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ABSTRACT

COMMUNITY ECOLOGY OF THE GUT MICROBIOME

Andrew Johnson

Dustin Brisson

The gut microbiome is a complex microbial community that plays an important role in shaping host
biology. Despite immense academic interest surrounding the microbiome and its relation to the host,
the ecological processes governing the gut community remain poorly understood. This dissertation
investigates the ecological processes influencing gut microbiome assembly and its effects on host
behavior using a simplified Drosophila melanogaster model. Chapter 1 examines niche-based and
neutral processes driving microbial coexistence, focusing on the interactions between closely related
Acetobacter species. The results highlight how niche overlap influences competition and colonization
success. Chapter 2 explores the role of variation in habitat quality in shaping co-abundances of
colonizing microbiota. This study reveals that even subtle differences in habitat can significantly
impact species abundance and community composition, especially among taxa with overlapping
niches. Chapter 3 shifts the focus from the ecology of the gut microbiome to the consequences of
microbiome composition on host behavior, specifically female mating behavior in D. melanogaster.
We demonstrate that distinct microbial communities can alter mating preferences and latency,
suggesting a potential influence of the microbiome on host evolutionary trajectories. Together,
these chapters provide insights into the factors driving gut microbiome assembly and the broader
implications for host biology, highlighting the importance of ecological context in understanding

host-microbe interactions.
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FIGURE 2.1
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The niche overlap between the focal strain and its co-colonizer pre-
dicts depression of focal strain abundance. (A) The abundance of the
focal A. cibinogensis (28/18) strain in flies (log CFU) is negatively correlated
with the degree of niche overlap with the co-colonizing strain (OLS regression,
coefficient = 0.3177, p < 0.01). For example, the abundance of A. cibinogensis
strain 28/18 is significantly lower when co-colonizing flies with the most closely
related strain (A. cibinogensis strain 1114/12; Mann-Whitney, p < 0.01). Sim-
ilarly, the focal strain abundance is significantly lower when co-colonizing with
the next closest species, A. malorum (Mann-Whitney, p < 0.01), but to a
lesser degree than observed when co-colonizing with the most closely related
species. While the next closest related species - A. thailandicus and L. brevis
- suppress focal strain abundance, their effects are not statistically significant
(Mann-Whitney, p = 0.06 and p = 0.09, respectively). (B) The niche over-
lap between co-colonizers is predictive of colonization success rates. The bar
plot shows the proportion of successful colonization events (CFU > 0) for the
focal strain alone and when co-colonizing with species along a phylogenetic
gradient. There is a significant negative correlation between the colonization
success rate of the focal strain and its niche overlap with the co-colonizer (Logit
regression, coefficient = 0.7464, p < 0.01). As the niche overlap decreases, the
focal strain’s colonization success approaches the rate observed when it colo-
nizes alone. The colonization rate of the focal strain is significantly decreased
when co-colonizing with A. cibinogensis (1114/12) (Binomial, p < 0.01) and
A. malorum (Binomial, p < 0.01). While the presence of A. thailandicus also
reduces the colonization rate of the focal strain, this effect is not statistically
significant after Bonferroni correction (Binomial, p = 0.02). The presence of
L. brevis does not significantly affect the colonization rate of the focal strain
(Binomial, p = 0.26). . . . . . . . ...
Outcomes are neutral between closely related species but determin-
istic among more distantly related co-colonizers. The mean proportions
and 95% confidence intervals of the focal strain A. cibinogensis (28/18) when
co-colonizing with different species are displayed. The proportions of the focal
strain when introduced with A. cibinogensis (1114/12) and A. malorum were
not significantly different from neutral expectations (p = 0.0769 and 0.1188,
respectively), while the proportions of the focal strain and A. thailandicus or L.
brevis were significantly different from neutral expectations (p = 0.0016 and
< 0.001, respectively). Bootstrapping was used to estimate the means and
confidence intervals, excluding cases where both species failed to colonize. The
proportions were tested against a neutral expectation of 0.5 using Wilcoxon
signed-rank tests with Bonferroni correction. . . . . . .. ... ... ... ...
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FIGURE 3.1

FIGURE 3.2

FIGURE 3.3

FIGURE 4.1

Positive associations in the population sizes of the focal strain and
its co-colonizers wanes with decreasing niche overlap. As niche over-
lap decreases, the positive association in abundance between A. cibinogensis
(strain 28/18) and its co-colonizer decreases. Each panel shows the relation-
ship between the log-transformed abundance of the focal strain and one of its
co-colonizing species. The abundance of A. cibinogensis (strain 28/18) is most
positively correlated with A. cibinogensis (strain 1114/12; p = 0.002), followed
by the significant positive correlation with A. malorum (p = 0.013), and the
non-significant positive trend in population sizes with the most distantly re-
lated species in the genus, A. thailandicus (p = 0.076). These results support
the hypothesis that diminishing niche overlap results in dissimilar responses to

habitat variation (OLS regression, A. thailandicus coefficient = 0.41, p = 0.076). 26

The population sizes of Lactobacillus brevis and two Acetobacter
species are weakly correlated.. The correlation between L. brevis and A.
thailandicus was statistically significant (OLS regression, coefficient = 0.53,
standard error = 0.146, p = 0.001) while the correlation between L. brevis and
A. cibinogensis was not statistically significant (OLS regression, coefficient —
0.48, standard error = 0.239, p = 0.062). . . . . . . ... ... L.
Mutualistic interactions do not drive the observed positive correla-
tions between Acetobacter and Lactobacillus species. The abundance
of L. brevis was not significantly different when co-colonizing with A. thai-
landicus (KS statistic = 0.2561, p = 0.0595) or A. cibinogensis (KS statistic =
0.1104, p = 0.6117) compared to when it was alone. Similarly, no significant
changes in the abundance of either A. thailandicus or A. cibinogensis were de-
tected co-colonizing with L. brevis (KS statistic = 0.1364, p = 0.8479 and KS
statistic = 0.0782, p = 0.9530, respectively). These results indicate that the
microbial abundances in these co-colonization scenarios are likely influenced
by environmental quality rather than direct inter-species interactions. . . . . .

Female D. melanogaster prefer to mate with males colonized with
the same microbiome species. A. The mating preferences of L. brevis-
colonized female flies (n = 55) differed significantly from the preferences of A.
thailandicus-colonized females (n = 50) (Fisher’s Exact, p = 0.019). Female
flies preferred males colonized by the same microbial species, with 37 of 55 L.
brevis-colonized females mating with L. brevis-colonized males (Binomial, p =
0.007) and 28 of 50 A. thailandicus-colonized females choosing males with a A.
thailandicus microbiome (Binomial, p = 0.240). B. The preference for mating
with males colonized by the same microbial species increases in later mating
female flies (>10 minutes), with 26 of 37 L. brevis-colonized females mating
with L. brevis-colonized males (Binomial, p = 0.01) and 21 of 35 A. thai-
landicus-colonized females choosing males with a A. thailandicus microbiome
(Binomial, p = 0.16). The proportion of matings with L. brevis-colonized
males is shown above in brown while matings with A. thailandicus-colonized
males are represented in blue. . . . .. ... ... oL
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FIGURE 4.2

FIGURE 4.3

FIGURE 4.4

Co-colonized female D. melanogaster mate with L. brevis- and A.
thailandicus-colonized males with near-equal frequencies. Of 56 co-
colonized females, 27 mated with L. brevis-colonized males (48%, Binomial, p
= 0.66). The mating preference of co-colonized females differed substantially
from the preference of L. brevis-colonized females (yellow line; 48% vs 67%,
n—111; Fisher’s Exact, p = 0.055). In contrast, the mating preference of
co-colonized females are very similar to the preferences of A. thailandicus-
colonized females (white line; 52% vs 56%, n=106; Fisher’s Exact, p = 0. 70).
The time to first mating was significantly faster for co-colonized fe-
male D. melanogaster than for females colonized by L. brevis or
A. thailandicus. The time to first mating of the 56 co-colonized female
flies (blue) is significantly shorter than time to first mating of females colo-
nized with L. brevis or A. thailandicus alone (brown with blue stripe) (Kol-
mogorov—Smirnov, p = 0.022). Female flies colonized with only L. brevis or
A. thailandicus have similar distributions of the time to first mating (Kol-
mogorov—Smirnov, p = 0.843). . . . . ...

Females co-colonized with L. brevis and a different Acetobacter species,

A. cibinogensis have no discernible mate preferences. Of the 71 fe-
males co-colonized with L. brevis and A. cibinogensis (light blue), 33 mated
with L. brevis-colonized males (Binomial, p = 0.76). This mate preference
bias is indistinguishable from that of females co-colonized with L. brevis and
A. thailandicus (46% vs 48%, Fisher’s Exact, p = 0.86). . . . . . ... .. ..

xii



CHAPTER 1

INTRODUCTION

The gut microbiome is a community of trillions of microbes that interact with each other and their
host, profoundly influencing host physiology and behavior (Sommer and Béckhed, 2013; Vuong et al.,
2017). For example, microbiome compositions have been linked to host immune function, metabolism,
mood, and even behavior (Yoo et al., 2020; Visconti et al., 2019; Rogers et al., 2016; Buffington et al.,
2016). The gut microbiome’s impact may extend beyond immediate host phenotype and even play
a role in host evolution (Shapira, 2016). The wide-reaching impacts of the gut microbiome have gar-
nered significant academic attention, with hundreds of scientific articles focused on the microbiome’s

impact on host phenotype published in 2023 alone.

Microbiome research has seen exponential growth over the past decades. Advances in sequencing
technologies led to an explosion of data, revealing the diverse and complex nature of microbial com-
munities in various environments, especially within the human gut (Navas-Molina et al., 2017). This
expanding field has focused heavily on medical research, uncovering a range of health consequences
associated with microbiome dysbiosis. For example, studies have linked microbiome community dy-
namics to chronic metabolic disorders such as diabetes, heart disease, and cancer (Vallianou et al.,
2018; Yoshida et al., 2018; Pouncey et al., 2018; Schwabe and Jobin, 2013). Additionally, it is now
known that a wide range of medical treatments can dramatically affect the host microbiome, lead-
ing to serious medical conditions like C. difficile infections (Maier et al., 2018; Theriot et al., 2014).
While these studies have identified numerous microbiome-host associations, the sheer complexity
of the gut community limits our ability to understand the processes that govern it. A broader

theoretical framework is needed to better understand the gut microbiome.

The trajectory of microbiome research mirrors the early development of ecology in the late 19th
century. Initially, microbiome studies were largely descriptive, focusing on cataloging the vast di-
versity of microbial species without a cohesive theoretical framework. This parallels early ecological

research, which began with descriptive natural history before developing into a more structured and



hypothesis-driven discipline (Duvallet et al., 2017; Koren et al., 2013). Early ecologists moved from
cataloging species to developing theories that provided an organizing framework for understanding
ecological communities (Kingsland, 2012). The current state of microbiome research is ripe for a
guiding theoretical framework to navigate the complexities of microbial communities. Hard won
theoretical frameworks in ecology may offer insight into the gut microbiome. After all, the gut

microbiome is an ecological community.

Community ecology is a theoretical framework used to study species interactions within a commu-
nity, focusing on community structure, species distributions, interactions, and abundances (Putman,
1994). This framework offers powerful perspectives for understanding the species-species interactions
driving community assembly and stability. Applying community ecology to microbiome research is
particularly useful because the magnitude and proportions of these interactions are key determinants
of stable states within ecosystems (May, 1972; Coyte et al., 2015; Qian and Akgay, 2020). Integrat-
ing principles from community ecology could offer researchers deeper insight into the dynamics of

microbiome communities and better anticipate the consequences of various disturbances.

Niche theory and neutral theory are two foundational concepts in community ecology that offer
valuable insights into the coexistence of species. Niche theory is predicated on deterministic species
relationships, like mutualisms or commensalisms, while neutral theory assumes equivalency among
similar species and offers a null model for interactions. These theories are not mutually exclusive

and both have successfully predicted species richness and dynamics in natural communities.

Niche theory provides a framework for understanding how species coexist within ecosystems by
examining their interactions, resource use, and environmental tolerances (Grinnell, 1917; Elton,
1927; Hutchinson, 1957). Central to this theory is the idea that species survive within the boundaries
of their niche—a combination of their resource requirements and the range of conditions they can
tolerate. For example, the Venus flytrap (Dionaea muscipula) requires low-nitrogen soil, ample sun
exposure, and a sufficient source of prey to survive; together, these factors define the D. muscipula
niche (Kologiski, 1977). When the niches of distinct species overlap, direct competition can occur,

leading to the exclusion of one species unless the competition is mitigated (Gause, 1932; Hardin,



1960). Niche theory explains how coexistence is possible through mechanisms like niche partitioning,
where species divide resources or occupy different ecological roles Mittelbach and McGill (2019).
Connell’s study of barnacle species in the intertidal zone exemplifies this concept, showing how
different species occupy distinct vertical zones on the shoreline, each adapted to varying levels of
exposure to air and water (Connell, 1961). This stratification reduces direct competition, as each

barnacle species has a competitive advantage in its specific niche.

In contrast, neutral theory suggests that the diversity and composition of ecological communities
are driven primarily by stochastic processes rather than deterministic interactions (Hubbell, 2001).
This theory posits that similar species within the same trophic level are functionally equivalent,
with differences in community composition arising mainly from random events such as birth, death,
immigration, and emigration (Hubbell, 2001; HilleRisLambers et al., 2012). In other words, these
similar species occupy a single niche under neutral theory (Behrenfeld and Bisson, 2024). Neutral
theory has been been used to successfully predict patterns of biodiversity across a range of ecological

communities, such as tropical forests and coral reefs (Norris, 2003).

While both niche and neutral theories offer valuable insights, they do not fully account for the influ-
ence of environmental factors on community structure. Habitat quality, which encompasses resource
availability, habitat suitability, and environmental stability, plays a significant role in determining
community dynamics (Chesson, 2000b; Pekkonen et al., 2013; van Beest et al., 2014). High-quality
habitats, characterized by ample resources and favorable conditions, support greater biodiversity
by providing niches that reduce competition (Wang et al., 2023; Ye et al., 2013). Conversely, poor
habitat quality can lead to reduced species richness and unstable communities (Poniatowski et al.,
2018; Silva et al., 2022). For instance, the diversity and abundance of fish species in coral reefs have
been shown to correlate strongly with habitat complexity and resource availability (Jones et al.,
2004). Similarly, studies of tropical rainforests have demonstrated that areas with richer soil nu-
trients and greater canopy cover support a higher diversity of plant species (Phillips et al., 1994).
Understanding the impact of habitat quality is essential for a comprehensive view of community

assembly, as it interacts with both deterministic and stochastic processes to shape species interac-



tions.

Niche-based and neutral processes, along with environmental factors, collectively shape ecological
communities. While significant progress has been made in broader ecological contexts, their roles
within microbiome communities remain poorly understood. Much of the existing research has fo-
cused on mammalian systems, where highly complex gut microbiomes with hundreds of interacting
taxa make disentangling species interactions, stochastic effects, and environmental influences in-
tractable (Douglas, 2018). To gain clearer insights into these processes, simplified and controllable

microbiome models are essential (Douglas, 2018).

To address this need, we use a Drosophila melanogaster microbiome model, providing a simple,
controlled system for studying gut microbiome interactions. Our model utilizes genetically identical
flies from an isofemale line, ensuring uniform genetic backgrounds across all experiments. The flies
are maintained in a consistent environment to minimize variability. We employ microbiota that
naturally evolved within the D. melanogaster gut and are capable of stable colonization, including
three genera and five species from a single genus collected by Pais et al. (2018). This approach
creates synthetic microbiomes that are both realistic yet simplified, enabling precise analysis of the

roles of deterministic, stochastic, and environmental processes in community assembly.

In Chapter 1, we explore how niche-based and neutral processes contribute to coexistence within the
gut microbiome, particularly within microbiomes composed of closely related Acetobacter species.
Species that share overlapping niches, such as closely related Acetobacter strains, are expected to
experience greater competition due to similar resource requirements (Gause, 1932; Hardin, 1960).
Niche overlap in this context is estimated by phylogenetic distance, with closer genetic related-
ness often correlating with higher ecological similarity and, consequently, more intense competition
(Darwin, 1859; Hardin, 1960; Webb et al., 2002; Wiens and Graham, 2005; Cahill Jr et al., 2008).
Our study examines the colonization success and population abundance of a focal strain, A. cibino-
gensis (strain 28/18), when co-colonizing with other Acetobacter species that vary in their degree
of relatedness. By analyzing these interactions, we investigate the balance between niche-based

deterministic processes and neutral processes that may facilitate species coexistence within the gut



microbiome, providing insight into how these dynamics may vary with the degree of niche overlap.

In Chapter 2, we investigate the role of habitat variability on the gut microbiome, focusing on how
minor variations in habitat quality—such as those arising from individual fly foraging behavior and
gastrointestinal lumenal diameter—affect microbial community assembly. Habitat quality is a key
determinant in shaping ecological communities, with high-quality habitats providing the resources
needed to support greater overall abundance, while low-quality habitats can inhibit community
assembly Chesson (2000a,b); van Beest et al. (2014); Liu et al. (2021). In this study, we leveraged
these minor, natural variations in habitat quality within our controlled Drosophila melanogaster
microbiome model. We examined the impact of these variations on the co-abundance of microbial
species within the gut, focusing on interactions both within the genus Acetobacter and across genera.
Our findings emphasize the role of niche overlap in predicting species’ responses to habitat quality
variations. We show that species with a high degree of niche overlap tend to exhibit stronger positive

associations in abundance due to their similar responses to habitat quality.

In Chapter 3, we shift focus from the community ecological factors driving microbiome assembly to
the broader impacts of microbiota on host behavior. Using our controlled Drosophila melanogaster
model, we examine how the gut microbiome influences female mating behavior, including mate pref-
erence and mating latency. Understanding these behaviors is important because they can directly
affect the evolutionary trajectory of the host (Hamilton and Zuk, 1982; Price, 2006; Eraly et al.,
2009; Price et al., 2003). Our study focuses on specific gut microbial communities, including com-
binations of Lactobacillus brevis and Acetobacter species, to assess how variations in microbiome
composition impact mating outcomes. The experiments reveal that distinct microbial communities
lead to significant differences in mating behaviors. We find that specific microbiome communities
can lead to a strong in-group mate preference, while other microbiomes can drive female mating
latency. These findings contribute to our understanding of the complex interactions between host

organisms and their microbiomes, with potential implications for evolutionary biology.

Together, these three chapters shed light on the factors that shape microbiome community assem-

bly and their effects on host biology. Chapter 1 examines how niche-based and neutral processes



contribute to microbial coexistence, revealing the complexity of species interactions within the gut
microbiome. Chapter 2 explores the impact of habitat variability, showing that even minor differ-
ences in habitat quality can significantly influence microbial community structure, especially when
niche overlap is present. Chapter 3 shifts the focus to host behavior, demonstrating that the gut

microbiome can influence mating behaviors, with potential implications for host evolution.

By applying community ecology principles to microbiome research, this dissertation provides new
insights into the factors driving microbial community assembly. These findings underscore the value
of ecological theory in understanding gut microbiomes and highlight the importance of continued

research in this area to further unravel the complexities of host-microbe interactions.



CHAPTER 2

NICHE AND NEUTRAL PROCESSES SHAPING THE GUT MICROBIOME

2.1. Abstract

The gut microbiome is a diverse ecosystem that plays an important role in host biology. However,
the ecological mechanisms that allow for such high microbial diversity remain poorly understood.
This study examines the role of niche-based and neutral processes acting on the assembly of commu-
nities of closely related species. We utilized a controlled Drosophila melanogaster model to create
synthetic microbiomes, varying the relatedness of co-colonizing species to a focal strain, Acetobacter
cibinogensis (strain 28/18). Our results reveal that closely related species, which exhibit greater
niche overlap, experience greater competition, leading to a marked decrease in both colonization
success (Logit regression, coefficient = 0.7464, p < 0.01) and population abundance (OLS regres-
sion, coefficient = 0.3177, p < 0.01) of the focal strain. The resulting community proportions of
closely related co-colonizing species was statistically neutral, while the community proportions of
distantly related co-colonizers were not predicted by neutral theory. This is a slight deviation from
expectations because the focal strain and A. thailandicus are of similar trophic level, and yet neutral
interactions were not detected in this system. These findings demonstrate that the gut microbiome
is shaped by a combination of niche and neutral processes, with the degree of species relatedness

playing a key role in determining these dynamics.
2.2. Introduction

Species coexistence within communities is essential for the maintenance of biodiversity. Direct and
indirect competition between species poses a challenge to coexistence, particularly among related
species that occupy similar ecological niches and utilize similar limited resources (Darwin, 1859;
HilleRisLambers et al., 2012). Competitive exclusion, where only one species persists, is a common
outcome in conditions when resource requirements are too similar (Gause, 1932; Hardin, 1960).
However, many natural communities exhibit high levels of biodiversity, including species with simi-

lar niche requirements, despite this expected competition (Hutchinson, 1961; Mayfield and Levine,



2010). The mitigation of competition between similar species that permits coexistence depends on
a range of ecological processes including deterministic niche-based mechanisms and neutral mecha-
nisms (Hutchinson, 1959; HilleRisLambers et al., 2012; Mittelbach and McGill, 2019). The micro-
biomes associated with multicellular hosts feature immense biodiversity despite species requiring
similar ecological resources (Cuellar-Gempeler, 2021; Chen et al., 2024). Thus, many ecological

processes mitigating interpecies competition must be operating in these communities.

Gut microbiomes play crucial roles in shaping host phenotypes (Huang et al., 2022; Buffington et al.,
2016). For example, microbiome richness is correlated to aspects of both host metabolism and host
behaviors (Murga-Garrido et al., 2021; Lozupone et al., 2012; Alvarez et al., 2020; Cox et al., 2022).
Despite the importance of gut microbiome biodiversity to multicellular hosts, the ecological pro-
cesses maintaining or even permitting microbial species coexistence remain unclear. Concepts from
the field of community ecology, specifically niche theory and neutral theory, explain the processes
allowing coexistence of multicellular species communities and could explain the processes result-
ing in the coexistence of gut microbiome species. After all, the gut microbiome is an ecological

community of interacting microbiota and their host.

Ecological niche theory is a deterministic model describing how species can coexist within shared
environments by considering their interactions and resource use (Hutchinson, 1957, 1959). This
theory assumes that species have deterministic relationships, such as mutualistic or competitive
interactions, which result in the predictable allocation of resources (Pocheville, 2015). Niche parti-
tioning is a key deterministic niche-based process explaining how similar species avoid competitive
exclusion and coexist (Mittelbach and McGill, 2019). Thus, coexistence among species with largely
overlapping niches is challenging as they have few ways to avoid competition due to resource require-
ment similarities. MacArthur’s seminal study on wood warblers demonstrated that similar species
can coexist by utilizing different subsets of resources within their fundamental niche, a reduced state
space of resources known as the realized niche (MacArthur, 1958). The ability to partition resources
sufficiently for coexistence relies on marginal differences in the ecology of competing species. These

marginal differences allow each species to acquire resources from a subset of the niche where they



have a competitive advantage and avoid areas of the niche space where they are less competitive.
For instance, the Cape May warbler, skilled at vertical flight, nests in tree tops to avoid direct

competition for nesting sites with other warbler species.

Community ecological processes that support coexistence are not only comprised of deterministic
mechanisms like niche partitioning. They also include neutral processes, driven by stochastic events
like birth-death dynamics, random dispersal, and competitive equivalency (Hubbell, 2001). Neutral
theory in ecology offers a null hypothesis for competition by assuming ecological equivalence between
species within the same trophic level (Alonso et al., 2006). Importantly, neutral theory does not
dismiss direct resource competition between similar species; it only assumes there will be no deter-
ministic 'winner’ of the competition (Hubbell, 2001; HilleRisLambers et al., 2012). Neutral theory
has predictive power across diverse ecological communities, predicting patterns of biodiversity in
ecosystems such as tropical forests and coral reefs (Norris, 2003). Hubbell’s Unified Neutral Theory
of Biodiversity, for instance, has been instrumental in explaining species abundance distributions in

tropical forests (Hubbell, 2001).

Importantly, niche-based and neutral theories are not mutually exclusive and both successfully pre-
dict richness and species dynamics in natural communities, indicating that both niche and neutral
mechanisms influence community dynamics (Morrow, 2024). The relative influence of each mecha-

nism varies depending on the specific community context.

Here, we use the controllable microbiome system within the Drosophila melanogaster intestinal
tract to assess the effects of niche overlap, estimated by phylogenetic distance, on neutral and niche
based processes that impact coexistence. Phylogenetic distance is a sensible estimate of niche overlap
because genetic similarity often correlates with functional and ecological similarity (Darwin, 1859;
Hardin, 1960; Webb et al., 2002; Wiens and Graham, 2005; Cahill Jr et al., 2008). If two species
are similar enough, neither should have an overwhelming competitive advantage and they will be
closer to ecological equivalency. If the difference between species is greater, the effect of competitive
advantage should be stronger than neutral forces. In this study, microbiomes are engineered with a

combination of a focal bacterial species, A. cibinogensis (strain 28/18), and one of four other species



that vary in genetic relatedness, and thus vary in the degree of niche overlap. The influence of niche
and neutral processes facilitating coexistence in the microbiome can be inferred from differences in
the colonization rate and population abundance of A. cibinogensis (strain 28,/18) when co-colonizing

with each other species.
2.3. Methods

2.3.1. Germ-free Drosophila production

We used the protocol outlined in Pais et al. (2018) to generate germ-free and gnotobiotic flies. Eggs
were dechorionated with 2% sodium hypochlorite for 10 minutes, washed in 70% ethanol for 7
minutes, and then rinsed in sterile, DI water. Sterile eggs were then placed on autoclaved food and

incubated at 25°C until adulthood.
2.3.2. Bacterial culture

All Acetobacter species were cultured in Mannitol salt media, and Lactobacillus brevis in MRS
media, for 24 hours at 30°C before being resuspended in PBS. We then generated a 50/50 mix of
5% sucrose and bacterial solution, with a final bacterial concentration of 4x107 cell/mL of each

species, to feed to the germ-free flies.
2.3.3. Gnotobiotic Drosophila production

We generated several treatment groups of gnotobiotic flies for these experiments. Each experimental
group consisted of a young, germ-free female D. melanogaster fly colonized by a focal commensal
gut bacterial species, Acetobacter cibinogensis, and second commensal gut bacterial species. Flies
were placed in autoclaved agar vials with filter paper inoculated with the appropriate microbial
combination and allowed to feed for four hours. Flies were then placed individually in autoclaved
chambers for 24 hours, transferred to new autoclaved chambers for another 24 hours, and transferred
once more for 24 hours to allow the gut community to stabilize and prevent additional fecal-oral

bacterial immigration into the gut.
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2.3.4. Recording gut community abundances

Female flies from each treatment group were anesthetized using CO2 and placed in microcentrifuge
tubes. Flies were then washed in 70% ethanol twice before being rinsed with sterile, DI water.
The surface-sterilized flies were individually homogenized in 500ul. of PBS. The homogenate was
then further diluted and plated on MRS and Mannitol agar plates, and evenly distributed using
glass beads. Plated Acetobacter species were distinguished from A. cibinogensis (strain 28/18)
by replicate plating the original homogenate plate onto a tetracycline plate with the appropriate
concentration; 3 ng/mL for A. malorum, 5 ng/mL for A. thailandicus, or 8 pg/mkL for A. cibinogensis

(strain 114/12). Colonies were counted on the original and replicate plates.

A. cibinogensis (strain 28/18) was differentiated from Lactobacillus brevis by plating each ho-
mogenate on a set of Mannitol and MRS plates. Visual differential growth on each media type
was used to identify each species. L. brevis formed opaque white colonies that were larger on MRS
plates whereas A. cibinogensis (strain 28/18) formed pale yellow colonies with defined borders that

were larger on Mannitol plates.
2.4. Results

The presence and abundance of A. cibinogensis (strain 28/18) is negatively impacted to the greatest
degree when co-colonizing flies with microbiota with the greatest niche overlap. The abundance of
the focal strain, A. cibinogensis (strain 28/18), is significantly lower in the presence of the most
closely related co-colonizing strain. By contrast, the abundance of the focal strain is similar in flies
in which it co-colonizes with distantly related microbial species and in flies in which it is the only
colonizing species. The lower abundance of the focal strain in flies with closely related co-colonizing
microbial species is likely driven primarily by a competition-mediated reduction in colonization rate
of the focal strain as opposed to smaller population sizes in successfully colonized flies. Further,
colonization success rates of both microbial species are significantly lower when co-colonizers have
the greatest niche overlap. That is, the rate at which both co-colonizers failed to establish a
population was greatest when co-colonizers shared the most niche space, suggesting the degree of

competition is highest among closely related co-colonizers. Importantly, although competition is
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most pronounced among closely related species, the outcomes of competition appear stochastic,

suggesting neutral ecological processes.

There is a negative correlation between the abundance of A. cibinogensis (strain 28/18) and the
expected niche overlap with its co-colonizer (Figure 2.1; OLS regression, coefficient = 0.3177, p
< 0.01). That is, as relatedness between A. cibinogensis (28/18) and its co-colonizer decreases,
the focal strain abundance trends closer to levels found when colonizing alone. The abundance
of the focal A. cibinogensis strain is significantly lower when it co-colonizes with a conspecific
A. cibinogensis strain (1114/12) (Figure 2.1; Mann-Whitney, p < 0.01). The focal A. cibinogensis
abundance is also significantly lower, albeit less so, when it co-colonizes with a closely related species,
A. malorum (Mann-Whitney, p < 0.01). The abundance of the focal A. cibinogensis strain is lower
than baseline when co-colonizing with A. thailandicus and L. brevis, although the abundance of the
focal strain is not significantly depressed by these more distantly related species (Mann-Whitney, p

= 0.06 and p = 0.09, respectively, after Bonferroni correction).

The overall abundance measure of focal A. cibinogensis (28/18) (Figure 2.1A) is a combined metric
including the colonization rate and population size given colonization. Similar to the trend identified
in overall abundance, there is a negative correlation between the colonization success rate of the
focal A. cibinogensis (28/18) and the expected niche overlap with its co-colonizer (Figure 2.1B;
Logit regression, coefficient = 0.7464, p < 0.01). Co-colonization with species whose niches overlap
less with the focal strain permits the focal strain to establish a populations at rates similar to
those when A. cibinogensis colonizes alone. By contrast, the focal A. cibinogensis colonization rate
is significantly diminished when it co-colonizes with A. cibinogensis strain 1114/12 (Binomial, p
< 0.01) and by the presence of A. malorum (Binomial, p < 0.01). The effect of A. thailandicus
on A. cibinogensis colonization rate is substantial, but not statistically significant after Bonferroni
correction (Binomial, p = 0.02). The presence of L. brevis had a minimal impact on the colonization
rate of the focal A. cibinogensis (Binomial, p = 0.26). The reduced colonization rate of the focal
strain when co-colonizing with species that have the greatest niche overlap explains the majority

of the overall effect of co-colonizer niche overlap on focal strain abundance. This suggests that the
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colonization success is a primary driver of overall abundance patterns.

The proportion of cases where both species failed to colonize is also correlated with the degree of
niche overlap (Table 2.1). The highest rate of colonization failure by both species occurs when flies
were challenged with the focal strain and the conspecific A. cibinogensis strain (1114/12), with 51
of 71 trials resulting in failure to colonize by either species. Double colonization failure is lower
with less niche overlap between co-colonizers: only 11 of 45 trials resulted in double colonization
failure when the focal strain was introduced with A. malorum, 5 of 39 trials when introduced with

A. thailandicus, and 3 of 57 trials when introduced with L. brevis.

The proportion of the community comprising the focal strain and each co-colonizing strain within
flies deviates slightly from the expectations of strictly neutral processes, excluding cases where both
species failed to colonize. (Figure 2.2). For example, the proportion of the community made up of
the focal strain and the conspecific strain was not significantly different from neutral (50:50) after
Bonferroni correction (Wilcoxon signed-rank, Bonferroni-adjusted p = 0.0769) (Table 2.2). These
results indicate that the proportion of the focal strain in the microbiome significantly deviates
from neutrality when co-colonizing with the more distantly related species (A. thailandicus and L.
brevis), but not the more closely related species (A. cibinogensis (1114/12) and A. malorum). This
is a slight deviation from expectations because the focal strain and A. thailandicus are of similar

trophic level, and yet neutral interactions were not detected in this system.
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Figure 2.1: The niche overlap between the focal strain and its co-colonizer predicts
depression of focal strain abundance. (A) The abundance of the focal A. cibinogensis (28/18)
strain in flies (log CFU) is negatively correlated with the degree of niche overlap with the co-
colonizing strain (OLS regression, coefficient = 0.3177, p < 0.01). For example, the abundance
of A. cibinogensis strain 28/18 is significantly lower when co-colonizing flies with the most closely
related strain (A. cibinogensis strain 1114/12; Mann-Whitney, p < 0.01). Similarly, the focal
strain abundance is significantly lower when co-colonizing with the next closest species, A. malorum
(Mann-Whitney, p < 0.01), but to a lesser degree than observed when co-colonizing with the most
closely related species. While the next closest related species - A. thailandicus and L. brevis -
suppress focal strain abundance, their effects are not statistically significant (Mann-Whitney, p
= 0.06 and p = 0.09, respectively). (B) The niche overlap between co-colonizers is predictive of
colonization success rates. The bar plot shows the proportion of successful colonization events (CFU
> () for the focal strain alone and when co-colonizing with species along a phylogenetic gradient.
There is a significant negative correlation between the colonization success rate of the focal strain
and its niche overlap with the co-colonizer (Logit regression, coefficient = 0.7464, p < 0.01). As the
niche overlap decreases, the focal strain’s colonization success approaches the rate observed when it
colonizes alone. The colonization rate of the focal strain is significantly decreased when co-colonizing
with A. cibinogensis (1114/12) (Binomial, p < 0.01) and A. malorum (Binomial, p < 0.01). While
the presence of A. thailandicus also reduces the colonization rate of the focal strain, this effect is
not statistically significant after Bonferroni correction (Binomial, p = 0.02). The presence of L.
brevis does not significantly affect the colonization rate of the focal strain (Binomial, p = 0.26).
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Focal strain co-colonization | Double Zero/Total Experiments
A. cibinogensis (1114/12) 51/71
A. malorum 11/45
A. thailandicus 5/39
L. brevis 3/57

Table 2.1: The number of trials and the corresponding number of double colonization failures are
shown for each co-colonizer.

Focal strain co-colonization | Neutral | p-value | Mean proportion, 95% CI
A. cibinogensis (1114/12) Yes 0.0769 0.3168 (0.2004 to 0.4432)
A. malorum Yes 0.1188 0.3791 (0.2792 to 0.4798)
A. thailandicus No 0.0016 0.1983 (0.0969 to 0.3214)
L. brevis No <0.001 0.2208 (0.1521 to 0.2974)

Table 2.2: Wilcoxon signed-rank test results for the deviation of the final species proportion from
neutral expectations. *Bootstrapping was used to estimate the means and 95% confidence intervals
for each group, excluding cases where both co-colonizers failed to colonize. P-values are corrected
using Bonferroni correction.
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Figure 2.2: Outcomes are neutral between closely related species but deterministic
among more distantly related co-colonizers. The mean proportions and 95% confidence
intervals of the focal strain A. cibinogensis (28/18) when co-colonizing with different species are
displayed. The proportions of the focal strain when introduced with A. cibinogensis (1114/12)
and A. malorum were not significantly different from neutral expectations (p = 0.0769 and 0.1188,
respectively), while the proportions of the focal strain and A. thailandicus or L. brevis were signif-
icantly different from neutral expectations (p = 0.0016 and < 0.001, respectively). Bootstrapping
was used to estimate the means and confidence intervals, excluding cases where both species failed
to colonize. The proportions were tested against a neutral expectation of 0.5 using Wilcoxon signed-
rank tests with Bonferroni correction.
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2.5. Discussion

Direct competition for limited resources poses a challenge to ecological coexistence, particularly
among closely related species exhibiting a high degree of niche overlap. When similar species com-
pete directly, only one species is likely to persist unless other ecological processes mitigate the
competition (Gause, 1932; Hardin, 1960). Coexistence of microbiota within the gut microbiome is
particularly important for host biology. The gut microbiome is an ecosystem that influences an in-
credible range of host phenotypes (Huang et al., 2022; Buffington et al., 2016). In particular, micro-
biome community richness and stability play an important role in host health (Murga-Garrido et al.,
2021; Lozupone et al., 2012; Alvarez et al., 2020; Cox et al., 2022). Despite the importance of gut
biodiversity, little is known about the processes that facilitate microbiota coexistence. Community
ecology framework offers many useful perspectives to investigate the mechanisms underlying the
extreme biodiversity in host-associated microbiomes. Here, we investigate the role of niche overlap

on competition among closely related microbiota.

The negative association between focal strain abundance and co-colonizer relatedness (Figure 2.1A
& 2.1B) aligns with niche theory, highlighting the role of niche overlap in competition among
microbiota. The trend in overall abundance (Figure 2.1A) is strongly influenced by the negative
impact of competition on colonization rate (Figure 2.1B). The relationship between competition
severity and co-colonizer relatedness is emphasized by the rate of total colonization failure (Table
2.1). This phylogenetic relationship suggests that niche-based interactions play an important role
in shaping microbiome communities. As niche theory predicts, species with the greatest similarities
face the most intense competition, likely due to substantial niche overlap that severely reduces the

realized niche of both species.

These results also support a role for neutral processes in gut microbiome community diversity.
Neutral theory assumes that species within a trophic level are ecologically equivalent and that
closely related species are ecologically indistinguishable. This equivalency does not imply that there
is no competition between similar species but that neither species has a consistent competitive

advantage. Neutral theory predicts the proportion of the community comprising each co-colonizing
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species will be stochastic such that average co-colonizer proportions across flies should be equal
to the proportions inoculating each fly (50:50). Closely related co-colonizing strains aligns with
predictions from neutral theory (Figure 2.2). That is, interactions between the focal strain and
its conspecific strain were statistically neutral, supporting the prediction that neither strain has a
consistent competitive advantage. Similarly, interactions with the next closest relative, A. malorum,
were also neutral. However, the interaction between the focal strain and A. thailandicus did not align
with neutral expectations despite being in the same trophic level, showing competitive dynamics
similar to those observed with the most distantly related species (L. brevis). Generally, closely
related species seem to have the most consequential interactions, both niche-based and neutral,

while interactions with more distantly related species have little impact on either population.

While the data support the impact of neutral processes in maintaining microbiome diversity, they
also highlight its limitations. The interactions between the focal strain and its conspecific strain
and with A. malorum were suggestive of niche processes, although they did not reach the accepted
threshold of statistical significance. The weak statistical evidence for neutrality suggests that even
closely related species exhibit dynamics consistent with niche theory. This marginally-supported
neutrality calls into question the extent to which neutral theory alone can explain microbiome
diversity. These findings emphasize the need for a more nuanced approach that incorporates both
niche and neutral processes to fully capture the complexities of microbial community assembly in

the gut.

The gut microbiome is an ecosystem that significantly impacts host biology. Although the impor-
tance of the gut community has been recognized, the complexity of species interactions has limited
our understanding of the underlying mechanisms. Our results highlight the value of community
ecological theory as a framework for understanding the processes governing the gut community.
The extensive literature in community ecology offers further insights. For example, future research
could use the classical Lotka-Volterra framework to quantify competition between species in this
experimental system. This approach would allow for the estimation of competition coefficients («),

providing a quantitative measure of species relationships. Such analysis would be useful for study-
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ing multi-generational niche partitioning and understanding how these dynamics contribute to the

long-term stability of microbial communities.

Our study highlights the complexity of microbial community assembly in the gut microbiome
through the lens of both niche and neutral processes. We show that species relatedness can be
a useful predictor of microbiota interactions, as has been shown in a range of eukaryotic ecological
communities Cahill Jr et al. (2008); Godoy et al. (2014). Closely related species face intensified
competition due to higher degrees of niche overlap, reducing colonization success and abundance,
and thus evolutionary fitness. Neutral theory explains marginally neutral interactions but has limi-
tations in fully capturing these dynamics. Thus, neither niche nor neutral theory alone is sufficient
to predict community assembly. There are many future research directions including quantification
of the impacts of species interactions, exploring other microbiome systems, and refining theoretical
models to better capture the observed complexities. This integrative approach will enhance our

understanding of the gut ecosystem and the broader principles governing microbial coexistence.
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CHAPTER 3

THE ROLE OF HABITAT VARIATION IN MICROBIOME COMMUNITY ASSEMBLY

3.1. Abstract

Ecological coexistence depends on a range of biotic and abiotic factors. Habitat quality, a critical
abiotic factor, influences species coexistence by modulating ecological relationships and competition.
Despite the gut microbiome’s known impact on host biology, the role of habitat quality in microbiota
coexistence remains poorly understood. Using a controlled Drosophila melanogaster model, we gen-
erated synthetic microbiomes with bacteria of varying relatedness to a focal Acetobacter species,
A. cibinogensis (strain 28/18). Our results show that closely related co-colonizers exhibit strong
positive correlations in abundance, while more distantly related species show weaker correlations.
Across genera, slight positive correlations in abundance were also observed. Importantly, we show
these inter-genera correlations are likely driven by habitat quality rather than mutualistic relation-
ships. These findings highlight the crucial role of habitat quality in shaping microbiome community

structure and coexistence, especially among closely related species.

3.2. Introduction

Coexistence among species is dependent on both biotic and abiotic factors that affect ecological pro-
cesses Chesson (2000b). Habitat quality in particular can be an important abiotic factor influencing
among-species coexistence Chesson (2000a); van Beest et al. (2014); Liu et al. (2021). Resource
availability and species-specific habitat suitability can affect the ecological relationships between
species with similar niche requirements, influencing coexistence Chesson (2000b); Pekkonen et al.
(2013); Dunham (1980). High quality habitats contain a diverse range and ample supply of resources
are correlate positively with biodiversity Lomolino et al. (2010); Wang et al. (2023); Ye et al. (2013);
Poniatowski et al. (2018); Silva et al. (2022). Despite the important role of the gut microbiome on
host health, the impact of habitat quality on its community ecology remains poorly understood.
Here, we examine how variation in habitat quality influences microbiota abundance and coexistence

by analyzing the covariance between microbial species that range in degrees of relatedness.
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Higher quality habitats, with ample resources, support larger populations of a species. By definition,
the carrying capacity of an environment is linked to its resource abundance (Hadwen and Palmer,
1922; O’M, 1971). Higher quality habitats can affect the degree of competition between trophically
similar species and facilitate coexistence (Dunham, 1980; Mas-Carri6 et al., 2024). For example,
survivorship of ornate tree lizards (Urosaurus ornatus) is suppressed by interspecific competition
with Canyon lizards (Sceloporus merriami) only in low quality habitats with limited food availability

(Dunham, 1980, 1983).

Richer habitats, characterized by a diverse range of resources and favorable habitat conditions, can
support ecologically diverse communities. These rich habitats can also vary in resource abundance.
Higher-quality rich habitats are capable of sustaining biodiverse populations of higher abundance
(Lomolino et al., 2010; Brown, 2014; Vitousek and Sanford, 1986). For example, studies of the Barro
Colorado Island (BCI) forest in Panama show that diverse resources in high abundance allow for
the coexistence of both dominant and subordinate tree species, leading to high levels of biodiversity

and abundance (Wright et al., 2010).

The role of habitat variation on the gut microbiome remains poorly understood despite the many
recognized impacts of microbiota on the biology and health of the host. The habitat quality for
gut microbial species varies between, as well as temporally within, hosts (De Filippo et al., 2010;
Yatsunenko et al., 2012; Thaiss et al., 2014). Host behavior plays an important role in gut habi-
tat quality. For example, the gut community has access to abundant resources as hosts consume
nutrients, which become scarce during fasting periods (Thaiss et al., 2014). These fluctuations
in nutrient availability cause dramatic shifts in microbiome community composition (Thaiss et al.,
2014) and likely impact inter-species interactions. Thus, host-associated habitat quality could play a
crucial role in maintaining the microbiota coexistence, similar to the effects on eukaryotic ecological

communities.

Here, we investigate the role of habitat quality in microbiome community assembly using a controlled
Drosophila melanogaster microbiome model. We examine how variations in habitat quality affect

microbial species abundance within the gut by analyzing communities of closely related Acetobacter
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species and broader interactions across microbial genera. Despite controlling the D. melanogaster
microbiome system by using an isofemale fly line and constant environmental conditions, habitat
quality varies among individual flies. For example, variation in individual fly foraging behavior or
in gastrointestinal lumenal diameter impacts habitat quality for host-associated microbes. Since
a species’ carrying capacity is driven by habitat quality (Hadwen and Palmer, 1922; O’M, 1971),
evidence of variation in habitat quality can be inferred by variation in microbiota population size.
By leveraging the natural variation in habitat quality, we investigate how habitat quality variation
affects gut microbiome community assembly. This approach provides a deeper understanding of the

ecological processes governing microbial coexistence within metazoan guts.
3.3. Methods

3.3.1. Generation of Germ-free Drosophila

We followed the method described by Pais et al. (2018) to produce germ-free and gnotobiotic flies.
We dechorionated the eggs using a 2% sodium hypochlorite solution for 10 minutes, followed by a
7-minute wash in 70% ethanol, and subsequent rinsing in sterile deionized water. The sterilized eggs

were then transferred onto autoclaved food and incubated at 25°C until they reached adulthood.
3.3.2. Culturing Bacteria

All Acetobacter species were grown in Mannitol salt media, while Lactobacillus brevis was cultured
in MRS media. Cultures were incubated for 24 hours at 30°C and then resuspended in PBS. A
50/50 mix of 5% sucrose and bacterial solution was prepared, resulting in a final concentration of

4x107 cells/mL for each species. This mixture was then used to feed the germ-free flies.
3.3.3. Production of Gnotobiotic Drosophila

For the within-Acetobacter experiments, we created several treatment groups of gnotobiotic flies.
Each group consisted of young, germ-free female D. melanogaster colonized by a focal commensal
gut bacterial species, Acetobacter cibinogensis (strain 28/18), along with a second commensal gut
bacterial species. The flies were placed in autoclaved agar vials containing filter paper inoculated
with the respective microbial combinations and allowed to feed for four hours. Subsequently, the flies

were housed individually in autoclaved chambers for 24 hours, then transferred to new autoclaved
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chambers for another 24 hours, and transferred once more for a final 24-hour period. This protocol
allowed the gut community to stabilize and minimized additional fecal-oral bacterial immigration

into the gut.

For the between-genera experiments, we followed the same procedure described above to generate
germ-free and gnotobiotic flies. Each experiment consisted of three treatment groups. In one
treatment group, female D. melanogaster would be colonized with a single Acetobacter species,
either A. cibinogensis (strain 28/18) or A. thailandicus. Flies in the second treatment group would
be colonized with L. brevis. In the third treatment group, flies were colonized with a 50/50 mixture

of the corresponding Acetobacter species and L. brevis.
3.3.4. Recording Gut Community Abundances

Female flies from each treatment group were anesthetized using COs and placed in microcentrifuge
tubes. The flies were washed twice in 70% ethanol and then rinsed with sterile deionized water.
Each surface-sterilized fly was individually homogenized in 500 pL. of PBS. The homogenate was
further diluted and plated on MRS and Mannitol agar plates, with even distribution achieved using
glass beads. Acetobacter species were differentiated from A. cibinogensis (strain 28/18) by replicate
plating the original homogenate onto tetracycline plates with species-specific concentrations: 3
ng/mL for A. malorum, 5 pg/mL for A. thailandicus, and 8 pg/mL for A. cibinogensis (strain

114/12). Colony counts were recorded from both the original and replicate plates.

A. cibinogensis (strain 28/18) was differentiated from L. brevis by plating each homogenate on
both Mannitol and MRS plates. Visual differential growth on each media type was used for species
identification. L. brevis formed opaque white colonies that were larger on MRS plates, whereas A.
cibinogensis (strain 28/18) formed pale yellow colonies with defined borders that were larger on

Mannitol plates.
3.4. Results

We co-colonized a single line of isofemale D. melanogaster with various bacterial communities to

investigate the role of habitat variation in the community ecology of the gut microbiome. Broadly,
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co-colonizers with the highest degree of niche overlap exhibited the strongest positive association in
population sizes. This positive association in abundance between co-colonizers waned with decreas-
ing niche overlap, indicating that favorable habitat conditions are niche-specific, but can extend
across genera. Due to the high degree of niche overlap, co-colonizers in the same genus responded
similarly to variation in habitat quality. Acetobacter species with the highest degree of niche over-
lap had the strongest positive correlation in population sizes. Even within-genera, this positive
association waned with increasing evolutionary distance among co-colonizing Acetobacter species.
Co-colonizers from different genera, by contrast, showed only a faint positive association despite
no detectable ecological relationships, e.g. facilitation, mutualism, etc. between species of different

genera.

The association between the abundance of the focal strain and the abundance of its co-colonizer
trended toward positivity in all pairwise conditions. However, the positive association is greatest
when the co-colonizers have the greatest niche overlap (closest evolutionary relatedness) and de-
creased with decreasing niche overlap (Figure 3.1). The covariance in population sizes of the most
closely related species (A. cibinogensis strain 28/18 and A. cibinogensis strain 1114/12) is the most
positively correlated (OLS regression, coefficient = 0.92, p = 0.002). The covariance in population
sizes of A. cibinogensis (28/18) and A. malorum, the next most closely related species, is also sig-
nificantly positive (OLS regression, coefficient = 0.46, p = 0.013). The covariance of A. thailandicus
with the focal A. cibinogensis strain was not significantly positive, however it matched the expected
degree of positivity following the pattern of decreasing association with phylogenetic distance (OLS

regression, A. thailandicus coefficient = 0.41, p = 0.076).

The positive correlation in population sizes observed between distantly related species within the
same genus is also present between species from different genera (Figure 3.2). The correlation
between L. brevis and A. thailandicus abundances is positive (OLS regression, coefficient = 0.53,
standard error = 0.146, p = 0.001). The correlation between L. brevis and A. cibinogensis popula-
tion sizes is not statistically significant (OLS regression, coefficient = 0.48, standard error = 0.239,

p = 0.062). The slight positive relationship between L. brevis and these two Acetobacter species
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could be due to habitat variation, but it could also result from a mutualistic relationship between

these genera.

Co-colonization revealed no significant mutualistic or antagonistic relationships between Acetobacter
and Lactobacillus species (Figure 3.3). That is, the population size of L. brevis was not significantly
different when co-colonizing with A. cibinogensis (KS statistic = 0.1104, p = 0.6117) or A. thai-
landicus (KS statistic = 0.2561, p = 0.0595) compared to when it was the only species colonizing the
fly. Similarly, the abundance of A. cibinogensis nor A. thailandicus were affected by the presence of
L. brevis (KS statistic = 0.0782, p = 0.9530 and KS statistic = 0.1364, p = 0.8479, respectively).
These results indicate that the microbial population sizes in these co-colonization scenarios are likely

influenced by environmental quality rather than direct interactions between microbial species.

25



404 y=0.92x +-0.29 404 y=0.46x+0.57 404 y=041x+0.72

A. cibninogensis (28/18) LogCFU

b .

154 e o
Ld
1.0 L]
L] L L]
0.5
0.0 T T T T T T T T J 0.0 T T T T T T T T 1 0.0 T T T T T T T T J
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0 4.5 0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0 4.5 0.0 0.5 10 15 2.0 2.5 3.0 3.5 4.0 4.5
A cibinogensis (1114/12)LogCFU A malorum LogCFU A. thailandicus LogCFU

Figure 3.1: Positive associations in the population sizes of the focal strain and its co-
colonizers wanes with decreasing niche overlap. As niche overlap decreases, the positive
association in abundance between A. cibinogensis (strain 28/18) and its co-colonizer decreases.
Each panel shows the relationship between the log-transformed abundance of the focal strain and
one of its co-colonizing species. The abundance of A. cibinogensis (strain 28/18) is most positively
correlated with A. cibinogensis (strain 1114/12; p = 0.002), followed by the significant positive
correlation with A. malorum (p = 0.013), and the non-significant positive trend in population sizes
with the most distantly related species in the genus, A. thailandicus (p = 0.076). These results
support the hypothesis that diminishing niche overlap results in dissimilar responses to habitat
variation (OLS regression, A. thailandicus coefficient = 0.41, p = 0.076).
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Figure 3.2: The population sizes of Lactobacillus brevis and two Acetobacter species are
weakly correlated.. The correlation between L. brevis and A. thailandicus was statistically sig-
nificant (OLS regression, coefficient = 0.53, standard error = 0.146, p = 0.001) while the correlation
between L. brevis and A. cibinogensis was not statistically significant (OLS regression, coefficient
= 0.48, standard error = 0.239, p = 0.062).
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Figure 3.3: Mutualistic interactions do not drive the observed positive correlations be-
tween Acetobacter and Lactobacillus species. The abundance of L. brevis was not significantly
different when co-colonizing with A. thailandicus (KS statistic = 0.2561, p = 0.0595) or A. cibino-
gensis (KS statistic = 0.1104, p = 0.6117) compared to when it was alone. Similarly, no significant
changes in the abundance of either A. thailandicus or A. cibinogensis were detected co-colonizing
with L. brevis (KS statistic = 0.1364, p = 0.8479 and KS statistic = 0.0782, p = 0.9530, respec-
tively). These results indicate that the microbial abundances in these co-colonization scenarios are
likely influenced by environmental quality rather than direct inter-species interactions.
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3.5. Discussion

We investigated the role of habitat quality in microbiota coexistence among similar species within
a controlled Drosophila melanogaster microbiome model. We use the variation in microbiota pop-
ulation size as a proxy for variation in species-specific habitat quality, since a species’ carrying
capacity is driven by habitat quality (Hadwen and Palmer, 1922; O’M, 1971). The data demon-
strate that closely related strains with similar ecological niches exhibit strong positive associations
in population sizes, suggesting they benefit similarly from favorable habitat conditions. This posi-
tive association diminishes with increasing phylogenetic distance between co-colonizers, indicating
that variation in habitat quality has the strongest impact on the maintenance of coexistence among
species with similar niches. Weaker positive correlations between Lactobacillus and Acetobacter
population sizes were also observed, supporting the idea that broader community abundance and
coexistence can be affected by beneficial habitat conditions. The lack of detectable species-species
interactions between populations from different genera (Figure 3.3) supports the idea that the pos-
itive inter-genera correlations observed (Figure 3.2) are likely driven by variation in habitat quality

rather than a mutualistic interactions between Acetobacter and Lactobacillus.

Closely related strains with similar ecological niches benefit similarly from variation in habitat qual-
ity, likely due to overlapping resource requirements. This hypothesis is supported by the strong pos-
itive association in abundance between A. cibinogensis strain 28/18 and conspecific strain 1114/12
(Figure 3.1). The pattern of diminishing positive associations between the focal strain with A.
malorum and with A. thailandicus further highlights the role of niche overlap in shaping the impact

of habitat quality on coexistence.

The positive association in abundance between closely related species is counter-intuitive given
the expected increase in competition for mutually required resources. That is, species with simi-
lar niche requirements are expected to compete for resources which predicts negative correlations
in population sizes. In fact, prior research indicates that competition is most pronounced be-
tween closely related species (Chapter 1 as well as (Darwin, 1859; Hardin, 1960; Webb et al., 2002;

Wiens and Graham, 2005; Cahill Jr et al., 2008)). However, competition among microbial species
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in the fly microbiome primarily affected colonization rates with only limited effects on population
sizes post-colonization. The present study exclusively analyzed cases where both co-colonizers estab-
lished populations within the fly, thus excluding impacts of competition on colonization rates. The
combination of these results suggests that both niche-based mechanisms and variation in habitat

quality impact the coexistence of similar microbiota within the gut.

Variation in habitat quality can broadly affect microbiome communities. The slight positive associa-
tion between Lactobacillus and Acetobacter abundances (Figure 3.2) suggests that, despite relatively
low niche overlap between genera, these microbial species both react to variation in habitat quality.
The lack of significant interactions between genera (Figure 3.3) indicates that these correlations arise
from variations in habitat quality rather than direct ecological relationships, like commensalisms or
mutualisms. Importantly, these species were introduced into the gut environment simultaneously,
thus excluding the potential impacts of priority effects or ecosystem engineering. These mechanisms
could affect the ecological relationship within the gut. For example, some Lactobacillus species pro-
duce glycans that form an extracellular matrix that increases suitable habitat for some Acetobacter
species Dodge et al. (2023). Thus, Lactobacillus ecosystem engineering could result in a facilitative
relationship with Acetobacter bacteria in natural cases with regular introduction of new bacteria

into the gut.

The positive correlation between the focal strain and most distantly related Acetobacter co-colonizer,
A. thailandicus (Figure 3.1), is similar to the correlation between L. brevis and the two Acetobacter
strains (Figure 3.2). This weakly positive correlation indicates that these species share minimal niche
overlap and thus do not respond to variations in habitat quality in the same ways. This lack of
ecological relation between the focal strain and distantly related co-colonizers is further emphasized
by the absence of detectable species interactions identified previously in this system (Chapter 1).
That is, species-species interactions among distantly related co-colonizers are not detectable and
they respond differently to habitat quality variation. The similarity in relationships between the
focal strain and A. thailandicus and the focal strain and L. brevis highlights the limitation of

historically popular genera-level ecological analyses of microbiome communities.
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This study highlights the role of habitat quality in shaping microbial community assembly within
a controlled Drosophila melanogaster microbiome model. The observed positive correlations in
abundance among closely related strains underscore the importance of niche overlap in mediating
species’ responses to habitat variations. These correlations diminish with decreasing niche overlap,
resulting in only a slightly positive correlation in abundance between the focal Acetobacter strain
and the distantly related A. thailandicus. Moreover, the weak positive associations in abundance
observed between genera, despite the lack of significant direct interactions, emphasize the role of
beneficial habitat conditions extending across broader taxonomic groups. Future research should
aim to disentangle these factors, incorporate a wider range of microbial taxa, and refine theoretical
models to investigate ecological dynamics within the gut microbiome. This approach will advance
our knowledge of microbial coexistence and the broader principles governing ecological community

structure.
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CHAPTER 4

THE GUT MICROBIOME CAN INFLUENCE FEMALE MATING BEHAVIOR IN D.
MELANOGASTER

4.1. Abstract

Environmentally-determined, sexually-relevant phenotypes can act as false indicators of good genes,
thus affecting the rate of a species’ evolution. The gut microbiome is an environmental factor that
has been associated with a range of phenotypic outcomes. However, isolating the role of the gut
microbiome in shaping false indicators of heritable fitness has been a challenge. Here, we evaluate
the direct role of the gut microbiome on female mate preference and latency using an isofemale
line of D. melanogaster with tightly controlled microbiome communities. Singly colonized mating
trials were conducted with one female fly, colonized with either Lactobacillus brevis or Acetobacter
thailandicus, and two males; one colonized with L. brevis and the other male with A. thailandicus.
Co-colonized mating trials were conducted with female flies colonized with both L. brevis and A.
thailandicus simultaneously. We found that distinct gut communities result in significantly different
female mate preferences (Fisher’s Exact, p = 0.019). Moreover, female flies displayed a bias for
males with matching microbiome communities. Females colonized with L. brevis strongly preferred
males colonized with L. brevis (Binomial, p = 0.007), while females colonized with A. thailandicus
had a bias for males colonized with A. thailandicus (Binomial, p = 0.240). Co-colonized females
did not exhibit a significant bias, yet mated substantially faster than singly inoculated females
(Kolmogorov—Smirnov, p = 0.022). These results suggest that the gut microbiome can play an

important role in the development of false indicators of good genes.
4.2. Introduction

The phenotypes preferred by females in potential mates are expected to represent honest indicators
of good genes that will increase survival or reproductive success in their offspring (Hamilton and Zuk,
1982; Price, 2006). However, phenotypes are the result of both genetic and environmental influences

(Simpson et al., 2011). Thus, the heritable alleles partially underlying attractive phenotypes can
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be obscured by environmental factors that influence phenotypic development (Fisher, 1930; Greene,
1989; Brakefield et al., 2009). These environmentally-dominated phenotypes are false indicators of
heritable fitness that impact the rate of allele frequency changes, and thus the rate of biological
evolution by natural selection (Eraly et al., 2009; Langerhans and DeWitt, 2002; Ghalambor et al.,

2007; Gienapp et al., 2013; Price et al., 2003).

Environmentally-influenced phenotypes have been shown to impact mate choice (Espeset and Forister,
2022; Montague et al., 2013). For example, great tits (Parus major) are attracted to the yellow col-
oration of males — a trait heavily influenced by the preponderance of caterpillar-sourced carotenoids
(Hegyi et al., 2007, 2015; Pagani-Nufiez et al., 2014; Slagsvold and Lifjeld, 1985). Similarly, gup-
pies (Poecilia reticulata) prefer males with vibrant, diet-mediated orange markings (Grether, 2000).
As another example, Male bower birds (Chlamydera maculata) with a greater numbers of bower
decorations, mostly consisting of glass and bones, are more preferred mates for females (Borgia,
1995). Each of these phenotypes are dependent on environmental context and can, therefore, act

as false indicators of heritable fitness.

The gut microbiome is a recently recognized environmental factor that impacts many phenotypes
of ecological and medical importance (Gilbert et al., 2018; Barko et al., 2018; McFall-Ngai, 2015;
Metchnikoff, 1908; Turnbaugh et al., 2007; Lynch and Hsiao, 2019). Multiple microbiome-influenced
phenotypes have been identified including adiposity in mice (Mus musculus), camouflage in bobtail
squid (Euprymna scolopes), and dietary span in wood-feeding termites (Nasutitermes takasagoen-
sis) (Jones and Nishiguchi, 2004; Tokuda et al., 2018). Even complex social phenotypes, like ag-
gression and in-group recognition, can be influenced by gut microbiota (Teseo et al., 2019). These

microbiome-mediated phenotypes can indirectly affect survival or mating success.

Host-associated microbes have been shown to directly influence some phenotypes that impact mating
success. For example, microbiome differences can alter the duration of copulation as well as fecundity
(Morimoto et al., 2017). Female mate preference has even been shown to be impacted by dietary
differences that may have been mediated through changes in microbial communities (Sharon et al.,

2010; Dodd, 1989). The populations maintained on distinct diets over many generations had notably
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divergent microbiome communities, although the impact of dietary differences could affect mate
preference in many ways (Schultzhaus et al., 2017; Bakker et al., 1999; Hunt et al., 2005), making

it difficult to understand the isolated role of the gut microbiome on this phenotype.

Here, we use an isofemale line of D. melanogaster with tightly controlled microbiomes to isolate the
effect of the gut microbiome on mate preference and clarify its role as a false indicator of good genes
(Hamilton and Zuk, 1982). All flies were reared in identical environments, with identical food,
aside from distinct, experimentally controlled gut microbial communities. The fact that all flies
originate from one isogenic line ensures that any phenotype that could affect female mate preferences
are derived from microbiome differences, not differences in genetic content. The mating trials
demonstrate a direct impact of gut microbial communities on female mate preference and average
time to mating. The direct influence of the non-heritable microbes on sexually-relevant phenotypes
demonstrates that gut microbiomes can play an important role in the efficacy of evolution by natural

selection.
4.3. Methods

4.3.1. Overview

For these experiments, we generated several treatment groups of gnotobiotic flies. Each experimen-
tal group was colonized by a single cultured species of commensal gut bacteria or simultaneously
colonized by two microbial species (co-colonized flies). We performed a mating assay in which a
female was allowed to choose between two males to assess if the identity of the microbial species in
the gut microbiome influences female mate selection. All mating trials contained one female, one

male colonized by Lactobacillus brevis and one male colonized by Acetobacter thailandicus.
4.3.2. Bacteria culture

L. brevis and A. thailandicus were cultured in MRS and Mannitol salt media, respectively, for 24-48
hours at 30° C before being resuspended in PBS. They were then diluted with a 200ul of 5% sucrose

solution and 200ul of PBS, with a bacterial concentration of 0.4x10% cell/mL of each species.
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4.3.3. Generation of gnotobiotic flies

To generate germ-free flies, we used the protocol outlined in (Pais et al., 2018). Collected eggs
were dechorionated with 2% sodium hypochlorite for 10 minutes, sterilized with 70% ethanol for 7
minutes, and then washed with sterile DI water. Embryos were then placed on sterilized food vials
and were inoculated with 100ul of the prepared bacteria solution. The vials were then sealed and

placed into incubator to mature.
4.3.4. Microbiota confirmation assay

10 female flies from each treatment group were anesthetized and placed into microcentrifuge tubes.
They were washed with 70% ethanol for 15 seconds to sterilize the surface of the flies, then rinsed
with sterile deionized water. This process was repeated once more. The washed flies were then indi-
vidually homogenized in 500 ul of PBS by a Mini-BeadBeater (BioSpec Products, Inc., Bartlesville,
OK, USA). The homogenate was then further diluted in PBS, plated onto MRS and Mannitol agar
plates, and evenly distributed using glass beads. The plates were placed into the incubator at 30°C

for 48-72 hours. Colony phenotypes were observed to confirm infection with desired bacteria.
4.3.5. Mating trials

Mating chambers were 60mm petri dishes filled partially with plain agar. Alternating male flies
from separate treatment groups had their wing tips clipped to distinguish between groups during
the test. Wing clipping has been demonstrated to not affect D. melanogaster mating behavior
(Van den Berg et al., 1984). The two males were introduced to the chamber first. The female
was then introduced to choose its mate. Female matings with males with the same microbiome
treatment were considered homophily, and female matings with males of a different microbiome
treatment were considered to be heterophily. Eight assays were run simultaneously and video
recorded via an overhead camera for 45-60 minutes. The time and nature of each mating event were

determined from recorded footage.
4.4. Results

The impact of microbiome differences on female mate choice was evaluated using an isofemale fly line

originally isolated from a wild population in Pennsylvania. The isofemale line was inbred for at least
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10 generations to eliminate phenotypic variation associated with genetic differences. Germ-free D.
melanogaster eggs were inoculated with one or two cultured bacterial species to create gnotobiotic
experimental groups. Each tested fly contained only the experimentally-inoculated microbes; no

contaminating microbial species was detected on or in any fly.

The mating preferences of female D. melanogaster colonized by L. brevis is significantly different
than females colonized with A. thailandicus (Figure 4.1; Fisher’s Exact, p = 0.019). Importantly,
L. brevis-colonized females strongly preferred mating with male flies colonized with L. brevis over
males colonized with A. thailandicus (67% of matings, Binomial, p = 0.007). Similarly, A. thai-
landicus-colonized females had a slight preference for males colonized with A. thailandicus over
males colonized with L. brevis (56% of matings, Binomial, p = 0.240). That is, females tended to

prefer mating with males colonized by a microbiome matching their own.

The trend toward in-group mating preferences was magnified among choosier female flies that took
longer to mate. Choosier L. brevis-colonized females (those mating ten minutes after the trial began)
have an even stronger bias for males colonized with L. brevis (70% of matings, Binomial, p = 0.01).
Late mating A. thailandicus-colonized females, too, had a greater bias toward A. thailandicus-

colonized males (60% of matings, Binomial, p = 0.16).

Female flies colonized simultaneously with L. brevis and A. thailandicus do not demonstrate a
mating preference (Figure 4.2), with 48% of females mating with L. brevis-colonized males (n=>56;
Binomial, p = 0.66). The mating preferences of co-colonized females, L. brevis-colonized females,
and A. thailandicus-colonized females differed significantly (X2 = 6.63, p = 0.036), driven primarily
by strong preference biases in L. brevis-colonized females (48% vs 67%, n=111; post-hoc Fisher’s
Exact, p = 0.055). In contrast, mating preferences of co-colonized females were very similar to those

of females colonized with only A. thailandicus (52% vs 56%, n=106; Fisher’s Exact, p = 0.70).

The time to copulation for co-colonized females is significantly shorter than the time to copulation
for females colonized by only one microbial species (Kolmogorov—Smirnov, p = 0.022; Figure 4.3).

Of 56 co-colonized female trials, 27 copulated within the first 10 minutes while only 4 did not mate
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within the first 20 minutes. By contrast, only 18 of 55 L. brevis-colonized females and 15 of 50 A.
thailandicus-colonized females mated within the first 10 minutes. Further 14 L. brevis-colonized
females and 11 A. thailandicus-colonized copulated more than 20 minutes after being introduced to
males. Time to copulation was similar between the L. brevis- and A. thailandicus-colonized females

(Kolmogorov—Smirnov, p = 0.843).

Mate preferences in females colonized with both L. brevis and A. thailandicus were similar to
the mate preferences of females co-colonized with L. brevis and a sibling Acetobacter species, A.
cibinogensis (Figure 4.4; Fisher’s Exact, p = 0.86). In all mate preference trials, males were colonized
with L. brevis and the Acetobacter species in the co-colonized females. Similar to the lack of observed
preference in females co-colonized with L. brevis and A. thailandicus, females co-colonized with L.
brevis and A. cibinogensis have no discernible bias for males harboring different microbial species

(Binomial, p = 0.76).
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Figure 4.1: Female D. melanogaster prefer to mate with males colonized with the same
microbiome species. A. The mating preferences of L. brevis-colonized female flies (n = 55)
differed significantly from the preferences of A. thailandicus-colonized females (n = 50) (Fisher’s
Exact, p = 0.019). Female flies preferred males colonized by the same microbial species, with 37 of
55 L. brevis-colonized females mating with L. brevis-colonized males (Binomial, p = 0.007) and 28 of
50 A. thailandicus-colonized females choosing males with a A. thailandicus microbiome (Binomial, p
= 0.240). B. The preference for mating with males colonized by the same microbial species increases
in later mating female flies (>10 minutes), with 26 of 37 L. brevis-colonized females mating with L.
brevis-colonized males (Binomial, p = 0.01) and 21 of 35 A. thailandicus-colonized females choosing
males with a A. thailandicus microbiome (Binomial, p = 0.16). The proportion of matings with L.
brevis-colonized males is shown above in brown while matings with A. thailandicus-colonized males
are represented in blue.
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Figure 4.2: Co-colonized female D. melanogaster mate with L. brevis- and A. thailandi-
cus-colonized males with near-equal frequencies. Of 56 co-colonized females, 27 mated with
L. brevis-colonized males (48%, Binomial, p = 0.66). The mating preference of co-colonized females
differed substantially from the preference of L. brevis-colonized females (yellow line; 48% vs 67%,
n=111; Fisher’s Exact, p = 0.055). In contrast, the mating preference of co-colonized females are
very similar to the preferences of A. thailandicus-colonized females (white line; 52% vs 56%, n—106;
Fisher’s Exact, p = 0. 70).
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Figure 4.3: The time to first mating was significantly faster for co-colonized female
D. melanogaster than for females colonized by L. brevis or A. thailandicus. The time
to first mating of the 56 co-colonized female flies (blue) is significantly shorter than time to first
mating of females colonized with L. brevis or A. thailandicus alone (brown with blue stripe) (Kol-
mogorov—Smirnov, p = 0.022). Female flies colonized with only L. brevis or A. thailandicus have
similar distributions of the time to first mating (Kolmogorov—Smirnov, p = 0.843).
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Figure 4.4: Females co-colonized with L. brevis and a different Acetobacter species, A.
cibinogensis have no discernible mate preferences. Of the 71 females co-colonized with L.
brevis and A. cibinogensis (light blue), 33 mated with L. brevis-colonized males (Binomial, p =
0.76). This mate preference bias is indistinguishable from that of females co-colonized with L.
brevis and A. thailandicus (46% vs 48%, Fisher’s Exact, p = 0.86).
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4.5. Discussion

Populations evolve via natural selection when phenotypes that increase mating success or survival
are derived from heritable genetic variants (Wade and Kalisz, 1990; Saccheri and Hanski, 2006).
The efficacy of evolution by natural selection can be diminished by environmental factors that
impact favored phenotypes, thus decoupling phenotypes from genotypes. Gut microbiomes have
recently been recognized as a crucial environmental factor that influences multiple host phenotypes
of evolutionary and medical importance (Kinross et al., 2011; Singh et al., 2017; Macke et al., 2017,
Himler et al., 2011). Therefore, the gut microbiome may play an important role in modulating the

efficacy of evolution by natural selection.

The gut microbiome serves as a potent environmental feature impacting female mate preference
(Figure 4.1A). Experimental mating trials demonstrated that female D. melanogaster colonized by
L. brevis significantly preferred copulating with males also colonized by L. brevis while female D.
melanogaster colonized by A. thailandicus showed a bias toward copulating with males colonized by
A. thailandicus. Homophilic mate preferences were even more evident among more selective females
that took longer to choose a mating partner (Figure 4.1B). These results show that differences in
gut microbiota affect the interaction between the female mate preference and male attractiveness
phenotypes in D. melanogaster. The impact of the microbiota on mate preference was isolated
from any genetic determinants of mate preferences or other environmental influences, like dietary

variation, as all flies were isogenic and were raised in otherwise identical environments.

Females flies co-colonized with L. brevis and A. thailandicus had no mating bias and were quicker
to copulate than singly-colonized females (Figure 4.2, 4.3). This willingness to mate with either
male could be caused by microbiome-mediated phenotypic familiarity with both males. That is,
co-colonized females see males as equally similar, as both males have microbiomes that overlap with
the female’s microbial profile. Further, the time to copulation may be impacted by the perceived
in-group membership of both males; there is no need for females to spend time choosing among
equivalent males. However, it remains unclear how the degree of gut community overlap impacts

the female’s perception of phenotypic familiarity. This question is relevant in natural populations
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where richer microbiome communities are likely to have variable degrees of community overlap. This
hypotheses can be addressed with mating trials in which flies have richer gut microbial communities

with differing degrees of microbial species overlap.

The relative impact of the gut microbiota and host genotype, or interactions between these two
factors, on mate preferences is unknown. In the current trials, isogenic D. melanogaster were used to
control for the influence of genotype on mate preference. While this experimental design removed the
potential for flies to choose good genes (Hamilton and Zuk, 1982), controlling for genetic variation
removed the possibility to detect gene-by-environment (GxE) interactions. GxE interactions are
widespread and commonly have nonlinear effects on phenotype (Monaghan, 2008; Via and Lande,
1985). Thus, the observed effect of gut microbiomes on mate preference could be exaggerated by
GxE interactions. Additional mate choice trials including another isogenic line and a hybrid line
could address the impacts of GXE interactions on the strength of selection pressures on microbiome-

mediated phenotypes.

Assortative mating that consistently reduces gene flow among subpopulations is a primary driver of
speciation in sexually reproducing organisms (Dieckmann and Doebeli, 1999; Merrill et al., 2019).
Thus, microbiome differences that result in assortative mating have the potential to reduce gene flow
among subpopulations and promote speciation in some cases. Although not specifically heritable,
gut microbiome communities are strongly influenced by maternal microbiomes, especially in species
where the oviparous and excretory systems share common structures (Bakula, 1969; Habayeb et al.,
2009). Thus, microbiome-mediated mate preferences could result in the inbreeding of subpopula-
tions of related lineages with similar, semi-heritable microbial communities, possibly reducing gene
flow and fostering speciation events. As an example, it is possible that microbiome differences
contributed to the assortative mating leading the textbook example of sympatric speciation in the
apple maggot fly, Rhagoletis pomonella (Bush, 1969). The apple maggot fly speciation event was
driven primarily by fruit-specific habitat preferences that could have led to differing microbiome
communities (Pinto-Tomaés et al., 2011; Miyake et al., 2015; David et al., 2014; Ringp et al., 2016)

that contributed to assortative mating.
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The gut microbiome is a complex environmental factor that impacts many host phenotypes that are
targets of natural selection. Although an incredible range of microbiome-mediated phenotypes have
been identified, the complex ecology of the gut community complicates identification of direct effects
of microbial species as well as mechanistic effects. Controllable, tractable microbiome-host models
like the D. melanogaster system presented here can be used to gain a mechanistic understanding
of the role of the gut microbiome in host biology. This system employs naturally-cultivated gut
microbes and retains all of the inherent advantages of D. melanogaster as a model system. This
system could also be used to study the impact of the gut microbiome on higher-level biological

interactions like host ecology and evolution.
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