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1 | INTRODUCTION
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Abstract

Cooperative interactions between species, termed mutualisms, play a key role in
shaping natural ecosystems, economically important agricultural systems, and in in-
fluencing human health. Across different mutualisms, there is significant variation
in the benefit that hosts receive from their symbionts. Empirical data suggest that
transmission mode can help explain this variation: vertical transmission, where sym-
bionts infect their host's offspring, leads to symbionts that provide greater benefits
to their hosts than horizontal transmission, where symbionts leave their host and
infect other hosts in the population. However, two different theoretical explanations
have been given for this pattern: firstly, vertical transmission aligns the fitness inter-
ests of hosts and their symbionts; secondly, vertical transmission leads to increased
relatedness between symbionts sharing a host, favouring cooperation between sym-
bionts. We used a combination of analytical models and dynamic simulations to tease
these factors apart, in order to compare their separate influences and see how they
interact. We found that relatedness between symbionts sharing a host, rather than
transmission mode per se, was the most important factor driving symbiont coopera-
tion. Transmission mode mattered mainly because it determined relatedness. We also
found evolutionary branching throughout much of our simulation, suggesting that
a combination of transmission mode and multiplicity of infections could lead to the

stable coexistence of different symbiont strategies.
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rate, and only under certain conditions (Karakashian, 1963; Lowe et

al., 2016). Empirical studies have suggested that the way in which

There is considerable variation in the benefit that hosts gain from their
symbionts. In some cases, hosts are completely dependent upon their
symbionts. For example, aphids cannot survive or reproduce without
Buchnera symbionts, which provide essential amino acids (Buchner,
1965; Douglas, 1998). In other cases, symbionts appear to provide
relatively minor benefits. For example, the removal of Chlorella sym-

bionts from Paramecium bursaria leads to just a reduction in growth

symbionts are transmitted between hosts plays an important role
in explaining this variation (Bull et al., 1991; Bull & Molineux, 1992;
Herre, 1995; Messenger et al., 1999; Sachs & Wilcox, 2006; Fisher
et al., 2017). Specifically, that vertical transmission, where hosts
transmit symbionts to their offspring, selects for more cooperative
symbionts than horizontal transmission, where symbionts can leave

their host and be transmitted to other individuals in the population.
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Symbionts which are more cooperative could in turn provide greater
benefits to their hosts, by investing more of their resources into func-
tions which benefit their hosts or by refraining from overexploiting
their hosts’ resources (Frank, 1994, 1996).

Two different mechanisms have been given for why the mode
of symbiont transmission matters (Frank, 1996). One mechanism is
that if symbiont offspring are likely to be transmitted to host off-
spring, then symbionts benefit when the host has more offspring
(Ewald, 1987; Yamamura, 1993, 1996; Ferdy & Godelle, 2005). In this
“transmission” scenario, it is vertical transmission per se that selects
for higher levels of symbiont cooperation, through aligning the fit-
ness interests of hosts and symbionts—vertical transmission makes
symbionts more dependent upon their hosts. The other mechanism
is that the transmission route determines the genetic diversity or
relatedness between the symbionts and that this determines selec-
tion for cooperation (Hamilton, 1964; Frank, 1994, 1996; Herre et al.,
1999; West et al., 2002; Foster & Wenseleers, 2006). Greater hori-
zontal transmission will lead to a lower relatedness between symbi-
onts. As relatedness between symbionts goes down, this can favour
symbionts who avoided the cost of helping their hosts, but could
still benefit from the benefits provided to the hosts by other symbi-
onts. In this “relatedness” scenario, transmission mode matters, but
it does so through its influence on relatedness—vertical transmission
reduces conflict between symbionts.

Both of these mechanisms, “transmission” and “relatedness”,
could operate, and both their relative importance and the extent
to which one influences the other remain unclear. The empirical
observation that vertically transmitted symbionts provide greater
benefits to their hosts could be explained by either mechanism, or
by both acting simultaneously. Theoretical studies tend to make
simplifying assumptions that allow them to focus on just one of
these mechanisms (Frank, 1996). For example, some of the studies
that emphasize transmission mode assume that hosts can only be
infected by one strain of symbiont at a time, ignoring the possibil-
ity for conflict between symbionts within a host (Yamamura, 1993,
1996). Similarly, models that examine the influence of variable re-
latedness do not usually explicitly model horizontal and vertical
transmission (Frank, 1994, 2010). In nature, both mechanisms are
likely to occur, and we have a poor understanding of the conse-
quences. For example, would they have distinct and different influ-
ences, or would they interact; would one drive the other, or would
one tend to dominate?

We use a three-pronged theoretical approach to investigate
how these different mechanisms could interact, and their relative
importance (Frank, 1996). We first build an analytical model of a
specified symbiont life cycle in which we can tease apart the sepa-
rate causal influences of relatedness and transmission mode. This
allows us to test which mechanism plays the larger causal role in
the evolution of cooperation. Then, by expressing relatedness in
terms of symbiont transmission mode and bottlenecking between
symbiont generations (“closing” the model), we allow transmis-

sion mode to influence relatedness. This allows us to partition
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the influence of transmission mode per se, and via its effect on
relatedness (Cooper et al., 2018). Finally, we test the robustness
of our conclusions with an individual-based simulation. This sim-
ulation allows us to relax several assumptions, including that mu-
tations are of small size, and that the trait value for cooperation
does not influence relatedness. Our simulation also allows us to
investigate whether evolutionary branching can occur, as has been
observed in the early stages of experimentally evolved mutualisms
(Harcombe et al., 2018).

2 | MODELS AND RESULTS

2.1 | Assumptions and model life cycle

We assume a mutualism in which symbionts live inside hosts and po-
tentially provide them with some benefit. We assume that the sym-
bionts cannot survive long enough to reproduce outside the hosts,
and so they are obligately dependent on the hosts. We assume that
there is an infinite population of hosts with nonoverlapping genera-
tions and that there is no host population structure.

We assume that the cooperative symbiont trait x denotes the
amount of resources contributed towards a service which benefits
the host, but which does not directly benefit the symbiont. For ex-
ample, this trait could be the production of a key nutrient that the
host needs. We assume that hosts with more cooperative symbionts
are more likely to survive to reproductive maturity and are more
likely to produce more offspring after reaching reproductive matu-
rity. Therefore, we assume that symbiont cooperation can benefit
both host survival and host fecundity, according to the functions
s(xg) and f(xg), respectively, where Xg refers to the mean investment
into cooperation of all of the symbionts inside a focal host. We use
mean, and not total, symbiont investment into cooperation, for the
sake of simplicity, and to be consistent with previous work (Frank,
1994, 1996). We also assume that this trait is costly to the symbiont,
by assuming that a focal symbiont's growth rate inside a host de-
pends negatively on its investment into cooperation, according to

L1
the expression =—
1-xg

, where x; is a focal symbiont's investment into

cooperation.

We assume that a symbiont can potentially transmit offspring
to future generations via two routes, vertical or horizontal: ver-
tical transmission occurs when a symbiont's offspring remain in
their host and are passed on to the host's offspring; horizontal
transmission is when a symbiont's offspring can infect the off-
spring of any host in the population. We assume that increased
host survival increases the transmission opportunities for horizon-
tally transmitting symbionts, and so we weight the horizontal com-

ponent of symbiont fitness by a focal symbiont's host's relative
s(x)
S(X)
the population as a whole. We assume that both host survival and

survival, , Where X is the mean level of symbiont cooperation in

host fecundity per unit time increase the transmission of vertically
transmitting symbionts, and so we weight the vertical component

of symbiont fitness by 55(:—)(3)) %
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Finally, we use a parameter 1 to capture the relative likelihood

of horizontal (1) compared to vertical (1- 1) transmission. 4 could be
influenced by a number of different biological factors, including if
hosts are more likely to reject symbionts from one route than the
other, or if one mode of transmission involves higher symbiont mor-
tality. The fitness of a focal symbiont is then:

(1-x;) s (%)
(1-x,) sX)

(1-x;) s (xg) F(x,)
(1-x;) s& fX)

W=(1-4) (1)

This fitness equation sets up a trade-off similar to other mod-
els of cooperative traits (Frank, 1994, 2010). Figures were produced
using Wolfram Mathematica 11.3 (Harrower & Brewer, 2003; Wang,
2016).

2.2 | Equilibrium analysis

We are interested in the level of investment into cooperation (x)
which, if adopted by all symbionts in the population, could not be
beaten by any alternative value of x, which is termed an evolution-
arily stable strategy (ESS). We used a neighbour-modulated fitness
approach to obtain the inclusive fitness effect, A, of small changes
in the trait value for cooperation on the inclusive fitness of a focal in-
dividual, assuming the limit of weak selection (Taylor & Frank, 1996):
ow oW

AlF=2Z2 4 RZY

ax; | 0xg (2a)

We solved AIF =0forx* evaluating all derivatives at x; =Xg=X=x"
(Maynard Smith & Price, 1973). To allow for a wide range of relation-
ships between symbiont cooperation and host survival or fecundity,
we assume that s (xg) =x and f (x,) =x§, where s >0 and f > 0, and

: ]
+
1—x*

where higher values of f or s indicate that host fecundity or survival

so arrive at:

Al in:xg:R:x* =- 1_x* X

1 +R [s+f(1—l)

respectively increases more quickly with symbiont cooperation, and
R is the whole-group relatedness coefficient (Taylor & Frank, 1996;
Pepper, 2000).

Equation 2b allows us to see the different effects of changes in
cooperation (x*) on the inclusive fitness of a focal individual. The

first term in Equation 2b is the cost of cooperation (x*), which re-
flects reduced symbiont competitiveness within a host. The second
term in Equation 2b is the benefit of cooperation that goes to the
other symbionts sharing the focal symbiont's host, weighted by the
genetic relatedness between the focal symbiont and its neighbours
(R). This benefit stems from the fact that more cooperative (higher
x*) groups of symbionts will have hosts that live longer (in a way that

scales with s) and have more offspring (in a way that scales with f).
OAIF

local maxima, and hence candidate ESSs, over the relevant parame-
ter space(0 < R < 1,0 < 1 < 1), which we denote x5 (Maynard Smith
& Price, 1973; Taylor & Frank, 1996; Otto & Day, 2007; Lehmann &

Rousset, 2014; Biernaskie & West, 2015):

By taking the second derivative we find solutions which are

. R[f(1-2)+5]
O R[f(1-4)+s-1]+1’

@)

We found that both relatedness and transmission mode in-
fluenced the final level of cooperation in this model (Figure 1).
Relatedness increases cooperation because it increases the extent
to which the benefits of cooperation go to genetic relatives of the
actor. This is reflected by an increased weighting of the second term
in Equation 2b, resulting in a higher level of cooperation (x*) when
fitness is at equilibrium. Vertical transmission increases cooperation
because higher levels of vertical transmission increase the extent to
which host fecundity can benefit symbionts (Equation 1). This is re-
flected in Equation 2b by the fact that vertical transmission (lower 4)
increases the f(1-1) component of the group symbiont benefit (sec-
ond term of Equation 2b). These findings are consistent with previ-
ous work that looked just at transmission mode or just at relatedness
(Yamamura, 1993; Frank, 1994).

2.3 | Transmission or relatedness: open model

At this stage, we are interested in asking two different questions of
our model. The first question is whether relatedness or transmis-
sion mode plays the larger role in determining cooperation. To an-
swer this question, we keep relatedness as an open parameter in
our model, allowing us to examine the separate causal influences of
relatedness (R) and transmission mode (1). However, in reality, these
factors are not independent, since transmission mode can determine
relatedness (Taylor, 1992; Frank, 1996; Cooper et al., 2018). We can

capture this by “closing” the model and expressing relatedness in

FIGURE 1 Both transmission mode
and relatedness influenced the final level
of cooperation that emerged (Equation
3). In (a), host survival and fecundity both
increase in the same way with symbiont
cooperation (s = f = 1). In (b), host
fecundity increases more quickly with
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In the first analytical model (Equation 3), relatedness (R) usually had a larger influence on the final level of cooperation than

transmission mode (1) did. In the orange regions plotted, relatedness had a larger influence than transmission mode, whereas in the white
regions, transmission mode had a larger influence than relatedness. Transmission mode only had a larger influence when transmission was
mostly horizontal (1 > 0.75) and when host fecundity increased more rapidly with symbiont cooperation than host survival did (f>>s)

terms of demographic parameters. Closing the model allows us to
ask our second question of why transmission mode influences coop-
eration: primarily through its direct influence on cooperation per se,
or primarily through its influence on relatedness?

To start with, we keep relatedness as an open parameter. Both
relatedness and transmission mode influence the equilibrium level of
cooperation (Equation 3). For the parameters chosen in Figure 1, it
appears that relatedness plays a larger role than transmission mode,
in the sense that small changes to relatedness influence the equilib-
rium level of cooperation more than small changes in transmission
mode do (Figure 1). To extend this comparison over all of the poten-
tial parameter space, we compared the marginal effect of changes in
transmission mode (1) or relatedness (R) on the equilibrium level of
cooperation.

We calculated the marginal effects by taking the differential of
the equilibrium level of cooperation with respect to either related-
ness (%) or transmission mode (%). The first of these differentials
(%reflects the alignment of fithess interests between symbionts
within a host—to what extent should more highly related groups of
symbionts cooperate more? The second of these differentials (%)
reflects the alignment of fitness interests between a host and its
symbionts—to what extent does increased vertical transmission fa-
vour a host's symbionts to cooperate more? By comparing the value

of the two differentials, we can determine whether relatedness

(

ence on the equilibrium level of cooperation.

«
0X 5

JoR

X’ X’
0 0
— <
> 2 A

%
R 9

P 0.
> or transmission mode <

) has a larger influ-

In Appendix 1, we show that, for most of the possible parameter
space, relatedness (R) plays a bigger role than transmission mode (1)
in determining the final level of cooperation (Figure 2). Specifically,
transmission mode only plays a larger role if three conditions are
all met: (a) horizontal transmission dominates (4 > 0.75); (b) host fe-
cundity accelerates substantially faster with symbiont cooperation

than host survival (f > 4s); and (c) relatedness is neither maximal nor
minimal (O < R < 1; Figure 2).

2.4 | Transmission and relatedness: closed model

Our next step is to “close” the model by expressing relatedness in
terms of demographic parameters (Cooper et al., 2018). We assume
that hosts infected by symbionts horizontally are infected by k, sym-
bionts and that vertically infected hosts are infected by k, symbi-
onts. In Appendix 2, we show that whole-group relatedness can now
be expressed as:

. ky (1=4)+ Ak,
ATl @

where k, and k, give the horizontal and vertical bottleneck sizes, re-
spectively, and 1 gives the fraction of host offspring that are infected
horizontally.

Relatedness depends on the extent to which transmission is ver-
tical or horizontal. Under full horizontal transmission (4 = 1), Equation

4 simplifies to ki whereas under full vertical transmission, Equation
h

4 simplifies to 1 (full relatedness). This occurs because horizontal
transmission “resets” relatedness by enforcing complete mixing of
unrelated symbionts, whereas vertical transmission allows related-
ness to increase each generation, since symbionts interact only
within a local group.

Next, we further simplify Equation 4 by assuming that horizon-
tally and vertically transmitting symbionts experience the same bot-
tleneck size (k, = k, =k) to arrive at:

1
R=— L
1+4(k-1) )
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By substituting our expression for relatedness (Equation 5) into
our expression for the equilibrium level of cooperation (x;; Equation
3), we arrive at a new expression for the equilibrium level of cooper-
ation, which we denote x:

N f(1—11)+s (6)
X = .
© f(1-2A)+s+(k-1) 4

We then compared the extent to which transmission mode in-
fluences cooperation via its direct influence and via its influence
on relatedness. To do this, we first calculated, as before, the mar-
ginal effect of changes in transmission mode on the equilibrium
level of cooperation for the model with relatedness left open (%).
Then, we calculated the total effect of changes in transmission
mode on the equilibrium level of cooperation, by taking the differ-
ential of the expression for equilibrium cooperation after the
model has been closed (%). These two partial derivatives repre-
sent, respectively, the influence of transmission mode via its direct
influence and the total influence of transmission mode via both
influences. We isolate the effect of transmission mode via its influ-
ence on R by subtracting the first partial derivative (%) from the
second (%). By comparing these derivatives, we can then test
whether transmission mode matters mostly because it aligns the
interests of symbionts sharing a host (by increasing relatedness) or
mostly by aligning the interests of symbionts and hosts. In
Appendix 3, we show that transmission mode always had a larger
influence via its influence on relatedness than via its direct influ-

x o axh
axg oxgy

ence < TR 1>, unless: (i) symbiont cooperation increases host

o
-0
a4

fecundity faster than it increases host survival (f > s); (ii) and
transmission is mostly horizontal (4 > 0.5; Figure 3).

Our closed model highlights how focusing just on transmission
mode could lead to misleading predictions about the level of co-
operation. Equation 5 shows that if transmission is mostly vertical
(low 1), then relatedness will always be high, because the A(k-1)
term will be small. However, if transmission is mostly horizon-
tal (high 4), then relatedness can either be high or low, depend-
ing on the degree of bottlenecking (the value of k) (Equation 5).
Consequently, if transmission is mostly horizontal, then focusing
just on transmission mode erroneously predicts that a low level
of cooperation will evolve, when in fact high levels of cooperation

can sometimes evolve (Equation 6).

2.5 | Simulation

We next wrote an individual-based simulation in order to check
whether our predicted equilibria were evolutionarily stable. Our
simulation closely followed our analytical model life cycle (section
2.1), except that we specified the number of hosts and the frequency
and size of mutations (Appendix 4). In the simulation, our transmis-
sion mode parameter 1 is the likelihood that each new host receives
symbionts horizontally (from the adult host population at large).
Correspondingly, 1-1 gives the chance that each host receives sym-
bionts vertically (from its parent).

Our simulation led to two different outcomes. In some simulation
runs, the symbiont population remained at our predicted equilibrium
level of cooperation, forming a monomorphic population. In these
runs, the simulation results closely agreed with the analytical models
(Figure 4).
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FIGURE 4 The mean level of
cooperation in the symbiont population
predicted by our analytical solution (red
line) and observed in our simulation
(circles). When evolutionary branching
did not occur (closed circles), the
simulation results closely match the
analytical predictions. When evolutionary
branching occurred (open circles), the
simulation results diverged from the
model predictions, and this generally

led to a higher level of cooperation than
predicted. Predictions are obtained using
Equation 6

Observed cooperation

In other simulation runs, the symbiont population diverged to
form a stable polymorphism between strains that cooperated to
different degrees (evolutionary branching). In runs when branching
occurred, the final mean level of cooperation was usually higher, but
occasionally lower, than our predicted equilibrium (Figure 5). In these

runs, the final level of cooperation correlated with both transmission

100

75

Generation x 10°
S
|

0 T T T
0 0.25 0.50 0.75 1

Cooperation (x*)

FIGURE 5 Evolutionary branching. An example simulation
where the level of symbiont cooperation branched. In this plot,
darker points reflect higher densities of symbionts at each
cooperation strategy, and the red line gives the mean level of
cooperation in the symbiont population as a whole. The level

of cooperation initially approaches a monomorphic value of
cooperation predicted by our analytical model at x ~0.25, but then,
between generations 2,500 and 5,000, it branches to a bimodal
equilibrium, with some symbionts cooperating significantly more
than others. In this simulation run, following the branching event,
the mean level of symbiont cooperation (red line) is significantly
higher than it was before. For this simulation run, s(x) = x and f(x) = x

O Branching
® No branching

0 05 10 05 1
Predicted cooperation (x*)

mode and relatedness, and it was not possible to disentangle the
causal influence of each.

In the simulation runs when branching occurred, the symbiont
population first reached the monomorphic equilibrium predicted
by our analytical models, but then diverged to form a stable poly-
morphism between strains that cooperated to different degrees
(Figure 5). In most runs, this resulted in a population of “super-defec-
tors” that invested the minimum in cooperation. Additionally, in some
runs, there were further branching events, leading to more than two
populations of symbionts coexisting. When branching occurred, the
resulting level of relatedness differed substantially from the relat-
edness that we predicted based on the demographic parameters
(Equation 4; Figure 6). This indicates that in the simulations, unlike in
the analytical models, the trait value for cooperation could influence
relatedness. We suggest that this may be occur because less coop-
erative strains are more likely to be in mixed infections than more
cooperative strains, since hosts infected only by cooperative strains
are more likely to survive than those infected only by noncoopera-
tive strains. Consequently, positive feedback could drive more co-
operative strains to cooperate more, and less cooperative strains to
cooperate less. This feedback cannot occur in the analytical model,
because we assume that the symbiont population is at a single equi-
librium; however, it can occur in the simulation, where symbionts

with very different values for cooperation can interact (Figure 5).

3 | DISCUSSION

We found, in both our analytical and simulation models, that the re-
latedness between symbionts in a host was a major determinant of
the level at which symbionts cooperate with their hosts (Figures 1, 2
and 4). In contrast, while transmission mode was correlated with the
level of symbiont cooperation, this was mainly through its influence
on relatedness (Figure 3). Consequently, transmission mode can be
a less useful predictor of the level of cooperation, because it is just
one of a number of factors that determine relatedness—other fac-
tors include the degree of bottlenecking that occurs when symbi-

onts infect new hosts.



LEEKS ET AL.

sournaL of Evolutionary Biology

FIGURE 6 The distribution of
evolutionary branching across the
simulation. The region of parameter space
in which evolutionary branching occurred
is outlined by the black dotted line. When
evolutionary branching occurred, the
observed values of relatedness were
significantly higher than the predicted
values of relatedness. The red region
reflects the fact that when there is no
horizontal transmission, and bottlenecking
is weak (high k), mutation-selection
balance can keep noncooperative
symbionts in the population transiently
(Frank, 1994). For this figure, s(x) = x and
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Both experimental and across species comparative studies have
suggested vertical transmission leads to symbionts that provide
greater benefits to hosts (Sachs & Wilcox, 2006; Fisher et al., 2017).
Analogous patterns have been found in many parasitic systems,
where vertical transmission commonly leads to reduced virulence in
both experimental and comparative studies (Bull et al., 1991; Herre,
1993; Messenger et al., 1999; Stewart et al., 2005; Lambrechts &
Scott, 2009). Our results suggest that the influence of transmission
mode is primarily because of its influence on the relatedness be-
tween symbionts sharing a host (Figures 2 and 3). Although we have
not modelled every possible scenario, and different life-history as-
sumptions could lead to different results, we deliberately kept our
model simple in order to focus on mechanisms which are likely to
be of widespread importance, such as within-host competition for
resources. Consequently, we expect our conclusions to be widely ap-
plicable (Herre, 1993; Frank, 1996; West & Buckling, 2003; Alizon et
al., 2013; Speare et al., 2018).

We found that evolutionary branching occurred across much
of the parameter space in our simulations, leading to stable co-
existence between two strains, which cooperate to different
degrees (Figure 5). Evolutionary branching has been observed in
game theory models in which there are saturating benefit and cost
functions near the equilibrium, or where cooperation is linked
with another trait under evolution, such as dispersal, as well as in
models of parasite virulence (Nowak & May, 1994; Doebeli et al.,
2004; El Mouden & Gardner, 2008; Wakano & Lehmann, 2014;
Mullon, Keller, & Lehmann, 2016, 2018). Evolutionary branch-
ing has also been observed in the early stages of experimentally
evolved mutualisms, resulting in variation in the extent to which
members of one species cooperate with the other (Harcombe et
al., 2018). However, it is unclear whether this variation is likely
to be sustained over evolutionary time periods, leading to vari-
ance in symbiont partner quality, or whether this variance will
be eroded. This is because variation in the level of cooperation
could select for hosts to preferentially reward cooperators and/

or sanction noncooperators, as has been observed in a number

f(x) = x

of mutualisms (Noé & Hammerstein, 1995; Johnstone & Bshary,
2002; West et al., 2002; West et al., 2002; Kiers et al., 2003;
Jandér & Herre, 2010; Kiers et al., 2011; Wyatt et al., 2014).
The consequence of such rewarding and sanctions would select
against less cooperative symbionts, reducing the variance in the
level of cooperation (West et al., 2002), which could reduce the
likelihood that we observe coexistence in nature. Other explana-
tions for the coexistence of symbionts which cooperate to dif-
ferent degrees include different symbiont genotypes adapted to
different hosts (Bever et al., 2009; Gubry-Rangin et al., 2010;
Gordon et al., 2016).

To conclude, our results also emphasize the role of transmission
route and relatedness in major evolutionary transitions. We predict that
when symbionts are clonal (R = 1), they should cooperate at the highest
level possible with their hosts (x*=1). In this case, there is no conflict
between symbionts, and the interests of the hosts and symbionts can be
perfectly aligned with regard to how much the symbionts should coop-
erate (Bordenstein & Theis, 2015; Moran & Sloan, 2015). An alignment
of interests between hosts and symbionts is one of the factors required
for a major evolutionary transition to a higher level organism/individual
(Maynard Smith & Szathmary, 1995; Gardner & Grafen, 2009; Bourke,
2011; West et al., 2015). Examples of such major transitions include
the evolution of the eukaryotic cell, plastid endosymbiosis, and some
obligate endosymbionts in insects (West et al., 2015). Our results sug-
gest that vertical transmission, combined with population bottlenecks,
leading to clonal populations of symbionts within hosts, could play a
key role in driving major transitions involving hosts and their symbionts.
Furthermore, this is analogous to how clonality or monogamy can align
interests and hence drive major transitions between members of the
same species (Boomsma, 2007, 2009; Fisher et al., 2013; West et al.,
2015).
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APPENDIX 1

We are interested in whether relatedness (R) or transmission mode
(4) plays the bigger role in influencing the final level of cooperation in
the first analytical model (Equation 3). As a heuristic for this, we de-
termine the effect of marginal changes in either relatedness or trans-
mission mode on the equilibrium level of cooperation. Since the
equilibrium level of cooperation depends positively on relatedness,
but negatively on increased horizontal transmission, we take the ab-

solute magnitude of the relevant derivatives. Therefore, relatedness
o

plays the bigger role when %’ > ;" . Given the constraints of our

model (i.e.s>0,f>0,0<R < 1,0 < 1< 1), this condition simplifies to

f(1-2)+s . . _s
RG-R) > 1. This holds provided that A< A, where A’ = it 1-R(1-R).

Relatedness always plays the bigger role (A< ') when 1° > 1, be-
cause 1 is defined between O and 1. 2" > 1 only when fertility acceler-

ates quickly (f> ﬁ), a condition which becomes prohibitively

restrictiveasR—> 0 or R = 1, and is least restrictive when R = 0.5, at
which point f>4s. Hence, R will always play the bigger role provided
that fertility accelerates less than four times as quickly as survival
(f < 4s).

Furthermore, because 4 is increasing with s, we can find the low-
est value that A" can possibly take, by taking the limit of 4 as s = O:
li:?) ; +1-R(1-R)=1-R(1-R). This expression equals 1 whenever

RisOor 1, and is lowest when R = 0.5, at which point it evaluates to
0.75. Therefore, relatedness is more important (1 < 1) provided
transmission is more than 25% vertical (1 < 0.75).

To summarize, relatedness (R) always plays a bigger role than
transmission mode (1) in determining the final level of cooperation,
unless the three following conditions are all met: (a) horizontal trans-
mission dominates (4 > 0.75); (b) host fecundity accelerates sub-
stantially faster with symbiont cooperation than host survival does
(f < 4s); (c) relatedness is intermediate (0 < R < 1). We plot the area
of parameter space in which relatedness has a larger influence than

transmission mode in Figure 2.

APPENDIX 2

To “close” the model by expressing relatedness in terms of demo-
graphic parameters, this we focus on a focal symbiont and calculate
the likelihood that a randomly chosen symbiont infecting the same
host, with replacement, is identical by descent (Pepper, 2000). We
calculate this for both horizontally transmitting symbionts and verti-

cally transmitting symbionts, and then we combine both expressions,
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weighted by the likelihood that each mode of transmission has oc-
curred. Note that this method assumes that evolution in the focal
trait does not influence relatedness.

First, with probability 4, all symbionts within the focal symbiont's
host were acquired horizontally from a well-mixed pool of symbi-
onts. Because hosts are infected horizontally by exactly k, symbiont
strains, the probability of sampling the same individual twice is 1/k,,.
Because we have assumed a large population of hosts, relatedness
to any symbionts which are not identical by descent is zero. Second,
with probability 1 - 4, all symbionts were inherited vertically from
the host's parent. As before, the probability of picking the same indi-
vidual twice is 1/k . With probability (k,, - 1)/kv, the second symbiont
is different than the first. In this case, the probability that both sym-
bionts are identical by descent is given by the relatedness between
pairs of symbionts in the parent's host in the previous generation
R(t—l)' We therefore derive the relatedness at a given generation t (i.e.
R(t)) of a focal symbiont to a randomly picked partner in the same
host (with replacement) as:

1.k 1
R(t):(1—4)<k—+ P R(t_1)>+/1k—h. (1)

v

At equilibrium, relatedness will no longer change from one gen-
eration to the next, and thus, solving R(t) = R(H) gives the value of

relatedness, R, at equilibrium:

_ ky (1=2)+ 2k, . 2)
kn [1-(1-k,) 4]
Since we assume here that the cooperation trait does not influ-
ence relatedness, our expression for relatedness (Equation S2) does
not depend on the functional forms of fecundity and survival (s(x)
and f(x)).
If we assume that symbiont bottleneck sizes are the same for both
horizontal and vertical transmission (kh =k, =k), then our expression

for relatedness (Equation S2) simplifies to

1

Re— =~
14 (k-1) (53)

APPENDIX 3

Transmission mode can influence the level of cooperation that
evolves through two routes: (a) through influencing cooperation per
se and (b) through influencing relatedness, which in turn influences
cooperation. To capture the first of these routes, we take the dif-
ferential of cooperation with respect to transmission mode, 0;—; Itis
difficult to calculate the second route directly, but we instead calcu-
late it indirectly by taking the total effect of transmission mode
(which is given by taking % and substituting the value for R given in
Equation S3) and subtracting the effect of transmission per se.
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Therefore, transmission mode influences cooperation more yia its
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effect on relatedness, than via its effect per se, when o1

This simplifies to f;’—; >2, which is always true for our constraints

(s>0,f>0,0<1<1)providedthat A< f;—fs We know that 4 < 1, so this

condition always holds iff;—fS > 1, which is true whenever f < s.

Furthermore, by taking Iirr(; f;—fs we can also see that this condition
S5

always holds provided 4 < 0.5. Therefore, transmission mode always
influences cooperation more via its effect on R (indirectly) than via
its direct effect per se, if transmission is mostly vertical (1 < 0.5) () or
when host survival increases with symbiont cooperation more
quickly than host fecundity does (f < s). In Figure 3, we plot the pro-
portion of the influence of transmission mode that is due to its effect

a2 |_|%
on R; this proportion is given by u—u =1-

f+s’

I

APPENDIX 4

We next wrote a simulation in order to relax our analytical assump-
tion of weak selection, based on the life cycle of our analytical model
in the main text (section 2.1).

We initialize our simulation with a constant number of hosts n.
At the start of the simulation, each host is infected by k symbionts,
with each symbiont's investment into cooperation starting at 0.5.
We assume that symbionts reach large population sizes within each
host, and so we incorporate mutation by assuming that a constant
fraction of the symbiont population (1 = 0.001) mutates to the cur-
rent value for cooperation + 0.01 (one mutational step up or down).
Transmission of symbionts and interactions between symbionts
occur as specified in our first analytical model (section 2.1; Equation
1).

We ran the simulation for 10° generations, after determining
that this was sufficient to allow evolutionary branching events to
occur (Figure 5), by comparing simulation runs for 1075 and 1076
generations. We determined whether or not evolutionary branch-
ing had occurred by visual inspection and found that we could
positively identify branching events when the range of coopera-
tion values (the highest value minus the lowest) in the symbiont
population was greater than 0.1+X2, where x is the mean level of
cooperation in the symbiont population. We recorded observed
whole-group relatedness in the simulation (Figure 6) by calculating
the correlation coefficient between a focal symbiont's trait value
for cooperation and the average value for cooperation within its
host (Pepper, 2000).

We wrote the simulation in MATLAB version R2016a and ob-
tained results using the University of Oxford Advanced Research
Computing (ARC) Facility (Richards, 2015). We analysed the results
in R version 3.4 and produced figures with ggplot2 (Wickham et al.,
2019). A full simulation life cycle, MATLAB scripts to run the simula-
tion, text files of results produced, and R code with data analysis and

figure production are available online at https://osf.io/puwqg3/.
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