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Evolution of transmission mode in obligate symbionts
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ABSTRACT

Background: A host obtains symbionts by horizontal transmission when infected from
the environment or contagiously from other hosts in the same generation. In contrast, vertical
transmission occurs when a host obtains its symbionts directly from its parents. Either vertical
or horizontal transmission can sustain an association between a host and its symbiont.

Questions: What evolutionary forces are necessary to evolve from an ancestral state of
horizontal transmission to a derived state of vertical transmission?

Mathematical methods: We explore a general model of fitness interaction, including both
additive and epistatic effects, between host and symbiont genes. Recursion equations allow us
to analyse the short-term behaviour of the model and to study long-term deterministic effects
with numerical iterations.

Key assumptions: Obligate interaction between a symbiont and a single host species with
genetically determined horizontal and vertical transmission. No free-living symbionts or
uninfected hosts and each host is infected by only a single symbiont genetic lineage (no multiple
infections). No population structure.

Conclusions: Epistasis for fitness between host and symbiont genes, like that in a matching
alleles model, is a necessary condition for the evolution of vertical from horizontal trans-
mission. Stochastic individual-based simulations show that (1) mutation facilitates the switch
to vertical transmission and (2) vertical transmission is a stable evolutionary endpoint for a
matching alleles model.

Keywords: co-evolution, epistasis, horizontal transmission, linkage disequilibrium, vertical
transmission.

INTRODUCTION

Intimate host-symbiont associations are ubiquitous in natural communities (Bright and
Bulgheresi, 2010; Toft and Andersson, 2010). Many exhibit life-history adaptations to ensure horizontal
or vertical transmission, and some hosts employ both modes of symbiont acquisition (Bright
and Bulgheresi, 2010; Sachs er al, 2011). For instance, most plant species are known to form symbiotic
associations with mycorrhizal fungi that colonize roots (Rodriguez et al, 2009). Many legumes
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form beneficial genotype-specific symbioses when infected with nitrogen-fixing rhizobia
(Sachs and Simms, 2008). Corals and certain sponges maintain mutualistic associations with
photosynthetic symbionts acquired from the environment (Goulet, 2006; Taylor et al., 2007; Usher,
2008). Obligate associations require mechanisms for trans-generation transmission (Bright and
Bulgheresi, 2010). Many, if not most, intracellular symbioses are vertically transmitted from
adult hosts to host progeny, a phenomenon called ‘hereditary symbiosis’ (Clay, 1994; Bright and
Bulgheresi, 2010). Indeed, symbionts have been classified into two categories: (1) P-symbionts,
obligate primary endosymbionts with historically long host associations; and (2) S-
symbionts, facultative secondary symbionts with recent host associations and the capability
of returning to an ancestral, free-living state (Moya er af, 2008). In addition, the evolutionary
merging of host and symbiont genomes from different species or kingdoms has facilitated
major innovations in eukaryotic life (Maynard Smith and Szathméry, 1997; Michod, 1999).

The two modes of symbiont transmission are horizontal or vertical. With horizontal
transmission, hosts obtain symbionts either directly from the environment or contagiously
by infection from other hosts in the same generation. With vertical transmission, a host
obtains its symbionts directly from its parents, generating fidelity between host genes and
symbionts.

The mode of transmission affects the conflicts caused when two different genomes exert
dual control of a phenotype (Frank, 1996a, 1997; Wade, 2007). It also affects the covariance between
genes in the symbiont genome and in the host nuclear and organelle genomes (Brandvain er al,
2011). This covariance, called the ‘inter-species disequilibrium’ (Sanchez ez af., 2000), hereafter ID,
is analogous to linkage disequilibrium (LD) between alleles at different loci within a single
genome. When fitness is a function of the interaction between genomes, the selection
responses of both host and symbiont are proportional to the ID between genomes (Goodnight,
1987, 1988, 1995; Barton and Turelli, 2004; Hill et af., 2006). Vertical transmission increases the efficiency of
response to selection on host-symbiont gene combinations and reduces conflict between
them (Frank, 1996a, 1997; Wade and Goodnight, 2006; Wade, 2007).

We investigate the kind of selection necessary to maintain beneficial host-symbiont
pairs. When some host-symbiont combinations have high fitness but others do not,
we show that indirect selection favours mechanisms that maintain favoured host—
symbiont combinations in much the same way that recombination modifiers are favoured
by epistatic selection (Feldman et al., 1980; Otto and Feldman, 1997; Otto and Barton, 2001; Otto and Lenormand,
2002). One such mechanism is a transition from horizontal to vertical symbiont transmission.
We model an obligate mutualistic interaction between a symbiont and a single host species
with genetically determined horizontal and vertical transmission. We explore a general
model of fitness interaction, including both additive and epistatic effects, between host
and symbiont genes to determine which kinds of selection generate genetic covariance
(ID) between host and symbiont and thereby allow indirect selection to increase the
frequency of a transmission modifier. Our analyses are deterministic as well as stochastic.
We discuss the implications of our findings for other co-evolutionary interactions such as
virulence.

MODEL

Our model population consists of two species, a host and its obligate mutualistic symbiont.
We assume no free-living symbionts, uninfected hosts, or multiple infections. Each species
has a biallelic locus that contributes to fitness (4, a: host; B, b: symbiont). Interactions
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between these alleles in the host and symbiont affect fitness in both species. We consider
both species to be haploids with clonal reproduction in discrete, non-overlapping fully
synchronized generations. We model a lifecycle ordered as selection — reproduction —
infection. The model is symmetric with respect to the transmission locus with alternative
alleles, M and m, which determine the rate of vertical transmission (see below). That is, our
results do not depend upon whether the transmission locus is in the symbiont genome or in
the host genome. For the sake of exposition, we will assume that the host controls symbiont
transmission, as supported by empirical evidence (Buchner, 1965; Frank, 1996b).

We let m hosts transmit their symbiont vertically at a rate V,, and M hosts at a rate V,,
where V,,=V,, + J. Neither allele (m nor M) carries a direct fitness benefit or cost. By
altering the sign and magnitude of J, we can model increases (0 > 0) or decreases (0 < 0) in
the rate of vertical transmission. Hence, for each host haplotype, a fraction of its offspring
is infected with its symbionts (vertical transmission), while the remaining offspring are
produced without symbionts and become infected with symbionts randomly chosen from
other hosts (horizontal transmission). These two fractions are referred to as the vertical pool
and horizontal pool, respectively.

Our model of fitness interaction between genomes includes multiplicative and epistatic
effects (Table 1). Host-symbiont combinations with alleles a/b have their fitness decreased
by a, the multiplicative effect. We also describe an epistatic effect, ¢, as a deviation from
the multiplicative effect of carrying both alternative alleles. We describe the system of
recursions of each of the eight three-locus host-symbiont pairs (4 host haplotypes x 2
symbiont haplotypes; see Appendix A, equations A1-AS5).

ANALYSES

Short-term evolution

For a general fitness model with multiplicative (o) and epistatic effects (¢) (Table 1), we
calculate the complete set of recursions (equations A1-A5) and present our notation for
allele frequencies (P;) and two- and three-way disequilibria across species (ID; and 1Dy,
respectively) (see Appendix B, equations B1-B7). From these, we describe the change in
the frequency of the transmission modifier (P,,) across one generation given an arbitrary
degree of existing linkage disequilibrium as

_ (az +&)ID apps + D gpiP 4 + IDpp Pp) + (0 — o - e)(D 401+ IDgys)

AP, €]
W
where population mean fitness is
=(—-a)+e+ (" +e)(ID 5+ P Pyg)+(0— o’ —&)(Py+ Pp). )

Table 1. Fitness (w;) of host/symbiont

Symbiont B Symbiont b

Host 4 1 l-a
Host a 1-a (1-0)+e
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From equations (1, 2), we see that selection on the transmission modifier is indirect and
acts through both within- and between-genome disequilibria, D and ID respectively. Thus,
to understand the evolution of the transmission modifier, we must understand the necessary
and sufficient conditions for generating non-zero values of these disequilibria.

We assume that all loci are initially in complete linkage equilibrium (e.g. P gy =
P,PyP,,), and find that the changes in disequilibria are

el =P )P(1 = Pg)Py(V,,+0Py)

AID 4= 2 2 2 2> (€)
[(I-a)y +e+ (@ +e)(PPp)+(a—0 —&)(Py+ Pp)l

AD ,,, =0, “)

AID g, =0, (5)

AID 2(1 = P)P4(1 = Pp)Py(l = Pyy)Py B

[(1—a)+e+ (0 +e)(PyPp)+ (-0’ —e)(Py+ Pp)

From equations (3—6), we see epistasis (¢ # 0) is necessary for generating disequilibria across
species (ID,5) and between that interspecific ID and the modifier locus (ID ,g,,). The
signs of these disequilibria are also dependent on ¢ because, by assumption, V,, >0, 6 > 0.
(Note that the denominators are always positive.) Positive disequilibria are generated
(equations 3-6) when ¢ > 0, and ID ,z,, > 0 results in indirect selection for increased vertical
transmission.

Numerical iterations

We explored the longer-term dynamics of our system numerically by iterating the full set
of recursions (equations A1-A6) using MATLAB version R2010a (The Mathworks)
for 10,000 generations. We tracked the frequency of the transmission modifier allele, M,
assuming different parameter combinations of J, a, and .

For each parameter combination, we investigated 19 initial allele frequencies for both
host and symbiont across the range [0.05, 0.95] in 0.05 increments (19 frequencies for host
alleles, ¢ and A, factorially combined with 19 frequencies for symbiont alleles, » and B; a
total of 361 frequency combinations). Initially, hosts and symbionts were associated with
one another proportional to their frequencies (e.g. host and symbiont alleles were in linkage
and interspecies equilibrium: ID 5= D 45, = ID gy, = ID 45, = 0; see Appendix B for detailed
definitions), and the transmission modifier, which was also in linkage equilibrium with both
loci, was initially present at a low frequency (P,, = 0.05).

For the fitnesses in Table 1, we varied the strength of the interaction across three orders
of magnitude (a = {0.01, 0.1, 1}). We varied the degree of epistasis from multiplicative
(¢ = 0), to additive (¢ = —a®) to matching alleles (& = 20 — o) (Frank, 1992). We also included the
neutral case, o.=¢=0.

The ancestral transmission was completely horizontal (V,,=0). We introduced vertical
transmission modifiers, ranging across three orders of magnitude (6 = {0.01, 0.1, 1}). The
case 0 =1 represents a switch from completely horizontal to completely vertical trans-
mission. We also examined hitchhiking of a neutral modifier by setting d = 0.

To measure selection, we compared the frequency of the transmission modifier allele
to that of a neutral modifier at generation 10,000. Runs where the difference in frequency
was greater than 1 x 10> were considered favourable selection. Table 2 summarizes the
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Table 2. Proportion of combinations increasing modifier

o & Vy=0.01 Vy=0.1 V=1
(a) Neutral
0 0 0 0 0

(b) Multiplicative e= 0

0.01 0 0 0 0
0.1 0 0 0 0
1 0 0 0 0
(c) Additive ¢= —o”

0.01 —-0.0001 0 0 0
1 -0.01 0 0 0
(d) Matching alleles ¢= 20 — o«

0.01 0.0199 0.9280 1 1
0.1 0.19 1 1 1

1 1 1 1 1

evolution of vertical transmission as a proportion of the 361 initial conditions of the 4 and
B frequencies that showed an increase for each parameter combination.

Because selection on the transmission modifier was indirect, we tracked: (1) 1Dz, the
interspecies disequilibrium at fitness loci; (2) D ,,, the disequilibrium between the selected
locus and the modifier locus within the host; (3) IDg,,, the interspecies disequilibrium
between the selected locus in the symbiont and the modifier locus in the host; and (4)
ID 45\, the three-way association between both host loci and symbiont locus. Table 3
summarizes maximum values and terminal values of ID ,; and ID ,z,, averaged over the
initial host-symbiont conditions for each parameter combination.

As expected from our single-generation analyses (above), with no selection on the inter-
action (a=0) or a lack of positive epistasis (¢ <0), the change in modifier frequency
was equivalent to neutral (Table 2a—c) and no disequilibria were generated (Table 3a—c).
Additive fitnesses (representative dynamic shown in Fig. 1) resulted in transient negative
disequilibria, so that the transmission modifier decreased by a small amount (Fig. 1b).
Table 3c shows that these negative associations were not sustained.

As expected from our single-generation analyses (above), with positive epistasis (¢ > 0)
and the matching alleles model (Frank, 1992), the change in frequency of the vertical trans-
mission modifier exceeded that of the neutral case (Table 2d and Fig. 1b, d). Both of
the necessary disequilibria were positive under the matching alleles regime (Fig. 1b and
Table 3d).

Individual-based stochastic simulations

We created an individual-based stochastic simulation in MATLAB version R2010a (The
Mathworks) to explore the effects of mutation and finite population size on the evolution of
transmission under the matching alleles regime (& = 2a — o). This is an important extension
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Fig. 1. Sample long-term dynamics of linkage disequilibrium and allele frequency changes given
different regimes of fitness interaction. Left column (a, c): additive; right column (b, d): matching
alleles. (a, b) The four different values of linkage disequilibrium are plotted (dashed line, ID ,5; dotted
line, D ,,,; dash-dot line, IDg,,; solid line, ID ,z,,). (c, d) To show a long-term change in modifier
frequency, we plot the change from the initial frequency (M =0.05) (solid line) along with the
frequency of the interaction alleles (dotted line: frequency of A) and symbiont (dashed line: frequency
of B). Note the separate axes scales. We assumed the ancestral state was complete horizontal trans-
mission (V,,=0) and the modifier effect (J) increased the rate of vertical transmission by 0.1. The
strength of interaction (o) was 0.1 and £ =—0.01 (left column) and & = 0.19 (right column). The initial
allele frequencies for the interaction loci were 4 =0.15 and B=0.95.

of our model because it allows for the stochastic generation of ID, which can then be
harnessed by selection.

Initial frequencies for the 4 and B loci were determined by Latin Hypercube sampling
implemented in MATLAB to create 2000 initial conditions. In all cases, the M allele was
started at a frequency of 0.05. We investigated the change in the frequency of the modifier
allele and its fixation probability under a broad range of parameter values.

An initial population of N hosts each containing one symbiont (N symbionts in total)
was created from the initial allele frequencies. The forwards and backwards mutation
rates, u, were symmetrical, equal, and independent at each interaction locus. There was no
mutation at the modifier locus. To simulate selection, we drew N host-symbiont pairs with
replacement weighted by the matching alleles fitness regime (Table 1c).

For all simulations, we assumed the unmodified rate of vertical transmission to be zero
(V,, = 0), so that all m individuals were placed into the horizontal pool after selection, where
host-symbiont pairs were dissociated and then randomly re-paired. Those with M alleles
were placed at rate V,, in the vertical pool, wherein the host-symbiont pairs remained
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associated. This process maintained population size and allele frequencies, but removed any
pre-existing association of symbiont haplotypes with host haplotypes during horizontal
transmission. The final step of the life cycle was to combine the horizontal and vertical
pools to reconstitute the population for the next generation. We kept track of allele and
haplotype frequency dynamics as well as the temporal dynamics of linkage disequilibrium.
Each simulation was run for 100,000 generations.

Comparison of stochastic simulation with deterministic numerical iterations

As expected, results of the stochastic simulations were most similar to those of the
numerical deterministic iterations when mutation was weak and population size was large.
For instance in Fig. 2 (middle column), for N = 10,000 and no mutation (¢ = 0), the modifier
allele does not evolve to high frequency and allelic diversity is quickly lost from the system
as the interaction alleles approach fixation (Fig. 2b). In addition, the stochastic simulation
produced the same transient dynamics of the linkage disequilibria (compare Fig. 2g and
2h). Unlike the numerical iterations where evolution at the transmission modifier stops,
small changes in frequency persist as random genetic drift influences the system (compare
Fig. 2a and 2b).

With a strong mutation rate (x=0.01), the initial dynamics remain similar to the
numerical iterations (Fig. 2, right column). The A and B alleles increase in frequency,
as does the ABm association (Fig. 2f, green line). Mutations maintain polymorphism at
the interaction loci, allowing continued evolution and fixation of the M allele (Fig. 2c, black
line).

Probability of fixation

We calculated the probability of fixation of a vertical transmission modifier for a factorial
combination of parameter values (o = {0, 0.01, 0.1, 1}; 6 ={0, 0.01, 0.1, 1}; = {0, 107,
1072, 1072, 10’1}; N = {1000, 10,000}; total of 160 combinations) under the matching allele
regime (¢ = 2a — o). For each combination, we ran 2000 independent simulations with Latin
Hypercube sampled starting A and B allele frequencies across the range [0, 1] for a total
of 320,000 simulations. The same 2000 initial allele frequencies were used across the
160 parameter combinations to minimize initial condition effects. We ran each simulation
for a maximum of 100,000 generations, stopping if the M allele was either lost or fixed.
All but two of the 320,000 simulations ended with either loss or fixation before the cut-off.
The two cases were treated as a failure to fix. The probability of fixation was calculated as
the number of modifier fixations divided by the number of runs (2000). These results are
summarized in Fig. 3.

We included two controls. One with V,,=0 (6 =0) represents a neutral modifier and
controls for the modifier effect. The probability of fixation in every case was equal to the
initial frequency as expected (Fig. 3, grey circles) (Hedrick, 2005, p. 306). We also included cases
where the interaction had no effect (o = ¢ = 0), eliminating indirect selection on the modifier.
Just as in the neutral modifier case, we found no effect on a transmission modifier: it
fixed with probability equal to its initial frequency (5%; Fig. 3, leftmost set of points within
each panel).

Genetic drift limited the evolution of vertical transmission by allowing stochastic loss
of the modifier even in the presence of mutation. When mutation rates were zero, our
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Fig. 2. Comparison of numerical iterations and individual-based simulations under the matching
alleles regime and strong transmission modifier effect. The top row shows the long-term change in
modifier frequency; we plot the change from the transmission modifier frequency (black) together
with the frequency of the interaction alleles (blue: frequency of A) and symbiont (red: frequency of
B). The second row plots the nine haplotype frequencies (red: ABM; green: ABm; yellow: AbM;
purple: Abm; cyan: aBM; blue: aBm; black: abM; dashed orange: abm). The third row plots the four
different values of linkage disequilibrium (red: ID 4p; blue: D ,,,; orange: IDg,,; black: ID 45,,). The
left column plots the numerical iterations. The middle and right columns plot the results from the
individual-based simulations. The individual-based simulations differ in the presence of mutation at
the interaction loci. We set ¢ = 0 (middle column) or g = 0.01 (right column). In all cases, we assumed
the ancestral state was complete horizontal transmission (V,, = 0) and the modifier effect () increased
the rate of vertical transmission to 1. The strength of interaction (a) was 0.1 and ¢ =0.19. The initial
allele frequencies for the interaction loci were 4 =0.15 and B =0.95. The transmission modifier (M)
was introduced at a frequency of 0.05. For the individual-based simulations, N = 10,000.

simulations behaved similarly to the numeric iterations of the full recursions (Fig. 3a and
3f). Only in the cases where the modifier is especially strong (6 = 1) and the alternative state
is complete vertical transmission (V,, = 1), is there an increase in the frequency of fixation
above the neutral prediction (Fig. 3a and 3f, red circles).

Modifiers to complete vertical transmission (V,,=1) have the highest probability of
fixation across all parameter space (Fig. 3, red circles). Weaker modifiers fix (Fig. 3e and 3j)
only when the interaction is strong (a = 1) or when mutation rates are high (¢ = 0.1). At low
mutation rates, even strong selection and high V/,, show only modest probabilities of fixation.
The probability of fixation increases substantially with an increase in mutation rate.
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Fig. 3. Individual-based simulations of the probability of fixation assuming the matching allele
regime of fitness interaction. Three different modified vertical transmission rates (7,,=0.01, blue; 0.1,
green; 1, red) were compared with a modifier of neutral effect (V,, = V,,= 0, grey). The probability of
fixation is calculated as the fraction of the 2000 simulations that resulted in the fixation of the
modifier allele (M) within 100,000 generations. Host population sizes varied (N = 1000, top row;
10,000, bottom row) as well as the rate of mutation (u =0, first column; 107, second column; 1073,
third column; 107, fourth column; 107", fifth column). Note that the y-axis is on a log scale. The grey
dashed line indicates the null expectation (0.05 probability of fixation).

Vertical transmission as an evolutionary attractor

To investigate the evolutionarily stable transmission rate, we modified our stochastic
simulation to allow mutation at the transmission locus at a rate of 10~ per individual per
generation. Given a mutation, its small effect was drawn from the uniform distribution
[-0.1, 0.1] with a 0.5 probability; otherwise, the mutation was of random effect and a new
vertical transmission rate for that individual was drawn from the uniform distribution [0, 1].
Vertical transmission rates above 1 or below 0 were truncated to 1 or 0 respectively. The null
expectation, in the absence of selection, is a vertical transmission rate of 0.5 owing to
mutation pressure. All other aspects of the simulations were kept the same as the previous
section.

We examined a factorial combination of parameter values (a = {0, 0.01, 0.1, 1}; =
{0, 0.01, 0.1, 1}; x={0, 107, 1072, 107"}; N = {1000, 10,000}; total of 32 combinations).
For each combination, 16 independent simulations with initial A and B frequencies were
sampled from the range [0.2, 0.8] at intervals of 0.2. Simulations were run for 10 million
generations or when population mean transmission rate reached a pseudo-equilibrium state.
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Fig. 4. Individual-based simulations of the evolutionary attracting vertical transmission rate assum-
ing the matching allele regime of fitness interaction. Simulations were run for a maximum of 10
million generations. The population mean vertical transmission rate is calculated as the mean of the
per generation population means across the final one million generations (small open circles). The
mean value for the 16 independent runs for each parameter combination is shown (large black circle).
Host population sizes varied (N = 1000, top row; 10,000, bottom row) as well as the rate of mutation
at the interaction loci (¢ =0, first column; 107, second column; 107, third column; 107", fourth
column). The rate of mutation at the transmission locus was fixed at 107 for all simulations. The
dotted line indicates the null expectation (0.5 vertical transmission rate).

During a simulation run, every 100 generations, we calculated the population mean trans-
mission rate. If the variance across 100,000 generations of the population mean was < 10,
we assumed we had reached a pseudo-equilibrium.

Results are summarized in Fig. 4 and mirror those of the fixation analyses. In cases
where there was a high probability of a complete vertical modifier fixing, complete vertical
transmission was also an evolutionary attractant (compare Fig. 3, red circles and Fig. 4).
Selection never favoured complete horizontal transmission as a stable end-point; owing
to mutation pressure, most simulations ended at 0.5 vertical transmission. We found that
mutations at the interaction loci lead more often to the fixation of complete vertical
transmission (compare Fig. 4e and 4g). As with our previous analysis, genetic drift reduced
the opportunity for vertical transmission to evolve in the system. This is evident when
contrasting results with small N (e.g. Fig. 4c) to those with large N (e.g. Fig. 4g).

DISCUSSION

Our model investigates how fitness interactions between host and symbiont affect the
evolution of symbiont transmission mode. Previous theoretical work (Brandvain e al, 2011)
showed that even small amounts of horizontal transmission erode interspecific linkage
disequilibrium in the absence of selection. In that work, transmission mode was not per-
mitted to evolve. In our model, we allowed transmission itself to be under genetic control of
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a modifier locus. We find that selection favours vertical transmission under limited circum-
stances in the absence of a direct fitness benefit. A transmission modifier is favoured only
when there is positive interspecific, epistatic gene combinations, and not with only additive
or multiplicative gene action.

With positive epistasis for fitness, alleles in one species are favoured only on specific
genotypic backgrounds of the other, as is the case with the matching alleles model.
Such positive epistasis for fitness generates sufficient interspecific disequilibria (equations 3
and 6) to permit hitchhiking and indirect selection of the vertical transmission modifier
(equation 1) through a three-way disequilibrium. Individuals bearing a vertical transmission
modifier of large effect transmit not only their genes but also the symbiont background on
which they are most fit to their offspring with higher fidelity than do individuals lacking the
modifier. Put differently, the vertical transmission modifier allows its bearers to effectively
‘lock in’ the high fitness environment, thereby increasing the heritability of fitness. In
contrast, horizontal transmission immediately removes trans-specific disequilibria (Brandvain
et al, 2011), guaranteeing a random, non-heritable experience of the environment of the other
species.

Strong epistasis in fitness generates positive interspecific disequilibria. However, genetic
drift generates negative linkage disequilibrium (Barton, 2010) diminishing the probability
of fixation of vertical transmission modifiers at small population sizes. Even with strong
selection, the hitchhiking of the transmission modifier can be transient as selection fixation
erodes genetic variation at the interacting loci. Mutation at the interaction loci allows
continued selection for a transmission modifier. Complete vertical transmission appears to
be a stable evolutionary end-point for matching allele selection regimes. While it might seem
intuitive that vertical transmission would be selected for with an obligate host-symbiont
interaction, we found that without a force maintaining polymorphism, like mutation,
the conditions favouring the evolution of vertical transmission of an obligate symbiont
were limited in our model. With other forms of selection, such as when symbionts are
essential and contagious infection is uncertain, selection may favour vertical transmission as
a mechanism to ensure that all offspring inherit a symbiont.

Although the conditions favouring vertical transmission appear limited in theory, vertical
symbiont transmission, or ‘hereditary symbiosis’ (Clay, 1994), is ubiquitous in nature. For
example, Rickettsia peacockii, which is only transmitted vertically after losing the ability
to pass between host cells and enter the tick saliva (simser ez af, 2005). This loss of molecular
mechanism transforms horizontal into vertical transmission.

We can infer the mode of symbiont transmission and test the predictions of our model by
estimating interspecific genetic covariance (i.e. ID). For example, Hurtado et al. (2003) found
a strong association between mitochondrial loci of the vent clam, Calyptogena magnica,
and loci in its sulphur-oxidizing proteo-bacterial symbiont and inferred high levels of
maternal symbiont transmission. However, the absence of trans-specific disequilibria (ID)
does not necessarily imply horizontal transmission (see Brandvain et af, 2011) and, conversely,
high values of ID may reflect strong selection more than strictly vertical transmission. For
rigorous inference, the theoretical expectation of the distribution of ID between host and
symbiont genomes is essential, especially as such studies based on genomic and sequence
variation become more common (Wu et al., 2006, 2009; Toft and Andersson, 2010).

Our results allow us to make predictions of patterns potentially observable in nature. We
found that a high rate of mutation in the genes responsible for the host-symbiont fitness
interaction is important to the fixation of vertical transmission. There is evidence of high
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rates of substitution in intracellular bacteria that are vertically transmitted, consistent with
this prediction (Douglas, 2010). Faster rates of evolutionary change at loci responsible for the
interspecific interaction should also be observed as elevated levels of sequence divergence
between symbiont populations or species.

Unlike our model with reciprocally positive host and symbiont fitness interactions, the
interests of the host and symbiont are less likely to be perfectly aligned in nature (i.e. a
genotype—genotype combination may be good for the host and bad for the symbiont). The
transition from horizontal to vertical transmission mode may be associated with a switch
from pathogenic to mutualistic interactions. Increased vertical transmission should more
closely align the interests of the symbiont with those of the host and potentially reduce
virulence (Ewald, 1987; Bull e al, 1991). In theory, co-inheritance of genomes (host and symbiont)
via vertical transmission increases the efficiency of selection and decreases the amount of
genomic conflict (Wade and Goodnight, 2006; Wade, 2007). With obligate vertical transmission, ‘the
organism has no opportunity to escape from the consequences of any deleterious impacts
it might have on its partner’ (Douglas, 2010, p. 68). However, limited amounts of horizontal
transmission immediately break down host-symbiont combinations and can eliminate
selection favouring reduced virulence. Thus, partial vertical transmission may not be
completely sufficient to alleviate the interspecies conflict (Douglas, 2010). For example, in hosts
with sexual reproduction and strict maternal inheritance of symbionts, males can be seen as
a dead end for symbiont infection (but see Unckless and Herren, 2009; Wade and Brandvain, 2009). Empirical
evidence suggests that the host has won the conflict over sexual ratio manipulation (Douglas,
2010).

Epidemiological models have provided conflicting results about the relationship
of transmission mode and virulence (Ewald, 1987; Yamamura, 1993; Lipsitch er al, 1996). Cases of
asymmetric fitness interactions may yield different selection pressures on host and
symbiont, thereby changing selection on transmission. Investigation of a wider range of
host-symbiont fitness interactions is warranted.

We propose that the statistical character of gene combinations determines whether host
and symbiont fitnesses covary positively or negatively. This in turn determines whether or
not selection favours ‘inter-specific gene combinations’ (positive fitness covariance) or
an antagonistic, evolutionary arms race between host and symbiont (negative fitness
covariance). Just as recombination between nuclear genes occurs within local populations
and does not affect the among-population component of LD, host population genetic
structure reduces mixing of host and symbiont haplotypes and preserves ID (Y. Brandvain and
M.J. Wade, unpublished). When horizontal transmission occurs primarily between genetically
related hosts (e.g. family members), its effect of reducing ID is greatly weakened. Further-
more, reductions in symbiont effective population size may play as important a role in
the extreme reductive genome evolution seen in some mutualistic endo-symbionts as the
selective elimination of metabolic redundancy and the integration of host and symbiont
metabolism (Lynch and Conery, 2003; Lynch, 2006; Kuo et al., 2009).
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APPENDIX A: DERIVATION OF RECURSIONS

This appendix derives recursion equations that describe the evolution of vertical trans-
mission in an obligate symbiont under the assumptions described in the main text. Because
hosts always contain a single symbiont, we can consider the host-symbiont combination
a single haplotype and write the frequency of a haplotype as Py, where i is the
host interaction allele (4 or a), j is the symbiont interaction allele (B or b), and k is
the transmission modifier allele (M or m).

Selection
After selection, the frequency of haplotypes in the population is

Pywy

o= 2 (A1)
where haplotype fitness (w;) is found in Table 1 (Hedrick, 2005, p. 120). We assume that the
transmission modifier locus has no effect on fitness and exclude it from the fitness notation
in Table 1. The population mean fitness is

EEDYDINTHOIN (A2)

Transmission

For clarity, we separate the transmission step into host-symbiont associations that are
generated via vertical transmission and those generated via horizontal transmission. These
processes are happening simultaneously. To determine the frequency of host-symbiont
haplotypes after transmission, we calculate the frequencies of haplotypes generated by each
transmission mode separately. We then combine these pools of host-symbiont pairs.
Vertical transmission maintains the association among the host and symbiont haplo-
types because offspring produced with vertical transmission of the symbiont have the same
haplotype as the parental type. On the other hand, horizontal transmission randomly
associates symbiont and hosts in a horizontal pool. We incorporate a transmission trade-off
where an opportunity to transmit a symbiont vertically results in the loss of an opportunity
to transmit a symbiont into the horizontal pool. This trade-off is analogous to pollen
discounting opportunities in plant reproduction (Holsinger et al, 1984). Assuming this trade-off,
the frequency of the symbiont haplotypes in the horizontal pool is

2=V, P

X=t— , (A3)

where we sum symbionts across host types, i, and ¥, is the vertical transmission rate of
symbionts associated with hosts of type k, and the total fraction horizontally infecting
symbionts is given by

Y=§ [(1- V)X, > Pl (Ad)

We assume that the fraction of offspring generated under vertical transmission retain their
relationships between host and symbiont. We use equations (A3) and (A4) to calculate the
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random association of symbionts infecting hosts via horizontal transmission. Combining
these two modes of transmission, the frequency of haplotypes after transmission is

Pjo=ViPy+ (1= V)X, S, Py (A5)

ijk

APPENDIX B: DEFINITIONS OF ALLELE FREQUENCIES AND
LINKAGE DISEQUILIBRIUM

Our full system of recursions (equations A1-AS5) is specified in terms of haplotype fre-
quencies because selection is acting directly on the interaction of host and symbiont. Our
transmission modifier does not have any direct effect on fitness, but selection acts indirectly
on this locus through associations with particular genetic backgrounds. We can recast
the system of haplotype frequencies in terms of allele frequencies and population linkage
disequilibrium. This new notation allows us to track allele frequencies at each locus. The
frequency of the M transmission modifier allele is

Pyr=22 Py (B1)
The frequency of the A allele at the interaction locus of the host is

Py=220 P s (B2)
and in the symbiont the B allele frequency is given by

Py= Z[Zk Pigy. (B3)

We define two-locus disequilibrium for all two-locus combinations (D within species,
ID between species) in the system by

ID 5= (ZkPABk)(ZkPabk) - (ZkPAbk)(Zk PaBk)» (B4)
D= (ZjPAjM)(Zj Pajm) - (ZjPAjm)(ZjPajM)5 (BS)

IDpy = (ZiPiBM)(ZiPibm) - (ZiPiBm)(ZiPibM)a (B6)

where D, is the statistical linkage between the x and y locus in the same species and 1D, is
used when the loci occur in different species. Using the definitions of the two-way linkage
disequilibrium (equations B4-B6) and the definitions of the allele frequencies (equations
B1-B3), following Robinson et al. (1991), we define a three-way interspecies disequilibrium by

IDABM:PABM_PAIDBM_PBDAM_PMIDAB_PAPBPM‘ (B7)






