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ABSTRACT 13 

Background: A host obtains symbionts by horizontal transmission when infected from the 14 

environment or contagiously from other hosts in the same generation. In contrast, vertical transmission 15 

occurs when a host obtains its symbionts directly from its parents. Either vertical or horizontal 16 

transmission can sustain an association between a host and its symbiont.  17 

Questions: What evolutionary forces are necessary to evolve from an ancestral state of 18 

horizontal transmission to a derived state of vertical transmission? 19 

Mathematical Methods: We explore a general model of fitness interaction, including both 20 

additive and epistatic effects, between host and symbiont genes. Recursion equations allow us to 21 

analyze the short-term behavior of the model and to study long term deterministic effects with 22 

numerical iterations. 23 

Key Assumptions: Obligate interaction between a symbiont and a single host species with 24 

genetically determined horizontal and vertical transmission. No free living symbionts or uninfected hosts 25 

and each host is infected by only a single symbiont genetic lineage (no multiple infections). No 26 

population structure. 27 

Conclusions: Epistasis for fitness between host and symbiont genes, like that in a matching 28 

alleles model, is a necessary condition for the evolution of vertical from horizontal transmission. 29 

Stochastic individual-based simulations show that (1) mutation facilitates the switch to vertical 30 

transmission and (2) vertical transmission is a stable evolutionary endpoint for a matching alleles model. 31 

  32 
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INTRODUCTION 33 

Intimate host-symbiont associations are ubiquitous in natural communities (Bright & Bulgheresi, 34 

2010; Toft & Andersson, 2010). Many exhibit life-history adaptations to ensure horizontal or vertical 35 

transmission, and some hosts employ both modes of symbiont acquisition (Bright & Bulgheresi, 2010; 36 

Sachs et al., 2011). For instance, most plant species are known to form symbiotic associations with 37 

mycorrhizal fungi which colonize roots (Rodriguez et al., 2009). Many legumes form beneficial genotype 38 

specific symbioses when infected with nitrogen fixing rhizobia (Sachs & Simms, 2008). Corals and certain 39 

sponges maintain mutualistic associations with photosynthetic symbionts acquired from the 40 

environment (Goulet, 2006; Taylor et al., 2007; Usher, 2008). Obligate associations require mechanisms 41 

for trans-generation transmission (Bright & Bulgheresi, 2010). Many, if not most, intracellular symbioses 42 

are vertically transmitted from adult hosts to host progeny, a phenomenon called “hereditary 43 

symbiosis” (Bright & Bulgheresi, 2010; Clay, 1994). Indeed, symbionts have been classified into two 44 

categories: (1) P-symbionts, obligate primary endosymbionts with historically long host associations; and 45 

(2) S-symbionts, facultative secondary symbionts with recent host associations and the capability of 46 

returning to an ancestral, free-living state (Moya et al., 2008). Additionally, the evolutionary merging of 47 

host and symbiont genomes from different species or kingdoms has facilitated major innovations in 48 

eukaryotic life (Maynard Smith & Szathmáry, 1997; Michod, 1999). 49 

The two modes of symbiont transmission are horizontal or vertical. With horizontal 50 

transmission, hosts obtain symbionts either directly from the environment or contagiously by infection 51 

from other hosts in the same generation. With vertical transmission, a host obtains its symbionts 52 

directly from its parents, generating fidelity between host genes and symbionts. 53 

The mode of transmission affects the conflicts caused when two different genomes exert dual 54 

control of a phenotype (Frank, 1996a; Frank, 1997; Wade, 2007). It also affects the covariance between 55 

genes in the symbiont genome and in the host nuclear and organelle genomes (Brandvain et al., 2011). 56 
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This covariance, called the interspecies disequilibrium (Sanchez et al., 2000), hereafter ID, is analogous 57 

to linkage disequilibrium (LD) between alleles at different loci within a single genome. When fitness is a 58 

function of the interaction between genomes, the selection responses of  both host and symbiont are 59 

proportional to the ID between genomes (Barton & Turelli, 2004; Goodnight, 1987; Goodnight, 1988; 60 

Goodnight, 1995; Hill et al., 2006). Vertical transmission increases the efficiency of response to selection 61 

on host-symbiont gene combinations and reduces conflict between them (Frank, 1996a; Frank, 1997; 62 

Wade, 2007; Wade & Goodnight, 2006). 63 

We investigate the kind of selection necessary to maintain beneficial host-symbiont pairs. When 64 

some host-symbiont combinations have high fitness while others do not, we show that indirect selection 65 

favors mechanisms that maintain favored host-symbiont combinations in much the same way that 66 

recombination modifiers are favored by epistatic selection (Feldman et al., 1980; Otto & Barton, 2001; 67 

Otto & Feldman, 1997; Otto & Lenormand, 2002). One such mechanism is a transition from horizontal to 68 

vertical symbiont transmission. We model an obligate mutualistic interaction between a symbiont and a 69 

single host species with genetically determined horizontal and vertical transmission. We explore a 70 

general model of fitness interaction, including both additive and epistatic effects, between host and 71 

symbiont genes to determine which kinds of selection generate genetic covariance (ID) between host 72 

and symbiont and thereby allow indirect selection to increase the frequency of a transmission modifier. 73 

Our analyses are deterministic as well as stochastic. We discuss the implications of our findings for other 74 

coevolutionary interactions such as virulence. 75 

MODEL 76 

Our model population consists of two species, a host and its obligate mutualistic symbiont. We 77 

assume no free living symbionts, uninfected hosts, or multiple infections. Each species has a biallelic 78 

locus that contributes to fitness (A,a: host; B,b: symbiont). Interactions between these alleles in the host 79 

and symbiont affect fitness in both species. We consider both species to be haploids with clonal 80 
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reproduction in discrete, non-overlapping fully synchronized generations. We model a lifecycle ordered 81 

as selection → reproduction → infection. The model is symmetric with respect to the transmission locus 82 

with alternative alleles, M and m, which determine the rate of vertical transmission (see below). That is, 83 

our results do not depend upon whether the transmission locus is in the symbiont genome or in the host 84 

genome. For the sake of exposition, we will assume that the host controls symbiont transmission, as 85 

supported by empirical evidence (Buchner, 1965; Frank, 1996b). 86 

We let m hosts transmit their symbiont vertically at a rate Vm and M hosts at a rate VM where VM 87 

= Vm + δ. Neither allele (m nor M) carries a direct fitness benefit or cost. By altering the sign and 88 

magnitude of δ, we can model increases (δ > 0) or decreases (δ < 0) in the rate of vertical transmission. 89 

Hence, for each host haplotype, a fraction of its offspring are infected with its symbionts (vertical 90 

transmission), while the remaining offspring are produced without symbionts and become infected with 91 

symbionts randomly chosen from other hosts (horizontal transmission). These two fractions are referred 92 

to as the vertical pool and horizontal pool, respectively. 93 

Our model of fitness interaction between genomes includes multiplicative and epistatic effects 94 

(Table 1). Host-symbiont combinations with alleles a/b have their fitness decreased by α, the 95 

multiplicative effect. We also describe an epistatic effect, ε, as a deviation from the multiplicative effect 96 

of carrying both alternative alleles. We describe the system of recursions of each of the eight three-97 

locus host-symbiont pairs (4 host haplotypes x 2 symbiont haplotypes; see Appendix A, eqs. A1-A5). 98 

ANALYSES 99 

Short term evolution  100 

For a general fitness model with multiplicative (α) and epistatic effects (ε) (Table 1), we calculate 101 

the complete set of recursions (eqs. A1-A5) and present our notation for allele frequencies (Pi) and two 102 

and three way disequilibria across species (IDij and IDijk, respectively) (see Appendix B, eqs. B1-B7). From 103 
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these, we describe the change in the frequency of the transmission modifier (PM) across one generation 104 

given an arbitrary degree of existing linkage disequilibrium as 105 

( )( ) ( )( )
w

IDDPIDPDIDP BMAMBBMAAMABM
M

+−−++++
=∆

εααεα 22

,  (1) 106 

where population mean fitness is 107 

( ) ( )( ) ( )( )BABAAB PPPPIDw +−−+++++−= εααεαεα 2221 .  (2) 108 

From equations (1-2), we see that selection on the transmission modifier is indirect and acts 109 

through both within and between genome disequilibria, D and ID respectively. Thus, to understand the 110 

evolution of the transmission modifier, we must understand the necessary and sufficient conditions for 111 

generating non-zero values of these disequilibria. 112 

We assume that all loci are initially in complete linkage equilibrium (e.g. PABM = PAPBPM), and find 113 

that the change in disequilibria are 114 

( ) ( ) ( )
( ) ( )( ) ( )( )[ ]22221

11

BABA

MmBBAA
AB

PPPP

PVPPPPID
+−−++++−

+−−
=∆

εααεαεα

δε
,  (3) 115 

0=∆ AMD ,         (4) 116 

0=∆ BMID ,         (5) 117 

( ) ( ) ( )
( ) ( )( ) ( )( )[ ]22221

111

BABA

MMBBAA
ABM

PPPP

PPPPPPID
+−−++++−

−−−
=∆

εααεαεα

εδ
.  (6) 118 

From equations (3-6), we see epistasis (ε ≠ 0) is necessary for generating disequilibria across species 119 

(IDAB) and between that interspecific ID and the modifier locus (IDABM). The signs of these disequilibria 120 

are also dependent on ε because, by assumption Vm ≥ 0, δ > 0. (Note that the denominators are always 121 

positive.). Positive disequilibria are generated (eqs. 3-6) when ε > 0, and IDABM > 0 results in indirect 122 

selection for increased vertical transmission. 123 

Numerical iterations 124 
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We explored the longer term dynamics of our system numerically by iterating the full set of 125 

recursions (eqs. A1-A6) using MATLAB version R2010a (The Mathworks) for 10,000 generations. We 126 

tracked the frequency of the transmission modifier allele, M, assuming different parameter 127 

combinations of δ, α, and ε. 128 

For each parameter combination, we investigated 19 initial allele frequencies for both host and 129 

symbiont across the range [0.05, 0.95] in 0.05 increments (19 frequencies for host alleles, a and A, 130 

factorially combined with 19 frequencies for symbiont alleles, b and B; a total of 361 frequency 131 

combinations). Initially, hosts and symbionts were associated with one another proportional to their 132 

frequencies (e.g. host and symbiont alleles were in linkage and interspecies equilibrium: IDAB = DAM = 133 

IDBM = IDABM = 0, see Appendix B for detailed definitions), and the transmission modifier, which was also 134 

in linkage equilibrium with both loci, was initially present at a low frequency (PM = 0.05). 135 

For the fitnesses in Table 1, we varied the strength of the interaction across three orders of 136 

magnitude (α = {0.01, 0.1, 1}). We varied the degree of epistasis from multiplicative (ε = 0), to additive (ε 137 

=  -α2) to matching alleles (ε = 2α-α2) (Frank, 1992). We also included the neutral case, α = ε = 0. 138 

The ancestral transmission was completely horizontal (Vm = 0). We introduced vertical 139 

transmission modifiers, ranging across three orders of magnitude (δ = {0.01, 0.1, 1}). The case δ = 1 140 

represents a switch from completely horizontal to completely vertical transmission. We also examined 141 

hitchhiking of a neutral modifier by setting δ = 0.  142 

To measure selection, we compared the frequency of the transmission modifier allele to that of 143 

a neutral modifier at generation 10,000. Runs where the difference in frequency was greater than 1 x 10-144 

5 were considered favorable selection. Table 2 summarizes the evolution of vertical transmission as a 145 

proportion of the 361 initial conditions of the A and B frequencies that showed an increase for each 146 

parameter combination. 147 
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Because selection on the transmission modifier was indirect, we tracked: (1) IDAB, the 148 

interspecies disequilibrium at fitness loci; (2) DAM, the disequilibrium between the selected locus and the 149 

modifier locus within the host; (3) IDBM, the interspecies disequilibrium between the selected locus in 150 

the symbiont and the modifier locus in the host; and (4) IDABM, the three-way association between both 151 

host loci and symbiont locus. Table 3 summarizes maximum values and terminal values of IDAB and IDABM 152 

averaged over the initial host-symbiont conditions for each parameter combination. 153 

As expected from our single-generation analyses (above), with no selection on the interaction (α 154 

= 0) or a lack of positive epistasis (ε < 0), the change in modifier frequency was equivalent to neutral 155 

(Table 2a,b,c) and no disequilibria were generated (Table 3a,b,c). Additive fitnesses (representative 156 

dynamic shown in Figure 1, left column) resulted in transient negative disequilibria, so that the 157 

transmission modifier decreased by a small amount (Fig. 1b). Table 3c shows that these negative 158 

associations were not sustained. 159 

As expected from our single-generation analyses (above), with positive epistasis (ε > 0) and the 160 

matching alleles model (Frank, 1992), the change in frequency of the vertical transmission modifier 161 

exceeded that of the neutral case (Table 2d and Fig. 1b-d). Both of the necessary disequilibria were 162 

positive under the matching alleles regime (Fig. 1b and Table 3d). 163 

Individual based stochastic simulations 164 

We created an individual based stochastic simulation in MATLAB version R2010a (The 165 

Mathworks) to explore the effects of mutation and finite population size on the evolution of 166 

transmission under the matching alleles regime (ε = 2α-α2). This is an important extension of our model 167 

because it allows for the stochastic generation of ID, which can then be harnessed by selection. 168 

Initial frequencies for the A and B loci were determined by Latin Hypercube sampling 169 

implemented in MATLAB to create 2000 initial conditions. In all cases, the M allele was started at a 170 

8 



frequency of 0.05. We investigated the change in the frequency of the modifier allele and its fixation 171 

probability under a broad range of parameter values. 172 

An initial population of N hosts each containing one symbiont (N symbionts total) was created 173 

from the initial allele frequencies. The forwards and backwards mutation rates, µ, were symmetrical, 174 

equal, and independent at each interaction locus. There was no mutation at the modifier locus. To 175 

simulate selection, we drew N host-symbiont pairs with replacement weighted by the matching alleles 176 

fitness regime (Table 1c). 177 

For all simulations, we assumed the unmodified rate of vertical transmission was zero (Vm = 0), 178 

so that all m individuals were placed into the horizontal pool after selection, where host-symbiont pairs 179 

were dissociated and then randomly re-paired. Those with M alleles were placed at rate VM in the 180 

vertical pool, wherein the host-symbiont pair remained associated. This process maintained population 181 

size and allele frequencies, but removed any preexisting association of symbiont haplotypes with host 182 

haplotypes during horizontal transmission. The final step of the life cycle was to combine the horizontal 183 

and vertical pools to reconstitute the population for the next generation. We kept track of allele and 184 

haplotype frequency dynamics as well as well as the temporal dynamics of linkage disequilibrium. Each 185 

simulation was run for 100,000 generations. 186 

Comparison of stochastic simulation with deterministic numerical 187 

iterations 188 

As expected, results of the stochastic simulations were most similar to those of the numerical 189 

deterministic iterations when mutation was weak and population size was large. For instance in Figure 2 190 

(middle column), for N = 10,000 and no mutation (µ = 0), the modifier allele does not evolve to high 191 

frequency and allelic diversity is quickly lost from the system as the interaction alleles approach fixation 192 

(Fig. 2b). Additionally, the stochastic simulation produced the same transient dynamics of the linkage 193 

disequilibria (compare Fig. 2g and 2h). Unlike the numerical iterations where evolution at the 194 
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transmission modifier stops, small changes in frequency persist as random genetic drift influences the 195 

system (compare Fig. 2a and 2b). 196 

With a strong mutation rate (µ = 0.01), the initial dynamics remain similar to the numerical 197 

iterations (Fig. 2, right column). The A and B alleles increase in frequency as does the ABm association 198 

(Fig. 2f, green line). Mutations maintain polymorphism at the interaction loci allowing continued 199 

evolution and fixation of the M allele (Fig. 2c, black line).  200 

Probability of fixation  201 

We calculated the probability of fixation of a vertical transmission modifier for a factorial 202 

combination of parameter values (α = {0, 0.01, 0.1, 1}; δ = {0, 0.01, 0.1, 1}; µ = {0, 10-4, 10-3, 10-2, 10-1}; N 203 

= {1000, 10000}; total of 160 combinations) under the matching allele regime (ε = 2α - α2). For each 204 

combination, we ran 2000 independent simulations with Latin Hypercube sampled starting A and B 205 

allele frequencies across the range [0, 1] for a total of 320,000 simulations. The same 2,000 initial allele 206 

frequencies were used across the 160 parameter combinations to minimize initial condition effects. We 207 

ran each simulation for a maximum of 100,000 generations, stopping if the M allele was either lost or 208 

fixed. All but two of the 320,000 simulations ended with either loss or fixation before the cutoff. The 209 

two cases were treated as a failure to fix. The probability of fixation for was calculated as the number of 210 

modifier fixations divided by the number of runs (2000). These results are summarized in Figure 3. 211 

We included two controls. One with VM = 0 (δ = 0) represents a neutral modifier and controls for 212 

the modifier effect. The probability of fixation in every case was equal to the initial frequency as 213 

expected (Fig. 3 gray circles) (Hedrick, 2005, p. 306). We also included cases where the interaction had 214 

no effect (α = ε = 0), eliminating indirect selection on the modifier. Just as in the neutral modifier case, 215 

we found no effect on a transmission modifier: it fixed with probability equal to its initial frequency (5%; 216 

Fig. 3, left most set of points within each panel). 217 
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Genetic drift limited the evolution of vertical transmission by allowing stochastic loss of the 218 

modifier even in the presence of mutation. When mutation rates were zero, our simulations behaved 219 

similarly to the numeric iterations of the full recursions (Fig. 3a and f). Only in the cases where the 220 

modifier is especially strong (δ = 1) and the alternative state is complete vertical transmission (VM = 1), is 221 

there an increase in the frequency of fixation above the neutral prediction (Fig. 3a and 3f, red circles). 222 

Modifiers to complete vertical transmission (VM = 1) have the highest probability of fixation 223 

across all parameter space (Fig. 3, red circles). Weaker modifiers fix (Fig. 3e and 3j) only when the 224 

interaction is strong (α = 1) or when mutation rates are high (µ = 0.1). At low mutation rates, even 225 

strong selection and high VM show only modest probabilities of fixation. The probability of fixation 226 

increases substantially with an increase in mutation rate. 227 

Vertical transmission as an evolutionary attractor 228 

To investigate the evolutionary stable transmission rate, we modified our stochastic simulation 229 

to allowed mutation at the transmission locus at a rate of 10-4 per individual per generation. Given a 230 

mutation, its small effect was drawn from the uniform distribution [-0.1, 0.1] with a 0.5 probability; 231 

otherwise, the mutation was of random effect and a new vertical transmission rate for that individual 232 

was drawn from the uniform distribution [0, 1]. Vertical transmission rates above 1 or below 0 were 233 

truncated to 1 or 0 respectively. The null expectation, in the absence of selection, is a vertical 234 

transmission rate of 0.5 owing to mutation pressure. All other aspects of the simulations were kept the 235 

same as the previous section. 236 

We examined a factorial combination of parameter values (α = {0, 0.01, 0.1, 1}; δ = {0, 0.01, 0.1, 237 

1}; µ = {0, 10-3, 10-2, 10-1}; N = {1000, 10000}, total of 32 combinations). For each combination, 16 238 

independent simulations with initial A and B frequencies were sampled from the range [0.2, 0.8] at 239 

intervals of 0.2. Simulations were run for 10 million generations or when population mean transmission 240 

rate reached a pseudo equilibrium state. During a simulation run, every 100 generations, we calculated 241 
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the population mean transmission rate. If the variance across 100,000 generations of the population 242 

mean was < 10-3, we assumed we had reached a pseudo equilibrium. 243 

Results are summarized in Figure 4 and mirror those of the fixation analyses. In cases where 244 

there was a high probability of a complete vertical modifier fixing, complete vertical transmission was 245 

also an evolutionary attractant (compare Fig. 3 red circles and 4). Selection never favored complete 246 

horizontal transmission as a stable end point; owing to mutation pressure, most simulations ended at 247 

0.5 vertical transmission. We found that mutations at the interaction loci lead more often to the fixation 248 

of complete vertical transmission (compare Fig. 4e and 4g). As with our previous analysis, genetic drift 249 

reduced the opportunity for vertical transmission to evolve in the system. This is evident when 250 

contrasting results with small N (e.g. Fig. 4c) to those with large N (e.g. Fig. 4g). 251 

DISCUSSION 252 

Our model investigates how fitness interactions between host and symbiont affect the evolution 253 

of symbiont transmission mode. Previous theoretical work (Brandvain et al., 2011) showed that even 254 

small amounts of horizontal transmission erode ID, interspecific linkage disequilibrium, in absence of 255 

selection. In that work, transmission mode was not permitted to evolve. In our model, we allowed 256 

transmission itself to be under genetic control of a modifier locus. We find that selection favors vertical 257 

transmission under limited circumstances in the absence of a direct fitness benefit. A transmission 258 

modifier is favored only when there is positive interspecific, epistatic gene combinations, and not with 259 

only additive or multiplicative gene action. 260 

With positive epistasis for fitness, alleles in one species are favored only on specific genotypic 261 

backgrounds of the other, as is the case with the matching alleles model. Such positive epistasis for 262 

fitness generates sufficient interspecific disequilibria (Eqs 3, 6) to permit hitch-hiking and indirect 263 

selection of the vertical transmission modifier (Eq. 1) through a three-way disequilibrium. Individuals 264 

bearing a vertical transmission modifier of large effect transmit not only their genes but also the 265 
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symbiont background on which they are most fit to their offspring with higher fidelity than do 266 

individuals lacking the modifier. Differently put, the vertical transmission modifier allows its bearers to 267 

effectively “lock in” the high fitness environment, thereby increasing the heritability of fitness. In 268 

contrast, horizontal transmission immediately removes trans-specific disequilibria (Brandvain et al., 269 

2011), guaranteeing a random, non-heritable experience of the environment of the other species. 270 

Strong epistasis in fitness generates positive interspecific disequilibria. However, genetic drift 271 

generates negative linkage disequilibrium (Barton, 2010) diminishing the probability of fixation of 272 

vertical transmission modifiers at small population sizes. Even with strong selection, the hitch-hiking of 273 

the transmission modifier can be transient as selection fixation erodes genetic variation at the 274 

interacting loci. Mutation at the interaction loci allows continued selection for a transmission modifier. 275 

Complete vertical transmission appears to be a stable evolutionary end point for matching alleles 276 

selection regimes. While it might seem intuitive that vertical transmission would be selected for with an 277 

obligate host-symbiont interaction, we found that without a force maintaining polymorphism, like 278 

mutation, conditions favoring the evolution of vertical transmission of an obligate symbiont were limited 279 

in our model. With other forms of selection, as when symbionts are essential and contagious infection is 280 

uncertain, selection may favor vertical transmission as a mechanism to ensure that all offspring inherit a 281 

symbiont. 282 

Although the conditions favoring vertical transmission appear limited in theory, vertical 283 

symbiont transmission or “hereditary symbiosis” (Clay, 1994), is ubiquitous in Nature. For example, 284 

Rickettsia peacockii which is only transmitted vertically after losing the ability to pass between host cells 285 

and enter the tick saliva (Simser et al., 2005). This loss of molecular mechanism transforms horizontal 286 

into vertical transmission. 287 

We can infer the mode of symbiont transmission and test the predictions of our model by 288 

estimating interspecific genetic covariance (i.e. ID). For example, Hurtado et al. (2003) found a strong 289 
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association between mitochondrial loci of the vent clam, Calyptogena magnica, and loci in its sulfur-290 

oxidizing proteo-bacterial symbiont and inferred high levels of maternal symbiont transmission. 291 

However, the absence of trans-specific disequilibria (ID) does not necessarily imply horizontal 292 

transmission (see Brandvain et al., 2011) and, conversely, high values of ID may reflect strong selection 293 

more than strictly vertical transmission. For rigorous inference, the theoretical expectation of the 294 

distribution of ID between host and symbiont genomes is essential, especially as such studies based on 295 

genomic and sequence variation become more common (Toft & Andersson, 2010; Wu et al., 2006; Wu 296 

et al., 2009). 297 

Our results allow us to make predictions of patterns potentially observable in Nature. We found 298 

that a high rate of mutation in the genes responsible for the host-symbiont fitness interaction is 299 

important to the fixation of vertical transmission. There is evidence of high rates of substitution in 300 

intracellular bacteria that are vertically transmitted, consistent with this prediction (Douglas, 2010). 301 

Faster rates of evolutionary change at loci responsible for the interspecific interaction should also be 302 

observed as elevated levels of sequence divergence between symbiont populations or species. 303 

Unlike our model with reciprocally positive host and symbiont fitness interactions, the interests 304 

of the host and symbiont are less likely to be perfectly aligned in nature (i.e. a genotype-genotype 305 

combination may be good for the host and bad for the symbiont). The transition from horizontal to 306 

vertical transmission mode may be associated with a switch from pathogenic to mutualistic interactions. 307 

Increased vertical transmission should more closely align the interests of the symbiont with those of the 308 

host and potentially reduce virulence (Bull et al., 1991; Ewald, 1987). In theory, coinheritance of 309 

genomes (host and symbiont) via vertical transmission increases the efficiency of selection and 310 

decreases the amount of genomic conflict (Wade, 2007; Wade & Goodnight, 2006). With obligate 311 

vertical transmission “the organism has no opportunity to escape from the consequences of any 312 

deleterious impacts it might have on its partner." (p. 68) (Douglas, 2010). However, limited amounts of 313 

14 



horizontal transmission immediately break down host-symbiont combinations and can eliminate 314 

selection favoring reduced virulence. Thus, partial vertical transmission may not be completely sufficient 315 

to alleviate the interspecies conflict (Douglas, 2010). For example, in hosts with sexual reproduction and 316 

strict maternal inheritance of symbionts, males can be seen as a dead end for symbiont infection (but 317 

see Unckless & Herren, 2009; Wade & Brandvain, 2009). Empirical evidence suggests that conflict over 318 

sexual ratio manipulation has been won by the host (Douglas, 2010). 319 

Epidemiological models have provided conflicting results about the relationship of transmission 320 

mode and virulence (Ewald, 1987; Lipsitch et al., 1996; Yamamura, 1993). Cases of asymmetric fitness 321 

interactions may yield different selection pressures on host and symbiont, thereby changing selection on 322 

transmission. Investigation of a wider range of host-symbiont fitness interactions is warranted. 323 

We propose that the statistical character of gene combinations determines whether host and 324 

symbiont fitnesses co-vary positively or negatively. This in turn determines whether or not selection 325 

favors ‘inter-specific gene combinations’ (positive fitness covariance) or an antagonistic, evolutionary 326 

arms race between host and symbiont (negative fitness covariance). Just as recombination between 327 

nuclear genes occurs within local populations and does not affect the among-population component of 328 

LD, host population genetic structure reduces mixing of host and symbiont haplotypes and preserves ID 329 

(Brandvain and Wade unpublished). When horizontal transmission occurs primarily between genetically 330 

related hosts (e.g., family members), its effect reducing ID is greatly weakened. Furthermore, reductions 331 

in symbiont effective population size may play as important a role in the extreme reductive genome 332 

evolution seen in some mutualistic endo-symbionts as the selective elimination of metabolic 333 

redundancy and the integration of host and symbiont metabolism (Kuo et al., 2009; Lynch, 2006; Lynch 334 

& Conery, 2003). 335 
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Appendix A: Derivation of recursions 342 

This appendix derives recursion equations that describe the evolution of vertical transmission in 343 

an obligate symbiont under the assumptions described in the main text. Because hosts always contain a 344 

single symbiont, we can consider the host-symbiont combination a single haplotype and write the 345 

frequency of a haplotype as Pijk where i is the host interaction allele (A or a), j is the symbiont interaction 346 

allele (B or b), and k is the transmission modifier allele (M or m). 347 

Selection 348 

After selection, the frequency of haplotypes in the population is 349 

w
wP

P ijijk
ijk =′

,      (A1) 350 

where haplotype fitness (wij) is found in Table 1 (Hedrick, 2005, p. 120). We assume that the 351 

transmission modifier locus has no effect on fitness and exclude it from the fitness notation in Table 1. 352 

The population mean fitness is 353 

( )∑ ∑ ∑=
i j k ijkij Pww

.    (A2) 354 

Transmission 355 

For clarity we separate the transmission step into host-symbiont associations that are generated 356 

via vertical transmission and those generated via horizontal transmission. These processes are 357 

happening simultaneously. To determine the frequency of host-symbiont haplotypes after transmission, 358 

we calculate the frequencies of haplotypes generated by each transmission mode separately. We then 359 

combine these pools of host-symbiont pairs. Vertical transmission maintains the association among the 360 

host and symbiont haplotypes because offspring produced with vertical transmission of the symbiont 361 

have the same haplotype as the parental type. On the other hand, horizontal transmission randomly 362 

associates symbiont and hosts in a horizontal pool. We incorporate a transmission trade-off where an 363 
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opportunity to transmit a symbiont vertically results in the loss of an opportunity to transmit a symbiont 364 

into the horizontal pool. This trade-off is analogous to pollen discounting opportunities in plant 365 

reproduction (Holsinger et al., 1984). Assuming this trade-off, the frequency of the symbiont haplotypes 366 

in the horizontal pool is 367 

( )[ ]
X

PV
X k

i ijkk

j

∑ ∑ ′−
=

1
     (A3) 368 

where we sum symbionts across host types, i, and Vk is the vertical transmission rate of symbionts 369 

associated with hosts of type k and the total fraction horizontally infecting symbionts is given by 370 

( )[ ]∑ ∑ ∑ ′−=
k

i j ijkk PVX 1 .     (A4) 371 

We assume that the fraction of offspring generated under vertical transmission retain their relationships 372 

between host and symbiont. We use the above equations (A3-A4) to calculate the random association of 373 

symbionts infecting hosts via horizontal transmission. Combing both of these modes of transmission, the 374 

frequency of haplotypes after transmission is 375 

( ) ∑ ′−+′=′′
j ijkjkijkkijk PXVPVP 1 .    (A5) 376 

  377 
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Appendix B: Definitions of allele frequencies and linkage 378 

disequilibrium 379 

Our full system of recursions (eqs. A1-A5) is specified in terms of haplotype frequencies because 380 

selection is acting directly on the interaction of host and symbiont. Our transmission modifier does not 381 

have any direct effect on fitness, but selection acts indirectly on this locus through associations with 382 

particular genetic backgrounds. We can recast the system of haplotype frequencies in terms of allele 383 

frequencies and population linkage disequilibrium. This new notation allows us to track allele 384 

frequencies at each locus. The frequency of the “M” transmission modifier allele is 385 

∑∑=
i j ijMM PP      (B1) 386 

The frequency of the “A” allele at the interaction locus of the host is 387 

∑ ∑=
j k AjkA PP

,     (B2) 388 

and in the symbiont the “B” allele frequency is given by 389 

∑∑=
i k iBkB PP

.     (B3) 390 

We define two locus disequilibrium for all two locus combinations (D within species, ID between 391 

species) in the system by 392 

( )( ) ( )( )∑∑∑∑ −=
k aBkk Abkk abkk ABkAB PPPPID

,   (B4) 393 

( )( ) ( )( )∑∑∑∑ −=
j ajMj Ajmj ajmj AjMAM PPPPD

,   (B5) 394 

( )( ) ( )( )∑∑∑∑ −=
i ibMi iBmi ibmi iBMBM PPPPID

,   (B6) 395 

where Dxy is the statistical linkage between the x and y locus in the same species and IDxy is used when 396 

the loci occur in different species. Using the definitions of the two-way linkage disequilibrium (eqs. B4-397 
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B6) and the definitions of the allele frequencies (eqs. B1-B3), following (Robinson et al., 1991), we define 398 

a three-way interspecies disequilibrium by  399 

MBAABMAMBBMAABMABM PPPIDPDPIDPPID −−−−= .   (B7) 400 

  401 
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Table 1 Fitness (wij) of host/symbiont 498 

 Symbiont B Symbiont b 

Host A 1 1 - α 

Host a 1 - α (1 – α)2+ε 

 499 

  500 
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Table 2: Proportion of combinations increasing modifier  501 

α ε VM = 0.01 VM = 0.1 VM = 1 

A) Neutral 

0 0 0 0 0 

B) Multiplicative ε = 0 

0.01 0 0 0 0 

0.1 0 0 0 0 

1 0 0 0 0 

C) Additive ε = -α2 

0.01 -0.0001 0 0 0 

0.1 -0.01 0 0 0 

D) Matching alleles ε = 2α - α2 

0.01 0.0199 0.9280 1 1 

0.1 0.19 1 1 1 

1 1 1 1 1 

  502 
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Table 3: Generation of interspecies disequilibrium 503 

   IDab   IDabm  

α ε VM 

0.01 

VM 

0.1 

VM 

1 

VM 

0.01 

VM 

0.1 

VM 

1 

B) Neutral 

0 0 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

B) Multiplicative ε = 0 

0.01 0 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

0.1 0 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

1 0 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

C) Additive ε = -α2 

0.01 -0.0001 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

0.1 -0.01 0 (0) 0 (0) 0 (-0.0002) 0 (0) 0 (0) 0 (-0.0002) 

D) Matching alleles ε = 2α - α2 

0.01 0.0199 0 (0) 0 (0) 0.0387 (0.0387) 0 (0) 0 (0) 0.019 (0.0222) 

0.1 0.19 0 (0) 0 (0) 0.0387 (0.0387) 0 (0) 0 (0) 0.019 (0.0223) 

1 1 0 (0.0001) 0.0003 (0.0019) 0.0387 (0.0387) 0 (0.0001) 0 (0.001) 0.019 (0.0222) 

Mean final (maximum magnitude) ID value of 361 initial starting conditions of interspecies 504 

disequilibrium with 10,000 generations of evolution 505 

  506 
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Figure Legends 507 

Figure 1: Sample long term dynamics of linkage disequilibrium and allele frequency changes given 508 

different regimes of fitness interaction. Left column (a,c): additive; right column (b,d): matching alleles. 509 

a, b) The four different values of linkage disequilibrium are plotted (dashed black: IDAB; dotted black DAM; 510 

dash-dot black: IDBM; solid black: IDABM). c, d) To show a long term change in modifier frequency, we plot 511 

the change from the initial frequency (M = 0.05) (solid black) along with the frequency of the interaction 512 

alleles (dotted black: frequency of A) and symbiont (dashed black: frequency of B). Note the separate 513 

axes scales. We assumed the ancestral state was complete horizontal transmission (Vm = 0) and the 514 

modifier effect (δ) increased the rate of vertical transmission by 0.1. The strength of interaction (α) was 515 

0.1 and ε = -0.01 (left column) and ε = 0.19 (right column). The initial allele frequencies for the 516 

interaction loci was A = 0.15 and B = 0.95. 517 

 518 

Figure 2: Comparison of numerical iterations and individual based simulations under the matching 519 

alleles regime and strong transmission modifier effect. The top row shows the long term change in 520 

modifier frequency, we plot the change from the transmission modifier frequency (solid black) along 521 

with the frequency of the interaction alleles (dotted blue: frequency of A) and symbiont (dashed red: 522 

frequency of B). The second row plots the nine haplotype frequencies (red: ABM; green: ABm; yellow: 523 

AbM; purple: Abm; cyan: aBM; blue: aBm; black: abM; dashed orange: abm). Third row plots the four 524 

different values of linkage disequilibrium (dashed red: IDAB; dotted blue DAM; dash-dot orange: IDBM; 525 

solid black: IDABM). The left column plots the numerical iterations. The middle and right columns plot the 526 

results from the individual based simulations. The individual based simulations differ in the presence of 527 

mutation at the interaction loci. We set µ = 0 (middle column) or µ = 0.01 (right column). In all cases, we 528 

assumed the ancestral state was complete horizontal transmission (Vm = 0) and the modifier effect (δ) 529 
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increased the rate of vertical transmission to 1. The strength of interaction (α) was 0.1 and ε = 0.19. The 530 

initial allele frequencies for the interaction loci was A = 0.15 and B = 0.95 and transmission modifier (M) 531 

was introduced at a frequency of 0.05. For the individual based simulations, N = 10,000. 532 

 533 

Figure 3: Individual based simulations of the probability of fixation assuming the matching allele 534 

regime of fitness interaction. Three different modified vertical transmission rates (VM = 0.01, blue; 0.1, 535 

green; 1, red) were compared to a modifier of neutral effect (Vm = VM = 0, gray). The probability of 536 

fixation is calculated as the fraction of the 2000 simulations that resulted in the fixation of the modifier 537 

allele (M) within 100,000 generations. Host population sizes varied (N = 1000, top row; 10000, bottom 538 

row) as well as the rate of mutation (μ = 0, first column; 10-4, second column; 10-3, third column; 10-2, 539 

fourth column; 10-1, fifth column). Note that the y-axis is on a log scale. The grey dashed line indicates 540 

the null expectation (0.05 probability of fixation). 541 

 542 

Figure 4: Individual based simulations of the evolutionary attracting vertical transmission rate 543 

assuming the matching allele regime of fitness interaction. Simulations ran for a maximum of 10 million 544 

generations. The population mean vertical transmission rate is calculated as the mean of the per 545 

generation population means across the final 1 million generations (small open circles). The mean value 546 

for the 16 independent runs for each parameter combination is shown (large black circle). Host 547 

population sizes varied (N = 1000, top row; 10000, bottom row) as well as the rate of mutation at the 548 

interaction loci (μ = 0, first column; 10-3, second column; 10-2, third column; 10-1, fourth column). The 549 

rate of mutation at the transmission locus was fixed at 10-4 for all simulations. The dotted line indicates 550 

the null expectation (0.5 vertical transmission rate). 551 

 552 
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