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The social coevolution hypothesis for the origin of
enzymatic cooperation

Samuel R. Levin®™, Sylvain Gandon®2 and Stuart A. West'

At the start of life, the origin of a primitive genome required individual replicators, or genes, to act like enzymes and coopera-
tively copy each other. The evolutionary stability of such enzymatic cooperation poses a problem, because it would have been
susceptible to parasitic replicators that did not act like enzymes but could still benefit from the enzymatic behaviour of other
replicators. Existing hypotheses to solve this problem require restrictive assumptions that may not be justified, such as the
evolution of a cell membrane before the evolution of enzymatic cooperation. We show theoretically that, instead, selection
itself can lead to replicators grouping themselves together in a way that favours cooperation. We show that the tendency to
physically associate with others and cooperative enzymatic activity can coevolve, leading to the evolution of physically linked
cooperative replicators. Our results shift the empirical problem from a search for special environmental conditions to questions

about what types of phenotypes can be produced by simple replicators.

and thousands of base pairs; yet, by necessity, life started with

single, short sequences, or replicators. Lacking the ability to
produce large enzymes, these first replicators would have had high
error rates in replication, preventing them from elongating into a
genome'”. There is a significant gap between the maximum size rep-
licators could reach without large error-correcting enzymes and the
minimum size needed to produce those enzymes’. Consequently, to
bridge this gap and make the first step towards building a primitive
genome, different replicators would have had to act as enzymes to
help copy each other’™. In this way, the individual replicators could
remain small and below the error threshold, but the collection of
replicators could grow sufficiently large to produce big enzymes.

The problem is that a collection of cooperative replicators would
have been susceptible to parasitic replicators that did not act as
enzymes but were able to benefit from the enzymatic activity of oth-
ers’. All else being equal, such molecular parasites (cheats) would
have had a higher replication rate, making cooperation between rep-
licators unstable, and hence preventing the evolution of a genome.
What, then, can explain the maintenance of the cooperative enzy-
matic activity required for the genome to evolve? One hypoth-
esis is that different types of replicators were grouped together in
a primitive cell, or proto-cell, so that selection acted on groups of
replicators®*'. An alternative hypothesis is that replicators were on
some surface that limited their diffusion, but also led to interactions
between different types of cooperative replicators''~". Both of these
hypotheses favour cooperation by grouping cooperative replicators
together, and hence limiting the extent to which they could have
been exploited by parasites'®.

However, these hypotheses require restrictive assumptions that
may not be justified. To have replicators grouped by a cell mem-
brane, we would require the evolution of a cell membrane before
we had a genome that was sufficiently complex to produce that
membrane. This solves the problem of explaining one complex fea-
ture (cooperative replicators) by invoking another complex feature
(cell membrane). The proto-cell could be an abiotic feature, such
as a droplet of oil, but that would require that the division of that

E ven the simplest genomes are made up of hundreds of genes

droplet was linked to the rate at which replicators copy, in a way that
just happened to make group selection work**'?. The limited diffu-
sion hypothesis requires evolution on a particular type of surface to
group replicators together in a very specific way, which: (1) limits
diffusion, so that parasites cannot exploit replicators; (2) has high
enough diffusion to keep different types of replicators well mixed;
and (3) has some property that ensures binding sites contain differ-
ent types of replicators, rather than copies of identical replicators'>"".
It is not clear how a surface could produce all of these properties.
In addition, many previous models require simple replicators to
have conditional phenotypes, and to only act as cooperators in cer-
tain interactions, which is a relatively complex behaviour for a very
short sequence'”".

We propose an alternative hypothesis, where selection itself leads
to replicators grouping themselves together in a way that favours
cooperative enzymatic activity. We hypothesize a scenario, where:
(1) one type of replicator can evolve to act as an enzyme to help copy
other replicators (cooperation); and (2) another type of replicator
can evolve to physically associate with or ‘stick’ to other replicators.
We show theoretically that coevolution between these two traits can
lead to cooperation between replicators being evolutionarily stable,
in conditions where it would not otherwise be favoured. This occurs
because the evolution of physical association allows the benefits of
enzymatic cooperation to return to cooperators and their identical
copies. Our relatively simple hypothesis does not require restrictive
features of the environment to group replicators together in certain
ways, or the evolution of another complex feature of life, such as a
cell membrane. Instead, selection drives the replicators to solve the
problem of cooperation themselves. Consequently, our hypothesis
shifts empirical focus from special external environmental condi-
tions to questions about what kinds of phenotypes can be produced
by simple molecular replicators.

Results

The life cycle. There a number of different questions with regards
to the origin of a primitive genome, ranging from chemical ques-
tions about what types of molecules can achieve autocatalysis to
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Fig. 1] Interactions and fitness effects. a, Two replicators, X and Y, each have some baseline replication rate on their own, but can acquire mutations

(X" and Y’), which reduce their replication rate. b, Each replicator (X and Y) has a higher replication rate whenever in complexes, due to passive benefits
(byproduct benefits). ¢, Mutant X’ increases the replication rate of Y in complexes (enzymatic benefit from X). d, Mutant Y’ increases the rate at which the
mutant forms associations with X, and decreases the rate at which these associations break down.

function questions about how a genome divides up tasks to function
as a whole. There are also a number of different possible modelling
approaches, ranging from simulations that incorporate substantial
biochemical details'” to very simple adaptation-driven models of
replicator cooperation”".

Here, we focus exclusively on the problem of cooperation
between replicators as a step towards a primitive genome. We follow
in the vein of a number of other researchers who have studied this
problem'—**>1-1315718 " OQur goal is to capture the problem in a very
simple model, which strips away many of the biochemical details
in order to attain easily interpretable results. Rather than model a
very specific biological scenario, our aim is to produce a model that
could be applied to many types of catalytic replicators, be they RNA
or not.

We imagine two different replicators, X and Y, which are inde-
pendent populations but can form XY complexes, where a complex
is an interacting pair of replicators. For simplicity, we do not track
XX and YY pairings, as we assume that these pairings do not affect
the replication rate (in the Supplementary Information, we show
that a model that explicitly tracks these pairings leads to similar
conclusions). These replicators could be RNA-like molecules, but
the model is not limited to the RNA-world hypothesis. The only
requirement is that the molecules are able to self-replicate (they are
‘autocatalytic’) and can potentially act as catalysts for the replication
of others (they possess ‘enzyme-like’ behaviour) (Fig. 1).

We make no explicit assumptions about population structure
except that after replication there is some chance, which can vary,
that replicators interact locally before dispersing into the global
population mixture. Consequently, our model could apply to rep-
licators interacting on a surface (where this chance might be very
high) or free-floating (where this chance could be very low).

We can consider the population of replicators as divided into
three populations: X replicators on their own; Y replicators on their
own; and XY complexes. The densities of these populations are free
to grow and shrink, and these densities affect the rates at which
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different interactions occur. The X and Y replicators each have
some baseline, potentially distinct rates of replication (p;cx y) and
destruction, or death (u;.y y). These two types of replicator form
complexes with each other at some low baseline rate (f), and these
complexes dissociate at some (relatively high) baseline rate (5), or
else are ended by the destruction of one of the replicators (nota-
tion summarized in Supplementary Table 1). All replication rates
are density dependent.

When in complexes, replicators produce new individual replica-
tors at a rate (6;cx,y ), which we assume to be higher than their rate
of replication when on their own. This could be due to a beneficial
waste product, such as a nucleotide, produced during replication, or
a conformational change passively induced by the other replicator,
which increases the efficiency of replication. This byproduct benefit
is measured by k, such that Ocx y = (1 + k)p;cx y- We also assume
that the new replicators produced by complexes can immediately
pair again, due, for example, to proximity (rxy). We imagine that,
initially, this happens very rarely (although this is not required).
In the Supplementary Information, we show that the population
dynamics of these three different populations are described by:

90 = (px — ux)[X] = BIXI[Y] + (uy + Ox + 0)[XY]

W = (py — uy)[Y] — BIYIIX] + (ux + Oy +8)XY] (1)
PN = BIXIIY) = (ux + py + 6 — ) [XY]

Evolutionary dynamics. We used an adaptive dynamics approach
to study the evolution of cooperative enzymatic activity and physical
associations in these replicators”-*. We used methods developed to
examine interactions between interacting populations***, and fol-
lowed three steps. First, we considered a mutant whose cooperative
enzymatic activity or tendency to associate and dissociate differs
from the resident population. Second, we determined what direc-
tion these traits would evolve in, by studying the spread of mutants
(given by the initial asymptotic growth rate of a mutant with deviant

133


http://www.nature.com/natecolevol

ARTICLES

NATURE ECOLOGY & EVOLUTION

trait values, or invasion fitness). Third, by allowing for successive
mutants, we determined numerically the evolutionarily stable rest-
ing state of the population®.

We show in the Supplementary Information that the condition
for the spread of a rare mutant in replicator X or Y (i € X, Y) can
be expressed as:

/ /

i P

A'lil
F; = (p; — u;) is the replication rate of replicator i € X, Y on its
own, P; = (y; + 0; + 9) is the replication rate of i € X, Y in com-
plexes, and Mj; = (u; +u; + 8 — p;;) is the loss (destruction or
dissociation) of complexes. The primes indicate mutant values
in the replicator i € X,Y, and mutants are denoted i € X', Y.
Equation (2) shows how a trait can spread via its effect on the reph—
cation rate of a replicator on its own (F), the effect on its replication
rate in pairs (P ) the effect on the loss of complexes (M ) and the
effect on pairings with the other replicator type (#'[j]). Van Baalen
and Jansen* developed a similar expression for the invasion of a
rare mutant in the context of studying the common defences from
a predator of two prey populations (Supplementary Section 4). We
now proceed to study the evolution of cooperative enzymatic activ-
ity and physical association.

(2)

Enzymatic cooperation. We first asked whether selection would
favour replicators acting as enzymes that help copy other replica-
tors. This can be thought of as evolution towards more cooperative
replicators, which would facilitate the evolution of the genome. We
examined this possibility by allowing replicator X to mutate in a way
that made it better at helping copy replicator Y, by increasing the
density-independent replication of Y by a factor of 1 + wd’ when Y
is in a complex with a mutant (X’). We assumed that this mutation
would cause the X replicator to be less efficient at copying itself, by
reducing the replication rate of X by a factor of 1 — d’. For example,
this could be a conformational change that reduces the autocatalytic
rate of X, but causes X to act as a catalyst to increase the replication
rate of Y. Consequently, we are assuming a trade-off between the
rate at which a replicator can help copy other replicators and the rate
at which that replicator can copy itself.

Replicator copies produced from complexes may immediately
form pairs again, and it is possible that, through increasing the
local density of Y replicators, an X’ mutant increases the chance
that its copies immediately pair again with a Y. To account for
this, we assume an X’ mutant increases the rate at which replica-
tors produced from complexes immediately find a partner by a fac-
tor of 1+ Ad’ (where 1 might equal @ but is free to vary). In the
Supplementary Information, we extend the model to explicitly track
this effect, and recover similar results.

We found that cooperative enzymatic activity was not favoured
(specifically, more cooperative X’ mutants (d’ >0) were never able
to invade a population of resident X and Y) and that the X popula-
tion rested stably at a value of zero cooperation (Fig. 2a). We found
that cooperation could not spread because it reduced the replica-
tion rate of the mutant, and there was no mechanism by which the
benefit to Y could be fed back to X’. While cooperative enzymatic
activity increases the density of Y, the baseline association rates
are sufficiently low that this effect is not strong enough to favour
such activity. Specifically, cooperation reduces both terms in equa-
tion (2), by reducing replication both in complexes and alone (the
numerators) and leaving the association with the other type (5'[j])
unaffected. Cooperation reduces the loss of complexes in the sec-
ond term (M, ;7)> but this is not enough to outweigh the direct cost
to replication. " This is analogous to the standard evolutionary result
that, all else being equal, a cooperative behaviour that benefits an
unrelated individual will not be favoured**.
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Physical association. We then examined the consequences of
allowing the Y replicator to mutate in a way that causes it to associ-
ate or form complexes with the X replicator, increasing the base-
line association rate () by a factor of 1+ (¢, and decreasing the
rate at which complexes dissociate (5) by a factor of 1 — &c’ (where
0>£<1). We refer to this as an ‘association’ trait, as it can capture
the possibility that Y’ physically binds to X (for example, ‘sticki-
ness’), but also includes any kind of trait that increases the rate of
association between X and Y’ and/or increases the duration of these
associations, such as a trait that induces a conformational change in
X, increasing the chance they form a pair. We allow only mutations
in Y, holding X constant.

We assume that this association mutation is costly and decreases
the rate at which Y’ can replicate itself by a factor of 1 — ¢’. This
could be, for example, if the folding pattern that increased associa-
tion were less easily replicated as a template. We account for the
possibility that this association trait increases the chance that cop-
ies produced from complexes immediately pair again by allowing
the mutation to increase the rate of pairing by a factor of 1 + ac’.
A baseline assumption might be that @ = {, because this effect is
simply due to the increase in association rate caused by the asso-
ciation mutation, but our model allows for the effect to be weaker
or stronger.

We found that association could be favoured (Fig. 2b). Specifically,
if the byproduct benefits gained by being paired with an X (x) and
the relative increase in association rate caused by the mutation ("")
are sufficiently high (>>1), successive mutations with higher values
of association (¢’ > 0) will invade a population of resident X and Y
until the association rate comes to rest at some equilibrium value
(cx). Some level of association is favoured because, while it causes
an immediate reduction in the replication rate, this is outweighed
by the increase in replication rate due to being in complexes with X
more often. Specifically, association reduces the first term in equa-
tion (2) (via the numerator), but this is outweighed by an increase
in the second term (via the denominator).

Coevolution. We then examined what happens when both enzy-
matic cooperation and association are allowed to coevolve. We did
this by allowing for mutations in both replicators, where X evolves
to be more cooperative (d’>0) and Y associates at a greater rate
(¢ >0). To allow for coevolution, we analysed the selection gradi-
ent on both traits in both mutant populations simultaneously, which
told us which direction in state space the population was moving at
any given point. By repeating this across all of state space for both
traits, we could determine which direction both replicator types
would evolve in.

In the Supplementary Information, we show that, when both
traits are allowed to coevolve, selection can drive enzymatic coop-
eration (dx) to its maximum value and association (c*) to a higher
value than when evolving on its own (Fig. 2¢). Coevolution favours
enzymatic cooperation when the association and enzymatic coop-
eration increase the chance that replicators produced by com-
plexes pair again (4, @ > 1), and when byproduct benefits are large
(x > 1). Furthermore, even for conditions under which association
would not evolve on its own (for example, when ¢ = 0), if associa-
tion still increases the duration of pairings (£ >0), coevolution can
favour enzymatic cooperation and association.

This result is driven by coevolution between the two traits. In the
absence of the association trait, cooperation is not favoured because
the benefits only accrue to members of the other replicator type.
However, as association evolves, there is an increased chance that a
cooperator’s copies both form and remain in pairs with an associa-
tor mutant’s copies. A cooperator increases the chance that its copies
will find a Y partner by creating more Y copies.

Our results show that the key factor favouring positive coevolu-
tion between cooperation and physical association is that the two

NATURE ECOLOGY & EVOLUTION | VOL 4 | JANUARY 2020 |132-137 | www.nature.com/natecolevol


http://www.nature.com/natecolevol

NATURE ECOLOGY & EVOLUTION

a
S
)
[
&
8
§
=)
=
0 . . . : N
0 0.2 0.4 0.6 0.8 1.0
Resident cooperation
c
~—
09 ——»—»—>»> t
————V [
08 ———p— PV v
————PV
07t e
WY
c gl ——»——> \\“:
g | J—~—
3 ——
Soaf 5 o oy \
— >V, \
0.3} o
0.1}
Ay

0.1 02 03 04 05 06 07 08 09
Association

ARTICLES

b jof
0.8
c
gl
B 06}
[%)
o
0
2]
®©
S 04f
>
=
0.2+
0 0.2 0.4 0.6 0.8 1.0
Resident association
d
‘ O
Coevolution
c
il
S
[}
Q.
o
o
o
Cooperation on its own
/ Association on its own
/
0 1
Association

Fig. 2 | Coevolution of enzymatic activity and association. a, The evolution of enzymatic activity in X is not favoured. In the absence of association,
cooperative enzymatic activity cannot evolve. b, Evolution of association in Y. In the absence of cooperative enzymatic activity in X, some intermediate
level of association in Y is favoured. The grey and white areas in a and b show regions of state space where selection is negative and positive, respectively.
Arrows depict the direction of evolution in state space along neutral lines. Evolutionarily stable strategies are depicted by solid circles. ¢, Coevolution

of cooperative enzymatic activity and association. Arrows depict the direction of selection in both traits at a given point in state space. When traits are
allowed to coevolve, cooperative enzymatic activity and association both evolve from anywhere in state space, with association reaching higher values
than in b, and enzymatic activity evolving towards its maximum value of 1. d, Schematic of a-c. Solid circles depict the evolutionarily stable resting point of
both populations depending on whether each population evolves independently or jointly. Coevolution favours higher values in both traits. Values for the
parameters in a-d are: a=20, 1=20, {=5,¢(=1, w=20, ry=2.3, rx=21,rxy=0.9, k=0.01, uy =11, ux=11, k=100, f=0.01and §=0.9. All figures were
generated graphically from the equations described in the Supplementary Information using Mathematica software version 11.3.0.0.

traits increase the chance that copies produced from complexes pair
again. We captured this in the term (1 + Ad')(1 + ac))p;;, which
does not specify exactly how the two traits increase immediate pair-
ing. In the Supplementary Information, we derive an explicit model,
tracking the individual copies produced from pairs, and modelling
how they repair. The explicit model recovers the results of the more
general model, showing that coevolution is only favoured when
both traits increase the chance of pairing again.

For simplicity, we have limited our model to two types of replica-
tors, X and Y, but once cooperation and association evolve, there is
no reason why more replicators cannot be added, further elaborat-
ing the genome. Further, Frank® pointed out that the conditions
favouring cooperation need only be temporary, as once replicator
functions come to depend on the association, reversals become
more difficult. Finally, our model is not intended to be quantitative,
but qualitative, highlighting the relationship between parameters
and the potential for specific selective forces to favour coopera-
tion. For those developing specific, quantitative models, for a given
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chemical system, we discuss the quantitative significance of our
results in the Supplementary Information.

Replicators as mutualisms. Cooperation between different repli-
cators is conceptually analogous to cooperation between different
species in mutualisms. The X and Y populations of replicators can
be thought of as two different ‘species. Cooperation can be favoured
between species when the benefits of cooperation return to the
cooperator or its genetic relatives”*. In our model, the physical
association, or stickiness trait, provides a mechanism for the bene-
fits of cooperation to return to the cooperator’s copies, and prevents
these relationships from breaking down. This mechanism could
potentially be applicable to other systems, such as cross-feeding bac-
teria®. Our prediction is also analogous to Law and Dieckmann’s®
result that the evolution of vertical transmission could lead to stable
symbiosis in exploiter/victim interactions.

Another force that could theoretically drive positive between-
species coevolution is synergy of fitness effects”’*> . Synergy
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occurs when two cooperators together do better than expected
because the whole is greater than the sum of the parts. While syn-
ergy is a possible alternative route to a primitive genome, and could
be tested for empirically, we have shown that synergy is not needed.
In addition, synergy can act together with the forces that we have
analysed in this paper, to help drive the coevolution of cooperation
and physical association (unpublished analyses).

Discussion

We proposed and tested a hypothesis that the coevolution between
enzymatic activity and physical associations can explain coopera-
tion between different types of replicators. We showed that if one
population of replicators can act as an enzyme to increase the rep-
lication rate of another, and the other can act to increase the physi-
cal associations between the two, these traits can coevolve, given
that there is some baseline byproduct benefit to being complexes.
This leads to a population of replicators that are both cooperative
and physically linked—two of the key features of a primitive
genome. Specifically, in our scenario, the questions of why simple
replicators would come together physically (byproduct benefits)
and how they would overcome the error threshold (cooperation)
resolve each other.

Cooperation is not the only puzzle about the origin of the
genome. Other questions relate to the division of labour and mutual
dependence between replicators, the efficiency of molecular interac-
tions before compartmentalization, the ability of a single molecule to
fulfil the role of DNA and protein, and prebiotic synthesis of nucleo-
tides'®"”%. We have not addressed these other questions, which are
certainly of interest, and instead focused on the initial first step in
the evolution of the genome—different replicators coming together
and cooperating"*>**'®. Our model does not rule out the role of a cell
in solving these other problems; instead, we have shown that a cell is
not required to solve the problem of enzymatic cooperation.

Our results make the evolution of a primitive genome easier to
explain, by simplifying the conditions required. This does not mean
that previous explanations are invalid, just that they may come in at
different stages in the evolution of life. For a primitive genome, our
results suggest that we do not need to: (1) invoke the cell, a poten-
tially complex feature of life; (2) assume highly specific population
structures on special surfaces; or (3) grant simple replicators with
conditional phenotypes. Consequently, our result increases the
kinds of environments in which the first steps towards a genome
can evolve. It also means that a more complex genome could have
evolved to then produce the first cell, because our result shows
how genome complexity could increase without a cell membrane.
Finally, our results shift the focus of questions about the origin of
the genome from external features of the environment to biologi-
cal features of replicators. Specifically, what phenotypes are possible
in simple molecules, can they act to increase the replication rate of
others, and can they stick to each other?

Reporting Summary. Further information on research design
is available in the Nature Research Reporting Summary linked to
this article.

Data availability
There are no data to report.

Code availability

All code has been made available, along with an implementation of
the calculations, in Supplementary Software 1, and is available on
GitHub at https://github.com/srlevin/sticky.git.
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S1 The Model

We need a total of seven equations to capture the ecological dynamics of both the
residents and the mutants. From the life cycle in figure one and the description
in the main text, this allows us to write (for the residents):

B~ (xa-dy — w0y 1x)
~ (3040 XIY))
(14 8) (L= d) o)+ oy + (1 60)9) (XY
T — (v = m ) )
(B4 YY)
F((AF R ry (L= €) (1 wd) ) +pex + (1 - £0)) [XY)
P 50+ comix)
—(py +px + (1 =&c)6 — (1 +Ad) (1 + ac)) rxyn) [XY]

(S.1)

Where n =1 —k([T] = [X] + [XY] + [Y]) is density dependent regulation, and
k controls its extent.

Following the standard adaptive dynamics approach, we assume that invad-
ing mutants are rare enough so as not to affect the dynamics of the resident
population (Metz et al., 1992; Rand et al., 1994; Dieckmann and Law, 1996).

Accordingly, we only need four additional equations to capture the dynamics of
[X'] d[Y'] dX'Y]
dt > dt 0 dt

mutants in each gene (X’ and Y”), which are expressions for <
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d d[)étyl]. These differ from system S.1 only in their values for ¢ and d, the

mutant trait values, which we denote with primes as ¢’ and d'.
The equations for the mutant can be written in the form (Van Baalen and
Jansen, 2001):

W _ rwy - o100 + P (52
I N (53)

Where F; = (p; — ;) is the growth of ¢ alone, P; = (u; +0; +0) is the
production of ¢’s from complexes, and M;; = (p; + 1 + 6 — pij;) is the loss of
complexes. The primes indicate mutant values in gene i, and m is the equilib-
rium frequency of copies produced in the absence of the mutant. This form for
an invasion condition was first identified by Van Baalen and Jansen (2001). For
illustration, we reproduce each term for replicator Y, but equivalent equations

can be extracted for replicator X.

Fy = (ry (1=¢) (1= k([T])) — py (S.4)
Py =(1+r)ry (1=d) (A +wd) ((1-k(T))) + px + (1 - &) 0)

Myy = (py + px + (1= &) 6 = (1 + Ad) (1 + ac’)) rxy (1 =k ((T1))))
By =B (1+¢c)

We can rewrite system S.4 in matrix form as:

ol e A >

The first matrix on the right hand side of equation S.5 contains all the
information we need to determine the spread of a rare mutant (Van Baalen and

Jansen, 2001; Hurford et al., 2009). A useful decomposition of this matrix is
the form F; - V;, where,

nelf e[ al e

According to the next generation theorem (Hurford et al., 2009), given that
F > 0, V7!, and the spectral bound of —V is negative, the condition for a
mutant to invade is that the spectral radius of FV~! > 1. This condition can
be written as:

24 124
et —=>1 (S.7)
M Bl

This is equation 2 in the main text.
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Taking the derivatives of equation S.7 with respect to small changes in mu-
tant trait values gives the direction of selection in each trait, which we use to
produce Figure 2c.

Coevolution is driven by the interaction between the two mutant trait values,
¢ and d’. These interaction terms are contained entirely in the derivative of
the first term of Equation (S.7, and it can easily be seen that % (%) and

% (AI;—‘:) are positive functions of ¢’ and d’, respectively.

This is not a quantitative model, and therefore we do not extensively dis-
cuss the specific values the parameters can take. Those with a specific chemical
system in mind should use parameter values relevant to the biochemistry of the
molecules at hand. Here, we simply point out that what matters for the evolu-
tion of cooperation is the ratio of different key parameters, found in equation
(S.7). For example, if the baseline replication rate, r;, is of several orders smaller
than the baseline association rate, £, and the benefit to cooperation, w, is small
relative the other parameters, it will be difficult for cooperation to spread. This
is because in the absence of an association mutation, individuals often already
find themselves in pairs, and the additional benefit of cooperation is insignifi-
cant. All the important relationships can be read directly from equation (S.7)
(equation 2 in the main text).

S2 Tracking same-type replicator pairs

Above we did not track XX or YY pairs. This means that the above model
holds in systems where the replicators do not form self-self complexes. We
also conjectured that the results would approximately hold even if they do form
such complexes, because individuals in X X and Y'Y pairs do not gain byproduct
benefits, and therefore have a lower replication rate than when in XY complexes.
We checked this by developing a model that explicitly tracks such pairings. This
requires two additional equations for the density of X X and Y'Y complexes, for
a total of five equations:
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Where n =1 - E([X] + [XY]+ [Y]+ [XX]+ [YY]).
Following the same approach as above, we derive the condition for a mutant
in replicator type ¢ to spread as:

: / Byl / /
W(P,>+W Pi,+f—i > 1 (S.10)
[+ 5] \Miz ) [+ 518" \ Mi; ~ [j]8
The new terms, P, and M/,, capture the production and loss of same type
pairs, respectively. This inequality is of a similar form to Equation (S.7). The
original expression for fitness is now weighted by the relative rate of pairing
with the other type. The new component of fitness (the first term) the ratio of
production of same type pairs to loss of same type pairs, and is weighted by the
relative rate of pairing with the same type.
Numerically solving across parameter state space shows that the same re-
sults hold as above, with cooperative enzymatic activity failing to spread on
its own, association evolving in the absence of such activity, and the two traits

co-evolving to higher values than when on their own (Figure S1).

S3 An explicit model of pairing

The above model left unspecified how cooperation and association increase pair-
ing of replicator copies, capturing the effect in the term p;;. We now adapt the



76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

o4

95

96

97

98

99

model to a specific population structure, in order to make this effect explicit.
Doing so necessarily requires sacrificing some of the generality of the first model,
but what it loses in generality it gains in precision.

We now need to track two additional populations: X’s and Y’s that have
been produced from pairs. This is because in order to explicitly model the effects
of cooperation and association on pairing, we need to track the densities of copies
produced from pairs before they become randomly mixed in the population.

The assumptions are the same as above, except now we allow for some base-
line rate, x, at which copies produced from pairs immediately pair again. Oth-
erwise they return to the independent populations of X and Y. We assume that
the rate of pairing is increased by both cooperation and physical association, by
a factor (1 + Ad’) (1 + ac’), and is a function of the densities of copies produced,
denoted [X,] and [Y,]. The new system of equations describing the population
dynamics is now:

A~ (x4 =) — ) X))
(B4 o XIY]) + UIX,)
L — (v 1=y~ ) )
(B4 O YIIX]) + 61,
P 501+ coviix]
Gy o (L= €09 [XY] + (14 2) (1+ ) [X,[Y;]
el — (4 0) (1= @ rm) [XY] = (14 2d) (14 ) [X][Ve] = 91X)
Pl — (0 (1) (1wt [XY]

= (14 Ad) (1 + ac) [X][Yo] = ¥[Yo], (S.11)

where n =1 — k([X] + [XY] + [Y] + [X,] + [Yo]). The parameter 1 controls
the relative rate at which copies produced from pairs return to the population
of free X and Y.

Following the same approach as before, we can write system S.11 in matrix
form as:

a | ] F =B P (0 [i']
2 |Ea =1 sul M Alljo) [/ ] (S.12)
[15] 0 PR, —All] -] L]

Pt now measures only replicators returned to the independent population
from complexes as a result of dissociation and destruction, because copies pro-
duced from complexes are captured in the term PR]. A} measures the associ-

ation of copies produced from complexes, and [j,] is the equilibrium frequency
of copies produced from complexes.
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Using the next generation theorem (Hurford et al., 2009), we find the con-
dition for a mutant to invade a resident population to be:

VP + [jo| P/ A} + Y PR; F]
M+ UM A —GIPRAL 5] (5.13)
(4 ij+[-70] ij 4 o] PRIA; — B'[]]

This equation and its derivatives with respect to changes in ¢’ and d’ allow us
to analyse evolution of cooperation or physical association on their own, or their
co-evolution. We recover the result that co-evolution can favour the evolution
of cooperation in conditions under which it would not have evolved on its own
(Figure S2). The result depends crucially on the relative rate at which copies
produced from pairs return to the independent populations (), with ¢ ~ 1
recovering the main results.

S4 Relation to previous mathematical models

Adaptive dynamics was developed through a serious of papers in the 1990s
(Metz et al., 1992; Rand et al., 1994; Geritz et al., 1997; Dieckmann and Law,
1996). The key assumption is that the mutant is initially rare enough that you
can assume it does not impact the ecological equilibria. Accordingly you can
assume that the resident populations have reached equilibrium when the mutant
is introduced, and study it’s growth rate in that setting.

Law and Dieckmann (1998) developed a model to study the coevolution
of two species in the context of an exploiter-victim relationship evolving into
a vertically transmitted symbiosis. They used the same approach of tracking
both independent populations as well as complexes (in their case ‘holobiont’).
Their main result was that, when costs of being free-living are high enough,
even strictly exploitative relationships can evolve into symbioses in the presence
of vertical transmission. This is analagous to our result that, when benefits
of being in a complex are high enough, stickiness can favour the evolution of
cooperation.

Van Baalen and Jansen (2001) extended the work of Law and Dieckmann
(1998) in developing a model to study two-species systems, in which they tracked
the two independent populations as well as complexes. Their goal was to de-
velop a general methodology for studying two interacting populations, and they
specifically discussed two prey populations which shared defence of a predator
and a host parasite interaction which shared a resource. Their key result was
that the invasion condition for a mutant in such interacting populations could
be captured in simple, biologically interpretable expressions (analagous to our
equation 2).

Day et al. (2007) developed a similar model for studying two interacting
populations, applying it to the specific case of a mutualism between corals and
zooxanthellae. Their model also allowed explicit tracking of gene frequencies in
both populations.
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We adopted Van Baalen and Jansen (2001)’s general approach and notation,
but developed a biological model for simple replicators. We studied the case of
one population acting as a cooperator and the other acting to affect association
and dissociation rates. We argue that this is relevant to molecular replicators,
but it is also of potential interest to models of interacting populations in gen-
eral: because when the association rates can evolve, this will affect evolutionary
dynamics.

We used an approach developed by Hurford et al. (2009) to derive the inva-
sion conditions. This is why our invasion condition takes a different form than
Van Baalen and Jansen (2001); we found that the Next Generation Theorem al-
lowed us to pull out terms defining the invasion condition that were more easily
interpretable from a biological standpoint in this context.

We also extended Van Baalen and Jansen (2001)’s approach in the appendix
by: (i) tracking same-type pairs, and therefore allowing for interactions within
populations (Section S2), and (ii) explicitly tracking the offspring of complexes,
allowing these subpopulations to have distinct dynamics from the larger popu-
lation (Section S3).

Table S1: Summary of key notation

Notation Definition

[X] Density of replicator type X

Density of replicator type Y

Density of replicator pairs

Total production of type i replicators on their own
Total production of type i replicators from pairs
Baseline replication rate of type i replicator

Rate of destruction of type 7 replicators

Baseline association rate

Baseline dissociation rate

Degree of density dependence

Total density of replicators in system

Density dependent replication, = 1 — k[T

Baseline rate at which ¢j pairs immediately pair again
Byproduct benefit to being in pair

Degree of association trait

Degree of cooperative enzymatic activity trait

Increase in association rate due to association mutation
Decrease in dissociation rate due to association mutation

=

S >Emamas s S Hw%QESSPEEg

Increase in the rate pairs re-pair due to association mutation

Increase in replication rate of type Y due to cooperative enzymatic mutation
Increase in the rate pairs re-pair due to cooperative enzymatic mutation
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Figure S1: The coevolution of enzymatic activity and association when allowing
for same-type pairs to form. Grey shaded areas show regions of state space
where selection is negative, and white areas where selection is positive. Arrows
depict the direction of evolution in state space along neutral lines. Evolutionar-
ily stable strategies are depicted by solid circles. (a) The evolution of enzymatic
activity in X is not favoured. In the absence of association, cooperative en-
zymatic activity cannot evolve. (b) The evolution of association in Y. In the
absence of cooperative enzymatic activity in X, some intermediate level of asso-
ciation in Y is favoured. (c¢) The coevolution of cooperative enzymatic activity
and association. Arrows depict the direction of selection in both traits at a
given point in state space. When traits are allowed to coevolve, cooperative en-
zymatic activity and association both evolve from anywhere in state space, with
association reaching higher values than in (b), and enzymatic activity evolv-
ing towards its maximal value of 1. (d) A schematic of (a)-(c). Solid circles
depict the evolutionarily stable resting point of both populations depending
on whether each population evolves independently or evolve jointly. Coevolu-
tion favours higher values in both traits. Values for parameters in (a)-(d) are:
o = 20,)\ = 20,C = 5,€ = 17(,:.} = 20,7‘y = 2.3,7‘)( = 2.1,7‘XY = 0.9,7“XX =
0.01,7yy = 0.01,k = 0.01, uy = 1.1, ux = 1.1, 5 = 100, 8 = 0.01,5 = 0.9. All
figures generated graphically from the equations described in the Supplementary
Material using Mathematica Software version 11.3.0.0.
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Figure S2: The coevolution of enzymatic activity and association in an explicit
model of pairing. Grey shaded areas show regions of state space where selection
is negative, and white areas where selection is positive. Arrows depict the
direction of evolution in state space along neutral lines. Evolutionarily stable
strategies are depicted by solid circles. (a) The evolution of enzymatic activity
in X is not favoured. In the absence of association, cooperative enzymatic
activity cannot evolve. (b) The evolution of association in Y. In the absence
of cooperative enzymatic activity in X, some intermediate level of association
in Y is favoured. (c¢) The coevolution of cooperative enzymatic activity and
association. Arrows depict the direction of selection in both traits at a given
point in state space. When traits are allowed to coevolve, cooperative enzymatic
activity and association both evolve from anywhere in state space, with both
traits reaching higher values than in (b) and (¢). (d) A schematic of (a)-(c).
Solid circles depict the evolutionarily stable resting point of both populations
depending on whether each population evolves independently or evolve jointly.
Coevolution favours higher values in both traits. Values for parameters in (a)-
(d) are: a = 20,A = 20,( = 5, = l,w = 20,7y = 2.3,rx = 2.1, rxy =
0.9,k = 00l,uy = 1.1, ux = 1.1,k = 100,8 = 0.01,6 = 09,9 = 1. All
figures generated graphically from the equations described in the Supplementary
Material using Mathematica Software version 11.3.0.0.
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