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ABSTRACT

Ant-mediated seed dispersal, myrmecochory, is a diffuse mutualism in which ants are rewarded for seed dispersal services with food via a seed-coat derived appendage, the elaiosome. Seeds gain dispersal benefits including escape from distance- and density- dependent mortality agents, protection from seed predators, and a nutrient-rich germination site in or near ant nests. However, microbes, have been essentially overlooked in this mutualism, despite their pathogenicity to the ants and plants involved. The work presented here investigates the effects of microbial mortality agents on the risks and benefits offered to ant and plant partners in myrmecochory. First, I investigate the effects of a plant-produced chemical on the growth of a ubiquitous entomopathogen and on ant survival and foraging. Then, I investigate ant effects on the microbiomes associated with seed dispersal location and the seed coat. While a plant-produced chemical, sanguinarine, promotes the growth of an ant pathogen at certain concentrations, it did not influence ant survival or foraging patterns. These results suggest that though plant chemicals may increase pathogenic risk to ants in myrmecochory, ant social immune behaviors help counteract this threat. Ant activity influences both the ant nest and the seed coat microbiome. Increasing or stable ant activity in ant nests reduces turnover of 1) the plant pathogenic fungal community in soil substrates and 2) the myrmecochore pathogenic fungal community in log substrates. The handling of seeds by ants also alters the seed coat microbiome. Though seed species also influences the seed coat bacterial and fungal communities, ant handling and the removal of the elaiosome decreases the alpha diversity of plant pathogens on the seed coat. These results suggest that seeds are provided with additional benefits in myrmecochory in the form of pathogen defense in the ant nest environment and with ant handling. These findings, overall, suggest the importance of including microbial communities in the consideration of the risks and rewards in ant seed dispersal. Generally, this dissertation advances the field of ecological interactions by extending studies of a pairwise mutualism to include ecological community members that act as mortality agents for mutualistic partners.
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[bookmark: _Toc289175819][bookmark: _Toc45554662]INTRODUCTION 

[bookmark: _GoBack]Seed dispersal by animals has fascinated scientists for centuries (Berger 1996). While many studies of animal-mediated seed dispersal focus on vertebrate dispersers, ant seed dispersal (myrmecochory) is a widespread mutualism that has implications for plant population dynamics (Kalisz et al. 1999), plant community structure (Prior et al. 2015) and ant nutrition (Clark and King 2012). Approximately 11,000 plant species worldwide rely on ants for dispersal services and this mutualistic relationship has evolved over 100 times (Lengyel et al. 2010). Although ant seed dispersal exists on every continent (except Antarctica), eastern North America is a myrmecochore diversity hotspot (Lengyel et al. 2010). In the deciduous forests of the eastern United States, approximately 30% of the herbaceous plants are myrmecochorous (Beattie and Culver 1981) and most seed dispersal is done by Aphaenogaster ants, the keystone seed dispersing ant genus (Ness et al. 2009). Myrmecochorous seeds have a seed-coat derived appendage known as the elaiosome, which attracts ant dispersers (Beattie 1985) through chemicals, primarily oleic acid (Brew et al. 1989; Turner and Frederickson 2013). Ants pick up seeds (sometimes using the elaiosome as a handle) and return the diaspore (seed-elaiosome complex) to the nest (Beattie 1985). There, the elaiosome is removed and typically fed to larvae (Beattie 1985; Fischer et al. 2005). Seeds remains in the nest or are, more often, redispersed outside of the nest into a refuse pile or surrounding leaf litter (Beattie 1985; Canner et al. 2012). Thus, myrmecochory is normally purported as a similar pairwise mutualism. Ants are rewarded with food in the form of the elaiosome for their seed dispersal services, and seeds benefit from release from distance- and density-dependent mortality agents, dispersal to a nutrient-rich germination site in or near ant nests, and protection from seed predators, such as rodents (Beattie 1985).
Microbes are abundant in soil and decaying woody debris, where ants nest and seeds are dispersed and germinate (Bruehl 1987; Meyling and Eilenberg 2006). Despite their abundance, microbes have essentially been neglected in myrmecochory. Furthermore, some microbes are pathogenic to ant or plant partners (Bruehl 1987; Meyling and Eilenberg 2006); thus, microbes exert pressure on both partners in this mutualism. Nonetheless, ants and plants are not defenseless against their own microbial pathogens. Ants have a number of glands that produce chemicals, which are used for a variety of purposes, including antiseptic grooming behaviors (Vander Meer 2012). Chemicals released from the ants’ metapleural and venom glands during active grooming reduce fungal pathogen loads (Fernandez-Marin et al. 2006; Tragust et al. 2013). Ants’ mandibular glands also produce antimicrobial chemicals (Brough 1983). While the chemicals produced by seed-dispersing ants are understudied compared to other ant species, Aphaenogaster ants produce the antimicrobial chemical, anabasine, in their venom glands (Abdulina et al. 2002; Leclercq et al. 2001). Likewise, plants, including some myrmecochores, produce chemicals that inhibit the growth of their microbial pathogens. Sanguinaria canadensis produces alkaloids in all plant tissues including the seeds (Campbell et al. 2007), and the most abundant alkaloid, sanguinarine, has antimicrobial activity (Croaker et al. 2016). Another myrmecochore, Asarum canadense, produces at least two antibacterial secondary chemicals (Cavallito and Bailey 1946). 
Because both ants and plants produce chemical compounds, the partners in myrmecochory might help mitigate or might exacerbate the pathogenic microbial pressure for the other partner. Ant glandular chemicals inhibit the growth of plant pathogenic fungi (Beattie et al. 1985), increasing advantages to seeds during the dispersal process. Furthermore, the ant nest environment might provide an ideal germination and growth location for seeds if ant glandular secretions control plant pathogen loads in the ant nest. Indeed, ant nests have lower fungal species richness and plant pathogen species richness compared to surrounding soils (Tarsa et al. 2018; Zettler et al. 2002). If ants provide beneficial reductions in plant pathogens in the ant nest environment and alter plant pathogen communities associated with the seed itself (perhaps through glandular secretions), plants may be provided with additional benefits in myrmecochory. Likewise, plant antimicrobial secondary compounds could influence the growth of entomopathogens (insect-specific pathogens). If plant chemicals inhibit the growth of entomopathogens, ants might be provided with additional rewards in seed dispersal. However, if plant chemicals enhance the growth of entomopathogens (as some plant chemicals do (Cory and Hoover 2006)), ants might have additional risks via introduction of chemicals into the ant nest. 
Here, I begin to incorporate microbial pathogens into the myrmecochory mutualism framework by investigating the effects of plant-produced chemicals on growth of an entomopathogenic fungus, ant survival and ant foraging behaviors (Chap 1). I also investigate differences in different fungal communities (including plant pathogenic fungi) in ant nests compared to surrounding non-ant-inhabited environments with particular attention to the effects of time, nest substrate and ant activity on these different fungal communities (Chap 2). Finally, I explore the effects of ant handling on the seed coat-associated bacterial and fungal communities, again with particular attention to plant pathogens (Chap 3). 
[bookmark: _Toc289175820]The studies presented here are the beginning of the incorporation of microbial mortality agents into ant seed dispersal. Understanding the benefits offered to plants during the dispersal process will contribute to our evaluation of ants’ seed dispersal effectiveness (SDE; see (Schupp 1993; Schupp et al. 2010)). Particularly, studying the plant pathogen load in ant nests and on the seed coat throughout the dispersal process will address the qualitative aspect of SDE through ant treatment of seeds in the ant nest. Furthermore, by incorporating microbial entomopathogens into myrmecochory, we can more fully understand the challenges presented and rewards offered to ants in myrmecochory. Indeed, the benefits to ants in myrmecochory are understudied and conflicted, leading some to suggest that myrmecochory should not be considered a mutualism from the ants’ perspective (Warren et al. 2019). These studies carry important implications for not only ant seed dispersal mutualisms, but pairwise mutualisms in general. Recent interest in community effects on mutualistic partners suggests that to fully understand mutualistic relationships, mutualisms must be studied in a community context (Bronstein and Barbosa 2002; Palmer et al. 2015). Viewing mutualisms in a community context will also contribute to our understanding of the evolution and persistence of mutualistic interactions (Palmer et al. 2015). Ant seed dispersal is an ideal system in which to being to parse out effects of ecological community members on a widespread mutualistic interaction.
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[bookmark: _Toc45554665]The effects of a myrmecochore-produced chemical on entomopathogenic fungal growth and seed-dispersing ant survival rates and foraging patterns






	A version of this chapter is under review at Insectes Sociaux and was coauthored by Chloe L. Lash, Samantha L. Sturiale, Samantha A. Kisare and Charles Kwit:
	Chloe L. Lash, Samantha L. Sturiale, Samantha A. Kisare and Charles Kwit. “The effects of a myrmecochore-produced chemical on entomopathogenic fungal growth and seed-dispersing ant survival rates and foraging patterns.” Insectes Sociaux In review. 

All authors contributed to experiment planning and design. Chloe Lash and/or Samantha Kisare or Samantha Sturiale ran experiments. All authors contributed to data analysis. Chloe Lash wrote the first draft of the manuscript and all authors commented on previous versions of the manuscript. All authors read and approved the final manuscript.

[bookmark: _Toc289175826][bookmark: _Toc45554666]Abstract	
	
Myrmecochory, a type of ant-mediated seed dispersal, is a diffuse, widespread mutualism in which both partners are purported to benefit from the services or rewards of the other. However, ant benefits in this interaction are conflicted and understudied, especially in the context of microbial third parties. Here, we investigate the effect of a myrmecochore plant-produced antimicrobial chemical (sanguinarine) on the growth of a common entomopathogenic fungus (Beauveria bassiana). We then explore whether sanguinarine, through its effect on entomopathogen growth, might influence ant survival and foraging behavior. At high concentrations, sanguinarine increased the growth of B. bassiana, but fungal growth was not affected at concentrations of sanguinarine near natural levels produced in seeds. When ant colonies were exposed to B. bassiana, survival was not affected by a sanguinarine-supplemented diet. Furthermore, ant foraging patterns (preference for or avoidance of food items with sanguinarine) did not change when ants were exposed to the entomopathogen. Though sanguinarine promotes the growth of an entomopathogen at higher concentrations, which might pose an additional risk for ants in myrmecochory, we assert that social immune behavioral defenses help ants mitigate this risk. By incorporating a microbial third party into this ant-plant interaction, we seek to more fully understand the risks and benefits provided to both partners in this mutualism. We encourage the investigation of third-party influences in reciprocal pairwise interactions to assist in the understanding of the evolution and persistence of mutualisms.

[bookmark: _Toc45554667]Introduction

Though ants participate in numerous mutualisms with plant partners (see Beattie and Hughes 2002), myrmecochory, a pervasive form of ant seed dispersal, is the only one that actively and directly promotes the recruitment of the next plant generation. Myrmecochory exists on almost every continent and has evolved independently over one hundred times (Lengyel et al. 2010). Over 11,000 myrmecochorous plant species are dependent on ants for dispersal (Lengyel et al. 2010). Upon myrmecochorous fruit dehiscence, foraging ants are attracted to a fleshy seed-coat derived appendage, known as the elaiosome, which signals ants to bring diaspores (seed-elaiosome complex) back to the nest (Rico-Gray and Oliveira 2007). In the nest, elaiosomes are removed and preferentially fed to larvae (Fischer et al. 2005). Then, ants most often redisperse seeds outside of the nest into a midden pile (Beattie 1985). Thus, in this purported mutualism, plants gain a number of benefits, including but not limited to: 1) escape from distance- and density-dependent mortality agents, 2) protection from seed predators, such as rodents, and 3) a nutrient-rich germination site in or near ant nests (Beattie 1985). For their services, ants are rewarded with food in the form of the elaiosome (Beattie 1985). 
Evidence for the quality of the elaiosome reward to the ant partners in the above-posed framework of myrmecochory, however, is either conflicted or lacks support. Compared to studies of the plant partners, there are relatively few studies that investigate benefits to the ant (Caut et al. 2013), and the lack of evidence of long-term benefits to the ant partners has led some to question the classification of this interaction as a mutualism (Warren et al. 2019). Elaiosome diets may increase gyne (reproductive female) production (Fischer et al. 2005; Fokuhl et al. 2007; Morales and Heithaus 1998), or they may not (Bono and Heithaus 2002; Fokuhl et al. 2007). Elaiosomes increase larvae production (Bono and Heithaus 2002; Fischer et al. 2005; Fokuhl et al. 2007) perhaps due to essential nutrients in the elaiosome (Gammans et al. 2005), but that benefit might only occur when insect prey are not abundant (Clark and King 2012). However, other studies show that elaiosome diets, even as a supplement to a standard diet, do not increase brood production (Caut et al. 2013), which suggests lack of nutritional supplementation in the elaiosome (Marussich 2006). Furthermore, some seeds have misleading chemical cues, which advertise greater nutritional benefits to ants than they actually provide (Turner and Frederickson 2013). Finally, myrmecochory is a facultative, not an obligate, mutualism from the ants’ perspective (Ness et al. 2009). For example, myrmecochores in eastern North America are primarily dependent on one ant genus (Aphaenogaster spp.) for dispersal while the ants can functionally exist without the plant species (Ness et al. 2009). 
The roles of chemicals and microbes within myrmecochory have been largely overlooked in the context of benefits and costs to each partner. Though antimicrobial secondary compounds are produced primarily to benefit the plant, ants likely encounter these antimicrobials throughout the dispersal process, especially during the removal and consumption of the elaiosome. For example, Sanguinaria canadensis (bloodroot), a common myrmecochore of forests in the eastern United States, contains an alkaloid called sanguinarine in all of its tissues, including its seeds (Campbell et al. 2007). If plant-based chemicals, such as sanguinarine, inhibit growth of entomopathogens (insect-specific pathogens), then ants exposed during seed-dispersal may experience additional byproduct benefits (sensu (Sachs et al. 2004)) beyond nutritional gain. Furthermore, ant colonies already suffering from high pathogen loads could augment this benefit by preferentially collecting food sources containing plant secondary compounds. However, the ability of these plant-produced chemicals to limit microbial growth is unclear. Though most studies show inhibitory effects of plant chemicals on entomopathogens, some chemicals have the opposite effect (Cory and Ericsson 2009). For example, certain plant chemicals increase the toxicity of an entomopathogenic bacterium (Ludlum et al. 1991; Shikano et al. 2018), and methyl salicylate, a plant volatile, increased growth (but not germination) of an entomopathogenic fungus that infects mites (Hountondji et al. 2006). If plant chemicals promote entomopathogenic growth, ant colonies might be increasing infection risk through dispersal actions, and might therefore preferentially avoid food sources with fungal growth-promoting chemicals.
Here, we investigate the effects of a known plant antimicrobial on a virulent seed-dispersing ant entomopathogen. By understanding the effects of plant chemicals on ant partners, we can consider byproduct benefits or additional challenges for seed-dispersing ants in a myrmecochorous system. We first measure effects of a plant-produced antimicrobial compound, sanguinarine, on the growth of an entomopathogenic fungus. Then, we examine the effects of a plant-produced antimicrobial diet on ant survival when ant colonies are exposed to the entomopathogen. Finally, we document foraging preferences for food sources with and without plant-produced antimicrobials in ant colonies exposed to the entomopathogen.
[bookmark: _Toc45554668]Materials and Methods
[bookmark: _Toc45554669]Study System:
All ants used in our work are in the genus Aphaenogaster, the keystone seed-dispersing ant genus in eastern North America (Ness et al. 2009). We used both A. picea and A. rudis ants, which are species within the Aphaenogaster rudis-fulva-texana species complex (Umphrey 1996). Ant colonies were collected from the field using wooden nest boxes (Lubertazzi 2012) placed at our field sites (Blake Tract Nature Preserve and Falls Ridge Nature Preserve, Montgomery County, VA) in April of 2016 and 2017. Nest boxes were opened and ant colonies were placed into large plastic containers (23cm x 14cm x 8cm) with mesh-covered holes in the lid. We lined plastic containers with Insect-a-Slip (Bioquip) to prevent escape. Colonies were housed in environmental chambers located at Mountain Lake Biological Station (MLBS- University of Virginia, Giles County, VA) with the following settings:14 hr 24°C:10 hr 13°C day/night cycle; ~60% relative humidity. These settings mimic the natural summer conditions at MLBS. We provided ant colonies with water ad libitum and fed colonies a modified Bhatkar-Whitcomb diet (Dussutour and Simpson 2008) on a weekly basis. An aluminum foil-covered test tube with a water-soaked cotton ball in the base served as a makeshift nesting place for the colony in the plastic container. Test tubes were cleaned and replaced approximately every other week or when dirty. Feeding, water provisioning, and cleaning were modified when colonies were being used in an experiment. 
	Because of its antimicrobial compounds (primarily sanguinarine) and its abundance in eastern North America, we used S. canadensis for our experiments. Sanguinaria canadensis fruits were collected from field sites in late May and early June of 2016 and 2017 when the fruits were close to natural dehiscence or were beginning to open. Fruits were frozen at -20°C upon return to the lab and remained frozen until used in experiments. In 2016, we supplemented collected S. canadensis fruits with fruits ordered from Amanda’s Garden (Springwater, NY). Seeds were shipped on ice and immediately moved to a -20°C freezer upon arrival. 
	 To challenge ants with infection, we used Beauveria bassiana, a common, generalist entomopathogen that is known to infect ants (Meyling and Eilenberg 2007; Zimmermann 2007). Beauveria bassiana spores attach to the cuticle of insects, penetrate the cuticle, kill the host, and sporulate from the cadaver (Zimmermann 2007); thus, cause of death can be identified. For our experiment investigating the effects of sanguinarine on fungal growth, we used B.bassiana strain Bb11-98 that was isolated from a click beetle and has been shown to infect numerous insects (Ownley et al. 2004). The isolate was a generous gift from B.H. Ownley, University of Tennessee, Knoxville. For all experiments involving ants, we used Beauveria bassiana strain GWA (BotaniGard).
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To analyze the impact of sanguinarine on B. bassiana growth, we conducted growth assays using Bioscreen C (Oy Growth Curves Ab Ltd, Helsinki, Finland), an instrument that measures fungal growth as a function of increased turbidity of the medium. A stock solution of 0.8mM sanguinarine was made by dissolving 1.5mg of Sanguinarine Chloride (Tocris Bioscience) in 5mL of sterile deionized water. Potato Dextrose Agar (PDA) was prepared at 0.125% strength for semi-solid media, which promoted germination of fungal spores and subsequent hyphal growth (Medina et al. 2012). Beauveria bassiana spores were harvested from stock plates and placed in a sterile 0.05% Tween 20 solution at a concentration of approximately 104 B. bassiana spores/mL; based on results of preliminary tests, spore germination was not inhibited at this concentration and hyphal growth was supported. Wells of a 100-well microtitre plate were filled with a mixture of the following: 98 µL of Potato Dextrose Broth, 50 µL of semi-solid PDA, and 20 µL of the B. bassiana spore solution. Then the stock solution of sanguinarine was added to the wells at the following amounts: 0 µL, 0.5 µL, 1 µL, 2 µL, 4 µL, and 8 µL. This exposes B. bassiana to sanguinarine at 0mM, 0.00231mM, 0.00463mM, 0.00926, 0.01852mM, and 0.03705mM respectively. For reference, the approximate concentration of sanguinarine in S. canadensis seeds is 0.0037mm (Campbell et al. 2007). To ensure all wells contained the same amount of liquid, sterile water was added to each well to achieve a total volume of 176 µL. Ten replicates of each sanguinarine concentration were used. Plates were incubated at 25°C, and optical density was measured at the wide band setting (450-580 nm) typically used for turbidity measurements. Optical density of each well was measured every 15 mins for 22 hours for days 1, 2, 3, 4, and 6 (day 5 was skipped due to limited lab access). Measurements began approximately the same time every day, and at those times, hyphal growth was confirmed using a light microscope. 
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In summer 2016, we conducted a laboratory-based experiment to investigate the effects of an elaiosome-based diet on ants exposed to B. bassiana. We selected 63 captive ant colonies and pruned the colonies down to 20 workers for use in the experiment. The queen was retained in the experimental colonies to ensure normal colony behavior. Each colony was randomly placed into one of three B. bassiana exposure regimes: no exposure, low exposure, and high exposure. Ten workers from each colony were randomly selected for exposure. First, those ants were placed in Petri dish in a refrigerator (4°C) for one hour to slow movement. Then for the given exposure regime, each ant received a 0.3µL droplet of the following solutions on their thorax: a sterile 0.05% Triton-X solution (no exposure), a 1.88x106 B. bassiana spores/mL suspension in 0.05% Triton-X (low exposure), or a 2.44 x 108 B. bassiana spores/mL suspension in 0.05% Triton-X (high exposure). The exposed ants were returned to their colonies. Each colony was fed twice per week on one of three diets: 1- the modified Bhatkar-Whitcomb diet (Dussutour and Simpson 2008), 2- the modified Bhatkar-Whitcomb diet with a sanguinarine addition, or 3- S. canadensis diaspores. Diet 2 had a sanguinarine addition at approximately 1.2g of sanguinarine per gram of the modified Bhatkar-Whitcomb diet. This is approximately the concentration of sanguinarine that occurs naturally in S. canadensis seeds (Campbell et al. 2007).
	Ant colonies were maintained for four weeks (28 days). We checked for dead ants in each colony daily. All dead ants were removed and surface-sterilized (Lacey and Brooks 1997). Surface-sterilized dead ants were placed on PDA plates and were left at room temperature for 14 days. After 14 days, PDA plates were checked to determine if B. bassiana was the presumed cause of death. Carcasses with a white, powdery fungal growth coming out of the carcass were presumed to have died from a B. bassiana infection. We also counted the eggs present in the nest at the end of the 28-day period to use as a measure of reproductive health of the colony.
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In summer 2017, we conducted preference experiments with captive ant colonies to determine if colonies exposed to B. bassiana would selectively feed on or avoid diaspores with sanguinarine. We pruned 56 colonies to include 60 workers and the queen. Then those colonies were split into 8 different treatments based off of three binomial factors (explained below): Brood Presence, Exposure to B. bassiana and Metapleural Gland Blockage. For Brood Presence treatments: colonies were either allowed to retain 100 larvae (B+) or all larvae were removed (B-). For Exposure to B. bassiana treatments: colonies were either exposed to B. bassiana inoculum or to a control solution. Ants from an unrelated colony were frozen at -20°C and beheaded (this ensured observers did not confuse dead ants with ants from the experimental colonies). Beheaded ants were then either surface sterilized (Lacey and Brooks 1997) and sprayed with 2.44 x 108 B. bassiana spores/mL suspension (P+) in a 0.05% Triton-X solution or were surface sterilized then coated in a sterile 0.05% Triton-X solution (P-). Four Bb-coated or control ant carcasses were placed in front of the test tube nest three days prior to preference trials. For Metapleural Gland Treatments: the metapleural glands (MG) of workers were blocked (see below) or remained accessible to the ants. Ants secrete antimicrobial chemicals from metapleural glands, as a primary defense against pathogens (Yek and Mueller 2011). Ants actively apply metapleural gland secretions to exposed nestmates, brood, and nest material (Fernandez-Marin et al. 2006; Tranter et al. 2013) and brood survival decreases when ants do not have access to metapleural gland secretions when challenged with an entomopathogen (Tranter et al. 2013). For treatments that did not have access to their metapleural glands (MG-), we randomly selected 30 of the 60 workers and using a single bristle paintbrush, applied a drop of dental resin to the posterior end of the ant’s thorax at the opening of the metapleural gland. Then, we dried the dental resin by holding the ant under a UV light for 10-15 seconds. For treatments that had open access to their metapleural glands (MG+), an equivalent amount of dental resin was applied to the top of the ant’s thorax and was dried in the same manner. Prior to experimental colony set up, we experimented with the duration of the hold of the dental resin. Dental resin stayed in place for at least 5-6 days after application before needing reapplication; thus, one application was sufficient for the duration of experimentation.
	All original colonies were starved for three days prior to experimental colony set up to ensure adequate hunger levels upon food presentation. Then all experimental treatments were established and given three more days to acclimate prior to the preference trials. After acclimation, experimental ant colonies were subject to food preference trials. Plastic seed grids (4cm x 5cm) were sterilized with ethanol, and 20 spots in the grids were filled with alternating food choices: S. canadensis diaspores or cricket halves. Small crickets were frozen at -20°C. Limbs were removed from dead crickets after freezing and bodies were cut in half to ensure that the cricket pieces were approximately the same size as the diaspores. We observed the experimental colonies for 60 mins after food placement, recording which food items were taken into the test tube nest or moved elsewhere in the nest environment. We also scored ant behavior based on interactions with the food types. A score of 1 indicated antennation of the food type. A score of 2 indicated that the food was moved somewhere on the seed grid but was not removed from the seed grid. A score of 3 indicated removal from the seed grid to somewhere else in the container, and a score of 4 indicated that the food item was moved into the ant nest. After the initial 60-minute observation, the colonies were left for 48 hours. After 24 hours and 48 hours, food choices taken into the nest and removed from the grid were counted again. Care was taken to minimally disturb colonies during 24 and 48 hours checks. We removed lids from plastic containers to count food items, and only if necessary, removed aluminum foil from test tubes to count any changes in number of dispersed food items taken into the test tube nest.
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All analyses were done in R (version 3.6.0). 
To determine effects of sanguinarine on the growth of B. bassiana, we ran a beta regression (package “glmmTMB”) on the final optical density readings from each day with day, treatment and their interaction as response variables. We included replicate as a random variable. Wald Chi-Squared tests (package “car”) were used to determine significant factors. Post-hoc pairwise comparisons were made using estimated least squares means (package “emmeans”) to determine differences between pairs of treatments and between days.
 	For survival analysis of ants on different diets, we used mixed effects Cox Proportional Hazard Regression models (package “coxme”) with diet and exposure level as explanatory variables, and colony, ant species ID and collection location as random effects. The interaction between diet and exposure level was tested, but was not significant (2=2.9385, df=4, p= 0.5682) and hence, was not included in the final model. We ran a Wald Chi-Squared test on the final model to determine significant factors and ran post-hoc pairwise comparisons testing using estimated least squares means for differences within significant variables. We used a Wald Chi-Squared test to test effects of diet and exposure level on final egg counts.
Dispersal of food types back to the ant nest and to other locations in the nest environment were analyzed using generalized linear models with a quasibinomial distribution (package “stats”). Brood presence, metapleural gland access, pathogen exposure and their interactions were included as response variables at each time point (60 mins, 24 hours, or 48 hours). We used Wald Chi-Squared tests to identify significant predictors. Ant behavior scores by food type were analyzed via a contingency table with a Chi-square test for independence. To test the different treatments (brood presence, MG access, pathogen exposure) on behavior types, we ran a generalized linear model using the Poisson distribution. The interaction between food choice and behavior type as well as brood presence, metapleural gland access and pathogen exposure were included as response variables. Wald Chi-Squared tests and post-hoc pairwise comparisons were used to determine significant predictors.  
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The effect of sanguinarine on B. bassiana growth was concentration dependent with higher concentrations of sanguinarine promoting B. bassiana growth. We found a significant interaction of the effects of day and treatment on B. bassiana growth (2=139.816, df =20, p< 2.2e-16). Until Day 6, there were no significant differences between pairs of treatments on the same day (based on pairwise comparisons of means; all ps>0.05). On Day 6, the control and the two treatments with the lowest concentrations of sanguinarine (0.00231mM and 0.00463mM), all had significantly less growth than the three treatments with the highest concentrations of sanguinarine (0.00926mM, 0.01852mM, and 0.03705mM) (based on pairwise comparisons of means; all ps<0.0001; Fig 1-1 All figures and tables for this chapter are located in this chapter’s Appendix). On average, the lower concentrations of sanguinarine exhibited half the growth of the higher concentrations of sanguinarine. 
Significant growth of B. bassiana for many treatments occurred between Days 1 and 2 and between Days 4 and 6. Generally, in lower sanguinarine concentration treatments, fungal growth as measured by an increase in turbidity was greater on Day 2 than on Day 1, and in the higher sanguinarine concentration treatments, turbidity increased from Day 4 to Day 6. Pairwise comparisons of means indicated that growth in the same treatments on consecutive reading days significantly increased for the following treatments: 0.00231mM (Days 1-2, p=0.0270; Fig 1-2), 0.00463mM (Days 1-2, p=0.0482; Fig 1-2), 0.01852mM (Days 1-2, p=0.0312; Fig 1-2), 0.00463mM (Days 4-6, p<0.0001; Fig 1-3), 0.00926mM (Days 4-6, p<0.0001; Fig 1-3), 0.01852mM (Days 4-6, p<0.0001; Fig 1-3) and 0.03705mM (Day 4-6, p< 0.0001; Fig 1-3).  
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Of 1206 ants, 217 died from a presumed B. bassiana infection with most deaths occurring in the high exposure treatments. Survival differed by treatment (2=290.75, df=7, p<0.0001; Fig 1-4), and exposure level was the only significant predictor (2=196.529, df=2, p<2 x 10-16). Ants exposed to a high dosage of B. bassiana had approximately a 25-40% reduction in survival rate compared to ants exposed to a low dosage of B. bassiana or a control solution. Post-hoc testing revealed that high exposure level survival rates were significantly lower than low exposure levels and control treatments (p<0.0001 in both instances), but that low exposure levels and control treatments did not differ significantly from one another (p=0.0908). Diet had no significant impact on survival (2=1.427, df=2, p=0.4899). Egg production did not significantly differ by diet (F=1092, df=2, p=0.53) or by exposure level (F=214, df=2, p=0.88).
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We found no evidence of foraging preferences in ant colonies. Neither brood presence, nor metapleural gland access, nor pathogen exposure predicted the type of food (cricket or diaspore) taken into the ant nest at any time point (all ps>0.05, Fig 1-5). Likewise, no significant interactions were found between explanatory variables (all ps>0.05). Furthermore, no explanatory variables or combination predicted the food items moved off of the grid but elsewhere in the nest environment at any time point (all ps>0.05, Fig 1-6). 
There was no difference in ant dispersal behavior by food type (2=2.94, df=3, p=0.401; Table 1-1). We also found no effects of treatment on behavior by food type (2=2.99, df=3, p=0.393811). However, absence of brood decreased foraging behavior overall (based on pairwise comparisons of means; all ps <0.05) and decreased metapleural gland access increased foraging behavior overall (based on pairwise comparisons of means; all ps <0.05). 
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We found that growth of B. bassiana was promoted at concentrations of sanguinarine higher than those found naturally in S. canadensis seeds, but growth was not affected at concentrations close to the natural concentration in seeds. More specifically, we found that concentrations of sanguinarine over 0.00926mM had a greater effect on growth of the entomopathogen at Day 6 of the experiment. The approximate concentration of sanguinarine in S. canadensis diaspores is 0.0037mm (Campbell et al. 2007). Though this concentration is for the seed-elaiosome complex (diaspore) rather than just the elaiosome, we expect that the ants are being exposed to sanguinarine at a relatively lower concentration, which may not be enough to promote the growth of B. bassiana in the nest. However, sanguinarine concentration might not be static in plant tissues. In the opium poppy (Papaver somniferum), cell cultures increase the production of sanguinarine when challenged with a common plant pathogen (Botrytis sp.) (Facchini et al. 1996; Holkova et al. 2010). Thus, if challenged with a pathogen, plant tissues might respond with increasing production of antimicrobials. If this occurs in S. canadensis tissues, ants might indeed be exposed to sanguinarine at a higher concentration during the dispersal process, which might result in increased growth of their own entomopathogens.
While we might expect that an antimicrobial chemical would inhibit the growth of all fungi, insect-plant-fungal interactions are complicated. Most studies conducted on insect-plant-entomopathogenic fungal interactions have been done in a herbivory context (Shikano 2017). Some plant chemicals increased the toxicity of an entomopathogenic bacterium (Ludlum et al. 1991; Shikano et al. 2018). However, investigations into the effects of plant compounds on cuticle-entering entomopathogens (like B. bassiana) are few (Shikano 2017). A plant volatile increased sporulation in an entomopathogenic fungus that infects mites (Hountondji et al. 2006). Likewise, a combination of plant volatiles induced by herbivory promotes germination, sporulation, pathogenicity and virulence of another entomopathogenic fungus (Lin et al. 2016; Lin et al. 2017). At a certain concentration sanguinarine appears to signal increased B. bassiana growth. Overall, our work suggests that the effects of plant chemicals on the growth of entomopathogens or pests in general should be examined in other plant-insect relationships, rather than just herbivory.
Ant behaviors (both foraging and social immune defenses) likely help to counteract any risk associated with growth-promoting compounds. This idea is supported by the results of our survival analysis, as exposed ant colonies did not suffer decreases in survival rates or egg production when maintained on a sanguinarine-enhanced diet. One such behavior may be redispersal. Redispersal, or the removal of the seeds from the nest after elaiosome removal and consumption, has been primarily investigated in a plant-centric view (Canner et al. 2012; Connell et al. 2016), but we suggest that this practice might also benefit the ant colonies. Aphaenogaster ants redisperse most of the seeds that they take into the nest after seven days (Canner et al. 2012). In laboratory and field experiments, we have observed that seeds often do not remain in the nest longer than 48 hours. Though sanguinarine is low in concentration in seeds, timing is also important. A stockpile of seeds left for days could act as a Petri dish of growth for B. bassiana, even at lower concentrations. Even the concentrations of sanguinarine slightly higher than natural concentrations had higher growth of B. bassiana after Day 6. Thus, quick removal of the elaiosome for consumption and rapid redispersal of the seed from the nest might reduce the risk of pathogen growth on seeds in the ant nest.
Furthermore, ants, like other social insects, exhibit a variety of behaviors that contribute to overall nest sanitation (Cremer et al. 2007; Meunier 2015; Vander Meer 2012; Yek and Mueller 2011), which must not be disregarded in our consideration of entomopathogen presence in the nest. Ant behavioral defenses include the cleaning of nest material through active grooming of the metapleural glands, which allows ants to lower entomopathogen loads (Tranter et al. 2013). It is likely that seeds come into contact with antimicrobial secretions from the metapleural and perhaps other glands during the elaiosome removal and consumption process, and also passively as a byproduct of being in the nest environment. Thus, even if plant chemicals promote the growth of a ubiquitous entomopathogen at certain concentrations, ants are not defenseless against infection. We saw that the addition of sanguinarine to the ant diet (either supplemental or through elaiosomes) did not alter the survival of the colony overall, regardless of the level of exposure. We assert that this can be attributed to the robust social immunity exhibited by Aphaenogaster ants. 
Application of chemical secretions is not the only aspect of ant social immunity. Ant behavior, beyond grooming, also changes upon detection of a pathogen (Bos et al. 2012). For example, infected Camponotus aethiops ants spend more time outside of the nest and less time with brood than their non-infected nestmates (Bos et al. 2012), and Lasius niger ants change social interactions after pathogen exposure (Stroeymeyt et al. 2018). Research such as this suggests that ants are aware of their immunocompromised states and alter behaviors accordingly. Thus, ants might be able to detect the presence of an entomopathogen and alter their foraging behaviors. We found no preference for or avoidance of sanguinarine-containing diaspores in ant colonies whether or not they had brood present, access to their metapleural gland, or exposure to B. bassiana. Though overall documented behaviors decreased when brood were absent and when the metapleural gland was accessible (which can both be attributed to the energetic needs of the colony), preference did not change. Thus, other aspects of social immunity may eliminate the need for this kind of food choice, or behaviors might be specific to entomopathogen presence on seeds rather than the presence of a potential entomopathogen growth promoting compound. Furthermore, perhaps the antimicrobial chemicals from the seed signal nothing for ant foraging. This lack of preference also indicates that the plants are not sending misleading signals, as far as antimicrobial action. Some myrmecochores cue higher nutritional value than what is actually available to ants in the elaiosome (Turner and Frederickson 2013), but, in this experiment, ants did not select or avoid food with sanguinarine when exposed to a pathogen. 
Overall, this work demonstrates that there are no byproduct benefits to ants in the form of antimicrobials in plant tissue in the S. canadensis system. Instead, our work suggests that, during their myrmecochorous interactions, ants may experience additional challenges resulting from the influences of a microbial third party, such as B. bassiana. However, there is much work left to be done to fully understand the effects of plant chemicals on seed-dispersing ants and their entomopathogens. Other myrmecochores have antimicrobial or antibiotic properties (such as Asarum canadense (Cavallito and Bailey 1946)) and B. bassiana is not the only entomopathogen to challenge Aphaenogaster ants. We suggest future work should incorporate larger sample sizes or maintain focus on specific aspects of ant behavior or factors that alter their susceptibility, which will allow us to make more firm conclusions about diaspore-related myrmecochore chemicals and seed-dispersing ant survival. Finally, by incorporating microbes into what is traditionally framed as a simple pairwise ant-plant interaction, we can begin to understand mutualisms in a community context (Palmer et al. 2015), which will aid in the understanding of the evolution and persistence of mutualistic interactions.
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[bookmark: _Toc45554723]Figure 1‑1 Growth of Beauveria bassiana with varying concentrations of sanguinarine after six days. 
On Day 6, the last day of growth monitoring of Beauveria bassiana, treatments with higher concentrations of the plant-produced chemical sanguinarine had greater growth than those with lower sanguinarine concentrations. Higher optical density measures indicate increased growth of B. bassiana. Treatments in gray (0.00926mM, 0.01852mM, 0.03705mM) showed significantly more growth than treatments in white (0.00231mM, 0.00463mM, Control) (Pairwise comparisons: all ps <0.0001).
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[bookmark: _Toc45554724]Figure 1‑2 Growth of Beauveria bassiana with varying concentrations of sanguinarine between Days 1-2. 
Growth comparisons of Beauveria bassiana from Day 1 to Day 2 at different concentrations of sanguinarine. Treatments in gray (0.00231mM, 0.00462mM, and 0.01852mM) showed a significant increase in growth from Day 1 to Day 2 (Pairwise comparisons: 0.00231mM (p=0.0270), 0.00463mM (p=0.0482), 0.01852mM (p=0.0312)
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[bookmark: _Toc45554725]Figure 1‑3 Growth of Beauveria bassiana with varying concentrations of sanguinarine between Days 4-6. 
Growth comparisons of Beauveria bassiana from Day 4 to Day 6 at different concentrations of sanguinarine. Treatments in gray (0.00462mM, 0.00926mM, 0.01852mM, 0.03705mM) showed a significant increase in growth from Day 4 to Day 6 (Pairwise comparisons: 0.00463mM (p<0.0001), 0.00926mM (p<0.0001), 0.01852mM (p<0.0001) and 0.03705mM (p< 0.0001)
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[bookmark: _Toc45554726]Figure 1‑4 Ant survival by diet and Beauveria bassiana exposure regime. 
Shape corresponds to diet treatment: squares are the diaspore diet (“D”), circles are the modified Bhatkar-Whitcomb diet (“B”), and triangles are the modified Bhatkar-Whitcomb diet with the sanguinarine addition (“S”). Line type corresponds to the exposure level to Beauveria bassiana: solid lines are the no exposure level treatments (“N”), dotted lines are the low exposure level treatment (“L”), and dashed lines are high exposure level treatment (“H”). Survival differed by treatment (2=290.75, df=7, p<0.0001). Exposure level was the only significant predictor (2=196.529, df=2, p<2 x 10-16). High exposure level treatments differed significantly from low and no exposure levels (p<0.0001 in both instances). Low and no exposure level treatments did not differ significantly from one another (p=0.0908)
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[bookmark: _Toc45554727]Figure 1‑5 Effects of brood, gland access and pathogen presence on dispersal of food items into the ant nest. 
Brood presence (B+/B-), access to metapleural glands (MG+/MG-), and exposure to the pathogen Beauveria bassiana (P+/P-) had no effect on movement of food items into ant nests (all ps > 0.05). These independent variables did not affect ant preference for movement of crickets (top row) or diaspores (bottom row) taken into the ant nest
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[bookmark: _Toc45554728]Figure 1‑6 Effects of brood, gland access and pathogen presence on dispersal of food items off the seed grid. 
Brood presence (B+/B-), access to metapleural glands (MG+/MG-), and exposure to the pathogen Beauveria bassiana (P+/P-) had no effect on the movement of food items in feeding trials (all ps > 0.05). These independent variables did not affect ant preference for movement of crickets (top row) or diaspores (bottom row) off the seed grid and elsewhere in the ant nest environment










[bookmark: _Toc41590573]Table 1-1 Counts of behavior scores by food choice.
Type 1 behavior indicates an instance of antennation of a food choice. Type 2 behavior indicates that a food item was moved but not off of the seed grid. Type 3 indicates removal of a food item from the seed grid. Type 4 indicates movement of a food item into the ant nest. There was no difference between behavior scores by food type (2=2.94, df=3, p=0.401) 

	Food Choice
	Behavior Type 1
	Behavior Type 2
	Behavior Type 3
	Behavior Type 4

	Cricket
	214
	21
	17
	22

	Diaspore
	197
	11
	11
	17
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CHAPTER 2
Ants, Seeds, and Pathogens: Ant activity and nest substrate influence fungal pathogen communities in seed-dispersing ant nests

[bookmark: _Toc289175834]A version of this chapter has been submitted to Oecologia and was coauthored by Chloe L. Lash, James A. Fordyce, and Charles Kwit:
	Chloe L. Lash, James A. Fordyce, and Charles Kwit. “Ants, Seeds, and Pathogens: Ant activity and nest substrate influence fungal pathogen communities in seed-dispersing ant nests” Oecologia In review. 

Chloe L. Lash and Charles Kwit originally formulated the idea and developed methodology. Chloe L. Lash conducted all field and lab work. Chloe L. Lash and James A. Fordyce generated the statistical framework and conducted all statistical analyses. Chloe L. Lash wrote the first draft of the manuscript and Charles Kwit and James A. Fordyce commented on subsequent versions of the manuscript. All authors read and approved the final manuscript.
[bookmark: _Toc45554682]Abstract
Myrmecochory is a widespread mutualism in which plants benefit from seed dispersal services by ants. Ants might also be providing seeds with an additional byproduct benefit via reduced plant pathogen loads in the ant nest environment through their antimicrobial glandular secretions. We investigate this byproduct benefit to seeds in myrmecochory by identifying fungal communities in ant nests and surrounding environments and quantifying community change (1) through time, (2) between different nest substrates, and (3) as a function of changes in ant activity levels within nests. We split fungal communities by functional guild to determine seed dispersing ant-induced changes in the overall fungal community, the animal pathogen fungal community, the plant pathogen fungal community, and the myrmecochore pathogen fungal community. Where comparisons allowed, nest substrate (soil or log) explained much of the variation in all fungal communities. Change in ant activity level also had a direct effect on the community turnover in all fungal communities. Increasing or stable ant activity over time resulted in more stable animal pathogen communities in ant nests. This pattern repeated for the plant pathogenic fungal community (but only in soil substrates) and the myrmecochore pathogenic fungal community (but only in log substrates). However, decreasing ant activity over time resulted in more stable plant pathogen communities in log nests and in more stable myrmecochore pathogen communities in soil nests. Our results are consistent with the possibility that a byproduct benefit to seeds exists in the ant nest through reduction of fluctuation of pathogen loads through time in ant nests.
[bookmark: _Toc289175835][bookmark: _Toc45554683]Introduction
Ants are responsible for the seed dispersal of approximately 11,000 plant species worldwide through the mutualistic interaction known as myrmecochory (Lengyel et al. 2010). In this interaction, ants are attracted to the elaiosome, a fleshy seed-coat derived appendage, on myrmecochore seeds (Rico-Gray and Oliveira 2007). Foraging ants pick up the seed-elaiosome complex (diaspore) after dehiscence and return with it to their nest (Rico-Gray and Oliveira 2007). There, the elaiosome is removed and primarily fed to ant larvae (Fischer et al. 2005). The seed then remains in the nest or is redispersed outside of the nest, sometimes into a refuse pile (Beattie 1985; Canner et al. 2012). Thus, both parties benefit from this interaction. Ants receive food in the form of an elaiosome, and plants gain a number of benefits including but not limited to: escape from distance- and density-dependent mortality agents, protection from seed predators, and a nutrient-rich germination site in or near ant nests (Beattie 1985).
	Benefits to plant partners in myrmecochory are not solely due to the act of dispersal away from the maternal plant, but the place of deposition plays a pivotal role in plant growth and development. Ant nests are high in organic matter, potassium, phosphorous, sodium, and nitrogen (Berg-Binder and Suarez 2012; Davidson and Morton 1981; Horvitz and Schemske 1986; McGinley et al. 1994), and myrmecochore germination and seedling emergence is higher in ant nests than surrounding soils (Beattie and Culver 1982; Culver and Beattie 1980). However, ants might not only influence nutrients in the nest, but also microbial communities, which could provide extra benefits to seeds dispersed into the ant nest. Indeed, seed dispersing ant nests have reduced fungal species richness (Zettler et al. 2002) and have lower plant pathogenic fungal diversity (Tarsa et al. 2018). Thus, ants may be providing an additional benefit to the seeds that they disperse in the form of pathogen deterrence. 
	This benefit to plants is likely a function of the extensive chemical production of multiple ant glands (as suggested by Tarsa et al. 2018). Ants, including seed dispersing ants, have a number of glands that secrete chemicals used for a variety of purposes, including trail following behaviors, nestmate recognition, and sanitation (Vander Meer 2012). A few ant glands secrete antimicrobial chemicals, including the venom gland (Tragust et al. 2013), mandibular gland (Brough 1983), and the metapleural gland (Cabrera et al. 2004; Fernandez-Marin et al. 2015; Jones et al. 2005; Vieira et al. 2012; Yek and Mueller 2011). The metapleural gland, which is present in most ant species, is located at the posterior end of the thorax and is the primary gland used in sanitary grooming behaviors (Yek and Mueller 2011). Ants actively apply some of these secretions to themselves, their brood, their nestmates, and the nest material through grooming (Fernandez-Marin et al. 2006; Tragust et al. 2013; Tranter et al. 2013). Ant glandular secretions, notably those from the metapleural gland, have documented negative effects on entomopathogens as well as the growth of other soil-associated microbes, including some plant pathogens (Beattie et al. 1985; Bot et al. 2002). Thus, ant behavior involved with grooming of the metapleural and other glands likely contributes to the reduction of plant pathogens in the ant nest, providing a byproduct benefit (see Sachs et al. 2004) to the seeds in myrmecochory. While little work in this regard has been conducted on seed-dispersing ants, some characterization has occurred of the chemicals in glandular secretions of the keystone seed-dispersing ant genus in eastern North America, Aphaenogaster (Ness et al. 2009). For a number of Aphaenogaster species, the chemicals anabasiene and/or anabasine, which have antimicrobial properties (Abdulina et al. 2002; Anthony et al. 2015), are primary components in the venom gland (Attygalle et al. 1998; Leclercq et al. 2001; Lenoir et al. 2011; Wheeler et al. 1981). Thus, fungi in Aphaenogaster ant nests, often in soil and rotting logs (Lubertazzi 2012), have the potential to be affected by antimicrobial gland secretions.
While it has been established that ant nests have decreased plant pathogen fungal species richness (Tarsa et al. 2018) and overall fungal species richness (Zettler et al. 2002), which might be advantageous for the seeds that are dispersed therein, the finer details of the microbial composition in seed-dispersing ant nests have not yet been investigated. Here, we seek to further clarify how the presence of seed-dispersing ants and their activity in nests of different substrates might alter microbial communities to potentially benefit dispersed seeds with regard to plant and myrmecochore pathogens. Specifically, our study is the first to link ant nests and ant activity levels in the nests to pathogen loads, which has not yet been studied in the context of spatiotemporal turnover. If byproduct benefits exist in this mutualism, we would expect reduced fluctuations in plant pathogenic fungal communities through time with stable or increasing ant activity in the nest.
[bookmark: _Toc45554684]Materials and Methods
[bookmark: _Toc45554685]Field Collections
	During the last two weeks of May 2018, we identified 23 Aphaenogaster ant nests between two locations in Montgomery County, Virginia (12 nests at Falls Ridge Preserve [37.193452 °N, -80.321685°W] and 11 nests at Mill Creek Springs Natural Area Preserve [37.16148°N, -80.343398°W]). Nests were of ant species A. picea or A. rudis, which are both in the Aphaenogaster fulva-rudis-texana species complex (Umphrey 1996). Nests occurred in two substrate types: (1) soil or (2) decaying woody debris (hereafter referred to as “log” nests). We baited for ants with tuna and followed foraging ants back to the nest entrances, which were marked with flags to ensure nest material collection from the same site on each sample collection day. 
The first week of June and the last week of July, we returned to each nest to collect nest material samples by scraping soil or decaying woody debris out of the ant nest entrance. This was done with sterile disposable plastic spatulas (smartSpatulas, LevGo). All nest material was placed into a 3.7 mL sterile glass vial. For every ant nest sample, we also collected a paired control sample. If the sample was a soil sample, we collected a non-nest soil sample from approximately 1m away (as in Tarsa et al. 2018); if the sample was a log sample, we collected a sample from a non-nest part of the same log at approximately 1m away from the nest entrance. Samples were transported on ice then stored at -80C. 
We also scored ant activity at the nest entrance with visual observations of foraging workers. Though observations for ant nest entrance activity date back decades (for example, Talbot 1946), we found no universal method for scoring ant activity at the nest entrance, so we scored activity as follows: A score of 1 indicated a very active ant nest, in which ants would swarm the entrance while we were collecting the sample. A score of 2 indicated that an ant was seen near or in the ant nest entrance, but the researchers were met with no defensive behaviors against the taking of the samples. A score of 3 indicated that no ants were seen in the vicinity of the ant nest entrance. This might indicate that the ant nest relocated, or the nest was particularly inactive that day. Our study species of Aphaenogaster ants are less active when temperatures fall below 15C and are most active between 25C- 29C (Lynch et al. 1980), and their thermal tolerance ranges from approximately -1 - 6C (CTmin) to 40 - 44C (CTmax) (Warren and Chick 2013). Additionally, rain is known to decrease foraging activity in some ant species (Farji-Brener et al. 2018). We collected samples in the late morning or afternoon on our collection days, which had high temperatures around 25.5C with less than 0.2 inches of rain (NOAA Climatological Observations for Montgomery Co. VA). 
[bookmark: _Toc45554686]Next Generation DNA Sequencing	
After field collections, 92 samples were prepared for next generation DNA sequencing via Illumina MiSeq. These 92 samples consisted of 23 separate location-oriented groups, each with four relevant spatial and temporal connections: 1) an ant nest sample taken in the first week of June, 2) an ant nest sample taken during the last week of July, 3) a control sample taken in the first week of June, and 4) a control sample taken in the final week of July. These groupings based on location (Mill Creek Springs Natural Area Preserve and Falls Ridge Preserve) allowed for analysis of fungal communities over time and between ant nest and control samples.
For DNA extractions, we used Qiagen’s DNeasy PowerSoil Kit. Extractions were performed following manufacturer’s instructions, except for lengthening both 2-8C incubation steps from 5 mins to 30 mins. We also allowed the samples to sit in the final solution for 5 mins before the final spin down. DNA was quantified with a ThermoScientific Nanodrop. Nanodrop readings for samples ranged from 5.5ng/L to 115ng/L with an average of approximately 50ng/L. All DNA samples were stored at    -20C until library preparation.
For library preparation, we followed Illumina’s Metagenomic Sequencing Library Preparation Instructions. We used custom mix of primers for the ITS region of fungal rRNA (see Cregger et al. 2018) for the amplification of DNA by polymerase chain reaction (PCR). This mix of primers is better suited to pick up a wide range of fungal taxa that are often missed when universal primers are used (Cregger et al. 2018). The PCR was performed with the following cycles: 95C for 3 minutes, 25 cycles of: 95C for 30 seconds, 55C for 30 seconds, and 72C for 30 seconds, and a final elongation of 72C for 5 minutes. All PCR products were visualized using gel electrophoresis with 5L of product on a 2% agarose gel with ethidium bromide staining. The PCR products were purified with AMPure XP magnetic beads (Agencourt), and cleaned products were individually tagged with different combinations of Nextera XT (Illumina) indexes. Indexes were attached with a second round of PCR with the following cycles: 95C for 3 minutes, 8 cycles of: 95C for 30 seconds, 55C for 30 seconds, and 72C for 30 seconds, and 72C for 5 minutes. Another clean-up with AMPure beads was performed after indexing. Products were normalized after quantification with a BioAnalyzer and pooled. We diluted final library concentrations to 4pM and 10pM Phi-X at 20% was spiked in. Samples were loaded on a v3, 600 cycle flowcell, set to read 2x275 bases, for Illumina MiSeq in the University of Tennessee, Knoxville, Genomics Core Facility. 
[bookmark: _Toc45554687]Data Processing
We processed raw sequences using a Qiime2 pipeline (see Appendix for this chapter). First, sequences were joined and then run through FastQC and MultiQC for quality control. Sequences were trimmed based on a Phred score of greater than 20 and primers were removed. Chimeras were detected and removed. Taxonomy was assigned to the sequences using BLAST and version 8 of the UNITE database (Nilsson et al. 2018). Amplicon Sequencing Variants (ASVs) were assigned taxonomy at 97% matching. Before further processing, we filtered out species that were not identified as fungi and rarefied all fungal data to 22,000 sequences to control for variation in sequencing depth. After rarefication, we had 14,783 identified fungal ASVs. 
To assign ecological guilds to each fungal ASV, we uploaded our ASV table to FUNGuild (Nguyen et al. 2016). For analysis of plant and animal pathogens in ant nests and control samples, we filtered the resulting ASV table from FUNGuild by Guild. For animal pathogens, any ASV that was listed as an “Animal Pathogen” for at least one possible guild was included. For plant pathogens, any ASV that was listed as a “Plant Pathogen” for at least one possible guild was included. We also wanted to investigate pathogens that are known to infect myrmecochores. To filter our fungal table by myrmecochore pathogens, we first created a list of myrmecochorous plant genera in eastern North America using the following sources: Beattie and Culver (1981); Lengyel et al. (2010); Schultz (2014). All genera compiled in this list were then entered into the Host Name search in the Fungus-Host Distributions page of the Fungal Database of the Agricultural Research Service of the United States Department of Agriculture (https://nt.ars-grin.gov/fungaldatabases/fungushost/fungushost.cfm). Any known fungal pathogenic genera were copied from the database and added to a list of myrmecochore pathogens. We searched for those genera in our BLAST identified taxonomic ASV list. All genera that included potential myrmecochore pathogens were included. Myrmecochore list by genus and myrmecochore pathogen list by genus can be found in the supplemental materials (Table 2-1 All figures and tables for this chapter are located in this chapter’s Appendix). Each subset of ASV tables were analyzed in the following way and from here on are referred to as: All Fungi (every ASV identified in Kingdom Fungi through BLAST), Animal Pathogens (any ASV identified as a possible animal pathogen by guild in FUNGuild), Plant Pathogens (any ASV identified as a possible plant pathogen by guild in FUNGuild), and Myrmecochore Pathogens (any ASV identified as a pathogen to a myrmecochorous plant through the USDA ARS Fungal Database).
[bookmark: _Toc45554688]Statistical Analyses
[bookmark: _Toc45554689]Community Analyses
	We examined variation in fungal communities with distance-based Redundancy Analyses (db-RDAs) with a dissimilarity-matrix based on the quantitative generalization of Jaccard dissimilarity (Ružička index). We separately analyzed Falls Ridge Preserve and Mill Creek Springs Natural Area Preserve because Falls Ridge only had a single log nest, which resulted in a singularity if nest substrate were included in a model with both locations. We selected models using forward stepwise selection. Possible predictors included treatment (ant nest or control sample), nest substrate (soil or log nest—only used in Mill Creek Springs datasets), month of sampling (June or July) and all possible two-way interactions. We conducted hypothesis testing on retained predictors via 99,0000 permutations of the data (Legendre and Legendre 2012). These analyses were conducted in R (version 3.6.0) in the package “vegan” (version 2.5-5) (Oksanen et al. 2019).
[bookmark: _Toc45554690]Microbial Community Turnover 
To understand the influence of different explanatory variables on fungal community turnover between ant nest samples and control samples over time, we used Hill Numbers (Hill 1973) (qD) to measure beta diversity of communities in this spatially-explicit temporal context. Hill Numbers is a diversity metric that calculate the effective number of species for each sample, which provides advantages over traditional ecological diversity calculations (Chao et al. 2014; Hill 1973; Jost 2006; Jost 2007). As order q increases, the importance of rare species in diversity calculations decrease (Hill 1973): at q=0, diversity calculations are equivalent to species richness. At q=1, diversity calculations are equivalent to exponential Shannon’s entropy, and at q=2, diversity calculations are equivalent to inverse Simpson’s diversity. Here, we conduct analyses from q=0 to q=5.
In R using the package “vegetarian” (version 1.2) (Charney and Record 2015), we calculated community turnover (T) for each ant nest from June to July, and for each control nest from June to July (function “d”). Thus, T is calculated as: 1-|D1-D2| and represents the expected proportional change in communities in that sample from June to July. A turnover (T) value of 1 indicates a 100% change in community composition in that sample from June to July, and a T value of 0 indicates the sample had identical communities in June and July. Then, we calculated differences in T between individual ant nests and their control samples (which we will refer to as qT). Values of qT < 0 indicate that there is more community turnover (or less community stability) in control samples than in ant nest samples through time. Values of qT > 0 indicate that there is more community turnover in ant nest samples than in control samples through time. Values of qT ~0 indicate that the community turnover through time is similar between ant nest samples and control samples. 
We analyzed qT with linear mixed-effects models using the “lmerTest” package (Kuznetsova et al. 2019). Nest substrate and change in ant activity (A) and their interaction were included as fixed effects, and location of the sample pair (Mill Creek Springs Natural Area Preserve or Falls Ridge Preserve) was included as a random effect. To calculate A, we subtracted the ant activity score in July from the ant activity score in June for the ant nest sample. Most ant nests decreased or remained stable in activity over time (only two nests increased in ant activity); thus, we binned all calculated values of A into “decreasing” or “no change/increasing” ant activity categories. We conducted hypothesis testing on the models using Wald Chi-Squared tests. Pairwise post hoc testing was conducted via estimated marginal means with the package “emmeans” (version 1.4.4) (Lenth et al. 2020).
[bookmark: _Toc45554691]Results
[bookmark: _Toc45554692]Community Analyses
	At Mill Creek Springs Natural Area Preserve, for all subsets of data (All Fungi, Animal Pathogens, Plant Pathogens and Myrmecochore Pathogens), nest substrate was the only predictor chosen for models. This indicates that fungal community variations were most associated with substrate (log vs soil) as opposed to other variables of interest (ant nests/control, time). Likewise, in all subsets, dbRDAs revealed a significant difference in soil and log substrates: All Fungi (R2adj = 4.77%, p<0.05; Fig 2-1a), Animal Pathogens (R2adj =7.98%, p<0.05; Fig 2-1b), Plant Pathogens (R2adj =5.37%, p<0.05; Fig 2-1c), and Myrmecochore Pathogens (R2adj =3.30%, p<0.05; Fig 2-1d). At Falls Ridge Nature Preserve, for which we did not include substrate as a potential predictor, for all subsets of data (All Fungi, Animal Pathogens, Plant Pathogens and Myrmecochore Pathogens), model selection chose the intercept-only model with no explanatory variables.
[bookmark: _Toc45554693]Microbial Community Turnover 
	Our estimates of qT (change in turnover) were affected by nest substrate, A, or their interaction for all data subsets (All Fungi, Animal Pathogens, Plant Pathogens and Myrmecochore Pathogens). For All Fungi, the interaction between A and nest substrate was a significant predictor of 0T (2= 11.28, df=1, p<0.01; Fig 2-2). For soil substrates, decreases in ant activity at nests resulted in lower (and more negative) 0T values (t= -3.06, df=18, p<0.01). This indicates that when ant activity decreases in nests, there is more turnover in the overall fungal community in control soil samples than in soil ant nests. When ant activity is stable or increases in soil nests, there is a smaller difference in turnover in the overall fungal community between ant nests and control samples. At all higher order q’s for All Fungi, we failed to detect the effect of A, nest substrate and their interaction on qT values.  
	For Animal Pathogens, nest substrate was a significant predictor of 0T (2= 4.38 df=1, p=0.04; Fig 2-3). Log substrates tended to have lower 0T values (more negative) than soil substrates; thus, log environments had higher turnover in control samples than ant nest samples. For 1T and 2T for the animal pathogenic fungal community, A, nest substrate and their interaction had no effect on qT values. However, at all higher order q’s, decreases in ant activity results in higher (and positive) qT values (Fig 2-4: 3T (2= 4.22, df=1, p=0.04); 4T (2= 4.39, df=1, p=0.04); 5T (2= 4.27, df=1, p=0.04). For these qTs, when ant activity decreased in nests, ant nests have higher turnover in the animal pathogenic fungal communities than control samples. 
	For Plant Pathogens, at q=0 through q=3, qT was not affected by A, nest substrate or their interaction. The interaction between nest substrate and A was a significant predictor of qT for the plant pathogenic fungal community at 4T (2= 4.84, df=1, p=0.03; Fig 2-5) and 5T (2= 5.61, df=1, p=0.02; Fig 2-5). Thus, differences in turnover were detected when the importance of rare plant pathogenic ASVs were reduced. For log substrates, decreases in ant activity at nests tended to be associated with  qT values close to zero, which indicates similar turnover in ant nests and control samples. No change or increases in ant activity at nests in log substrates tended to be associated with positive qT values, indicating higher turnover in ant nests than control samples. Soil substrates, however, show the opposite trend. Increases in ant activity in soil nests tended to be associated with qT values, indicating higher turnover in control samples than in ant nests in soil substrates. In cases with decreases in ant activity in soil nests, qT values were near zero, which indicates little difference in turnover between ant nests and control samples in the plant pathogenic fungal community.
	For Myrmecochore Pathogens, 0T was not affected by A, nest substrate or their interaction. A affected 1T values (2= 4.56, df=1, p=0.03; Fig 2-6); decreases in ant activity in nests resulted in higher turnover of the myrmecochore pathogenic fungal community in control samples than in ant nests (negative 1T values). No change or increases in ant activity in nests resulted in little difference between turnover in the myrmecochore pathogenic fungal community between ant nests and control samples (1T values near zero). The interaction between nest substrate and A was a significant predictor of 2T for the myrmecochore pathogenic fungal community (2= 3.94, df=1, p<0.05; Fig 2-7). Log substrates with no change or increasing ant activity in nests contributed to more negative 2T values than cases where log substrates exhibited decreasing ant activity in nests. Thus, in cases where log nests exhibited no change or increases in ant activity, there was more turnover in the myrmecochore pathogenic fungal community in control samples than in ant nest samples. Soil substrates showed the opposite trend. Soil substrates with decreasing ant activity in nests were associated with negative 2T values, indicating higher turnover in control samples than in ant nests. Soil substrates with no change or increasing ant activity in nests were associated with 2T values near zero, which indicates little difference in the turnover between ant nests and control samples. At all higher order q’s for the myrmecochore pathogenic fungal community, we failed to detect the effect of A, nest substrate and their interaction on qT values.
[bookmark: _Toc45554694]Discussion
Our results suggest that both ant activity and nest substrate are important for changes in the animal, plant, and myrmecochore pathogenic fungal community, which has ramifications for both the ant and the plant partners in this mutualism. While nest substrate explains variation for all fungal groups, both ant activity and nest substrate influence the differences in community turnover between ant nests and control samples. For some substrates for plant pathogens and myrmecochore pathogens, increased ant activity in the nest resulted in lower pathogen community turnover in ant nests than in control samples, and decreases in ant activity in the nest showed more pathogen community turnover in ant nests than in control samples. Specifically, this pattern occurred in the plant pathogen fungal community for soil nests and the myrmecochore pathogen community for log nests. These trends in reduced community turnover in ant nests with increasing or stable ant activity in the plant pathogenic fungal community (soil substrates) and in the myrmecochore pathogen community (log substrates) would be expected if ants and their chemicals are responsible for control of fungal communities. Thus, our results are consistent with a byproduct benefit framework, in which ants control pathogen loads in ant nests compared to surrounding substrate. Furthermore, this pattern of reduced turnover in ant nests compared to control samples when ant activity is stable or increases in the nest is repeated in the animal pathogen community, which supports the well-established idea that ants suppress their pathogens in the nest. 
FUNGuild output classifies an “animal pathogen” guild and not specifically entomopathogens (insect infecting pathogens), but our results are consistent with expected entomopathogen load fluctuations in active ant nests. That is, increased or consistent ant activity through time lead to more stable animal pathogen communities. Ant colonies have social immunity, or a collection of defenses against pathogen takeover of the nest (Meunier 2015). Chemical defenses in ants’ social immunity include active application of glandular chemical secretions to reduce the growth of ant pathogens (Fernandez-Marin et al. 2006; Tragust et al. 2013; Tranter et al. 2013; Yek et al. 2012). Our results support the idea of repression, or at least consistency, in the animal pathogen community with increased or stable ant activity. Furthermore, Aphaenogaster ant colonies abandon nests and move regularly, anywhere from 2-3 times a year (Lubertazzi 2012) to every 21 days (Smallwood and Culver 1997). Though seasonal cues are likely one reason for nest relocation, ants might also move due to parasite loads in the nest (as suggested by Smallwood and Culver 1997) or pathogen takeover of the nest. Reduction of ant activity in our study could correspond with nest abandonment. If abandonment of the nest occurred due to fungal pathogen takeover, we would expect our documented increase in qT (i.e., higher turnover in nests compared to control samples in cases where ant activity dropped), as monopolization of the nest by animal fungal pathogens over time would increase the community turnover in ant nests. 
Though there is little to no overlap between the animal pathogen community and the plant and myrmecochore pathogen communities, ant abandonment of the nest could have ramifications for the seeds that remain behind, especially by nest substrate. Our results not only have implications for seeds brought into active ant nests, but also suggest potential benefits for seeds in ant nests that are decreasing in ant activity. We found that reduced ant activity results in a more stable myrmecochore pathogen community in ant nests than in control samples for soil substrates and more stable plant pathogen community in ant nests than in control samples for log substrates. Stability in these pathogen communities could be beneficial for seeds, even during a short time in the ant nest, as changes in pathogen communities could present new challenges to seeds, especially if these fluctuations involve more virulent pathogens. Stability of plant pathogens in the ant nest might even provide more advantages for the seeds that are abandoned in the ant nest (specifically in soil nests when considering the myrmecochore pathogen community and in log nests when considering the plant pathogen community). Though most seeds dispersed by Aphaenogaster rudis ants are redispersed outside of the nest (Canner et al. 2012), our results suggest that seeds that remain or are abandoned in the ant nest might have the advantage of reduced fluctuations in pathogens in certain nest substrates, compared to seeds that are redispersed to non-ant nest locations. However, seeds abandoned in newly decaying logs are likely at a disadvantage for successful germinations and subsequent seedling growth and success than seeds that are abandoned in soil substrates. Thus, substrate type alone and in conjunction with different pathogenic communities has ramifications for seeds abandoned in the nest. 
There are issues with FUNGuild’s general classification of plant pathogens, and this may be why our results do not exactly match those of Tarsa et al. (2018), who conducted their own general classification of phytopathogenic fungi. In particular, FUNGuild simplifies what are likely far more complex plant-associated fungal relationships that can be context-dependent (Kogel et al. 2006; Schulz and Boyle 2005). Endophytic fungi can turn parasitic if the plant is stressed, though in the majority of instances they remain as beneficial endophytic partners, and fungi can have different classifications when associated with different plant species (Kogel et al. 2006). Because of difficulties with fungal guild classification, we note that the scale at which studies of fungal communities are conducted is important. This was, in part, the motivation behind choosing to separate out myrmecochore pathogens from FUNGuild’s classification of plant pathogens. The potential problems with broad classifications of plant pathogens is illustrated by the differences in our results for the plant pathogen fungal community and the myrmecochore pathogen fungal community, as well as the differences by nest substrate. We found that the effects of ant activity on the myrmecochore pathogen community and plant pathogen community differed by substrate, and this influence might have been missed by looking at the broader plant pathogen community only in soil nests. Indeed, Aphaenogaster ants are known to nest in soil, decaying woody debris, and leaf litter (Lubertazzi 2012). Thus, we hope that future studies consider both the scale at which fungal communities are analyzed and the nest substrate in which the ant nest occurs. Furthermore, we suggest that future work consider factors contributing to ant nest location choice. Because our results show stability in pathogenic communities in ant nests with stable or increasing ant activity, we propose that ants are actively contributing to the stability of fungal communities in the nest. However, ants may avoid nesting in locations that are high in pathogen loads, which could have further implications for byproduct benefits to seeds dispersed to ant nests. 
Previous work has determined that plant pathogenic fungal species richness is reduced in ant nest environments compared to surrounding soils (Tarsa et al. 2018), but our work is the first to demonstrate direct effects of changes in ant activity on different fungal pathogen communities. As suggested by Tarsa et al. (2018), we speculate that the changes in fungal communities (especially in instances where ant activity was stable or increasing) within the ant nest result from the chemical secretions from ant glands, which are used in sanitary behaviors to clean the ant nest (Tranter et al. 2013). Future work could investigate the effects of Aphaenogaster glandular secretions on known myrmecochore plant pathogens. Identification of the primary components of the metapleural glands of Aphaenogaster will also be helpful for understanding the impacts of ant glandular chemicals on the plant pathogen community. Investigating what fungal communities are present on myrmecochore seed coats and how that seed coat-associated community changes throughout the dispersal process will also be important for understanding the effects of ant chemicals on plant-associated fungal communities. Thus, our work contributes to the beginning of a better understanding of the benefits offered to plants in myrmecochory, especially when considering byproduct benefits, such as reduction in microbial myrmecochore pathogen loads in the ant nest via ant-associated chemicals. By investigating the dynamics of fungal communities and specific fungal species in myrmecochory, we can contribute to a better understanding of the evolution and persistence of mutualistic seed dispersal.
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[bookmark: _Toc45554729]Figure 2‑1 Multivariate ordination plot of the different fungal communities.
Nest substrate is separated into log nests (blue and circles) and soil nests (red and diamonds). Ellipses represent 95% confidence limits. For all fungi (a) nest substrate explained 4.77% of the variation (R2adj). For the animal pathogenic fungal community (b), nest substrate explained 7.98% of the variation (R2adj). For the plant pathogenic fungal community (c), nest substrate explained 5.37% of the variation (R2adj). For the myrmecochore pathogenic fungal community (d) nest substrate explained 3.30% of the variation (R2adj). In all communities, nest substrate is the only significant predictor of the fungal communities (p<0.05).
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[bookmark: _Toc45554730]Figure 2‑2 0T by change in ant activity and nest type for the fungal community.
For All Fungi, at q=0, the interaction between A (change in ant activity) and nest substrate was a significant predictor of 0T: (2= 11.28, df=1, p<0.01). For soil substrates, decreases in ant activity in nests resulted in lower negative 0T values (t= -3.06, df=18, p<0.01). When ant activity decreased in soil nests, this corresponded to more turnover in control samples than in ant nest samples. However, when ant activity was stable or increases, fungal community turnover is more consistent between ant nest and non-ant nest samples.
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[bookmark: _Toc45554731]Figure 2‑3 0T by nest type for the animal pathogenic fungal community.
For Animal Pathogens, nest substrate was a significant predictor of 0T (2= 4.38, df=1, p=0.04). Log substrates tended to have lower 0T values than soil substrate; thus, log environments had higher turnover in control samples than ant nest samples. Soil substrates had similar turnover between ant nest samples and control samples for the animal pathogenic fungal community.
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[bookmark: _Toc45554732]Figure 2‑4 Change in animal pathogen community turnover (qT) by change in ant activity over order q.  
Decreases in ant activity in ant nests results in higher qT values. This indicates that decreasing ant activity in nests results in higher community turnover for the animal pathogenic fungal community in ant nests than in control samples. At q=3 through q=5, change in ant activity was a significant predictor of T: 3T (2= 4.22, df=1, p=0.04); 4T (2= 4.39, df=1, p=0.04); 5T (2= 4.27, df=1, p=0.04). 
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[bookmark: _Toc45554733]Figure 2‑5 Change in plant pathogen community turnover (T) by change in ant activity and nest substrate over order q. 
The interaction between nest substrate and A was a significant predictor of qT for the plant pathogenic fungal community at 4T (2= 4.84, df=1, p=0.03; Fig 6) and 5T (2= 5.61, df=1, p=0.02; Fig 6). For log substrates, no change or increases in ant activity in nests results in more change in ant nest than in control samples (positive T values), and decreases in ant activity in nests for log substrates corresponds to little difference between turnover in ant nests and control samples (T values near zero). For soil substrates, no change or increases in ant activity in nests results in more change in control samples than in ant nest samples (negative T values), and decreases in ant activity in nests for soil substrates corresponds to little difference between turnover in ant nests and control samples (T values near zero). 
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[bookmark: _Toc45554734]Figure 2‑6 1T by change in ant activity for the myrmecochory pathogenic fungal community.
For the myrmecochore pathogenic fungal community, at q=1, A affected 1T values (2= 4.56, df=1, p=0.03; Fig 7). Decreases in ant activity in nests resulted in higher turnover the myrmecochore pathogenic fungal community in control nest than in ant nest (negative 1T values). When ant activity was stable or increased in nests, the turnover in the myrmecochore pathogenic fungal community was similar between ant nest and control samples.
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[bookmark: _Toc45554735]Figure 2‑7 Change in myrmecochory pathogen community turnover (qT) by change in ant activity and nest substrate over order q.
The interaction between nest substrate and A was a significant predictor of qT for the myrmecochore pathogenic fungal community at 2T (2= 3.94, df=1, p<0.05). Log substrates with no change in or increasing ant activity in nests had more turnover in the myrmecochore pathogenic fungal community in control samples than in ant nest samples (negative 2T values). Log substrates with decreasing ant activity in nests also showed more turnover in control samples than in ant nests, but this difference was not as great. Soil substrates with decreasing ant activity in nests had higher turnover in control samples than in ant nests (negative 2T values). Soil substrates with no change or increasing ant activity in nests had little difference in the turnover between ant nests and control samples (2T values near zero). 
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(base) cllashmac:Desktop chloelash$ fastqc -o ITS_Qiime_AntNest/FastQC/ Chloe_ITS_Jan2019/FASTQ/*/*
 
 (base) cllashmac:Desktop chloelash$ multiqc ITS_Qiime_AntNest/FastQC -o ITS_Qiime_AntNest/MultiQC -f

(base) cllashmac:~ chloelash$ conda activate qiime2-2019.4

(qiime2-2019.4) cllashmac:Desktop chloelash$ qiime tools import \
> --type 'SampleData[PairedEndSequencesWithQuality]' \
> --input-path ITS_Qiime_AntNest/Manifest_Dups_Excluded.csv \
> --output-path ITS_Qiime_AntNest/ITS_Paired_End_Demux.qza \
> --input-format PairedEndFastqManifestPhred33
Imported ITS_Qiime_AntNest/Manifest_Dups_Excluded.csv as PairedEndFastqManifestPhred33 to ITS_Qiime_AntNest/ITS_Paired_End_Demux.qza

(qiime2-2019.4) cllashmac:Desktop chloelash$ qiime demux summarize --i-data ITS_Qiime_AntNest/ITS_Paired_End_Demux.qza --o-visualization ITS_Qiime_AntNest/demux.qzv
Saved Visualization to: ITS_Qiime_AntNest/demux.qzv

(qiime2-2019.4) cllashmac:Desktop chloelash$ qiime tools view ITS_Qiime_AntNest/demux.qzv
Press the 'q' key, Control-C, or Control-D to quit. This view may no longer be accessible or work correctly after quitting.
  
(qiime2-2019.4) cllashmac:Desktop chloelash$ qiime dada2 denoise-paired --i-demultiplexed-seqs ITS_Qiime_AntNest/ITS_Paired_End_Demux.qza --p-trim-left-f 20 --p-trunc-len-f 250 --p-trim-left-r 20 --p-trunc-len-r 250 --o-table ITS_Qiime_AntNest/dada2table.qza --o-representative-sequences ITS_Qiime_AntNest/rep-seqs.qza --o-denoising-stats ITS_Qiime_AntNest/denoising-stats.qza
Saved FeatureTable[Frequency] to: ITS_Qiime_AntNest/dada2table.qza
Saved FeatureData[Sequence] to: ITS_Qiime_AntNest/rep-seqs.qza
Saved SampleData[DADA2Stats] to: ITS_Qiime_AntNest/denoising-stats.qza

(qiime2-2019.4) cllashmac:Desktop chloelash$ qiime feature-table summarize --i-table ITS_Qiime_AntNest/dada2table.qza --o-visualization ITS_Qiime_AntNest/dada2table.qzv --m-sample-metadata-file ITS_Qiime_AntNest/Metadata_Dups_Excluded.txt
Saved Visualization to: ITS_Qiime_AntNest/dada2table.qzv

(qiime2-2019.4) cllashmac:Desktop chloelash$ qiime tools view ITS_Qiime_AntNest/dada2table.qzv
Press the 'q' key, Control-C, or Control-D to quit. This view may no longer be accessible or work correctly after quitting.

(qiime2-2019.4) cllashmac:Desktop chloelash$ qiime feature-classifier classify-consensus-blast \
> --i-reference-reads UNITE/vers8_97.qza \
> --i-reference-taxonomy UNITE/vers8_97_TAX.qza \
> --i-query ITS_Qiime_AntNest/rep-seqs.qza \
> --o-classification ITS_Qiime_AntNest/blasttaxonomy.qza
Saved FeatureData[Taxonomy] to: ITS_Qiime_AntNest/blasttaxonomy.qza

(qiime2-2019.4) cllashmac:Desktop chloelash$ qiime metadata tabulate --m-input-file ITS_Qiime_AntNest/blasttaxonomy.qza --o-visualization ITS_Qiime_AntNest/blasttaxonomy.qzv
Saved Visualization to: ITS_Qiime_AntNest/blasttaxonomy.qzv

(qiime2-2019.4) cllashmac:Desktop chloelash$ qiime tools view ITS_Qiime_AntNest/blasttaxonomy.qzv
Press the 'q' key, Control-C, or Control-D to quit. This view may no longer be accessible or work correctly after quitting.
Press the 'q' key, Control-C, or Control-D to quit. This view may no longer be accessible or work correctly after quitting.

(qiime2-2019.4) cllashmac:Desktop chloelash$ qiime taxa filter-table --i-table ITS_Qiime_AntNest/dada2table.qza --i-taxonomy ITS_Qiime_AntNest/blasttaxonomy.qza --p-include k__Fungi --o-filtered-table ITS_Qiime_AntNest/Filter_Tables/KingdomFungiTable.qza
Saved FeatureTable[Frequency] to: ITS_Qiime_AntNest/Filter_Tables/KingdomFungiTable.qza

(qiime2-2019.4) cllashmac:Desktop chloelash$ qiime feature-table summarize --i-table ITS_Qiime_AntNest/Filter_Tables/KingdomFungiTable.qza --o-visualization ITS_Qiime_AntNest/Filter_Tables/KingdomFungiTable.qzv --m-sample-metadata-file ITS_Qiime_AntNest/Metadata_Dups_Excluded.txt
Saved Visualization to: ITS_Qiime_AntNest/Filter_Tables/KingdomFungiTable.qzv

(qiime2-2019.4) cllashmac:Desktop chloelash$ qiime tools view ITS_Qiime_AntNest/Filter_Tables/KingdomFungiTable.qzv
Press the 'q' key, Control-C, or Control-D to quit. This view may no longer be accessible or work correctly after quitting.

(qiime2-2019.4) cllashmac:Desktop chloelash$ qiime diversity core-metrics \
> --i-table ITS_Qiime_AntNest/Filter_Tables/KingdomFungiTable.qza \
> --p-sampling-depth 22000 \
> --m-metadata-file ITS_Qiime_AntNest/Metadata_Dups_Excluded.txt |
> qiime diversity core-metrics --i-table ITS_Qiime_AntNest/Filter_Tables/KingdomFungiTable.qza --p-sampling-depth 22000 --m-metadata-file ITS_Qiime_AntNest/Metadata_Dups_Excluded.txt \
> --output-dir ITS_Qiime_AntNest/CoreDiversityFilterFungi
Saved FeatureTable[Frequency] to: ITS_Qiime_AntNest/CoreDiversityFilterFungi/rarefied_table.qza
Saved SampleData[AlphaDiversity] to: ITS_Qiime_AntNest/CoreDiversityFilterFungi/observed_otus_vector.qza
Saved SampleData[AlphaDiversity] to: ITS_Qiime_AntNest/CoreDiversityFilterFungi/shannon_vector.qza
Saved SampleData[AlphaDiversity] to: ITS_Qiime_AntNest/CoreDiversityFilterFungi/evenness_vector.qza
Saved DistanceMatrix to: ITS_Qiime_AntNest/CoreDiversityFilterFungi/jaccard_distance_matrix.qza
Saved DistanceMatrix to: ITS_Qiime_AntNest/CoreDiversityFilterFungi/bray_curtis_distance_matrix.qza
Saved PCoAResults to: ITS_Qiime_AntNest/CoreDiversityFilterFungi/jaccard_pcoa_results.qza
Saved PCoAResults to: ITS_Qiime_AntNest/CoreDiversityFilterFungi/bray_curtis_pcoa_results.qza
Saved Visualization to: ITS_Qiime_AntNest/CoreDiversityFilterFungi/jaccard_emperor.qzv
Saved Visualization to: ITS_Qiime_AntNest/CoreDiversityFilterFungi/bray_curtis_emperor.qzv












[bookmark: _Toc41590574]Table 2‑1 Myrmecochore pathogen list by genus
	Myrmecochorous Genus
	Citation
	Pathogens by Genus (as identified by USDA ARS Fungal Database)
	Alternative Genus Names - Pathogens - (as identified by USDA ARS Fungal Database)

	Adlumia
	Lengyel et al., 2010 (and references therein)
	N/A
	 

	Adonis 
	Lengyel et al., 2010 (and references therein)
	Aecidium 
	 

	 
	 
	Cercospora
	Pseudocercospora

	 
	 
	Didymella
	Heterophoma

	 
	 
	Erysiphe
	 

	 
	 
	Heterophoma
	 

	 
	 
	Laetinaevia
	 

	 
	 
	Leptosphaeria
	 

	 
	 
	Mycosphaerella 
	 

	 
	 
	Oidium
	 

	 
	 
	Paraphaeosphaeria 
	 

	 
	 
	Phoma 
	 

	 
	 
	Plasmopara pygmaea 
	Plasmoverna

	 
	 
	Podosphaera
	 

	 
	 
	Pseudocercospora
	 

	 
	 
	Puccinia
	 

	 
	 
	Sphaerotheca
	 

	 
	 
	Spongospora
	 

	 
	 
	Tuburcinia
	Urocystis 

	 
	 
	Urocystis
	Urocystis 

	 
	 
	Wettsteinina
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Anemone  
	Lengyel et al., 2010 (and references therein); Schultz, 2014; Beattie and Culver, 1981
	Aecidium
	 

	 
	 
	Alternaria
	 

	 
	 
	Ascochyta 
	 

	 
	 
	Botrytis 
	 

	 
	 
	Cercospora
	Pseudocercospora

	 
	 
	Clathrospora 
	 

	 
	 
	Colletotrichum 
	 

	 
	 
	Comoclathris 
	 

	 
	 
	Crocicreas 
	 

	 
	 
	Dicaeoma
	 

	 
	 
	Didymaria
	Ramularia 

	 
	 
	Entyloma
	 

	 
	 
	Eriosphaeria
	Wettsteinina

	 
	 
	Erysiphe
	 

	 
	 
	Fusarium
	 

	 
	 
	Heteropera
	Mazzantia

	 
	 
	Leptosphaeria 
	 

	 
	 
	Lipospora
	 

	 
	 
	Micropuccinia
	 

	 
	 
	Mycosphaerella 
	 

	 
	 
	Peronospora
	Plasmoverna

	 
	 
	Phloeospora
	Septoria

	 
	 
	Phoma
	 

	 
	 
	Phyllosticta 
	Phyllosticta

	 
	 
	Physalospora
	Mazzantia

	 
	 
	Plasmopara 
	Plasmoverna

	 
	 
	Pleospora 
	Graphyllium

	 
	 
	Polythelis 
	Tranzschelia

	 
	 
	Puccinia 
	Tranzschelia

	 
	 
	Pyrenophora 
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	Ramularia
	 

	 
	 
	Rhabdospora 
	 

	 
	 
	Rhizoctonia
	 

	 
	 
	Scelobelonium 
	Crocicreas

	 
	 
	Sclerotinia
	 

	 
	 
	Sclerotium
	Athelia

	 
	 
	Selenophoma 
	 

	 
	 
	Septoria 
	 

	 
	 
	Sorosporium
	 

	 
	 
	Sphaerella 
	 

	 
	 
	Stagonospora
	 

	 
	 
	Synchytrium
	 

	 
	 
	Tranzschelia
	 

	 
	 
	Urocystis 
	 

	 
	 
	Wettsteinina
	 

	Arenaria 
	Lengyel et al., 2010 (and references therein)
	Ascochyta
	 

	 
	 
	Cladosporium
	 

	 
	 
	Clathrospora
	Comoclathris

	 
	 
	Erysiphe
	 

	 
	 
	Graphyllium
	Comoclathris

	 
	 
	Hendersonia
	 

	 
	 
	Leptosphaeria
	 

	 
	 
	Mollisia
	 

	 
	 
	Mycosphaerella
	Cladosporium

	 
	 
	Phoma
	 

	 
	 
	Phyllosticta
	 

	 
	 
	Phymatotrichum
	Phymatotrichopsis

	 
	 
	Pleospora
	 

	 
	 
	Pseudopeziza
	 

	 
	 
	Puccinia
	 

	 
	 
	Pyrenophora
	Pleospora

	 
	 
	Rhizoctonia
	 

	 
	 
	Septoria
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	Sorosporium
	Thecaphora

	 
	 
	Uromyces
	 

	 
	 
	Ustilago
	Microbotryum

	Asarum 
	Schultz, 2014; Beattie and Culver, 1981
	Ascochyta
	 

	 
	 
	Colletotrichum
	 

	 
	 
	Erysiphe
	 

	 
	 
	Laestadia
	 

	 
	 
	Mycosphaerella
	 

	 
	 
	Puccinia
	 

	 
	 
	Sclerotinia
	 

	 
	 
	Septoria
	 

	 
	 
	Synchytrium
	 

	Azetekium
	Lengyel et al., 2010 (and references therein)
	N/A
	 

	Bocconia 
	Lengyel et al., 2010 (and references therein)
	Leptosphaeria 
	 

	 
	 
	Sphaeria
	 

	Bongardia
	Lengyel et al., 2010 (and references therein)
	Aecidium
	 

	 
	 
	Uromyces
	 

	Carex 
	Beattie and Culver, 1981
	Stagonospora
	 

	Chelidonium
	Lengyel et al., 2010 (and references therein)
	Ascochyta
	 

	 
	 
	Phymatotrichum
	Phymatotrichopsis
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	Septoria 
	 

	Chrysogonum
	Lengyel et al., 2010 (and references therein)
	Golovinomyces
	 

	 
	 
	Sclerotinia
	 

	 
	 
	Sclerotium
	Athelia

	Claytonia 
	Lengyel et al., 2010 (and references therein); Schultz, 2014; Beattie and Culver, 1981
	Allodus
	Puccinia

	 
	 
	Endophyllum
	 

	 
	 
	Entyloma
	 

	 
	 
	Microbotryum
	Bauhinus

	 
	 
	Mycosphaerella
	Cladosporium

	 
	 
	Peronospora
	 

	 
	 
	Phymatotrichum
	Phymatotrichopsis

	 
	 
	Physoderma
	 

	 
	 
	Pleospora
	 

	 
	 
	Puccinia
	 

	 
	 
	Ramularia
	 

	 
	 
	Sorosporium 
	Tolyposporium 

	 
	 
	Synchytrium
	 

	 
	 
	Uromyces
	 

	 
	 
	Ustilago
	Bauhinus

	Corydalis  
	Lengyel et al., 2010 (and references therein); Beattie and Culver, 1981
	Aecidium
	 

	 
	 
	Albugo
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	Crocicreas
	 

	 
	 
	Peronospora
	 

	 
	 
	Phyllosticta
	 

	 
	 
	Puccinia 
	 

	 
	 
	Septoria
	 

	Cysticapnos
	Lengyel et al., 2010 (and references therein)
	N/A
	 

	Dactylocapnos
	Lengyel et al., 2010 (and references therein)
	N/A
	 

	Datura 
	Lengyel et al., 2010 (and references therein)
	Alternaria
	 

	 
	 
	Cercospora
	Alternaria

	 
	 
	Colletotrichum
	 

	 
	 
	Curvularia
	 

	 
	 
	Diplodia
	 

	 
	 
	Dothiorella
	 

	 
	 
	Fusarium
	 

	 
	 
	Helminthosporium
	 

	 
	 
	Leptosphaeria
	 

	 
	 
	Macrophomina
	 

	 
	 
	Macrosporium
	 

	 
	 
	Phomopsis
	 

	 
	 
	Phyllosticta
	Boeremia

	 
	 
	Phymatotrichum
	Phymatotrichopsis

	 
	 
	Physalospora
	Lasiodiplodia

	 
	 
	Phytophthora
	 

	 
	 
	Pseudocercospora
	 

	 
	 
	Puccinia
	Aecidium

	 
	 
	Rhizoctonia
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	Sclerotium
	Athelia

	 
	 
	Septoria
	 

	 
	 
	Thielaviopsis
	Berkeleyomyces

	Delphinium 
	Lengyel et al., 2010 (and references therein)
	Ascochyta
	Calophoma 

	 
	 
	Botrytis
	 

	 
	 
	Cercospora 
	Ramularia

	 
	 
	Cercosporella
	Oculimacula

	 
	 
	Cicinobolus
	 

	 
	 
	Cladosporium
	 

	 
	 
	Crocicreas
	 

	 
	 
	Dasyscyphus
	Belonidium

	 
	 
	Davidiella
	Cladosporium

	 
	 
	Diaporthe
	 

	 
	 
	Didymella 
	 

	 
	 
	Diplodina
	Calophoma

	 
	 
	Entyloma
	 

	 
	 
	Erysiphe
	Golovinomyces

	 
	 
	Fusarium
	 

	 
	 
	Golovinomyces
	 

	 
	 
	Heterosporium
	 

	 
	 
	Hyalopeziza
	 

	 
	 
	Leptosphaeria
	 

	 
	 
	Metasphaeria
	 

	 
	 
	Mycocentrospora
	 

	 
	 
	Mycosphaerella
	Cladosporium 

	 
	 
	Oidium
	 

	 
	 
	Ovularia
	 

	 
	 
	Peronospora
	 

	 
	 
	Phoma
	Calophoma

	 
	 
	Phyllosticta
	Stagonosporopsis

	 
	 
	Phymatotrichum
	Phymatotrichopsis

	 
	 
	Phytophthora
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	Pleospora
	Comoclathris/ Graphyllium

	 
	 
	Pseudomonas
	 

	 
	 
	Puccinia 
	 

	 
	 
	Pythium
	Globisporangium/ Phytopythium

	 
	 
	Ramularia
	 

	 
	 
	Rhizoctonia
	 

	 
	 
	Sclerotinia
	 

	 
	 
	Sclerotium
	Athelia

	 
	 
	Septoria 
	 

	 
	 
	Sphaeromyces 
	 

	 
	 
	Sphaerotheca
	Podosphaera

	 
	 
	Synchytrium
	 

	 
	 
	Trichopezizella
	 

	 
	 
	Urocystis
	 

	 
	 
	Verticillium
	 

	 
	 
	Volutella
	 

	Dendromecon
	Lengyel et al., 2010 (and references therein)
	Entyloma
	 

	 
	 
	Massaria
	 

	 
	 
	Pleosphaerulina
	 

	 
	 
	Pleospora
	 

	 
	 
	Pocosphaeria
	 

	Dicentra 
	Lengyel et al., 2010 (and references therein); Schultz, 2014
	Colletotrichum
	 

	 
	 
	Cylindrocarpon
	 

	 
	 
	Dendryphion
	 

	 
	 
	Fusarium
	 

	 
	 
	Peronospora
	 

	 
	 
	Phytophthora
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	Pythium
	 

	 
	 
	Sclerotinia
	 

	 
	 
	Sclerotium
	Athelia

	 
	 
	Stemphylium
	 

	Eomecon
	Lengyel et al., 2010 (and references therein)
	Albugo
	 

	Epimedium 
	Lengyel et al., 2010 (and references therein)
	Aecidium 
	 

	 
	 
	Erysiphe
	 

	 
	 
	Microsphaera
	Erysiphe

	 
	 
	Oidium
	 

	 
	 
	Phyllosticta
	 

	 
	 
	Puccinia
	 

	Erythronium 
	Lengyel et al., 2010 (and references therein); Schultz, 2014; Beattie and Culver, 1981
	Asteroma
	 

	 
	 
	Botrytis
	 

	 
	 
	Ciborinia
	 

	 
	 
	Colletotrichum
	 

	 
	 
	Epicoccum
	 

	 
	 
	Phyllosticta
	 

	 
	 
	Puccinia
	 

	 
	 
	Sclerotium
	 

	 
	 
	Synchytrium
	 

	 
	 
	Typhula
	 

	 
	 
	Urocystis
	 

	 
	 
	Uromyces
	 

	 
	 
	Ustilago
	Vankya
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	Vankya
	 

	Galanthus
	Lengyel et al., 2010 (and references therein)
	Botrytis
	 

	 
	 
	Sclerotium
	 

	Galium 
	Schultz, 2014
	Aecidium
	 

	 
	 
	Allodus
	 

	 
	 
	Ceratobasidium
	Rhizoctonia

	 
	 
	Cercospora
	Passalora/ Pseudocercospora

	 
	 
	Cercosporidium
	Passalora

	 
	 
	Dicaeoma
	 

	 
	 
	Erysiphe
	Golovinomyces

	 
	 
	Hainesia
	 

	 
	 
	Hendersonia
	 

	 
	 
	Leptosphaeria
	 

	 
	 
	Leptotrochila
	 

	 
	 
	Marssonia
	 

	 
	 
	Mazzantia 
	 

	 
	 
	Melasmia
	 

	 
	 
	Metasphaeria
	Leptosphaeria

	 
	 
	Micropuccinia
	 

	 
	 
	Mollisia
	 

	 
	 
	Mycosphaerella
	 

	 
	 
	Nectria
	Nectriella

	 
	 
	Ophiobolus
	 

	 
	 
	Peronospora
	 

	 
	 
	Phyllosticta
	 

	 
	 
	Phymatotrichum
	Phymatotrichopsis

	 
	 
	Physalospora
	Mazzantia

	 
	 
	Placosphaeria
	Mazzantia

	 
	 
	Plectosphaerella
	 

	 
	 
	Pseudopeziza
	Leptotrochila

	 
	 
	Puccinia
	 

	 
	 
	Pucciniastrum
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	Pyrenopeziza
	 

	 
	 
	Rhabdospora
	 

	 
	 
	Septoria
	Rhabdospora

	 
	 
	Sphaeropsis
	 

	 
	 
	Sporonema
	 

	 
	 
	Uromyces
	 

	Gymnocalycium
	Lengyel et al., 2010 (and references therein)
	Dichotomophthora
	 

	 
	 
	Fusarium
	 

	Hannonia
	Lengyel et al., 2010 (and references therein)
	N/A
	 

	Helleborus
	Lengyel et al., 2010 (and references therein)
	Botrytis
	 

	 
	 
	Coniothyrium
	 

	 
	 
	Peronospora
	 

	Hepatica 
	Lengyel et al., 2010 (and references therein); Beattie and Culver, 1981
	Aecidium
	Tranzschelia

	 
	 
	Colletotrichum
	 

	 
	 
	Discosia
	 

	 
	 
	Gloeosporium
	Ascochyta

	 
	 
	Plasmopara
	Plasmoverna

	 
	 
	Puccinia
	Tranzschelia

	 
	 
	Septoria 
	 

	 
	 
	Tranzschelia
	 

	 
	 
	Urocystis
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	Jeffersonia 
	Beattie and Culver, 1981
	Colletotrichum
	 

	Lamium 
	Lengyel et al., 2010 (and references therein)
	Erysiphe
	Golovinomyces/ Neoerysiphe

	 
	 
	Neoerysiphe
	 

	 
	 
	Peronospora
	 

	 
	 
	Rhizoctonia
	 

	 
	 
	Sclerotinia
	 

	 
	 
	Septoria
	 

	 
	 
	Verticillium
	 

	Lapiedra
	Lengyel et al., 2010 (and references therein); Schultz, 2014; Beattie and Culver, 1981
	N/A
	 

	Leucojum
	Lengyel et al., 2010 (and references therein)
	Botrytis
	 

	 
	 
	Stagonospora
	Didymella

	Luzula 
	Beattie and Culver, 1981
	Ascochyta
	 

	 
	 
	Bauerago
	 

	 
	 
	Botrytis
	 

	 
	 
	Cintractia
	Stegocintractia

	 
	 
	Clathrospora
	 

	 
	 
	Comoclathris
	 

	 
	 
	Gaeumannomyces
	 

	 
	 
	Graphyllium
	Comoclathris

	 
	 
	Hysteropezizella
	 

	 
	 
	Microthyrium
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	Mycosphaerella
	 

	 
	 
	Ophiobolus
	Gaeumannomyces

	 
	 
	Phaeosphaeria
	 

	 
	 
	Phyllosticta
	 

	 
	 
	Platysporoides
	 

	 
	 
	Puccinia
	 

	 
	 
	Septoria
	 

	 
	 
	Stagonospora
	 

	 
	 
	Stegocintractia
	 

	 
	 
	Thanatephorus
	Rhizoctonia

	 
	 
	Ustanciosporium
	 

	 
	 
	Ustilago
	Bauerago

	Macleaya 
	Lengyel et al., 2010 (and references therein)
	Trichometasphaeria
	Massarina

	Melica 
	Lengyel et al., 2010 (and references therein)
	Ascochyta
	 

	 
	 
	Cercospora
	Spermospora

	 
	 
	Cercosporidium
	Graminopassalora

	 
	 
	Claviceps
	 

	 
	 
	Colletotrichum
	 

	 
	 
	Dilophospora
	 

	 
	 
	Epichloe
	 

	 
	 
	Erysiphe
	Blumeria

	 
	 
	Fusarium 
	 

	 
	 
	Gloeosporium
	Microdochium

	 
	 
	Hendersonia
	Stagonospora

	 
	 
	Ovularia
	Ramularia

	 
	 
	Phaeosphaeria
	 

	 
	 
	Phyllachora
	 

	 
	 
	Phyllosticta
	 

	 
	 
	Pseudoseptoria
	 

	 
	 
	Puccinia
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	Pythium
	 

	 
	 
	Ramularia
	 

	 
	 
	Scolicotrichum
	Graminopassalora

	 
	 
	Selenophoma
	Pseudoseptoria

	 
	 
	Septoria
	Parastagonospora

	 
	 
	Spermospora
	 

	 
	 
	Stagonospora
	Parastagonospora

	 
	 
	Urocystis
	 

	 
	 
	Ustilago
	Tranzscheliella 

	Montia 
	Lengyel et al., 2010 (and references therein)
	Microbotryum
	Bauhinus

	 
	 
	Peronospora
	 

	 
	 
	Phyllosticta
	 

	 
	 
	Puccinia
	 

	 
	 
	Ramularia
	 

	 
	 
	Sorosporium
	Tolyposporium

	 
	 
	Ustilago
	Bauhinus 

	Narcissus
	Lengyel et al., 2010 (and references therein)
	Armillaria
	 

	 
	 
	Aspergillus 
	 

	 
	 
	Botryotinia
	Botrytis

	 
	 
	Botrytis 
	 

	 
	 
	Ceratocystis
	Sporothrix

	 
	 
	Cladosporium
	 

	 
	 
	Curvularia
	 

	 
	 
	Cylindrocarpon
	Ilyonectria

	 
	 
	Fusarium
	 

	 
	 
	Gloeosporium
	 

	 
	 
	Heterosporium
	 

	 
	 
	Leptosphaeria
	 

	 
	 
	Nectria
	Ilyonectria
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	Ophiostoma
	Sporothrix

	 
	 
	Pellicularia
	Athelia

	 
	 
	Penicillium
	 

	 
	 
	Ramularia
	 

	 
	 
	Rhizoctonia
	 

	 
	 
	Rhizopus
	 

	 
	 
	Sclerotinia
	Botrytis 

	 
	 
	Sclerotium
	Athelia

	 
	 
	Septoria 
	 

	 
	 
	Stagonospora
	Didymella

	 
	 
	Stromatinia
	 

	 
	 
	Verticillium
	 

	Nemophilia
	Lengyel et al., 2010 (and references therein)
	N/A
	 

	Omphalodes 
	Lengyel et al., 2010 (and references therein)
	Botrytis
	 

	 
	 
	Golovinomyces
	 

	 
	 
	Mycocentrospora
	 

	Pedicularis 
	Lengyel et al., 2010 (and references therein)
	Apiosporella
	 

	 
	 
	Ascochyta
	 

	 
	 
	Crocicreas
	 

	 
	 
	Cronartium
	 

	 
	 
	Cyathicula
	Crocicreas

	 
	 
	Diplodina
	 

	 
	 
	Eriomycopsis
	 

	 
	 
	Erysiphe 
	Golovinomyces

	 
	 
	Heteropatella
	 

	 
	 
	Hyponectria
	Charonectria
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	Leptosphaeria
	Entodesmium 

	 
	 
	Leptostroma
	 

	 
	 
	Leptothyrella
	 

	 
	 
	Lophiostoma
	 

	 
	 
	Mycosphaerella
	Cladosporium

	 
	 
	Nodulosphaeria
	 

	 
	 
	Peronospora 
	 

	 
	 
	Phoma
	Ascochyta/ Leptosphaeria

	 
	 
	Phyllosticta
	 

	 
	 
	Pleospora
	Stemphylium/ Murispora/ Massariosphaeria

	 
	 
	Puccinia
	 

	 
	 
	Pyrenophora
	Pleospora

	 
	 
	Ramularia
	 

	 
	 
	Sphaerotheca
	Podosphaera

	 
	 
	Synchytrium 
	 

	 
	 
	Synchytrium
	 

	 
	 
	Thanatephorus
	Rhizoctonia

	Potentilla 
	Lengyel et al., 2010 (and references therein)
	Cercospora
	Passalora

	 
	 
	Coleroa
	 

	 
	 
	Colletotrichum
	Colletotrichum 

	 
	 
	Cylindrosporium
	 

	 
	 
	Diplodina
	 

	 
	 
	Discosia 
	 

	 
	 
	Dothidea
	Venturia 

	 
	 
	Erysiphe
	 

	 
	 
	Fabraea
	Leptotrochila

	 
	 
	Frommea
	Phragmidium

	 
	 
	Frommeella
	Phragmidium

	 
	 
	Gnomonia
	Gnomoniopsis

	Table 2-1 Continued
	
	
	

	 
	 
	Gnomoniopsis
	 

	 
	 
	Hainesia
	Pilidium

	 
	 
	Leptosphaeria
	 

	 
	 
	Leptosphaerulina
	 

	 
	 
	Leptothyrium
	 

	 
	 
	Leptotrochila
	 

	 
	 
	Lophiostoma
	 

	 
	 
	Marasmius
	 

	 
	 
	Marssonia
	 

	 
	 
	Marssonina
	 

	 
	 
	Mollisia
	Diplocarpon

	 
	 
	Mycosphaerella
	Pseudocercosporella

	 
	 
	Peronospora
	 

	 
	 
	Pezizella
	Pilidium

	 
	 
	Phoma
	 

	 
	 
	Phragmidium
	 

	 
	 
	Phyllosticta
	 

	 
	 
	Phymatotrichum
	Phymatotrichopsis

	 
	 
	Physalospora
	 

	 
	 
	Physoderma
	 

	 
	 
	Phytophthora
	 

	 
	 
	Plagiostoma
	 

	 
	 
	Pleospora 
	Stemphylium/ Murispora/ Massariosphaeria

	 
	 
	Pucciniastrum
	 

	 
	 
	Pyrenopeziza
	 

	 
	 
	Ramularia
	 

	 
	 
	Rhizoctonia
	 

	 
	 
	Sclerotium 
	 

	 
	 
	Scopinella
	 

	 
	 
	Sebacina
	 

	 
	 
	Septogloeum
	Phloeospora

	 
	 
	Septoria
	 

	 
	 
	Sphaerellopsis
	 

	 
	 
	Sphaeria
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	Sphaeropezia
	 

	 
	 
	Sphaerotheca 
	Podosphaera

	 
	 
	Stagonospora 
	 

	 
	 
	Stigmatea
	Venturia

	 
	 
	Synchytrium
	 

	 
	 
	Taphrina 
	 

	 
	 
	Venturia
	 

	 
	 
	Verticillium 
	 

	Primula 
	Lengyel et al., 2010 (and references therein)
	Acremonium
	 

	 
	 
	Alternaria
	 

	 
	 
	Ascochyta
	 

	 
	 
	Asteroma
	 

	 
	 
	Botrytis
	 

	 
	 
	Cercospora
	 

	 
	 
	Cercosporella
	 

	 
	 
	Colletotrichum 
	 

	 
	 
	Erysiphe
	 

	 
	 
	Fusarium
	 

	 
	 
	Hendersonia
	Seimatosporium

	 
	 
	Mycosphaerella
	 

	 
	 
	Naemacyclus
	Cyclaneusma

	 
	 
	Phyllosticta
	 

	 
	 
	Phymatotrichum
	Phymatotrichopsis

	 
	 
	Phytophthora
	 

	 
	 
	Pleospora
	Stemphylium

	 
	 
	Puccinia
	 

	 
	 
	Pythium
	Globisporangium 

	 
	 
	Ramularia
	 

	 
	 
	Rhizoctonia
	 

	 
	 
	Septoria
	 

	 
	 
	Synchytrium
	 

	 
	 
	Uromyces
	 

	Prosartes 
	Schultz, 2014
	Pseudocercospora
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	Pseudofumaria
	Lengyel et al., 2010 (and references therein)
	N/A
	 

	Rupicapnos
	Lengyel et al., 2010 (and references therein)
	N/A
	 

	Sanguinaria  
	Lengyel et al., 2010 (and references therein); Schultz, 2014; Beattie and Culver, 1981
	Ascochyta
	 

	 
	 
	Botrytis
	 

	 
	 
	Cercospora
	 

	 
	 
	Colletotrichum
	 

	 
	 
	Cylindrosporium
	 

	 
	 
	Fusarium
	 

	 
	 
	Gloeosporium
	Aureobasidium

	 
	 
	Phyllosticta
	 

	 
	 
	Pythium
	Globisporangium

	 
	 
	Stromatinia
	 

	Scoliopus
	Lengyel et al., 2010 (and references therein)
	N/A
	 

	Sternbergia
	Lengyel et al., 2010 (and references therein)
	Stagonospora
	Didymella

	 
	 
	Tuburcinia
	Urocystis 

	 
	 
	Urocystis
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	Stylophorum 
	Lengyel et al., 2010 (and references therein)
	Erysiphe
	 

	Tiarella 
	Schultz, 2014
	Puccinia
	 

	 
	 
	Ramularia
	 

	 
	 
	Septoria sp.:
	 

	 
	 
	Sphaerotheca
	Podosphaera

	 
	 
	Synchytrium
	 

	Trillium
	Lengyel et al., 2010 (and references therein); Schultz, 2014; Beattie and Culver, 1981
	Aecidium
	Uromyces

	 
	 
	Ciborinia
	 

	 
	 
	Cladosporium
	 

	 
	 
	Colletotrichum
	 

	 
	 
	Cylindrogloeum
	 

	 
	 
	Didymella
	 

	 
	 
	Gloeosporium
	Cylindrogloeum

	 
	 
	Heterosporium
	 

	 
	 
	Neomarssoniella
	 

	 
	 
	Phyllosticta
	 

	 
	 
	Ramularia
	Pseudocercospora

	 
	 
	Sclerotinia
	 

	 
	 
	Sclerotium
	 

	 
	 
	Septoria
	 

	 
	 
	Urocystis
	 

	 
	 
	Uromyces
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	Trollius 
	Lengyel et al., 2010 (and references therein)
	Ascochyta
	 

	 
	 
	Cercosporella
	Ramularia

	 
	 
	Cylindrosporium
	Pseudocercosporella

	 
	 
	Mycosphaerella
	 

	 
	 
	Phomopsis
	 

	 
	 
	Phyllosticta
	 

	 
	 
	Pleospora
	 

	 
	 
	Pseudocercosporella
	 

	 
	 
	Sphaerella
	Mycosphaerella

	 
	 
	Urocystis
	 

	Uvularia
	Schultz, 2014; Beattie and Culver, 1981
	Aecidium
	 

	 
	 
	Botrytis
	 

	 
	 
	Colletotrichum
	 

	 
	 
	Dicaeoma
	Puccinia

	 
	 
	Guignardia
	 

	 
	 
	Macrophoma
	 

	 
	 
	Phyllosticta
	Macrophoma

	 
	 
	Puccinia
	 

	 
	 
	Sphaeropsis
	Phyllosticta

	 
	 
	Uromyces
	 

	Vagaria
	Lengyel et al., 2010 (and references therein)
	N/A
	 

	Vancouveria 
	Lengyel et al., 2010 (and references therein)
	Ovularia
	Ramularia

	 
	 
	Phragmodothis
	 

	 
	 
	Ramularia
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	Viola
	Schultz, 2014; Beattie and Culver, 1981
	Aecidium
	 

	 
	 
	Alternaria
	 

	 
	 
	Aphanomyces
	 

	 
	 
	Ascochyta
	 

	 
	 
	Botrytis
	 

	 
	 
	Bremiella
	Plasmopara

	 
	 
	Centrospora
	Mycocentrospora

	 
	 
	Cercospora
	Passalora/ Mycocentrospora

	 
	 
	Ciborinia
	 

	 
	 
	Colletotrichum
	 

	 
	 
	Cryptostictis
	 

	 
	 
	Cylindrocarpon
	Ilyonectria

	 
	 
	Cylindrosporium
	 

	 
	 
	Dicaeoma
	Puccinia

	 
	 
	Discosia 
	 

	 
	 
	Elsinoe
	 

	 
	 
	Erysiphe
	 

	 
	 
	Fusarium
	 

	 
	 
	Gloeosporium
	 

	 
	 
	Heterosporium
	 

	 
	 
	Marssonina
	 

	 
	 
	Mycocentrospora
	 

	 
	 
	Myrothecium
	 

	 
	 
	Nectria
	Neonectria

	 
	 
	Peronospora
	 

	 
	 
	Phragmidium
	 

	 
	 
	Phyllosticta
	 

	 
	 
	Phymatotrichum
	Phymatotrichopsis

	 
	 
	Phytophthora
	 

	 
	 
	Plasmopara
	Novotelnova

	 
	 
	Pleosphaerulina
	 

	 
	 
	Podosphaera
	 

	 
	 
	Pseudocercospora
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	Puccinia
	 

	 
	 
	Pythium
	Globisporangium

	 
	 
	Ramularia
	 

	 
	 
	Rhizoctonia
	Helicobasidium

	 
	 
	Sclerotinia
	 

	 
	 
	Sclerotiomyces
	 

	 
	 
	Sclerotium
	Athelia

	 
	 
	Scorias
	 

	 
	 
	Sebacina
	 

	 
	 
	Septoria
	 

	 
	 
	Sphaceloma
	Elsinoe

	 
	 
	Sphaerotheca
	Podosphaera

	 
	 
	Stemphylium
	 

	 
	 
	Synchytrium
	 

	 
	 
	Thanatephorus
	Rhizoctonia

	 
	 
	Thielaviopsis
	Berkeleyomyces

	 
	 
	Ulocladium
	 

	 
	 
	Urocystis
	 

	 
	 
	Uromyces
	 

	 
	 
	Vermicularia
	 

	 
	 
	Zygodesmus
	 

	Wedelia
	Lengyel et al., 2010 (and references therein)
	Aecidium
	 

	 
	 
	Alternaria
	 

	 
	 
	Cercospora
	Pseudocercospora

	 
	 
	Colletotrichum
	 

	 
	 
	Corynespora
	 

	 
	 
	Oidium
	 

	 
	 
	Rhizoctonia
	 

	 
	 
	Uromyces
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	Chloe L. Lash, Melissa A. Cregger, Anne Kinkopf, Nicole Buerger and Charles Kwit. “Ant handling changes myrmecochore seed coat microbiomes and alters diversity of seed-borne plant pathogenic fungi.” Ecology In prep. 

Chloe Lash, Melissa Cregger and Charlie Kwit planned and designed the experiment. Chloe Lash conducted field and lab work. Sequencing was done in Melissa Cregger’s lab. All authors contributed to data analysis. Chloe Lash wrote the first draft of the manuscript and all authors commented on previous versions of the manuscript. All authors read and approved the final manuscript.
[bookmark: _Toc45554700]Abstract
Ant-mediated seed dispersal, myrmecochory, offers several benefits to its plant partners. In myrmecochory, seeds are dispersed away from parent plants to nutrient-rich ant nests, and sometimes thereafter to nutrient-rich middens. The resultant benefits include escape from vertebrate seed predators, as well as placement in favorable germination and establishment sites with decreased sibling competition. However, microbes have been mostly overlooked as plant mortality agents in this mutualism, particularly with regard to how ants may alter the seed coat-associated microbial community. Here we experimentally investigated the effects of ant handling on the diversity of the bacterial and fungal communities, as well as fungal pathogen communities, on seed coats of three different myrmecochorous seed species. Ant treatment altered the overall bacterial and fungal communities and changed the diversity of different pathogenic communities. Specifically, the plant pathogenic fungal community showed high dissimilarity (or high measures of beta diversity) between ant-handled and control seeds, while beta diversity measures for ant-handled seeds and seeds with elaiosomes manually removed was lower. Thus, the plant pathogenic fungal community on ant-handled seed coats is more dissimilar to the plant pathogenic fungal community on seeds with elaiosomes than on seeds without elaiosomes. This may suggest there is an additional benefit offered to seeds in myrmecochory in the alteration of the seed coat plant pathogenic community with ant handling. This benefit may be driven by the act of elaiosome removal or is perhaps a byproduct of ant cleaning behaviors with antimicrobial glandular secretions in the ant nest and during elaiosome removal and consumption.
[bookmark: _Toc45554701]Introduction
During the process of ant-mediated seed dispersal that is referred to as myrmecochory, plants receive numerous benefits from their ant partners, who in turn are rewarded for seed dispersal services via a seed-borne nutrient-rich food source called the elaiosome (Beattie 1985). In this process, seeds are released from mortality agents and demographic pressures, including density- and distance-dependent agents, such as seed predators (Beattie 1985), and competition with siblings at the seedling stage (Kalisz et al. 1999). Perhaps the most well studied mortality agents in this context are rodents (Heithaus 1981; Kiel et al. 2020; Kwit et al. 2012; Ness and Morin 2008; O'Dowd and Hay 1980). Microbes constitute another ecological community whose members potentially serve as mortality agents for seeds in myrmecochory. Surprisingly, microbes have been mostly overlooked in this mutualism, despite their documented roles in density-dependent mortality, thereby conferring advantages to seed dispersal in wind- and animal-dispersed plants (Augspurger 1983; Fricke et al. 2014). 
The investigation of the role of microbes in the context of myrmecochory is just beginning, and studies thus far have centered on microbial communities in and around seed-dispersing ant nests. Areas immediately adjacent to ant nests have different microbial activity than surrounding soil sites (Connell et al. 2016), and ant nests have lower fungal species richness (Tarsa et al. 2018; Zettler et al. 2002). Furthermore, seed-dispersing ant nests harbor lower richness of fungal phytopathogens than non-nest soils; this has been suggested to be the result of ant-produced antimicrobial glandular secretions (Tarsa et al. 2018), thereby increasing the likelihood of myrmecochore establishment at these nutrient-rich safe sites. Thus, the incorporation of microbial mortality agents in myrmecochory expands the benefits offered to seeds, perhaps via removal of vulnerable plant tissues, or more remarkably, the application of antimicrobial glandular secretions.
The benefits of ant-derived chemicals for plants involved in this putative framework are “byproducts” of selfish actions of seed-dispersing ants. Such byproduct benefits (sensu Sachs et al. 2004) are not offered in exchange for goods or services, as in a directly reciprocal relationship. Ants, including seed dispersing ants, have numerous glands that produce antimicrobial chemicals for a variety of selfish purposes, such as sanitation of the nest and deterrence of entomopathogens (Vander Meer 2012). Through a variety of behaviors, ants can apply these chemicals to nest mates, brood, and nest material (Tragust et al. 2013; Tranter et al. 2013). With enough broad-ranging action, these glandular chemicals could indeed be responsible for lower fungal and phytopathogen diversity at nest locations.
We take this byproduct benefit even further by arguing that exposure of seeds to glandular chemicals of seed-dispersing ants can beneficially alter myrmecochore seed coat microbiomes. During their time in the ant nest and during the elaiosome removal and consumption process, seeds undoubtedly come into contact, directly and indirectly, with ant glandular secretions; this may result in reductions in plant pathogenic pressure to dispersed seeds. This general process has not yet been studied in myrmecochorous systems, though it could have long-lasting implications for ant-dispersed seeds. Recent interest in the seed microbiome (Nelson 2017) and long-standing knowledge that seeds carry pathogens on their seed coats (Baker and Smith 1966; Narayanasamy 2017) illustrate implications of this microbial community to plant demography (Baker and Smith 1966) and seed dispersal effectiveness (sensu Schupp et al., 2010). 
We test the potential for byproduct benefits in myrmecochory by investigating the seed coat fungal and bacterial communities of three common eastern North American myrmecochorous plants and the changes in these microbiomes brought about via handling by a keystone seed-dispersing ant species. In this study, we ask: How does ant handling change the seed coat microbial community? Our experimental approach provides insights into whether elaiosome removal or other aspects of ant handling confer protection from relevant microbial mortality agents, contributing to our understanding of potential byproduct benefits offered to plants in myrmecochory.
[bookmark: _Toc45554702]Materials and Methods
[bookmark: _Toc45554703]Study System
	We used Aphaenogaster rudis and A. picea ants in our experiment. Aphaenogaster is the keystone seed-dispersing ant genus in eastern North America (Ness et al. 2009). Aphaenogaster rudis and A. picea are both members of the Aphaenogaster fulva-rudis-texana complex (Umphrey 1996). Aphaenogaster colonies were collected from Falls Ridge Nature Preserve (Montgomery Co., VA), Mill Creek Springs Natural Area Preserve (Montgomery Co., VA), Mountain Lake Biological Station (Giles Co., VA) and Dean’s Woods (Knox Co., TN) in the summers of 2017 and 2018. We collected ant colonies using wooden nest boxes (Lubertazzi 2012) and maintained colonies in the lab in plastic containers (23cm x 14cm x 8cm) with a mesh-covered hole in the lid. Aluminum foil-covered test tubes with a water-soaked cotton ball were provided to ants as a nest environment. Colonies were provided water ad libitum and were maintained with weekly feedings of a modified Bhakter-Whitcomb diet (Dussutour and Simpson 2008) when colonies were not being used in experiments. We cleaned the nest environment and replaced test tubes every other week. All ant colonies were starved for a week and individual workers per colony were counted using ImageJ 1.45s (Schneider et al. 2012) before the beginning of the experiment.
	We used seeds of three common ant-dispersed plants in our experiment: bloodroot (Sanguinaria canadensis [Papaveraceae]), wild ginger (Asarum canadensis [Aristolochiaceae]), and twinleaf (Jeffersonia diphylla [Berberidaceae]). Fruits of all species were collected from Mill Creek Springs Natural Area Preserve, Falls Ridge Preserve and private land (collected with permission, Montgomery Co., VA) in the summer of 2016, 2017, and 2018. Fruits were collected when ripe and near dehiscence in late May and early June. Fruits were frozen at -20C upon return from the field and remained frozen until processing or presentation to ant colonies.
[bookmark: _Toc45554704]Seed Treatments
To investigate the microbial community on seed coats, we separated diaspores (seed-elaiosome complex) of our three target species into three different treatments: Control, No Elaiosome, and Ant-handled. For all three species, fruits were opened and diaspores were separated into 0.5g groups. Due to variation in diaspore weight, each 0.5g group contained approximately: 40 Asarum canadense diaspores (from approximately 2.5 fruits), 30 Sanguinaria canadensis diaspores (from approximately 3 fruits) and 14 Jeffersonia diphylla diaspores (from approximately 0.75 fruits). This sample weight ensured enough seed surface area to wash for adequate microbial DNA for downstream processing (preliminary experiments). We used 16 replicates for each treatment for each seed species. Diaspores in the control treatment were washed after separation into groups. For diaspores in the no elaiosome treatment, we manually removed all elaiosomes with sterile forceps in a biosafety cabinet before washing seeds. Seeds in ant-handled treatments were presented to Aphaenogaster colonies and were allowed to remain in the plastic container for one week. We then removed seeds (which are a combination of seeds and diaspores, as ants did not remove all elaiosomes in all samples) for washes. 
[bookmark: _Toc45554705]Seed Washes
	Seed washes were done with methods modified from Links et al. 2014. A sterile peptone buffer (10g peptone, 5g NaCl, 3.5g Na2HPO4, 1.5g KH2PO4) with 0.05% Triton-X was prepared and each 0.5g group of seeds was added to 10mL of peptone buffer in a 15mL sterile centrifuge tube. Seeds were shaken at room temperature for 1 hour on a vortex set to constant shaking between setting 2-3 (approximately 300 rpm). All liquid was removed from the seed wash. For each seed sample, one 2mL aliquot was centrifuged (10,000rpm/9,300rcf) for 2 minutes and the supernatant was discarded. The pellet was re-suspended in a second 2mL aliquot of the seed wash; the sample was centrifuged and supernatant removed. This process was repeated for each sample until all 10mL of the seed wash were processed. If DNA extractions could not be performed immediately, the last 2mL of each sample’s wash was frozen at -20ºC. Before extraction, the sample was thawed and centrifuged. We discarded supernatant before moving to DNA extractions.
[bookmark: _Toc45554706]Next generation DNA sequencing
	DNA extractions were performed using Qiagen’s DNeasy Powersoil Kit. We followed the manufacturer’s instructions except for the following modifications. Pellets from the seed washes were suspended in 60L of the Powersoil Kit’s C1 solution and added into the bead beating tube. All incubations at 2-8C were lengthened to 30 mins and samples incubated for 5 mins at room temperature before the final centrifugation. We then quantified DNA using a ThermoFisher Nanodrop. Most readings ranged from 1ng/L to 20ng/L, with readings a high of 104ng/L. Samples were frozen at -20C until downstream processing and, when necessary, were transported on dry ice.
	Next generation DNA sequencing was performed via Illumina MiSeq at Oak Ridge National Laboratory. We followed Illumina’s Metagenomic Sequencing Library Preparation Instructions and ran two separate Illumina MiSeq runs for a 1) 16S rRNA library for bacteria community processing and 2) ITS rRNA library for fungal community processing. All samples were included in both preparations. We used a custom mix of 515F and 806R primers to target the 16S V4 rRNA region (Cregger et al. 2018). Likewise, we targeted the ITS region of fungal rRNA genes with a custom mix of ITS3 and ITS4 primers (Cregger et al. 2018). These custom primer sets target a wide range of bacterial and fungal taxa that might be missed when using universal primer sets (Cregger et al. 2018). We performed PCR with the following cycles: 95C for 3 minutes, 25 cycles of: 95C for 30 seconds, 55C for 30 seconds, and 72C for 30 seconds, and 72C for 5 minutes. Then we visualized PCR products with 3L of product on a 1% agarose gel. We completed post-PCR clean up with AMPure XP beads (Agencourt) and tagged products with combinations of Nextera XT (Illumina) indexes using the following PCR cycles: 95C for 3 minutes, 8 cycles of: 95C for 30 seconds, 55C for 30 seconds, and 72C for 30 seconds, and 72C for 5 minutes. We then cleaned products with AMPure beads. Products were quantified on a ThermoFisher Nanodrop, pooled equimolarly, and validated on an Agilent BioAnalyzer. Products were pooled and cleaned with AMPure beads. Sample concentration was determined via a Qubit and libraries were diluted to the final sequencing concentration. Phi-X was added due to low base diversity. Paired end sequencing runs (2 x 251 x 8 x 8) were completed via Illumina MiSeq using v2 chemistry.
[bookmark: _Toc45554707]Data Processing
	We processed raw sequences using a Qiime2 pipeline. Briefly, we paired sequences and used FastQC and MultiQC for quality control. We trimmed samples based on a Phred score of 20. We removed primers and chimeras. To assign taxonomy to Amplicon Sequence Variants (ASVs), we used the BLAST algorithm (Altschul et al. 1990) and the SILVA 132 database (Quast et al. 2013) with 97% matching for bacterial sequences. We used BLAST (Altschul et al. 1990) and version 8 of the UNITE database (Nilsson et al. 2018) with  97% matching to assign taxonomy for fungal sequences. Before further processing, we filtered out sequences that were not identified as bacteria or fungi. Bacteria samples were rarefied to 22,000 sequences and fungal data was rarefied to 1,000 sequences. These rarefication values were chosen to minimize sample loss but ensure even sampling depth. After rarefication, we retained all 144 samples for bacterial community diversity analysis and 116 of our samples for fungal community diversity analyses. This process resulted in the identification of 8,141 bacterial ASVs and 1,178 fungal ASVs.
[bookmark: _Toc45554708]Fungal Functional Guild Assignment
	For fungal ASVs, we chose to assign functional guilds to identified taxonomy. To do this, we uploaded our ASV table to FUNGuild (Nguyen et al. 2016). To analyze animal pathogens, we filtered out ASVs from the FUNGuild output that did not include “Animal Pathogen” in any guild. To analyze plant pathogens, we filtered out ASVs from the FUNGuild output that did not include “Plant Pathogen” in any guild. These filtered ASV tables were used to analyze changes in the animal pathogenic fungal community and the plant pathogenic fungal community, respectively.
	We also wanted to analyze fungal communities that are known to infect myrmecochores. We compiled a list of myrmecochorous plants in eastern North America from: (Beattie and Culver 1981; Lengyel et al. 2010; Schultz 2014) and searched each genus Host Name in the Fungus-Host Distributions page of the Fungal Database of the Agricultural Research Service of the United States Department of Agriculture (https://nt.ars-grin.gov/fungaldatabases/fungushost/fungushost.cfm). All fungal genera that were identified as pathogenic to any genus of myrmecochore were included in our analysis of myrmecochore pathogens. Our list of myrmecochores by genus and myrmecochore pathogens by genus is available in the appendix to Chap 2.
[bookmark: _Toc45554709]Statistical Analysis
	All analyses were done separately on the following data subsets: bacterial ASVs, fungal ASVs, animal pathogenic fungal ASVs, plant pathogenic fungal ASVs and myrmecochore pathogenic fungal ASVs. All analyses were conducted in R (version 3.6.0).
[bookmark: _Toc45554710]Microbial Community Dissimilarity
We analyzed dissimilarity in microbial communities with distance-based Redundancy Analyses (dbRDAs) in the package “vegan” (version 2.5-5) (Oksanen et al. 2019). When we filtered out ASVs by guild, some samples contained zero ASVs for different guilds. This occurred in all pathogenic ASV tables. To account for this, in the data subsets for animal pathogens, plant pathogens and myrmecochore pathogens, we added a “dummy” ASV with a count of 1 to all samples. This allowed us to retain biologically important samples and minimally alter clumping with dbRDAs. We used a dissimilarity matrix based on the quantitative generalization of Jaccard dissimilarity to analyze separation as explained by treatment (ant-handled, control, or no elaiosome samples) with conditioning by seed species (bloodroot, twinleaf or wild ginger). We ran hypothesis testing on predictors via 99,000 permutations of the data (Legendre and Legendre 2012).
[bookmark: _Toc45554711]Beta Diversity
Pairwise beta diversity comparisons were done with Hill Numbers (Hill 1973). Hill Numbers (qD) offer an improved alternative to traditional ecological diversity indices by estimating effective species numbers in each sample (Chao et al. 2014; Hill 1973; Jost 2006; Jost 2007). However, Hill Numbers can still be compared to more traditional diversity indices (Hill 1973): at q=0, diversity measures are species richness; at q=1, diversity calculations are identical to exponential Shannon’s entropy calculations; at q=2, diversity calculations are the inverse Simpson’s diversity. As orders of q increases, the importance of rare species in effective species number calculations decrease (Hill 1973); thus, we can infer if rare species are driving community composition by looking across orders of q. Our samples with zero pathogenic ASVs also presented problems in beta diversity calculations. To complete pairwise beta comparisons, we removed samples with zero pathogenic ASVs. 
We calculated pairwise beta diversity comparisons between each sample from q=0 to q=4 using the function “hill_taxa_parti_pairwise” in the package “hillR” (version 0.4.1) (Li 2018) for all data subsets. These pairwise beta diversity comparisons between each sample results in 6 treatment pairs: Ant-Ant, Ant-No Elaiosome, Ant-Control, No Elaiosome- No Elaiosome, Control- No Elaiosome and Control-Control. An Ant-Ant pair, for example, would be the beta diversity measure between one ant-handled sample and a different ant-handled sample, while an Ant-Control pair would be the beta diversity measure between one ant-handled sample and one control sample. Then we ran linear mixed effects models on pairwise beta diversity values at all orders of q with treatment pairs as the explanatory variable and seed species pairs as a random effect. We conducted hypothesis testing on the models using Wald Chi-Squared tests. Pairwise post-hoc testing was conducted via estimated marginal means with the package “emmeans” (version 1.4.4) (Lenth et al. 2020).
[bookmark: _Toc45554712]Indicator Species Analysis
We conducted indicator species analyses with point-biserial correlations (rg) using “multipatt” in the package “indicspecies” (version 1.7.9) (DeCaceres and Legendre 2009). We used this approach to explore ASV associations within combinations of treatments and individual treatments. This analysis was conducted on all subsets of data and was blocked by seed species. ASVs are labelled as indicators if they significantly associate (p<0.05) with a particular treatments or combinations of treatments.
[bookmark: _Toc45554713]Results
[bookmark: _Toc45554714]Microbial Community Dissimilarity	
For all subsets of data (Bacteria, Fungi, Animal Pathogenic Fungi, Plant Pathogenic Fungi, and Myrmecochore Pathogenic Fungi), treatment was a significant (p<0.05) predictor of community dissimilarity according to our dbRDAs (Fig. 3-1 All figures and tables for this chapter are located in this chapter’s Appendix). Percent overall model variation explained by the first dbRDA axis are as follows: (Bacteria- 7.98%; Fungi- 4.50%; Animal Pathogenic Fungi- 2.12%; Plant Pathogenic Fungi- 3.08%; Myrmecochore Pathogenic Fungi- 2.23%). The second dbRDA axis explained the following percentages of overall model variation: (Bacteria- 1.24%; Fungi- 2.04%; Animal Pathogenic Fungi- 1.73%; Plant Pathogenic Fungi- 2.05%; Myrmecochore Pathogenic Fungi- 1.40%).
[bookmark: _Toc45554715]Beta Diversity
For all subsets of data, treatment pair significantly affected pairwise beta diversity. For bacteria, at all orders of q, treatment pair predicted beta diversity (Fig3-2): q=0: (2=3005.5, df=5, p< 2.2 x 10-16), q=1: (2=1382.6, df=5, p< 2.2 x 10-16), q=2: (2=924.66, df=5, p< 2.2 x 10-16), q=3: (2=839.35, df=5, p< 2.2 x 10-16), q=4: (2=806.36, df=5, p< 2.2 x 10-16). Posthoc testing at q=0 showed that all pairwise turnover groups (treatment pairs) differed from one another (all ps<0.05), expect for Control-Control and Control-No Elaiosome. At all higher orders of q, Ant-No Elaiosome and Ant-Control pairs did not differ in beta diversity from each other but did have higher turnover values than all other pairs (all ps<0.05). Likewise, all other pairs did not differ from each other.
	For fungi, at all orders of q, treatment pair significantly affected beta diversity (Fig 3-3): q=0: (2=1155.8, df=5, p< 2.2 x 10-16), q=1: (2=808.56, df=5, p< 2.2 x 10-16), q=2: (2=581.05, df=5, p< 2.2 x 10-16), q=3: (2=471.1, df=5, p< 2.2 x 10-16), q=4: (2=419.32, df=5, p< 2.2 x 10-16). At q=0, Ant-No Elaiosome and Ant-Control pairs had higher beta diversity than all other pairs and No Elaiosome- No Elaiosome pairs had lower beta diversity that all other pairs (all ps<0.05). At q=1, Ant-Ant, Ant- No Elaiosome and Ant-Control pairs had higher beta diversity than all other pairs (all ps<0.05), which did not differ from each other. This pattern repeated at q=2, q=3 and q=4; however, at these orders of q, Control-Control pairs had significantly lower beta diversity than Control- No Elaiosome pairs (p<0.05).
	For animal pathogenic fungi, treatment pair significantly affected beta diversity at all orders of q (Fig 3-4): q=0: (2=48.33, df=5, p< 3.04 x 10-9), q=1: (2=116.27, df=5, p< 2.2 x 10-16), q=2: (2=140.47, df=5, p< 2.2 x 10-16), q=3: (2=149.62, df=5, p< 2.2 x 10-16), q=4: (2=153.29, df=5, p< 2.2 x 10-16). At q=0, generally, Control- No Elaiosome pairs had the highest beta diversity measures, but pairs were close in beta diversity measurements. At all higher orders of q, No Elaiosome- No Elaiosome pairs showed the lowest beta diversity measurements.
	For plant pathogenic fungi, at all orders of q, treatment pair affected beta diversity (Fig 3-5): q=0: (2=210.59, df=5, p< 2.2 x 10-16), q=1: (2=466.97, df=5, p< 2.2 x 10-16), q=2: (2=463.22, df=5, p< 2.2 x 10-16), q=3: (2=460.93, df=5, p< 2.2 x 10-16), q=4: (2=459.03, df=5, p< 2.2 x 10-16). At q=0 and q=1, No Elaiosome- No Elaiosome pairs had the lowest measures of beta diversity and Ant-Control, Control- No Elaiosome and Control-Control pairs had the highest measure of beta diversity (all ps<0.05). At all higher orders of q, No Elaiosome-No Elaiosome and Ant- No Elaiosome pairs had the lowest beta diversity measurements, while Ant-Control, Control- No Elaiosome and Control-Control pairs had the highest (all ps<0.05).
	For the myrmecochore pathogenic fungi, treatment pair affected beta diversity at all orders of q (Fig 3-6): q=0: (2=134.5, df=5, p< 2.2 x 10-16), q=1: (2=136.52, df=5, p< 2.2 x 10-16), q=2: (2=137.52, df=5, p< 2.2 x 10-16), q=3: (2=140.13, df=5, p< 2.2 x 10-16), q=4: (2=141.89, df=5, p< 2.2 x 10-16). At all orders of q, No Elaiosome- No Elaiosome pairs had the lowest beta diversity (all ps<0.05) and Ant- Control pairs had the highest beta diversity. Ant-Control pairs were not significantly higher in measures of beta diversity than Ant-Ant and Ant- No Elaiosome pairs.
[bookmark: _Toc45554716]Indicator Species Analysis
For bacteria, there were 644 ASVs that associated to one treatment and 41 ASVs that associated to two treatments (all ps<0.05). Ant treatments had 187 ASVs identified as indicators, and Control and No Elaiosome treatments had 435 and 22, respectively. The combination of Ant and Control treatments had 2 indicator ASVs (one Devosia (rg median=0.20) and one Sphinobacterium (rg median= 0.19)) and the combination of Ant and No Elaiosome treatments had 3 indicator ASVs, two of which were of the family Pseudomonadacae. The combination of Control and No Elaiosome treatments had 36 indicator ASVs.
	For fungi, indicator species analysis associated 79 fungal ASVs with one treatment group and 5 ASVs to two treatment groups (all ps<0.05). Ant treatments had 28 indicator ASVs. Control treatments had 23 indicator ASVs associated with that treatment and No Elaiosome treatments had 28 indicator ASVs.  No ASVs associated with a combination of Ant and Control treatments or Ant and No Elaiosome treatments. The combination of Control and No Elaiosome treatments had 5 indicator ASVs associations.
	For animal pathogenic fungi, 9 ASVs associated with one treatment and no ASVs associated with two treatments (all ps<0.05). One ASV (identified as the genus Coniochaeta (rg median=0.23)) was associated with Ant treatments. Three ASVs (two in the family Didymellaceae (rg median= 0.34 and 0.23) and one in the family Coniochaetaceae (rg median=0.21)) were associated with Control treatments, and 5 ASVs (three in the genus Alternaria and two in the family Didymellaceae) were associated with No Elaiosome treatments.
	For plant pathogenic fungi, 24 ASVs were associated with one treatment and no ASVs were associated with two treatments (all ps<0.05). Ant treatments had 3 ASV associations: one in the genus Pestalotiopsis (rg median=0.23), one in the genus Coniochaeta (rg median=0.23), and Aspergillus niger (rg median=0.16). Control treatments had 7 ASVs associated with that treatment, and No Elaiosome treatments had 14 ASV associations.
	For myrmecochore pathogenic fungi, 9 ASVs associated with one treatment and no ASVs associated with two treatments (all ps<0.05). Five ASVs associated with Ant treatments: four in genus Penicillium (rg medians= 0.32, 0.27, 0.25, 0.19) and Aspergillus niger (rg median=0.16). One ASV (in the genus Ramularia (rg median=0.23)) associated with Control treatments, and three ASVs (all in the genus Alternaria (rg medians= 0.33, 0.26, 0.24)) associated with No Elaiosome treatments.
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Here we document for the first time evidence that ant handling of myrmecochore seeds changes the microbial community associated with the seed coat. Ant handling is a predictor of the dissimilarly of all microbial communities analyzed and also was associated with more dissimilarity in pairwise comparisons by treatment of microbial communities. Ant handling was also associated with some indicator ASVs for each microbial community analyzed. The effects of ant handling on the seed coat microbial community has important implications for both ant and plant partners in this mutualism. Overall, the dissimilarity in the seed coat microbial community with ant handling suggests that microbial mortality agents must be considered in ant-plant and other seed dispersal mutualisms.
	The most relevant finding in this study to the consideration of a byproduct benefit provided to plants by ants in myrmecochory is our calculation of pairwise beta diversity measures for the plant pathogenic fungal community and the myrmecochore pathogenic fungal community. At all orders of q for the plant pathogenic fungal community, pairwise beta diversity was higher for Ant-Control treatment pairs than for Ant- No Elaiosome pairs. This indicates that the plant pathogen community associated with ant-handled seeds is more dissimilar from control diaspores than from seeds without elaiosomes. This suggests ants alter the plant pathogenic community on seed coats, perhaps due to the removal of the elaiosome; this is akin to the removal of fruit pulp by vertebrate dispersers, which reduces pathogenic microbes (Fricke et al. 2013). Treatment during gut passage in vertebrate-dispersed systems confers advantages to dispersed seeds through removal of fungal pathogens (Fricke et al. 2013), and our results here suggested similar advantages conferred during passage through the ant nest. However, Control- No Elaiosome did not differ from Ant-Control pairs. Likewise, for the myrmecochore pathogen community, the highest beta diversity values were associated with Ant-Control pairs, which indicates that the myrmecochore pathogen community on seed coats were most dissimilar between ant and control treatments. In the myrmecochore pathogen community, Control-No Elaiosome pairs had relatively lower beta diversity, which indicates more similarity between these two communities. Thus, ant handling might have more impact on the dissimilarity of the myrmecochore pathogen community than the removal of the elaiosome, unlike the plant pathogenic fungal community.
Because plant pathogenic fungi are a leading cause of mortality for seedlings (Moles and Westoby 2004), alterations of fungal pathogen communities on the seed coat could have implications for successful seed germination and seedling survival of ant dispersed seeds. Ant-handling effects on germination rates of myrmecochorous seeds have often been studied in the context of elaiosome removal and seed scarification (though elaiosome removal is often manually done by researchers rather than through ant handling). These studies have shown positive (Culver and Beattie 1978; Culver and Beattie 1980; Garrido et al. 2009; Horvitz and Beattie 1980; Horvitz 1981; Leal et al. 2007; Lobstein and Rockwood 1993; Ohkawara 2005), negative (Fernandes et al. 2018; Imbert 2006) and neutral (Boyd 2001; Castro et al. 2009; Christian and Stanton 2004; Lobstein and Rockwood 1993; Prior et al. 2014) effects of elaiosome removal on germination and seedling emergence. Our results suggest another factor that must be considered in the benefits of ant handling and elaiosome removal for subsequent germination and growth of seeds: the seed coat plant pathogenic fungal community. 
The plant pathogenic community has been studied in other contexts in myrmecochory, specifically with the ant nest microbiome. Ant nests have reduced plant pathogenic fungal species richness compared to neighboring soils that are not ant-inhabited (Tarsa et al. 2018). Our results further support the notion that ant nests are advantageous locations for seeds in relation to plant pathogens. Like the researchers who studied the ant nest microbiomes, we attribute changes in the plant pathogen community to ant glandular chemicals in the nest. Ants have a number of glands that secrete antimicrobial chemicals (Vander Meer 2012), including the venom (Attygalle et al. 1998; Tragust et al. 2013; Wheeler et al. 1981), metapleural (Fernandez-Marin et al. 2006; Mackintosh et al. 1995; Veal et al. 1992; Yek and Mueller 2011; Yek et al. 2012) and mandibular (Brough 1983) glands. These chemicals are produced to defend the ant nest against fungal takeover (Tranter et al. 2013) and inhibit the growth of plant pathogenic fungi (Beattie et al. 1985; Bot et al. 2002). Thus, ants are likely providing a byproduct benefit (see Sachs et al. 2004) to seeds not only through a more favorable microbiome in the ant nest, but also via the alteration of the plant pathogenic community associated with the diaspores.
Indicator species analysis could be helpful in understanding some key ASVs in different treatments. In both the plant pathogenic fungal community and the myrmecochore pathogenic fungal community, ant treatments were associated with Aspergillus niger. Postharvest fruit rot is commonly caused by Aspergillus niger in a number of fruits (Snowden 2010), and its identification as an indicator species suggests that ants are exposing plants to this pathogen. However, for the plant pathogens, there were more indicator ASVs for both control and no elaiosome treatments than for ant treatments, so overall pathogen load might still be improved with ant handling, even if a new pathogen is introduced at this stage. Indicator species for the overall fungal and bacterial communities were numerous. This is perhaps expected as it is likely that the overall fungal and bacterial communities would differ widely in plant and ant environments.
Furthermore, results from the overall fungal and overall bacterial communities show similar patterns to the plant pathogenic fungal community and the myrmecochore pathogenic fungal community. For bacteria at orders of q=1 and above, Ant-Control and Ant- No Elaiosome pairs exhibited high beta diversity. This suggests that the bacterial community on ant-handled seeds is more dissimilar from control diaspores and seeds without elaiosomes than the bacterial communities on control diaspores and seeds without elaiosomes are from each other. This pattern repeats for the overall fungal community at all orders of q. However, for fungi, Ant-Ant pairs also exhibited high beta diversity, which may indicate a lot of variation in overall fungal community by ant colony. This pattern only occurred at orders of q=1 and above. Thus, only looking at species richness of the microbial community could only tell part of the story. We also assert that the scale at which microbial communities are evaluated should be chosen with careful consideration, as only looking at broad microbial categories, could result in different conclusions than consideration of specific pathogenic communities.
	Microbial diversity could also be important to the ant partners in this mutualism. Ants could be transporting entomopathogenic (insect-infecting) pathogens into their ant nests with seeds. Overall, the lowest measures of beta diversity were in No Elaiosome-No Elaiosome pairs at orders of q=1 and above. This suggests that removing the elaiosome reduces change in the animal pathogenic fungal, which could mean that ants in the act of removing the elaiosome protect the colony from some variation in pathogen communities. However, overall, we saw the most variation by pair in beta diversity in our animal pathogenic fungal community. Therefore, this relationship must be parsed out more to fully understand this risk, especially because multiple pairs of treatments overlapped in their pairwise beta diversity. 
	We document changes in the microbial community with ant handling of myrmecochorous seeds, which has important implications for the benefits offered to plant in myrmecochory, specifically with the additional benefit of reducing plant pathogenic fungal diversity on seed coats. However, this work is only the beginning of the incorporation of microbial mortality agents into ant seed dispersal and mutualistic interactions more broadly. Future work in myrmecochory could investigate more seed-species specific pathogens. Likewise, future work should document effects of ant glandular secretions on the growth of plant pathogenic fungi to see if ant chemicals do directly inhibit growth of some plant pathogens. Because no complete pathology of myrmecochore pathogens exist, we also recommend future work consider new known pathogens to myrmecochores. Our dataset, while based on available information, may not fully reflect the pathogen complex. Finally, our work was conducted in a laboratory setting. To solidify our conclusions, we suggest that a similar study be conducted in a field setting and incorporate subsequent microbial communities at redispersal sites. Regardless, our work suggests that ant handling of myrmecochorous seeds provides additional benefits to seeds in the form of plant pathogenic fungal diversity reduction, perhaps as a byproduct benefit of ant glandular secretions.
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[bookmark: _Toc45554736]Figure 3‑1 Ordination of constrained axes from a dbRDA of the (a) bacterial community; (b) fungal community, (c) animal pathogenic fungal community, (d) plant pathogenic fungal community, and (e) myrmecochore pathogenic fungal community.  
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[bookmark: _Toc45554737]Figure 3‑2 Pairwise beta diversity from q=0 to q=4 for bacterial ASVs on seed coats of ant dispersed plants. 
Panels are blocked by orders of q (0 through 4). Treatment pairs are separated by ant-handled seeds (A), control seeds (C), and no elaiosome seeds (NoE). Two letter designations indicate community dissimilarity between two treatment types. For example, A-NoE indicates dissimilarity between pairs of ant and no elaiosome treatments. Higher beta diversity indicates more dissimilarity between communities. Letters above boxes indicated differences between samples; samples that share a letter are not significantly different from one another. 
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[bookmark: _Toc45554738]Figure 3‑3 Pairwise beta diversity from q=0 to q=4 for fungal ASVs on seed coats of ant dispersed plants. 
Panels are blocked by orders of q (0 through 4). Treatment pairs are separated by ant-handled seeds (A), control seeds (C), and no elaiosome seeds (NoE). Two letter designations indicate community dissimilarity between two treatment types. For example, A-C indicates dissimilarity between pairs of ant and control treatments. Higher beta diversity indicates more dissimilarity between communities. Letters above boxes indicated differences between samples; samples that share a letter are not significantly different from one another. 
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[bookmark: _Toc45554739]Figure 3‑4 Pairwise beta diversity from q=0 to q=4 for animal pathogenic fungal ASVs on seed coats of ant dispersed plants. 
Panels are blocked by orders of q (0 through 4). Treatment pairs are separated by ant-handled seeds (A), control seeds (C), and no elaiosome seeds (NoE). Two letter designations indicate community dissimilarity between two treatment types. For example, A-A indicates dissimilarity between pairs of ant and ant treatments. Higher beta diversity indicates more dissimilarity between communities. Letters above boxes indicated differences between samples; samples that share a letter are not significantly different from one another. 
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[bookmark: _Toc45554740]Figure 3‑5 Pairwise beta diversity from q=0 to q=4 for plant pathogenic fungal ASVs on seed coats of ant dispersed plants. 
Panels are blocked by orders of q (0 through 4). Treatment pairs are separated by ant-handled seeds (A), control seeds (C), and no elaiosome seeds (NoE). Two letter designations indicate community dissimilarity between two treatment types. For example, C-NoE indicates dissimilarity between pairs of control and no elaiosome treatments. Higher beta diversity indicates more dissimilarity between communities. Letters above boxes indicated differences between samples; samples that share a letter are not significantly different from one another. 
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[bookmark: _Toc45554741]Figure 3‑6 Pairwise beta diversity from q=0 to q=4 for myrmecochore pathogenic fungal ASVs on seed coats of ant dispersed plants. 
Panels are blocked by orders of q (0 through 4). Treatment pairs are separated by ant-handled seeds (A), control seeds (C), and no elaiosome seeds (NoE). Two letter designations indicate community dissimilarity between two treatment types. For example, NoE-NoE indicates dissimilarity between pairs of no elaiosome and no elaiosome treatments. Higher beta diversity indicates more dissimilarity between communities. Letters above boxes indicated differences between samples; samples that share a letter are not significantly different from one another. 
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Myrmecochory, ant seed dispersal, is a widespread mutualism, but the influence of microbial mortality agents has been mostly overlooked in this ant-plant interaction. However, as presented in the proceeding chapters, ants affect the microbial community that is pathogenic to plants and vice versa. The influence of one partner on the other partner’s pathogenic microbes is perhaps a byproduct of antimicrobial chemicals produced by plant and ants, which are used to defend against their own microbial pathogens. These studies, which incorporate microbial mortality agents into what is normally purported as a simple pairwise mutualism, increased understanding of the risks and benefits offered to each partner in myrmecochory. 
Because a myrmecochore-produced chemical promotes the growth of an ant-infecting pathogen, ants, during the dispersal process, might be aiding their own pathogens in the ant nest. However, ants are not defenseless against microbial mortality agents and though a pathogen-growth promoting compound is present in myrmecochore seeds, ant survival rates and foraging behaviors were not altered. This suggests that though microbial risks to ants exist in the dispersal process, ants’ own social immunity helps counteract this risk. Nonetheless, future studies examining the effects of other plant secondary compounds on the growth of ant microbial pathogens will help measure the risks presented to ants during the seed dispersal process. This is particularly important as the rewards to ants in myrmecochory are conflicted, which has led some to question the validity of the “mutualism” from the ants’ perspective (Warren et al. 2019). Indeed, as shown here, myrmecochore seed dispersal presents risks to ants because plant-produced chemicals accelerate the growth of an entomopathogen, thereby calling into question if the benefits to ants outweigh the risks in myrmecochory.
Ant nests provide safe locations with reduced fluctuations in plant pathogenic fungi in some nesting environments. My second chapter is the first to directly measure the effects of ant activity on fluctuations in the nest microbiome in different nesting substrates (soil and decaying logs). Increasing or stable ant activity resulted in reduced turnover of the plant pathogenic community in ant nests samples compared to control samples in soil substrates. This pattern was repeated for the myrmecochore pathogen community in log substrates. Based on these results, there is likely an additional benefit offered to seeds brought into the nest in the form of reduced pathogen fluctuations in the ant nest in certain substrates. Furthermore, decreasing ant activity in the nest over time resulted in less turnover in the plant pathogen community in ant nests than in control samples in log substrates. This pattern was again repeated for the myrmecochore pathogen community in soil substrates. Based on these results, seeds left behind in the ant nest might also benefit from reduced fluctuations in pathogen loads in certain substrates. I recommend that future work concentrate on identifying the main chemical components in the glands used for antiseptic behavior in Aphaenogaster ants. These glandular components should then be tested for inhibitory effects on the growth of common plant pathogens. 
Ant handling alters the microbiome associated with seed coats. In my third chapter, I show that ant handling, in general, increases the alpha diversity of the bacterial community and decreases the alpha diversity of the fungal community on the seed coats of three common myrmecochorous plants. More pertinent to the incorporation of microbial mortality agents, however, ant handling and the removal of the elaiosome reduces the alpha diversity of plant pathogenic fungi on the seed coat. This suggests that ants reduce the pathogen load on seed coats, which is perhaps driven by the removal of the elaiosome. Again, I recommend that future studies investigate the effects of ant chemicals on the growth of different plant pathogenic fungi. My work with captive ant colonies in a laboratory setting may have eliminated variables that inform this pathogen system, so future work should also be conducted on the seed coat microbiome in field settings.
Overall, the work presented here illustrates the importance of the consideration of microbial mortality agents in myrmecochory and expands our understanding of this mutualism beyond the typical pairwise framework. As scientists begin to investigate the effects of the ecological community on mutualistic interactions (Bronstein and Barbosa 2002; Palmer et al. 2015), the results presented here could serve as the foundation for incorporating some important community actors (microbes) into what is generally purported as a simple pairwise mutualism between ants and plants. Finally, the incorporation of microbial mortality agents contributes to our understanding of the seed dispersal effectiveness (Schupp 1993; Schupp et al. 2010) of ants. Particularly, reduced plant pathogen loads in the ant nest and on the seed coat post-ant handling suggests high quality of ant-mediated seed dispersal. These results are similar to the benefits offered via pathogen fungal reduction through treatment in the vertebrate gut, also indicating high quality dispersal (Fricke et al. 2013). This qualitative aspect of seed dispersal effectiveness relies on both quality of deposition of the seed (here the ant nest and surrounding soils) and the quality of treatment by the disperser (here the effects of ant handling on the microbiome of the seed). The latter two chapters of my work address both of those aspects respectively. Future work could certainly delve even further into the influence of microbial plant pathogens on the qualitative aspects of ant seed dispersal, perhaps by conducting long-term studies monitoring germination and seedling success of ant handled seeds.
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Shapes of points and color correspond to different treatments: Ant-handled seeds (blue circles),
Control seeds (yellow squares), and No Elaiosome seeds (green triangles). Ellipses represent
standard deviation of the points by treatment. Treatment significantly influences the dissimilarity
of all communities (p$<0.05). Axis labels indicate percentage of overall model variation
explained by that axis.
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