharing evenly

Sp. 1’s offspring Sp. 2’s offspring

Figure 1. The schematic diagram of our model when numbers of species and metabolite are
two. Individuals of both species are engaged in symbiosis with probability p,p,. Species 1
invests the amount x;; to producing metabolite 1 (blue triangles) and x;, to producing
metabolite 2 (red squares), while the species 2 invests the amount x,; to producing metabolite
1 and x,, to producing metabolite 2. The total amount of investment is assumed to be subject
to a constraint: x;; + x;, =1 and x,; + x5, = 1. With the amount ¢ of investment for
producing a metabolite, its production is given by a production function f(&) . The produced
metabolites are shared evenly between species 1 and 2. The fitness of an individual of each

species is assumed to be given by multiplying the total amount of essential metabolites

produced in the symbiotic system: {(f(xll) + f(x21))/2}{(f(x12) + f(xzz))/Z}.
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Figure 2
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Figure 2. Typical phase portraits of the coevolutionary dynamics of two-species two-
metabolites model. (Left panel) When the chance of obtaining symbiotic partners is remote (p
being less than four eleventh; p = p; = p, = 0.35 in the panel), the coevolutionary dynamics
shows multistability of perfect-division-of-labour (PDL; labelled “P”), hemi-perfect-division-
of-labour (HPDL; labelled “H”), and Jack-of-all-trades (JAT; labelled “J”) states. (Middle
panel) When the chance of obtaining partners is intermediate (4/11 <p < 2/3; p =04 in
the panel), HPDL becomes unstable, leaving only bi-stability between PDL and JAT. (Right
panel) When the chance of obtaining partners is higher than two thirds (p = 0.8 in the panel),
JAT becomes unstable, leaving only PDL state as the equilibrium of coevolutionary dynamics.
Closed and open circle respectively represents stable and unstable equilibrium, and solid curves
are null isoclines of coevolutionary dynamics. The grey lines with arrows indicate the
trajectories of coevolutionary dynamics. The other parameters: o; = 1 in all panels. The
production function is quadratic f(§) = é2. Schematic diagrams of the bottom of figure 2
represent the pattern of specialization of PDL, HPDL, and JAT states. Circles and squares

represent species and metabolites, respectively. An arrow indicates which species produce
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which metabolites (strictly speaking, an arrow is drawn if the corresponding investment x;;

from species i to metabolite j is positive at the equilibrium).
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Figure 3
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Figure 3. The boundaries for local stability of perfect-division-of-labour (PDL; panel a) and
Jack-of-all-trades (JAT; panel b) in n-species n-metabolites model (n = 2,3,4,5). (Panel a)
The regions for the stability of perfect-division-of-labour (PDL) are plotted against the
probability of encountering partners p (horizontal axis) and the coefficient ¢ for the linear
component in production function f (vertical axis). A dashed line represents the boundary of
the regions and becomes finer along n = 2,3, 4. The solid line is the boundary with n = 5.
(Panel b) The same as a) but showing the boundaries for the local stability of Jack-of-all-trades

(JAT). Note that p, = p, = p and o; = 0, are assumed. The production functionis f(¢) =

g€ + &2
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Figure 4
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Figure 4. Fraction, for randomly varied initial conditions, eventually fell into perfect-division-
of-labour (PDL; black), Jack-of-all-trades (JAT; white), and the others (grey) in the
coevolutionary dynamics with n-species and n-metabolites (n = 2,3,4,5). (Panel a) when
obtaining symbiotic partners is easy (p = 0.7), the frequency that PDL is attained through the
coevolutionary process stays high even when the numbers of species and essential metabolites
are increased up to 5. (Panel b) When obtaining symbiotic partners is difficult (p = 0.3), the
fraction of PDL becomes progressively lower as the number of species increases. Note that

p1 =p, =p and g; = 0, are assumed. The production function is f(§) = &2.
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Figure 5
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Figure 5. Distributions of Euclidian distances between an attained equilibrium and JAT
equilibrium in n-species n-metabolites model (n = 2,3,4,5). The distances quantify the
degree of specialization in essential metabolite production in symbiotic species (see section
Simulation results in the main text). Upper and lower panels show the cases when obtaining
symbiotic partners is easy (p = 0.3) and difficult (p = 0.7), respectively. In each panel, the
histograms indicate the distribution of Euclidean distance from JAT equilibrium to initial points
which are sampled randomly (grey) and attained equilibria (red, green, blue, and white) of the
coevolutionary dynamics. The colours of attained states correspond to their abundance: red
indicates the most frequent state, green does the second most frequent, blue does the third most
frequent, and white does all the other states. Small schematic diagrams in the inset of panels
show the pattern of specialization of the equilibria (the same as in figure 2). The colours of the
diagrams correspond to that of histograms. The number of sampled initial points are 5 X 10°,
the production function is f(&) = &2 (thatis, € =0 in f(§) = & + é2), any probabilities
of encountering partners and any rates of evolution are the same as the others (i.e. p; = p and

o; = o forall i).
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