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ABSTRACT

The role of environmental variation and host gene flow on the vertical
transmission and population prevalence of heritable symbionts

by
Michelle Elizabeth Sneck

Heritable microbial symbionts, vertically transmitted from maternal host to
offspring, have made an indelible contribution to the ecology and evolution of life on
earth. For instance, the fixation of symbionts in hosts led to pivotal biological shifts, such
as the evolution of vascular plants and eukaryotic cells. Vertically transmitted symbionts
are often specialized to host genotypes and confer fitness benefits to hosts, including
protection against abiotic and biotic stress. Despite their ubiquity and strong influence on
hosts, our understanding of what drives the prevalence and persistence of heritable
symbionts lags behind that of macro-organisms. Two factors are theorized to determine
equilibrium frequencies of heritable symbionts: 1) symbiont vertical transmission rates,
and 2) the relative fitness of symbiotic and non-symbiotic hosts. Therefore,
characterizing when and how these factors vary in host populations are necessary first
steps to predicting the population dynamics of heritable symbionts. Here, | used large-
scale field surveys, greenhouse and common garden experiments, as well as demographic
modeling approaches to test the hypothesis that outcrossing (i.e., gene flow) between
genetically distant hosts disrupts symbiosis. Specifically, host outcrossing is
hypothesized to create genetic incompatibilities between sexually reproducing hosts and

their specialized clonal symbionts, which may reduce both vertical transmission rates and



symbiont mediated mutualistic benefits. First, | found that symbiont prevalence in one
host species negatively associated with drought, while symbiont genotype explained
residual variation in vertical transmission rates. These results suggest that symbiont
genotype, and to a lesser extent, climate variables play roles in shaping symbiont
population dynamics, but substantial variability was unexplained. Second, | manipulated
gene flow between hosts along a gradient of genetic distances and determined that
symbiont vertical transmission was robust to host outcrossing, which remained high for
several host generations. Lastly, | quantified the net effect of host outcrossing on
symbiont population dynamics. Contrary to my hypothesis, host outcrossing did not
disrupt mutualistic benefits of symbiosis, and instead, buffered hosts against deleterious
effects of outbreeding depression. Together, my work provides strong evidence that host
outcrossing does not disrupt symbiosis, and alternatively demonstrates that heritable

symbionts are important players in the population dynamics of outcrossing hosts.
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Chapter 1

Variation in the prevalence and transmission
of heritable symbionts across host
populations in heterogeneous environments

This chapter has been edited, reformatted, and reprinted from: Sneck M. E., J. A.
Rudgers, Y. A. Young, and T.E.X Miller 2017. Variation in the prevalence and
transmission of heritable symbionts across host populations in heterogeneous
environments. Microbial Ecology doi:10.1007/s00248-017-0964-4

Heritable microbes are abundant in nature and influential to their hosts and the
communities in which they reside. However, drivers of variability in the prevalence of
heritable symbionts and their rates of transmission are poorly resolved, particularly across
host populations experiencing variable biotic and abiotic environments. To fill these
gaps, | surveyed 25 populations of two native grasses (Elymus virginicus and E.
canadensis) across the southern Great Plains (US). Both grass species host heritable
endophytic fungi (genus Epichloé) and can hybridize where their ranges overlap. From a

subset of hosts, | characterized endophyte genotype using genetic loci that link to



bioactive alkaloid production. First, I found mean vertical transmission rates and
population-level prevalence were positively correlated, specifically for E. virginicus.
However, both endophyte prevalence and transmission varied substantially across
populations and did not strongly correlate with abiotic variables, with one exception:
endophyte prevalence decreased as drought stress decreased for E. virginicus hosts.
Second, | evaluated the potential influence of biotic factors and found that, after
accounting for climate, endophyte genotype explained significant variation in symbiont
inheritance. | also contrasted populations where host species co-occurred in sympatry
versus allopatry. Sympatry could potentially increase interspecific hybridization, but this
variable did not associate with patterns of symbiont prevalence or transmission success.
My results reveal substantial variability in symbiont prevalence and transmission across
host populations and identify symbiont genotype, and to a lesser extent, the abiotic

environment as sources of this variation.

1.1. Introduction

Nearly all multicellular organisms host a rich diversity of symbiotic microbes,
many of which are vertically transmitted from maternal host to offspring (Clay 1993,
Hilgenboecker et al. 2008, Funkhouser and Bordenstein 2013). Inherited microbes often
benefit their hosts in exchange for nutrients, protection, and regeneration (Schardl et al.
2013Db), and this exchange may be mutually beneficial because vertical transmission
couples host and symbiont fitness (Sachs et al. 2004). For example, in both plants and
arthropods, heritable microbial symbionts can increase resistance to environmental stress

(Worchel et al. 2013, Giauque and Hawkes 2013, Ren et al. 2014), competitive ability



(Miller and Rudgers 2014) and defense against enemies (Haine 2008, Panaccione et al.
2014). Some heritable microbes, particularly fungi, improve plant fitness by producing
bioactive chemicals (Schardl et al. 2013a). Additionally, they may also mitigate the
effects of global climate change (Kivlin et al. 2013) and environmental degradation on
host populations (Malinowski and Belesky 2000, Marquis et al. 2014). The influence of
heritable microbes extends beyond individual hosts to alter community composition and
ecosystem processes (Rudgers et al. 2004, Faeth and Shochat 2010). Therefore,
understanding factors that influence the ecological dynamics of microbial symbionts
informs predictions of their effects on host populations, communities, and ecosystems.
Despite a surge of recent interest in microbial symbioses, understanding patterns of
symbiont prevalence across natural host populations has remained an elusive goal

(Semmartin et al. 2015).

Vertical transmission links symbiont fitness to host fitness via host reproduction
(Ewald 1987). This connection is hypothesized to select for a tightly coevolved
mutualism that should persist at high frequencies in host populations (Ewald 1987, Sachs
et al. 2004). However, across a diversity of host taxa, heritable microbes persist at
frequencies that are variable and often intermediate, including endophytic fungi
(Epichloé spp.) in plant hosts (Afkhami and Rudgers 2008), bacteria (Wolbachia spp.) in
arthropod hosts (Tsuchida et al. 2002, Hilgenboecker et al. 2008), and some components
of the human microbiome (Kraal et al. 2014). Variable frequencies of heritable symbionts
are partly driven by changes in host and symbiont relationships that shift with ecological
context (Chamberlain et al. 2014), which makes predicting the prevalence of heritable

symbionts difficult. However, field observations of symbiont prevalence across host taxa



and populations have begun to reveal some consistent patterns (Tsuchida et al. 2002,
Frade et al. 2007, Giaugue and Hawkes 2013, Semmartin et al. 2015). Many studies have
observed that symbiont prevalence varies systematically along environmental gradients
such as elevation (Bazely et al. 2007, Ranelli et al. 2015), the presence of pathogens
(Pérez et al. 2013), ocean depth (Frade et al. 2007) and ecosystem productivity
(Semmartin et al. 2015). The context-dependent nature of host fitness benefits is a
potential driver of the observed gradients in symbiont prevalence, wherein the benefits of
the symbiosis increase with greater environmental stress (Clay 1988, Oliver et al. 2005,
Haine 2008). For instance, Oliver et al. discovered that the prevalence of a facultative
bacterial symbiont, Hamiltonella defensa, increased in insect hosts exposed to parasitoid

wasps, but decreased when parasitoids were absent (Oliver et al. 2005, 2008).

While the fitness benefits of symbiosis are undoubtedly important determinants of
symbiont prevalence, theory predicts an important, additional role of the vertical
transmission rate (fraction of host offspring that inherit a symbiont) (Gundel et al. 2008).
Estimates of individual vertical transmission rates have received relatively little attention
compared to population-level symbiont frequency (Gundel et al. 2011b, 2016). In the few
symbioses where vertical transmission has been quantified, it is often imperfect (<100 %
of offspring inherit the symbiont) (Hilgenboecker et al. 2008, Afkhami and Rudgers
2008). Imperfect transmission has important implications for symbiont dynamics: even if
symbionts benefit hosts in many contexts, they may be eliminated from host populations
if their fitness benefits are not sufficiently strong to compensate for imperfect
transmission (Yule et al. 2013, Gibert et al. 2015, Bibian et al. 2016). Therefore, a

positive correlation between symbiont prevalence and transmission supports the
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hypothesis that transmission plays a part in determining symbiont frequencies (Gundel et

al. 2008)

Despite a potentially critical role of symbiont transmission in shaping symbiont
frequencies, we lack a basic understanding of how the transmission process varies with
biotic or abiotic context. If transmission tracks large-scale environmental variables,
heritable symbionts may be vulnerable to changing climate regimes. Therefore, climate-
driven fluctuations in vertical transmission success could affect the population dynamics
of both symbiotic partners (Gundel et al. 2008). Few studies have quantified vertical
transmission in response to environmental variables, yielding inconsistent results. For
example, experimental studies examining the relationship between cool-season grasses
and Epichloid fungi have found short-term responses of vertical transmission to
environmental stress, thereby indicating that symbiont transmission is plastic (Gundel et
al. 2011b, Garcia Parisi et al. 2012), while others found no environmental effects (Davitt
et al. 2011, Gibert and Hazard 2013). Simulated grazing and mechanical disturbance
limited vertical transmission of Epichloé occultans in multiple accessions of annual
ryegrass (Lolium multiflorum) (Garcia Parisi et al. 2012), but drought treatments failed to
alter transmission success of Epichloé amarillans in Agrostis hyemalis (Davitt et al.
2011). Although small-scale manipulations are valuable, they are limited by the number
and breadth of environmental variables and symbiont genotypes that can be investigated.
Therefore, estimates of vertical transmission across broad environmental gradients are a
worthwhile complement to study how the biogeographic context correlates with symbiont

inheritance at the landscape level.
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Besides the abiotic environment, biotic factors could also act as a source of variation
in symbiont transmission. One such factor is symbiont genotype (Schardl et al. 2013a).
For instance, specific genotypes of Epichloé endophytes produce up to four classes of
bioactive alkaloids (peramine, ergot alkaloids, lolines, and indole-diterpenes) known to
impact host fitness (Schardl et al. 2013b, Saikkonen et al. 2016). This alkaloid gene
diversity can be partially explained by modes of fungal reproduction. Many Epichloé
species reproduce asexually via vertical transmission (Selosse and Schardl 2007), but
some can reproduce sexually, through formation of stroma (“choke disease”) followed by
fertilization of opposite mating-types (MTA or MTB) (Clay and Schardl 2002). Although
Epichloé species can reproduce both asexually and sexually, interspecific heteroploids
that retained multiple genomes following a hybridization event are exclusively vertically
transmitted (Moon et al. 2004). Hybrid endophytes can gain alkaloid genes from both
ancestors, potentially increasing both benefits to host fitness (Saari and Faeth 2012) and
ecological dominance over non-hybrid endophytes (Hamilton et al. 2009, Saari and Faeth
2012, Saari et al. 2014). Also, hybrid endophytes could vertically transmit at higher rates
than non-hybrids, another mechanism that may promote their high natural abundance
(Moon et al. 2004, Selosse and Schardl 2007). However, comparisons of vertical
transmission rates between hybrid and non-hybrid endophytes are few (Sullivan and

Faeth 2008, Jia et al. 2016).

An additional biotic factor that could affect context-dependent outcomes of
symbiosis is the sympatry (same geographic area) or allopatry (different geographic area)
of related host species. Sympatry increases the potential for gene flow between host

species (i.e., interspecific hybridization) (Saikkonen 2004, Gundel et al. 2010). Host
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outcrossing events are hypothesized to result in genotype mismatches that reduce vertical
transmission for symbionts because most are asexual and exhibit a high degree of
specialization to specific host species and genotypes (Christensen et al. 1997, Gibert and
Hazard 2013). In both arthropods and plants, symbiotic bacteria or cellular organelles
(e.g., chloroplasts) can interact with host genetic background in complex ways (Herre et
al. 1999). To the best of my knowledge, no empirical evaluation of this hypothesis exists.
Evidence that symbiont prevalence and/or vertical transmission is lower in sympatry vs.
allopatry suggests there are biotic costs of co-occurring with close relatives, whereas

higher estimates suggests biotic context increases the benefits of symbiosis.

Here | report both population-level prevalence and individual-level vertical
transmission rates of heritable symbionts across the broad geographic distribution of two
hybridizing host species (Saha et al. 2009). | focused on vertically transmitted fungal
endophytes (Epichloé spp.) hosted by two native North American grass species (Elymus
virginicus and E. canadensis) across strong temperature and precipitation gradients
throughout the southern Great Plains. Seed-transmitted fungal endophytes, inherited from
mother to offspring, occur in up to 30 % of grass species (Leuchtmann 1992) as well as in
some legumes, morning glories, and sedges (Panaccione et al. 2014). The symbiosis is
facultative for the plant but obligate for the endophytes. For a subset of symbiotic hosts, |
quantified fungal genetic variation at loci associated with biosynthetic secondary
metabolite pathways (Schardl et al. 2013b, Saikkonen et al. 2013), which predict the suite
of bioactive alkaloids shown to have context-dependent effects on host fitness
(Shymanovich et al. 2015). | compared symbiont prevalence and vertical transmission

rate between populations that differed in host species sympatry (potential for inter-



specific gene flow) to evaluate the hypothesis that the biotic environment can act as a
source of variation in symbiont population dynamics. The sampling efforts for symbiont
prevalence and vertical transmission reported here— 25 native populations and 848
individuals surveyed — is among the most thorough efforts to-date for documenting
variation that occurs within grass-endophyte symbioses (White 1987, Vinton et al. 2001,
Ranelli et al. 2015, Zurek et al. 2016).

Specifically, | asked:

(1) Are population-level endophyte prevalence and individual-level vertical
transmission rate associated with abiotic variation (temperature, precipitation, or
drought)?

(2) After accounting for abiotic variation, is individual-level vertical transmission rate
associated with endophyte genotype?

(3) When hybridizing host species occur in sympatry, is there lower population-level
endophyte prevalence or individual-level vertical transmission rate?

(4) Does vertical transmission positively co-vary with symbiont prevalence across

host populations?

1.2. Methods

1.2.1 Study system

| focused on two perennial grasses, Elymus canadensis (Canada wild rye) and E.
virginicus (Virginia wild rye). E. virginicus is abundant in eastern N. America and E.
canadensis in western N. America, but they overlap throughout the Midwest and southern

Great Plains. These species readily self-pollinate, out-cross with conspecifics, and also



hybridize (Sanders and Hamrick 1980). Gene flow tends to be uni-directional, primarily
from E. canadensis to E. virginicus (Saha et al. 2009). Both grasses host systemic fungal

endophytes, Epichloé species (Clavicipitaceae) (Leuchtmann et al. 2014).

& F virginicus
o E. canadensis 17
+ Co-occuring

Figure 1.1 — Map of collection
locations. Open triangles indicate sites
where E. virginicus was collected

alone, open circles indicate sites where
E. canadensis was collected alone, and
closed diamonds indicate where
species were found co-occurring.
Numbers next to symbols correspond
with site number and name in

T Appendix A.
0 200400 km
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1.2.2 Field sampling

| surveyed populations of both host species across their distribution in the
southern Great Plains (Figure 1.1). Collections maximized replication of host
allopatry/sympatry as well as the broad range of environmental variation (mean annual
precipitation: min = 355.4 mm; max = 1254.6 mm; mean annual maximum temperature:
min = 15.6 °C; max = 27.6 °C). | characterized populations as E. virginicus alone (N = 11
populations), E. canadensis alone (N = 5), or both host species co-occurring in sympatry
(N =9) (Figure 1.1; Appendix A). Seed collections were made in 2013 after peak
flowering (June — early December), when most plants had mature seeds (Supplementary
Table 1). I collected ~30 individual plants (mean = 33.72; min = 16; max = 53) per

population, and ~40 seeds from fully ripened or senescing inflorescences per plant (min.
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of 2) in order to account for possible tiller-to-tiller variation in endophyte occurrence and

transmission.

1.2.3 Environmental data collection

To investigate the potential role of abiotic variation in symbiont prevalence and
transmission, | focused on three environmental variables: temperature, precipitation, and
drought (an integrated measure of the other two variables). | chose maximum temperature
because endophyte survival (Rolston et al. 1986) and host fitness benefits (Schardl et al.
2004) can be contingent upon high temperatures. | examined mean annual precipitation
(mm) because it has been shown to co-vary with endophyte prevalence in other systems
(Semmartin et al. 2015). I constrained calculations to the five-year period preceding the
sampling year (2008-2012) to reflect recent climate conditions. Expanded (2000-2012)
and shortened (2011-2012) time series were also tested to account for the influence of the
longer-term average or more recent weather (Long et al. 2013); these analyses yielded
qualitatively similar results (not shown). Environmental variables were calculated over
12 months, because use of yearly values received higher statistical support (minimum
Akaike Information Criterion, AIC;) than those constrained to the growing season

(February — April) or reproductive season (April — July).

| used temperature and precipitation data from the PRISM Climate Group
(Oregon State University, http://prism.oregonstate.edu, accessed August 2013) to
calculate mean annual precipitation and mean maximum monthly temperature (°C). For
the latter, monthly maximum temperatures were averaged over 12 months and then

averaged across the 5-year window. Two alternative temperature metrics (mean annual
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temperature and Growing Degree Days (Salazar-Gutierrez et al. 2013)) received less
statistical support than mean maximum temperature and were therefore excluded from
candidate models. As a measure of drought, I used the Standardized Precipitation-
Evaporation Index (SPEI), which accounts for the duration and severity of water loss
compared to water availability (Vicente-Serrano et al. 2010). Mean annual SPEI,
integrated over 12 months, was calculated as the difference between monthly
precipitation and potential evapotranspiration (using functions hargreaves and spei in R
package SPEI, (Begueria and Vicente-Serrano 2013)). High SPEI estimates indicate low
drought stress. Average monthly climate estimates for each sampling population
encompassed a wide gradient of drought severity from no drought to moderate drought

for both species (Appendix A).

1.2.4 Quantifying population-level endophyte prevalence and individual-level

transmission

My main response variables were endophyte prevalence of each population
(proportion of plants that were endophyte-symbiotic [E+]) and endophyte transmission of
each individual (proportion of seeds from E+ maternal plants that were also E+). To
estimate both variables, | focused on endophyte presence in host seeds. Previous studies
have shown that vertically transmitted endophytes are most frequently lost during the
maternal plant-to-seed transition (Afkhami and Rudgers 2008, Yule et al. 2013, Gibert et
al. 2015). Therefore, a plant was designated E- (non-symbiotic) if none of its seeds
contained fungal hyphae and E+ if any of its seeds contained fungal hyphae. This
approach may underestimate endophyte prevalence because false negatives are possible

in cases where transmission is low. | used microscopy to visually inspect 5 host seeds per
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plant for presence/absence of hyphae in the seed coat and/or aleurone layer (White 1987,
Miller and Rudgers 2014). Briefly, seeds were soaked in a 5% NaOH solution overnight,
then squashed, stained with aniline blue, and examined with a light microscope under
200X magnification. The stain adheres to fungal hyphae, which are detectable regardless
of seed or fungal viability. For an additional 15 seeds, | supplemented microscopy (which
is time and labor intensive) with the immunoblot test kit (Agrinostics Ltd Co.,
Watkinsville, GA) whereby an antibody that narrowly targets endophyte proteins is used
in conjunction with a chromagen to detect endophyte presence. Both microscopy and
immunoblot techniques used for endophyte detection have been shown to produce similar
estimates of endophyte presence or absence (Hiatt et al. 1999). | verified this relationship
by correlating E+ prevalence estimated from microscopy with that from immunoblot
assays (E. virginicus: N = 453, r = 0.63, P < 0.001; E. canadensis: N =237, r=0.75 P <
0.001). Lower correlations between microscopy and immunoblot results, particularly for
E. virginicus hosts, was likely driven by small sample sizes of microscopy screenings (5
seeds), where instances of low to intermediate transmission went undetected. | aimed for
> 20 total seeds (microscopy + immunoblot) per plant for endophyte presence and
transmission data, but a subset of plants had insufficient seeds to meet this target (mean =
16.1; min = 1; max = 33). In total, | assayed 13647 seeds from 848 host individuals from

25 populations (Appendix A).

1.2.5 Molecular techniques to estimate endophyte genotype

To determine endophyte genotypes for a subset of host populations (Elymus
virginicus: N = 9; E. canadensis: N = 3; sympatry: N =5), | germinated multiple seeds

from 196 individual field-collected host plants in a greenhouse at Rice University during
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spring 2014. My sampling scheme allowed us to determine the alkaloid genotype of
vertically transmitted endophytes from a single maternal host by analyzing the genotypes
of multiple offspring. Co-infections of multiple endophytes in the same host are rare
(Wille et al. 2002), therefore all offspring derived from a single host are expected to have
the same endophyte genotype. Genomic DNA from multiple offspring per maternal host
(mean = 3.7; min = 1; max = 9; N = 545) was isolated from ~10 mg of lyophilized plant
tissue using MagAttract 96 DNA plant core Kit (QIAGEN Inc., Valencia, CA) and
analyzed following Takach et al. (Takach et al. 2012). In total, PCR assays included a
third of all E+ maternal plants examined in this study (EV: N =87; EC: N = 48) 17
populations. Endophyte DNA was amplified with a multiplex approach using 18 markers
(Charlton et al. 2014), which infer both the production of four major alkaloid classes
(peramine, ergot alkaloids, lolines, and indole-diterpenes) and endophyte mating type
(MTA or MTB). Hybrid samples with the same mating types (MTA, MTA and MTB, MTB)
cannot be distinguished from non-hybrid endophytes with my methods. Samples were
scored for presence/absence of each gene marker. In total, seven unique genotypes were
identified (numbered arbitrarily 1-7), whereby individuals with the same genetic profile
were considered the same genotype. For a subset of endophytes (N = 11), individuals
derived from the same maternal host revealed different genotypes, possibly due to
collection contamination or co-infection. In these cases, | defaulted to the most common
genotype observed among related individuals. Analyses using the alternative genotype(s)

produced qualitatively similar results.
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1.2.6 Statistical analyses

| used generalized linear mixed models (glmer in R package Ime4; (Bates et al.
2014)), AlIC-based model selection, and multi-model inference to associate endophyte
prevalence and transmission with abiotic and biotic factors. In preliminary analyses, there
were clear host species differences in endophyte prevalence and transmission rates.
Therefore, | analyzed the host species separately to reduce candidate model complexity.
Population endophyte prevalence was treated as a binomial response variable with the
total sampled hosts as the number of trials and the total E+ hosts as the number of
successes. Transmission was modeled similarly, but with multiple observations per
population and the number of trials given by total seeds assayed per plant and successes
given by total E+ seeds per plant. Both models included the random effect of population
in addition to any fixed-effect predictor variables (below). To test for assumption
violations of binomial models I used the sum of squared Pearson residuals divided by the
residual degrees of freedom (¢). Values of ¢ greater than 1 indicate overdispersion (c_hat
in R package AlCcmodavg, (Mazerolle 2016)). Overdispersion in the vertical
transmission data (EV ¢ = 7.2; EC ¢ = 5.1) was corrected by nesting an individual
random effect within the population random effect (EV ¢ = 0.13; EC ¢ = 0.0048). 1 did
not detect overdispersion in the endophyte prevalence data and therefore only included
the population random effect (EV ¢ = 0.24; EC ¢ = 0.15). To determine the influence of
host sympatry, | created a binary variable accounting for the presence/absence of

congeners as a proxy for biotic interactions (e.g., hybridization and competition).

In total, four candidate model sets were constructed corresponding to two

response variables (endophyte prevalence and transmission) for each host species (EV
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and EC) (Table 1.1). Each candidate model set tested the influence of temperature,
precipitation, and drought (SPEI), and host sympatry as predictor variables. Sympatric
host populations were sampled across varying environments, which allowed us to test for
additive and interactive effects between each environmental predictor variable and
sympatry respectively. Interactions between temperature and precipitation were not
included because drought is a composite measure of the two; therefore, models with
drought would receive highest support if interactions between temperature and
precipitation were important. All candidate model sets included a null model representing

random population variance, for a total of eleven models (Table 1.1).

Model selection was conducted using the second-order bias corrected Akaike
Information Criterion (AIC.) that ranks the relative support for each candidate model
(aictab in R package AlCcmodavg; (Mazerolle 2016)). The difference between the best
model and all other models (AAIC;) and the conditional probability for each model
(AICcwt) were also calculated. To determine the amount of deviance explained by the
highest-ranked model compared to the null, I calculated the proportional reduction in
deviance (methods detailed in (Dalgleish et al. 2011)). This quantity (D) determines the
strength of association between response and predictor variables (1 = perfect prediction; 0

= no association) (Zheng 2000).

Following model selection, | aimed to determine if endophyte genotype explained
remaining residual variance in endophyte vertical transmission rates after accounting for
other sources of variation. To accomplish this, residuals from the best model were used as
the response variable (Table 1.1) in models testing the categorical effect of endophyte

genotype against a null model using likelihood ratio tests. I did not include endophyte
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genotype as a covariate in the original model selection because endophytes were
genotyped from a subset of collected plants. In these models, each endophyte genotype
(Appendix B) was given a unique categorical dummy variable (1-7, corresponding to the

seven genotypes | detected).

Lastly, I calculated the Spearman correlation coefficient to determine the
relationship between endophyte population prevalence and mean vertical transmission by

population for each species individually.
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1.3.1 Potential drivers of population-level endophyte prevalence

Across populations, endophyte prevalence in E. canadensis (mean = 91.1%) was

on average greater than E. virginicus (mean = 53.6%) (Figure 1.2a). For E. virginicus,

model selection indicated that endophyte prevalence was lower under greater drought

stress (AlICcwt = 0.47, D = 0.042), and increased from 47 % in dry sites (SPEI < 0) to

79% in mesic sites (SPEI > 0) (Figure 1.3a). E. canadensis had high endophyte

prevalence across environments (prevalence: dry = 94%, mesic = 86%) (Figure 1.3a), and

the null model received the most support (Table 1.1). Figure 1.3b shows E. canadensis
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Figure 1.2 — Histograms of E. virginicus (black bars) and E. canadensis (grey bars)
population-level endophyte prevalence (a) and individual-level endophyte transmission
rates of endophyte positive (E+) hosts (b) across all sampled populations.
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endophyte prevalence in relation to mean maximum temperature, which was the most

supported environmental variable (AAIC. = 0.56).

Table 1.1 — AIC; model rankings for Elymus virginicus (EV) and E. canadensis (EC).

Model fit diagnostics include delta AIC. (AAIC.) and AIC weight (AlCcwt), which
measure model support relative to all other candidate models. D is a measure of the

proportional reduction in deviance when the predictor variable with the most statistical
support is added to the null model, or the amount of deviance explained by the focal

parameter (see Methods for additional details).

Population-level endophyte prevalence

Individual-level endophyte transmission

Host Model AlC. AAIC AlCwt D Model AIC. AAIC AlCwt D
EV SPEI'2 133.66 0.00 0.47 0.042 null* 1206.99 0.00 0.27
tmax 136.02 2.36 0.14 tmax? 120755  0.56 0.20 0.0012
SPEI + sympatry 136.45 2.79 0.12 SPEI 1208.63 1.64 0.12
null 136.48 2.82 0.11 ppt 1208.73 1.74 0.11
ppt 137.95 4.29 0.05 sympatry 1209.04 2.05 0.10
tmax + sympatry 139.05 5.39 0.03 tmax + sympatry 1209.58 2.59 0.07
sympatry 139.22 5.56 0.03 SPEI + sympatry 1210.67 3.67 0.04
SPEI * sympatry 139.45 5.79 0.03 ppt + sympatry 1210.77 3.77 0.04
ppt + sympatry 140.99 7.33 0.01 tmax * sympatry 1211.62 4.62 0.03
tmax * sympatry 142.20 8.55 0.01 SPEI * sympatry 1212.58 5.59 0.02
ppt * sympatry 144.14 10.48 0.00 ppt * sympatry 1212.85 5.85 0.01
EC  pumt 51.46 0.00 0.34 null* 26326 000 027
tmax 53.00 1.54 0.16 0.039  sympatry 264.72 1.45 0.13 0.002
sympatry 53.02 1.56 0.15 tmax 2 264.84 1.58 0.12 0.002
ppt 53.24 1.79 0.14 SPEI 265.19 1.92 0.10
SPEI 53.41 1.95 0.13 ppt 265.32 2.06 0.10
tmax + sympatry 55.85 4.40 0.04 tmax + sympatry 265.64 2.37 0.08
ppt + sympatry 56.88 5.42 0.02 ppt + sympatry 266.40 3.14 0.06
SPEI + sympatry 57.01 5.55 0.02 SPEI + sympatry 266.66 3.39 0.05
tmax * sympatry 60.26 8.80 0.00 tmax * sympatry 266.94 3.67 0.04
ppt * sympatry 61.88 10.42 0.00 SPEI * sympatry 268.20 4.93 0.02
SPEI * sympatry 62.06 10.60 0.00 ppt * sympatry 268.49 5.22 0.02
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1.3.2 Potential drivers of vertical transmission

E. canadensis (N = 257) had higher transmission rates (mean = 85.7%; max =
100%; min = 0.05%) than E. virginicus (N = 313; mean = 71.1%; max = 100%, min =
0.05 %) (Figure 1.2b). For both species, abiotic factors explained little variation in
transmission rates. For E. virginicus, the null model (AIC.wt = 0.27) and the model
containing temperature (AICcwt = 0.20) received similar statistical support (Table 1.1),
but temperature explained just a small fraction of the substantial variability in
transmission (D = 0.0012) (Figure 1.3c). For E. canadensis, vertical transmission rates
were consistently high, but declined slightly at low maximum temperatures (16 °C).
Models containing temperature alone (AIC.wt = 0.54) and temperature plus sympatry
(AICwt = 0.23) received the most statistical support. These models indicated that
transmission rates increased with maximum temperatures and in sympatry. However,
after removing the population at the extreme end of the temperature gradient, (Appendix
A, site 2), the null model emerged as the best (AIC.wt = 0.27), indicating that the outlier
was driving both the sympatry and temperature effects. Without the outlier, vertical
transmission remained high across both the temperature gradient and sympatric/allopatric

populations (Fig 1.3d, dotted line).
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Figure 1.3 — Generalized linear mixed effect model estimates from Table 1.1 showing
best fit patterns (solid line) of population-level endophyte frequencies (a & b) and
individual-level vertical transmission rates (¢ & d) across annual mean maximum
temperature (°C) or mean annual drought (SPEI) for E. virginicus and E. canadensis
hosts. The null model (intercept) is indicated by dotted lines (panels b, ¢, & d). Hatched
circles in panel b and d indicate endophyte vertical transmission rates from site number 2
(Flagstaff: Appendix A) that were not included in final model estimates (Table 1.1).

1.3.3 Association between vertical transmission and endophyte genotype

| identified seven unique endophyte genotypes over 136 host plants (Appendix B).
All endophyte genotypes were positive for PER (peramine) markers, but genotypes
varied in presence/absence of LOL (loline) and EAS (ergot alkaloid) loci. Overall, | found

more endophyte genotypes in E. canadensis than in E. virginicus.

Mating type varied across samples and revealed hybrid endophytes bearing both

MTA and MTB markers (Genotypes 3, 5 and 7; Appendix B). These hybrid endophytes
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occurred primarily in E. canadensis and had more alkaloid markers than non-hybrids.
Putatively sexually reproducing, non-hybrid endophytes (with only MTA or MTB) had
fewer alkaloid markers and were vertically transmitted at lower average rates (76%) than

hybrids (93.9%).

For both host species, endophyte genotype explained significant variation in
residuals extracted from top supported vertical transmission models (Table 1.1) compared
to the null (Likelihood ratio tests EV: = 12.1, P = 0.007; EC: »* = 17.40, P < 0.0001).
Although many endophyte genotypes lacked sufficient replication to statistically compare
mean transmission rates, post-hoc tests revealed that in E. virginicus, genotype 2
transmitted at a significantly higher rate (mean = 89.7%) than genotype 1 (mean =
64.5%) (z =-2.49, P = 0.0128) (Figure 1.4a). Genotype 1 has genes associated with
peramine alkaloid production known to specifically target invertebrates (Schardl et al.
2014). In contrast, genotype 2 has genes for the production of both peramine and ergot
alkaloids, which may defend against a wider range of vertebrate and invertebrate
herbivores (Schardl et al. 2014). In E. canadensis, where sample sizes were smaller, post-
hoc tests failed to detect significant pairwise differences, although the genotype with the
highest vertical transmission was on average 35.5% greater than the genotype with the

lowest. (Figure 1.4b).



Residual variance

0.5

0.0

0.5

22

E. virginicus b E. canadensis
A B — 0.10 —
i o —
T i 005 °
! - — —
o
: g
: = -0.05
1 0
. i =
1 1 o w
; ; & 010 ¢ ¢
5 015 7 —
© 020
N=31 N=45 N=1 N=10 - N=2 N=2 N=16 N=15 N=1 N=12
I I I I I I I I I I
1 2 4 7 1 2 4 5 6 7
Endophyte Genotype Endophyte genotype

Figure 1.4 — Box and whisker plots of residual variance in endophyte vertical transmission
explained by endophyte genotype (Appendix B). Residual variance was extracted from abiotic
models with the most statistical support (Table 1.1) for both host species (a & b) and restricted
to genotyped endophytes (N = number of endophytes per genotype). Endophyte genotypes were
defined by their unique alkaloid genetic profile (Appendix B). In E. virginicus hosts,
endophytes with genotype 2 transmitted at a significantly higher rate than endophytes with
genotype 1 (z =-2.77, P = 0.007).

1.3.4 Correlation between endophyte prevalence and transmission

For E. virginicus, populations with high mean endophyte prevalence had higher
mean vertical transmission success (p = 0.659, S = 454, P = 0.0021, Figure 1.5). In E.
canadensis, there was less variability in prevalence and transmission and no significant

correlation between the two (EV; EC: p = 0.241, S = 345.14, P = 0.406).
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Figure 1.5 — Correlation between population-level mean endophyte
prevalence and mean endophyte transmission observed in E. virginicus (open
triangles) and E. canadensis (open circles) host. The dashed line represents a
1:1 relationship.

1.4. Discussion

Vertical transmission is an important determinant of heritable symbiont

prevalence in host populations (Gundel et al. 2008, 2011b) but has received less
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empirical attention than the fitness effects of symbionts. To my knowledge, mine is the

first study to examine both population-level symbiont prevalence and individual-level

vertical transmission across strong environmental gradients. This approach enabled us to

determine how symbiont prevalence and transmission associate with abiotic and biotic

factors. | found that both endophyte prevalence and vertical transmission varied

substantially between and (for transmission) within populations (Figure 1.2) and weakly
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associated with large-scale abiotic variables (Figure 1.3). However, | did find one
exception to this pattern- endophyte prevalence in E. virginicus significantly declined
with greater drought stress (lower SPEI). Furthermore, | uncovered novel evidence that
biotic context, specifically endophyte genotype, plays a role in determining symbiont
inheritance (Figure 1.4). In contrast, sympatry, a proxy for hybridization potential, did
not associate with symbiont prevalence or transmission. Lastly, vertical transmission may
be a key constraint to symbiont prevalence in some host species, as evidenced by the
strong positive correlation between vertical transmission and endophyte prevalence in E.
virginicus (Gundel et al. 2011b) (Figure 1.5). A perfect correlation between endophyte
prevalence and transmission is also predicted to occur when endophytes provide very
strong fitness benefits, suggesting endophytes could act as mutualists in E. virginicus
populations (Gundel et al. 2008). Together, my results propose endophyte genotype, and
to a lesser extent climate variables play roles in shaping endophyte population dynamics,
but substantial variability remains unexplained.

Previous surveys have detected influences of environmental conditions on
endophyte prevalence (Bazely et al. 2007, Afkhami 2012), but have paid less attention to
endophyte transmission (Gundel et al. 2009, Gibert and Hazard 2013, Gundel et al.
2016). My results extend this work by providing new evidence that prevalence of
heritable endophytes and transmission from parent to offspring vary substantially across
host individuals and populations (Figure 1.2) and in few cases, correlate with local
climate. Other surveys found that endophyte prevalence either increased (lannone et al.
2015) or declined (Victoria Novas et al. 2007) with greater aridity, thereby suggesting

that host-endophyte relationships vary in their responses to abiotic stressors. In my study,
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endophyte prevalence, but not transmission, decreased with increasing drought severity in
E. virginicus (Figure 1.3a). In contrast, for E. canadensis, endophyte prevalence and
transmission did not closely associate with abiotic factors (Figure 1.3b and d). As a
whole, these results are surprising given that endophytes are classically hypothesized to
increase host fitness in response to abiotic stress, particularly drought (Clay 1988,
Schardl et al. 2004), and therefore should reach high prevalence in drought-stressed
environments over time (Gundel et al. 2008). However, experimental studies have
revealed that endophytes are not universally beneficial under abiotic stress (Cheplick
2004). For example, Rudgers and Swaffor (2009) demonstrated that Elymus virginicus
hosting Epichloé elymi experienced more aboveground growth than endophyte-free hosts
in response to daily watering, but this fitness boost was reduced by half in severe
drought. This result suggests that drought could diminish rather than enhance benefits of
symbiosis. Note that symbiont prevalence and transmission are not direct measures of
mutualism (Gundel et al. 2016). Without manipulating symbiont presence, | cannot
determine if or when endophytes act as mutualists in this system.

After accounting for abiotic influences, my work reveals a previously
undocumented association between vertical transmission and endophyte genotype (Figure
1.4). Here, | present endophyte genotypes comprised of multiple genetic loci that
informed two traits: 1) potential alkaloid production and 2) hybrid origin. Together, these
traits may explain host-level differences in endophyte prevalence and transmission
observed in the field. First, the seven endophyte genotypes described here (Appendix B),
and elsewhere (Young et al. 2009, Charlton et al. 2012, Takach and Young 2014,

Charlton et al. 2014), correspond to bioactive alkaloids produced by endophytic fungi in
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planta. Epichloé alkaloids can influence host fitness by deterring herbivores (Saikkonen
et al. 2013), increasing host resistance to pathogens (Pérez et al. 2013), and altering soil
microbial composition (Rojas et al. 2016). It is possible that endophytes equipped with a
diverse arsenal of alkaloids that increase host fitness may also be selected for increased
transmission rates. My results are consistent with this hypothesis: endophytes in E.
canadensis were more prevalent and transmitted at higher rates (Figure 1.2b), but also
possessed more genetic loci for bioactive alkaloids compared to E. virginicus (Table 1.1
and Figure 1.4). Also, similar to previous observations (Charlton et al. 2012), endophytes
at high prevalence in E. canadensis were also of hybrid origin (presence of both mating
types) and therefore likely incapable of sexual reproduction and horizontal transmission
(Selosse and Schardl 2007, Charlton et al. 2012, Faeth et al. 2017). In contrast, symbionts
with mixed transmission modes (i.e., both vertical and horizontal) often occur at lower
prevalence than exclusively vertically transmitted symbionts, presumably due to weaker
fitness feedbacks with their partner (Afkhami and Rudgers 2008, Rudgers and Swafford
2009). Although I did not observe sexual stromata in any sampled population, sexual
reproduction may occur, particularly in E. virginicus hosts, because both mating-types
were present (a requirement for a heterothallic species) in eight of the 15 plant
populations.

Host species co-occurrence explained little variation in either symbiont
prevalence or vertical transmission (Table 1.1). Sympatry is a pre-requisite for
interspecific gene flow and may also allow for biotic interactions such as competition
(Wu et al. 2016) or increased exposure to shared enemies (Ness et al. 2011). |

hypothesized that lower symbiont prevalence and transmission in sympatry vs. allopatry
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could reflect costs of co-occurring with close relatives. My results do not support this
hypothesis. However, molecular evidence of contemporary plant hybridization is
necessary to demonstrate that interspecific gene flow was occurring in the sympatric
populations | sampled. Future studies could inform this hypothesis by manipulating host
outcrossing rates or measuring the strength of intra- vs. interspecific competition (Miller
and Rudgers 2014), then quantifying endophyte vertical transmission.

Given the lack of strong evidence for abiotic drivers, what determines variability
in symbiont vertical transmission at the landscape level? Here, | suggest some potential
mechanisms. First, temporally or spatially fluctuating fitness benefits could maintain
variability in transmission rates (Saikkonen et al. 2010a), particularly if, as my data
suggest, endophyte genotypes that possibly differ in fitness benefits also differ in vertical
transmission success. Explicit measures of both the fitness benefits and transmission rates
of endophyte genotypes are necessary to address this hypothesis. Second, coarse-grained
environmental variables may not strongly influence vertical transmission in this system,
but instead, transmission could fluctuate temporally and spatially with factors such as
herbivory. Although | cannot explain much of the variability in symbiont vertical
transmission, my data suggest that for some host species, individual-level symbiont
transmission constrains symbiont prevalence at the population level (Figure 1.5). Better
understanding the sources of variation in individual-level transmission may therefore be

the key to understanding larger scale patterns of endophyte distribution and abundance.



Chapter 2

Does host outcrossing disrupt compatibility
with heritable symbionts?

Vertically transmitted symbionts are common in macro-organisms and can benefit
hosts by increasing defense against biotic and abiotic stress. Because the fitness of
partners is coupled via the process of vertical transmission, these symbionts often become
specialized on host species or genotypes during long-term co-cladogenesis. However,
high levels of specialization could create genetic incompatibilities between symbionts
and novel host genotypes, generating costs to the symbiont when hosts outcross or
hybridize. Incompatibilities between hosts and symbionts could come in several forms.
First, symbionts may fail to colonize novel hosts that are genetically distant from their
maternal host. Second, if transmission is successful, the symbiont may not grow in the
novel host, which could influence symbiont transmission into subsequent host
generations. Lastly, host outcrossing may impact the fitness of symbiotic partners. Here, |

conducted a direct test of these hypotheses by manipulating outcrossing events between

28
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genetically distant populations and species of cool-season grasses (family Poaceae) that
host systemic vertically transmitted fungal endophytes (genus Epichloé). From these
crosses, | measured endophyte vertical transmission across two host generations (F1 and
F2). Host outcrossing was measured in two ways: 1) eight neutral microsatellite markers
were used to estimate the genetic distance between mated hosts and 2) cross type, which
distinguished intra-population, inter-population, and inter-specific crosses
(hybridization). | found that both genetic distance and cross type influenced endophyte
transmission into the first offspring generation (F1), with overall transmission increasing
with greater genetic distance between parents. However, | found that endophytes grew
equally well in adult F1 hosts and transmitted at high rates into the F, generation.
Differences between symbiont transmission into the F1 and F2 host generations may be a
function of environmental factors and maternal effects. Lastly, | found strong fitness
consequences of outcrossing for hosts and the symbionts they harbor as seed germination
increased but adult fertility declined with greater genetic distance between hosts. My
results provide experimental evidence that host outcrossing does not disrupt compatibility

with heritable symbionts.

2.1. Introduction

Most multicellular organisms host heritable microbes that can be vertically
transmitted from maternal host to offspring (Funkhouser and Bordenstein 2013). Vertical
transmission intimately links host and symbiont fitness via host reproduction and is
expected to favor the evolution of mutualism (Ewald 1987, Douglas 1998, Sachs et al.

2004). Indeed, heritable microbes can benefit hosts by increasing defense against biotic



30

and abiotic stress in exchange for protection and regeneration (Oliver et al. 2005, Singh et

al. 2011, Peérez et al. 2013).

An important consequence of vertical transmission is the evolution of specialized
host-symbiont relationships that remain stable over macroevolutionary timescales
(Bennett and Moran 2015, Cruaud and Rasplus 2016). As a result of long-term
evolutionary dynamics, vertically transmitted symbionts specialize with host species or
host genotypes, and consequently may become incompatible with genetically novel hosts
(Goodrich et al. 2016, Chong and Moran 2016). Much of the evidence for genetic
incompatibility between novel host-symbiont pairs comes from experimental interspecific
cross-inoculations that result in a breakdown in compatibility- largely in lab-based insect
systems. For instance, symbionts experimentally introduced to novel host species
experienced low vertical transmission rates, while hosts had shortened lifespans, and
reduced fertility (Christensen 1995, McGraw et al. 2002, Kageyama et al. 2006). This
loss of compatibility is likely due to a decoupling of physio-chemical signaling between
partners (Eaton et al. 2010, Oldroyd 2013). While these experiments inform hypotheses
about the evolution of symbiosis, most prior studies have not investigated the
consequences of novel host-symbiont interactions that occur naturally or on ecologically

relevant timescales (Saikkonen et al. 2010b, Gundel et al. 2010).

One mechanism hypothesized to create genetic incompatibilities between
symbiotic partners is genetic exchange between hosts, such as outcrossing or
hybridization, which generates novel host genotypes each generation (Saikkonen 2004,
Gundel et al. 2012, Gibert and Hazard 2013). Specifically, incompatibility between host

and symbiont may arise from their contrasting reproductive modes: heritable symbionts
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predominantly reproduce asexually during transmission from mother to offspring, but
many hosts readily outcross (Saikkonen 2004). This mismatch means that symbionts
encounter a different genetic background in the outcrossed host offspring they colonize
compared to the genetic background of the maternal host from which they came, thereby
creating the opportunity for host-symbiont incompatibilities (Bergstrom and Lachmann
2003, Jaenike 2012). However, it remains unclear if and how host outcrossing influences

symbiotic relationships.

| hypothesize that host outcrossing could affect host-symbiont compatibility in at
least two ways. First, the symbiont could experience a reduction in vertical transmission
by failing to colonize outcrossed offspring that differ from the maternal genotype, with
vertical transmission to offspring hypothesized to decline as genetic distance between
parental (P1) hosts increases (Gundel et al. 2011b, 2012a). Second, if the symbiont
successfully transmits, it may experience aberrant growth in the novel host that could
influence host fitness. For instance, bacteria (Buchnera aphidicola) titer abundance in pea
aphid hosts varied in response to host genotype and reduced host reproductive rates at
higher abundances (Chong and Moran 2016). Similarly, multiple strains of a heritable
endophytic fungus (Epichloé coenophiala) either did not grow in planta or failed to
persist after transplantation into novel adult hosts (Leuchtmann 1992, Leuchtmann and
Clay 1993, Christensen 1995). Also, timing of symbiont colonization may determine
when incompatibilities arise. For example, if symbiont vertical transmission occurs
before host outcrossing, such as in some Epichloé endophyte-grass systems, the symbiont
colonizes sporophytic maternal seed tissues before cross-fertilization (Majewska-Sawka

and Nakashima 2004, Zhang et al. 2017). If this is the case, symbionts first encounter
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novel host genotypes upon host germination, growth, and reproduction, which may result

in poor symbiont growth in F1 adults and/or low transmission to F. offspring.

Prior research has provided evidence to suggest that host genotypes determine
symbiont transmission (Gibert and Hazard 2013) and that changes in transmission are
potentially due to host-symbiont incompatibility (Saikkonen et al. 2010b, Gundel et al.
2012). However, additional work is needed on several fronts. First, past studies regarded
gene flow as a quantitative metric (outcrossed or not), when in reality it is a continuum
ranging from genetic exchange within a population to between species. A gradient of
genetic distances is essential for testing predictions about the functional relationship,
linear or otherwise, between host genetic distance and symbiont transmission (Gundel et
al. 2010). Second, neutral markers used to measure genetic distance likely fail to account
for the effect of outcrossing on locally adapted symbiotic partners (Gomulkiewicz et al.
2000). Outcrossing between populations or species exposed to different selective regimes
(e.g., climate, predators, pathogens) can have strong, often contrasting, consequences for
organisms (Lenormand 2002). For example, outcrossing can either facilitate (Aitken and
Whitlock 2013, Tigano and Friesen 2016) or stymie (Rhymer and Simberloff 1996) local
adaptation depending upon factors such as specific selection regimes and a population’s
demographic history (Garant et al. 2007). Given that symbionts can facilitate host
adaptation to different environments (Redman et al. 2002, Richier 2005, Rodriguez et al.
2008, Byler et al. 2013), whether outcrossed hosts are from the same population, different
populations or different species, could interact or operate independently with host genetic
distance to determine host-symbiont compatibility (Gomulkiewicz et al. 2000, Cheplick

and Faeth 2009).
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Here, | used the symbiotic relationship between primarily vertically transmitted
(via seeds) fungal endophytes in the genus Epichloé (Clavicipitaceae) and two species of
cool-season grasses (Elymus virginicus and Elymus canadensis) to investigate the effect
of host outcrossing on symbiont vertical transmission rates, symbiont density, and
multiple components of host fitness. (Dewey 1983, Schardl et al. 2004). This system is
particularly well-suited to answer questions regarding the effect of host outcrossing on
symbiosis because both hosts can self-pollinate, outcross with conspecifics, and also

hybridize inter-specifically (Church 1958).

| addressed the following specific questions: 1) Does host outcrossing influence
endophyte vertical transmission rates across multiple host generations (in both F1 and F
generation)? 2) Does endophyte density in F1 plants respond to host genetic background
and positively correlate with vertical transmission rates into the F2 generation? 3) Does
host outcrossing affect offspring fitness at multiple life stages (e.g., F1 seed germination
and adult fertility) and is host fitness associated with endophyte density? To answer these
questions, I manipulated gene flow between parental (P1) grasses of varying genetic
distances to generate outcrossed seeds (F1 generation) and quantified both endophyte
vertical transmission rates into and germination success of F1 seeds. | hypothesized that
endophyte vertical transmission rate would decrease as the genetic distance between
parents increased. Then, F1 seedlings were transplanted into a common garden
experiment, where | quantified fungal endophyte density in planta. Reduced in planta
fungal growth in hybrid F; offspring relative to those generated from intrapopulation
crosses would be consistent with incompatibility between symbiotic partners, and could

explain variation in endophyte vertical transmission into F, seeds because fungal hyphae
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must attain a high enough density inside the plant to successfully transmit to host seeds
(Christensen 1995, Schardl et al. 2004). | estimated endophyte vertical transmission rates
into F2 seeds to determine if in planta symbiont growth positively correlated with
symbiont transmission success. Lastly, | determined if outcrossing influenced fertility of
hosts and thus opportunities for symbiont transmission by quantifying seed production

success of symbiotic F1 hosts.

2.2. Methods

2.2.1 Study system and plant material

To act as the parental (P1) generation, | collected ~40 seeds from each of 69
individual plants from across natural populations of cool-season grasses, Elymus
virginicus (N = 9 populations) and Elymus canadensis (N = 5 populations), throughout
the Southern Great Plains in spring 2013). These collections ranged from southern
Arizona to eastern Kansas and encompassed a strong aridity and temperature gradient
(for collection methods see Sneck et al. 2017). Both Elymus harbor fungal endophytes
within the genus Epichloé, which grow asymptomatically in above-ground host tissues.
The symbiotic populations included in this study have likely responded to disparate
selection regimes because Epichloé endophytes are more common in some environments
over others (Sneck et al. 2017) and can buffer hosts against environmental stress
(Saikkonen et al. 2016 ). Controlling gene flow between a pollen donor and recipient is
possible because Elymus anthers emerge prior to stigmas. E. virginicus was chosen as the

focal host species and primary pollen recipient to reflect previously described gene flow
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patterns between sympatric E. virginicus and E. canadensis populations (Nelson and Tyrl

1978, Saha et al. 2009).

| pooled all collected seeds from an individual plant into a single maternal family.
To screen for endophyte-positive plants (E+), 20 seeds per maternal family were surface
sterilized in 5% bleach, cold stratified in 10% agarose in Parafilm-sealed petri dishes at
4°C for 2 weeks, and then germinated in the greenhouse at Rice University early spring
2014 and 2015 in 74-well potting trays (Grower’s Supply, Dyersville, IA) with peat-
based potting soil (Pro-mix, Premier Tech, Quakertown, PA). | checked for endophyte
presence in at least two tillers (above-ground branch) using light microscopy under 200X
magnification, where fungal hyphae stained with aniline blue are visible in thin sections
of the inner leaf sheath (Bacon and White 1994). All E+ seedlings were transplanted into
potting soil in 1.8 L pots (Kord Regal Standard Pots), fertilized as needed, and vernalized
outside the greenhouse for ~2 months (winter 2014 and 2015) to promote flowering. In
total, 107 E+ plants were included in the P1 generation.

Estimating genetic distance between P1 plants - To determine if endophyte
vertical transmission and host fitness were a function of genetic distance between
outcrossed Py plants, | estimated the mean genetic distance between each maternal family
using eight previously developed microsatellite markers that revealed a total of 33
polymorphic alleles (Saha et al. 2009). Specifically, multiple individual plants from the
same maternal family (median = 2 min = 1, max = 6) were genotyped and the genetic
distance between each family was calculated as the total number of non-identical alleles
across all microsatellite loci (min = 1, max = 18), where higher numbers indicate greater

genetic distance (Huff et al. 1993). This approach to estimating genetic distance is widely
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used for polyploid organisms (Falush et al. 2007, Pfeiffer et al. 2011, Schreier et al.

2013). Given that multiple plants from the same maternal family were genotyped, |
observed slight variations in the genetic distance between any two families. To
accommodate this variation, | calculated the mean genetic distance across all members of
the maternal family. | also genotyped the endophyte, which enabled us to account for
effects of endophyte genotype on vertical transmission. (For detailed methods see
Appendix C.) In addition, | determined the genotype of Epichloé sp. in each maternal
family by amplifying 18 genetic markers using a multiplex approach described in Sneck
et al. 2017. Endophyte genotypes, mainly comprised of two similar profiles, were defined
based on genetic loci associated with both alkaloid production and mating type (Charlton

et al. 2014) (Appendix C).

2.2.2 Greenhouse crossing experiment

To manipulate gene flow between P1 plants, | made three types of experimental
crosses (N = 160 total crosses): crosses within the same population (intra: N = 22), from
different populations (inter: N = 85), or from different species (hybrid: N = 53). | used
single plants as both pollen donors and recipients, with recipients treated as blocks (N =
72 maternal blocks) and cross types assigned to individual inflorescences within a plant,
which typically had 10-20 inflorescences. To prevent self-pollination, recipient
inflorescences were emasculated with fine-tipped forceps then placed in micro-perforated
plastic bags (Perf-o-film®, Penn Jersey Paper, Philadelphia, PA). Within 1-3 d of
emasculation, | added a pollen donor inflorescence to the bag and agitated it to facilitate

pollination (Dewey 1971). Donor inflorescences with intact anthers were removed from
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donor plants, and placed in 14-ml water-filled centrifuge tubes attached to a bamboo rod

in the pollen recipient pot.

To confirm treatment effectiveness, | assessed seed production and genotyped
offspring. Anther removal adequately reduced self-pollination because emasculated
inflorescences without a pollen donor produced significantly fewer seeds (N = 30, mean
= 2.6, min = 0, max = 18) than bagged, un-manipulated inflorescences (N = 41, mean =
15.51, min =0, max = 67, t=-6.76, P <0.0001). However, hand pollination techniques
were not as efficient as natural pollination because seed production was significantly
higher in bagged, un-manipulated inflorescences (i.e., naturally selfed, N = 16, mean =
35.31, min =1, max = 85) compared to experimentally selfed (N = 17, mean = 9.4, min =
0, max =31, t =3.72, P = 0.002) inflorescences on the same plant. To verify that
treatments produced offspring of the intended parentage, | used the microsatellite markers
described above to genotype a subset of experimentally crossed (N = 33) and naturally

self-fertilized offspring (N = 7).

Endophyte transmission and germination of the F1 generation - To determine if
outcrossing altered endophyte transmission into F1 seeds, | harvested mature seeds from
pollen recipient inflorescences during summer 2014 (N = 124 crosses) and 2015 (N = 36
crosses). Seeds (N = 1013) were surface sterilized with 5% bleach, suspended in 10%
agar within individual petri dishes sealed with Parafilm, and cold stratified at 4°C for 2
weeks. Then, petri dishes were placed under 32-Watt aquarium lights and exposed to 10 h
of light per day. Endophyte status of seedlings was determined nondestructively in at
least two tillers using light microscopy. | also assayed seeds that failed to germinate after

two months by first soaking them in 5% NaOH solution overnight, then squashing and
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staining. The stain binds to fungal hyphae, which is visible in the seed coat and/or

aleurone layer at 200X magnification (White 1987), regardless of seed or fungal viability.

2.2.3 Common garden experiment

| estimated endophyte hyphal density in Fy adults and endophyte transmission
into F, offspring in a semi-natural setting using E+ F1 offspring from the three cross
types: intra: N = 17, inter: N = 68, and hybrid: N = 58 (total =143). | transplanted F1
offspring into 6 L plastic pots in potting soil (Pro-mix, Premier Tech, Quakertown, PA)
during early November 2015 and vernalized outdoors. In February 2016, pots were sunk
into 20-cm deep holes at 1 m spacing at a field site in Houston, TX (29.65N, -95.44W).
To aid plant establishment, each pot received 16 g of Osmocote® fertilizer (The Scotts
Company, Maryville, OH) and was watered daily for one week. Ambient vegetation was
mowed as needed to reduce light competition. Unlike my greenhouse experiment, these
plants were strictly selfed to control for pollen donor identity. | imposed selfing by
bagging three immature inflorescences with micro-perforated bags. Bagged
inflorescences produced fewer seeds (mean = 13.2) than unbagged (mean = 24),
suggesting that plants allocated more resources to unbagged tillers (t = - 3.65, P =

0.0004).

Endophyte growth in F1 adult plants - Hyphal density was estimated in a subset of E+
common garden plants (inter: N = 36; hybrid N = 20) in June 2016, during peak plant
reproduction, when fungal endophytes are at high densities (Schardl et al. 2004). | was
unable to sample intrapopulation crosses due to tissue senescence later in the season.

Endophyte presence was detected in multiple non-destructively sampled tillers per plant
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(N tillers = 63, mean tillers sampled per plant = 2.5, min = 1, max = 4 using light
microscopy). Peel samples were taken from the same tillers from which endophyte
transmission was estimated (detailed below). In addition to tiller-to-tiller variation within
plants, I accounted for within-tiller hyphal density variation by analyzing multiple leaf
sheath views per tiller, captured with ZEISS Axiocam ERc 5s microscope camera
(median views per tiller =2, min = 1, max = 17). Number of views per tiller was
marginally negatively correlated with hyphal density (correlation = -0.23, ts1 = -1.87, P =
0.066). Hyphal density was calculated as the mean hyphal length per tiller pooled over all
tiller views, or the mean number of scaled pixels (288 pixels = 10 um) occupied by
hyphae visible within 200X magnification field of view (image processing software

ImagelJ: (Schneider et al. 2012).

Endophyte transmission success into the F2 generation - In August 2016, | harvested F
seeds from bagged inflorescences to estimate vertical transmission rates with a high-
throughput antibody immunoblot membrane that narrowly targets Epichloé endophyte
proteins (Agrinostics Ltd Co., Watkinsville, GA) in this system (Sneck et al. 2017). |
assayed multiple seeds per inflorescence (median seeds per inflorescence = 10, min = 1,
max =16) and multiple inflorescences per plant (mean seeds per plant = 14, min = 1, max
= 67) for a total of 1622 seeds assayed. Lastly, | used the number of bagged seeds to

correlate endophyte density with host fitness at the individual tiller level.

Adult fertility of F1 plants - We also collected one non-bagged inflorescence per plant to
determine how original cross type affected F1 seed production (which I knew to be

affected by bagging).
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2.2.4 Data analyses

| compared four candidate model sets of generalized linear mixed effects models
to estimate the influence of host outcrossing on vertical transmission in the F1 and F2
generation and E+ host offspring performance at seed and adult life stages (Table 2.1).
Transmission and seed germination was treated as binomial response variables, with the
total number of trials given by the total seeds assayed per plant (glmer in R version 3.4.0,
Package Ime4). Fertility, the total number of seeds produced by an unbagged tiller, was
treated as a continuous negative binomial response (package gimmADMB in R). Host
outcrossing was represented by two predictor variables, genetic distance and cross type,
which are distinct because genetic distance was based narrowly on a set of neutral loci
and thus, cross type may capture additional genomic differences between individuals
potentially due to different selective regimes. | treated genetic distance (GD) as a
continuous estimate of genetic differences between parents for both F1 and F2 generations

(for details see Appendix C).

To test for a quadratic relationship between genetic distance and each response
variable, a quadratic term was included; however, it received little statistical support
based upon Akaike Information Criterion values (AICc) (not shown) and was removed
from analyses. Additionally, all models included maternal and paternal plant identity as
random effects. All possible combinations of additive and interactive relationships
between each predictor variable were included in the four candidate model sets including
a null model representing only random variance associated with paternal and maternal
identity, for a total of five models per candidate model set. When appropriate, I

determined that all models conformed to assumptions of binomial models and did not



41

show significant overdispersion by calculating ¢, the sum of squared Pearson residuals

divided by the residual degrees of freedom.

Model selection was conducted to rank the relative support for each model within
their respective candidate model sets using the second-order bias corrected Akaike
Information Criterion (AICc) model selection techniques (aictab in R package
AlCcmodavg). The difference between the best model and all other candidate models
was calculated using delta AIC¢ (AAIC.), where the best model receives a AAIC. value of
zero. To calculate the relative statistical support for each candidate model, I calculated
the AIC. weight (AICwt), with higher values indicating more support from the data.
Statistical significance of top AIC-ranked models was estimated using likelihood ratio

tests (mixed in R package afex).

To determine the association between endophyte density and transmission
success, | calculated the Pearson’s correlation coefficient between endophyte density in
F1 adult plants and endophyte vertical transmission rate into F2 seeds at both the
individual tiller and plant level. Also, I calculated the correlation between endophyte
density and seed production at the tiller level. Lastly, | tested for differences in endophyte

density with host genetic distance and between cross types.
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2.3. Results

2.3.1 Effectiveness of greenhouse crossing experiment

| predicted that, if experimental crosses were effective, outcrossed offspring
would be equally genetically distant from their maternal and paternal parents, and more
genetically distant from their maternal parent than self-pollinated offspring. Indeed, the
genetic distance to maternal vs. paternal plants was not significantly different (tsg = 1.72
P =0.091), while outcrossed offspring were on average more genetically distant from
maternal plants than self-fertilized offspring (t12 = 3.95, P = 0.002) (Appendix C1, Figure
C1). Additionally, genetic distance between cross types tracked genetic distance of the

microsatellite markers in ways | intended: hybrid cross types were significantly more
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Figure 2.1 — Boxplots of estimated mean genetic distance between
outcrossed host parents from each cross type within populations
(intra-), between populations (inter-) and between species (hybrid).
Letters indicate significant difference between means.
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genetically distant than intra- (ti7 = 5.62, P < 0.001) and interpopulation crosses (tsg =
6.87, P <0.001), but genetic distances of inter- and intrapopulation crosses were not

significantly different from each other (tis = 1.34, P = 0.18) (Figure 2.1).

2.3.2 Vertical transmission rates in response to host outcrossing

| found mixed support for the hypothesis that endophyte vertical transmission
rates decline as genetic distance between parental hosts increases (Figure 2.2). For the F1
generation, there were differences in transmission between crosses within and between
host populations and species that could not be fully explained by the microsatellite loci
alone (Figure 2.2b red line, Table 2.1). Specifically, | found statistical support that
transmission rates differed between cross types and with mean genetic distance between
parents (AIC.wt = 87%, likelihood ratio test: XZ =12.24; df =2, P =0.002, Table 2.1)
(Figure 2.2a). Mean endophyte transmission for both intra- and inter-population crosses
increased from 61 - 85% at low genetic distances (GD = 3.5 - 7) to 95 - 96% at high
genetic distances (GD = 13 — 14.5) respectively. For hybrid crosses, transmission rates
remained high at low genetic distances (mean = 100%, GD = 4 - 8) but declined at the
highest genetic distances (mean = 62%, GD = 15 — 16). Considering all F1 cross types
together, endophyte transmission increased across genetic distances (dotted red line
Figure 2.2a, Table 2.1). In contrast, for the F2 generation, the null model received the
most statistical support (AlIC.wt = 50%), which included only variation associated with
maternal and paternal identities (Table 2.1, Fig. 2.2c hatched line). Overall, endophyte
vertical transmission rates in both generations were high (F1: mean = 81%, min = 0%,
max = 100%) with mean transmission rates greater into the F2 generation (F2: mean =

96%, min = 0%, max = 100%) (Figure 2.2).



Table 2.1 — AIC model rankings. Model fit diagnostics include delta AIC: (AAIC) and
AIC weight (AICwt), which measure model support relative to all other candidate

models.

Response Model AAIC AICwt
E+ transmission F1 cross type * genetic distance  0.00  0.87
Cross type 590 0.05
null 6.07 0.04
genetic distance! 710 0.02
cross type + genetic distance  7.71  0.02
E+ transmission F> null 0.00 0.50
genetic distance 214  0.17
Cross type 227 0.16
cross type + genetic distance  2.68  0.13
cross type * genetic distance  5.39  0.03
Seed germination F; cross type * genetic distance  0.00  0.83
Cross type 526 0.06
cross type + genetic distance  5.67  0.05
genetic distance 583 0.05
null 8.46 0.01
Adult fertility F1 genetic distance 0.00 035
cross type + genetic distance  0.80  0.23
Cross type 0.80 0.23
cross type * genetic distance  2.80  0.12
null 353 0.06
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Figure 2.2 — The endophyte vertical transmission rate in F1 (a) and F2 (b) host generations as a
function of mean genetic distance between parents and cross type (¢ & d). Fitted lines in panels
(a) and (c) are parameters from the top AIC models (Table 2.1). The dotted red line in panel (a)
is the plotted parameters from the genetic distance canddiate model* (Table 2.1). Intra-
population crosses are indicated by open circles and fitted parameters are plotted with a solid
line. Inter-population crosses are indicated by triangles a perforated line. Lastly, hybrid crosses
are indicated by squares a dotted line. In panel c, the null model is plotted with a perforated line.
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2.3.3 Association between endophyte growth and vertical transmission rate

Endophyte hyphal density within individual tillers was not significantly

associated with vertical transmission into the F> generation (-0.08, te1 = -0.636, P = 0.53)

(Figure 2.3a). Additionally, endophyte hyphal density at the tiller-level was not

significantly correlated with transmission at the whole plant-level because tiller

transmission and plant-level transmission were tightly positively correlated (Pearson’s

correlation coefficient = 0.94, ts1 = 21, P < 0.0001). Endophyte density in F1 adults did

not respond to host genetic background as endophyte density was not significantly

correlated with genetic distance (correlation coefficient = 0.14, ts; = 1.12, P = 0.26), nor

were there significant differences in endophyte density between cross types (tz2 = 0.35, P

a

1.0

0.7

0.6

05 o
I I I I I I I I

10 20 30 40 50 60 70 80

Mean endophyte hyphal density in F ; adults (um3)

Mean endophyte hyphal density in F; adults (}1m3)

80

70

60

50

40

30

20

10

b

|
Interpop Hybrid

Cross type

Figure 2.3 — Panel (a) displays the continuous relationship between endophyte vertical
transmission rate into F> generation seeds and mean endophyte hyphal density (hyphae per
um?®) within F1 adult plants. Panel (b) is a boxplot of mean endophyte density in both inter-

population and hybrid cross types.
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=0.73) (Figure 2.3b). Lastly, endophyte density was not correlated seed production at the

tiller level (correlation coefficient = 0.081, te1 = 0.63, P = 0.5)

2.3.3 The influence of host outcrossing on E+ offspring fitness
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Figure 2.4 — Relationship between F1 seed germination

success rate and mean genetic distance between parents.

F1 Seed germination: F;
seed germination depended
upon both the genetic distance
between parents and cross type,
as | found strong statistical
support for an interactive effect
of cross type and the genetic
distance (AICwt = 83%, 2 =
10.20, df=2, P =.006, Table 1).
Each cross type experienced
different effects of genetic
distance on germination, which

declined with greater genetic

distance for both hybrid and intrapopulation offspring and increased for interpopulation

offspring. Post-hoc comparisons revealed that, on average, hybrid offspring germinated at

the highest rates (mean = 58.6%) compared to both intra-population (mean = 32.2%, z =

4.047, P <0.0001) and inter-population offspring (mean = 38.3%, z = 4.027, P < 0.0001)

(Figure 2.4).
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F1 Adult fertility: Fertility (number of seeds produced) declined with increasing genetic
distance (AlIC.wt = 35%) and also depended upon cross type (AIC.wt = 23%), where
hybrids experienced the lowest mean fertility rates (63%) compared to both intra- (92%)
and inter-population (90%) F1 adults (Figure 2.5). Although a single model did not
receive the most AlIC.wt support, the top three models all contained genetic distance and

cross type as predictor variables (< AAIC:=2) (Table 2.1).
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Figure 2.5 — Relationship between mean fertility of F1 adult hosts and mean genetic
distance between parents (a) and cross type (b). The fitted solid line in panel (a) is
plotted parameters from the top AIC model (Table 2.1).
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2.4. Discussion

Host outcrossing is hypothesized to create genetic incompatibilities between
symbiotic partners that could reduce symbiont vertical transmission rates as well as alter
both symbiont growth and host fitness (Saikkonen 2004, Cheplick and Faeth 2009).
Importantly, the degree to which host outcrossing disrupts host-symbiont interactions
may be a function of the genetic distance or the cross type of outcrossed hosts (Gundel et
al. 2010). As a novel test of this hypothesis, | manipulated gene flow between two grass
species that harbor vertically transmitted endophytic fungi and measured symbiont
vertical transmission rates into multiple host generations, symbiont growth within

outcrossed hosts, and several metrics of host fitness.

First, | found mixed support for the hypothesis that symbiont vertical transmission
rates decline with increasing genetic distance between outcrossed hosts. In the Fy
generation, mean transmission rates were driven by two interacting factors, 1) cross type:
whether mated P hosts were from the same population (intra-), different populations
(inter-), or different species (hybrid), and 2) the genetic distance between them (Figure
2.2a, b). Although this interaction received strong support (AIC.wt = 87%), differences in
endophyte transmission between cross types may be a statistical artifact given most data
clustered at or near 100% transmission (Figure 2.2a). If endophyte transmission does
respond to host cross type, this suggests that host-symbiont incompatibilities likely arise
after cross-pollination and/or symbionts may preferentially transmit into some host
genotypes over others. Overall, these data demonstrate that endophyte transmission is
robust to host outcrossing, but host-symbiont compatibility may weaken at the extreme

ends (low and high) of genetic distance (Gundel et al. 2012). Given that Elymus spp. have
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diverged relatively recently and continue to experience interspecific gene flow, selection
may have favored generalist endophytes that occupy a diversity of host genotypes
(Leuchtmann and Clay 1993, Saha et al. 2009, Sun 2014). Additionally, when
considering the influence of genetic distance alone, a positive relationship between
endophyte vertical transmission and genetic distance emerged (Figure 2.2a red dotted
line). This trend is contrary to hypotheses regarding host-symbiont compatibility
(Saikkonen 2004, Gundel et al. 2012), but may reflect empirical work demonstrating
endophyte transmission rates are higher in hosts with higher fitness (Gundel et al. 2011a).
Therefore, it is possible that endophytes selectively transmit into seeds with ideal genetic
backgrounds, especially if offspring sired by parents of moderate to high genetic
distances are more fit, as some of my data suggest (Figure 2.4 and 2.5). However, which
symbiotic partner controls symbiont transmission, the host or the symbiont, is still an

open question in this system (Gundel et al. 2017).

In the F> host generation, endophyte vertical transmission rates remained high
(mean = 96%) across genetic distances for all cross types (Figure 2.2c, d) compared to
the F1 generation, which experienced an increase in vertical transmission with host
genetic distance. There could be several reasons for different transmission rates between
host generations. First, the F1 generation was produced by experimental outcrossing
treatments, which I know reduced seed set compared to self-fertilized individuals in the
greenhouse. Therefore, experimental treatments may have induced pollen limitation. In
contrast, the F> generation was produced by self-fertilization in the common garden,
where pollen was likely more abundant. Given that endophytes can manipulate host

reproduction by allocating resources to maternal (seed) over paternal (pollen) functions
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(Gorischek et al. 2013), it is possible that endophyte transmission also responds to pollen
load. Targeted studies controlling pollen grain count, viability, and donor identity are
required to test this prediction. Second, endophytes transmitting into F1 seeds in the
greenhouse were exposed to a different environment than F, seeds in the common
garden. In the greenhouse, water availability and soil nutrients were controlled, whereas
F1 adults were exposed to ambient common garden conditions. Although past research
did not detect differences in Epichloé endophyte transmission due to host resource
availability (Davitt et al. 2011), studies in other systems have shown changes in symbiont
frequency in response to the presence or absence of herbivores (Clay et al. 2005) and
parasites (Oliver et al. 2008). Therefore, exposure to differing biotic and abiotic
environments may have driven the differences in endophyte transmission between
greenhouse and common garden hosts. Note that physical environment was confounded
with maternal environment between the F1 and F2 generation in this study, but in context
of past research, | hypothesize that, in addition to the genetic background of hosts,

symbiont transmission may be sensitive to environmental conditions.

Another potential consequence of host-symbiont incompatibility is reduced
symbiont growth in novel hosts. | hypothesized that endophyte density would be lowest
in hosts with the most genetically distant parents. Moreover, limited symbiont growth
could lead to changes in endophyte vertical transmission rates (Gundel et al. 2011b).
Contrary to this prediction, | found that endophyte hyphal density did not respond to host
genetic distance or cross type, with endophytes growing equally well in inter-population
(mean density = 41.5 hyphae per um®) and hybrid cross types (mean density = 39.8 um?)

(Figure 2.3b). This observation contrasts with previous inoculation experiments that
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observed reduced or abnormal growth of symbionts in novel hosts (Christensen 1995,
Chong and Moran 2016), but provides an additional line of evidence that Epichloé

endophytes can be compatible with diverse Elymus genetic backgrounds.

Even though symbionts can occupy and grow in genetically distant hosts, | found
that outcrossing can have contrasting fitness consequences for both symbiotic partners.
For instance, seed germination rates were determined by an interaction between genetic
distance and cross type, with hybrid seeds experiencing the highest germination rates
(Figure 2.4). This trend suggests that outcrossing between hosts, even hybridization, can
be beneficial to symbiotic pairs by potentially providing additional genetic variation (i.e.
heterosis) (Ellstrand et al. 2013). On the other hand, | observed strong fitness costs to
host outcrossing. Host fertility (seed production) decreased as genetic distance between
parents increased (Figure 2.5a), with hybrids producing the fewest seeds (Figure 2.5Db).
Therefore, even if symbiont transmission remains high, the fitness consequences of
outcrossing on hosts presents strong tradeoffs for the symbionts they harbor. This finding
is particularly relevant for symbiotic hosts susceptible to pulsed outcrossing events, such
as hybrid zones or broadcast spawning events. Previous experimental crosses between
Elymus virginicus and E. canadensis also produced infertile hybrids without controlling
for endophyte presence, which suggests that host outcrossing influences host fitness
regardless of host-symbiont compatibility (Church 1958, Nelson and Tyrl 1978). Future
studies should investigate the role of host outcrossing on both symbiotic and non-
symbiotic hosts, which would be a critical control to determine the direct and indirect

effects of outcrossing on host fitness and host-symbiont compatibility.
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In conclusion, this study provides novel experimental evidence that outcrossing
between genetically distant hosts does not disrupt host-symbiont compatibility via
reductions in symbiont transmission into and occupation of genetically novel hosts.
Surprisingly, host outcrossing may increase rather than decrease symbiont vertical
transmission rates, which is a factor theorized to drive symbiont prevalence in host
populations (Saikkonen et al. 2002, Gundel et al. 2008, Yule et al. 2013, Bibian et al.
2016). | also demonstrate that host outcrossing can have strong and contrasting fitness
effects for hosts and the symbionts they harbor. Therefore, I posit that gene flow between
hosts could play a role in determining the prevalence of heritable symbionts in natural
host populations and should be incorporated into future population models used to

characterize the outcome of symbiotic interactions.



Chapter 3

The effect of host outcrossing on symbiont
population dynamics

Heritable symbionts, passed from maternal host to offspring, are both ecologically
and evolutionarily influential. Despite their widespread importance, we lack a basic
understanding of factors that determine symbiont prevalence in natural host populations.
Outcrossing between genetically distant hosts is hypothesized to influence symbiont
population dynamics by creating genetic incompatibilities between specialized symbiotic
pairs, which could reduce both symbiont transmission and the fitness benefits of
symbiosis. Using the grass-fungal endophyte system (genus Epiciloé), | tested this
hypothesis by comparing the fitness (vital rates) of experimentally outcrossed symbiotic
(E") and non-symbiotic (E°) hosts of known genetic distances in a common garden
setting. | also quantified endophyte vertical transmission rates in all outcrossed E* hosts.
Vital rate measurements from the common garden were used to parameterize a size-

structured population model, which both accounted for imperfect symbiont inheritance
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and predicted symbiont equilibrium frequencies at different levels of host genetic
distance. In contrast to my hypothesis, I uncovered several lines of evidence that host
outcrossing does not disrupt symbiosis. First, endophyte vertical transmission and E* host
fitness remained relatively high across host genetic distances. Second, the population
model predicted that symbiont prevalence would increase, rather than decrease, in
genetically distant host populations. This pattern is largely explained by greater E* host
survival and fertility (probability of producing offspring) at high genetic distances
compared to E™ hosts, thereby demonstrating that symbionts can buffer hosts against
outbreeding depression. Together, these findings suggest that symbiotic relationships are
robust to host outcrossing and that symbionts potentially play a role in mitigating the
deleterious fitness consequences of outcrossing between genetically distant host

populations (e.g., hybridization).

Introduction

Organisms across taxa are increasingly seen as indivisible from the diverse
microbial symbionts they host, many of which vertically transmit from maternal host to
offspring. Symbiont inheritance tightly connects host and symbiont fitness via host
reproduction and is theorized to select for mutualistic partnerships (Ewald 1987, Sachs et
al. 2011). In fact, beneficial vertically transmitted symbionts are widely observed in
nature, whereby hosts gain increased defense against pathogens (Pérez et al. 2013),
parasites (Oliver et al. 2005), and environmental stress (Malinowski and Belesky 2000) in
exchange for symbiont reproduction and dispersal. Vertically transmitted symbionts can

also influence host evolution by facilitating the occupation of novel niches (reviewed in
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(Brucker and Bordenstein 2012). For instance, acquiring heritable bacteria (genus
Buchnera) enabled sap-feeding insects to dominate vascular plants as a food source
~160-280 million years ago (Moran et al. 1993, Zientz et al. 2004). However, despite the
ecological and evolutionary importance of vertically transmitted symbionts, much is
unknown about factors that constrain symbiont persistence in natural host populations

(Borer et al. 2013).

Due to positive fitness feedbacks between symbiotic partners, theory suggests
beneficial vertically transmitted microbes should reach fixation in host populations (Clay
1990). However, heritable symbionts typically persist at intermediate levels, with
anywhere between 0 and 100% of hosts in a population harboring the symbiont (insects:
(Hilgenboecker et al. 2008); plants: Sneck et al. 2017; animals: (Usher et al. 2001)). This
pattern has made predicting equilibrium symbiont frequencies difficult. However,
theoretical and empirical models have identified two main drivers of symbiont
frequencies in host populations: 1) the rate of symbiont vertical transmission from host to
offspring, and 2) the relative fitness of symbiotic (E™) vs. non-symbiotic (E) hosts (Ravel
et al. 1997, Saikkonen et al. 2002, Gundel et al. 2008, Gibert and Hazard 2013, Bibian et
al. 2016). Therefore, identifying factors that modify these two processes is key to

predicting equilibrium symbiont frequencies in host populations.

One factor hypothesized to alter both symbiont vertical transmission rates and
symbiont effects on host fitness is outcrossing between genetically distant hosts
(Cheplick and Faeth 2009, Gundel et al. 2010). Specifically, outcrossing between host
populations or host species produces novel genotypes that could become genetically

incompatible with specialized clonal symbionts (Saikkonen 2004, Bennett and Moran
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2015). Specifically, vertically transmitted symbionts occupy particular host genotypes
and have few opportunities to outcross compared to hosts (Saikkonen 2004, Gundel et al.
2012, Gibert and Hazard 2013). These two factors: 1) symbiont host specificity and 2)
contrasting rates of sexual reproduction, set the stage for genetic incompatibilities to arise

(Bergstrom and Lachmann 2003, Jaenike 2012).

The effects of host outcrossing on symbiotic partner compatibility could manifest
in several ways. First, the symbiont may experience a reduction in vertical transmission
by failing to colonize outcrossed offspring due to physiological constraints (Bright and
Bulgheresi 2010, Eaton et al. 2010, Oldroyd 2013). Symbiont transmission failure
resulting from novel host-symbiont pairings has been documented in both lab-based
cross-inoculations (do Valle Ribeiro 1993, Christensen 1995, Brem and Leuchtmann
2002, Kageyama et al. 2006) and field-based experimental gene flow studies (Saikkonen
et al. 2010). Second, if the symbiont is successfully transmitted, mutualistic benefits to
the out-crossed host may be reduced or the symbiont could even become costly to the
host (Christensen et al. 1997, Chong and Moran 2016). For instance, bacteria (Buchnera
aphidicola) abundance varied by host genotype and reduced host fitness in novel pea

aphid hosts (Chong and Moran 2016).

To predict the influence of host outcrossing on heritable symbionts, it is important
to consider the direct effects of host outcrossing on host fitness, independent of
disruptions to host-symbiont compatibility. On the one hand, outcrossing could increase
heterozygosity and its potential fitness benefits (e.g., heterosis) (Holt and Gomulkiewicz
1997, Charlesworth and Charlesworth 1999). On the other hand, host outcrossing may

reduce host fitness if alleles are transferred between locally adapted populations or
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species that experience different selective regimes (e.g., outbreeding depression) (Lynch
1991, Keller and Waller 2002, Edmands and Timmerman 2003). Given the counter-
acting forces of heterosis and outbreeding depression, one hypothesis is that host fitness
is maximized at an intermediate genetic distances of outcrossed individuals (Gundel et al.

2010).

Additionally, outcrossing between hosts may have fitness consequences for the
symbionts they harbor. Heterosis in hosts may cause symbionts to experience higher
fitness, but this will depend upon the degree of compatibility with the outcrossed hosts.
An interaction between symbiotic presence or absence and host outcrossing can arise if
genetic incompatibilities increase with genetic distance and reduce fitness benefits of the
symbiosis (Gundel et al. 2010). Therefore, in combination with potential reductions in
transmission efficiency due to physiological incompatibilities between novel host-
symbiont combinations, host outcrossing could limit population-level symbiont

frequencies.

Few studies have experimentally tested the effects of host outcrossing on
individual-level host-symbiont compatibility, and none have evaluated its effects on
population-level symbiont dynamics. Recent observational and empirical studies have
shown host genetic background alters symbiont transmission, potentially due to host-
symbiont incompatibility (Saikkonen et al. 2010b, Gundel et al. 20114, Gibert and
Hazard 2013). However, most studies regard gene flow as a quantitative metric
(outcrossed or not), when in reality gene flow occurs on a gradient from genetic exchange
within a population to between species (hybridization) and can have strong demographic

consequences particularly in plant systems (Ellstrand 2014, Gompert and Buerkle 2016).
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To my knowledge, no previous studies have considered a continuous genetic gradient to
assess the potential non-linear relationships between host outcrossing and symbiotic
interactions. Furthermore, the connection between experimental estimates of host and
symbiont incompatibility to population-level patterns of symbiont prevalence has yet to
be made. This connection is the critical link for determining if host outcrossing can

promote intermediate symbiont frequencies.

Here | test for the influence of quantitative variation in host outcrossing on the
dynamics of vertically transmitted symbionts in natural host populations. To accomplish
this, a direct comparison between symbiotic (E*) and non-symbiotic (E’) hosts of similar
genetic background is essential, and this comparison must be replicated across genetic
distances of parent hosts. | conducted this comparison by experimentally manipulating
outcrossing events between cool-season (Poaceae, sub-family Pooideae) grasses of
known genetic distances that host vertically transmitted systemic endophytic fungi in the
genus Epichloé (Schardl et al. 2004). Then, in a common garden setting, | measured both
endophyte vertical transmission rates and vital rates of E* and E™ outcrossed hosts (e.g.,
survival, growth, and fertility) over two reproductive seasons and asked: 1) How do
endophytes impact host vital rates, and 2) How does host outcrossing affect symbiosis?
With these vital rates, | also parameterized a size-structured matrix population model that
accounted for imperfect endophyte transmission and host genetic background to
determine: 3) Do individual host-level endophyte effects scale up to modify endophyte

persistence?
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3.1. Methods

3.2.1 Study system and plant material

To act as parent hosts, | collected ~40 seeds from each of 60 individual plants
from across natural populations of cool-season grasses, Elymus virginicus (N =9
populations) and Elymus canadensis (N = 5 populations), throughout the Southern Great
Plains in spring 2013. These collections included grass populations from northern
Arizona to eastern Kansas (for collection methods see Sneck et al. 2017). Both Elymus
species harbor systemic vertically transmitted fungal endophytes within the genus
Epichloé that can buffer hosts against environmental stress (Saikkonen et al. 2016). This
system allowed us to take advantage of intermediate transmission, where E* hosts
produce both E* and E™ seeds (Afkhami and Rudgers 2008, Sneck et al. 2017). This
means that, for a given genetic distance between recipient (maternal) and donor (paternal)
plants, the maternal hosts can produce both E* and E" offspring that we presume differ
only in the presence of the symbiont. I controlled gene flow between pollen donor and
recipient by removing anthers prior to stigma emergence as described in Chapter 2. E.
virginicus was the focal host species and primary pollen recipient to reflect patterns of
gene flow previously described between sympatric E. virginicus and E. canadensis

populations (Nelson and Tyrl 1978, Saha et al. 2009).

To propagate hosts, | followed protocols in Chapter 2. Briefly, | pooled all
collected seeds from an individual plant into a single maternal family. Twenty seeds per
maternal family were germinated in 74-well potting trays (Grower’s Supply, Dyersville,

IA) with peat-based potting soil (Pro-mix, Premier Tech, Quakertown, PA) in the
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greenhouse at Rice University early spring 2014 and 2015 and non-destructively screened
for endophytes using light microscopy (Bacon and White Jr 1994). Additionally,
endophyte negative (E°) hosts from the same maternal family or original population
collection were propagated to serve as close proxies to full-sibling E* vs. E comparisons.
To promote flowering, seedlings were transplanted into potting soil in 1.8 L pots (Kord
Regal Standard Pots), fertilized as needed, and vernalized outside the greenhouse for ~2
months (winter 2014 and 2015). In total, my experimental crosses included 45 E* and 37
E" individual parents. The genetic distance between each maternal family was estimated
using eight previously developed neutral markers (Saha et al. 2009). For an in-depth
description of molecular and computational methods used to estimate genetic distance,
see Appendix C. To estimate the genetic distance between crossed plants, multiple
individual plants from the same maternal family (median = 2 min = 1, max = 6) were
genotyped and the genetic distance between each individual family was calculated in a
distance matrix as the total number of non-identical alleles at each microsatellite locus,
with higher numbers indicating greater genetic distance. Multiple plants from the same
maternal family were genotyped, which resulted in slight variations in genetic distance
between any two families. To accommodate this variation, | calculated the average of
genetic distances between each family, which | refer to as genetic distance or mean
genetic distance between parents. Additionally, | genotyped the Epichloé endophytes spp.
within each maternal family (Charlton et al. 2012). All endophytes in this study are made

up of two similar genetic profiles (Appendix B).
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3.2.2 Greenhouse crossing experiment

I manipulated host outcrossing by conducting experimental gene flow treatments
between plants from relatively low to high genetic distances, which fell into three
categories: intra-population (N = 31), inter-population (N = 125), and inter-specific or
hybrid (N = 83) crosses (N =240 total crosses). Individual plants acted as both pollen
donor and recipients, with maternal pollen recipients treated as blocks. In other words,
each cross involving an individual maternal genotype were considered within the same
maternal block (N blocks = 71). Elymus virginicus produces ~10-20 reproductive tillers
per plant, each with a single inflorescence that contains many florets. This allowed us to
manipulate crossing events at the individual tiller level within a maternal block. |
prevented self-pollination of recipient tillers by first removing immature anthers from all
florets, which were then placed in micro-perforated plastic bags (Perf-o-film®, Penn
Jersey Paper, Philadelphia, PA). Within 1-3 d of emasculation, | added a pollen donor
inflorescence to the bag and agitated to facilitate pollination (Dewey 1971). Donor
inflorescences with intact anthers were removed from donor plants, and placed in 14-ml
water-filled centrifuge tubes attached to a bamboo rod in the pollen recipient pot. My
previous study determined that these outcrossing techniques are effective in several ways
(Chapter 2). First, | showed that emasculated plants produced significantly fewer seeds
than bagged unmanipulated inflorescences. Second, I used the microsatellite markers
described above to genotype a subset of experimentally crossed and naturally self-
fertilized offspring, which demonstrated that 1) outcrossed offspring are more genetically

distant from their maternal plant than self-fertilized offspring and 2) genetically
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intermediate compared to both parents (for molecular results see Appendix C and Figure

C1).

| propagated E* and E" outcrossed hosts for the common garden experiment by
harvesting mature seeds from pollen recipient inflorescences during summer 2014 (N =
61 crosses) and 2015 (N =179 crosses). To determine the effect of outcrossing on seed
germination rates and for use in the demographic model detailed below, I surface
sterilized seeds (N = 1013) with 5% bleach, suspended in 10% agar within individual
petri dishes sealed with Parafilm, and cold stratified at 4°C for 2 weeks. Then, petri
dishes were placed under 32-Watt aquarium lights and exposed to 10 h of light per day.
Germinated seedlings were transplanted into potting soil in 1.8 L pots (Kord Regal
Standard Pots) in the greenhouse and their endophyte status was determined

nondestructively in at least two tillers using light microscopy (Bacon and White Jr 1994).

3.2.2 Common garden

In order to quantify the effect of host outcrossing on symbiosis, | aimed to
compare the fitness of symbiotic vs. non-symbiotic hosts with similar genetic
backgrounds in a single environment. However, due to high endophyte transmission into
seedlings, few E* and E" full-sibling pairs (N = 44) were generated for this comparison.
Therefore, the common garden experiment included E* and E" paired from crosses
between plants with the same parents (N = 4 plants), maternal family (N = 11), paternal
family (N = 28), population (N = 63), or no direct familial comparison (N = 71). A total
of 141 E* hosts and 80 E" hosts of varying genetic backgrounds were transplanted into 6

L plastic pots in potting soil (Pro-mix, Premier Tech, Quakertown, PA) during early
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November 2015 and vernalized outdoors (Figure 3.1). In February 2016, pots were sunk

into 20-cm deep holes at 1 m spacing at a field site in Houston, TX (29.65N, -95.44W).

To aid plant establishment, each pot received 16 g of Osmocote® fertilizer (The Scotts

Company, Maryville, OH) and was watered daily for one week. Ambient vegetation was

mowed as needed to reduce light competition. Unlike my greenhouse experiment, plants

were strictly selfed to control for pollen donor identity. 1 imposed selfing by bagging

three immature inflorescences with micro-perforated bags April 2016. The seeds

produced via selfing were only used to estimate endophyte vertical transmission rate.
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Figure 3.1 — Histograms displaying the frequency of genetic distances represented
in the common garden experiment for both E* (a) and E" (b) hosts. Colors indicate
different cross types: within a population (dark gray: intra-), between populations

(light gray: inter-), and between species (purple: hybrid).



65

In summer 2016 and 2017 1 collected demographic data during peak seed production and
before tiller senescence. For each individual plant, I tracked survival as well as counted
the total number of vegetative and reproductive tillers to estimate plant size and
reproductive effort, respectively. In July 2016, I collected mature seeds from bagged
inflorescences to estimate endophyte vertical transmission with a high-throughput
antibody immunoblot membrane that targets Epichloé endophyte proteins (Agrinostics
Ltd Co., Watkinsville, GA). | assayed multiple seeds per inflorescence for both E* and E
plants (median seeds per inflorescence = 10, min = 1, max =16) and multiple
inflorescences per plant (mean seeds per plant = 14, min = 1, max = 67) for a total of
1622 seeds assayed. However, bagged inflorescences produced fewer seeds (mean =
13.2) than un-bagged (mean = 24), suggesting that plants allocated more resources to un-
bagged tillers (t = - 3.65, P = 0.0004). Therefore, to accurately estimate seed production
at the tiller level, I collected one additional non-bagged inflorescence from each plant (N
= 2558 seeds). Lastly, in June 2017 | re-affirmed endophyte status and retention in two

vegetative tillers from each plant with immunoblot techniques.

3.2.4 Vital rate estimation

| used the two data collection seasons to fit statistical models for seven individual-host
level processes (vital rates) that determine population dynamics for symbionts as well as
symbiotic (E) and non-symbiotic (E) hosts: survival (from time t to t +1), growth (size t
to size t + 1), probability of producing seeds, number of flowering tillers, fertility of seed
producing flowering tillers (total # of seeds per tiller), seed germination, and endophyte
vertical transmission rate. The first five vital rates were dependent upon a three-way

interaction between presence or absence of symbionts and two continuous factors: loge
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(size t) and genetic distance (total number of allelic differences between crossed hosts).
Seed germination and endophyte transmission were dependent upon host genetic distance
alone. To account for variation in host vital rates unrelated to symbionts, each model also
included host maternal and paternal identity as random effects.

Global models for all vital rates, with fully interacting predictor variables (i.e.,
size t * endophyte status * genetic distance), were estimated using generalized linear
mixed effects models using a Markov chain Monte Carlo (MCMC) method (R package
MCMCglmm, (Hadfield 2010). This approach avoids computational issues associated
with Information Criterion model averaging particularly in response to model selection
uncertainty and models with complex interactions (Cade 2015). Unless otherwise stated,
default priors were used for all models: a Wishart probability distribution for
(co)variances and a normal distribution for fixed effects. Specifically, | estimated the
probability of seed production and plant survival as Bernoulli responses (0 = produced no
seeds or 1 = produced at least one seed) using the “categorical” distribution type and its
recommended prior covariance structures (Hadfield 2010). | estimated the probability of
seed germination and endophyte transmission as binomial (“multinomial”, k = 2)
responses, with the total number of trials given by the total seeds assayed per plant.
Lastly, I modeled host growth, number of flowering tillers, and number of seeds per
flowering tiller using a Poisson distribution with an individual random effect, which
approximates a negative binomial distribution. Model convergence was assessed by
Gelman-Rubin diagnostics on three separate Markov chains, which quantifies within and
between chain variances (settings: number of iterations = 10°, burn-in =3000, thinning

=100) (Gelman and Rubin 1992).



67

3.2.5 Matrix projection model

To estimate endophyte equilibrium frequencies in response to host genetic distance, |
used the vital rate parameters from each linear model to parameterize a matrix projection
model (MPM) (Caswell 2001). The population vector included 84 discrete sizes
(corresponding to the observed size range of 1 to 84 tillers) from which I calculated the
geometric population growth rate (1) of E* and E™ hosts. Similar to previous studies, |
have taken a matrix model approach because my data was discrete (size = # of tillers), so
constructing a matrix model with as many stages as those observed in the data both
improves its predictive ability (Tenhumberg et al. 2009) and avoids placing individuals
into arbitrary size classes. Additionally, I followed Compagnoni et al. (2016), and
parameterized the MPM with generalized linear statistical models described above, which
enabled us to populate a high-dimensional projection matrix with few parameters.

While size was modeled as a discrete variable in the growth sub-model, the
predictor used in vital rate functions was loge(number of tillers;) in addition to the scalar
genetic distance (GD). The number of 1 tiller sized seedlings in year t + 1 produced by

adult hosts across size classes was given by:

Equation 3.1- Demographic fertility function

x=U

D(Ders = ) PU0GL (D)o F (1090 (1))epS5(10ge () epn(X)e €6

x=L

To calculate the number of seedlings per flowering tiller of an x-sized plant at a given

genetic distance, the probability of producing seeds (P) was multiplied by the total
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number of flowering tillers (F), and by the number of seeds produced per flowering tiller
(Ss). Viable flowering tillers were then multiplied by the probability of seedling
germination, €. The dynamics of adult plants across the 84 discrete size classes were

given by:

Equation 3.2— Demographic growth and survival function

x=U

1Wers = Y 5(1090(0) 1, 631109 (1)), n ),

x=L

The first term represents growth from size xtoy, G (y, log, (x))GD, conditioned
on the probability of survival at size x and host genetic distance, S(loge (x))GD.

Together, these demographic functions constitute the fertility (B = Equation 3.1) and
growth/survival (P = Equation 3.2) components of my matrix projection model.

Construction and analysis of the MPM occurred in R v. 3.2.4.
3.2.6 Imperfect symbiont vertical transmission

Many vertically transmitted symbionts, including Epichloae endophytes, are lost
during transmission from maternal host to offspring (Hilgenboecker et al. 2008, Afkhami
and Rudgers 2008). Similar to past studies, | included the possibility of symbiont loss in
my demographic model by pairing E* and E™ matrix projection models into a single
‘megamatrix’ that includes transitions between size classes and endophyte status (Yule et
al. 2013, Chung et al. 2015). This ‘megamatrix’ included four submatrices that capture:

the probability of successful vertical transmission (E* to E¥) represented by z, endophyte
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loss (E* to E") represented by 1 - 7, persistence of non-symbiotic hosts (E™ to E°), and the
transition of non-symbiotic hosts to symbiotic (E to E*) (Gundel et al. 2008). The effect
of imperfect vertical transmission on host plant population growth and equilibrium
endophyte frequency were modeled using transmission rates observed in the common
garden, which were very high (mean = 96.5%). | did not observe endophyte horizontal
transmission in my common garden, which requires the formation of sexual conidia (i.e.
choke disease). Therefore, for the E* and E" transition, | populated both the fertility (B)
and growth (P) portions of the E” to E* submatrix with 0’s. The combined E* and E

models takes the form:

Equation 3.3 — Megamatrix structure accounting for imperfect endophyte transmission

E~er1) _ (B~+P~ (1-1)B~+P7\ (E-(x),
E¥WMea) 0 TB* + P* E*(x);
3.2.7 The effect of host genetic distance on symbiont population dynamics

Lastly, | determined equilibrium endophyte frequencies in hosts at varying
genetic distances. To do this, | used the ‘megamatrix’ structure described above and the
mean posterior predictions from the vital rate models to calculate A and the equilibrium
frequencies for E™ and E™ hosts across the observed distribution of genetic distances,
which was represented by a vector of values ranging from 6 to 16. Truncation of the
genetic distance vector was motivated by unrealistic vital rate predictions at extreme ends
of the genetic distance gradient where replication was low. | then calculated the

endophyte equilibrium frequency across host genetic distances using the stable stage
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distribution (sum of right eigenvectors) for both E* and E™ hosts (Stubben and Milligan

2007).

3.2. Results

3.3.1 The effect of endophytes on host vital rates

The effects of endophyte symbiosis differed between host vital rates. Endophytes
benefitted hosts by enhancing both survival and growth, especially for large plants
(Figure 3.2). For instance, mortality rates were twice as high for non-symbiotic hosts
(37%) compared to symbiotic hosts (18%) across all host sizes. In addition, endophytes
enhanced flowering tiller production (E*: mean flowering tillers = 8, max = 28; E: mean
= 6, max = 14) with greater flowering in larger hosts. However, on average, symbiotic
hosts produced fewer seeds per tiller (mean E* seeds per tiller = 16.4, min = 1, max = 67)

compared to non-symbiotic hosts (E™: = 21.8, min =1, max = 68) (Figure 3.4e and f).
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Figure 3.2 — Fitted demographic functions (i.e., posterior means) for Elymus
virginicus in survival and growth at low (a and c¢) and high (b and d) genetic
distances. The genetic distance plotted for each vital rate is indicated by GD, or the
mean genetic distance above (high) and below (low) a genetic distance of 8 for each
parameter. Best fit lines and observed data for endophyte-symbiotic (solid line) and
non-symbotic populations (dotted line) are filled (E*) and open (E) points,
respectively. Shaded regions (E* = blue; E™ = gray) indicate the 95% Bayesian
Credible Interval.
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3.3.2 Effect of host outcrossing on symbiosis

The relative advantage of symbiotic hosts across genetic distances differed
between vital rates. For instance, small to moderate sized symbiotic hosts experienced
reduced growth (Figure 3.2c and d) flowering, and seed production (Figure 3.3c, d, e, and
f) at high genetic distances compared to non-symbiotic hosts. In contrast, endophytes
increased host survival (Figure 3.2b) and fertility (Figure 3.3b) in symbiotic hosts relative
to non-symbiotic hosts across genetic distances and host sizes. Specifically, both host
types successfully produced seeds at low genetic distances (Figure 3.3a); however, at
high genetic distances, non-symbiotic hosts experienced a greater reduction in mean
fertility (-37%) compared to symbiotic hosts (-24%) (Figure 3.3b). Regardless of
endophyte status, several vital rates displayed evidence of outbreeding depression, where
fitness is expected to decrease with increasing genetic distance between parental hosts.
For example, several metrics of host fitness declined in response to outcrossing between
parents at high compared to low genetic distances, including reduced survival rates

(Figure 3.2b), greater rates of infertility (Figure 3.3b), and smaller seed sets (Figure 3.3f).
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Figure 3.3 — Fitted demographic functions (i.e., posterior means) for Elymus virginicus in the
probability of production seeds (a and b), the total number of floweirng tillers (c and d), and
the number of seeds produced per flowering tiller (e and f) at high and low genetic distances.
The genetic distance plotted for each vital rate is indicated by GD, or the mean genetic
distance above (high) and below (low) a genetic distance of 8 for each parameter. Best fit lines
and observed data for endophyte-symbiotic (solid line) and non-symbotic (dotted line)
populations are filled (E*) and open (E) points, respectively. Shaded regions (E* = blue; E" =
gray) indicate the 95% Bayesian Credible Interval.
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Endophyte transmission and seed germination - In addition to size-dependent vital rates,

| also estimated endophyte transmission and seed germination in response to host
outcrossing, which were included in the population model (similar transmission and
germination results reported in Chapter 2, Figure 2.2c and Figure 2.4, respectively). Here,
| found that endophyte transmission was close to perfect (mean = 96%, min = 0%, max =
100%) (Figure 3.4a) and seed germination rates increased with genetic distance between

parents (Figure 3.4b).
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Figure 3.4 — Fitted demographic functions for endophyte vertical
transmission rates (a) and seed germination rates + SD (b) for
outcrossed Elymus virginicus hosts. The blue line in panel (a)
represents the 95% Bayesian Credible Interval.
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3.3.3 The effect of host outcrossing on symbiont population dynamics
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Figure 3.5 — (a) Projected geometric popluation growth rates for symboitic (filled
circle) and non-symbiotic (open circle) host populations across mean genetic distance

between parents and (b) predicted population-level equilibrium symbiont prevalence
across host genetic distances.

The geometric population growth rate (A) for the symbiotic (E) host population
decreased from 0.68 to 0.30, with the highest growth rates predicted for hosts at lower
genetic distances (Figure 3.5a). | observed a similar trend for the non-symbiotic host
population (E’), where A decreased from 1.6 to 0.04 as host genetic distance increased.
Although on average both common garden populations were predicted to decline (A <
1.0), 1 observed a genetic distance dependent flip in dominance such that lager A values
shifted from non-symbiotic to symbiotic host populations (Figure 3.5b). To determine if
this trend was consistent despite variation observed in the vital rate models, | tallied the
number of shifts from E* A < E” A at low genetic distances to E* A > E™ A at high genetic

distances by re-running the MPM 200x’s populated by samples from the vital rate
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parameter posteriors. | found that symbiotic hosts were predicted to have greater lambda

values than non-symbiotic hosts twice as often in populations at high genetic distances

(Figure 3.6)

Figure 3.6 — Relative
growth rates (A) for
symboitic (E) and non-
symbiotic (E’) host
populations based on 200
samples from vital rate
parameters posteriors. Each
bar representes the
frequency of potential
outcomes from left to right:
E* A is always smaller than
E” A across genetic
distances; E* A is always
larger than E" )\ across
genetic distances; E" A is
larger at high genetic
distances, and E* A is larger
at high genetic distances.
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3.4 Discussion

Ecological theory maintains that vertical transmission and the relative fitness of
symbiotic vs. non-symbiotic hosts interact to determine the population dynamics of
heritable symbionts (Saikkonen et al. 2002, Gundel et al. 2008). Outcrossing between
genetically distant hosts is predicted to modify both of these factors by creating genetic
incompatibilities between hosts and specialized symbionts that could limit both symbiont
transmission and reduce mutualistic benefits (Saikkonen 2004, Cheplick and Faeth 2009,
Gundel et al. 2012). This study, to the best of my knowledge, is the first to directly test
for the effect of host outcrossing on individual symbiotic interactions and how they scale
up to determine symbiont prevalence at the population level (Figure 3.5). To accomplish
this, I manipulated outcrossing events between hosts along a gradient of genetic distances
ranging from relatively low (within populations) to high (between species), and compared
the vital rates of closely related outcrossed symbiotic (E*) and non-symbiotic hosts (E°) in
a common garden setting. Similar to past studies, this work provides evidence that
endophytes provide fitness benefits to hosts by increasing host survival, growth, and
aspects of host reproduction particularly in larger hosts (Yule et al. 2013, Chung et al.
2015). However, my results do not support the hypothesis that host outcrossing creates
incompatibilities between symbiotic partners. Specifically, | found that both fitness
benefits of symbionts (Figures 3.2 and 3.3) and symbiont vertical transmission from adult

to offspring (Figure 3.4a) did not strongly decline with increasing genetic distance
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between outcrossed hosts. In fact, the relative fitness of symbiotic hosts increased with
increasing genetic distance for several vital rates (Figures 3.2b and 3.3b), which likely
contributed to higher population growth rates for symbiotic hosts relative to non-
symbiotic hosts at high genetic distances (Figure 3.5). This result provides novel
experimental evidence that host outcrossing can modify the relative fitness of symbiotic
and non-symbiotic hosts and therefore may play an important role in determining
symbiont prevalence in host populations. Regardless of host symbiotic status, I also
found strong support for decreases (i.e., outbreeding depression) in host fitness in

response to host outcrossing.

Similar to past research investigating the demographic consequences of heritable
symbionts, | found that symbionts were both costly and beneficial to hosts (Oliver et al.
2008, Stanley H. Faeth 2009, Rudgers et al. 2012). My unique contribution to this
literature is the inclusion of genetic distance as a continuous predictor of host-symbiont
interactions. Here, | demonstrated that mutualistic benefits of endophytes on individual
hosts were dependent upon host genetic distance, and to some extent, host size. For
example, endophytes increased host survival, growth, and flowering tiller production,
especially in large hosts at low genetic distances (Figures 3.2 and 3.3). In contrast,
endophytes reduced overall seed production in hosts across sizes and genetic
backgrounds (Figure 3.3e and f). This cost of symbiosis likely contributed to predicted
higher population growth rates (1) of non-symbiotic plants at lower genetic distances,
which indicates that endophytes would not persist in hosts with low genetic distances.

However, A for symbiotic plants increased and even eclipsed A for E™ plants at higher
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genetic distances (genetic distance = ~9) (Figure 3.5). To demonstrate the validity of this
finding and to account for statistical uncertainty, | repeatedly sampled from the posterior
distribution of each parameter in the vital rate function and re-calculated A 200 times for
both E* and E" plants across genetic distances. With this, | provide strong evidence that
population growth rates of symbiotic hosts are twice as likely to be larger than that of

non-symbiotic hosts at high genetic distances (Figure 3.6).

It is important to note that my demographic model included a reduced distribution
of host genetic distances, which was motivated by vital rate estimates that were
unsupported by my raw data for E hosts at low genetic distances. This choice illuminates
several limitations of this study. First, due to high endophyte transmission and retention,
it was difficult to propagate E™ hosts to act as a rigorous control for symbiont effects.
Therefore, data for E* hosts outnumbered E™ hosts, sometimes more than 2:1 depending
upon vital rate. Second, non-familial E* and E- comparisons were included in this study. |
accounted for this variance by including paternal and maternal identity as random effects
in the vital rate models, but there may be additional non-target variance for which |
cannot account. Third, vital rates shown to influence host-symbiont dynamics were not
considered in this study, such as seedling establishment rate (Chung et al. 2015). Despite
these limitations, my work strongly demonstrates that host outcrossing does not disrupt

symbiosis in this system.

Additionally, I found that endophyte vertical transmission remained high across
host genetic distances. This fails to support the hypothesis that host outcrossing limits

symbiont transmission due to host-symbiont genetic incompatibilities. This finding also
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deviates from previous large scale surveys of natural host populations, where
intermediate vertical transmission rates are more the rule than the exception
(Hilgenboecker et al. 2008, Afkhami and Rudgers 2008). There are several potential
reasons for near perfect endophyte transmission in this study. First, in a previous study, I
quantified endophyte transmission across Elymus virginicus populations throughout the
southern Midwest (USA) and demonstrated that endophyte vertical transmission was
strongly correlated to both environmental variables (e.g. drought) and endophyte
genotype (Sneck et al. 2017). In contrast, hosts in my common garden were exposed to
approximately identical environmental conditions and harbored one of two very similar
endophyte genotypes, thereby eliminating several known factors that influence symbiont
heritability. Second, | imposed self-fertilization by bagging inflorescences used to
estimate endophyte transmission rates, which likely reduced pollen diversity. My
previous work suggests that endophytes may respond to pollen donor identity and that
vertical transmission may be more variable when genetic distance between maternal plant
and pollen donor is high (Figure 2.2a). Lastly, high endophyte transmission rates provide
the opportunity to compare my results to theoretical predictions, which posit that small
changes in vertical transmission rates can strongly influence symbiont population
dynamics, especially when symbionts provide weak fitness benefits (Saikkonen et al.
2002, Gundel et al. 2008). On the other hand, if transmission is high, equilibrium
symbiont frequencies are predicted to be limited by the relative fitness of symbiotic and
non-symbiotic hosts. Here, | present a novel context in which endophytes become costly-

within hosts of relatively low genetic distance. Moreover, | show that these costs are



81

strong enough to potentially eliminate endophytes, even when transmission is extremely

high.

| predicted that host outcrossing could have fitness consequences for hosts
regardless of symbiont presence and that host fitness may be maximized at intermediate
genetic distances. Here, | show that hosts experienced reduced fitness (i.e., outbreeding
depression) in response to host outcrossing and fitness did not peak at intermediate levels
of genetic distance. For instance, seed germination rates increased with increasing genetic
distance between hosts (Figure 3.4b). However, | did not track the relative germination
success of symbiotic vs. non-symbiotic seeds, which can influence symbiont population
dynamics (Bibian et al. 2016). In contrast, host survival (Figure 3.2b) and fertility (Figure
3.3b) declined dramatically in hosts at high genetic distances. This finding supports past
studies that widely documented reduced fitness in highly outcrossed organisms (e.g.,
hybrids) (Edmands 1999, Oakley et al. 2015). For instance, Church demonstrated that
artificial Elymus virginicus x Elymus canadensis hybrids grew vigorously, but produced
few seeds (Church 1958). Together, my work suggests that outcrossing can have

contrasting effects on important vital rates that influence host population dynamics.

I conclude that, via changes in several key vital rates, host outcrossing has the
potential to modify endophyte persistence in host populations. Specifically, | demonstrate
that endophytes may mitigate the deleterious effects of outcrossing by buoying survival
and fertility in genetically distant hosts. This finding is particularly relevant to efforts that
have championed the use of symbionts to increase host population growth in response to

habitat fragmentation and climate change (Gundel et al. 2013, Hamilton et al. 2016). As
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one of the predicted consequences of environmental perturbation is altered or increased
rates of gene flow between shifting populations (Edmands 2006, Parmesan 2006),
symbionts may act as demographic remediators by reducing potentially strong negative

effects of gene flow between genetically disparate host populations.
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Retrospective and Future Directions

One of the central motivations of ecology is to understand factors that determine
the prevalence and persistence of organisms across time and space. Over the past several
decades, ecologists have focused primarily on describing the populations of macro-
organisms, while microscopic organisms have received relatively little attention
(Semmartin et al. 2015). Recently, the telescope, or microscope in this case, has been
flipped around- ecologists such as myself are becoming increasingly aware that
microscopic organisms (e.g., fungi, viruses, bacteria) are important components of
natural systems, especially those that live symbiotically within a host (Rudgers et al.
2004, Faeth and Shochat 2010). One particularly powerful symbiotic interaction is
between endophytic fungi (genus Epichloé) found in the above-ground tissues of cool-
season grasses (Schardl et al. 2004). These fungi have been the focus of my dissertation.
They can produce powerful bioactive alkaloids that deter vertebrate and invertebrate
herbivores (Young et al. 2009), increase host resistances to environmental stress

(Cheplick 2004), and even manipulate host reproduction (Gorischek et al. 2013).

Similar to other widespread microbial symbionts (e.g., Wolbachia and Buchnera),
epichloid fungi are primarily asexual and passed vertically from mother to offspring. As a
consequence of long-term evolutionary relationships with particular hosts, heritable
symbionts are often specialized to specific host genotypes and completely dependent
upon hosts for reproduction (Ewald 1987). Past research has demonstrated that artificial

host-symbiont interactions via cross-inoculation in lab-based systems have resulted in
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incompatible partnerships (Christensen 1995, Chong and Moran 2016). An additional
way that novel host-symbiont interactions are theorized to occur is through host gene
flow (e.g., outcrossing between species), where host offspring are genetically disparate
from the maternal genotype (Gundel et al. 2012). Host-symbiont incompatibility, as a
result of host outcrossing, may manifest as a reduction in both symbiont vertical
transmission and symbiont mediated host fitness benefits. Importantly, both symbiont
vertical transmission rates and symbiotic host fitness are theorized to, independently or in
concert, determine symbiont prevalence in host populations (Saikkonen et al. 2002,
Gundel et al. 2008). Therefore, the key to predicting symbiont population dynamics is
identifying factors that influence both symbiont transmission and symbiont host fitness.
Here, | have used experimental field-based and mathematical modeling approaches to
answer the questions: Do novel host-symbiont combinations generated via host
outcrossing change symbiotic interactions (transmission and fitness), and if so, how
do these changes scale up to determine symbiont prevalence in natural host
populations? Each of my chapters utilizes the symbiotic relationship between fungal

endophytes and their grass hosts.

In order to answer these questions, | needed a basic understanding of how often
symbionts in natural host populations transmit and where they occur in space, which
became the focus of Chapter one of my dissertation. Surprisingly, little is understood
about how endophyte transmission rates correlate with macro-environmental factors such
as precipitation, drought, and temperature. Additionally, this is the first study to

determine if variation in endophyte transmission is associated with endophyte genotype
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(Schardl et al. 2013b). During an extensive fieldtrip throughout the southern Midwest of
the United States, | collected seeds from natural populations of two host grasses (Elymus
virginicus and E. canadensis) that both house fungal endophytes within the genus
Epichloé (Figure 1.1). From these collections, | determined that the individual-level
endophyte transmission rates and population-level endophyte prevalence varied across
space and with host identity (Figure 1.2). In addition, I found that endophyte prevalence
in E. virginicus hosts declined with higher drought (Figure 1.3), which aligned with
previous experimental studies (Rudgers and Swafford 2009). However, endophyte
prevalence and transmission remained high across nearly all E. canadensis populations,
and did not strongly associate with abiotic factors (Figure 1.3). The most striking result
from this work was that biotic context, specifically endophyte genotype, likely plays a
stronger role in determining symbiont inheritance than abiotic context (Figure 1.4).
Moreover, my results pointed to the primacy of endophyte transmission as a major
constraint to symbiont prevalence. This finding led me to investigate the role of host

outcrossing on symbiont transmission.

Chapter two of my dissertation details how | experimentally manipulated
outcrossing events between pollen recipient and pollen donors in a greenhouse and
common garden setting. From these mating events, | measured endophyte transmission
from symbiotic mothers to outcrossed siblings. This work is the first empirical test of the
hypothesis that host outcrossing disrupts symbiont vertical transmission rates. With the
generous help of collaborators at the Noble Research Institute, | used molecular

techniques to quantify the genetic distance between each mated host pair (Saha et al.
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2009). This study provided multiple unique scientific contributions. First, | quantified
symbiont transmission rates across a known gradient of genetic distances between hosts,
from low to high. Second, I accounted for cross-generational effects by investigated
symbiont transmission into multiple host generations. Therefore, for the first time, this
empowered me to determine the functional relationship between host genotype and
symbiont transmission. After two summers of experimental mating and seed harvesting, |
discovered that endophyte vertical transmission across host generations was incredibly
robust to host outcrossing (Figure 2.2). Moreover, endophyte transmission did not decline
with increasing genetic distance between mated pairs. In fact, contrary to my hypothesis,
| observed that transmission rates slightly increased from low genetic distance to high
genetic distance. However, this study did reveal that host outcrossing can be costly for
both the host and the symbiont. Specifically, | observed that host offspring generated by
more genetically distant parents experienced lower fertility (Figure 2.5), with some
offspring failing to produce a single seed. This observation inspired the field-based
experiment and subsequent mathematical model to quantify the net effect of host

outcrossing on symbiont population dynamics.

Lastly, Chapter three elegantly pulled all of the various loose strings of my
dissertation together. In my previous chapters | had observed unexplained variation in
symbiont transmission and prevalence across natural host populations, which suggested
that changes in either transmission or host fitness determine whether symbionts reach
high or low prevalence within a population. Additionally, | had experimentally

demonstrated that endophyte transmission is robust to host outcrossing, but strongly
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affected host fitness. In order to determine the net effect of host outcrossing on symbiont
population dynamics, | needed to compare the fitness of symbiont positive (E+) and
symbiont negative (E-) hosts across genetic distances. Chapter three takes this next
logical step by asking: how does host outcrossing influence both symbiont transmission
and host fitness to ultimately determine population-level symbiont prevalence? To
answer this question, | took a mathematical modeling approach and used data gathered
form an experimental common garden to parameterize a size-structured mega-matrix
population model (Yule et al. 2013, Chung et al. 2015, Bibian et al. 2016, Compagnoni et
al. 2016). This model accounted for both imperfect endophyte transmission and host
genetic background. Contrary to previous hypotheses, | found that host outcrossing
actually increased endophyte population growth rates (lambda), and predicted endophytes
would become fixed in hosts at greater genetic distances (Figure 3.5). A surprising
implication of this work is the finding that symbionts buffer hosts against the deleterious
effects of outbreeding depression. For instance, E+ hosts experienced increased survival
and seed production compared to E- hosts at high genetic distances, which could have

wide-reaching implications for plant breeding and habitat restoration.

While my work rigorously addressed a previously un-tested hypothesis, there
remains additional avenues to explore. First, taken together, the chapters of my
dissertation allude to a grander conclusion that symbiont prevalence is the product of
complex biotic and abiotic interactions. For instance, it is likely that interactions between
host genotype, symbiont genotype, and the environment determine when and where

endophytes are found. My work was limited to a single common garden, where each
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plant had ample water, few herbivores, and little competition. It is likely that in the
crucible of a more natural environment, small vital rate differences between symbiotic
and non-symbiotic hosts greatly impact symbiont population growth. Moreover, | was
unable to control endophyte genotype due to difficulties with endophyte
elimination/inoculation. To address these shortcomings, future work should compare E+
and E- hosts of varying genetic distances across environments or exposed to differing
levels of abiotic or biotic stress. Importantly, all symbiotic hosts should be occupied by a
single endophyte genotype. I hypothesize that certain “ideal” combinations of host and
symbiont genotypes will dominate in a given environment. In fact, this may be why |
observed highly variable endophyte prevalence and transmission rates across natural
landscapes, where perhaps only the best host-symbiont combinations persist. Second, |
used a relatively crude measure of genetic distance between mated host plants, which was
estimated with 8 previously generated neutral markers (Saha et al. 2009). These markers
cannot be used to determine heterozygosity and had to be reduced to a binary present or
absent phenotype (Falush et al. 2007, Pfeiffer et al. 2011, Schreier et al. 2013). In the
future, genomic approaches, unshackled by the limitations of site-specific markers,
should be used to provide more robust host genotypes that can be used to calculate basic
population genetic metrics (e.g., Fst, AMOVA). Also, endophytes were identified by
alkaloid gene profiles (Takach and Young 2014), and therefore could not assign unique
and phylogenetically supported endophyte identities. Since | completed my molecular
work, genetic and genomic studies involving a vast diversity of endophyte genotypes

have been conducted (Schardl et al. 2014). Using these published approaches, a more
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fine-grained description of both host and symbiont genotype will only further refine our

understanding of host-symbiont interactions.
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Appendices

Appendix A — 2013 collection site location, coordinates, and environmental details for Elymus
canadensis (EC) and E. virginicus (EV). Site number corresponds to site collection locations,
including state parks (SP), displayed in Fig 1.1 and referenced in Table 2.1. In sites where both
species were present (Both), the two entries for the number of plants collected (N), endophyte
prevalence (E+), and mean vertical transmission rate (VT) + associated variance correspond to
each species respectively (EC;EV). In addition to precipitation (ppt.) and temperature (temp.), The
Standardized Precipitation-Evapotranspiration Index (SPEI) ere included as predictors of
endophyte prevalence and transmission.

Site Site name Szzci N E+ (%) Merz;r:eVT Ppt. (mm) T(incﬁ'? * SPEI Lat. Long. |(Er]|18)V SanD1;)tI;ng
1 Slide Rock SP, AZ EC 16 9% 10040 56010 1980 006 3492 -111.73 1835 101413
2 Flagstaff, AZ! EC 29 48 21433 51155 1566 009 3623 -11158 1639  10/14/13
3 DavisMountains SP, TX ~ EC 46 98  99+.006 35545 2480 0.9 3061 -10389 1508  8/7/2013
4 Big Spring, TX EC 33 79 92+40 38803 2597 006 3223 10149 753  8/8/2013
5 sanAngeloSP,TX  Both 528 10097  (°5% 48017 2585 008 3147 10054 602  8/8/2013
6 SouthLlanoSP, TX ~ Both 1824 100,92 %ﬁig 497.72 2623 -0.04 3045 -9981 547  8/6/2013
7 Lost Maples SP, TX EC 39 100  98+078 58155 2541 001 2083 0959 655  8/5/13
g LakeBrowwwood S gon ag7 714 VIS 63 2543 006 3186 9903 448 /813
9 McKimeyFallsSP,TX EV 35 74 84+10 70732 2674 -006 3018 9772 174  6/5/13
10 Palmetto SP, TX EV 46 % 83+6.1 71401 2712 001 2059 9758 100  8/5/13
11 Mother Neff SP, TX EV 20 55 81485 82270 2573 -010 3132  -97.47 223 6/4/13
1p  LakeThunderbird SP, gy, 951 10043 92154 827.52 2236 -015 3523 -97.27 331 71713

OK 2322
13 LakeMuraySP,OK  Both 2230 10043 g, qy 85694 2342 021 3407 9710 231  7/16/13
14 LakeLewisvill, TX  EV 22 9 64+ 17 79994 2477 033 3307 9695 512  12/6/13
15  LakeTexomaSP,OK  Both 20:31  100;42 9460124% 91348 2321 -022 3398  -9663 192  7/16/13
16 Keystone SP, OK Both 427  100;28 %go;G% 87498 2130 -032 3614  -9627 253  7/17/13
17 Fall River SP, KS Both 730 8513 S0 100803 1989 033 3765 9600 205  7/18/13
18 Toronto SP, KS EV 27 67 51+16 103310 1993 -035 3775 9594 288  7/18/13
19 Elk City SP, KS Both 712 100;00 S00%0 415665 2049 031 3725 -9578 246 7/18/13

100+0



25

Huntsville SP, TX
Rice University, TX
Devils Den SP, AK

Pomm De Terre SP, MO
Table Rock SP, MO

Bona Dea SP, AK

EV

EV

EV

EV

EV

EV

38

41

29

25

33

21

47

76

31

24

39

81

49+11

67 +13

55+10

45+19

32+6.5

94+48

973.30

1122.22

1351.55

1277.94

1262.00

1453.07

26.40

26.33

20.27

19.18

19.93

22.80

0.04

0.08

-0.10

-0.29

0.06

-0.21

30.62

29.71

35.78

37.88

36.58

35.30

-95.54

-95.40

-94.25

-93.32

-93.31

-93.16

114

100
15
424
263
297

134

8/5/13

6/26/13

7/19/13

7/19/13

7/19/13

7/20/13

ICollection location removed from data predicting endophyte vertical transmission in E. canadensis hosts



Appendix B — Genetic diversity of endophytes occupying Elymus virginicus (EV) and E. canadensis (EC) hosts based
upon successful amplification of markers associated with alkaloid biosynthesis genes, and their alkaloid predictions?.
When endophytes from both host species were assayed (Both) from a single location?, the number of hosts assayed
(Plant N) are included for each species respectively (EV;EC). Although we tested for the presence of loci within the
IDT and LTM genes, none were detected and therefore not presented here.

Mating type (MT)® Peramine LOL EAS

E+ Predicted 5 4 perA perA perA
genotype alkaloids? Pop Plant N Host A B AB A2 T R lolC  IolA lolO lolP  dmaW easC easA cloA IpsB
1 PER 5 1 EV + + + +
6 31 Both + + + +
9 3 EV + + + +
11 2 EV + + + +
13 6;1 Both + + + + +
16 2 EV + o+ + + + (+)
17 1 EV + + + +
18 3 EV + + + + +
19 3 EV + + + +
22 2 EV + + + +
23 2 EV + + + +
25 1 EV + + + + (+)
PER
2 IcC 5 10 EV + + + + + + +
6 4:;2 Both + + + + + + + (+)
9 7 EV + o+ + + + + +
10 12 EV + + + + + + +
11 2 EV + + + + + + +
15 2 EV + + + + + +
16 2 EV + + + + + +
22 1 EV + + + + +) + +
25 5 EV + + + + + +
PER/ 6
3 ACAP 18 1 EV + + + + + + + (del)
PER/
4 ACcAP/ 3 4 EC + + + + + + (del)® + +
cc
6 8 EC + + + + + + (del® + +
12 3 EC + + + + + + (del® + +
13 1 EC + + + + + + (del)® + +
PER/
5 NANL/ 1 2 EC + + + + + + + + +
cc
3 12 EC + + + + + + + + +
13 1 EC + + + + + + + + + (+)
PER/
6 NANL/ 12 1 EC + + + + + + + + + + +
EC
PER/
7 NANL/ 1 9 EC + o+ + + + + + + + + + + +

ERV
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12 3 EC + + + + + + + + + + + +
18 2 EV + + + + + + + + + + + +
19 6 EV + + + + + + + + + + + +
25 2 EV + + + + + + + + + + + +

L+, marker detected; (+) marker detected in a subset of samples. Marker descriptions and sizes found in Charlton et al. [63]

2 Collection population (pop) numbers corresponding to Fig. 1 and Supplemental Table 1

3 Predicted chemotype based upon genotype prediction conventions. Chemotypes: PER, peramine; CC, chanoclavine; AcAP, 1-acetamidopyrrolizidine; NANL,
N-acetylnorloline; ERV, ergovaline

4Number of endophytes corresponding to chemotype from each species respectively (EV ; EC)

5 Mating-type genotypes are defined based upon inheritance of MTA and MTB loci. Nonhybrid endophytes are either MTA or MTB but hybrid endophytes can
be MTA MTB (can be identified by PCR) or MTA MTA or MTB MTB (cannot be identified by PCR)

6 (del) marker indicates a deletion at that loci that results in the gene being nonfunctional.
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Appendix C — Molecular techniques to quantify genetic distance between outcrossed
parents (P1 generation)

Tissue sampling, PCR protocol, and processing microsatellite markers

We used a multiplex approach with nine fluorescently labeled simple sequence
repeat (SSR) microsatellite markers to estimate genetic distance between outcrossed Py
parents and to confirm the effectiveness of the greenhouse crossing experiment (Hayden
et al. 2008, Saha et al. 2009) (Table C1 & Figure C1). Genomic DNA was extracted from
~10 mg of freshly frozen and lyophilized plant tissue using MagAttract 96 DNA plant
core Kit (QIAGEN Inc., Valencia, CA) and analyzed following Takach et al. (Takach et
al. 2012). PCR was performed in a total volume of 10 ul containing 20 ng of template
DNA, 1.0 unit of Promega GoTaq™ DNA Polymerase (Promega Corp., Madison, WI), 2
mM of dNTPs, 2 ul of 5X Colorless GoTaq™ Buffer, 10 uM of the reverse and M13 dye
primer, and 5 uM of the forward M13 fluorescently tagged primer. The PCR cycling
parameters were: an initial denaturation of 3 min at 95°C, then 6 cycles of 94°C for 45 s,
68°C for 5 min, and 72°C for 60 s followed by 8 cycles of 94°C for 45 s, 58°C for 2 min,
and 72°C for 30 s. Then, 25 cycles at 94°C for 45 s, 50°C for 2 min, and 72°C for 30 s
followed by a final extension of 72°C for 7 min. To confirm amplification, we ran each
PCR product on a 1.5% agarose gel visualized with ethidium bromide and a UV light.
Then, 1 pl of amplified PCR product per SSR marker was suspended in Hi-Di
Formamide with 0.5 pl L1Z 500 ladder (Applied Biosystems, Farmingham, MA) and then
separated on an Applied Biosystems 3730 capillary sequencer. Raw data were analyzed
using GENEMAPPER 4.0 and Peak Scanner 2 (Applied Biosystems). Kentucky 31

(Festuca arundinacea) of known endophyte status were used as positive and negative
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controls.
Estimating genetic distance between P1 parents

Both P1 parent species (Elymus virginicus and E. canadensis) are allopolyploids,
with genomes from Pseudoroegneria and Critesion species (Dewey 1983, Sun et al.
1997). However, estimating genotypes from allopolyploid organisms is challenging due
to potential amplification of multiple genomes from the two progenitor species, which
makes assigning heterozygotes impossible without knowing the origin of each amplified
sequence (Dufresne et al. 2014). Therefore, to avoid taxonomic issues common to
polyploids, analyses were performed using data formats that assume uniform ploidy
across individuals.

First, to measure linkage disequilibrium among loci, we calculated a modified
index of association robust to small sample sizes (i"q) (Brown et al. 1980, Agapow and
Burt 2001) between the amplified microsatellite loci in the R package poppr (Kamvar et
al. 2014). Higher measures of 74 indicate greater linkage between loci. We uncovered a
pair of significantly linked loci (4= 0.0418, P =.001). Removing one of two loci from
the dataset significantly reduced linkage disequilibrium (#4=0.0299, P = 0.061). In total,
we identified 29 alleles across the eight remaining loci (mean = 3.75 alleles per locus).
We then generated a saturating genotype accumulation curve, which quantifies the
amount of power within the data to discriminate between unique individuals given a
random sub-sample of n loci (command locus_table and genotype_curve in poppr
(Kamvar et al. 2014). Then, we calculated a pairwise, individual-by-individual (N x N)

genetic distance matrix using the binary data set in GenAlEXx v. 6.502 (Peakall and
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Smouse 2006), which tallies the total number of differences between two genetic profiles
(Huff et al. 1993). When multiple individuals per maternal line were genotyped, genetic
distance was averaged over all estimates. Using this distance matrix, we conducted a
distance-based cluster analysis (PCoA, GenAlEx v. 6.502), which revealed genetic
separation between Elymus virginicus individuals as well as between E. virginicus and E.
canadensis host species (Figure C3).
Estimating endophyte genotype

Extracted DNA from multiple offspring per P1 hosts (mean = 3.7, min =1, max =
9, (N =545) was isolated using techniques described in Sneck et al. 2017. Endophyte
DNA was isolated from plant DNA with a multiplex approach using 18 markers, which
infer both the major alkaloid classes (peramine, ergot alkaloids, lolines, and indole-
diterpenes) and endophyte mating type (MTA or MTB) (Charlton et al. 2014). Only two
similar endophyte genotypes were found in Py plants, one that likely produces the
alkaloid peramine (PER) and the other likely produces both peramine and chanoclavine
(PER/CC) (Sneck et al. 2017). Endophyte genotype did not explain remaining variation
in residuals extracted from the top supported models (Table 2.1) compared to a null
model using likelihood ratio tests in both the F1 (x* = 0.505, P = 0.918) and F, offspring
generations (x> = 0.4.03, P = 0.817). Therefore, the endophyte vertical transmission rates
observed in this study are likely a product of outcrossing treatment and not endophyte

genotype.
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Table C1 — Microsatellite markers used to estimate genetic distance between outcrossed
parents modified from Saha et al. 2009. Primer 61 was dropped from final analyses due

to linkage with primer 59. An annealing temperature of 58°C was used for all primers.

Name Forward primer Reverse primer Expected size Repeats Allele _Genfe 1
per locus  diversity

TGGATTTGCAATT GCTCGTGTATGGCCT

19 AGCCTCA TCAAT 176-530 ta 2 0.39
ATGATGTCCGAGG CATCATGATCCAGT

22 AGGAGAA GCCTTG 184-266 agg 3 0.63
ACGGTCTGTACCG  GCTGTAGACTCAGC

32 TGGATGT CGAACC 288-330 ctg 4 0.57
GATGGACGAAGGC AGCCGAACCTGAAC

50 TTCTTTG TCAGAC 177-287 cag 4 0.72
TTTGCACTCTCGG CGGTACACCTTCTGC

59 ACCTAGC ACCTT 288-290 ga 4 0.73
GTCGCCGGAGAAG AACGCTAGCCGTGA

61 AGAAGAG TGACTT 127-142 ag 4 0.59
TCCTAAGCAGAGC GAGGTTGGCGAACT

78 TCGATCC TCCTC 164-216 ga 4 0.72
CAATGGTGGTGCA AGAGAGCAAGGAGG

113 AGAAATG AAGAAACC 153-248 ct 5 0.71
ACTTGCCGGAGAA ATACAGGAGGAGGA

142 GAAGCTC GGAGCAG 185-304 aga 4 0.73
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Figure C1 — To demonstrate the effectiveness of experimental crosses between P; plants,
several outcrossed and self-pollinated individuals were genotyped using eight
microsatellite markers. We found that outcrossed offsrping were genetically distant from
both parents (purple) (t =1.72, P =0.091). Also, compared to self-fertilized offspring
(blue), outcrossed offspring were significantly genetically distant from maternal plants (t
=3.95, P = 0.002). These data provide evidence that our experimental crosses
successfully altered the genetic background of outcrossed offspring. Solid (outcrossed)
and perforated (selfed) vertical bars and adjacent numbers indicate the mean genetic
distance of each group.
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Figure C2 — Genotype accumulation curve of the eight microsatellite loci used to
quantify genetic distance between outcrossed parents. Boxplots show the number of
unique genotypes estimated at each number of sampled loci. The saturating curve
indicates that the number of loci used were sufficient to discriminate between individuals.
Samples were bootstrapped 1000 times to create this distribution.
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Figure C3 — Principle Coordinate Analysis (PCoA) representing the genetic distance
between P1 individuals within a host species and between host species. This PCoA
displays the relationship between collected individuals based upon multivariate genetic
distances estimated from eight microsatellite loci, wherein spatial distance between

points (spread between Principle Coordinates 1 and 2) is analogous to estimated genetic
distance.



