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Factors Affecting Transmission Mode Evolution In Symbioses

Abstract

Symbiosis, where organisms of different species live closely together, is ubiquitous in our world. It is
thought that all multicellular organisms engage in symbiosis, in relationships where the symbiont's effect
on the host ranges from beneficial (mutualism) to neutral (commensalism) to harmful (parasitism), and
can even switch between mutualism and parasitism, depending on environmental conditions (conditional
mutualism). Symbiosis can also have a large, though generally beneficial, impact on the symbiont's
fitness, and can further affect third parties who interact with the host or symbiont. The manner in which
symbionts are transmitted between hosts can affect not only the distribution of symbionts (and hosts)
but also selection on the costs and benefits of the interaction. For example, symbionts are that are
transmitted from parent to offspring (vertical transmission) are predicted to evolve to benefit their hosts,
while symbionts that are transmittted between unrelated individuals (horizontal transmission) are
predicted to evolve intermediate virulence that maximizes their ability to infect new hosts. Understanding
transmission evolution is thus important to predicting the ultimate fate of symbioses. | investigate three
aspects of transmission evolution. First, since transmission evolution is known to depend on whether it is
under host or symbiont control, | used phylogenetic methods to estimate control of transmission in the
symbiosis between cool-season grasses (subfamily Pooideae) and their fungal endophytes (genus

Epichlotete). | found a signal of joint control of transmission, suggesting that the interaction of host and
symbiont traits may determine the transmission mode. Second, while a great deal of theory exists about
transmission evolution under different types of control in parasitic and mutualistic symbioses, less is
known about transmission evolution in conditional mutualisms. These symbioses pose a problem for
hosts, who benefit from acquiring the symbiont only in environments where it is beneficial. | modeled
transmission evolution in a context-dependent interaction where symbiont quality varied in space and
found that the aspect of host fitness the symbiont affects determines host transmission evolution. When
the symbiont affects lifespan, but not fecundity, hosts are able to use horizontal transmission to contain
the symbiont to the location where it is beneficial. Because environments can vary in time as well as
space, | lastly modeled transmission evolution in a conditional mutualism in a spatially and temporally
variable environment. In this case, | found that environmental synchronicity could allow hosts to evolve
vertical transmission at high newborn host dispersal rates, where ordinarily parent and offspring
environments would be too uncorrelated to allow for vertical transmission as a method of symbiont
containment. | also found an emergent trade-off in hosts between horizontal and vertical transmission,
suggesting that physiological constraints are not required to produce apparent constrains on the total
amount of transmission.
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ABSTRACT

FACTORS AFFECTING TRANSMISSION MODE EVOLUTION IN SYMBIOSES

Alexandra Brown

Erol Akcay

Symbiosis, where organisms of different species live closely together, is ubiquitous
in our world. It is thought that all multicellular organisms engage in symbiosis, in
relationships where the symbiont’s effect on the host ranges from beneficial (mutual-
ism) to neutral (commensalism) to harmful (parasitism), and can even switch between
mutualism and parasitism, depending on environmental conditions (conditional mu-
tualism). Symbiosis can also have a large, though generally beneficial, impact on the
symbiont’s fitness, and can further affect third parties who interact with the host or
symbiont. The manner in which symbionts are transmitted between hosts can affect
not only the distribution of symbionts (and hosts) but also selection on the costs and
benefits of the interaction. For example, symbionts are that are transmitted from
parent to offspring (vertical transmission) are predicted to evolve to benefit their
hosts, while symbionts that are transmittted between unrelated individuals (horizon-
tal transmission) are predicted to evolve intermediate virulence that maximizes their
ability to infect new hosts. Understanding transmission evolution is thus important
to predicting the ultimate fate of symbioses. I investigate three aspects of transmis-
sion evolution. First, since transmission evolution is known to depend on whether it

is under host or symbiont control, I used phylogenetic methods to estimate control of
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transmission in the symbiosis between cool-season grasses (subfamily Pooideae) and
their fungal endophytes (genus Epichloé). I found a signal of joint control of trans-
mission, suggesting that the interaction of host and symbiont traits may determine
the transmission mode. Second, while a great deal of theory exists about transmission
evolution under different types of control in parasitic and mutualistic symbioses, less
is known about transmission evolution in conditional mutualisms. These symbioses
pose a problem for hosts, who benefit from acquiring the symbiont only in environ-
ments where it is beneficial. I modeled transmission evolution in a context-dependent
interaction where symbiont quality varied in space and found that the aspect of host
fitness the symbiont affects determines host transmission evolution. When the sym-
biont affects lifespan, but not fecundity, hosts are able to use horizontal transmission
to contain the symbiont to the location where it is beneficial. Because environments
can vary in time as well as space, I lastly modeled transmission evolution in a con-
ditional mutualism in a spatially and temporally variable environment. In this case,
I found that environmental synchronicity could allow hosts to evolve vertical trans-
mission at high newborn host dispersal rates, where ordinarily parent and offspring
environments would be too uncorrelated to allow for vertical transmission as a method
of symbiont containment. I also found an emergent trade-off in hosts between hor-
izontal and vertical transmission, suggesting that physiological constraints are not

required to produce apparent constrains on the total amount of transmission.
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Chapter 1

Introduction

No plant or animal is an island. All multicellular organisms and some unicellular or-
ganisms go through life accompanied by symbionts, organisms of another species that
live closely with their host. While symbiosis is generally beneficial for the symbiont,
hosts’ experiences can range from beneficial (mutualism) to neutral (commensalism)
and harmful (parasitism). For example, sulfur-oxidizing bacterial symbionts of the
deep-sea tubeworm Riftia pachyptila provide their host with the nutrients it needs
to survive (Bright et al., 2010). On the other hand, the bacterium Pasteuria ramosa
parasitizes its host Daphnia magna, sterilizing and eventually killing its host (Ebert
et al., 1996). Most peculiar are those symbioses that are neither purely parasitic nor
purely mutualistic but whose effects instead depend on the environmental conditions
(Bronstein, 1994). For example, the grass Festuca subverticillata has a fungal sym-
biont of the genus Epichloé, which grows inside its leaves and was found to protect
the grass from herbivory by three insect species but actually increased herbivory by

two other species (Afkhami and Rudgers, 2009). Whether F. subverticillata benefits



or is harmed by association with the fungus depends on the species of insects present
in its environment. Context-dependent symbioses like this, also known as conditional
mutualisms, pose a dilemma for hosts, who benefit from being infected under envi-
ronmental conditions where the symbiont is mutualistic, but are harmed by infection
under other conditions.

Compared to purely mutualistic and purely parasitic symbioses, much less is
known about the expected behavior and evolution of hosts and symbionts in context-
dependent symbioses. Despite this, many context-dependent interactions have been
discovered, and many interactions found to be previously harmful or beneficial in one
context have been discovered to behave differently in other contexts. A meta-analysis
of general context-dependence found that over half of mutualistic interactions studied
in multiple contexts became parasitic or commensalistic in some contexts (Chamber-
lain et al., 2014). As environmental variation is predicted to increase with climate
change, understanding how conditional mutualisms respond to changing environmen-
tal context is likely to become even more necessary.

One aspect of symbioses that is known to have an impact on their evolution
and spread is the transmission mode, which is the manner in which symbionts are
transmitted between hosts. In general, symbionts that are transmitted from a parent
to its offspring (known as vertical transmission) are predicted to evolve to benefit their
host. On the other hand, symbionts transmitted between unrelated hosts (horizontal
transmission) are predicted to exploit their hosts, in the absence of other feedbacks.
However, the type of transmission employed in a symbiosis is not static, but is itself

a trait that evolves. Whether transmission is a trait of the host or symbiont or



determined by the traits of both depends on the symbiosis. Both when transmission
is a host trait and when it is a symbiont trait, the direction of transmission evolution
in non-context-dependent symbioses is predicted to at least sometimes depend on the
costs and benefits of symbiosis. Predicting the direction of transmission evolution in
context-dependent symbioses is thus complicated, since the costs and benefits of the
interaction vary, as well as the incentives for hosts to remain infected. Understanding
transmission evolution in context-dependent interactions would give insight into their
spread and into possible selective forces on the costs and benefits of the interactions.

To predict transmission evolution, it is first necessary to know whether transmis-
sion is a host or symbiont trait. Models of non-context-dependent symbioses suggest
that the direction of transmission can change depending on which partner “controls”
transmission evolution. We therefore investigated a statistical approach to estimate
control of transmission in existing symbioses. I used phylogenetic analysis to estimate
whether transmission in a group of grass-fungus symbioses is a host or symbiont trait.
I chose this symbiosis because of the wealth of phylogenetic and transmission data
available for it. I detected some signal of joint host-symbiont control of transmis-
sion. Unfortunately, tests of simulated data had difficulty recovering simulated types
of control and had particular difficulty with simulated joint control. Because joint
control appeared as a signal in all analyses of the real data, there is some evidence for
it, but the simulation results suggest that more data is needed to confirm the effect.

I next investigated transmission evolution in a context-dependent symbiosis where
the environment varied in space. I used mathematical models and simulations to

investigate transmission evolution in hosts and symbionts in an interaction where



symbiont effects on the host varied in space. In particular, I modeled a symbiosis
where the symbiont was beneficial in one location and harmful in another and varied
the rate of newborn host dispersal between the two locations. This is likely similar
to existing symbioses, such that between the fungal endophyte Epichloé amarillans
and its grass host Agrostis hyemalis, where the endophyte increases host fecundity
in dry conditions but decreases host biomass when microbes are present in the soil
(Davitt et al., 2011) or the symbiosis between aphids and their bacterial symbiont
Hamiltonella defensa, where the symbiosis changes from mutualistic in the presence
of parasitoid wasps to parasitic in areas where wasps are absent but ladybugs are
present (Oliver et al., 2003; Polin et al., 2014). When transmission was modeled as
a symbiont trait, symbionts always evolved complete vertical and at least some hori-
zontal transmission, which enabled them to infect as many hosts as possible. When
transmission was a host trait, hosts were sometimes able to evolve a transmission
mode that contained the symbiont to locations where it was beneficial. When the
symbiont affected host lifespan, hosts evolved horizontal transmission to contain it.
When the symbiont affected reproduction, hosts could not evolve horizontal trans-
mission, but they were able to contain the symbiont using vertical transmission as
long as newborn hosts were likely to remain in the same location as their parent.
Because environments are likely to vary in space as well as in time, I next used
simulations to study transmission evolution in hosts when there was temporal as well
as spatial variation in symbiont effects on the host. The effects of transmission were
somewhat similar to the the purely spatial case when different locations experienced
different environments any given point in time. Again, when the symbiont affected
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host fecundity, hosts could only contain the symbiont to locations where it was benefi-
cial when newborn dispersal from the natal patch was rare. In this case, containment
again relied heavily on vertical transmission. However, unlikely the purely spatial
case, pure vertical transmission rarely evolved. Instead, the maximum containment
was generally achieved with a small amount of horizontal transmission and slightly
less than complete vertical transmission. This was likely to allow faster changes in the
fraction of infected hosts in response to environmental changes. This use of mixed-
mode transmission (i.e. vertical and horizontal transmission) also appeared when the
symbiont affected host lifespan. In this case, a band of transmission probabilities
with some horizontal and some vertical transmission produced the highest contain-
ment. As dispersal increased, only combinations of high horizontal and low vertical
transmission could produce symbiont containment. However, when environmental
changes were synchronized in space, hosts were able to use high vertical transmis-
sion to achieve symbiont containment regardless of whether symbionts affected host
lifespan or reproduction.

This research provides predictions for the evolution of transmission and the spatial
distribution of symbionts in previously unstudied scenarios, increasing our ability to

predict the fate of these important interactions.



Chapter 2

Estimating control of transmission

through phylogenetic effects

2.1 Abstract

How symbionts are transmitted between hosts is key to determining whether sym-
bioses evolve to be harmful or beneficial. Vertical transmission favors mutualistic
symbionts, and horizontal transmission more virulent ones. Transmission mode evo-
lution itself depends on whether the host or symbiont can respond to selection on
transmission mode. When hosts control the transmission mode, vertical transmission
should evolve under more restrictive circumstances than when symbionts are in con-
trol. We take a phylogenetic approach to determine whether the host, symbiont, or
both control transmission mode using the pooid grass-epichloid endophyte symbiosis
as a model system. We find a signal of joint control of transmission mode by the host

and symbiont. Our results suggests that gathering more data on transmission mode of



related symbioses may provide a way to estimate control of transmission. This study
is the first to investigate control of transmission mode evolution in a phylogenetic

context.

2.2 Introduction

Symbiotic relationships are ubiquitous and can have large impacts on the fitness of
the host, symbiont, and third parties that interact with the symbiotic pair (Clay and
Holah, 1999; Kula et al., 2005). The manner in which symbionts are transmitted
between hosts can affect the evolution of the benefits and costs symbionts provide to
their hosts. For instance, vertical transmission favors the evolution of mutualists, and
horizontal transmission parasites (Alizon et al., 2009; Ewald, 1987) (in the absence
of feedbacks selecting for mutualism (Akgay, 2015; Shapiro and Turner, 2014) or
parasitism (Werren et al., 2008)). On the other hand, transmission mode itself is an
evolving joint trait whose dynamics depend on whether it is controlled by hosts or
symbionts (Yamamura, 1993). We define “control” as the ability of hosts or symbionts
(or both) to respond to selection on transmission mode. The control of transmission
mode may determine the direction of its evolution. For example, in the case of
parasitism, symbiont control may favor increased vertical transmission when host
control does not (Yamamura, 1993). Despite its importance, there has been little
work exploring the patterns of transmission mode evolution over the evolutionary
history of extant symbioses.

One of the difficulties in inferring control is that transmission mode is by definition



a joint trait, belonging to the interacting pair of species. Here, we propose that one
can use estimates of phylogenetic effects on joint traits of interacting species (found
using the recently developed methods of Rafferty and Ives (2013) and Hadfield et al.
(2014)) to infer control of the transmission mode. The phylogenetic effect (i.e., the
amount of variation explained by host, symbiont, or joint phylogenies) is indicative of
which party’s phylogenetically inherited traits determine transmission mode, which is
a proxy for control of the joint trait. For example, if symbionts control transmission
mode, then we expect related symbionts to have similar transmission modes, because
they are more likely to share traits that affect transmission mode. In that case, a
relatively high proportion of the variation in transmission mode would be explained
by the symbiont phylogeny, i.e., we would see a symbiont phylogenetic effect on
transmission mode.

We apply this idea to the symbiosis between cool-season grasses (subfamily
Pooideae) and their fungal endophytes of the genus Epichloé. Some mutualistic
epichloae produce compounds toxic to herbivores, with ecological and economic im-
plications (Schardl, 2010). Furthermore, this symbiosis is ideal for analysis because it
exhibits great variation in transmission mode and has a wealth of phylogenetic data
available (Schardl, 2010; Tadych et al., 2014). Previous work on this symbiosis has
proposed all of host, coevolutionary, or symbiont control of transmission mode. Host
control is suggested by the fact that vertical transmission rates of asexual Epichloé
are higher than their generally more parasitic sexual relatives (Rudgers et al., 2009).
However, most Epichloé species are horizontally transmitted only on a related subset

of their hosts, which suggests that host-symbiont coevolution is necessary for horizon-



tal transmission to evolve, implying joint control (Schardl, 2010). Further, symbiont
genotype has been found to correlate with transmission mode in the Brachypodium
sylvaticum-Epichloé sylvatica symbiosis, suggesting symbiont control of transmission
(Meijer and Leuchtmann, 2001). A phylogenetic approach that considers multiple
types of control for many species at once may provide further insight into transmis-
sion control.

Our analyses find a signal of joint control, with variation in transmission mode
appearing to be correlated either with an interaction between host phylogeny and
symbiont phylogeny or with an interaction between host phylogeny and symbiont
identity. However, analyses of simulated data have some difficulty detecting coevo-
lutionary interactions, and in some analyses, detect more complex joint interactions
where they were not simulated. Thus, while our results point to joint control of trans-
mission, our simulations suggest that more data is needed to confirm this effect. In
this paper, we show that this phylogenetic approach may give new insights into the
question of control that can complement experimental approaches. We call for more
comparative data on transmission mode to understand transmission and virulence

evolution in symbioses of interest.

2.3 Methods

We collected transmission mode data from published papers (search methods in Ap-
pendix 2.6.1) and phylogenetic data by combining published phylogenies into su-

pertrees with Clann (Creevey and Mclnerney, 2005) (Appendix 2.6.2). We analyzed



patterns of transmission mode evolution in 34 host species and 29 symbiont species
(Figure 2.2).

To determine whether hosts, symbionts, or both were able to respond to selection
on transmission mode, we looked for evidence that each of the following factors had
influenced transmission mode evolution: host phylogeny (whose phylogenetic effect
we refer to as the host effect), symbiont phylogeny (symbiont effect), host-symbiont
coevolution (coevolutionary effect), the interaction of host evolution and symbiont
identity (symbiont-specific host effect), and the interaction of symbiont evolution and
host identity (host-specific symbiont effect). As each phylogenetic effect induces a
different correlation between host-symbiont pairs (Hadfield et al., 2014; Rafferty and
Ives, 2013), we inferred an influence on transmission mode evolution if the correlation
induced by each phylogenetic effect explained some of the variation in transmission
mode. For example, the presence of a host effect indicates most variation in trans-
mission mode is explained by related hosts having similar probabilities of exhibiting
a given transmission mode (Figure 2.1a). This suggests genetic variation in hosts
largely determines transmission mode, indicating host control of transmission. The
evidence for and interpretation of all phylogenetic effects is given in Table 2.1, with
examples in Figure 2.1. Because estimating five effects might lead to overfitting, we
also estimated control assuming only three phylogenetic effects could potentially be
present: a host effect, symbiont effect, and a coevolutionary effect.

To detect phylogenetic effects, we used Stan (Carpenter et al., 2017) via the RStan
package (Stan Development Team, 2018) in R (R Core Team, 2015), We used Markov

chain Monte Carlo methods to estimate the amount of variance in transmission mode
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explained by each phylogenetic effect. We modeled transmission mode as a multino-
mial random variable with the probability of each transmission mode determined by a
latent variable whose covariance with other host-symbiont pairs was used to estimated
phylogenetic effect strengths. To get the host and symbiont phylogenetic covariances,
which determine the structure of the phylogenetic effects, we used the R package
APE (Paradis et al., 2004). We chose this model because it allowed horizontally-
transmitted symbionts to transition directly to vertical transmission, as may happen
for hybrid symbionts which lose the ability to transmit horizontally via sexual repro-
duction (Tadych et al., 2014).

To validate our method, we analyzed simulated transmission mode data. We used
the R package MASS (Venables et al., 2002) to draw latent transmission probabilities
from a multivariate normal distribution with a mean that produced approximately
the observed frequencies of each transmission mode and a covariance matrix that was
the sum of one of the phylogenetic effects and a random effect. We used the latent
variables to randomly choose a transmission mode for each host-symbiont pair. We
simulated data this way 100 times and chose for analysis the two simulated data sets
with the proportion of host-symbiont pairs exhibiting no transmission closest to the

observed data.

2.4 Results

We detected a symbiont-specific host effect in our data set. The median of the

posterior distribution of its intraclass correlation (ICC) was 0.40 (40% of the total
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Figure 2.1: Example correlations induced by phylogenetic effects. Colored squares
represent the transmission mode exhibited by host-symbiont pairs. H refers to hori-
zontal transmission, M to mixed-mode, and V to vertical. Blank squares indicate the

pair does not form a symbiosis. Host and symbiont phylogenies are shown on the left
and top, respectively.
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Figure 2.2: Phylogenetic and transmission mode data. Rows represent host species,
columns symbiont species. Squares represent the transmission mode exhibited by a
host-symbiont pair, as in Figure 2.1.
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Phylogenetic Type of Evidence for Phylogenetic Effect
effect control

Host effect Host Related hosts have similar transmission modes (Fig
2.1a)

Symbiont Symbiont Related symbionts have similar transmission modes

effect (Fig 2.1b)

Coevolutionary Joint Host-symbiont pairs have similar transmission

effect modes if both host and symbiont related (Fig 2.1c)

Symbiont- Joint Related hosts have similar transmission modes, but

specific transmission mode they employ depends on sym-

host effect biont identity (but not symbiont relatedness) (Fig
2.1d)

Host-specific Joint Related symbionts have similar transmission

symbiont effect modes, but transmission mode they employ de-
pends on host identity (but not host relatedness)
(Fig 2.1e)

Table 2.1: Summary of Phylogenetic Effects

variance in transmission mode explained), with a 95% credible interval of 16% to
65%. The host, symbiont, coevolutionary, and host-specific symbiont effects each had
credible intervals that included 0, suggesting they explain very little of the variance
in transmission mode. The median of the posterior distribution was 1% for the host,
symbiont, and coevolutionary effects and 3% for the host-specific symbiont effect.
The multivariate potential scale reduction factor (Brooks and Gelman, 1998) was
1.72. While effective sample sizes for the host, symbiont, and coevolutionary effects
were large (> 400), effective sample sizes for the other effects were small (symbiont-
specific host effect: 10, host-specific symbiont effect: 8), as were those for the base
probabilities of each transmission mode (between 14 and 45).

When we allowed only host, symbiont and coevolutionary effects to be present,
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we detected small symbiont and coevolutionary effects (median ICCs 5% and 7%,
respectively, with both credible intervals including 0; see Table S9). In this case, the
multivariate potential scale reduction factor was 2.02. The effective sample size was
> 150 for the host effect and the base probabilities of each transmission mode, but
was much smaller for the symbiont and coevolutionary effects (effective sample sizes
of 43 and 12, respectively).

When we analyzed simulated transmission data, we had some difficulty detecting
phylogenetic effects at all. When we assumed all phylogenetic effect could be present,
we found a posterior median ICC above 5% for the effect we simulated (and no
other effects) in 5 out of 10 simulations (2/2 simulated host effects and 1/2 simulated
symbiont, coevolutionary, and symbiont-specific host effects). In two simulations we
detected an effect we did not simulate instead of the one we simulated (a coevolu-
tionary effect when we simulated a symbiont effect and a host-specific symbiont effect
when we simulated a coevolutionary effect). However, in all cases but one simulated
host effect, the 95% credible intervals included 0 for all effects. Furthermore, we never
detected a symbiont-specific host effect in any simulated data set.

When we assumed only a host, symbiont, or coevolutionary effect could be present,
we found a posterior median ICC above 5% for the effect we simulated (and no
other effects) for 1/2 simulated host effects and 1/2 simulated symbiont effects. We
never detected a coevolutionary effect, and for the simulated coevolutionary effects
we detected a host effect instead in 2/2 simulations. The 95% credible interval for
all effects included 0, except for one simulated coevolutionary effect, where the host

effect we detected had the credible interval (0.09, 0.53).
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Intraclass 95% Credible
Phylogenetic Effect Correlation | Interval
Host Effect 0.01 (0.00, 0.07)
Symbiont Effect 0.01 (0.00, 0.08)
Coevolutionary Interaction 0.01 (0.00, 0.12)
Symbiont-Specific Host Effect | 0.40 (0.16, 0.65)
Host-Specific Symbiont Effect | 0.03 (0.00, 0.27)

Table 2.2: Estimated Phylogenetic Effects

2.5 Discussion

We find a signal of joint host and symbiont control of transmission mode. Our anal-
ysis suggests transmission is determined either through an interaction between host
phylogeny and symbiont identity or through host-symbiont coevolution, depending
on the types of transmission control assumed to be possible. The former mechanism
would suggest that host traits interact with non-genetic or other phylogenetically
non-conserved symbiont traits to determine transmission mode, while the latter would
suggest that phylogenetically conserved host and symbiont traits interact to deter-
mine transmission. Unfortunately, analysis of simulated data suggests that detection
of control is difficult with the amount of data we have and may produce both false
positives and false negatives.

One ray of hope is that, under the models we used to detect each effect in the
data, we did not falsely detect that effect in the simulated data. We never falsely
detected a symbiont-specific host effect under the five-effect model, and we never
falsely detected a coevolutionary effect under the three-effect model. Unfortunately,
we never detected these simulated effects at all under the models that found them in

the real data. This is somewhat puzzling and suggests that while our method provides
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some evidence of joint control, more data is needed to determine control conclusively.

Studies of specific grass-endophyte symbioses do provide independent support for
joint control. Within-species genetic variation in horizontal transmission rate has
been found in symbionts in the Pooideae-Epichloé interaction (Meijer and Leucht-
mann, 2001) and in both partners in the closely related Danthonia spicata- Balansia
hypozxylon symbiosis (Kover and Clay, 1998). Furthermore, vertical transmission rate
is phylogenetically conserved in some pooid grasses (Naffaa et al., 1999) and epichloid
endophytes (Bucheli and Leuchtmann, 1996). Mechanistically, it is possible that
the joint control of transmission mode is mediated by the relative growth rates of
the host inflorescence and endophytes: horizontally-transmitted endophytes outpace
vertically-transmitted on certain sugars (White et al., 1991), while fast-growing host
inflorescences can prevent symbionts from transmitting horizontally (Kirby, 1961).

Two factors may have affected our phylogenetic estimates. First, some transmis-
sion data may be missing or inaccurate, as new interactions are still being discov-
ered (Wiewidra et al., 2015). Phylogenetic patterns in such missing interaction could
change our estimates. Second, combining phylogenies from multiple sources may have
affected our estimates of the covariance structures induced by the phylogenetic effects.
This is particularly true for hybrid symbionts (e.g. Epichloé melicicola, which likely
arose from the hybridization of the ancestors of Epichloé aotearoae and Epichloé fes-
tucae). We were only able to include hybrids when their relationship to one ancestor
was missing.

One caveat in interpreting the phylogenetic effects is that they might not map

directly onto direct proximate control of the joint phenotype. Suppose transmission
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mode is proximately under host control but evolves in response to benefits provided
by the symbiont. Joint control combined with high host plasticity in transmitting
different symbionts may leave only symbiont phylogenetic signal detectable. There-
fore, experimental work is still needed to determine proximate control. Nonetheless,
quantitative phylogenetic analyses provide useful insight into how joint traits evolve.

Our results provide some support for the hypothesis that transmission mode in
the Pooideae- Epichloé symbiosis is evolving over phylogenetic time-scales under the
control of both partners. However, more data is needed to provide conclusive evidence.
Our results suggest that gathering additional transmission mode data or methods that
allow for the incorporation of the phylogenetic covariances of hybrid species would
allow phylogenetic analyses to reach their full potential in addressing questions of

control in the evolutionary history of species interactions.

2.6 Chapter appendix

2.6.1 Transmission mode data

We collected transmission mode data from published studies. We searched Web of Sci-
ence using the following search terms: (neotyphodium OR epichloe) AND (‘transmis-
sion mode’ OR ‘horizontal transmission” OR ‘vertical transmission” OR ‘mized-mode
transmission” OR ‘mized mode transmission’ OR ‘pleiotropic symbiosis’). (Asexual
species in Epichloé were formerly in the genus Neotyphodium). This returned 65 pa-

pers. After dis