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ABSTRACT

While microbes inhabit a wide array of environments, their ability to live within host tissue and
become tolerated as part of a select microbial community is perhaps one of the most impressive
feats of microbial resilience and survival. Host microbiome establishment and maintenance
requires both host-microbe and microbe-microbe interactions. Among plant hosts, benefits from
associated microbiomes are known to include improved growth, development and resistance to
abiotic and biotic stresses. Mammalian microbiomes are known to improve host digestion,
influence inflammation and even improve immune response to pathogens. While host-associated
microbial communities across all domains of life are incredibly diverse, a growing number of
studies are finding host-specific taxonomic trends, suggesting microbiome conservation and
evolutionary selection. However, we have come to recognize that there is often functional
redundancy between taxa. Therefore, investigative focus on microbiome composition potentially
neglects pivotal and influential microbial players. Shifting focus to function over form creates the
opportunity to tease apart the driving forces of unique microbiome constituents. This allows for
identification of strains and genes of interest as well as microbial selections. To that end, here we
describe the relationships between hosts and microbiomes as well as between microbes in two
vastly different host systems (Figure 1.1). First, we suggest that plant root-associated
Streptomyces isolates harboring genes encoding an enzyme and its co-factor are more tolerant of
phenolic compounds generated by roots. Next, we address the capability of these Streptomyces
isolates to employ their metabolic repertoires to influence the composition of the root microbiome.
Finally, we define a previously under-described role for the gut microbiome in malaria
immunology and suggest that gut microbial composition can modulate the severity of malarial
disease. Together, these findings demonstrate the broad implications of microbiome composition
across diverse hosts and environments, revealing unexplored opportunities for therapeutic

interventions aimed at improving plant and human health.
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CHAPTER ONE - INTRODUCTION



A VERSION OF THIS CHAPTER WAS PREVIOUSLY PUBLISHED

Sarah Stuart Sloan and Sarah L. Lebeis. “Under the influences: effects of distinct biotic

interactions on root microbiomes.” Current Opinion in Plant Biology 26 (2015): 32-36.

Two individuals significantly contributed to this manuscript, Sarah Stuart Chewning (Sloan) and

Sarah L. Lebeis. SSC and SLL both conceived of the topics covered and wrote the manuscript.



I. MICROBIOMES ACROSS HOST SPECIES

Microbiomes are formed when organisms assemble in communities. Often these microbial
communities live in close proximity to, or even within, complex host organisms. Dynamic
relationships develop between hosts and their microbiomes as well as among the microbial
constituents [1]. Generally, maintenance of microbiome stability is fundamentally beneficial to
the host. In addition to protection from biotic stress, microbiomes also extend the host metabolic
repertoire, nutrient acquisition and protection from abiotic stress [2-4]. Included here in describing
host-microbiome and microbe-microbe dynamics are both the microbial organism and their
respective genomes. Recent improvements in sequencing technologies, data analysis techniques,
and study design allow definition of the microbiota and potential functional implications of these
intimate and important relationships with increasing accuracy. Interestingly, microbiome studies
are revealing patterns across various host species, providing valuable insight into microbiome
influence on host development, metabolism, innate immunity, and even pathogen resistance [1, 5-
9]. These patterns are likely multivariate and may suggest evolutionary influences, as well as host
and microbial assemblage pressures [1, 10-14]. While taxonomic characterizations are an essential
foundation, transcriptional and protein community studies are now shedding light on functional
overlaps and drilling down dominant species-specific tasks that may have once been unappreciated

or overlooked.

Regardless of host, most microbiomes are extremely diverse and often differ greatly from the
microbes inhabiting their surrounding environment [15]. Interestingly the concept of a core
microbiome is recognized within various hosts including invertebrates, humans, plants and others
[9, 16-22]. Host selection is known to play a key role in selection of this core, with the host
immune system being a fundamental component of selective pressure, employing a variety of host-
specific immune strategies influential in shaping the microbiome [23-25]. For example, when
infected with a pathogen, the model plant Arabidopsis thaliana alters its root microbiome to
selectively incorporate disease-suppressive and growth-promoting microbes [26]. Similarly,
microbes in the gut can control pathogens by preferentially altering the environment via consuming
nutrients the pathogen needs to replicate and survive [27]. In general, microbiome disruption can

lead to dysbiosis and ultimately pathogenesis [28]. However, in addition to the microbiome,
3



homeostasis is reliant on host genetics and the environment, which can be disrupted by alteration
of even one host gene [16]. Studies of germ-free animals demonstrate host microbiome importance
for health and wellness including immune development [29, 30]. As we continue to gain insights
into the complexities of microbiomes, the delicate yet resilient relationships between hosts, their

microbiomes and microbes themselves become ever more evident.

Importantly, the stable host genome is off-set by the rapid evolutionary capability of the inhabiting
microbial genomes. While potentially risky, the perceived host benefit must outweigh the
inevitable risk of microbial evolution to pathogenicity. As microbiomes can assemble with and
without hosts, assimilation and maintenance with plants and animals suggests mutual benefit [2-
4, 31]. Although assemblage patterns are evident and resulting core microbiomes have been
identified, the importance of individual taxa cannot be overlooked [15]. Interestingly, as yet,
substantial taxonomic overlaps between plant roots and the mammalian gut have not been
identified [3]. However, when microbiomes from diverse environments, including plants, were
introduced into the guts of germ-free mice, the microbes successfully established residency and
competed [32], suggesting the potential for discovery of common taxa. It is also essential to
recognize that in general, taxonomic abundance does not necessarily correlate with functional
influence. In fact, transient or rare microbiome taxa sometimes disproportionately influence their

host [33].

In summary, microbiome assemblage requires host and microbe tolerance and energy, which
transcends to which domain of life the host belongs [1, 3, 15]. The host immune system must
tolerate non-self and microbiome members must tolerate one another. In many cases, the
relationships between a host and its microbiome are crucial for hosts to thrive [11, 34]. In other
cases, bacterial dysbiosis is associated with a variety of disease and immune complications [35-
39]. Microbiomes have been implicated in modulating host immune responses [19, 24, 40-45] and
inclusion or exclusion of certain taxa within the microbiome can influence disease severity in
mammals [41, 46, 47] and plants [2, 39]. Despite host and environmental pressures, microbial
assemblages that have survived, thrived and evolved to become paramount in many domains of

life, leading to the suggestion of the holobiont [16]. Thus, definition of general microbiome traits,



including composition and function are necessary for identification of knowledge gaps and

potential areas for investigation.

I. THE PLANT ROOT MICROBIOME

Root microbiomes are formed from diverse microbial soil surroundings with extraordinary
uniformity, suggesting consistent mechanisms of community assembly. Complex soil
communities house incredible potential for agricultural application and are known to contribute to
plant health and protection [48]. Strategies to harness this potential with minimal environmental
impact are underway [49-51]. In addition to expanding our understanding of microbiome
establishment from complex soil communities, collections of plant-specific microbiomes are being
established by laboratories across the world with varying goals for elucidating their forms and
function [31, 50, 52-55]. Comparing datasets provides powerful insights into the overlap of plant
microbiomes, as well as the impacts of surrounding plants and microbes on root microbiomes and

long-term soil conditioning.

The relationship between a plant and its microbiome may promote plant productivity by improving
accessibility to nutrients, producing plant growth stimulating factors, outcompeting invading
pathogens, and inducing protection against infection and various abiotic stresses [2, 3, 26, 56].
Only particular taxa are assembled and maintained within the phyllosphere (above-ground plant
tissue), rhizosphere (surrounding the root) and root microbiomes. While there are overlaps, these
plant fractions are known to house distinct sets of microbes [2, 57-59]. The composition of the
whole (internal and closely adhering) root microbiome is influenced by various biotic interactions,
but of particular interest here is its relevance to plant-microbe and microbe-microbe relationships
(Figure 1.1). Here we specifically address how recent studies tease apart the impact of these biotic

interactions on plant root microbiome composition.

Plant-microbe interactions

While whole root microbiomes impact plant ecology with both negative feedback from plant
pathogens and positive feedback from beneficial microbes, plants condition the soil microbiota

[60, 61]. In fact, the pathogens of seasonal crops grown in monoculture fields are among the
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considerations used to decide which crops will be in rotation with each other [60]. Specifically,
pea and oat are often used as break crops in rotation schemes to promote yield of crops such as
wheat [62]. When the rhizosphere communities of these three crops were examined in a common
soil, it was revealed that both pea and oat appeared to exert strong selection on eukaryotic
microbial communities [63]. Conversely, it has been suggested that plants can act as master
manipulators, modulating microbial behaviors to their advantage [64, 65], and further that plant
selection of co-residents can be influenced by “metabolic complementation,” in which plants may

search for organisms that selectively supplement their carbon and nutrient profiles [58].

Unique plant root exudate profiles result in preferential selection of microbial partners and the
formation of “biased rhizospheres” [66], with both positive (e.g. carbon sources) and negative
rhizosphere inputs (e.g. root antimicrobials). Thus, metagenomic studies in rice found that
endophytic root bacteria contain several groups of genes involved in: motility, plant polymer
degradation, iron acquisition (e.g. siderophores), quorum-sensing, and detoxification of reactive
oxygen species [67]. This targeted utilization of natural rhizosphere ecology has proven valuable
in bio-energy, agriculture and bio-energy [68] potentially altering critical plant phenotypes.
Hence, when rhizospheres were selected over ten generations in 4. thaliana, promotion of either
early or late flowering time was observed [69]. This control over plant traits was even transferable
by inoculating other genotypes with the microbiome [69], highlighting the tight interaction of plant
and microbe adaptation. In addition, plant immune system inducing beneficial microbes were
shown to stimulate the plant transcription factor MYB72, resulting in the production of coumarins,
a class of phenolic compounds that include scopoletin, which was shown to influence microbiome
composition [70]. Further, a root exudate and microbiome assembly study in the grass Avena
barbata demonstrated metabolic harmony between root exudates and microbiome uptake,
suggesting a mechanism for rhizosphere microbiome assembly [71]. Attracting preferred bacteria,
fungi and other microbes to the host root is largely influenced by the plant root itself via release
of volatiles and other metabolites [72]. Plant-mediated regulation of exudates such as malic acid
and flavonoids were shown to recruit bacterial species capable of helping plants tolerate
environmental stress [73, 74]. To better understand the dynamics of these relationships, time

course studies have been carried out that connect changes in A. thaliana rhizosphere communities



at four developmental stages with differences in the composition of root exudates at those times,
especially sugars and phenolic compounds [75, 76]. Additional work to weave together the
mechanisms and intricate relationships between individual root exudates to control rhizosphere

community formation will require further understanding of plant-microbe interactions.

Realization of common immune targets for extraordinarily diverse plant pathogen effectors [77,
78] facilitated a parsed and often targeted approach to understanding plant-microbe interactions.
Rhizobia, nitrogen-fixing soil microbes that commonly associate with plant roots, are known to
use type 3 secreted effector (T3E) proteins to promote establishment of plant beneficial nitrogen-
fixing nodules and suppress the plant immune response [79]. Interestingly, T3Es are also used by
pathogenic microbes, but for infection, not establishment of beneficial relationships [79]. While
there is a need to explore host-beneficial and host-pathogen interactions concordantly [80], there
is strong evidence that both beneficial and pathogenic microbes can activate a number of plant
immune responses, including: programmed cell death, cell wall thickening, antimicrobial
compound expression, reactive oxygen species generation, and defense phytohormones production
individually [81, 82]. Plant hormonal modulators that integrate induction of immune system output
responses [83] such as salicylic acid-jasomonic acid crosstalk often a common target to facilitate

colonization.

As obligate mutualistic biotrophs, arbuscular mycorrhizal (AM) fungi are reliant on plant hosts for
survival while plants can gain fitness benefits from the cortical invasion [84]. In order for the plant-
mycorrhizal relationship to become established, either the plant immune system must adapt to
colonization or the fungus must evade or modify the inevitable host immune attack during and
post-colonization [84]. Symbiosis is most often achieved via modulation of the host immune
response, first with initiation of microbe-associated molecular pattern (MAMP) triggered
immunity (MTI) [85], then with defense-related gene suppression. Recent studies suggest that
alteration of MAMP-triggered defense-related phytohormone synthesis is essential to allow
establishment of AM symbioses [86]. Specifically, salicylic acid (SA) and jasmonic acid (JA),
known antagonistic plant defenders, are dynamically regulated to achieve colonization [72, §3,

84]. A phytohormone with both beneficial and detrimental effects, stringlolactone (SL), is



important in AM colonization and is also known to cue parasitic plants and increase susceptibility
to pathogenic fungi and bacteria [87]. Other mechanisms involve utilization of host enzymes, such
as chitinases to remodel fungal cell walls to allow for symbiont establishment [88]. Glomus
intraradices, an AM colonizer, secretes specific effector proteins, such as SP7, which directly
interferes with the transcription factor ERF19, leading to suppression of effector-triggered genes
to allow colonization [89]. The molecular crosstalk of host and symbiont illustrate the importance

of this evolutionarily driven relationship.

Following colonization, beneficial microbes can also induce immune “priming”, which refers to
acceleration of subsequent defense responses to pathogens [90], even in distal tissues. Thus,
protective rhizobacteria trigger induced systemic resistance (ISR) and AM can produce
mycorrhizal induced resistance (MIR) [84, 85]. In addition, the discovery of mycorrhizae helper
bacteria (MHB), demonstrates the ability of select Pseudomonas strains to aid in mycorrhizal
colonization, seemingly benefitting the host plant, fungus and bacteria [91]. Specific MHB are
known to protect from pathogens, aid in nutrient acquisition and assist with nitrogen fixation [92].
Also significant in mediating the plant-microbe relationship is systemic induced susceptibility
(SIS) [93]. Prior plant infection with a pathogenic strain of Pseudomonas, P. syringae, results in
SIS to a species of moth larva [93]. Together, these findings suggest that certain bacterial strains
can be beneficially selected for plant inoculation, subsequent mycorrhizae establishment, and
result in improved host competition [91], or manipulated for pathogenic infection [93],
highlighting the integration of immune suppression and priming by AM in mutualistic

relationships.

Interestingly, a recent survey of global fungal diversity revealed that plant and fungal diversity
could not be directly correlated [94]. Another study found that while alpha diversity, or the number
of types of archaeal, bacterial, and fungal species within samples did not correlate with plant alpha
diversity, plant beta diversity, or the comparison of types of microbes between samples, was
significantly correlated with bacterial and fungal beta diversity [95]. The ancient symbiotic
relationship between plants and microbes reveals that plants and fungi have long shared biological

niches, suggesting plants engage in careful and intentional selection of their microbial partners.



Microbe-microbe interactions

Simultaneously exploring fungal, archaeal, and bacterial root microbiome composition through
genomic profiles can allow for further understanding of the most effective methods for
distinguishing microbial life, niches in which organisms live and grow, host benefit or detriment,
and general ecological diversity indices. For these reasons, Shakya et al. [96] compared
metagenomic and gene-specific techniques for identification of mixed synthetic archaeal/bacterial
communities and found that metagenomic data were more representative than amplicon
sequencing by both 454 and Illumina technology [96]. This idea has also been demonstrated with
the uncoupling of fungal and microbe diversity from the predictive indicators host species and soil
origin. Multiplex 454 amplicon sequencing of four loci from three unique plant species grown in
soils from three exclusive geographic sites revealed that fungal community composition is more
influenced by soil rather than plant host species whereas the inverse is true for bacterial community
composition [97]. Further, microbial gene dynamics (i.e. loss, lateral transfer, etc.) have also been
identified as a driver of microbiome contouring [98], demonstrating another mechanisms microbes

may use to influence other members of root microbiomes.

While understanding colonization by a single microbe is helpful in deciphering colonization and
functional root microbiome mechanisms, such relationships do not depict environmentally
relevant scenarios. A comparison of plants colonized with Streptomyces mixtures of 1-, 4-, 8-, or
16-species revealed bacterial co-associations unique to individual plant species [64]. An additional
strategy examines co-association matrices; these studies are capable of eliminating the inherent
noise of relative abundance amplicon census surveys, since they require microbes to be present in
multiple samples for a co-occurrence to be identified [54, 64, 99]. Community-level co-association
studies have been successfully applied to human microbiota to show that dominate commensal
bacteria likely compete with each other, while potential pathogens might co-occur, possibly due
to habitat sharing [ 100]. A similar approach was used to examine the composition of the rhizoplane
and root endosphere of lettuce cultivars [54]. In this case, more positive interactions were revealed
than negative interactions. In fact, only a single negative interaction between Streptomycetaceae
and Acidobacteriaceae was discovered [54]. Streptomycetaceae, which belongs to the order

Actinomycetales, is commonly enriched in root endosphere (within root) compared to rhizosphere
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and surrounding soil, while Acidobacteria is depleted in 4. thaliana and other Brassicaeceae grown
in diverse soils [18, 19, 101]. A study of the maize root microbiome used a novel approach to
identify Entrobacter cloacae as a keystone species and further describe specific community
assembly mechanisms via selective removal of individual strains [102]. A genomic approach to
exploring selection pressures among a variety of Actinobacteria genera revealed different
evolutionary rates in secretory protein gene evolution between species, suggesting a ‘genetic
marker’ indicative of host tolerance [103]. Together these data potentially highlight a specific root
microbiome control mechanism used by Streptomycetaceae and other Actinobacteria to exclude

microbes from the root endosphere.

Among the positive interactions between microbiota in the lettuce root tissue, many existed
between closely related taxa [54]. The validation for these findings was performed using
fluorescent in situ hybridization (FISH), and two major observations were made: 1) mixed colonies
on the surface of the root, indicating possible symbiosis between the microbes and 2) segregated
colonies in close proximity, suggesting habitat sharing [54]. These studies demonstrate that models
based on census data can be validated and provide additional insight into how microbes might

inhibit or promote co-resident microbe growth in the root microbiome.

II. THE MAMMALIAN GUT MICROBIOME

Genes comprising the human microbiome and other mammals are known to exponentially
outnumber those of its hosts [ 104]. Therefore, not surprisingly, the trillions of cells housing these
genes perform functions critical for human life. Countless organisms assemble and inhabit various
mammalian body structures and organs [4, 30]. Like plants, mammalian microbiomes have been
implicated in a number of essential functions, including nutrient acquisition and metabolism,
protection from pathogens, and protection from abiotic stress (Figure 1.1) [3]. The gut microbiome
has been linked to many of these functions, with likely the most studied being that of immune
modulation and development of disease [4]. As has been described in plant microbiome dynamics
via systemic induced susceptibility, individual gut microbes, and even a distinct microbial genes,
can lead to problematic vulnerabilities and shifts [105]. In contrast, inflammation in the

mammalian gut microbiome can be reduced by altering the metabolic potential of a single family
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via introduction of a specific cofactor [106]. Thus, the host immune-gut commensal balance is
critical to maintain homeostasis. A recent study of long-term drivers of mammalian gut microbial
composition found that host phylogeny was predictive of more recent bacterial lineages, while host
dietary shift predicted acquisition of ancient bacterial clades [107]. Interestingly, this study found
distinct older clades associated with herbivory as opposed to more recent clades linked with
carnivory [107]. These findings prompt questions about the implications of these shifts on host
health and, in particular host immune adaptation to the introduction of new bacterial clades. The
human microbiome project has characterized common gut microbiome taxa [104] and other studies
have explored dysbiosis and its implications on a variety of gastrointestinal diseases [106, 108,
109]. Continuously, new studies are emerging exploring links between the gut microbiome and

diseases, either chronic or infectious.

The mammalian gut microbiome is known to be an influential determinant in various physiological
and disease outcomes, including liver diseases [38] irritable bowel disorders [110], osteoporosis
[111], obesity [112], allergy/asthma [113], influenza [114], and even malaria [46]. Gut dysbiosis
has been implicated in many of these diseases, including identification of specific taxa found to be
either protective or contributory. Furthermore, probiotics, consisting of one or various
combinations of bacterial isolates, continue to be studied for their therapeutic potential with
promising and ever evolving findings [30, 115]. In many cases, mechanisms remain unknown,
but recent studies are beginning to reveal potential disease-contributory and protective

mechanisms between isolates and the host immune system [4].

Chronic diseases

As the population grows and ages, long term illness afflicts a greater proportion of these
individuals, opening the door for identification of opportunities to harness the power of the gut
microbiome for intervention and prevention. It is known that genes responsible for gut
development and immunity influence the composition of the gut microbiome [116]. In alignment
with the concept of symbiotic plant-microbe co-evolution [16], the human body is considered a
holobiont in which its microbiomes, and thus including the gut microbiome, function as one unit,

with neither the microbes nor gut functioning autonomously [20]. Therefore not surprisingly, the
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gut microbiome is established immediately following birth and continues to adapt and change
according to varying environmental stimuli, stresses and host diet [20]. Considering its early
establishment and therefore potential for longitudinal impact, it is essential we understand
connections between the gut microbiome and progression to chronic disease. Several select

chronic diseases with known links to gut microbiome dynamics are addressed here.

Crohn’s disease and other inflammatory diseases of the intestinal tract are known to be associated
with gut dysbiosis [106, 117]. While these are likely among the most studied diseases linked with
gut dysbiosis, the inherent complexities of the gut-microbe system leave room for further
exploration and development of effective interventions. Depletion of commensal taxa from the
phyla Bacteroidetes and Firmicutes has long been associated with various disease states, and
inflammatory bowel diseases (IBD) in particular [117]. Interestingly, as compared to plants,
addition of members from the Actinobacteria and Proteobacteria phyla is associated with IBD risk
[116]. Individual genes and immune proteins/processes have been identified as regulators of IBD.
For example, mice lacking nod2, a gene involved in innate immune regulation, are more
susceptible to IBD, and specifically Crohn’s disease [118]. In addition, recent study of the gut
microbiome and the innate immune signaling complex, NLRP6 found that plant-derived flavones,
and specifically apigenin, is protective against colitis via apigenin-mediated modulation of gut
microbe inflammation and proliferation [119]. Interestingly, our prior understanding of the
concurrence of general dysbiosis and IBD pathology expanded to include more targeted volatile
disruptive events. Recent studies of dysbiosis and inflammatory bowel disease (IBD) found that
IBD is characterized by abnormal violent fluctuations of the gut microbiome, rather than general
dysbiosis [109, 120]. A longitudinal cohort study of clinical data from 29 IBD patients and healthy
individuals allowed for statistical establishment of a healthy gut microbiome plane (HP) [120].
IBD patients sporadically, but sometimes drastically, deviated from the HP, further informing gut
microbiome-disease dynamics [120]. Overall, complex dynamics regulate the host gut
microbiome and potential IBDs, with host genetic variations becoming increasingly significant
[116]. However, our expanding knowledge has proven incredibly useful in treatment and

therapeutic interventions.
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While it is not surprising that the gut microbiome plays an essential role in modulating localized
infections and pathology, increasingly evident is the influence of the gut microbiome in distal
pathologies. It is thought that microbiome-derived metabolites like short chain fatty acids
(SCFAs), such as butyrate, play an essential role in signaling to these sites [121]. One example of
this is lung disease. Study of the gut-lung axis is newly emerging, but thus far, trends strongly
suggest that gut microbiota extend their metabolic reach to the lung [37, 121, 122]. Specifically,
a recent review describes the role of SCFAs originating in the gut microbiota, as stimulators of
signaling to immune cells essential in protection from lung and airway inflammation [123].
Similarly, Gray et al. described the importance of the exposure of neonatal mice to commensal
microbes for lung mucosal immunity development and protection against various infections [124].
A recent study of pneumonia in newborns implicates the importance of the gut microbiome in
establishing mucosal lung immunity [125]. Several of these studies are summarized in a new
review of the gut-lung axis that describes a shared mucosal immune system in which signals are
transmitted from gut microbiota to the lungs and airways, resulting in immune modulation,
response and largely protective phenotypes [126]. While there is still much to be explored, new
studies are defining the roles of specific metabolite and genes involved in signaling and

development of mucosal immunity [121].

Finally, of recent interest is the connection between the gut microbiome and osteoporosis. Studies
describing the impacts of gut composition on bone health are beginning to take shape and mounting
evidence suggests the importance of intestinal microbes and post-menopausal osteoporosis (PMO)
[111]. In fact, it is know that the gut microbiome is responsible for bone physiology, with SCFAs
essential in immune signaling and promotion of bone formation and resorption [121]. SCFAs are
thought to influence proteins involved in calcium absorption [111]. Beyond PMO, links between
healthy bone formation and the gut microbiome are emerging. Bone formation is influenced by
the production of insulin-like growth factor 1 (IGF-1), a hormone known for involvement in
skeletal formation [127, 128]. Specifically, gut microbiome colonization is correlated with IGF-1
production and was found to be directly associated with SCFA availability [129]. These studies
provide valuable opportunities for probiotic and other therapeutic interventions. In particular,

highlighted here are the complexities of mammalian physiology and the interwoven dependencies
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of the gut microbiome across systems. Of particular interest and common to many of the diseases

described is the necessity for gut microbiome metabolites in distal immune response.

Infectious diseases

Infectious diseases are highly studied and use a variety of animal models and systems. The
opportunities to study the role of the gut microbiome in infectious pathologies are broad and
ongoing. Multitudes of data exist in many facets of immunology describing these phenotypes.
Despite the abundance of data, new niches are being explored, leading to valuable insights and
therapies. As in plants, protection from pathogens is among the most valuable of the benefits from
host-microbe assimilation. Described here are examples of a viral, bacteria and parasitic infection
whose severity or infectivity is modulated in some way by the gut microbiome, the final example,

malaria, will be described fully in Chapter I'V.

Influenza is a serious viral respiratory infection, causing annual morbidity and mortality involving
3 to 5 million people. Immunologic studies of mice treated with a broad spectrum antibiotic
cocktail in their drinking water demonstrated the significance of the gut microbiome in mediating
infection from influenza [130]. mRNA expression of TLR7, an innate immune receptor important
in recognizing viruses and expressing pro-inflammatory cytokines, was decreased in mice treated
with the broad spectrum antibiotic neomycin, suggesting the importance of the gut microbiome in
effective pulmonary immune function [131]. Additionally, various sets of immune modulated,
compromised and specific pathogen free (SPF) mice were shown to develop incomplete immunity
when administered seasonal influenza vaccine [132]. This was discovered to be a result of
decreased TLRS expression, an innate immune receptor essential to bacterial flagellin recognition.
In summary, commensal gut microbes activated the TLRS5 pathway, resulting in reduced
immunoglobulin G (IgG) and IgM antibody responses, and therefore incomplete protection from
influenza virus [132]. Together, these studies demonstrate the significance of the gut microbiome
on a specific respiratory pathogen and suggest a role for therapies resulting in minimal gut

disturbance, and careful administration of vaccines post antibiotic treatments.
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Nosocomial infections with Clostridium difficile ravage immunocompromised patients, with
significant detrimental outcomes, including spread of infection to other patients and increased
morbidity and mortality. The infection is most often associated with antibiotic treatment in
combination with hospitalization. Controlling these infections is essential to improving outcomes
for hospitalized and other patients. While part of the normal gut flora, C. difficile can become
problematic during gut dysbiosis [133-135]. Importantly, presence and absence of select taxa are
known to be influential in C. difficile infection [136, 137], and profiling of the gut microbiome
vial6S rRNA gene sequencing has shed light on distinct strains of the bacterium associated with
varying pathologies and risks for initial and reinfection [138] Evidence suggests that the cause of
significant infection and inability of the immune system to adequately control the infection is
related to the absence of key gut metabolites and bacterial components important in stimulating
immune function [134]. Some of these include SCFAs and a variety of other nutrients [133].
Modulation of the gut taxa allowing exploitation by C. difficile can be devastating, and therapies
to prevent and control infection are continuously emerging. Among the most controversial of these
is fecal microbiota transplant (FMT). Mounting evidence lauds the benefits of recolonization, but

additional studies are needed to fully explore the options for effective and simulated FMT [139].

Parasitic infections plague much of the population, particularly in the developing world, with
Plasmodium infection, which causes malaria, being a very significant public health burden. There
are few studies of the gut microbiome and malaria infections, but newer studies have described
associations between decreased severity of malarial illness and specific taxa, such as
Bifidobacterium, Streptococcus, and Lactobacillus, and even specific strains such as Eshcheria
coli O86:B7 [46, 140]. Interestingly, Plasmodium and E. coli O86:B7 both stimulate production
of the same antibody, therefore inducing cross-reactivity [135, 141, 142]. Generally, many studies
suggest that the host immune system and gut microbiome insight corollary efforts to mediate the
parasitic infection. A recent review of the gut microbiome’s influence on malarial illness found
trends consistent with Plasmodium’s ability to reversibly alter the composition of the gut
microbiome [142]. Fundamental dynamics of malarial infection makes identification of any one
mechanism of this relationship difficult to tease out. Mammalian Plasmodium infection is

multivariate, and the immune system is stimulated to regulate multiple malarial antigens at varying
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Figure 4.S14. Gating strategy for T cell and B cell populations in Jax and NCI mice

infected with P. yoelii.

Jax and NCI mice were infected with P. yoelii. Representative contour plots and histograms are
from day 21-post infection. (A) Representative contour plots and histograms showing gating
strategy of CD45.2+ cells. (B) Representative contour plots showing gating strategy for T cell
subsets: CD4+ T cells, P. yoelii-specific CD4+ T cells (CD4+CD49dhiCD1 lahi), and T follicular

helper (Tfh) cells (CD4+ CD44hiCXCR5+PD-1+). (C) Total number of CD4+ cells per spleen.
(D) Representative contour plots and histograms showing gating strategy of B cell subsets: CD19+
B cells and GC B cells (CD19+GL7+CD95+). (E) Total number of CD19+ cells per spleen. Data
(mean+£S.E.) are cumulative results (n=5-10 mice/data point) from three experiments. Data were

analyzed by unpaired two-tailed ¢ test. * p<0.05, **** p<0.0001.
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Sample

ID Mouse Region | Resistant? S N d J' H'(log10) 1/A
H_4612 Har DSI N 85 103,055 7.28 0.25 0.48 0.52
H_4613 Har Cecum N 85 191,572 6.91 0.51 0.99 0.82
H_4614 Har Colon N 88 246,215 7.01 0.44 0.85 0.69
H_4622 Har DSI N 95 26,498 9.23 0.47 0.93 0.79
H_4623 Har Cecum N 77 144,414 6.40 0.51 0.97 0.78
H_4624 Har Colon N 123 140,969 10.29 0.49 1.03 0.77
H_4632 Har DSI N 94 22,480 9.28 0.49 0.96 0.82
H_4633 Har Cecum N 85 310,706 6.64 0.54 1.05 0.84
H_4634 Har Colon N 82 63,897 7.32 0.60 1.14 0.89
H_4712 Har DSI N 56 1,534 7.50 0.58 1.01 0.81
H_4713 Har Cecum N 89 299,579 6.98 0.47 0.92 0.79
H_4714 Har Colon N 80 188,189 6.50 0.48 0.91 0.79
H_4722 Har DSI N 63 44,509 5.79 0.27 0.49 0.50
H_4723 Har Cecum N 82 188,386 6.67 0.48 0.91 0.78
H_4724 Har Colon N 88 335,328 6.84 0.46 0.90 0.78
H_4732 Har DSI N 72 41,215 6.68 0.28 0.52 0.46
H_4733 Har Cecum N 74 168,137 6.07 0.51 0.96 0.81
H_4734 Har Colon N 84 215,138 6.76 0.50 0.97 0.80
J_4612 Jax DSI Y 58 10,220 6.17 0.50 0.89 0.76
J_4613 Jax Cecum Y 83 212,544 6.68 0.50 0.96 0.82
J_4614 Jax Colon Y 109 144,423 9.09 0.45 0.92 0.76
J_4622 Jax DSI Y 69 6,396 7.76 0.53 0.97 0.78
J_4623 Jax Cecum Y 74 290,135 5.80 0.50 0.94 0.81
J_4624 Jax Colon Y 87 171,168 7.14 0.53 1.03 0.85
J_4632 Jax DSI Y 78 32,429 7.41 0.32 0.61 0.53
J_4633 Jax Cecum Y 73 163,210 6.00 0.54 1.00 0.84
J_4634 Jax Colon Y 74 38,128 6.92 0.44 0.82 0.68
J_4712 Jax DSI Y 66 141,766 5.48 0.45 0.82 0.72
J_4713 Jax Cecum Y 98 147,576 8.15 0.51 1.02 0.84
J_4714 Jax Colon Y 91 97,286 7.84 0.50 0.98 0.79
J_4722 Jax DSI Y 77 17,265 7.79 0.46 0.87 0.73
)_4723 Jax Cecum Y 73 128,780 6.12 0.45 0.84 0.75
)_4724 Jax Colon Y 81 149,433 6.71 0.50 0.96 0.81
J_4732 Jax DSI Y 69 17,351 6.97 0.24 0.44 0.35
J_4733 Jax Cecum Y 71 176,751 5.79 0.53 0.98 0.81
J_4734 Jax Colon Y 70 83,812 6.09 0.27 0.49 0.40
N_4612 NCI DSI N 78 5,862 8.87 0.57 1.08 0.81
N_4613 NCI Cecum N 81 153,710 6.70 0.48 0.91 0.75

Figure 4.S15. Sequencing and diversity metrics from Jax, Har, NCI, and Tac mice.

Total number of sequences from all samples = 8,665,599. S = species richness; N = number of
sequences; d = Margalef species richness; J° = Pielou’s evenness; H> = Shannon index; 1/A =

Inverse Simpson.

166



Sample

ID Mouse Region | Resistant? S N d ) H'(log10) 1/A
N_4614 NCI Colon N 73 60,882 6.54 0.53 0.99 0.83
N_4622 NCI DSl N 129 32,346 12.33 0.57 1.20 0.90
N_4623 NCI Cecum N 92 196,467 7.47 0.51 1.01 0.83
N_4624 NCI Colon N 88 155,236 7.28 0.53 1.02 0.84
N_4632 NCI DSI N 80 6,446 9.01 0.47 0.90 0.72
N_4633 NCI Cecum N 82 160,507 6.76 0.50 0.96 0.78
N_4634 NCI Colon N 85 170,630 6.97 0.47 0.91 0.79
N_4712 NCI DSI N 83 140,322 6.92 0.33 0.63 0.70
N_4713 NCI Cecum N 87 134,246 7.28 0.46 0.89 0.77
N_4714 NCI Colon N 149 148,733 12.43 0.39 0.84 0.61
N_4722 NCI DSI N 67 7,778 7.37 0.34 0.63 0.51
N_4723 NCI Cecum N 78 196,757 6.32 0.53 1.01 0.84
N_4724 NCI Colon N 76 219,072 6.10 0.57 1.07 0.87
N_4732 NCI DSI N 75 54,099 6.79 0.37 0.69 0.73
N_4733 NCI Cecum N 76 346,990 5.88 0.52 0.97 0.83
N_4734 NCI Colon N 77 170,635 6.31 0.48 0.90 0.75
T_4612 Tac DSI Y 72 10,268 7.69 0.41 0.77 0.62
T_4613 Tac Cecum Y 82 129,923 6.88 0.50 0.95 0.79
T_4614 Tac Colon Y 89 119,367 7.53 0.46 0.90 0.73
T_4622 Tac DSI Y 71 3,309 8.64 0.62 1.15 0.84
T_4623 Tac Cecum Y 80 160,273 6.59 0.49 0.94 0.77
T_4624 Tac Colon Y 77 137,109 6.43 0.52 0.98 0.82
T_4632 Tac DSI Y 68 1,852 8.90 0.76 1.38 0.93
T_4633 Tac Cecum Y 85 176,059 6.95 0.49 0.94 0.80
T_4634 Tac Colon Y 44 8,525 4.75 0.56 0.92 0.78
T_4712 Tac DSI Y 92 5,302 10.61 0.71 1.39 0.93
T_4713 Tac Cecum Y 140 165,425 11.57 0.43 0.93 0.71
T_4714 Tac Colon Y 81 147,027 6.72 0.46 0.88 0.76
T_4722 Tac DSI Y 57 2,676 7.10 0.60 1.05 0.80
T_4723 Tac Cecum Y 83 129,267 6.97 0.46 0.89 0.72
T_4724 Tac Colon Y 88 90,087 7.63 0.55 1.06 0.87
T_4732 Tac DSI Y 50 1,385 6.77 0.70 1.18 0.86
T_4733 Tac Cecum Y 68 130,609 5.69 0.49 0.90 0.74
T_4734 Tac Colon Y 90 125,924 7.58 0.46 0.90 0.74

Figure 4.S15. Continued
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Small Intestine

Jax Variability NCI Variability
Variate 1 Variate 2 Variate 1 Variate 2
3.84 5.23 6.90 10.86

Jax — NCI Variability

Variate 1 Y
Avg. Distance 10.03 1.72
p-value 0.000269 0.411425
Cecum
Jax Variability NCI Variability
Variate 1 Variate 2 Variate 1 Variate 2
3.03 12.35 2.32 11.47

Jax — NCI Variability
Variate 1 Variate 2

Avg. Distance 9.12 1.76
p value 0.000145 0.629464
Plasma
Jax Variability NCI Variability
Variate 1 Variate 2 Variate 1 Variate 2
4.93 9.08 3.34 11.71

Jax — NCI Variability
Variate 1 Variate 2
Avg. Distance 8.23 2.36
p value 0.000104 0.432392

Figure 4.S16. Variability in each sample type for PLS-DA.

For each sample type, the intra condition distance between the extreme values in each dimension
are listed. Comparison is also shown for the distance between the average of the points for each
condition in each dimension. Additionally, the p values are shown for the inter conditional
comparison. Results show a high level of significance between the Jax and NCI samples in the

variate 1 dimension.
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Jax NCI

Metabolite Average RSD (%) | Average RSD (%)
lactate 1.12E+07 33.2 | 1.82E+07 43.1
succinate 4.01E+06 22.6 | 5.72E+06 16.7
valine 1.02E+05 72.0 | 3.22E+05 47.7
nicotinamide N.D. N.D. | 4.39E+03 N.D.
nicotinate 1.43E+05 83.0 | 1.51E+05 59.7
Taurine 2.32E+06 37.0 | 3.05E+06 39.2
hydroxyproline 7.51E+05 41.3 | 1.63E+06 26.4
leucine/isoleucine 7.75E+05 44.8 | 1.66E+06 31.3
asparagine 6.12E+05 42.4 | 6.67E+05 84.4
malate 3.44E+06 34.3 | 4.46E+06 37.6
anthranilate 1.05E+05 61.0 | 7.04E+04 47.8
Imidazoleacetic acid 1.43E+05 22.2 | 1.08E+05 53.7
a-ketoglutarate 3.46E+08 56.0 | 2.18E+08 43.5
glutamine 1.09E+08 106.2 | 2.07E+08 79.6
lysine 3.10E+07 48.0 | 9.79E+07 451
glutamate 4.94E+09 43.4 | 7.34E+09 31.7
2-oxo-4-methylthiobutanoate 1.27E+06 69.1 | 1.02E+06 50.7
2-Hydroxy-2-methylbutanedioic acid 1.58E+08 31.7 | 2.23E+08 31.4
methionine 1.77E+08 36.8 | 4.47E+08 45.0
3-methylphenylacetic acid 4.06E+06 44.7 | 2.18E+07 60.5
guanine 4.10E+06 49.4 | 1.44E+06 56.7
xanthine 1.83E+08 31.5 | 4.28E+08 46.4
Hydroxyphenylacetic acid 1.61E+06 14.6 | 1.61E+06 22.8
2,3-dihydroxybenzoic acid 6.52E+07 46.5 | 6.37E+07 75.5
histidine 3.83E+07 50.3 | 8.95E+07 39.5
orotate 2.28E+07 94.4 | 1.31E+07 114.1
dihydroorotate 2.80E+06 74.7 | 2.85E+06 83.9
allantoin 8.37E+07 46.2 | 7.90E+07 48.5
Indole-3-carboxylic acid 3.09E+06 22.6 | 1.19E+06 42.0
phenylpyruvate 2.40E+07 66.8 | 4.17E+07 39.2
methionine sulfoxide 2.90E+06 27.9 | 417E+06 41.5
phenylalanine 8.78E+08 16.8 | 1.72E+09 26.0
Phenyllactic acid 1.09E+07 81.1 | 1.73E+07 39.5
quinolinate 8.94E+07 110.6 | 3.48E+07 54.3
N-Acetyltaurine 4.74E+08 25.8 | 1.75E+08 22.0
phosphoenolpyruvate 4.22E+06 116.7 | 1.20E+06 41.5
uric acid 2.79E+08 20.5 | 6.48E+08 41.2
cysteate 3.12E+06 38.3 | 5.83E+06 52.9
1-Methyl-Histidine 5.14E+05 69.6 | 4.27E+05 54.7
Sulfolactate 5.32E+07 29.3 | 8.83E+07 67.5
dihydroxy-acetone-phosphate 1.52E+08 93.8 | 1.18E+08 57.8
sn-glycerol-3-phosphate 3.80E+09 41.0 | 2.74E+09 21.3
aconitate 1.52E+08 53.2 | 1.35E+08 28.7
N-acetyl-L-ornithine 7.59E+06 32.6 | 2.01E+07 34.6
arginine 7.78E+07 47.5 | 2.04E+08 39.3
citrulline 8.51E+06 37.7 | 1.56E+07 35.0
ascorbic acid 4.94E+09 60.1 | 5.38E+09 47.9
N-carbamoyl-L-aspartate 1.16E+07 66.5 | 1.89E+07 73.5

Figure 4.S17. Average small intestine metabolite ion counts and relative standard
deviations (RSD) for Jax (n=5) and NCI (n=5) mice.
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Jax NCI

Metabolite Average RSD (%) \ Average RSD (%)
allantoate 9.06E+06 63.4 | 4.25E+06 62.4
2-Isopropylmalic acid 3.92E+06 32.1 | 7.89E+06 80.7
glucono-1,5-lactone 5.72E+08 56.8 | 4.60E+08 47.5
glucosamine 8.14E+05 73.6 | 5.28E+05 113.1
myo-inositol 1.18E+09 63.1 | 8.00E+08 49.8
tyrosine 6.65E+08 22.9 | 1.33E+09 41.8
4-Pyridoxic acid 4.11E+08 27.4 | 2.98E+08 44.7
3-phosphoglycerate 4.79E+07 104.9 | 2.09E+07 59.5
indoleacrylic acid 3.00E+04 89.4 | 2.55E+04 441
kynurenic acid 3.75E+06 38.4 | 3.06E+06 44.3
N-acetyl-glutamate 2.88E+08 57.6 | 3.97E+08 25.0
5-hydroxyindoleacetic acid 8.00E+07 28.0 | 1.31E+08 57.8
citrate/isocitrate 2.37E+09 62.5 | 1.73E+09 52.8
2-dehydro-D-gluconate 4.88E+08 40.0 | 3.96E+08 42.2
D-gluconate 1.51E+09 81.8 | 1.24E+09 37.3
D-erythrose-4-phosphate 2.22E+05 48.8 | 1.70E+05 29.5
Tryptophan 5.54E+08 21.6 | 7.72E+08 26.3
xanthurenic acid 4.23E+06 24.4 | 4.34E+06 51.6
Kynurenine 5.47E+05 40.7 | 7.39E+05 20.3
D-glucarate 2.04E+08 107.9 | 9.91E+07 59.1
pantothenate 4.01E+08 37.4 | 7.13E+08 28.6
deoxyuridine 4.82E+06 79.8 | 1.30E+07 74.7
Thymidine 2.56E+06 113.0 | 8.05E+06 70.5
Uridine 2.26E+07 33.7 | 3.47E+07 17.5
D-glucono-1,5-lactone-6-phosphate 1.06E+07 39.1 | 8.49E+06 40.3
Acadesine 1.50E+06 42.3 | 7.16E+05 78.2
glucose-6-phosphate 1.49E+08 74.3 | 1.62E+08 251
Thiamine 8.16E+06 46.2 | 1.06E+07 24.2
Adenosine 3.85E+06 27.9 | 2.71E+06 35.6
Inosine 3.85E+08 51.7 | 3.58E+08 30.8
6-phospho-D-gluconate 4.34E+07 63.7 | 3.31E+07 32.6
1-methyladenosine 5.30E+06 55.5 | 8.70E+06 66.0
guanosine 2.51E+07 34.5 | 3.16E+07 58.6
xanthosine 2.83E+06 51.7 | 7.52E+06 65.3
D-sedoheptulose-1/7-phosphate 8.44E+06 34.0 | 1.21E+07 14.1
N-acetyl-glucosamine-1/6-phosphate 7.25E+07 44.6 | 9.33E+07 31.8
dCMP 7.57E+06 108.0 | 3.06E+07 53.9
glutathione 1.39E+09 38.6 | 1.21E+09 33.2
Geranyl-PP 8.73E+07 89.7 | 4.08E+07 76.4
dTMP 1.40E+07 97.9 | 5.39E+07 51.6
CMP 7.11E+07 62.0 | 7.53E+07 38.4
UMP 5.08E+08 43.9 | 3.81E+08 46.7
cyclic-AMP 5.33E+06 73.6 | 6.60E+06 39.1
AICAR 1.59E+07 138.0 | 7.27E+06 71.3
fructose-1-6-bisphosphate 7.71E+07 103.1 | 4.48E+07 97.5
trehalose/sucrose 5.61E+07 22.8 | 4.55E+07 61.7
thiamine-phosphate 6.50E+06 177.7 | 2.78E+07 1131
dGMP 2.45E+09 52.9 | 2.21E+09 47.6
IMP 1.13E+08 43.0 | 8.29E+07 67.4
S-adenosyl-L-methioninamine 1.78E+06 93.5 | 4.25E+06 84.5
GMP 2.57E+08 77.5 | 2.49E+08 55.9
riboflavin 8.67E+06 23.3 | 1.18E+07 33.5
S-adenosyl-L-homocysteine 1.21E+07 122.5 | 3.99E+06 114.8
octoluse bisphosphate 5.01E+06 61.3 | 3.11E+06 721

Figure 4.S17. Continued
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Jax NCI

Metabolite Average RSD (%) \ Average RSD (%)
dTDP 3.22E+05 48.4 | 2.37E+05 57.3
UDP 4.83E+06 70.7 | 2.13E+06 49.1
Cholic acid 4.67E+10 95.8 | 5.50E+10 52.7
Thiamine pyrophosphate 4.69E+06 143.0 | 2.55E+06 75.8
ADP 3.88E+08 72.6 | 1.64E+08 7.7
GDP 1.96E+07 89.7 | 8.97E+06 89.4
CDP-ethanolamine 1.30E+07 62.7 | 1.09E+07 40.3
5-methyl-THF 4.72E+06 87.5 | 2.02E+06 40.0
dCTP 1.51E+05 12.3 | 2.21E+05 185.0
UTP 1.28E+07 89.6 | 2.03E+06 151.3
taurodeoxycholic acid 7.36E+10 15.2 | 6.05E+10 39.2
ATP 1.16E+08 87.5 | 2.15E+07 107.4
GTP 7.16E+06 79.0 | 6.73E+05 126.0
UDP-D-glucose 2.67E+08 49.8 | 1.66E+08 45.7
UDP-D-glucuronate 1.34E+08 64.2 | 5.55E+07 48.5
ADP-D-glucose 2.08E+07 69.0 | 1.80E+07 36.9
UDP-N-acetyl-glucosamine 5.12E+08 44.0 | 3.42E+08 52.9
glutathione disulfide 6.76E+07 50.1 | 8.28E+07 99.5
NAD* 5.17E+07 39.8 | 2.68E+07 62.5
NADH 1.54E+07 54.1 | 8.20E+06 56.3
dephospho-CoA 1.15E+07 56.7 | 3.72E+07 61.9
NADP* 1.03E+07 74.8 | 6.33E+06 49.5
FAD 8.96E+06 50.2 | 1.04E+07 36.2
acetyl-CoA 9.78E+06 52.2 | 6.30E+06 66.3
butyryl-CoA 3.72E+06 108.5 | 3.30E+06 133.6

Figure 4.S17. Continued
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Jax NCI

Metabolite Average RSD (%) | Average RSD (%)
lactate 5.88E+05 166.1 1.60E+06 59.4
succinate 2.44E+06 29.4 | 3.46E+06 29.6
valine 8.80E+03 35.1 1.12E+04 44.7
nicotinamide 9.65E+05 45.6 | 1.70E+05 47.2
nicotinate 6.21E+05 19.3 | 6.73E+05 53.8
Taurine 1.22E+06 48.8 | 5.98E+05 40.2
hydroxyproline 4.02E+04 453 | 3.31E+04 30.8
leucine/isoleucine 4.16E+04 51.5 | 3.07E+04 51.3
asparagine 7.73E+04 79.6 | 2.83E+05 64.0
malate 1.87E+06 35.9 | 3.78E+06 37.6
anthranilate 1.58E+06 128.8 | 3.62E+06 98.1
Imidazoleacetic acid 7.05E+05 21.2 | 8.54E+05 22.2
a-ketoglutarate 1.28E+09 38.7 | 9.21E+08 50.8
glutamine 4.56E+07 249 | 1.16E+08 46.4
lysine 8.64E+06 37.8 | 5.88E+06 451
glutamate 1.09E+10 28.1 | 7.20E+09 25.1
2-ox0-4-methylthiobutanoate 7.00E+05 33.5 | 7.43E+05 22.0
2-hydroxy-2-methylbutanedioic acid 1.68E+09 19.4 | 1.33E+09 141
methionine 5.04E+07 29.2 | 4.51E+07 25.9
3-methylphenylacetic acid 3.60E+07 45.0 | 6.00E+09 35.4
guanine 1.08E+07 32.5 | 9.73E+06 35.0
xanthine 1.63E+08 34.6 | 2.07E+08 56.8
hydroxyphenylacetic acid 1.49E+07 48.8 | 1.50E+07 26.9
2,3-dihydroxybenzoic acid 2.99E+08 40.6 | 3.87E+08 57.6
histidine 3.85E+06 50.9 | 3.95E+06 71.0
orotate 5.31E+07 41.2 | 5.09E+07 56.3
dihydroorotate 5.35E+06 44.4 | 2.64E+06 72.4
allantoin 1.93E+06 87.1 | 2.59E+06 41.6
indole-3-carboxylic acid 1.51E+07 16.9 | 7.40E+06 45.7
phenylpyruvate 2.09E+06 10.4 | 2.52E+06 27.0
methionine sulfoxide 1.93E+07 72.0 | 1.92E+07 26.9
phenylalanine 5.28E+07 54.2 | 5.40E+07 43.6
phenyllactic acid 1.14E+10 291 2.37E+09 43.4
quinolinate 5.08E+07 46.3 | 4.57E+07 30.6
N-Acetyltaurine 1.53E+09 242 | 2.30E+08 69.7
phosphoenolpyruvate 4.24E+07 94.6 | 2.31E+07 63.3
uric acid 2.53E+07 53.8 | 3.75E+07 37.3
cysteate 7.38E+07 39.1 | 7.81E+07 38.1
1-methyl-histidine 4.90E+05 66.1 | 4.97E+05 61.5
sulfolactate 1.21E+08 32.4 | 1.31E+08 421
dihydroxy-acetone-phosphate 4.24E+07 50.1 5.63E+07 49.8
sn-glycerol-3-phosphate 5.90E+08 33.8 | 7.63E+08 44.7
aconitate 9.50E+07 85.0 | 7.01E+07 56.0
N-acetyl-L-ornithine 5.22E+06 33.9 | 5.47E+06 24.3
arginine 9.06E+06 29.4 | 5.32E+06 65.1
citrulline 9.84E+06 74.0 | 1.54E+07 57.7
ascorbic acid 6.55E+06 23.3 | 3.64E+07 168.3
N-carbamoyl-L-aspartate 3.36E+07 421 1.68E+07 52.0

Figure 4.S18. Average cecum metabolite ion counts and relative standard

deviations (RDS) for Jax (n=4) and NCI (n=5) mice.
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Jax NCI
Metabolite Average RSD (%) | Average RSD (%)
allantoate 2.21E+05 100.0 | 2.50E+05 66.9
2-Isopropylmalic acid 2.04E+08 69.0 | 2.01E+08 72.3
glucono-1,5-lactone 3.20E+08 28.2 | 4.09E+08 44.2
glucosamine 1.35E+06 87.3 | 1.59E+06 40.7
myo-inositol 1.35E+09 37.2 | 1.49E+09 38.0
tyrosine 7.94E+07 31.6 | 8.28E+07 22.8
4-pyridoxic acid 1.29E+09 13.6 | 1.55E+09 19.1
3-phosphoglycerate 1.32E+08 116.6 | 1.14E+08 44.3
indoleacrylic acid 6.97E+05 49.6 | 3.51E+04 68.7
kynurenic acid 1.38E+07 60.1 | 1.42E+07 70.5
N-acetyl-glutamate 1.58E+09 30.7 | 1.54E+09 24.6
5-hydroxyindoleacetic acid 8.76E+08 33.3 | 2.66E+09 25.2
citrate/isocitrate 4.46E+08 21.4 | 5.46E+08 90.3
2-dehydro-D-gluconate 6.62E+07 23.5 | 5.30E+07 36.3
D-gluconate 1.05E+08 53.4 | 1.30E+08 50.8
D-erythrose-4-phosphate 8.66E+05 39.5 | 6.65E+05 25.5
tryptophan 4.33E+07 41.7 | 5.00E+07 41.2
xanthurenic acid 1.14E+07 711 5.07E+06 49.5
kynurenine 2.52E+04 107.7 | 4.10E+04 84.9
D-glucarate 2.78E+06 125.1 | 1.76E+06 120.4
pantothenate 4.25E+08 43.5 | 3.35E+08 30.6
deoxyuridine 4.12E+06 41.0 | 3.25E+06 52.3
thymidine 4.01E+06 49.1 | 2.51E+06 52.9
uridine 2.63E+06 42.3 | 3.90E+06 43.6
D-glucono-1,5-lactone-6-phosphate 4.94E+07 20.9 | 4.10E+07 15.9
acadesine 4.55E+06 33.8 | 4.19E+06 19.7
glucose-6-phosphate 3.96E+08 46.9 | 3.09E+08 54.2
thiamine 8.28E+06 66.0 | 7.20E+06 34.0
adenosine 1.57E+07 37.5| 3.36E+07 31.3
inosine 2.33E+08 25.8 | 2.21E+08 49.6
6-phospho- b-gluconate 7.61E+05 1476 | 1.11E+05 74.4
1-methyladenosine 7.74E+06 51.7 | 8.61E+06 52.6
guanosine 2.52E+07 14.3 | 3.47E+07 32.6
xanthosine 8.31E+06 61.7 | 6.16E+06 61.9
D-sedoheptulose-1/7-phosphate 5.73E+07 54.0 | 4.90E+07 452
N-acetyl-glucosamine-1/6-phosphate ~ 4.60E+08 32.6 | 3.17E+08 13.9
dCMP 1.54E+06 40.8 | 1.52E+06 70.1
glutathione 1.12E+08 52.1 | 2.47E+08 34.6
geranyl-PP 5.23E+07 41.1 | 2.25E+07 29.0
dTMP 1.35E+07 46.6 | 2.12E+07 38.6
CMP 2.51E+07 26.4 | 2.33E+07 22.2
UMP 1.43E+08 34.1 | 1.40E+08 23.4
cyclic-AMP 2.82E+05 59.2 | 1.73E+05 95.6
AICAR 1.59E+06 9.1 | 1.10E+06 24.9
fructose-1-6-bisphosphate 1.32E+07 94.5 | 1.53E+07 73.1
trehalose/sucrose 4.72E+07 39.9 | 2.31E+07 49.0
thiamine-phosphate 6.54E+05 37.6 | 5.43E+05 85.1
dGMP 4.88E+08 42.8 | 5.82E+08 27.7
IMP 2.69E+07 471 | 2.58E+07 23.6
S-adenosyl-L-methioninamine 3.92E+05 138.2 | 9.79E+05 100.7
GMP 2.73E+07 48.6 | 3.25E+07 32.1
riboflavin 1.40E+06 31.3 | 1.29E+06 24.7
S-adenosyl-L-homocysteine 1.35E+06 341 1.02E+06 39.2
octoluse bisphosphate 1.41E+06 39.8 | 1.91E+05 54.6

Figure 4.S18. Continued
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Jax NCI

Metabolite Average RSD (%) | Average RSD (%)
dTDP 4.88E+06 79.7 | 6.85E+06 85.5
UDP 9.10E+05 71.1 | 7.80E+05 74.5
cholic acid 2.44E+09 49.4 | 2.91E+09 56.6
thiamine pyrophosphate 5.60E+04 135.8 | 1.72E+05 110.0
ADP 3.52E+07 72.7 | 6.28E+07 68.9
GDP 1.20E+06 140.5 | 2.10E+06 89.5
CDP-ethanolamine 4.18E+05 50.1 | 7.92E+05 56.8
5-methyl-THF 1.07E+06 91.8 | 5.97E+05 46.4
dCTP N.D. N.D. N.D. N.D.
UTP 1.95E+06 132.2 | 3.67E+06 128.5
taurodeoxycholic acid 3.16E+09 77.6 | 3.64E+08 33.7
ATP 4.59E+06 111.7 | 1.23E+07 90.4
GTP 1.00E+05 N.D. | 2.23E+05 97.0
UDP-D-glucose 6.35E+07 35.8 | 8.77E+07 68.5
UDP-D-glucuronate 5.17E+06 48.1 8.12E+06 86.0
ADP-D-glucose 4.30E+06 411 | 5.86E+06 58.9
UDP-N-acetyl-glucosamine 2.00E+08 31.3 | 2.39E+08 52.5
glutathione disulfide 2.37E+06 75.1 1.00E+07 55.2
NAD* 5.65E+07 18.1 | 6.10E+07 70.6
NADH 2.10E+06 68.1 1.47E+06 86.2
dephospho-CoA 1.54E+07 97.6 | 9.03E+06 33.9
NADP* 9.81E+06 471 1.16E+07 74.8
FAD 3.31E+07 25.5 | B3.06E+07 53.8
acetyl-CoA 5.55E+07 48.3 | 7.84E+07 98.7
butyryl-CoA 3.00E+07 52.1 | 5.82E+07 135.0

Figure 4.S18 Continued
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Jax NCI

Metabolite Average RSD (%) Average RSD (%)
lactate 4.14E+06 16.2 | 3.43E+06 40.5
succinate 6.30E+05 42.4 4.53E+05 31.6
valine 6.67E+04 25.1 4.71E+04 33.8
nicotinamide 6.91E+03 22.1 4.36E+03 N.D.
nicotinate N.D. N.D. N.D. N.D.
taurine 3.66E+05 48.7 | 2.31E+05 73.2
hydroxyproline 9.15E+04 30.6 | 8.26E+04 22.2
leucine/isoleucine 9.92E+04 29.5 8.62E+04 17.0
asparagine 1.10E+05 32.8 9.79E+04 39.5
malate 9.03E+05 57.4 | 7.42E+05 28.4
anthranilate 3.00E+04 66.8 2.73E+04 27.8
imidazoleacetic acid 5.41E+03 14.6 5.53E+03 6.0
a-ketoglutarate 6.83E+08 46.1 6.14E+08 20.7
glutamine 6.38E+08 13.5 | 6.74E+08 12.8
lysine 3.56E+06 32.6 | 4.40E+06 40.4
glutamate 2.26E+08 22.1 1.82E+08 43.4
2-0x0-4-methylthiobutanoate 1.21E+05 68.7 1.55E+05 27.7
2-hydroxy-2-methylbutanedioic acid 1.24E+08 28.3 1.44E+08 53.9
methionine 1.16E+08 26.9 1.28E+08 19.1
3-methylphenylacetic acid 1.74E+06 84.7 3.46E+07 23.3
guanine 2.04E+04 90.5 | 9.86E+03 52.1
xanthine 5.63E+07 97.6 | 8.89E+07 39.5
hydroxyphenylacetic acid 5.21E+06 43.2 3.29E+06 215
2,3-dihydroxybenzoic acid 6.49E+07 35.3 7.53E+07 35.5
histidine 2.54E+06 24.0 | 2.55E+06 26.7
orotate 1.33E+07 40.6 1.38E+07 33.6
dihydroorotate 5.11E+05 34.4 3.85E+05 29.8
allantoin 1.24E+08 21.4 1.03E+08 21.3
indole-3-carboxylic acid 5.50E+05 39.6 | 4.45E+05 25.9
phenylpyruvate 2.13E+06 48.0 | 4.53E+06 65.6
methionine sulfoxide 1.11E+07 134.3 9.10E+06 451
phenylalanine 2.03E+08 229 2.09E+08 13.9
phenyllactic acid 1.48E+07 58.8 4.90E+06 35.0
quinolinate 7.89E+05 67.0 1.60E+06 82.4
N-acetyltaurine 4.69E+07 32.3 3.41E+07 29.9
phosphoenolpyruvate 5.96E+06 132.3 9.50E+06 175.9
uric acid 1.92E+08 23.7 1.97E+08 21.8
cysteate 1.84E+05 30.9 1.15E+05 30.6
1-methyl-histidine 1.08E+05 421 6.62E+04 42.5
sulfolactate 2.24E+06 36.9 | 3.35E+06 53.2
dihydroxy-acetone-phosphate 1.62E+07 33.9 7.62E+06 57.8
sn-glycerol-3-phosphate 1.64E+08 29.2 1.51E+08 32.7
aconitate 1.78E+08 28.5 | 2.03E+08 34.8
N-acetyl-L-ornithine 4.09E+06 27.0 2.76E+06 15.0
arginine 2.56E+06 36.1 3.22E+06 451
citrulline 6.72E+07 241 6.06E+07 33.1
ascorbic acid 4.81E+06 134.9 | 9.80E+04 55.5
N-carbamoyl-L-aspartate 5.98E+05 62.1 4.41E+05 13.4

Figure 4.S19. Average plasma metabolite ion counts and relative standard deviations (RSD)
for Jax (n=5) and NCI (n=5) mice.
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Jax NCI

Metabolite Average  RSD (%) | Average  RSD (%)
allantoate 2.81E+05 46.1 1.51E+05 25.4
2-isopropylmalic acid 5.97E+06 51.5 7.82E+06 76.9
glucono-1,5-lactone 1.54E+06 35.9 1.65E+06 37.1
glucosamine 3.02E+04 N.D. N.D. N.D.
myo-inositol 4.86E+07 9.8 | 3.85E+07 38.0
tyrosine 1.96E+08 30.0 | 2.23E+08 14.2
4-pyridoxic acid 5.91E+06 48.7 | 3.75E+06 19.9
3-phosphoglycerate 4.18E+07 54.2 9.50E+07 133.5
indoleacrylic acid 7.75E+05 47.8 6.79E+05 34.9
Kynurenic acid 3.54E+05 42.3 | 3.82E+05 47.7
N-acetyl-glutamate 1.20E+07 34.2 1.06E+07 28.7
5-hydroxyindoleacetic acid 1.08E+06 440 | 2.31E+06 121
citrate/isocitrate 8.59E+09 27.2 8.66E+09 25.8
2-dehydro-D-gluconate 1.98E+07 25.5 1.86E+07 19.6
D-gluconate 1.54E+08 19.4 1.64E+08 18.9
D-erythrose-4-phosphate 4.01E+06 31.7 1.96E+06 50.4
tryptophan 1.74E+08 33.4 1.91E+08 14.9
xanthurenic acid 2.41E+05 60.1 1.08E+06 160.5
kynurenine 5.00E+05 40.6 | 8.34E+05 51.6
D-glucarate 4.34E+06 62.4 8.36E+06 112.4
pantothenate 2.87E+08 20.8 1.98E+08 13.7
deoxyuridine 5.99E+06 34.0 2.34E+06 36.7
thymidine 1.17E+06 88.6 1.23E+06 33.3
uridine 9.53E+06 26.5 7.90E+06 7.3
D-glucono-1,5-lactone-6-phosphate 1.59E+04 61.1 1.46E+04 37.4
acadesine 3.80E+04 39.2 2.24E+04 14.8
glucose-6-phosphate 2.02E+07 28.6 1.63E+07 454
thiamine 1.30E+05 50.1 2.12E+05 62.6
adenosine 7.65E+03 50.9 | 3.51E+083 N.D.
inosine 6.87E+06 106.4 1.53E+07 56.7
6-phospho- D-gluconate 1.72E+06 85.1 2.33E+06 62.1
1-methyladenosine 4.73E+05 33.8 | b5.47E+05 20.7
guanosine 2.64E+05 128.1 6.02E+05 61.0
xanthosine 1.19E+05 86.2 | 8.36E+04 90.0
D-sedoheptulose-1/7-phosphate 1.61E+06 90.1 2.11E+06 162.7
N-acetyl-glucosamine-1/6-
phosphate 7.37E+06 27.8 | 5.61E+06 34.4
dCMP 4.08E+05 163.7 1.92E+04 106.8
glutathione 1.73E+07 173.8 | 2.49E+06 110.8
geranyl-PP 6.31E+04 78.9 | 9.28E+04 147.2
dTMP 7.99E+05 123.3 | 7.03E+03 39.0
CMP 2.98E+06 32.2 | 2.09E+06 80.0
UMP 6.54E+06 86.5 | 3.02E+06 162.4
cyclic-AMP 5.31E+04 36.7 | 7.49E+04 63.0
AICAR 5.32E+03 N.D. N.D. N.D.
fructose-1-6-bisphosphate 3.44E+07 58.8 1.30E+07 54.1
trehalose/sucrose 1.13E+06 63.9 | 7.31E+05 43.3
thiamine-phosphate N.D. N.D. N.D. N.D.
dGMP 4.16E+07 80.2 | 7.03E+06 1721
IMP 4.84E+06 120.2 | 5.97E+06 201.2
S-adenosyl-L-methioninamine 4.38E+07 30.5 | 3.97E+07 34.5
GMP 6.15E+06 59.4 | 7.59E+06 165.9
riboflavin 8.96E+03 9.3 5.60E+03 N.D.
S-adenosyl-L-homoCysteine 2.12E+03 5.9 N.D. N.D.

Figure 4.S19. Continued
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Jax NCI

Metabolite Average RSD (%) | Average RSD (%)
octoluse Bisphosphate N.D. N.D. 5.09E+03 15.1
dTDP 1.23E+05 111.3 N.D. N.D.
UbDP 2.73E+04 112.7 1.48E+04 26.0
Cholic acid 8.82E+07 130.8 1.57E+07 71.2
thiamine pyrophosphate 1.30E+06 100.1 1.54E+06 78.9
ADP 3.77E+07 100.8 | 6.70E+06 70.7
GDP 3.16E+06 135.6 7.24E+05 141.8
CDP-ethanolamine 1.84E+05 84.5 7.31E+04 122.4
5-methyl-THF 4.43E+04 57.4 | 9.40E+03 N.D.
dCTP N.D. N.D. N.D. N.D.
UTP 5.72E+05 127.6 | 9.94E+03 17.7
taurodeoxycholic acid 2.04E+07 70.4 1.00E+07 62.8
ATP 1.85E+07 116.3 1.70E+06 79.7
GTP 2.15E+06 177.7 | 9.97E+04 79.7
UDP-D-glucose 1.31E+06 111.5 | 8.52E+05 164.0
UDP-D-glucuronate 1.41E+05 138.4 1.15E+05 174.6
ADP-D-glucose 1.49E+05 85.2 7.88E+04 132.1
UDP-N-acetyl-glucosamine 1.56E+06 52.7 8.15E+05 106.9
glutathione disulfide 5.14E+07 50.0 | 5.66E+07 56.2
NAD* 2.71E+05 1571 3.24E+04 58.0
NADH 1.03E+04 13.6 N.D. N.D.
dephospho-CoA 9.94E+04 92.2 N.D. N.D.
NADP* 7.06E+05 113.1 1.63E+05 N.D.
FAD 1.18E+06 42.2 2.48E+06 68.8
acetyl-CoA 1.87E+07 159.6 | 9.90E+03 N.D.
butyryl-CoA 3.56E+07 173.1 7.96E+04 N.D.

Figure 4.S19. Continued
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Distinct microbiomes are found within various host tissues and in free living environments.
Assemblages of microbes inhabit multiple surfaces and sites within and on hosts across kingdoms
of life [1]. Due to a number of selective pressures, host-associated microbiomes are often very
different than their surrounding environmental inocula [2]. Further, internal and external host
microenvironments vary and may sometimes functionally overlap, suggesting niche microbial
modifications to best serve the host and the microbiome. [3-6]. Perhaps not surprisingly, the
human gut alone is the home to bacterial abundances in accordance with whole human body cell
totals [7]. Thus, microbial influence on hosts and other microbes is a fundamental component of
life on Earth. Host and microbe co-evolution has allowed for optimization of these relationships,
often resulting in shared benefits such as nutrient acquisition [8], abiotic stress tolerance (e.g.
drought) [9], and protection from pathogens [10, 11]. Taxa comprising microbiomes are often
host-specific and can tip the balance from host death to survival [12, 13]. Significantly, taxa
abundance within a microbiome does not always correlate with influence or importance, as rare or
transient members sometimes disproportionately influence their host [14]. Exploration of
composition in relation to function suggest that less important is the individual taxa, rather of

significance is what the microbe can do to meet a functional need of the community and host [3,

6, 15-17].

Microbiome assembly and stability cues are complex, and many are largely unknown. Host-
microbe interactions and commensal community establishment requires contributions from both
microbes and hosts, namely immune modulation of the host and microbial tolerance of co-dwelling
members. Of note, assembly timing is host-specific [18, 19] and may be dynamic. Stability is
not always achievable, and resulting dysbiosis is known to disrupt microbiomes and can result in
host pathology [4, 20-23] and even seemingly unrelated host physiologies [24]. The powerful
relationships between hosts and microbiomes offer endless opportunities to determine functional
and mechanistic microbiome assemblage attributes for application in therapies to improve health

and wellness.

Microbial treatment of plants to improve plant health or disease resistance is not novel, and

technological advancements have highlighted the importance of identification of plant growth
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promoting (PGP) genes as well as application of our current knowledge of disease-suppressive
organisms such as strains of Pseudomonas spp [25-28]. Discovery of plant-mediated microbiome
modifications to control diseases are ongoing. For example, tomato plants root exudate profiles
change in the presence of a pathogen, resulting in altered microbiome composition [29]. Also,
barley increases antifungal traits when infected with a root pathogen [30]. Disease suppressive
soils are known to influence pathogen survival and contribute to plant health [12]. Common
microbial members of disease suppressive soils are Pseudomonales, Streptomycetaceae and
Micromonosporaceae [12]. Study of three potato cultivars in two different soils found taxonomic
differences in rhizosphere microbiomes. Specifically, the authors discovered an abundance of
disease-suppressive taxa listed above, suggesting plant genotype can influence plant selection of
microbes for protective purposes [31]. We suggest that new approaches and strategies in
sustainable agriculture may soon be called for. A recent review details the use of beneficial
microbes as seed coats prior to use in agriculture [32]. The review highlights the possibilities of
using endophytic and rhizosphere-associated organisms, such as endophytic Achromobacter

xylosoxidans for treatment of rice [33] and Beauveria bassiana for treatment of pine trees [34].

While the potential exists, specific challenges related to scale, production and ultimately
colonization and microbial survival persist. Considerations of beneficial consortia versus
individual taxa further create complexity [25]. Phyla with beneficial potential are growing and
regularly include Proteobacteria, Firmicutes, Bacteroidetes and Actinobacteria [10, 25]. While not
abundant in the root microbiome, members of the Actinobacteria phylum, Streptomyces are being
recognized for their potential application [10]. Known for their robust metabolic potential [35] as
well as presence within roots of a variety of plants [36-38], Actinobacteria are routinely included
in plant-beneficial consortia [39]. Thus far, and largely legitimately, many Actinobacteria
communities for agricultural application are composed of larger grouping of phyla members, with
the intention of generalized treatment to maximize plant benefit. While these strategies may work,
they may not achieve optimal results, meaning plant energy output dedicated to assimilation of
many different microbes may outweigh benefit. As described in Chapter 3, we propose that
microbial interactions may influence treatment potency and suggest the need for targeted

exploration of Actinobacteria isolate monoapplications. In addition, unique microbial metabolites,
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such as melanin (Chapter 2) or those predicted via antiSMASH (Chapter 3), may induce the desired
plant-beneficial outcome and thus necessitate more simplified applications of fewer taxa or even
the product itself. Much can be learned from lower complexity and monoculture experiments. As
we discover more about lower complexity relationships, the opportunity exists to identify
functional benefits and construct consortia with exponential host benefits. However, complex
agriculture systems will likely require fine-tuned, consistent and tractable applications, regardless

of the diversity of the proposed beneficial bacteria.

Additional sequencing results of samples treated as described in Chapter 3 were recently made
available to our lab for inclusion in our community studies. In some cases, these samples will
contribute to our power via addition of new technical replicates, and in other cases, we will add
new experimental samples to our studies. We will use the QIIME 2 pipeline and analyses described
above to determine appropriate inclusion and new results. In addition, we anticipate
monoinoculation vertical plate assays with members of our 11 isolate synthetic community
(SynCom, Chapter 3) for assessment of root morphology, as well as colonization phenotypes. Our
collection of isolates as well as those of collaborators allow additional testing of new isolates from
genera identified in individual family relative abundances in Chapter 3. We are specifically
interested in plant associated Azospirillaceac and Moraxellaceae as these genera proved
inconsistent colonizers, and they both originated from the tertiary open-air inoculum or secondary
wild soil slurry (Chapter 3). These experiments would help tease apart genus from species

influence and further inform isolates include in future low complexity SynCom.

To make functional and mechanistic microbiome assembly and stability inferences, we must move
beyond identification of genes suspected to be important to transcriptional studies. We will design
experiments to determine transcriptional profiles from our four Streptomyces and select SynCom
members when challenged with other Streptomyces or SynCom isolates as well as in the context
of the plant. We are particularly interested in transcriptomic profiles of 299 and 303 as they were
shown to be a significant primary inoculum with potential microbiome sculpting activities both
via alpha diversity metrics and relative abundances of Streptomycetaceae (Chapter 3).

Additionally, we will select members from each family of interest for transcriptional profiling.
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Ultimately, building on our 16S rRNA gene sequence databases, we would like to identify genes
up and downregulated during microbiome colonization events, helping to tease apart plant from

microbial-driven microbiome assemblage mechanisms.

Significantly, antiSMASH results provide a rich set of data primed for hypothesis generation and
testing. AntiSMASH provided valuable evidence that the pigmentation in 299 and 303 cultures
was as a result of melanin production (Chapter 2). In addition, the analysis predicted various strain-
specific antimicrobial metabolites, several of which are overlapping, suggesting resistance, and
functional redundancy. These discoveries provide possibilities of testing functional groups of

organisms for comparison to taxonomically defined groups.

The use of lower complexity SynCom, co-culture in vitro, and monoculture in vivo studies to
inform community level interactions is generating more attention [40]. We suggest that these
techniques combined with community genomics and transcriptomics will provide increasingly
robust conclusions and identification of important mechanisms that can be developed into
applications improving plant growth and productivity. These techniques should also be considered
in relation to study of the mammalian microbiome. Complexity of plant-microbiome interactions
are similar to those described when attempting to determine the individual and combined influence
of multiple and often simultaneous environmental exposures in humans [41]. Though host systems
are distinct, strategies for making mechanistic conclusions and development of
applications/therapies may align across host systems and have begun to be explored in various

experimental forums [8, 42].

With these things in mind, strategies to combine plant and gut microbiome benefits seem likely.
Increasingly, disease etiologies are associated with dysbiosis [43-45]. If not dysbiosis, as in the
case of malaria (Chapter 4) protective and susceptible disease phenotypes correlate with divergent
microbiome composition and abundances [46]. Capitalizing on data such as these suggest the need
to development of therapies joining plant and gut microbiome research. The previously described
use of probiotic seed coating to protect crops from specific pathogens provides a starting point for

efforts such as these [32]. I would suggest the need to bridge the gap between diseases such as
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malaria and probiotic therapies in planta. Perhaps seed coatings that are crop and gut beneficial
and anti-malarial could both feed and protect individuals. Alternatively, studies of plant microbes
that induce host genes involved in pathogen suppression may inform recognition similar patterns
in mammals, creating opportunities to develop targeted functional microbial therapies. For
example, further exploration of Lactobacillus genes significant in modulation of malarial illness
could allow identification of agriculturally relevant plant-specific taxa harboring homologous
gene(s). Growing evidence of microbiome assembly structures and cues across plant species,

provides great opportunity for advancements in paired plant-mammal microbiome therapeutics.

Here we have provided evidence of microbiome potential in influencing hosts or competing
microbes. Significantly, we suggest the metabolic potential of Streptomyces to both protect
themselves from common plant root phenolics (Chapter 2) and persist when challenged with
communities of varying complexities (Chapter 3). While not robust colonizers, Streptomyces’
consistent presence in microbiomes across plant species suggests their importance and signals their
value for further explorations. Further, it affirms that abundance may not be as influential as
function or capability of less abundant taxa. These studies also suggest the value of employing
multiple techniques to more fully understand microbial relationships. Further, using communities
with varying levels of complexity provides insights that could otherwise be overlooked. Similarly,
while mammalian gut taxa have been previously identified as beneficial for gut health, complex
gut microbiomes are not well understood. Probiotic therapies are not regulated and still not well
understood. Further, even less is known about how gut microbiome composition modulates
pathogen infection. In Chapter 4 we describe that gut microbiome taxa abundances are divergent
for malaria-susceptible and malaria-resistant mice. However, we know much less about the
mechanisms involved in these phenotypes. Application of reductionist approaches, multiple levels
of microbiome complexity and employing various techniques may help to tease apart functions of
taxa aligned with disease suppression. Great opportunity exists to extend our knowledge of
microbiomes and host associations across kingdoms of life. Likely a central node linking these

studies are network analyses, identifying overlapping genes and functions.
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My future research efforts will likely focus on the overlap of the mammalian microbiome and liver
diseases. I am interested in development of microbial therapies to reduce T-cell mediated allograft
rejection of transplanted livers. The ideas explored throughout my dissertation significantly
contribute to the direction and intention of my future work. Likely with much assistance and
training, I intend to apply emerging ideas suggesting the importance of network analyses to create
a network of mammalian gut and A4. thaliana root genes. These systems are similar in that they
require host immune modulation for microbe assimilation. [ can then introduce known
microbiome members in each system and query the network for genes significant in immune
regulation. I also plan to design SynCom for mammalian application using methods learned here,
and further look for functional redundancy to determine taxonomic versus functional host-
mediated selective pressures. Overall, I intend to design agricultural microbial therapies that can
be applied in mammalian systems to provide specific immune suppression. Opportunities for cross
kingdom investigation are great. However, use of a less complex plant system for application to
a more complex mammalian system is be challenging. Studies of microbiomes must be more
dynamic and multidisciplinary to incorporate the needs of a growing population with increased

demands on crop production as well as rising chronic and infectious disease prevalence.
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other courses as adjunct faculty at the University of Tennessee Chattanooga. She was offered a
full time faculty position and took the opportunity to explore a career in academia. It was then
that she knew she would pursue a Doctor of Philosophy. She chose Microbiology as she desired
a research career in science that would allow her to learn and answer questions in Immunology.
She began her PhD at the University of Tennessee Knoxville in 2013 and joined the Schmidt lab
studying malaria immunology. In 2014 she had the opportunity to be the inaugural graduate
student of Sarah Lebeis and explore plant immunology as well as plant microbiome science. She
enjoyed the opportunity learn two model systems and apply the knowledge and techniques
gained in mammalian immunology to her new system. She found she very enjoyed being a
member of a research laboratory and decided that despite her previous intentions to immediately

rejoin traditional public health workforce, she would pursue a Post-Doctoral Fellowship.
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Sarah Stuart will begin her Post-Doctoral Fellowship in the laboratory of Arash Grakoui with
Emory University’s Vaccine Center. She will again research mammalian immunology and
anticipates pursing a project exploring the correlation between liver allograft rejection and the

gut microbiome.
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