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Abstract

The human gastrointestinal tract is heavily colonized by millions of bacteria,
termed the microbiota, which is closely involved in host metabolic and immunological
processes. This beneficial relationship is dependent upon the community structure of the
microbiota, as defined by the relative proportions and diversity of the groups within the
community. External or internal factors can impact these population abundances, which
can have deleterious effects upon host health. This condition, termed dysbiosis, has been
associated with inflammatory bowel disease as well as obesity. The development of these
dysbiotic profiles and their involvement in deleterious health outcomes are topics that are
not yet well understood. Thus, we developed this study to ascertain factors that influence
mammalian hosts to acquire dysbiotic microbiota, and to associate dysbiosis with
changes in host health.

Psychological stressor exposure is a primary correlate of symptomatic episodes
(e.q., pain, bleeding) in patients with inflammatory bowel disease, though it is not
understood how this occurs. Previous studies have shown that exposing mammals to
stress can affect the microbiota which are associated with Gl mucosal immunity, but the
changes have been not been well-defined, particularly in mice. Thus, mice were exposed
to a long-term stressor known as restraint in order to evaluate how stress exposure affects

the murine gastrointestinal microbiota. In addition, mice were subjected to a social



stressor, social disruption, in order to determine if the type and duration of the stressor
affects microbiota community structure differently. Colonic mucosal and luminal
contents were collected and 16S rRNA sequences were analyzed. Mucosal and luminal
contents had unique community structures that clustered separately on a principle
coordinate analysis cluster plot. Restraint stress affected the mucosal associated
populations to a greater extent and reduced beneficial groups, including Lactobacillus.
Likewise, social disruption affected the mucosal-associated microbiota significantly after
only 2 hours of exposure, and this effect compounded with repeated exposures. As with
restraint stress, Lactobacillus was reduced in Social Disruption (SDR)-exposed mice.
gPCR analysis indicated that the immunomodulatory species, Lactobacillus reuteri, was
reduced in absolute abundance in SDR-exposed mice, but not in restraint-exposed mice.
Mice exposed to either restraint or SDR had significant increases in severity of
infection by an enteric pathogen, Citrobacter rodentium. iNOS, IL-13, CCL2, and
TNFa were significantly increased in mice exposed to the stressors, and overall colitic
pathology was also increased in the stress-exposed mice. In order to determine if there is
an association between stress-induced changes to the microbiota, and stress-induced
aggravation of colitic inflammation during pathogen challenge, germ-free mice were
given oral gavage of the fecal slurry from stressor-exposed conventional mice, and then
challenged with C. rodentium. Mice that received the stress-exposed microbiota had
increased pro-inflammatory transcript levels as well as heightened colitic pathology,
indicating that stressor-induced changes to the microbiota are associated with changes in

gastrointestinal immune function.



Probiotic Lactobacillus reuteri can act as an ameliorative agent upon stressor-
exacerbated colitis. Since L. reuteri can increase colonic diversity, we determined if L.
reuteri is stabilizing the host microbiota as a primary mechanism in reversing the
heightened inflammatory state in stressor-exposed C. rodentium-infected mice. SDR-
exposed mice that received the probiotic gavage had no change in microbial diversity or
composition within the colon after one day of infection compared to control, but stress
and infection-associated changes to Lactobacillus, Parabacteroides, and S24-7 were
observed. Additionally, stress and infection had lasting effects upon the microbiota,
which suggests that these impacts can have long-term outcomes upon host health as
mediated by the microbiota.

Though these findings make evident that external factors such as psychological
stress can disturb healthy microbiota structures, which can then feed deleteriously back
upon murine host health, it is not known whether such extrinsic impacts can shift
microbiota profiles in human hosts. Host-to-host transmission of microbiota communities
is another possible mechanism by which a host might incorporate a dysbiotic profile.
Mothers are a primary source of microbes for their offspring in early life, and maternal
obesity is a strong antecedent for obesity in later life for the offspring. Thus, we
hypothesized that children born to obese mothers will have a unique microbiota structure.
Indeed, using UniFrac unweighted distances, children, aged around two years and born to
high-income obese mothers clustered separately from children born to high-income non-
obese mothers. Clustering was not seen in children born to low-income mothers. These

data indicate that both socioeconomic status of the mother, and maternal obesity associate

iv



with the community structure of their children. In sum, these combined data of
psychological stress within mice and obese microbiota associations between mother and
child in humans lend credence to the overarching hypothesis that external factors can
significantly impact microbiota community structure, resulting in changes to health-

associated microbial groups and disturbing normal host immune or physiological activity.
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Chapter 1: Introduction

The human body is resident to a multitude of bacteria that colonize niches
throughout the host, including the skin, oral, and most numerously, gastrointestinal (GI)
compartments (1). Over time, these bacterial populations and their human host have
evolved and developed with one another, and as a result, have mutualistic involvement in
physiological function (2). Within the Gl tract, the bacterial groups that compose the
microbiota exist in constant competition for available resources. Regular cross-talk
occurs between the microbiota and the host. As a result, microbial populations are
modeled by the mucosal immune system and nutrient availability in one direction, while
in the other, the microbiota are key actors in immune development and regulation, as well
as host digestion and nutrition (3-8). The microbiota forms a community structure that is
generally stable over the human adult life-span (9). As external factors, such as dietary
shifts or the use of antibiotics that target microbial populations, cause significant
disruptions to Gl microbiota community structure, dysbiotic profiles can be established
(10, 11). Dysbiotic community structures can have shifts in diversity or blooms in certain
bacterial groups that are pathogenic, changes that have been associated with increased

disease pathology (12, 13). However, the relationship between the bevy of elements that



can induce dysbiosis and how those profiles can then impinge upon host health is not yet

well-delineated, and is a major focus of this study.

Causative Factors of Dysbiosis

Among the factors that can affect microbiota community structure that have been
characterized to a considerable extent are antibiotics and dietary composition.
Clostridium difficile infections have been associated with antibiotic use due to a reduction
in pathogen defense, a benefit of a whole and healthy GI microbiota (14, 15). Certain
diets, such as those high in fat and sugar can shift microbiota dominance to bacterial
groups that have increased capacity for energy extraction, which then results in higher
adiposity and weight gain (16). Studies on these effectors have been able to highlight
particular changes to the microbiota, including alterations in the Firmicutes:Bacteroidetes
ratio in obese subjects (17). Another event that can affect the microbiota, psychological

stress exposure, has not had the same depth of analysis performed.

Psychological Stress

A psychological stressor is any stimuli, real or imagined, that disrupts systemic
homeostasis and activates an organism’s stress response to maintain this homeostasis. As
an organism perceives a threat (through the memory and sensory centers of the cortex and
subcortex), its systems undergo significant changes to manage the threat through the
action of a cascade of hormones and neurotransmitters. These changes include altered

cognition, elevated core temperature, increased arousal, and large-scale changes to



energy and oxygen partitioning (18-21). The changes are far-reaching, affecting

circulation, respiration, and gastrointestinal function (22-24).

The Hypothalamic-Pituitary-Adrenal Axis

There are two major pathways that control and mediate the mammalian stress
response: the hypothalamic-pituitary-adrenal (HPA) axis and the sympathetic nervous
system (SNS). The HPA axis, as well as the SNS, can be activated through projections
from the amygdala (where emotional memory is stored), hippocampus (where context of
events are processed), and the prefrontal cortex (assists in coping with stressful stimuli)
(25-27). These sections project into the paraventricular nucleus (PVN), located in the
hypothalamus, via noradrenergic neurons from the ventrolateral medulla and the nucleus
of the solitary tract. Upon activation, the parvocellular cells of the PVN releases
corticotrophin-releasing hormone (CRH) and arginine vasopressin (AVP). Both of these
hormones act upon the pituitary gland, which secretes adenocorticotrophin-releasing
hormone (ACTH) from the anterior section of the gland (28). ACTH traffics to the
adrenal gland, where it will activate the production and release of glucocorticoids (GCs)
from the adrenal cortex (29).

While a portion of the released GCs will negatively feedback upon the PVN and
the pituitary gland and shut down the pathway, the secreted systemic GCs have far-
reaching effects. These effector molecules act upon both intracellular GC receptors
(GCRs) that are involved in stress function and non-stress related mineralocorticoid

receptors. The GCR, composed of two subunits, is bound to heat shock proteins -70 and -



90 until it comes in contact with GC, at which point the receptor dimerizes and the
complex translocates to the nucleus, where it will bind to glucocorticoid response
elements on the DNA. At these sites, gene transcription is inhibited or activated. Often,
these effects are anti-inflammatory and immunosuppressive, as primary targets are NFxB
and AP1 (30). GCs also act upon cellular proliferation as well as metabolism pathways,
by modulating gluconeogenesis in the liver, as well as overall mitochondrial oxidation

(31, 32).

The Sympathetic Nervous System

The SNS, one half of the autonomic nervous system in addition to the
parasympathetic nervous system, is activated through the locus coeruleus, located in the
brain stem (33, 34). The locus coeruleus sends signals to pre-ganglionic neurons via the
spinal column. These neurons release acetylcholine (ACH), the primary pre-ganglionic
neurotransmitter of the autonomic nervous system, which activates post-ganglionic
neurons throughout the periphery. The primary mediators of the SNS are the
catecholamines, norepinephrine (NE) and epinephrine (EPI), which bind to adrenergic
receptors, of which there are two types: alpha and beta. The adrenal medulla is the
primary source of EPI as well as a smaller proportion of NE (~20% of the medulla’s total
catecholaminergic output). The majority of NE comes from post-ganglionic neurons that
have been signaled by ACH. NE and EPI have major effects on host physiology. Often
associated with the “fight-or-flight” response, they can mediate heart rate and blood flow

by controlling vasoconstriction and vasodilation of blood vessels within brain, muscles

4



and heart. NE and Epi can also upregulate gluconeogenesis and increase oxygen intake
(35). In sum, the activity of both the SNS and HPA axis increase and re-direct available

resources in order to better cope with the stressor.

Stress and Fecal Microbiota Abundance

Exposure to psychological stressors has been previously shown to affect the
gastrointestinal microbiota. Non-human primate studies have exhibited that an acoustic
startle stressor as well as maternal separation were sufficient to significantly affect broad
bacterial groups cultured from fecal matter (36, 37). Similar results extend to humans,
wherein Knowles et al showed that fecal lactic acid levels were reduced in medical
students during exams (38). Likewise, fecal culturing techniques enabled researchers to
report that stressor exposure increased aerobic and facultative anaerobic bacterial counts
in shed mouse feces. However, only ~10% of total bacteria within the colonic tract are
cultivable. Thus, the quantification of bacterial groups from fecal matter or even tissue on
broad agars such as brain-heart infusion agar or tryptic soy agar only gives partial insight

into how overall populations might be affected by stress.

Pyrosequencing

Recent advances in microbiota analysis have led to the advent of 16S sequencing.
Prior technologies including denaturing gradient gel electrophoresis and terminal
restriction fragment length polymorphism gave researchers a “fingerprint’ of a microbial

community composition. These methods use DNA from whole bacterial communities,



and after enzyme treatment to fragment the DNA, fragment composition is measured via
electrophoresis or fluorometry (39, 40). However, this level of analysis does not provide
for ease of identification of bacterial groups or in-depth analysis of how community
abundances might be affected. While other methods such as shotgun sequencing have
been around for decades, 454 pyrosequencing is a much more recent addition to genomic
analysis. With this approach, genomic DNA is isolated from a bacterial community (e.g.,
wastewater, colonic tissue, stool), and affixed with both adaptor and barcode
identification sequences (41). Affixed to beads, the template DNA is sequenced via
addition of pyrophosphate-tagged nucleotides. Upon binding to the complementary base,
the pyrophosphate is unbound, and light is released via a luciferin-based reaction (42).
Consecutive like bases result in increased light intensity (43). Sequence lengths vary, but
can reach ~500 nucleotides. Sequencing depth, or the amount of sequences obtained per
sample, can also vary from just a few to over a million. Increased sequence length
corresponds with increased accuracy upon taxonomic classification (44). Recently, the
454 sequencing method has been phased out for cheaper technologies that support deeper
sequencing, such as Illumina. Both 454 and Illumina target pre-determined hypervariable
regions of the 16S ribosomal RNA. The bacterial 16s rRNA is highly conserved, making
it an ideal target in total bacteria analysis, but the hypervariable regions within are
distinct and can be used to classify operational taxonomic units (OTU) based on
taxonomic classification (e.g., genus, family). Because of unique loops and hairpins in
the 16S structure, the hypervariable regions can have biases, resulting in artificially

inflated OTU counts based entirely on the targeted region (45).



Sequencing Analysis

Using sequencing platforms that allow for quality filtering, OTU clustering, and
taxonomic assignment such as Quantitative Insights Into Microbial Ecology (QIIME)
gives researchers simple tools for personal analysis of the attained sequences (46). With
QIIME, users can filter out sequences based upon read quality and even truncate
sequences to remove poor quality ends. Many databases and programs have been
implemented into QIIME, including taxonomic databases (e.g,. GreenGenes) used for
OTU picking, statistical programs (e.g., R package vegan), and graphic visualization
software (e.g., Emperor) that in total, can produce in-depth analysis of whole microbiota
communities (47-49). Depending on the methodology used within QIIME, sequences are
typically clustered based upon percent similarity to one another (i.e., de novo clustering),
to a reference database (i.e., closed-reference) or a combination of the two (i.e., open-
reference) into OTU bins, which will then be classified taxonomically using either readily
available public databases like GreenGenes or a database that can be privately maintained
and curated. In order to compare community structure, a number of distance metrics can
be used. An example is UniFrac, which uses the branch lengths on a phylogenetic tree to
calculate similarity (50). In short, all operational taxonomic units for multiple samples are
compared on the tree, and shared and unshared branch length are measured between

communities, resulting in a metric that increases with higher levels of dissimilarity.

Stressors



Rodents have become a common animal model in the field of stress biology due
to the well-characterized stressors that can be applied and the highly-reproducible results.
One such stressor is social disruption, in which a retired breeder mouse is placed in a
cage with the younger test mice. Over the course of two hours, the retired breeder will
attack and defeat the test mice, disrupting the established social hierarchy in the test cage.
The stressor is applied to the mice for six consecutive evenings, beginning at the start of
the mouse active cycle (~1700 hours) (51). As little as two complete cycles of SDR are
necessary for a significant increase in corticosterone (CORT) to be observed in the test
mice. This increase lasts through the entire six-cycle stressor (52).

Concurrent with the spike in CORT levels, SDR mice exhibit glucocorticoid
insensitivity, an effect that is associated with reduced capacity for the GC-GCR complex
to translocate to the nucleus in the SDR-exposed mice (52, 53). This is a phenomenon
that is generally associated with high levels of systemic CORT, and a resultant
desensitization of cells to the molecule (54). CORT induces apoptosis in LPS-stimulated
spleen cells, but this effect is abrogated in ex-vivo cells from SDR-exposed mice, as
overall cell viability is increased (55). Mice that have been exposed to SDR also exhibit
higher levels of systemic inflammation, as measured with IL-6, despite the typically
immunosuppressive function of CORT. Physical contact between aggressor and test
mouse is required for the insensitivity effect to be observed (56). In total, SDR-induced
effects in mice bear many of the same characteristics as patients with major depressive

disorder, including increased levels of IL-6 and the GC insensitivity (57, 58).



In addition to the insensitivity, there are whole-scale changes in the murine
immune system after SDR exposure. Increased abundance of monocytic and granulocytic
progenitors (identified by CD34+) as well as immature Ly6C™ monocytes and Ly6C™
granulocytes within the bone marrow and spleen (resulting in increased organ mass,
termed splenomegaly) is a major characteristic of SDR (59, 60). CD11b+ macrophages
are also increased within the spleen, and show an increased ability to kill pathogens, with
concurrently amplified levels of TLR2/4 expression (61). During SDR, CD11b+/Ly6Chi
monocytes traffic to the regions of the brain involved in threat appraisal and stress,
particularly the amgydala and PFC, mediated in part by amplified expression of the
chemokine, CCL2 (62). Abrogating the transit of these cells from the spleen via
splenectomy or the use of CCR2 knockout mice abolished anxiety-like behavior,
indicating a close association between these cells, their increased movement through the
periphery, and the SDR-induced behavioral changes. Interestingly, many SDR-induced
effects can be abrogated with the use of propranolol, a f2-adrenergic receptor antagonist,
which indicates that the SNS also plays a major role in the SDR response (63, 64).

Other cell types undergo significant changes in activity and abundance, including
CDB8+ T-cells, which were increased in the lungs of SDR-exposed influenza-infected
mice, and natural Killer cells (65, 66). In addition to systemic increases in inflammation
and innate immune cell trafficking, SDR can exacerbate allergy-like symptoms, and
elevate the immune response to other pathogenic challenges, including herpes simplex
virus, and Porphyromonas gingivalis (51, 67, 68). The microbiota have also been

associated with SDR’s physiological effects. A recent study demonstrated that SDR-
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induced increases to macrophage killing was abolished in germ-free mice; peroxynitrite,
a reactive nitrogen species that is used in bacterial killing, was reduced, and overall
inflammatory cytokine release (i.e. TNF-a and IL-6) was down (69). Similar findings
were reported in mice administered an antibiotic cocktail (70). SDR also alters the
diversity of the cecal microbiota in mice (70).

Another group of frequently used stressors are the physical restraint stressors. One
of the oldest stressors in the study of stress biology and physiology, restraint consists of
closely constraining mice within a tube or along a surface for a set amount of time.
Repeated application of restraint stress increases both anxiety-like and depressive-like
behavior in mice (71, 72). As with SDR, repeated restraint exposure leads to increases of
systemic CORT (71). Overall immune function is suppressed in restraint, with reduced
cellular infiltration and inflammation (73, 74). The process of wound healing is also
greatly slowed, and IL-1p levels are dysregulated throughout (75, 76). As with SDR,

restraint can affect microbial diversity within the murine cecum (77).

The Gl Tract

The Gl tract is a dynamic system, due in large part to the large surface area and
direct contact with the intestinal lumen, in many cases separated from the host by a single
cell layer. The majority of the digestive activity occurs in the stomach and small intestine,
while water re-uptake and excretion are primary functions within the colon. As a major
component in digestion, immunity, and neuroendocrine activity, the tract has a collection

of cells with particular functions to assist in these processes. The most abundant cell type
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is the absorptive enterocyte, which acts as a major barrier against bacterial invasion.
Through these cells, water, ion, and the macromolecules from digested food pass through
to the host interior. Much of the control of digestion and motility is modulated by the
enteroendocrine cells, which can detect ion levels in the digesta and produce a vast
number of hormones including gastrin, which increases motility and stimulates gastric
acid secretion, and cholecystokinin which can stimulate fat and protein digestion and
inhibit gastric emptying and gastric acid secretion. Acidity is also tightly controlled by a
certain cell type. The majority occurs in the stomach, with release mediated by the
parietal cells. The activity of these cells is activated by gastrin, histamine, and muscarinic
agonists, like acetylcholine. In addition to these GI physiological function hormones, the
Gl tract is also the primary source of some hormones that have activity elsewhere in the
human body. The majority of systemic serotonin (5-HT) is produced from
enterochromaffin cells within the GI tract, which are activated upstream by the
ventromedial nucleus. 5-HT does have digestion-centric functions, including mediating
motility (by increasing contractions around food), mucus secretion, and ion and fluid
secretion (78, 79).

If intestinal epithelial cells do not form into enterocyte or enteroendocrine cells,
some might differentiate into goblet cells, the primary mucous producers, if activated by
the Spdef transcription factor (80). These goblet cells secrete mucous from apically-
located villi, in a constitutive and consistent release. However, in the event of a large
release, mucin is stored for compound exocytosis (81). Other major cell type can be

found in the gut-associated lymphoid tissue (GALT). These areas are key for luminal
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sampling and microbiota modeling. The Peyer’s patches of the small intestine, mesenteric
lymph nodes and lymphoid follicles are all examples of GALT. Because of the close
proximity of bacteria and antigen, a strong defense is absolutely necessary. This is
partially monitored by maintenance of the tight junctions between the intestinal epithelial
cells. Tight junctions are regulated by multiple proteins including claudin, occludin, and
zonula occludens (Z01) (82). Claudins are transmembrane proteins that can attach to
other claudins from adjacent cells, controlling the paracellular space. Occludin are also
transmembrane proteins that bind to intracellular ZO1, which further binds to F-actin,
tightening the junction. Inflammation can increase barrier permeability. One method by
which this happens is through TNF-a mediated activation of NF«B, which feeds into
transcription repression of occludin and ZO1 (83). TNF-a can also increase myosin light-
chain kinase (MLCK) levels, which phosphorylates myosin light chain (MLC), a
mechanism that also increases permeability via the endocytosis of occludin (84, 85).

In addition to the cells that modulate GI function, there are also regular
physiological processes that are unique to the GlI tract. Motility, for example, is the
activity of the Gl tract to move fecal boluses and digesta from stomach to excretion via
the action of the longitudinal and circular muscles, modulated by the myenteric and
submucosal plexuses. Movement of a single fecal mass in the human colon can take
between 24-48 hours, while in the small intestine, it is around 2-3 hours. This movement
is controlled by a number of mechanisms, including the parasympathetic nervous system

and acetylcholine, catecholaminergic activity, hormones released from the

12



enteroendocrine cells, and the interstitial cells of Cajal which maintain a steady pace via
action potentials.

Absorption is another function closely managed by the Gl tract. In order for this
to be completed efficiently, the tract has an incredible expanse of area for larger access to
luminal bio-molecules. This massive surface area is due to its cellular structure. New
cells are formed in crypts, and divide via signaling from the Wnt pathway (86). Over
time, cells move vertically up a villus structure as more cells are produced from the
bottom of the crypt. During this period, cells will differentiate into the distinct types
dependent upon cell signals. Villus project into the extracellular space, expanding total
area for the purpose of increased luminal sampling and molecular uptake, be it water,
ions, nutrients or otherwise. Furthermore, microvilli cover the villus, increasing this

surface area to an even greater extent.

The Microbiota

The human Gl tract is colonized by 10 bacteria, outnumbering total human cells
throughout the body by a factor of 10 (87). The vast majority of the GI microbiota are
located within the distal portion of the colon, though large communities are still
established in both the stomach and small intestine of most mammals (88). The resident
microbiota have unique properties depending on the location. For example, small
intestinal bacterial groups are key in immune sampling, due to the high density of Peyer’s
Patches and resident immune cells (89). Similarly, it has been recently posited that the

microbes that adhere to the mucosa are more closely involved in immunomodulation,
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while luminally-associated groups participate in digestion and metabolism function (90).
In the colon, Firmicutes and Bacteroidetes are often the dominating phyla, with the minor
phyla being prominently comprised of groups from Actinobacteria, Verrumicrobia,
Proteobacteria, and Cyanobacteria (91). Around 400 to 500 unique species can be found
in the colon (92). During infancy, the microbiota is characterized by extensive volatility
and predominance of groups like Lactobacillus and Bifidobacterium due to the effect of
maternal contact and breastmilk, but as the child begins an adult-like diet, the microbiota
also begins to resemble adult profiles (93-95).

Germ-free studies have demonstrated the importance of the microbiota in host
physiology and immunity. Using these mice, researchers have shown that the microbiota
are involved with vasculature development within the Gl tract, affecting epithelial cell
differentiation (96, 97). Adiposity and metabolism are closely modulated by the
microbiota, as germ-free mice do not respond to high-fat diets with increased weight gain
as conventional mice do (98). Glucose tolerance is also increased in germ-free mice,
indicating the involvement of the microbiota in metabolism, both health and disease-
related (99). Germ-free mice have immature immune responses, with reduced antibody
responses, under-developed GALT, lower overall adaptive cell counts, and altered
macrophage activity to name just some of the ways in which the presence of the
microbiota assist host GI immunity (7, 100-103). Systemic issues also arise in germ-free
mice, including increased liver fibrosis and reduced lung inflammatory response to

ischemia and reperfusion injury (103, 104).
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Individual bacterial groups have been identified in mediating some of these
functions. Some groups, including members of the Lachnospiraceae family, particularly
the Roseburia genus, produce short-chain fatty acids (SCFA) that include butyrate,
propionate, and acetate, that have major effects on host physiology (105, 106). SCFAs
can be anti-inflammatory, repressing NFxB activity (by inhibiting the degradation of
IkB) and TNFa transcription, while also increasing MUC2, a component in intestinal
mucus, and tight junction proteins (107-111). Changes to diet can lead to shifts in
Bacteroidetes and Firmicutes abundance (112). Alterations to these bacterial groups
could affect their ability to modulate physiology, and thus affect host health. This has
been corroborated in a recent study in which mice were given antibiotics at birth and had
increased prevalence of obesity and changes to overall metabolism (113).

The mucus layer upon which a wide assortment of the microbiota reside is
comprised of mucin proteins bound to multiple O-glycan saccharides that are capable of
binding water in high concentrations, which gives the mucin a gel-like structure. The
primary mucin type depends upon the region of the organism. For example, Muc2 is the
primary component within the colon, and Muc5AC predominates within the stomach
(114, 115). After translation, Muc2 subunits are linked together via disulfide bonds in the
endoplasmic reticulum, and then bound with O-glycans (mainly N-acetylgalactosamine)
at the Golgi apparatus, before being stored in granules for secretion from goblet cells
(116, 117). The mucosal barrier is also made up of immunoglobulins and Fc-binding
proteins for the purpose of commensal monitoring (116). Depth and thickness of the

layer varies throughout the Gl tract. From the stomach to the jejunum of the small
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intestine, the mucus layer does not eclipse 200 uM in total thickness, and in many places,
only has a single layer. However, within the colon, two layers exist, a dense, but shallow
inner layer, and a much deeper, but diffuse outer layer (118). This outer layer is much
less dense due to proteolytic breakdown of the mucin from host enzymes and the
microbiota, which uses the mucus as a major food source (119, 120). Bacteria that are
able to adhere to the outer mucus layer can attach to clusters of mucus, loose epithelial
cells, and residual food, while others adhere directly to the mucus layer. The adherent
microbiota can subsist upon these assemblages, using the glycans as a food source (121,
122).

The microbiota are associated with host behavior and brain activity, through the
established gut-brain axis. Commensal bacteria can also mediate ACTH release, as
illustrated in a study that reported that germ-free mice released higher levels of the
hormone upon exposure to a stressor (123). The presence of the microbiota can alter
behavior, and appears to have mouse strain-specificity, as switching microbiotas from
one strain of mice to another led to shifted outputs in behavioral testing (124). Individual
microbial groups can also impact host behavioral outputs. Pathogenic bacteria have been
shown to be able to increase brainstem activity and anxiety-like behavior (125). Mice
infected with Campylobacter jejuni had higher levels of anxiety-like behavior in the
elevated maze test as early as two days post-infection (126). Bifidobacterium longum and
Lactobacillus helveticus are able to reduce brain cell apoptosis, and abolish colitis-

induced reductions in brain-derived neurotrophic factor (BDNF) through the vagus (127,
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128). This same microbe is also able to reduce anger and depression readouts in humans

(129). Likewise, some lactobacilli can normalize CORT levels in stress models (130).

The Effect of Stress upon the Gl Tract

The Gl tract is home to the enteric nervous system (ENS), second only to the
central nervous system in total innervation, with around 100 million unique neurons. A
primary function of this system is to control intestinal motility in union with the
parasympathetic nervous system, while also monitoring digestion, appetite, and
absorption. However, exposure to external stressors can have considerable direct effects
on the ENS, which can then influence GI function, including motility (131). The HPA
arm of the stress response has also been shown to be able to impact GI physiology,
through the activity of ACTH, CRH, and urocortin (22, 132, 133). CRH, a 41 amino-acid
peptide, can bind to two different receptors, CRHR-1 and CRHR-2. In the colon, the
former can be found on goblet and crypt cells, while the latter is predominantly located
on crypt cells and blood vessels (134). When CRH binds the receptor, adenylate cyclase
is activated and pkA levels are increased. pkA will then phosphorylate downstream
targets. CRH can also increase gut permeability, as well as mediate increases in both
mucus secretion and motility (132, 135, 136). NE, of the SNS response, can have direct
effects upon bacteria. Gram-negatives were able to bloom after 6-OHDA, which destroys
noradrenergic neurons and releases NE, was used (137). Also, Salmonella was able to

grow better in the presence of NE after previous passage through a monkey (138).
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The effect of psychological stress on the GI tract depends upon the location. In
the upper bowel, stress slows gastric emptying (139). Moatility, which is controlled by
both the ENS and the sacral parasympathetic preganglionic neurons, is generally
increased in the lower bowel (22). Stressor exposure also increases barrier permeability,
which leads to leaky gut and the passage of antigen and bacteria into the lamina propria
(140). Mucus secretion is increased in short-term stressors, but can be reduced over long-
term stressors (132, 141), and ion secretion can also be affected (142). Pain sensitivity is
also increased, and in some stressors, base-line inflammation can be elevated (143, 144).
A number of chronic bowel illnesses, like the inflammatory bowel diseases, have been
associated with stress. Relapses in IBD have been correlated with stressful life events
(145). Pain perception in irritable bowel syndrome, which does not have inflammatory
pathology, is associated with stress as well (146). Patients exhibiting these illnesses often

have altered microbial profiles (147, 148).

Gastrointestinal Immunity and Inflammation

Due to the close proximity to a vast reservoir of bacteria and possible
immunogens including foods and parasites, it is necessary for the host GI immunity to be
active and far-ranging. The GALT, consisting of Peyer’s patches and lymphoid follicles,
as well as the mesenteric lymph nodes, are key centers for antigen procurement,
processing, and cross-communication between antigen-presenting cells and B/T cells.
Within the small intestine, where GI antigen sampling is at its height, microfold (M) cells

that are located on the apical surface of the Peyer’s patches (PP), take up antigen from the
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lumen via endocytosis. The antigen is transported across the cellular space to
basolaterally-located dendritic cells and naive T-cells. Though there are no PP’s within
the colon, CX3CR1+ macrophages and CD103+ dendritic cells can extend processes into
the luminal space for direct sampling (149), and non-PP-associated M cells as well as
greater follicular lymphoid cell complexes are dispersed throughout. Monitoring dendritic
cells and infiltrating monocytes and macrophages also travel into the lamina propria,
which lies adjacent to the basolateral surface of the epithelial cell layer, allowing for
extensive immune monitoring and communication throughout the tract.

Within the GALT, intestinal T-cells are primed, activated, and then differentiate
into Thl or Th17 lineage cells, depending on certain signals. Beyond IL-2, which is a
primary autocrine stimulator of T-cell activation, other cytokines will induce
differentiation into the Thl lineage, including IL-12 and IL-15. Additionally, co-
stimulation is required, as the B7 cell marker of B-cells or antigen-presenting
macrophages must attach to the CD28 T-cell marker. The Th17 lineage is further induced
when a T-helper cell is activated by IL-6, IL-23 and TGF-3. These cells protect against
invading pathogens, in part through the release of inflammatory cytokines IL-17 and IL-
22, which can further activate the secretion of antimicrobial peptides as well as increase
chemokine-mediated trafficking of inflammatory cells to the site of infection.
Interestingly, the presence of segmented filamentous bacteria is reported to induce
differentiation of Th17 cells, demonstrating the importance of microbiota structure in
immune development (150). Another group of T-cells common to the Gl tract is

regulatory T-cells (T-regs). These T-regs are defined by early transcription of Foxp3,
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which will induce differentiation in an immature T-cell into the T-reg lineage. These cells
are involved in the gut tolerance system, as well as overall regulation of T-cell activation
throughout the Gl tract (151).

Other major activators of the intestinal immune response are the TLRs and NLRs,
or NOD-like receptors, which acts as intracellular equivalents of Toll-like receptors.
These are pattern recognition receptors (PRRs) that detect pathogen-associated molecular
patterns. Two of the primary bacterial byproduct-recognizing TLRs, TLR-2/4, which
recognize peptidoglycan and lipopolysaccharide respectively, are down-regulated
apically in order to avoid overactivation, but are still present basolaterally. NOD2 can
recognize muramyl dipeptide, found in both gram positive and gram negative bacteria
while NOD1 recognizes mesodiaminopimelic-1 acid, a component of chiefly gram
negative cell walls (152, 153). Both PRR types, upon agonist activation, will signal the
NFxB and AP-1 pathways. NFkb, formed by p50 and p65 protein subunits, is bound by
IxB in its inactive state, but upon phosphorylation, becomes unbound and further
ubiquitinated, translocating to the nucleus. The now active NF«B transactivator will bind
to a leucine-rich region of the host genome, and activate transcription. NFxB is
associated with pro-inflammatory cytokines, chemokines and mediators, the hallmark
pro-inflammatory markers in the gut being TNF-a, IL13, and iNOS. TNF-a increases
adhesion molecules and overall barrier permeability (154), and can activate NFxB. IL1
activates neutrophils and T-cells and can increase inducible nitric oxide synthase (iNOS)
transcription and nitric oxide production, which is involved in bacterial cell killing. INOS

IS an enzyme that catalyzes the conversion of L-arginine and oxygen to L-citrulline and
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nitric oxide in the presence of NADPH. Nitric oxide is one of the volatile reactive
nitrogen and oxygen species that can disrupt both bacterial and epithelial cells.

Major mediators of Gl inflammation are the innate immune cells, including
macrophages, monocytes, neutrophils and dendritic cells. These cell types can be
identified with various cell markers, including CD11b+ among most of these innate
myeloid cells, CD11c+ on dendritic cells, and Ly6G+ on neutrophils. While resident
versions of these cells are present during healthy periods, bone marrow-derived
inflammatory cells will traffic in upon signal from pro-inflammatory chemokines.
Chemokine ligands binding the chemokine receptor on the immunocyte causes actin
polymerization, pulling the cell along the chemokine gradient. These trafficking cells
adhere to endothelial cells using CD31/PECAML1, and migrate to the site of infection via
diapedesis by the combined activity of epithelial selectins (e.g. E-selectin) and cellular
adhesion molecules (e.g. ICAM) and receptors like LFAL upon the leukocyte. Once the
cell has arrived, it can act in a variety of different ways, including phagocytosis of
pathogens and the subsequent breakdown in lysosomes using reactive oxygen species and
other corrosive enzymes. Macrophages, monocytes and dendritic cells might also present
antigen to T and B cells within the GALT, or release pro-inflammatory cytokines to
increase vasculature size, blood-flow, barrier permeability, and adhesion molecules
(154). Neutrophils can also degranulate, releasing a cascade of damaging enzymes. Other
methods of bacterial control and mucosal immunity within the GI tract include secretory
IgA, a major factor in microbiota modulation. It is produced by the GALTSs and can coat

various antigens in the Gl tract, before eventually being taken up by the sampling
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antigen-presenting cells. Paneth cells can also release antimicrobial peptides like
cryptdin, Regllly, and lysozyme (155-157), some of which will embed in the mucosal
layer (158).

IBD is characterized by a heightened state of inflammation, as well as bleeding,
ulceration, diarrhea, and nociception in the Gl tract (159). The root of these illnesses is
not known, but Crohn’s Disease, which afflicts the ileum and colon, is associated with
mutation to NOD2, of the NLRs (160). Stressful life events have also been correlated
with the diseases (145). Disrupted microbial community structure is also observed in
patients with IBD (148), but whether the dysbiotic profile is a cause or effect of the

inflammatory microenvironment has not yet been elucidated.

Citrobacter rodentium

The study of GI inflammation is a prospering field and is necessary due to the
prevalence of colitis in human hosts through infectious disease like enteropathogenic
Escherichia coli (EPEC) and C. difficile, to the inflammatory bowel diseases. The use of
animals such as mice to model mucosal immune and inflammatory responses is
commonplace. There are a number of methods by which researchers can induce colitis in
murine hosts, be it chemically with dextran sodium sulfate, or with the use of a pathogen.
In particular, Citrobacter rodentium is a widely used mouse pathogen that has genetic
homology to EPEC, and induces an immune response that is similar to some cases of IBD
(161). Thus, it makes for an ideal means to model both infectious and non-infectious

colitis.
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C. rodentium and EPEC both share a pathogenicity island within their genome,
named the locus of enterocyte effacement, which allows for the use of a Type-3 secretion
system to inject intimin into neighboring epithelial cells (162). Intimin induces actin re-
polymerization for the purpose of assembling a pedestal, termed an attaching/effacing
lesion, upon which the C. rodentium pathogen can better evade immune detection (163).
Colonic hyperplasia is induced in C. rodentium-infected mice, leading to an increase in
colon mass (163). Infection in C57BI/6 and CD1 mice generally is self-limiting, and
clears within 3-4 weeks, peaking by 12-14 days (164, 165).

The typical inflammatory response to C. rodentium is Thl mediated, and includes
the release of inducible nitric oxide synthase (iNOS), TNF-a, IL-1p and IL-6 (161, 166).
This response is mediated by the NLRs and TLR2, as well as TLR4 to a lesser extent,
which will activate the production of CCL2 (167-169). CCL2, a pro-inflammatory
chemokine, recruits inflammatory monocytes and macrophages through agonism of
CCR2, a cell surface receptor on the leukocytes. These monocytes and macrophages can
be identified via cell markers CD11b+/Ly6c"/F4-80+ and will traffick to the lamina
propria (167). Local inflammation is elevated by these trafficking cells through the
activity of the transcription factors, NFkB and AP-1. Infectious clearance is resolved with
the activity of CD4+ Th17 and T-Reg cells (170). The presence of the mucus layer within
the colon acts as a partial defense against the invasion of C. rodentium, as Muc?2
knockouts have increased severity of infection comparatively (171). Likewise, a healthy
microbiota community structure has been shown to be protective against C. rodentium
infection (172).
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Probiotics

Probiotics are living microorganism that can confer a health benefit upon the host.
In human hosts, the primary activity of probiotic bacteria is to antagonize enteric
pathogens, modulate both innate and adaptive immunity and strengthen mucosal barrier
function. Numerable probiotic strains of bacteria are known to exist, with varying degrees
of efficacy in affecting host health beneficially. Many lactobacilli, such as L. rhamnosus,
L. reuteri, and L. paracasei are probiotic, as well as species within Bifidobacteria and
individual species like Escherichia coli Nissle strain (97, 165, 173-175). General effects
can include increasing secretory IgA levels, mediating TNF-a production, and
amplifying the adaptive immune response (174, 176). Probiotics can reduce the severity
of colonic infection, including C. rodentium, C. difficile, and H. pylori (165, 177, 178).
There are also prebiotics, molecules that can aid commensal and probiotic bacteria in

growth (179). Common prebiotics include fructo- and galacto-oligosaccharides.

Lactobacillus reuteri

Lactobacillus, a member of the Firmicutes phyla, is typically microaerophilic and
is a gram-positive bacterium. Members of these genus ferment hexose and other sugars to
produce lactic acid, a defining characteristic of this particular group of bacteria. As a
result, many lactobacilli within the Gl tract prefer acidic microenvironments and can use
this as a competitive advantage. Beyond their importance in lactic acid production,

lactobacilli are often used as probiotics. Lactobacillus species can reduce pro-
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inflammatory gene transcription in multiple infection models (178, 180). They can
downregulate a number of transcriptional pathways, including IKKao, MAPK, and NFkB
by inhibiting ubiquitinylation and affecting phosphorylation (180-182). While it is
believed that secreted peptides are responsible for these activities, specific effector
molecules have not yet been identified.

Dozens of lactobacilli species have been identified for their probiotic effects. One
leading species is Lactobacillus reuteri, which can be found throughout mammals in
varying concentrations (183). It can also be found consistently in human mother’s milk
(184). The genome of L. reuteri varies based upon host strain, as rodent and human
strains have major contrasts. Rodent strain genomes have a urease cluster, as well as a
system called SecA2 that gives these strains the ability to export adhesin proteins.
Further, rodent-strain L. reuteri are able to break down plant sugars using a xylose operon
not found in human strains. Many human strain genomes contain the pdu-cbi-cob-hem
cluster which is involved in the production of the bacteriocin, reuterin. This cluster also
allows human strains to utilize propanediol and glycerol, a key survival tactic due to
lower nutrient availability in human colons compared to rodent colons (184). Universally,
L. reuteri is capable of utilizing multiple electron acceptors (185). Plasmids are present
based on strain; F-275, a human strain, does not contain any plasmids, while 100-23, a
mouse strain, contains two at a size of around 500 kilobases apiece. L. reuteri plasmids
can contain genes for the function of antibiotic resistance (186). L. reuteri is a natural
colonizer of the murine forestomach, but is regularly shed and can be found throughout

the Gl tract (184, 187). It makes use of mucous binding proteins, called MUBSs, that
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allows for transient colonization to colonic mucous layers, as well as bacterial
aggregation (188, 189).

As with many lactobacilli, L. reuteri is anti-inflammatory. It can stimulate IL-10
secretion by driving the development of IL-10-secreting T-regulatory cells, as well as
from dendritic cells, and has been shown to be protective in mice deficient in IL-10 (190-
192). Under certain growth conditions (i.e., grown anaerobically, in the presence of
glycerol), L. reuteri can produce reuterin, a bacteriocin (193). Possibly through the use of
reuterin, L. reuteri is capable of inhibiting invasion by numerous pathogens, including
Salmonella, Shigella, and Helicobacter (194, 195). The probiotic can also inhibit
Candida infection by reducing pH and interfering with Candida DNA replication and
translation (196). L. reuteri has also shown the capability of transiently increasing the
diversity of a microbial community, though the mechanism has not yet been uncovered

(197).

Obesity and the Microbiota

Microbiota structure is influenced by a variety of factors, not the least of which is
available nutrients and resources. Carbohydrate levels are one of the main determinants
of the community structure, as large levels of substrate are needed to offset the fact that
the basic method of energy generation among the microbiota, fermentation, results in low
ATP yield (198). Transit time through the colon can also impact the microbiota, as
differential rates of motility can lead to shifts in available nutrients for local bacterial

groups (199).
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Commensal microbes can influence fat accumulation, as has been demonstrated
with germ-free mice. Germ-frees conventionalized with normal microbiota have
increased epididymal fat deposition, despite reduced food intake (8). The mice with
conventional or conventionalized microbiota exhibited increased lipoprotein lipase,
which increases fatty acid uptake, and decreased Fiaf, which monitors the lipoprotein
lipase. The production of short-chain fatty acids by the microbiota, such as butyrate, has
also been associated with obesity (200, 201). However, while obese subjects exhibit
reductions in microbiota diversity and alterations in the Bacteroidetes: Firmicutes ratio is
commonly seen (17, 201, 202), specific changes to bacterial abundances are often

inconsistent from study to study.

Maternal Obesity and Transmissibility

Early dogma regarding the microbiota and the fetus was that the fetus was sterile
in utero. This concept is now currently under debate, but it is well known that a large
bloom occurs rapidly in the Gl tract within hours of birth for the newborn (203). These
bacteria are transmitted from mother to child via skin-to-skin contact, breast-milk, and
through the vaginal canal. In fact, children born vaginally have a unique microbial
structure when compared to children born via caesarean (204). Environmental microbes
also make up a portion of the early microbiota. However, the importance of the mother in
early microbiota transmission cannot be undervalued. Studies have shown that
administering antibiotics to the mother prior to birth can affect the microbiota of the

offspring (205). The influence of the mother upon the child microbiota continues until the
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child begins to follow a more “adult-like’ diet, sometime after the first year of life (95,
203). Parental obesity is a major predictive factor in offspring obesity (206), and while
variables like diet and environment are deviated in households with obese parents, the
involvement of the microbiota has not been determined as it pertains to mother-child

obesity.

Study Hypothesis

The colonic microbiota co-exist with the mammalian host, aiding in many host
physiological and immunological processes. Disruptions in the microbiota can feed
deleteriously into these processes, disrupting homeostasis. Defining how dysbiotic
profiles come to predominate within a Gl microbiota is significant in the development of
preventative measures and treatments for downstream illnesses. While a number of
factors can disturb microbiota structure and induce dysbiosis, the effect of psychological
stressor exposure on the microbiota has not been as well defined using modern
sequencing methods. Thus, Chapter 2 will evaluate how RST, a repeated stressor, affects
the microbiota, and in particular describes how a stressor can affect luminal- and
mucosal-associated microbial populations differentially. Chapter 3 looks at how a single
cycle of SDR, a less severe social stressor, can affect the microbiota in comparison. Both
stressors resulted in reductions of mucosa-associated Lactobacillus, a finding
corroborated frequently in popular research (36, 207). It is also known that stressful life
events are a primary correlate of symptomatic episodes of pain and bleeding in patients

with IBD, but there is currently a lack of knowledge into how this association might be
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connected to stress-induced changes to the microbiota (145). Previous studies have also
shown that exposing mice to RST stress can increase the severity of enteric infection
(77). Thus, in Chapter 4, we showed how mice exposed to SDR had a more severe
infection and resultant inflammation compared to non-stressed mice. We also
hypothesized that stress-induced microbiota community structure was directly associated
with the increases in colitic severity, and used germ-free mice and oral gavage of stress-
exposed microbiota to demonstrate this correlation. Chapter 5 highlights a viable
treatment for stress-induced aggravation of colitic severity. Lactobacillus reuteri, a
probiotic that can reduce colitic severity in SDR-exposed mice challenged with an enteric
pathogen, can also affect microbial diversity in a community (197). Therefore, we
examined how this probiotic can affect the microbiota, using Illumina sequencing. While
probiotic treatment did not affect microbiota diversity, stressor exposure and infection
had lasting effects beyond the peak of infectious colitis and physical application of the
stressor. Though this research lends credence to the hypothesis that external factors
inducing dybiosis can have significant health effects for the host, application to human
hosts is a necessity. Thus, in Chapter 6, we studied the effect that human maternal obesity
can have upon the offspring microbiota, in order to analyze a novel extrinsic pathway by
which a dysbiotic profile may be established within a host. Because the mother is a main
source of microbial transmission, it is feasible that dysbiotic profiles could be passed via
this route (204, 208). As hypothesized, children born to obese mothers had a significantly
different microbiota in comparison to children born to non-obese, and alterations in

health- and diet-associated microbial groups. Chapter 6 makes evident that similar
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concepts that compose the murine chapters apply to humans: the influence of external
impacts upon the microbiota and their propensity to induce dysbiotic changes.

This thesis demonstrates how external factors can upset equilibrium within a
normal microbiota, and in particular, focuses on two under-represented elements in the
current literature, psychological stress and maternal influence. We show that stress-
induced dysbiotic profiles can have significant effects on host immune and inflammatory
responses in murine infection. The association of maternal obesity and offspring
microbiota structure indicates both that human microbiotas can be shifted by extrinsic
sources much as mice in stress studies can, as well as how early alterations can occur in
the microbiota. Together, these seemingly disparate aspects of this thesis highlight
universality in the concept of microbiota structure transformation, and open the door to
deeper translational analyses into how factors like stress and maternal obesity can affect
the microbiota and what the downstream effects on host health might be due to such

alterations.
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Chapter 2: The structures of the colonic mucosa-associated and luminal microbial

communities are distinct and differentially affected by a prolonged murine stressor*

Introduction

There are extensive bidirectional interactions between the brain and the gut, and it
is well recognized that during a stress response, the central and enteric nervous systems
have a large influence on gastrointestinal (GI) motility, secretion, blood flow and immune
reactivity (209-211). Thus, it is not surprising that stressor exposure has been linked to
exacerbations of intestinal diseases, like the inflammatory bowel diseases (IBD),
including ulcerative colitis (UC) and Crohn’s disease (CD), and irritable bowel syndrome
(IBS) (145, 212). The mechanisms through which the stress response impacts these
diseases are not yet completely understood, but it is possible that stressor-induced
changes to the intestinal microbiota are involved. Altered profiles of intestinal
microbiota have been identified in both IBD and in IBS patients (88, 213). Thus,
understanding factors that maintain microbiota community stability as well as those that
can disrupt the structure could lead to a deeper understanding of how factors such as

stress can affect intestinal disease.

! published in Gut Microbes, 2014:5(6):748-760.
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The microbiota that colonize the human body collectively outnumber cells of the
body by a factor of 10 (87). The vast majority of these microbes are bacteria that reside
within the intestines as part of the intestinal microbiota, with microbiota levels ranging
from < 10° bacteria per gram of digesta in the upper parts of the small intestine, to > 10*2
bacteria per gram of digesta in the large intestine (88). The microbiota reside as a largely
stable community that develops as a result of a series of ecological successions involving
the selection of species best adapted for the available niche (214). This climax
community is relatively resistant and resilient to long-term disruptions in community
structure (215), but many factors, such as antibiotic use or colonic inflammation can
cause alterations in their community structure (10, 216-218). Whether these types of
alterations impact the function of the microbiota is not completely understood, but it is
recognized that disrupting the microbiota through the use of antibiotics can enhance
pathogen colonization and proliferation (172).

Exposure to stressors has been shown to significantly change microbial
populations in the gastrointestinal tract of both humans and laboratory animals. This was
first demonstrated in Russian cosmonauts preparing for space flight, who were found to
have significantly different levels of shed microbiota, with later studies suggesting that
the changes could be due to the stress of confinement (219, 220). In a more recent study,
it was demonstrated that lactobacilli levels shed in the stool of college students were
lower during final examinations than during quiescent periods, suggesting that the stress
of the examinations affected the microbiota (38). These findings are consistent with

findings in laboratory animals, where stressor exposure has been shown to significantly
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impact the populations of certain bacteria shed in the stool of nonhuman primates, as well
as rodents (36, 37, 70, 77, 220). For the most part, these studies have relied on culture-
based techniques and have only examined bacteria in the lumen of the intestines or shed
in the feces. Although this approach is informative, there are several disadvantages.
Approximately 90% of the intestinal microbiota are strict anaerobes that have not been
characterized by traditional culture-based methods due to undefined culture conditions
(221). In addition, the diversity of the communities present in the lumen of the intestines
is different than those found in the mucous layer (222, 223). Thus, it is possible that the
stressor-induced alterations to the microbiota might differ between GI compartment.

A recent study using culture-independent 16S rRNA based sequencing has shown
that only two hours of acute exposure to the social disruption stressor (SDR) altered the
mucosa-associated microbiota of C57BL/6 mice (187). Acute and chronic stressors can
have distinct effects upon gastrointestinal physiology, particularly in mucus secretion,
wherein acute stressors tend to increase mucus production, while repeated chronic
stressors can reduce mucin gene expression (132, 141, 224). It is unknown if chronic
stress might also have unique impacts upon the colonic microbiota, or if such impacts
might be specific to luminal or mucosa-associated microbial niches. Prolonged restraint
(RST) is a widely used chronic murine stressor that has been extensively characterized in
the literature and is the most commonly used murine stressor in biomedical and
biobehavioral research (225). This stressor involves both physical and psychological
components. While the physical components are obvious (i.e., physical confinement), the

psychological components are more complex and are thought to reflect the animal’s
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perception of burrow collapse and confinement (226). The autonomic nervous system and
the hypothalamic-pituitary-adrenal axis are stimulated during the stressor as part of a
robust physiological stress response (75, 227, 228). SDR and RST, two prime
representatives of acute and chronic stressors respectively, have contrasting effects on
host immunity and cellular stress responses (51, 55, 67, 75, 228-230), so it is important to
evaluate how these stressors might differentially affect the gastrointestinal microbiota. In
the present study, it was hypothesized that exposure to the prolonged stressor, RST,
would have a unique impact on the colonic mucosa-associated microbiota in comparison
to the luminal microbiota. To test this hypothesis, bacterial tag-encoded FLX amplicon
pyrosequencing (b0 TEFAP) was performed in this study to comprehensively characterize
chronic stressor-induced changes to community structure in both lumen and tissue of the
mouse colon.

Materials and Methods

Mice: All experiments were performed using male CD-1 mice, 6-8 weeks of age, from
Charles River Laboratories. Upon arrival, mice habituated to surroundings for 1 week.
Vivarium was AALAC-approved. Food and water provided ad libitum, unless
experimentation was being performed (food and water deprivation or restraint). Mice
were kept on a 12:12 hr light:dark schedule (lights on at 0600). All procedures were
approved by The Ohio State University’s Animal Care and Use Committee.

Stressor Paradigm: Mice were placed in restraint stress (RST Stressor), non-stressed
home cage control (HCC Control) or non-stressed food and water deprivation control

(FWD Control) groups. For restraint stress, mice were placed inside ventilated 50-ml
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conical tubes beginning at 1800 (start of mouse active cycle) and removed at 0900 the
following morning. This was repeated for a total of 7 consecutive overnight restraint
sessions. During the stressor period, the HCC Control had full access to food and water
and were not handled, and the FWD Control had access to food and water removed to
control for the RST Stressor diet conditions. During non-stress periods, all mice were
allowed full access to food and water and were not handled.

Tissue Removal: Immediately following the seventh and final cycle of RST Stressor, all
mice were humanely euthanized by CO, asphyxiation. Colons were sterilely removed
with forceps, and all fecal contents were so that mucous layer was not disturbed. Both the
colonic contents and tissue were snap-frozen and stored at -80C.

DNA extraction: Samples were centrifuged at 14000 rpm for 30 seconds, then
resuspended in 500uL of RLT buffer with B-mercaptoethanol (Qiagen, Valenica, CA).
Samples were further lysed in a QIAgen TissueLyser (30 Hz for 5min) with the use of a
single sterile steel bead (5-mm) and 500 uL of glass beads (0.1-mm) (Scientific
Industries, Inc., NY, USA). After the samples were quickly centrifuged, a 100 pL aliquot
of sample was combined with 100 uL of 100% ethanol. This combination was added to a
Qiagen DNA spin column, and the QIAamp DNA Mini Kit Tissue Protocol was
followed, beginning with Step 7. Elution was performed using 30 pL of water. Samples
were quantified with a Nanodrop spectrophotometer (Nyxor Biotech, Paris, France).
Samples were then diluted to 20 ng/pL.

Pyrosequencing: bTEFAP was performed as described previously at the Research and

Testing Laboratory (Lubbock, TX) (77).
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Sequence analysis- The Quantitative Insights Into Microbial Ecology (QIIME) software
package was used to analyze the sequences obtained from bTEFAP pyrosequencing (46).
In summary, sequences were grouped by unique barcode labeling. The mean of all high-
quality sequences among all samples was 9119. Lower bound on sequence length was
200 bases and upper-bound was 600 bases. Barcode lengths were 8. Maximum
homopolymer run and ambiguous bases allowed were set at 6. No mismatches were
allowed in primer sequences. 89.47% of obtained sequences were selected for analysis
based upon these thresholds. The analysis was performed on tissue and lumen samples
combined as well as both groups separated. Operational Taxonomic Units (OTUs) were
made using the pick_otus.py command pipeline. UCLUST was used in OTU-picking at a
threshold level of 0.97 in order to cluster like-sequences (231). A representative sequence
was obtained from each OTU and aligned to the GreenGenes reference database of
sequences using PyNAST (48, 232). Taxonomy was then assigned to each representative
sequence using the Greengenes taxonomy database at a minimum confidence threshold of
0.8 (233). A phylogenetic tree was constructed using these aligned sequences for
downstream analysis using UniFrac (234).

Statistical Analyses: Non-parametric Kruskal Wallis Tests were used for comparison of
HCC Control, FWD Control, and RST Stressor group abundances. Non-parametric
Mann-Whitney U Tests with modified Bonferroni corrections were used as post-hoc tests
and were performed using SPSS for Windows (v.21, Chicago, IL). The alpha diversity
measurement, Shannon Diversity Index (SDI) was computed by QIIME. Shannon,

equitability and Chaol significance was calculated using a parametric T-test at a depth of
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7402 sequences for mucosal samples and 5589 sequences for luminal samples with a
modified Bonferroni correction, and at a depth of 6177 sequences for combined alpha-
diversity comparisons of mucosal and luminal microbiota (235). Unweighted UniFrac
principal component analyses and dendograms were created using a rarefaction depth of
8500 for tissue samples alone and 6303 for luminal samples alone and both groups
combined. The beta-diversity analysis, analysis of similarity (ANOSIM), was used to
detect significant differences in the distance matrices between groups. This was
performed using the vegan package of R, implemented in QIIME (47, 236).
Sequence Availability: Sequences were deposited on the Metagenomic Analysis Server
MG-RAST and are identified as MG-RAST 4573854.3 through 4573884.3.
Results:
The colonic mucosal microbiota and the luminal microbiota are significantly
different

Initial analysis of 16s rRNA gene pyrosequencing data showed that regardless of
exposure to the stressor, food and water deprivation, or control conditions, colonic
mucosa and the lumen each have a distinct microbiota (Fig. 1). This was first manifest as
a significant increase in alpha diversity in mucosa-associated microbial communities.
Rarefaction using the observed_species analysis showed that sufficient depth was reached
in the sequencing for both luminal and tissue-associated samples (data not shown).
Shannon Diversity Index (SDI) was significantly different in the lumen vs. the mucosa
(p<.05) demonstrating that the colonic mucosa has significantly higher overall alpha

diversity than in the lumen (Fig. 1A). Microbial richness, assessed using Chaol, was
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similar in the luminal and mucosa-associated microbiota (Fig. 1B). However, there was
significantly higher evenness in the mucosa-associated microbiota compared to the
luminal-associated microbiota (p< .05 as assessed using the equitability measurement)
(Fig. 1C).

In addition to the changes in the alpha diversity, the beta diversity of luminal and
mucosa-associated microbiota communities were significantly different independently of
whether the mice were exposed to the stressor, food and water deprivation or control
conditions. Luminal samples clustered separately from the mucosa-associated samples
on a principal coordinate analysis (PCoA) plot of the unweighted UniFrac distance matrix
for all samples combined (Fig. 1D). The clustering was statistically significant (p <
0.0005) based on ANOSIM indicating the mucosal and luminal microbial populations are
significantly different. These overall differences extended to significant differences in
Actinobacteria, Acidobacteria, Deferribacteres, and Proteobacteria at the phyla level
(Fig. 1E and 1F). Actinobacteria was significantly increased in the luminal group over
the mucosal group (1.31% vs. 0.48%) (p<0.05), while Acidobacteria (0.01% vs. 0.05%)
(p<0.05), Deferribacteres (0.03% vs. 1.00%) (p<0.001) and Proteobacteria (0.11% vs.
0.20%) (p<0.05) were all significantly enriched in the mucosal group (Fig. 1F). The two
colonic compartment’s contrasting profiles provided the rationale for investigating the
effect of stressor exposure on the two microbiotas independently of one another.
Restraint Stress alters the beta-diversity, but not the alpha-diversity of the luminal-

associated microbiota
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Upon separating the luminal-associated microbiota from the tissue-associated
microbiota, the effect of restraint-stress exposure on luminal populations alone was
examined. SDI was used to discern changes in overall alpha diversity as a product of
stressor exposure, but was unchanged in the luminal microbiota due to restraint stress
(Fig. 2A). This was further confirmed by measuring evenness (using the equitability
measurement) and richness (using Chaol) in which there no changes due to restraint
stress (Figs. 2B, 2C).

The major phyla, Firmicutes and Bacteroidetes, were unaffected by either
restraint stress or food and water deprivation in the luminal-associated microbiota (Fig.
3A). However, restraint-stressor exposed groups (RST Stressor) had significantly lower
levels of the phylum Actinobacteria compared to both the food and water deprivation
control group (FWD Control) and the undisturbed control group (HCC Control) (p <
0.05). Deferribacteres, another phylum was significantly increased in the RST Stressor
group compared to both control groups in the luminally-associated populations (p < 0.05)
(Fig. 3B). HCC Control and FWD Control were not significantly different among the
phyla abundances in the luminally-associated microbiota. In beta diversity analysis, the
PCoA of the unweighted UniFrac distance matrix for the luminal samples showed
significant clustering of the RST Stressor group compared to the FWD Control group
(p<0.01), but RST Stressor did not cluster separately from the HCC Control group. In
addition, FWD Control and HCC Control groups did not cluster significantly differently

from each other (Fig. 3C). Though RST-5 was separated from the other samples, it was
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not an outlier using the 2x standard deviation method when the absolute abundance of
Firmicutes and Bacteroidetes in RST-5 were compared to other RST samples.
Restraint Stress shifts both alpha and beta diversity of the mucosa-associated
microbiota

In contrast to the lack of alpha diversity changes in the luminal associated
microbiota, restraint stress altered both the alpha and beta diversity in the mucosa-
associated microbiota. Separate analysis of the mucosa-associated microbiota made
evident significant shifts in the RST Stressor group compared to FWD Control and HCC
Control groups. RST Stressor had a significant reduction compared to FWD Control in
alpha diversity using the SDI (p<0.01). SDI was not different between RST Stressor and
HCC Controls or between FWD and HCC Control groups (Fig. 4A). Further alpha
diversity analysis revealed that there were no differences between any groups in richness
estimated using Chaol (Fig. 4B), but the RST Stressor group was associated with a
reduction in equitability in comparison with FWD Control (p<0.05) but not HCC Control
(Fig. 4C). HCC Control and FWD Control groups did not differ in either Chaol or
equitability.

At the phyla level in the mucosa-associated populations, the Firmicutes and
Bacteroidetes were unaffected by exposure to the restraint stressor (Fig. 5A).
Actinobacteria was significantly reduced in the RST Stressor group compared to both
FWD Control and HCC Control mice, while Deferribacteres was significantly increased
in RST Stressor mice over HCC Control only (Fig. 5B) (p < 0.05). There were no

significant differences between FWD Control and HCC Control in phyla abundances in
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the mucosa-associated microbiota. PCoA of the unweighted UniFrac distance matrix for
the mucosa-associated samples illustrated the clustering of the RST Stressor group from
the FWD Control and HCC Control groups (Fig. 5C). The clustering was significant,
using ANOSIM (HCC Control vs. RST Stressor, p<0.01) (FWD Control vs. RST
Stressor, p<0.01). HCC Control and FWD Control also clustered separately (HCC
Control vs. FWD Control, p<0.05). Overall, these data highlight that restraint stress as
well as food and water deprivation cause changes in the microbiota community
membership and composition at the mucosal tissue level.
Restraint Stress alters the relative abundance of colonic microbiota bacterial groups
Larger taxonomic comparisons were performed to distinguish stressor- induced
shifts in the microbial groups associated with the mucosa and lumen. In the lumen, the
family S24-7 of the order Bacteroidales was significantly reduced in RST Stressor mice
(p<0.05) compared to HCC Control mice, but not FWD Control mice (Table 1). At genus
level, Adlercreutzia was decreased in RST Stressor mice (p<0.05) in comparison to HCC
Control and FWD Control mice (Table 2). Additionally, an unclassified genus in the
family S24-7 was significantly decreased in RST Stressor mice compared to HCC
Control mice only (p<0.05)

In the tissue, the family Ruminococcaceae were also increased in RST Stressor
over HCC Control (p<0.05), and the family S24-7 of the order Bacteroidales was reduced
in RST Stressor compared to both HCC Control and FWD Control (p=0.05). The family
Lactobacillaceae was also significantly reduced in RST Stressor-exposed mice (p<0.05)

(Table 3) compared to both FWD Control (p<0.05) and HCC Control groups (p=0.05).
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When genera were examined in the Lactobacillacea family, Lactobacillus spp. was the
only genus significantly reduced in stressor exposed mice compared to both HCC Control
(p=0.05) and FWD Control (p<0.05) (Table 4 ); HCC Control and FWD Control were not
significantly different from one another. The effects of the stressor on the lactobacilli
were limited to mucosa-associated populations, and RST Stressor exposure did not
significantly reduce the relative abundance of luminal-associated Lactobacillus. The
relative abundance of the genus Oscillospira was also significantly increased in the
mucosa of RST Stressor-exposed mice and FWD Control mice compared to HCC control
(p<0.05). There were not significant differences in Oscillospira relative abundance in the
mucosa of RST Stressor and FWD Control mice (Table 4). Food and water deprivation
also had effects on bacterial abundances that were independent of stressor exposure. In
the lumen, Candidatus Arthromitus, a group of segmented filamentous bacteria, and the
genus Ruminococcus of the Ruminococcaceae family were decreased in FWD Control
compared to HCC Control (p<0.05) (Table 2). The relative abundances of bacterial
families and genera were not significantly different between the FWD Control and HCC
Control mice when assessed on the mucosal tissue.
Discussion

Exposure to psychological stress has been associated with exacerbation of IBD
and heightened immune responses to enteric pathogens (77, 165, 237). Some studies
suggest that changes to the microbiota could be involved in stressor-induced Gl immune
dysfunction, but stressor-induced changes in gut microbiota have not been well-

characterized (144, 238). In this study, mice were exposed to a widely used and well-
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validated murine model of chronic stress to elucidate the effects of a long-term stressor
upon the colonic microbiota. The data show that microbial communities associating with
colonic tissue and found in the lumen of the colon have unique community structures that
are differentially impacted by psychological stressor exposure. In particular, the restraint
stressor significantly reduced the alpha diversity in the mucosa-associated compartment
of stressed mice compared to controls, but did not affect the alpha diversity in the luminal
populations. Furthermore, stressor-induced alterations in beta-diversity were
demonstrated when compared with both food and water-deprived controls and
undisturbed HCC Control mice in the mucosa, but stressor-associated changes were only
identified between RST Stressor and FWD Control groups in the lumen. The mucosal
community-wide effects were partially due to a significant reduction in the relative
abundance of bacteria in the immunomodulatory genus Lactobacillus. Stressor exposure
also affected luminal microbiota groups, such as the genus Adlercreutzia that was
significantly reduced, but the relative abundance of Lactobacillus was not significantly
reduced in the colonic lumen of stressor-exposed mice.

The lack of a stressor effect on the relative abundance of luminal lactobacilli was
surprising, because previous studies have shown that stressor exposure can reduce fecal
lactobacilli. These studies, however, have primarily involved higher mammals. For
example, rhesus monkeys that experienced a chronic prenatal stress or maternal
separation stress had reductions in Lactobacillus, with similar effects of stress upon
lactobacilli being reported in college students during exam periods (36-38). However,

our current study is in agreement with several other studies involving laboratory rodents
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that have failed to find a significant effect of stressor exposure on fecal or luminal
lactobacilli levels (70, 144, 239). However, the finding that colonic mucosa-associated
lactobacilli are reduced in mice exposed to the chronic restraint stressor is consistent with
a previous study in as little as one two-hour exposure to a social stressor significantly
reduced the abundance of colonic mucosa-associated Lactobacillus in C57BL/6 and CD-
1 mice (187). Thus, it is apparent that stressor exposure reduces mucosa-associated, but
not luminal, lactobacilli in laboratory mice. Additional studies are needed to confirm and
extend these findings in higher mammals.

It is important to note that true stratification of luminal and mucosal populations
does not exist, because there is substantial crossover between microbes associated with
the lumen and those that can adhere to the mucus layer of the gastrointestinal tract. In
this study, we analyzed the majority of the luminal population separately from the
mucosa-associated populations. The finding that stressor exposure has strong effects on
mucosa-associated populations is important, because gut microbes that adhere to the
colonic mucosa can have different effects on the host than luminal populations (90).
Mucosa-associated lactobacilli may be particularly important, because this bacterial
group is well known for its ability to impact mucosal immune responses. Probiotic
Lactobacillus-mediated interventions have been shown to downregulate TNF-a. in the
colon, enhance gut barrier activity, and reduce overall reductions in colitis-related
pathology (176, 181, 240, 241). Additionally, treatment with probiotic Lactobacillus
reuteri in mice abrogates the stressor-induced increases in the severity of the

inflammatory response to a colonic pathogen (165). Interestingly, though previous studies
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have found that Lactobacillus is reduced in the stool (36-38, 207), this study showed a
reduction in mucosal epithelium-associated Lactobacillus but not in luminal lactobacilli,
implying that psychological stressor exposure can have a distinct effects upon groups of
mucosal microbiota compared to their luminal counterparts. Since Lactobacillus and
other commensals can mediate host gut health, this specific reduction might be associated
with stressor-induced increases in colitic inflammation (242-244).

Despite the constant crossover between luminal and mucosa-associated
populations, unique properties and diversity levels can be associated with each niche (90,
222, 223, 245). Descriptive analyses often concentrate on fecal or luminal contents as a
read-out for the entire community structure of the gastrointestinal tract, but the current
data emphasize the importance of a targeted approach. In this study, stressor-induced
changes to bacterial groups and the extent to which stressor-exposure affected diversity
were different based upon the colonic compartment that was analyzed. Bacteria in the
colonic lumen and associated with the colonic mucosa have evolved to their present
relationship symbiotically and as a result have different biological function. For
example, it is thought that the luminal-associated microbiota are more heavily involved in
metabolism and digestion, while the microbes of the mucosal epithelium assist the host in
immunomodulation (90). Thus, characterizing how factors that cause dysbiosis, like
psychological stress, affect microbes in these niches can have different implications.

The current study indicates that chronic stress affects the composition of the
colonic mucosa-associated microbiota and thus may influence colonic immunity. Many

colonic pathogens, like enteropathogenic or enterohemorrhagic Escherichia coli (EPEC

45



or EHEC, respectively), which are often modeled by murine challenge with Citrobacter
rodentium, colonize the intestinal epithelium and can cause severe colitis along the
epithelial barrier (246, 247). The colonic microbiota are known to influence susceptibility
and resistance to these attaching and effacing pathogens (248, 249), since disrupting the
mucosa-associated populations with antibiotics increased disease severity upon pathogen
challenge (14, 15). Stressor induced shifts to luminal populations might also have
downstream effects upon host metabolism. The changes to these niches could be inter-
related, wherein possible mechanisms such as stressor-induced reductions or exhaustion
of mucous secretion, as well as increased motility could affect the composition of both
compartments. Increased shedding of mucosal populations into the lumen would also
alter overall community structure. As these populations shift during stressor exposure, it
is likely that overall microbiota function is also being impacted in regards to how the
microbiota interact with the host and with each other. Proper analysis of these
compartment-specific changes could be performed in future studies using whole genome
sequencing and metagenomic approaches, as well as metabolomic analyses in order to
investigate if the unique stressor-induced changes to lumenal and mucosal population
structure extends to distinct changes in functional output.

We have previously shown that exposure to prolonged restraint stressor increases
the severity of C. rodentium infection upon oral challenge (77, 165). It is not known
whether stressor-induced changes to the microbiota were solely responsible for the
increased disease severity, but orally treating the mice with probiotic L. reuteri reduced

the severity of C. rodentium infection in stressor-exposed mice (165), suggesting that
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preventing stressor-induced reductions in lactobacilli might attenuate colonic
inflammation. However, the effects may not be specific to lactobacilli. This study, along
with our previous study, demonstrated that prolonged restraint decreases alpha diversity
in the colonic mucosa, as well as in the cecal lumen. Reduced diversity has previously
been associated with increased cecal colonization by Campylobacter jejuni (250), marked
by marginally increased pro-inflammatory marker (e.g. IL-1pB, IL-6, TNF-o, IFN-y, IL-
10) levels, while mouse strains susceptible to C. rodentium infection have lower fecal
bacterial counts (particularly in Bacteroidetes) than those that are resistant (251). Thus, it
is possible that the shifts in certain bacterial populations evident in the microbiota of
stressor-exposed mice in this study contribute to enhanced colonic inflammation. Indeed,
a preliminary, unpublished work by Galley et al. indicate that RST-induced changes to
the microbiota are directly associated with an colonic inflammatory response to a
pathogen challenge, likely due to shifts in microbiota function. Further studies are already
underway to identify how compositional changes in the microbiota are related to
functional shifts that affect host health.

It is currently not known whether stressor-induced changes to the microbiota
contribute to exacerbation of human colonic inflammation, but it has been well-
documented that patients with IBD and IBS often have an altered microbiota compared to
healthy subjects. Such differences include a reduction in overall diversity, and shifts in
major phyla like the Firmicutes and Bacteroidetes, as well as commensals like
Bifidobacterium, Faecalibacterium prausnitzii and Roseburia (13, 252-255). It is not yet

clear whether the changed microbiota is the cause or the effect of the increased
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inflammatory flare-ups and sensitivity to pain, but studies are beginning to demonstrate a
role of the microbiota in the exacerbation of these diseases (256, 257). Of particular
importance, exposure to psychological stress often precedes the exacerbation of IBD
(145, 212). In our experience, the effects of stressor exposure on microbial community
structure are more consistently manifest on the mucosal surface versus the luminal or
fecal compartments. While it is a goal to understand how changes to microbial
community structure in the feces predicts changes to community structure at the mucosal
surface, until these relationships are well understood, mucosa-associated populations
should be assessed in studies of the brain-gut microbiota axis during periods of health and
disease.

In the current study, mice were exposed to repeated daily exposures to the
prolonged restraint. Interestingly, this results in partial habituation; corticosterone levels
after 1 day of the stressor are higher than corticosterone levels after 6 days of the stressor
(even though corticosterone levels are higher than baseline levels on all days of stressor
exposure) (258). Despite this habituation, past studies show that the effects of stressor
exposure upon the microbiota are additive, with significant effects of the stressor on
microbiota composition, including absolute levels of Lactobacillus reuteri, only being
evident after repeated cycles of the stressor (187). It is not yet known whether alterations
in the microbiota contribute to this stressor-induced corticosterone profile, but it is known
that microbiota do significantly impact hypothalamic-pituitary-adrenal activity and
corticosterone levels (123, 259). Thus, it is possible that differences in corticosterone

levels and in microbial communities over repeated cycles of stressor exposure are inter-
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related. However, repeated cycles of stress are not always needed in order for changes in
the microbiota to manifest. For example, a single 2-hr exposure to a social stressor was
sufficient to significantly shift the mucosa-associated microbiota (187). Further research
is needed to determine why a single exposure to some stressors is sufficient to change the
microbiota, whereas others require repeated exposures.

Prolonged restraint is a widely used murine stressor that has been extensively
characterized in the literature and is one of the most commonly used murine stressors in
biomedical and biobehavioral research (225), in part because it reliably induces a
physiological stress response that results in the elevation of endogenous glucocorticoids
(75, 227, 228). Because the strong glucocorticoid response can suppress multiple
components of the immune response (228, 260), it seemed plausible that stressor-induced
suppression of the mucosal immune response led to the observed changes in microbiota
community structure. However, RST did not induce changes in TNF-a, iNOS, or IL-6
message levels in the colonic tissue (data not shown). Moreover, in the absence of
pathogen challenge, stressor exposure had no effect on other measures of mucosal
immunity (e.g., secretory IgA, B-defensin-1, and leukocyte infiltration into the colon) in
previously published work (77). Thus, it is unlikely that RST-induced suppression of
immune activity strongly affects the composition of the gut microbiota. However,
immunomodulation is not the only way in which stressor exposure may impact the
composition of the gut microbiota. In an olfactory bulbectomy model of stressor
sensitization, Park et al. (2013) demonstrated that stressor-induced increases in colonic

motility impact microbiota structure through a corticotrophin-releasing hormone (CRH)-
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dependent mechanism (261). Because CRH-induced alterations in colonic motility can
be disrupted by cutting the vagal nerve(135), and because the vagus nerve is considered a
primary route through which the brain and gut microbiota interact (130, 262, 263), it is
possible that the observed stressor-induced changes in the colonic microbiota are vagally-
mediated. This hypothesis warrants further attention.

Results from studies involving behavioral stressors in laboratory animals must be
cautiously extrapolated to humans due to differences in host perceptions to stressful
stimuli, the physiological stress response, and available coping mechanisms. However,
microbiota community structure alterations that consistently occur in response to
stressors of different type (e.g., physical vs. social), different duration (e.g., a few hours
vs. a few days or weeks), and in different host species (e.g., rodents vs. non-human
primates) can be predicted to occur in human populations. Although the prolonged
restraint stressor used in the current study is considered a severe, chronic stressor, results
obtained with prolonged restraint are consistent with an increasing number of studies
indicating that stressor exposure changes gut microbiota community composition (70,
77). This was previously demonstrated with exposure to as little as 2 hrs of a social
stressor(187), and now has been demonstrated with a prolonged exposure to a physical
stressor. In both cases, exposure to the stressor reduced lactobacilli. Stressor-induced
reductions in lactobacilli have also been observed in non-human primates (36, 37),
suggesting that reductions in lactobacilli are a conserved response to stressor exposure

that is likely to occur in human populations. In support of this contention, stressor-
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induced reductions in lactobacilli have been observed in college students during
examination periods (38).

Diet can greatly affect the GI microbiota (11, 264). The data here demonstrate
that food and water deprivation is able to affect the community structure of the mucosal
associated microbiota in comparison with undisturbed controls, while also affecting the
abundances of select bacterial groups in the lumen. This confirms a previous study that
showed separate clustering of control mice from FWD mice after a single 16-hr period of
food and water deprivation (77). Thus, it is difficult to fully control for the effects of food
and water deprivation in stress studies. However, samples from RST Stressor mice
consistently cluster separately from samples from FWD Control (and HCC Control) mice
indicating that the psychological and physical aspects of the prolonged stressor have
unique effects on the microbiota, including a reduction in Lactobacillus and overall alpha
diversity. These changes can not simply be accounted for by the fact that mice in
restraining tubes do not consume food or water, since the effects are not evident in
animals deprived of food and water. We have not found that the overall quantity of food
consumption is affected by RST, as the stressor-exposed mice consume an equivalent
amount of food as HCC mice, despite having reduced access (unpublished observations).
However, since mice are restrained during the dark (i.e., active) cycle, which is when
mice typically consume their food, exposure to the RST stressor undoubtedly skews
feeding patterns while leaving overall food quantity unchanged. This likely affects
overall metabolism, since mice exposed to the RST stressor lose weight with repeated

exposures to the stressor. Thus, it is clear that further studies are needed to understand
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the individual contributions of the stress response and food and water deprivation on
stressor-induced alterations of the GI microbiota.

Dysbiotic microbial profiles are associated with inflammation and increases in
disease severity. Stressful periods, which can alter microbial community structures, can
worsen the pathology of colonic pathogens (e.g., EHEC) and inflammatory disorders
(e.g., IBD) (145). Thus, investigations into the disruptions in the community structure of
beneficial GI microbes as a result of external effectors like psychological stress are
especially important. These results further develop the relationship between
psychological stress and the microbiota by demonstrating that restraint stressor-induced
dysbiosis in the colonic microbiota changes the community composition of both the
luminal and mucosa-associated populations, but that the stressor-induced disruptions

upon each niche are distinct.
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Lactobacillaceae
S24-7
Clostridiales;f__
Lachnospiraceae
Rikenellaceae
Bacteroidaceae
Ruminococcaceae
Unassigned
Clostridiaceae
Prevotellaceae

HCC

30.06 = 8.32
22.54+2.82
12.41 + 1.50
12.80+4.79

4.52+0.43
3.56 + 0.92
2.42+0.49
3.32+0.38
4.36+0.94
0.38 +0.19

FWD

37.56 £ 8.19
18.81 £2.30
14.25+2.83
9.21+1.70
4.71+0.80
2.20+0.29
3.19+0.53
3.74 £ 0.27
1.23+0.43
0.90+0.30

RST
20.50 +£5.27
13.16 £2.25
20.75 £ 6.60
17.41 +£3.83

7.18+0.70
7.74+2.13
5.04 +1.32
2.57+0.20
1.64+0.51
2.04+1.28

Data are the mean relative abundance =* standard error.

*p<.05

*

*
*

RST vs. HCC

RST v FWD
HCC v FWD

Table 1: Top 10 Most Abundant Colonic Luminal-Associated Bacterial Families,

Restraint
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HCC FWD RST

Lactobacillus spp. 30.06 = 9.61 37.56 = 8.19 20.50 = 5.27
S24-7,9__ 22.54 *+ 3.26 18.81 + 2.30 13.16 =+ 2.25%% RST vs. HCC
Clostridiales; f__;g__ 12.42 = 1.73 14.25 = 2.83 20.75 £+ 6.60
Lachnospiraceae; g_ 9.90 £+ 4.55 7.11 £ 1.34 15.57 + 3.61
Rikenellaceae; g_ 4,52 = 0.50 4.71 = 0.80 7.17 = 0.70
Bacteroides spp. 3.56 = 1.06 2.20 = 0.29 7.74 = 2.13
Unassigned 3.32 £ 0.43 3.74 £ 0.27 2.57 £ 0.21%% RST vs. FWD
Candidatus Athromitus 4.19 + 1.08 1.02 + 0.40 1.50 £+ 0.51%% HCC vs. FWD
Oscillospira spp. 1.06 = 0.22 0.88 = 0.15 2.10 £ 0.61
Prevotella spp. 0.38 = 0.22 0.90 = 0.30 2.04 +1.28
Adlercreutzia spp. 2.11 + 0.38 1.61 = 0.30 0.20 = 0.02%%  RST vs. HCC/FWD
Ruminococcaceae; g 0.89 £ 0.20 1.23 £ 0.28 1.90 + 0.56
Lachnospiraceae; Ruminococcus  1.62 =+ 0.81 1.08 = 0.30 0.63 = 0.25
Lachnospiraceae; Other 0.75 = 0.29 0.48 = 0.06 0.64 = 0.25
Ruminococcaceae; Ruminococcus 0.21 % 0.09 0.91 = 0.21 0.55 £+ 0.11%% HCC vs. FWD

Data are the mean relative abundance =+ standard error.
** p<.05,*p=.05

Table 2: Top 15 Most Abundant Luminal-Associated Bacterial Genera, Restraint
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Clostridales; f__
S24-7
Lachnospiraceae
Rikenellaceae
Ruminococcaceae
Bacteroidaceae
Lactobacillaceae
Unassigned
Prevotellaceae
Deferribacteraceae

HCC

25.67 = 6.27
30.74+7.85

8.68 £ 1.62
8.54 £ 1.60
5.23+1.26
5.51+1.59
6.75+0.32
3.64 +0.63
0.98 + 0.56
0.14+0.05

FWD

31.03 +3.58
20.94 +4.22
13.15+2.82
8.74+2.20
7.88+0.84
3.24+0.63
5.46 £1.39
3.44+0.15
0.72+0.23
208+1.71

RST
34.92 +5.49
9.85 + 2.02
16.49 + 4.35
11.23+1.75
10.95 + 1.39
7.98 £2.01
1.25 +0.43
0.23 +£0.12
1.77 £1.26
0.74 £0.12

Data are the mean relative abundance = standard error.

*p<.05

RST vs. HCC

RST vs. FWD
RST vs. FWD

RST vs. HCC

Table 3: Top 10 Most Abundant Colonic Mucosal-Associated Bacterial Families,

Restraint
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HCC FWD ST

Clostridiales; f__;g__ 25.67 £ 6.27 31.03 = 3.58 34.92 £ 5.49
S24-7;9_ 30.74 £ 7.85 20.94 £ 4.22 9.85 + 2.02
Lachnospiraceae; g_ 6.64 = 1.15 10.60 += 2.60 14.36 = 4.02
Rikenellaceae; g_ 8.54 = 1.60 8.73 = 2.20 11.22 £ 1.75
Bacteroides spp. 5.51 + 1.59 3.24 = 0.63 7.98 + 2.01
Lactobacillus spp. 6.75 £ 3.20 5.46 = 1.39 1.25 + 043 % RST vs. FWD
Oscillospira spp. 1.75 = 0.32 3.44 =+ 0.36 4.69 + 0.69 % HCC vs. FWD/RST
Unassigned 3.64 + 0.63 3.44 £ 0.15 2.33 £ 0.12 & RST vs. FWD
Ruminococcaceae; g__ 1.98 = 0.54 2.78 = 0.18 3.81 £ 0.79
Prevotella spp. 0.98 * 0.56 0.72 = 0.23 1.77 = 1.26
Mucispirillum spp. 0.14 = 0.05 2.08 £ 1.71 0.74 = 0.12 % RST vs. HCC
Ruminococcaceae; Other 0.51 = 0.11 0.73 = 0.25 1.58 = 0.52
Ruminococcaceae; Ruminococcus 0.99 + 0.45 0.91 = 0.18 0.85 = 0.17
Lachnospiraceae; Ruminococcus 0.87 = 0.32 0.93 = 0.16 0.82 = 0.19
Clostridiales; Other; Other 0.69 + 0.04 0.89 + 0.16 0.56 + 0.09

Data are the mean relative abundance = standard error.
* p<.05

Table 4: Top 15 Most Abundant Mucosal-Associated Bacterial Genera, Restraint
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Figure 1: The mucosa-associated and luminal-associated microbiota communities are significantly different from each
other. Alpha diversity measurements,including Shannon Diversity, Chaol, and equitability were calculated using
QIIME and compared. A.) The Shannon Diversity Index was significantly increased in mucosal samples over luminal
samples as measured with QIIME and averaged by group. B.) Richness, estimated with Chaol, was unchanged between
both compartments. C.) Evenness, using the equitability measurement, was also increased in the mucosal samples over
luminal samples. All data in A-C are mean £ S.D. All alpha diversity measurements were analyzed using a parametric
T-test on QIIME at a sequence depth of 6177. D.) Luminal samples and mucosal samples clustered independently of
one another based upon unweighted Unifrac distances on a Principle Coordinate Analysis using the ANOSIM statistic
(p<0.0005). E.) Major phyla, including Firmicutes and Bacteroidetes, were unchanged when compared between
luminal and mucosal-associated samples. F.) There were significant differences in the lesser phyla when compared
between mucosa-associated microbiota and luminally-associated microbiota. The relative abundance of
Actinobacteria, Deferribacteres, Proteobacteria, and Acidobacteria were all significantly different when compared
between both gastrointestinal compartments. Phyla-level relative abundance was compared using Mann-Whitney U
non-parametric tests. Mucosal-associated samples n=15; luminal-associated samples n=14.
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Figure 2: Stressor exposure was not associated with shifts in alpha diversity in the luminally-associated microbiota. A.)
The Shannon Diversity index (SDI), B.) richness (using Chaol) and C.) Evenness (using equitability measurement) was
measured for each sample using QIIME and averaged by group. None of the alpha diversity measurements were
affected by stressor exposure. Data are mean £ S.D. N=5 for all groups, with the exception of HCC-Control, which had

n=4. Groups were compared using parametric T-tests on QIIME with a modified Bonferroni correction for multiple
comparisons.
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Figure 3: Stressor exposure significantly affects the community structure of the luminally-associated microbiota. A.)
Major phyla were unchanged between any group. B.) Among the lesser phyla, Actinobacteria was significantly reduced
in RST Stressor mice compared to both HCC Control and FWD Control, while Deferribacteres was significantly
reduced in RST Stressor mice compared to HCC Control and FWD Control mice. Abundances were compared using
non-parametric Kruskal-Wallis tests, and post-hoc testing was performed with non-parametric Mann-Whitney U tests.
C.) Principle coordinate analysis was used to visualize stressor exposure-induced community profile clustering based
upon unweighted Unifrac distances. RST Stressor shifted the community structure of the luminally-associated
microbiota compared to FWD Control mice (p < 0.01) significantly using the ANOSIM statistic, but not significantly
compared to HCC Control mice. FWD and HCC Controls were unchanged compared to each other. Data are from n=5
for RST Stressor and FWD Control groups, and n=4 for HCC Control.
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Figure 4: Stressor exposure significantly reduces alpha diversity in the mucosa-associated microbiota. A.) The Shannon
Diversity index (SDI) was measured for each sample and averaged by group. RST Stressor was significantly lower than
FWD Control mice (p<0.05), but was not significantly different than HCC Control SDI values. B.) Richness (by Chaol
measurement) and C.) evenness (by equitability) were then calculated using QIIME and averaged by group. RST
Stressor did not affect overall richness, but evenness was reduced in RST Stressor-exposed mice when compared to
FWD Control mice (p<0.05). Data are mean = S.D. for n=5 for all groups. For alpha diversity, groups were compared
using parametric T-tests on QIIME with a modified Bonferroni correction for multiple comparisons.
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Figure 5: Stressor exposure significantly alters the community structure of the mucosa-associated microbiota. A.)
Firmicutes and Bacteroidetes were unchanged between any of the groups in the experiment. B.) Upon examining the
lesser phyla, Actinobacteria was significantly reduced in the RST Stressor group compared to FWD Control and HCC
Control mice. Deferribacteres was significantly increased in RST Stressor mice compared to HCC Control mice, but
not FWD Control mice. Phyla abundance data were compared first using non-parametric Kruskal-Wallis test, and
Mann-Whitney U tests were used post-hoc. C.) Principle coordinate analysis was used to visualize clustering of similar
community profiles. Restraint stressor-exposed mice significantly clustered using the ANOSIM statistic (HCC Control
vs. RST Stressor, p <0.01) (FWD Control vs. RST Stressor, p < 0.01). FWD Control and HCC Control also clustered
significantly apart from each other (p < 0.05). Data are for N=5 for all groups.



Exposure to the prolonged stressor, restraint, significantly disrupted the colonic mucosa-
associated microbiota community structure, as well as the structure of the luminally-
associated populations. The specific effects upon the two unique niches differed, as
restraint stress reduced the commensal genus, Lactobacillus, in the mucosal
compartment, but not in the lumen. The food and water-deprivation control group also
displayed significant shifts in colonic mucosa community structure, indicating that the
dietary shifts associated with the restraint stressor may partially explain the results.
Further, restraint stress induces physiological and immunological impacts that are distinct
from other stressors due in part to the long-term repeated nature of the stressor. Thus, the
well-characterized stressor, social disruption, which induces heightened immune cell
trafficking and increased phagocytic activity among other hallmarks, was used in order to
examine if stressor-induced effects upon the microbiota are an artifact of restraint stress

or an outcome associated with psychological stress as a whole.
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Chapter 3: Exposure to a social stressor disrupts the community structure of the colonic

mucosa-associated microbiota®

Introduction:

The human body is colonized by an enormous array of microbes collectively referred to
as the microbiota. It is estimated that there are approximately ten times more bacterial
cells than there are human cells in the human body with microbiota being found in
various receptive niches such as on the skin, in the oral and respiratory tracts,
reproductive tract, and most numerously, in the gastrointestinal (GI) tract (87, 265). In
the Gl tract, the microbiota form a community that fully interacts with one another and
with the host. The GI microbiota have multiple beneficial effects on their hosts (8, 266,
267) and the structure of the GI community can impact these functions. Of the beneficial
interactions between microbiota and host, those that involve the immune system are some
of the most intensively studied, and several lines of experiments have demonstrated that
the GI microbiota and the host immune system are deeply intertwined in each other’s
development (268). For example, germ-free mice, which have never been colonized by
any type of microbe, have diminished immune responses compared to mice colonized

with a healthy microbiota (269, 270). Mice deficient in Nod2, a gene that encodes for a

2 Published in BMC Microbiology, 2014 Jul 15;14:189.
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receptor that is involved in immune recognition of bacterial muramyl dipeptide, develop
a unique microbiota that can lead to colonic inflammation when transmitted to wild-type
mice (5, 271). It is now well recognized that the GI microbiota have strong effects on
immunoregulation, and immune system activity, in turn, helps to shape the GI microbiota
(268-271).

It is estimated that over 500 different species of bacteria can colonize the Gl tract
(272). Despite this enormous species-level diversity, only a small number of bacterial
phyla are represented. The vast majority of bacteria in the human Gl tracts belong to the
phyla Firmicutes and Bacteroidetes, with bacteria in the phyla Actinobacteria and
Proteobacteria also comprising a smaller portion of the overall microbiota as well (91).
The GI microbiota of the murine Gl tract is similar to that of humans, with the majority
of microbes belonging to the major phyla, Firmicutes and Bacteroidetes (70, 273, 274).
These populations shift slowly over time, but their general stability is important to the
health of the host. Abrupt changes to the gut microbiota have been shown to potentially
lead to serious negative host health outcomes, including diarrhea, opportunistic
infections, and obesity (275-277). Changes to the microbiota can be caused by factors
such as antibiotic use and severe enteric infection. Data from this laboratory, as well as
others, indicate that exposure to either physical or psychological stressors can also alter
intestinal microbe profiles. Stressor exposure early in life has been demonstrated to alter
the types and abundance of bacteria found in the intestines. Separating infant monkeys
from their mothers to induce a physiological stress response resulted in a significant

reduction in the number of total lactobacilli that could be cultured from the stool (36).
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Reductions in lactobacilli are meaningful as certain species, including L. reuteri, are
involved in immunomodulation (165, 278). In rats, separating the pups from their
mothers during the first 14 days of life led to an altered GI microbiota (279). Stressor
exposure during adulthood can also impact the stability of the intestinal microbiota. For
example, exposing adult mice to a prolonged restraint stressor was shown to significantly
alter microbial profiles in the cecal contents (77).

Similar findings have been associated with a social stressor called social
disruption (SDR) (70) that involves repeated social defeat as a result of inter-male
aggression over a 2 hr period. When repeated over 6 consecutive nights, this stressor
induces a physiological stress response marked by the activation of the hypothalamic
pituitary adrenal (HPA) axis and the sympathetic nervous system (63). The study by
Bailey et al demonstrated that this week-long exposure to the stressor can alter the cecal
luminal microbiota in outbred CD-1 mice (70). However, it is not known whether a
single 2 hr exposure to the stressor could induce similar alterations, or whether other
mouse strains, such as inbred C57BL/6 mice that are widely used in infectious disease
research, are affected by stressor exposure. Knowing whether short-lasting stressors can
impact the microbiota has translational importance particularly for the inflammatory
bowel diseases (IBD) and irritable bowel syndrome (IBS). Patients with IBD often report
stressful periods preceding symptom flares (145). It is not clear whether acute stress can
exacerbate IBD symptomatology, but it is recognized that acute stressor exposure is
associated with increased visceral sensitivity in IBS (280). Because alterations in gut

microbiota community structure are evident in IBD and IBS (88, 213), and because these
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alterations are thought to possibly contribute to these diseases (281, 282), we determined
whether a short-lasting stressor was sufficient to impact gut microbiota community
structure.

Previous studies assessing the effects of stress on the microbiota have relied on
assessment of intestinal lumen or fecal populations (37, 70, 77). Studies in healthy
individuals as well as patients with IBS, IBD, or hepatic encephalopathy demonstrate that
luminal/fecal microbiota is significantly different than mucosa-associated microbiota
(283, 284). Because shifts in microbial populations that are in close proximity to the
intestinal epithelium are thought to have the strongest effects on host immunity (90), an
additional aspect of this study was to determine whether stressor exposure could impact
tissue-associated microbial community profiles.

Stressor-induced changes in lactobacilli have reliably been found in laboratory
animals as well as in humans (36, 38, 207). However, stressor-induced changes in other
taxa have not been widely reported. Thus, 454 pyrosequencing was performed on the
colonic tissue of inbred C57BL/6 mice to determine whether a single 2 hr stressor
exposure could change colonic tissue-associated microbial community profiles.
Quantitative PCR (gPCR) was then used to determine whether stressor-induced
alterations in relative abundances evident with the 454 pyrosequencing were also evident
as alterations in absolute abundance in both inbred and outbred mice.

Materials and Methods:

Mice: Male CD-1 mice and male C57BL/6, aged 6-8 weeks, were ordered from Charles

River Laboratories (Wilmington, MA; Raleigh, NC). The mice were housed in groups of
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2 or 3 mice per cage in an approved vivarium and were allowed to habituate to the
vivarium for one week prior to testing. The cages were kept in an approved vivarium with
a 12:12 hour light-dark schedule with lights on 0600 to 1800. Food and water was
available ad libitum. The Ohio State University’s Animal Care and Use Committee
approved all experimental procedures (Protocol 2009A0235-R1). CD-1 mice were used
in cytokine and bacterial qPCR experiments. C57BL/6 mice were only used in the 454
pyrosequencing analysis and the cytokine and bacterial gPCR experiments.

Social Disruption Stressor: The SDR experiments were performed as described
previously (285). Briefly, an aggressive male CD-1 retired breeder, termed the aggressor,
was placed into a cage with younger C57BL/6 resident mice at 1700 hours, which
represents the beginning of the mouse active cycle. The aggressor repeatedly attacked
and defeated the C57BL/6 test mice over the course of the 2 hour SDR cycle. If the
aggressor did not begin to attack the test mice within 10 min of placement in the cage, it
was removed and another aggressor was put in. Wounding was monitored throughout the
SDR cycle. Only slight superficial wounds were allowed. If wounds that penetrated the
cutaneous layer developed over the course of SDR, those test mice were removed from
the study. While it would be desirable to test the effects of the stressor on both male and
female mice, female mice do not fight in this paradigm. Thus, all analyses were limited
to male mice.

Tissue Removal: After exposure to the SDR stressor (a single 2 hr cycle for
pyrosequencing, a single 2 hr cycle or 2 hr cycles repeated on 6 consecutive days for

gPCR), or at the equivalent time in non-stressed HCC mice, mice were euthanized using
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CO, asphyxiation. Colons were removed aseptically. Luminal contents were removed by
cutting into the tissue where liquid and/or solid contents rested, and gently extracting
with forceps. This represented the non-mucosa associated populations. Scraping/tissue
squeezing was not performed so as not to disturb the mucosa-associated populations,
which are adhered to an easily disturbed mucous layer. The colonic tissue and remaining
adherent microbiota populations were placed into a microcentrifuge tube and snap frozen
in liquid nitrogen. All samples were stored at -80°C until processing. Studies involving
454 pyrotag sequencing utilized the C57BL/6 colonic tissue that was collected after a
single 2 hr cycle of SDR, with n=5 per group (HCC vs. SDR). Animals were kept 3 and 2
mice/cage to minimize cage effects. Studies involving bacterial quantification PCR
utilized colonic tissue collected at 0 days of SDR (n = 16 C57BL6, n =21 CD-1),
following a single 2 hr cycle of SDR (n =7 C57BL/6, n = 15 CD-1) as well as samples
collected after SDR repeated on 6 consecutive days (n = 8 C57BL/6, n =6 CD-1). All
experiments were n = 3 or 4 per group. The single 2 hour cycle of SDR in C57BL/6 was
replicated once, and six repeated exposures of SDR on C57BL/6 was replicated twice.
The single 2 hour cycle of SDR in CD1 mice was replicated four times, and six repeated
exposures of SDR on CD1 mice was replicated once. Successive replicates were
performed to reduce high variability between samples in bacterial gPCR. No-SDR-
exposure groups were sacrificed alongside both single 2 hr cycle of SDR and 6 repeated
cycles of SDR groups and combined during statistical analyses, resulting in an increased

number of replications over test groups.
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bTEFAP pyrosequencing: : Amplicon pyrosequencing (0 TEFAP®) was originally
described by Dowd et al. on C57BL/6 mice colonic samples has been utilized in
describing a wide range of environmental and health related microbiotas including the
intestinal populations of a variety of sample types and environments (41, 286, 287). In
this protocol, a 1-mm segment was used from the center of the entire colonic length. In a
modified version of this process, 16S universal Eubacterial primers 530F

5’ GTGCCAGCMGCNGCGG and 1100R 5’GGGTTNCGNTCGTTR were used in a
single-step 30 cycle PCR using HotStarTaq Plus Master Mix Kit (Qiagen, Valencia, CA).
The following conditions were used: 94°C for 3 minutes, followed by 28 cycles of 94°C
for 30 seconds; 53°C for 40 seconds and 72°C for 1 minute; after which a final
elongation step at 72°C for 5 minutes was performed. Following PCR, all amplicon
products from different samples were mixed in equal concentrations and purified using
Agencourt Ampure beads (Agencourt Bioscience Corporation, MA, USA). Samples
were sequenced utilizing Roche 454 FLX titanium instruments and reagents and
following manufacturer’s guidelines.

Microbial community analysis: The returned sequences were processed and analyzed
using Quantitative Insights Into Microbial Ecology (QIIME) (version 1.4.0) (46)
according to standard protocols. Filtering passed sequences based on: length between 200
and 1000bp, zero ambiguous bases or primer mismatches, and no homopolymer runs
greater than 6. 97.9% of the sequences passed quality filtering for further analysis. After
filtering, there was an average of 10496 sequences per sample. Sequences with 97%

similarity were grouped into OTU using UCLUST (231). Representative sequences from
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each OTU were aligned against the Greengenes core reference alignment using PyNAST
(48, 232). The RDP Classifier was used to assign taxonomy to each representative
sequence against the RDP database using standard options (44). The minimum
confidence threshold for taxonomic assignment was 0.80. OTUs were considered
unclassified if there was not a strong match within this confidence interval for the
representative sequence within the RDP database. A phylogenetic tree was built using
FastTree from the aligned OTU representative sequences for determining UniFrac
distances between samples (234).

Quantification of Bacterial Groups Using Quantitative Polymerase Chain Reaction
(gPCR): DNA Extraction: 50 mg of tissue, taken from the ascending colon portion of the
colonic tract, were homogenized in liquid nitrogen in a mortar and pestle and transferred
to a microcentrifuge tube. The samples were incubated for 75min in lysozyme buffer (20
mg/mL lysozyme, 20 mM Tris-HCI, 2mM EDTA, 1.2% Triton) at 37°C to weaken the
cell wall of Gram-positive bacteria. Following this, DNA was isolated using a modified
version of the Qiagen DNA Mini Isolation Kit protocol (Qiagen, Germany). In short, 100
pL of Buffer ATL and 20 pL of proteinase K were added to the microcentrifuge tube and
incubated for 3.5 hr at 56°C, with manual vortexing at 30 minute intervals for the
duration of the incubation. The samples were heated at 85°C for 10 min to inactivate
proteinase K and then transferred into a new tube containing 20 uL of proteinase K and
200 pL of Buffer AL. The samples were incubated at 56°C for 30 min followed by 95°C
for 10 min. 200 uL of absolute ethanol was then added to the sample and the sample was

added to a QIlAamp spin column. After sample washing, the DNA from each sample was
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recovered into 100 pL of Buffer AE using a QlAamp spin column per manufacturer’s
protocols. The DNA extracts were stored at -80°C until analysis was performed.
Genomic DNA from pure bacterial cultures was isolated essentially as described above,
but using a Qiagen protocol for the isolation of genomic DNA from Gram-positive
bacteria and shorter (45 minutes instead of 75 minutes) incubation in the lysozyme
buffer.

Sample Derived Standards: The method of Chen et al. (2007) was adapted for the
generation of sample-derived gPCR standards (288). Briefly, equivalent mass amounts
of colonic DNA from each sample were pooled as the template for PCR to obtain even
bacterial representation in order to generate standards for bacterial copy number
quantification. DNA was quantified using the Quant-it PicoGreen kit (Life Technologies,
Grand Island, New York). Amplification PCR targeting specific genera or species-level
16S rRNA was performed to obtain standard amplicons based upon the representative
populations within each sample. PCR was achieved using an ABIPrism 7000
thermocycler. The primer sets are shown in Table 1. The standard amplification PCR
thermoprofile for the genus Lactobacillus consisted of initial denaturation at 94°C for 5
min, followed by 35 cycles of 94°C for 30 sec, 58°C for 30 sec, and 72°C for 40 sec, and
final extension at 72°C for 10 min. For L. reuteri PCR, the thermoprofile used was the
same as those for the genus-specific except for a higher primer annealing temperature
(60°C instead of 58°C). The Bacteroides-Prevotella-Porphyromonas standard
amplification thermoprofile was 1 cycle at 95°C for 5 min, followed by 35 cycles of 95°C

for 20s, 68°C for 30s, and 72° for 55s, with 1 final annealing cycle of 72°C for 5 min.
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The Parabacteroides distasonis standard amplification thermoprofile was 1 cycle at 94°C
for 5 min, followed by 30 cycles of 94°C for 30s, 60°C for 30s, and 72°C for 40s, with 1
final annealing cycle at 72°C for 8 min. After the amplification PCR, the PCR product
was purified using the Qiagen PCR Purification Kit and quantified by Quant-it PicoGreen
kit to determine copy number of the community standards.

A standard curve for absolute quantification was created from the previously
amplified standards to encompass 10*-10° copies per reaction. The population of total
lactobacilli and L. reuteri was separately quantified using respective specific primers and
SYBR Green against these dilution series as described previously (289). gPCR
thermoprofiles for Lactobacillus and L. reuteri were 1 cycle at 94°C for 5 min, followed
by 40 cycles of 94°C for 30s, specific annealing temperature for 30s, and 72°C for 40s.
Annealing temperature for Lactobacillus was 58°C and L. reuteri was 60°C. g°PCR
thermoprofile for P. distasonis was 1 cycle at 50°C for 2 min, 1 cycle at 95°C for 10 min,
then 40 cycles at 95°C for 15s and 60°C for 60s. gPCR thermoprofile for Bacteroides-
Prevotella-Porphyromonas was 1 cycle at 95°C for 5 min, followed by 40 cycles at 95°C
for 15s, 68°C for 20s, and 72°C for 30s. Abundance of bacterial groups (copies of 16s
rRNA gene per gram/sample) was computed based on the copies of gPCR reaction and
the number of reactions that could be performed with the DNA derived from 1 g of each
tissue sample. The detection limit were as follows: total lactobacilli and Bacteroides-
Prevotella-Porphyromonas was ~4.0 log copies/gram of wet tissue (logio), L. reuteri was

~4.5 log copies/gram of wet tissue (logio), P. distasonis was ~5.0 log copies/gram of wet
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tissue. Primer sequences have been previously published and are listed in Table 1(290-
294).

Quantification of Colonic Cytokine and Inflammatory Mediator mRNA using quantitative
RT-PCR: Total RNA was isolated from whole colonic tissue samples (~120 mg) using
TRI-zol (Invitrogen, Carlsbad, California) according to manufacturer’s instructions. The
extracted RNA was quantified via spectrophotometry, and converted to cODNA using the
Reverse Transcription System (Promega, Madison, W1). g°PCR was then completed using
a master mix containing 2x Universal TagMan master mix (Life Technologies, Grand
Island, New York), 0.9 uM (each) forward and reverse primers (see Table 5), and 0.250
ng sample cDNA. 18S was used as the housekeeping gene. The PCR was performed
using a Prism 7000 sequence detection system with the following thermoprofile: 2 min at
50°C, 10 min at 95°C, and then 40 amplification cycles of 15 s at 95°C and 1 min at
60°C. The relative amount of mMRNA was determined using the comparative cycle
threshold (Ct) method as previously described (295). Non-stressed HCC control samples
were used as baseline controls and were set at a value of 1. All other samples are based
on a fold change from these control samples. Primer sequences have been previously
published and are listed in Table 1 (69). All groups were n =3 — 5, using a single
experiment without replicates.

Statistical Analyses: Alpha diversity measurements, including Shannon diversity index,
equitability (evenness) and Chao (richness) were computed using QIIME on the groups

(HCC control vs. SDR Stressor) (235). Non-parametric T-tests with 999 Monte Carlo
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permutations were used on these alpha diversity measurements to test for significance at
a sampling depth of 4805 sequences per sample.

Taxonomic abundances attained from QIIME were compared between the two
groups of mice using non-parametric Mann-Whitney U Tests. PCoA of unweighted
UniFrac distance matrices was used to determine clustering between the two groups
(HCC control vs. SDR Stressor) (50). Analysis of Similarity (ANOSIM), a beta-diversity
statistic that is available through the vegan package of R and accessible with QIIME, was
used to calculate statistical significance between the distance matrices of groups at 999
permutations(47, 236) . All of these analyses were performed in QIIME.

Differences in bacterial abundances were determined using non-parametric
Kruskal Wallis tests with the cycle of SDR (i.e., 0, 1, or 6 cycles) as the single factor.
Mann-Whitney U tests were performed a priori. Changes in cytokine gene expression
were determined using a two-factor ANOVA with group (HCC control vs. SDR Stressor)
and Day (1 Day vs. 6 Days) as the two independent factors. Protected means
comparisons were used as post-hoc tests. In all cases, o was set at 0.05, while tendency
was declared at 0.05<p<0.10. These tests were performed using SPSS v.21 (IBM,
Chicago, IL).

Availability of Supporting Data: The sequences supporting the results of this article are
available in the NCBI Sequence Read Archive under the study accession number
SRP035598 (http://www.ncbi.nlm.nih.gov/sra/?term=SRP035598).

Results:
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Social stress affects the community structure of the colonic mucosa-associated
microbiota- We analyzed the effect of a short term SDR stressor on the colonic mucosa-
associated microbiota using 16S rRNA gene pyrosequencing of samples from both SDR
C57BL/6 stressor-exposed mice and non-stressed HCC control mice. After normalization
of the datasets by rarefaction, we observed no statistical difference in the total number of
operational taxonomic units (OTU) between the SDR and control mice (data not shown).
Additional analysis of the Shannon, equitability and Chaol alpha diversity metrics
showed no statistical difference between the two groups (Figure 6A-C). Thus, a single
two-hour cycle of exposure to the social stressor did not affect the alpha diversity of the
mucosa-associated microbiota.

While we did not observe any statistically significant differences in the alpha
diversity of the microbiota between the SDR and control group, beta diversity analyses
did reveal differences in composition. A principal coordinates analysis (PCoA) of the
UniFrac distances between samples showed that they clustered into separate groups
according to treatment (Figure 7A). An unweighted pair group with arithmetic mean
(UPGMA) hierarchical clustering dendrogram confirmed this clustering (Figure 7B).
Statistical analysis of the UniFrac distances using the analysis of similarity statistic
(ANOSIM) indicated that colonic mucosal microbiota from SDR stressor-exposed mice
were significantly different from those of the home cage control (HCC) mice (p < 0.05).
Populations of the genus Lactobacillus and L. reuteri are reduced in mice exposed to
a social stressor- The taxonomic profile of the microbiota at the phylum level showed no

significant differences between the two treatment groups (Figure 8). Analysis of relative
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abundances at lower taxonomic levels showed a reduction in the family
Porphyromonadaceae in SDR stressor-exposed mice compared to non-stressed HCC
mice (p<0.01) (Table 6). Exposure to the SDR stressor also reduced the relative
abundance of bacteria in the family Lactobacillaceae (p < .05) (Table 6). This reduction
in the Lactobacillaceae was reflected by a reduction in the relative abundance of bacteria
in the genus Lactobacillus (p < .05) (Table 7). In addition to the reduction in the
abundance of lactobacilli, it was evident that exposure to the SDR stressor significantly
reduced the relative abundance of the genus Parabacteroides (p <.01), as well as an
unclassified group within the phylum Firmicutes (p < .05) and an unclassified group
within the class Bacilli (p < .05) (Table 7).

Many bacteria in the genus Lactobacillus have been shown to have
immunomodulatory functions in the colon, and can be used as a probiotic to treat
inflammation. Thus, we used qPCR to quantify the effect of the SDR stressor on the
abundance of this group of bacteria (165, 278). When the a priori hypothesis that
repeated administration of the SDR stressor would reduce the abundance of lactobacilli
was tested, it was determined that the absolute abundance of Lactobacillus spp. was
significantly lower (p < .05) after 6 cycles of the stressor in comparison to baseline levels
in C57BL/6 mice (Figure 9A). This reduction in lactobacilli abundance was also
observed in outbred CD-1 mice (p < .05), with the largest reduction in mean levels of
lactobacilli also occurring after 6 days of the SDR stressor (Figure 9B). In addition,
gPCR analyses also revealed that exposure to the SDR stressor significantly reduced the

abundance of the immunomodulatory species L. reuteri over the course of six cycles of
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SDR (p <.05). This difference was only evident in outbred CD-1 mice (Figure 9C). L.
reuteri levels were below the gPCR limit of detection of 4.5 copies/gram of wet tissue
(logyo) in inbred C57BL/6 mice.
Relative bacterial levels differ by mouse strain- In order to confirm that stressor
exposure was reducing the absolute abundance of other bacterial groups that were
reduced in relative abundance in the pyrosequencing analysis, qPCR was performed on
colonic tissues from both inbred C57BL/6 mice and outbred CD1 mice. Primers targeting
the 16s ribosomal RNA genes of Parabacteroides distasonis, a member of the
Parabacteroides genus, and Bacteroides-Prevotella-Porphyromonas were used. Stressor
exposure did not significantly affect the absolute abundance of either P. distasonis or
Bacteroides-Prevotella-Porphyromonas genera (Table 8). In addition, levels of
Bacteroides-Prevotella-Porphyromonas group and P. distasonis were similar in the two
strains of mice.
Colonic inflammatory cytokine mRNA levels are not affected by social stressor
exposure- The colonic mRNA levels for IL-13, TNF-a, and iNOS were unaffected by
exposure to the SDR stressor, suggesting that exposing C57BL/6 and CD-1 mice to the
SDR stressor did not result in detectable increases in colonic cytokines or inflammatory
mediators (Table 9).
Discussion:

Exposure to physical and psychological stressors has been shown to impact the
gut microbiota of both laboratory animals and humans (36, 38, 279). However, the

majority of the previous studies have utilized repeated and prolonged stressors, and have
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assessed microbial populations in the lumen of the intestines or present in the fecal
matter. Whether stressor exposure has different effects on the microbiota of different
strains of mice is also poorly understood. Because gut microbes that adhere to the
colonic mucosa can have different effects on the host (90), this study assessed whether
stressor exposure could alter the community structure of mucosa-associated microbes.
This study demonstrated that as little as 2 hrs of stressor exposure is enough to
significantly change the structure of the microbiota associated with the colonic mucosa.
This effect was not manifest as alterations in alpha diversity, but rather as alterations in
beta diversity. The ANOSIM distance matrix analysis and cluster analysis based on
unweighted UniFrac demonstrated that microbiota within the samples from stressor-
exposed mice were significantly different than those from the non-stressed HCC control
mice. In addition to significantly changing beta diversity, exposure to the stressor
significantly changed the relative abundance of 2 bacterial genera, namely
Parabacteroides and Lactobacillus, and one bacterial family, Porphyromonadaceae.
This study targeted mucosa-associated populations, but true stratification of
luminal and mucosal populations does not exist. There is much crossover between
microbes often associated with the lumen and those that can adhere to the mucus layer of
the Gl tract, as the former becomes trapped in the mucus layer and the latter sheds into
the lumen. Steps were taken to remove the majority of the fecal matter from tissue
samples, wherein lie the majority of the luminal portion of the GI microbiota. This study
extends previous studies that indicated that luminal and fecal microbiota can change as a

consequence of stressor exposure to now include mucosa-associated populations.
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To determine whether the stressor effects only encompassed changes to bacterial
relative abundance or whether changes in absolute abundance (as assessed by
determining copies of 16s rRNA gene per gram of sample) may also result from stressor
exposure, qPCR was used to further investigate the effects of the stressor on bacterial
abundance. This was performed in both an inbred (i.e., C57BL/6) and an outbred (i.e.,
CD-1) mouse strain, because studies consistently show that microbiota composition is
associated with mouse strain (296, 297). In addition, different mouse strains can also
have different physiological and behavioral responses to stressor exposure, including
changes to anxiety-like behavior, as well as diarrhea output and colonic serotonin
concentration (298, 299). Thus, it was important to determine whether stressor effects
were conserved across mouse strains. While 2 hrs of stressor exposure was enough to
reduce the relative abundance of the genus Lactobacillus, a reduction in the absolute
abundance was only evident after repeated exposure to the stressor. This indicates that
some of the effects that stressor exposure has upon the microbiota are additive. Both pre-
and post-stressor lactobacilli levels were similar in outbred CD-1 mice and inbred
C57BL/6 mouse strains, demonstrating that the effects of the stressor are consistent
across mouse strains. This finding was not surprising given that stressor-induced
reduction in lactobacilli levels have been documented in other host species, including
human and non-human primates.

The finding that stressor exposure reduced the relative and absolute abundance of
lactobacilli is consistent with previous studies demonstrating that stressor exposure can

reduce the lactobacilli (36-38, 207). To date, however, the Lactobacillus species that can
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be reduced by stressor exposure has not been addressed. Many species of bacteria in the
genus Lactobacillus are known to have health promoting effects, and studies from this
laboratory, as well as others, indicate that administering probiotic L. reuteri to mice can
reduce colonic inflammatory responses (165, 181, 278). Because stressor exposure can
exacerbate colonic inflammation (300), we focused on whether indigenous L. reuteri was
reduced in stressor-exposed animals. As predicted, L. reuteri was significantly reduced
in colonic mucosa from outbred CD-1 mice exposed to the SDR stressor. Interestingly,
however, L. reuteri was not consistently detectable in inbred C57BL/6 mice. Thus, it is
apparent that L. reuteri levels on the mucosa of C57BL/6 mice are lower than levels
observed in outbred CD-1 mice and below the detection limit (4.5 log copies/gram of wet
tissue).

Although it is difficult to compare deep sequencing results across different
experiments that assess different body niches and encompass different stressors, the use
of 454 pyrosequencing demonstrated that the effects of stressor exposure are not confined
to effects on the lactobacilli. The relative abundance of bacteria in the family
Porphyromonadaceae was found to be significantly reduced by exposure to the SDR
stressor. This finding is consistent with a previous study demonstrating that exposure to
a prolonged restraint stressor in oubred CD-1 mice was sufficient to reduce the relative
abundance of cecal Porphyromonadaceae (77). However, it was not previously known
whether stressor exposure could reduce the absolute abundance of the
Porphyromonadaceae family. Thus, g°PCR was used to determine whether this stressor

also affected the absolute abundance of Porphyromonadaceae by assessing levels of
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bacteria in the Porphyromonas-Bacteroides-Prevotella group as a surrogate marker. This
was performed because of the problems designing gPCR primers specific for the
Porphyromonadaceae family. The absolute abundance of the Porphyromonas-
Bacteorides-Prevotella group was similar in CD-1 mice and inbred C57BL/6 mice, and
stressor exposure had no effect on the absolute abundance in either mouse strain. Thus,
although this study and others [23] have found stressor-induced reductions in the relative
abundance of Porphyromonadaceae, these results indicate that absolute abundance of the
Porphyromonadaceae is unaffected by stressor exposure. Stressor exposure also did not
affect the absolute abundance of P. diastonosis in either strain of mice, even though the
relative abundance of Parabacteroides was reduced as detected by 454 pyrosequencing.
Colonic inflammation is well known to impact the gut microbiota, and studies
have found that intestinal inflammation can also reduce the abundance of the family
Lactobacillaceae (164, 301) and Porphyromonadaceae (302). Given the bidirectional
interaction between the microbiota and intestinal inflammation and increased intestinal
physiological inflammation upon exposure to stressor (303), it is often suggested that
increases in intestinal inflammation during stressful periods could be responsible for
changes in gut microbiota. However, inflammatory cytokine gene expression was not
significantly changed by either 2 hrs of the SDR stressor or 2 hrs of the stressor repeated
on 6 consecutive days. Thus, the results of this study indicate that it is not likely that
stressor-induced colonic inflammation is responsible for altering the abundances of the

indigenous colonic mucosa-associated microbiota.
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The effects of SDR on male mouse immunological, physiological, and
behavioral functioning have been well characterized over the past fifteen years (53, 65,
304). The consistent activation of the HPA axis and the SNS makes SDR an ideal
method of inducing an acute stress response in male mice. While it would be desirable to
determine the effects on female mice as well, aggression in female mice is too low to
induce a physiological stress response in this paradigm. Other stressor paradigms,
however, have shown that stressor exposure in a lab setting can also affect the microbiota
composition of female mice (238, 305). Thus, it is likely that a social stressor in female
mice would also impact the lactobacilli, as well as Porphyromonadaceae and
Parabacteroides. Interestingly, studies have shown that male and female microbiota can
evoke different levels of host sex hormone release and immunological outputs that can
then feedback and alter microbial composition (306). Future studies comparing the
microbiota, mucosal immunity and endocrine responses in both male and female mice are
likely to demonstrate additional multidirectional interactions between host physiology
and the microbiota. This requires further study.

Gut microbes have important effects on the host especially when they are
associated with the mucosa. Previous studies have found that stressor exposure can affect
the microbiota, in particular the lactobacilli. However, many of these studies focused on
microbes that are shed in the stool during prolonged or chronic stressors (36, 37, 77,
305). It was not previously clear whether the effects of stress on the microbiota were
limited to changes in the number of bacteria shed in the stool, nor whether short lasting

acute stressors could also impact the microbiota. The present study demonstrates that
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exposure to as little as 2 hrs of a social stressor is sufficient to significantly affect some
populations of the colonic mucosa-associated microbiota. This builds upon previous
work by showing that exposure to the social stressor affects multiple regions (e.g. colon,
cecum) and niches (e.g. lumen, mucosa-associated) of the Gl tract, as well as two
different strains of mice, suggesting that the effect of social stresss exposure upon the
microbiota is a universal process, as opposed to either an artifact or isolated finding. The
mechanisms by which this occurs are not yet understood, but are not likely to involve
stressor-induced inflammation in the colon. Future studies should assess the impact of
stressor-associated hormones and gut functioning since others have demonstrated that
activation of the stress-associated hormone corticotrophin releasing hormone (CRH)
alters gut microbiota, an effect that was associated with alterations in intestinal motility
(261). Because the gut microbiota has been associated with diverse diseases that are
known to be exacerbated by stressful situations, such as the inflammatory bowel diseases,
irritable bowel syndrome, and even multiple sclerosis, it is becoming increasingly
important to understand the impact that stress can have on the microbiota and whether
stressor-induced alterations in the microbiota are involved in stressor-induced disease

exacerbation (237, 307-309).
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Lactobacil Forward AGCAGTAGGGAATCTTCCA
actobacillus genus  poyerse CACCGCTACACATGGAG
, . Forward CAGACAATCTTTGATTGTTTAG
Lactobacillus reuteri o o0 GCTTGTTGETTTGGGCTCTTC
: Forward TGCCTATCAGAGGGGGATAAC
P_arabac_termdes Reverse GCAAATATTCCCATGCGGGAT
distasonis
Porphyromonas Forward GGTGTCGGCTTAAGTGCCAT
-Bacteroides Reverse CGGA(C/T)GTAAGGGCCGTGC
-Prevotella
Forward CTGTCTACTGAACTTCGGGGTGAT
TNF-a Reverse GCTCTGGGCCATAGAACTGATG
Probe ~ ATGAGAAGTTCCCAAATGGCCTCCCTC
Forward GGCCTCAAAGGAAAGAATCTATACC
IL-18 Reverse GTATTGCTTGGGATCCACACTCT
Probe ~ ATGAAAGACGGCACACCCACCCTG
. Forward CAGCTGGGCTGTACAAACCTT
INOS Reverse TGAATGTGATGTTTGCTTCGG
Probe =~ CGGGCAGCCTGTGAGACCTTTGA

Table 5: PCR Primers and Probes
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HCC SDR

Lachnospiraceae 38.71 = 5.22 54.10 £ 5.81
Clostridiales; Other 9.01+£0.56 10.14 £ 0.96
Bacteroidaceae 10.77 £ 1.49 6.67 +2.11
Lactobacillaceae 13.66 + 4.81 3.13+ 1.00%
Ruminococcaceae 5.22+0.36 4.35 +0.62
Acetobacteraceae 0.01 + 0.004 8.86 + 8.83
Clostridiaceae 6.34 + 3.62 0.92+0.78
Porphyromonadaceae 2.67£0.20 1.59 + 0.25%
Bacteria; Other 2.21+0.25 1.84 + 0.46
Peptostreptococcaceae 1.81+0.35 0.94 +0.40

Data are the mean relative abundance = standard error. *p <.05vs. HCC

Table 6: Top 10 Most Abundant Colonic Mucosal-Associated Bacterial Families,
SDR
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HCC SDR

Lachnospiraceae; Other 37.61 = 5.23 53.02 = 5.74
Clostridiales; Other; Other 9.01 = 0.56 10.14 += 0.96
Bacteroides spp. 10.77 = 1.49 6.67 = 2.11
Lactobacillus spp. 13.53 + 4.76 3.11 = 1.00 «
Rosemonas spp. 0.00 = 0.00 8.83 = 8.83
Ruminococcaceae; Other 3.81 = 0.44 2.95 = 0.45
Clostridium spp. 5.86 = 3.37 0.82 = 0.70
Unclassified Bacteria 2.21 = 0.25 1.84 = 0.46
Parabacteroides spp. 2.25 + 0.12 135+ 0.20 **
Peptostreptococcaceae; Other 1.80 = 0.35 0.93 £ 0.40
Unclassified Firmicutes 1.25 + 0.20 0.69 = 0.13 *
Marvinbryantia spp. 0.79 = 0.11 0.81 £ 0.24
Turicibacter spp. 0.94 + 0.30 0.52 = 0.20
Oscillibacter spp. 0.62 = 0.29 0.65 = 0.28
Asaccharobacter spp. 0.81 = 0.25 0.39 £ 0.12
Akkermansia spp. 0.73 = 0.32 0.39 = 0.22
Unclassified Bacteroidetes 0.60 = 0.05 0.33 = 0.16
Butyricicoccus spp. 0.40 = 0.03 0.52 = 0.19
Unclassified Alphaproteobacteria 0.62 = 0.40 0.14 = 0.11
Erysipelotrichaceae; Other 0.47 = 0.14 0.24 = 0.07
Butyricimonas spp. 0.43 = 0.09 0.22 £ 0.07
Hyphomonadaceae; Other 0.01 = 0.00 0.58 = 0.55
Clostridiaceae; Other 0.48 = 0.26 0.10 = 0.08
Alistepes spp. 0.38 = 0.09 0.18 = 0.05
Unclassified Cyanobacteria 0.01 = 0.00 0.45 = 0.42
Chitinophagaceae; Other 0.39 = 0.35 0.00 = 0.00
Bacillariophyta; Other 0.06 = 0.05 0.28 = 0.17
Anaerotruncus spp. 0.15 = 0.04 0.17 £ 0.02
Coprobacillus spp. 0.15 £+ 0.05 0.14 £+ 0.06
Mucispirillium spp. 0.17 = 0.10 0.11 = 0.05
Ruminococcus spp. 0.22 = 0.08 0.05 £+ 0.03
Lactobacillales; Other; Other 0.21 = 0.07 0.06 = 0.02
Blautia spp. 0.19 =+ 0.05 0.07 = 0.02
Unclassified Bacilli 0.18 + 0.04 0.05 + 0.02 *
Anaerostipes spp. 0.16 = 0.05 0.07 = 0.01
Ponticaulis spp. 0.00 £+ 0.00 0.22 £ 0.21 *
Anaerovorax spp. 0.14 = 0.05 0.08 £ 0.02
Holdemania spp. 0.16 = 0.06 0.04 = 0.01
Bacillus spp. 0.19 = 0.19 0.01 = 0.00
Roseburia spp. 0.09 = 0.03 0.10 = 0.04

Data are the mean relative abundance = standard error.
*p <.05vs. HCC; *p < .01 vs. HCC

Table 7: Top 40 Most Abundant Mucosal-Associated Bacterial Genera, SDR
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C57BL6

CD-1

Parabacteroides
distasonis

Day O
Day 1

Day 6

6.27 (6.02 — 7.42)
6.94 (6.66 — 7.23)

6.52 (6.10 — 6.94)

6.65 (6.53 — 6.78)
7.54 (7.30 - 7.77)

7.00 (6.26 — 7.74)

Porphyromonas
-Bacteroides
-Prevotella

Day 0
Day 1

Day 6

9.10 (8.94 —9.26)

9.50 (9.33 — 9.67)

8.98 (8.78 — 9.18)

7.20 (7.02 —7.39)

7.37(6.93 - 7.82)

6.97 (6.44 — 7.50)

Data are the mean (standard error) of the copy number (log10) of target 16s rrn per gram

of tissue.

Table 8: Real-time PCR Assessment of Bacterial Group Abundances
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C57BL6

CD-1

Day 1

Day 6

Day 1

Day 6

1.00 (0.57 — 1.75)

0.95 (0.49 — 1.84)

1.00 (0.55 — 1.82)

1.37 (1.00 — 1.37)

1.00 (0.37 — 2.68)

3.18 (2.92 — 3.47)

1.00 (0.64 — 1.57)

1.11 (0.59 — 2.11)

1.00 (0.56 — 1.78)

0.62 (0.46 — 0.83)

1.00 (0.50 — 2.01)

2.50 (1.92 — 3.25)

1.00 (0.56 — 1.78)

0.32(0.24 -0.43)

1.00 (0.69 — 1.46)

0.23 (0.14 — 0.37)

HCC
IL1B
SDR
HCC
iNOS
SDR
HCC
TNFa
SDR

1.00 (0.74 — 1.35)

0.50 (0.35 — 0.73)

1.00 (0.51 —1.98)

1.03 (0.71 — 1.49)

1.00 (0.76 — 1.32)

0.92 (0.69 — 1.22)

1.00 (0.61 — 1.65)

0.92 (0.63 — 1.33)

Data are the mean (standard error) of the fold change in cytokine gene expression over
non-stressed HCC controls.

Table 9: Real-time PCR Assessment of Colonic Inflammation
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Both restraint and SDR alter the community structure of the colonic mucosa-
associated community profile, while also reducing the abundance of the Lactobacillus
genus, demonstrating ubiquity in the effects of stress upon the colonic microbiota. In
addition, C57BL/6 and CD-1 mice were affected by stressor exposure, demonstrating that
the effect of these stressors is not strain-dependent. However, it is not known if these
changes in community structure are dysbiotic, and have downstream effects upon host
health. Previous research has shown that exposing mice to either social disruption or
restraint results in increased severity of enteric infection. Since restraint and social
disruption both reduce health-associated groups like Lactobacillus, we hypothesized that
alterations to the colonic mucosal microbiota are directly associated with the elevations in
colitic inflammation reported in mice exposed to a stressor and challenged with an enteric
pathogen. Thus, in Chapter 4, germ-free mice were gavaged with a slurry of the
microbiota of conventional mice exposed to either restraint or social disruption, and then
challenged with Citrobacter rodentium in order to evaluate if stressor-induced disruptions

in microbiota community structure is associated with changes in inflammatory severity.
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Chapter 4: Stressor-induced disruptions in colonic microbiota community structure is

associated with elevations in inflammatory response to an enteric pathogen

Introduction:

The inflammatory bowel diseases (IBD), ulcerative colitis and Crohn’s disease
affect an estimated 1.17 million Americans (310). These diseases are characterized by
pain, inflammation, bleeding, and diarrhea (311, 312), and have also been associated with
altered community profiles among the microbiota that colonize the lumen and mucosa of
the colon (13, 148, 253). Disrupted microbial communities, a state termed dysbiosis, can
negatively feedback upon the host, and have been associated with dysfunction in host
physiology and immunology (313-316). A causative role between dysbiotic profiles and
IBD has not been assigned to this point. Thus, deeper investigation into how dysbiosis
affects host immunity and whether these effects are associated with IBD pathology and
symptomology is required.

Dysbiosis can be induced through a number of external effectors, including
antibiotics and diet (264, 317, 318). Recent research has demonstrated that perception of
a psychological stressor can also shift microbiota community structure. In murine studies,

exposure to both chronic, long-term stressors and short-term social stressors significantly
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altered the mucosal-associated microbiota and reduced the relative abundance of the
immunomodulatory genus, Lactobacillus (187, 319). Similar findings have been
extended to human and non-human primate hosts (36, 38). Exposure to stressors has been
associated with symptomatic episodes in IBD patients, as well as with increases in the
inflammatory response to enteric pathogen challenge in animal models (77, 145, 237).
Though whether stressor-induced shifts in gut microbiota can affect host function is
unknown, such a connection could explain the relationship between stress and IBD. Thus,
this study aimed to determine if there was a direct association between the stressor-
induced microbiota disruptions and the elevated inflammatory state in stressor-exposed
mice challenged with colitis-causing pathogen, Citrobacter rodentium.

Germ-free (GF) mice are a commonly used model for examining the effect the
microbiota might have upon host physiology and immunity. Researchers have been able
to demonstrate the involvement of the microbiota in weight gain, as conventionalized
mice had increased fat deposition than GF mice (275). These studies have also
established that the microbiota engages in mucosal immune cell maturation, abundance
and/or activation, including Th17 cells and macrophages (103, 320, 321). Additionally,
gavaging GF mice with the microbiota of NOD2-/- mice or obese humans can indicate
how the host modeling of the microbiota, genetic or otherwise, can further feedback upon
host function (5, 322). We hypothesized that stressor-induced alterations to the
microbiota were directly associated with a heightened inflammatory response to colitic
pathogens, and we tested this hypothesis by gavaging GF mice with the microbiota from

stressor-exposed mice and challenging the mice with C. rodentium. Multiple stressors
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were also used in order to examine the differential effects each unique stressor might
have on dysbiosis and gastrointestinal inflammation.

Materials and Methods:

Mice: Conventional male CD-1 mice and male C57BI/6 mice (aged 6-8 weeks) were
ordered from Charles River Laboratories (Raleigh, NC). Mice were housed 3 per cage
and acclimated for a week in the vivarium before stressor exposure. Germ-free (GF)
Swiss Webster (aged 6-40 weeks) and C57BL/6 (aged 22 weeks) mice were obtained
from Dr. Brian Ahmer at The Ohio State University and were kept in a fully
decontaminated BSL-2 level biosafety cabinet for the duration of the study. All mice
were given food and water ad libitum and kept on a 12-hour light:dark cycle
(Conventional mice- 0600 to 1800 lights on, Germ-free mice- 7 am to 7 pm on). All
stressors, infection, and sacrifice protocols were approved by the Ohio State University
Animal Care and Use Committee. CD-1 and Swiss-Webster mice were used in the
restraint experiment, while C57BL/6 mice were used in the SDR experiment.

Stressor: Social disruption (SDR) and restraint (RST) stress were administered to
conventional mice as previously published (187, 319). In short, for SDR, an aggressive
retired breeder was placed in the home cage for the test mice, wherein he repeatedly
attacked and defeated the mice over the course of 2 hours. The stressor was performed
from 1700 to 1900 every evening for six consecutive evenings. Wounding was monitored
in order to prevent heavy wounds. In addition, there was an un-disturbed control group
kept in a separate room from the fighting (HCC). For RST, mice were placed in a 50-mL

conical tube for 16 consecutive hours, beginning at 1700 and concluding at 0900 the
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following morning. The RST stressor was continued each night for a total of seven
cycles. Two control groups were used: a food and water deprivation group that had food
and water removed during the restraint period, but were not otherwise restrained (FWD),
and a control group that was undisturbed and kept in a separate room (HCC).
Germ-Free Reconstitution Experiments: Immediately following the final cycle of the
respective stressors, conventional mice were euthanized via CO2 asphyxiation. Colons
were aseptically removed, and the tissue was bisected using sterile forceps and scissors.
An equivalent amount of fecal pellets for each group was pooled in 3 mL of
anaerobically pre-reduced PBS, in addition to a mucosal scraping from each colon. Each
donor group was comprised of pooled fecal and mucosal slurry from three total mice per
experiment. The PBS slurry was immediately placed in an anaerobic canister with a BD
GasPak EZ until gavage into the GF mice. GF mice were gavaged within two hours of
conventional mouse sacrifice. GF mice were gavaged with 200 uL total of slurry, and
then were food and water deprived for two hours. Groups are labeled RST-GF, HCC-GF,
and FWD-GF for the Restraint Experiment, and SDR-GF and HCC-GF for the SDR
Experiment. The slurries were kept at -80°C until sequencing via lllumina at a later date.
Bacteria: Citrobacter rodentium strain DBS120 was grown overnight at 37°C in tryptic
soy broth. After growth, the pathogen culture was brought up to 1x10° cfu/mL and 100
uL was given to each GF mouse 24 hours after fecal microbiota transplant with donor
slurries, resulting in a total inoculum of 1x10° cfu/mouse. Mice were monitored and

sacrificed at days 6 and 12 post infection. Total infectious burden was measured by
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plating shed fecal pellets from the GF mice on MacConkey agar supplemented with 20
mg/mL kanamycin.

gRT-PCR: Colons were collected and bisected. Half was used for RNA isolation using
the previously published TriZOL method (165). Briefly, isolated RNA was normalized to
1 ug per sample and then reverse transcribed to cDNA via Promega Reverse
Transcription System. Multiplex gRT-PCR was performed on the ABI Prism 7000
system using primers targeting mRNA for interleukin-1p, tumor necrosis factor-o,, CCL2,
and inducible nitric oxide synthase. Murine 18S was used as a housekeeper gene. The
comparative threshold cycle method was used for data analysis as previously described,
with HCC-GF set as baseline (77).

Histopathology: The other half of the collected GF colon was fixed in neutral buffered
formalin until paraffin embedding and hemotoxylin and eosin staining by the Ohio State
University Comparative Pathology and Mouse Phenotyping Shared Resource. Total
colitic pathology was scored by a board-certified veterinary pathologist. Each section was
scored by the pathologist based upon hyperplasia, dysplasia, edema, epithelial defects,
and inflammation. Every category had a scale of 0 to 4, with 0 indicating not present and
4 indicating severe. All categories were totaled for a maximum score of 20.

Sequencing: lllumina sequencing was performed by the Molecular and Cellular Imaging
Center, located at the Ohio State University Ohio Agriculture Research and Development
Center. 2x300bp paired end sequencing was achieved using Illumina MiSeq. Upon
completion of sequencing, sequences were demultiplexed using Sabre

(website:http://github.com/najoshi/sabre), and joined on Quantitative Insights Into
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Microbial Ecology (QIIME) 1.8.0 using fastg-join (46, 323). Closed-reference OTU
picking was performed against the GreenGenes 13 _8 database using UCLUST, set at
97% identity, which added another quality filtering step (231, 233). Quality filtering was
performed at a qual score of 20, with 0 allowed N characters, 1.5 allowed barcode errors
(Gto T, Ato C countas 1 error, all other mismatches are 0.5 errors), and 3 consecutive
low quality bases allowed before sequence truncation. After OTU picking and taxonomic
assignment with GG_13_8, an average of 2693 sequences/samples remained, in a total of
561 unique OTUs. Relative taxonomic abundances were calculated in QIIME.

Results:

Bifidobacterium was not present in the Restraint Donor Slurry- Donor microbiota
transplant pools were pooled by experiment, resulting in two donor pools per group
(RST, FWD, HCC). The experiment was repeated once, for a total of two experimental
runs. The microbiota composition of each donor pool was analyzed in QIIME after
Illumina sequencing. After quality filtering and closed reference OTU picking, a mean of
2694 sequences remained, spread among 561 unique OTUs. Considerable variation
existed between the experimental runs. RST1 was predominantly Firmicutes (98.5%),
while HCC1 was 67.8% Firmicutes to 31.0% Bacteroidetes and FWD1 had 54.5%
Bacteroidetes and 39.6% Firmicutes. Actinobacteria made up 5.6% of the FWD1
composition, but was <1% of total relative abundance of the other two groups in Run 1.
In the second run, RST2 had 62.3% Firmicutes to 36.8% Bacteroidetes, FWD2 had
70.4% Firmicutes to 27.4% Bacteroidetes, and HCC2 had a higher abundance of

Actinobacteria at 38.0%, while Firmicutes comprised 50.7% and Bacteroidetes 11.1% of
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the total abundances (Table 10). Trends related to stress or food and water deprivation
were not evident between runs. Genus abundances varied as well between donor groups.
The most abundant genus on average was Lactobacillus, which ranged from 5.54% of
total sequences to 65.03% of total sequences. Bifidobacterium, the sixth most abundant
genus group, was not present in the Restraint pools (Table 11).

Citrobacter rodentium burden was not increased in RST-GF mice- The level of
Citrobacter rodentium burden within the colons was measured by fecal pellet culturing
on MacConkey Agar. A two-factor ANOVA for days-post-infection (DPI) and group was
performed. Both DPI (p<.05) and Group (p<.05) were significantly associated with
increased C. rodentium burden. In order to evaluate how the restraint-stressed microbiota
or FWD-GF microbiota affected C. rodentium burden by DPI, post-hoc LSD tests were
performed. Levels were unchanged at d3, d4, d6, or d12. FWD-GF levels were
significantly reduced at 5 DPI (p<.05). At 9 DPI, HCC-GF levels were significantly
higher than both RST-GF and FWD-GF (p<.05) (Figure 10).

Colitic pathology and colon mass was increased in RST-GF mice- Colonic tissue mass
during C. rodentium infection is associated with the colonic hyperplasia induced by C.
rodentium pathogen and is indicative of a heightened colitic state. Analysis of colon
masses revealed that there was an interaction between DPI and Group (p<0.05). RST-GF
mice had significantly increased colonic mass over both control groups at 6 DPI
(p<0.05), but not at 12 DPI. Overall, 12 DPI mice had significantly greater colonic mass
than 6 DPI colonic mass using a post-hoc T-test (p<0.001). Due to the increased colonic

mass, colitic pathology was examined using H&E staining. At 6 DPI, GF mice that
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received microbiota from RST-exposed conventional mice showed a trend towards
increased colitic pathology scores over both FWD-GF and HCC-GF groups (p=.061),
indicating that the stress-exposed microbiota was marginally associated with the
heightened colitic pathology (Figure 11).

Pro-inflammatory mRNA transcripts were increased in RST-GF mice- The mRNA
levels of pro-inflammatory markers was examined in the GF mice that received the
transplanted microbiota at days 6 and 12 post infection. IL-1p, a pro-inflammatory
cytokine, was associated with an interaction between DPI and Group (p<.05). IL-1
levels were significantly increased in the RST-GF group over HCC-GF at 6 DPI (p<.05),
but not FWD-GF. IL-1 was significantly increased at 12 DP1 compared to 6 DPI
(p<.001) (Figure 12A). Inducible nitric oxide synthase (INOS) was increased at 12 DPI
over 6 DPI using a post-hoc T-test (p<.05). There was no significant difference in iNOS
levels among the groups (Figure 12B). CCL2, a pro-inflammatory chemokine that draws
trafficking monocytes and macrophages from the bone marrow so they can migrate to the
site of infection, was associated with an interaction between DPI and Group (p<.05).
Post-hoc testing with LSD indicated that there was no change at 12 DPI, but RST-GF was
significantly increased over both HCC-GF and FWD-GF at 6 DPI. A post-hoc T-test
showed that 12 DPI was marginally increased over 6 DPI (p=0.072) (Figure 12C).

Mice that received slurry from SDR mice did not exhibit any change in
inflammation upon pathogen challenge: After fecal transplant from conventional mice
that were exposed to SDR to the GF mice and infection with C. rodentium, infectious
burden was measured in the shed fecal pellets. There was no change detected between GF
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mice that received HCC or SDR-exposed microbiota, but overall C. rodentium was
significantly increased at d5 over d2 using LSD post-hoc testing (p<.05) (data not
shown). At 6 DPI, mice were sacrificed and colon masses were taken. There was no
significant difference between colons of GF mice that received HCC microbiota and
those that received SDR-exposed microbiota. Likewise, pro-inflammatory markers
(CCL2, TNFa, IL1B, and iNOS) were also unchanged between the HCC-GF and SDR-
GF groups at 6 DPI (data not shown).

Discussion:

In this study, conventional mice were exposed to psychological stress and the
microbiota from these mice was transferred via fecal microbiota transplantation by oral
gavage to GF mice. Two stressors, SDR and RST, were used. Interestingly, the two
different stressors, SDR and RST, had contrasting results. These stressors have unique
impacts upon murine immunity. RST is immunosuppressive, slowing wound healing, and
reducing the memory response of the adaptive arm, particularly among T-cells (75, 228,
229). Studies characterizing SDR have demonstrated how this social stressor is associated
with increased cellular trafficking to the secondary lymphoid organs, such as the spleen,
as well as into the brain (64, 324). Mice that have been exposed to SDR have a rapid
response of T-cell memory, which stands in contrast to RST, as well as increased
macrophage Killing of bacteria (61, 65). Both stressors have been associated with
behavioral changes in the affected mice, with increases of anxiety-like behavior in SDR
mice and anxiety-like and depressive-like behavior in RST mice (304, 325). Previous

studies have shown that both stressors affect immunomodulatory groups among the
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microbiota, including Lactobacillus, and can disturb the mucosal-associated and fecal-
associated microbiota in the colon and the cecum (70, 77, 187, 319). In studies that
evaluated the effect of these stressors upon host immunity during C. rodentium challenge,
mice exposed to RST had increased colitic pathology (165), while SDR was associated
with a less severe colitis (Mackos et al, Under Review). Thus, these results concur with
previous studies that indicate that RST has a greater effect upon host inflammation and
pathology, a finding that could be associated with differential alterations to the
microbiota.

At 6 DPI in mice gavaged with RST-exposed microbiota, effects of the stressor
were observed, particularly on pro-inflammatory chemokine and cytokine transcription
and colonic mass. However, at 12 DPI, differences were no longer evident. At this point,
control group colonic mass and mRNA transcription levels had reached a similar level as
the RST group. These data indicate that transplantation with microbiota from RST-
exposed mice promotes a more rapid innate immune response in comparison to the
microbiota from the control groups. The microbiota is normally protective and can shape
the immune response, and GF mice are severely underdeveloped in their own immune
activity (269, 270, 326). Thus, as the infection proceeds to 12 DPI, it is likely that the
infection overcomes the GF mouse’s diminished ability to fight the infection.

Illumina sequencing was performed on the RST donor stool and mucosal scraping
slurry used in the oral gavage to the GF mice. Sequencing did not identify significant
differences between the RST slurry and the control groups in beta and alpha diversity.

The RST1 donor slurry contained a high abundance of Firmicutes, which made up 98.5%
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of the total sample. This value is different than typically observed Firmicutes
abundances, but could be due to the RST stressor-induced shifts to the microbiota. Major
groups including Lactobacillus, Clostridiales, and Parabacteroides showed considerable
variability by group. Bifidobacterium was absent in the stressor-exposed donor
microbiota. Species in Bifidobacterium are associated with reductions in Gl
inflammation, and are involved with host physiology, particular in obesity and insulin
and glucose regulation(175, 327-330). The data suggest that Bifidobacterium is necessary
for early regulation of the immune response to the C. rodentium infection. Additionally,
functional changes within the microbiota can still exist, though a metatranscriptomic
approach would need to be taken to evaluate how the stressor is affecting microbiota
function.

The practicality and applicability of microbiota transplants is both a recent advent
into gastrointestinal illness treatment and a hotly-debated methodology. Though patients
with inflammatory bowel disease or Clostridium difficile infection that have received
fecal microbiota transplant from “healthy’ donors often report abrogation of symptoms
(331, 332), the long-term effect of the transplanted microbiota upon the new host over
time is not yet understood. Microbiota community structure has been associated with
obesity and diabetes, as well as altered inflammatory responses (4, 201, 333). Previous
studies have demonstrated that psychological stress can impact microbiota profiles (187,
319), and here the data indicate that community profiles that have been exposed to stress

can further affect the inflammatory response to an enteric pathogen. The microbiota can
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affect host physiological and immune function negatively as well as positively, and this
study highlights the importance of caution in fecal microbiota transplantation procedures.
This study follows previous work that showed that stressor exposure was
associated with both alterations to the mucosal-associated microbiota of murine hosts, as
well as increases in inflammatory severity in response to an enteric pathogen.
Transplanting the microbiota from stressor-exposed conventional mice to GF mice
allowed for examination of how these altered microbiotas may affect the host directly.
Psychological stress can have a variety of effects upon host health, especially in the
gastrointestinal tract. Motility and mucus secretion can be disrupted and altered during a
stress period (22, 141, 224), which can affect the microenvironment that the microbiota
reside in, which could change microbiota structure based upon nutrient and niche
availability. Furthermore, stress has been correlated with symptomatic flare-ups in
patients with IBD (145). The reason for this association is unknown, but since patients
with IBD often have altered microbiotas (13, 253), and because the microbiota can feed
into host immune function, it is possible that stress-induced shifts in microbial
populations of IBD patients could augment the inflammatory spikes observed in flare-
ups. The results herein demonstrate how the microbiota can steer the inflammatory
response within the GI tract, and implicate psychological stress as a means by which the
microbiota can be altered to an inflammation-inducing structure. Future studies must
continue to characterize the particular structures that associate with inflammation, as well

as the groups and abundances that comprise these profiles.
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HCCRunl FWDRunl RST Run 1 HCCRun 2 FWD Run 2 RST Run 2

Firmicutes 67.82 39.59 98.46 50.65 70.44 62.34
Bacteroidetes 31.02 54.52 1.36 11.10 27.40 36.83
Actinobacteria 0.88 5.61 0.00 37.98 1.08 0.14
Verrucomicrobia 0.08 0.27 0.02 0.00 1.04 0.00
Deferribacteres 0.08 0.00 0.15 0.00 0.00 0.64
Tenericutes 0.00 0.00 0.00 0.26 0.00 0.05
Proteobacteria 0.12 0.00 0.02 0.00 0.04 0.00

Data are percentage of total attained sequences

Table 10: Major Phyla Abundance in Donor Fecal Slurries
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HCCRunl FWDRunl RST Run 1 HCC Run 2 FWD Run 2 RST Run 2

Lactobacillus 5.54 12.60 65.08 23.69 51.83 22.76
Unclassified Clostridiales 30.58 14.25 25.51 17.04 8.53 21.80
Unclassified $24-7 0.00 44.79 0.00 6.85 0.00 25.55
Parabacteroides 30.10 0.27 1.22 0.07 2.64 1.01
Unclassified Lachnospiraceae 19.58 3.84 3.86 1.63 4.82 45.70
Bifidobacterium 0.84 4.93 0.00 30.94 1.08 0.00
Unclassified Rikenellaceae 0.92 7.40 0.14 3.92 1.04 8.68
Ruminococcus 3.79 1.10 1.16 1.63 0.62 1.37
Unclassified Erysipelotrichaceae 2.00 3.15 0.15 2.09 0.23 137
Oscillospira 2.67 0.55 1.12 0.85 0.35 3.25
Lachnospiraceae; Ruminococcus 1.20 0.96 0.50 0.52 0.39 4.30

0.00 0.68 0.00 7.05 0.00 0.05

Adlercreutzia

Data are percentage of total attained sequences, >1% total sequences
Table 11: Most Abundant Genera in Donor Fecal Slurries
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Figure 10: Citrobacter rodentium colonization in germ-free mice colonized with
microbiota from restraint-exposed mice. Mice gavaged with FWD microbiota had
significantly less C. rodentium burden at 5 DPI (p<.05), while mice gavaged with
HCC microbiota had significantly higher C. rodentium burden at 9 DPI (p<.05),
using ANOVA with post-hoc LSD testing. 3, 4, 5, 9, and 12 DPI n=2-4 for all
groups; 6 DPI n=6 or 7 for all groups
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Figure 11: Restraint stressor-exposed microbiota is associated with increased colon mass
and colitic pathology in re-conventionalized germ-free mice challenged with Citrobacter
rodentium. A.) Germ-free mice gavaged with the microbiota from stressor-exposed mice
had increased colon mass at 6 DPI compared to germ-free mice gavaged with control
microbiota (p<.05). There was no change at 12 DPI. B.) Colitic pathology, measured on
hemotoxylin and eosin stained colonic tissue sections, was also marginally increased in
germ-free mice that received restraint-exposed microbiota over controls (p=0.061). 6 DPI
n=6 per group, 12 DPI n=3 per group.
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Figure 12: Pro-inflammatory marker transcript levels are increased in C.
rodentium-infected germ-free mice that have been re-conventionalized with
stressor-exposed microbiota. A.) Pro-inflammatory cytokine IL-13 was
significantly increased at 12 DPI over 6 DPI (p<.001) over all groups, and
was increased in germ-free mice that received the restraint-exposed
microbiota over the HCC control group (p<.05) at 6 DPI. B.) Inducible nitric
oxide synthase (iNOS) was significantly increased at 12 DPI over 6 DPI
(p<.05) over all groups. iINOS was unchanged between stress and both
control groups. C.) CCL2, a pro-inflammatory chemokine, was significantly
increased at 6 DPI in the germ-free mice that received the restraint stress
exposed microbiota over both control groups using ANOVA with post-hoc
LSD testing (p<.05). 6 DPI n=6, 12 DPI n=3.
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The results in Chapter 4 showed that stressor-induced shifts to the microbiota are directly
associated with increases in the resultant inflammation from challenge by Citrobacter
rodentium. Since these results implicate the dysbiotic alterations in community structure
with dysregulation in the inflammatory response, treatments that target the microbiota
community structure restoration may help ameliorate dysbiosis-associated exacerbation
of inflammation and other negative health outcomes. Lactobacillus reuteri’s probiotic
utility in colitis treatment has been widely-reported, but the mechanism by which it can
abrogate inflammatory outputs during colitis is unknown. One possible mechanism by
which L. reuteri may aid host immunity is by rectifying stressor- and infection-induced
changes to the overall microbiota structure. Thus, in Chapter 5, we used lllumina
sequencing to evaluate how the probiotic treatment affects community structure, while
also examining the long-term effects of stress and infection upon the microbiota. The
SDR model was used in this chapter since probiotic L. reuteri has increased effectiveness
in infected mice exposed to SDR over mice exposed to restraint, and thus may have a

greater measurable effect upon the microbiota.
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Chapter 5: Probiotic Lactobacillus reuteri does not normalize stressor-induced alterations

to colonic microbial community structure

Introduction:

In humans, the gastrointestinal tract (GIT) is the site of chronic and acute
inflammatory illnesses that include the inflammatory bowel diseases (IBD), ulcerative
colitis and Crohn’s disease (334). Though the exact causative agents of these illnesses
have not been fully explicated, it is known that the GIT has a particular micro-
environment that contains immune and epithelial cells in close proximity to a constant
source of external stimuli and luminal antigens, which can stem in part from the
expansive intestinal microbiota that co-exists adjacently (335). There is normal bi-lateral
communication between host immune cells sampling the periphery and the microbiota,
but disruptions in the microbiota have been associated with negative health outcomes (14,
15, 264). As such, the conditions that skew the types and quantity of luminal antigen or
the activity and response of resident host Gl cells could be factors that associate with
IBD. Psychological stress is one such factor.

Psychological stressor exposure corresponds with elevated inflammation,
bleeding, and pain in both inflammatory bowel disease and enteric infection (77, 145,

165). Though the mechanism by which psychological stress exposure induces this
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heightened activation of mucosal immunity is unknown, previous studies have shown that
stressor exposure can affect the GI microbiota in a number of different mammalian hosts,
including humans and non-human primates. Affected bacterial groups included lactic
acid bacteria and other health-promoting groups, which were reduced after exposure to
stress (37, 38). Recently, we have shown that mice that have undergone social disruption
(SDR), a social stressor that involves aggressive interactions between retired breeder
mice and test mice, have significant changes to the mucosa-associated colonic microbiota
community structure after only two hours of exposure to the stressor (187). The stressor
also reduces the absolute abundance of beneficial groups like Lactobacillus and
Parabacteroides. SDR has also been associated with elevated inflammatory severity
during challenge with Citrobacter rodentium, which can induce an IBD-like colitis
(Mackos et al, Under Review). Specifically, mice that have undergone SDR exhibit
increased pro-inflammatory marker mRNA levels, including CCL2, TNF-a, and iNOS,
in addition to significant increases in the overall C. rodentium pathogenic burden.

Probiotic bacteria are microbes that can enhance host health when sufficiently
given to the host. Lactobacillus reuteri is an immunomodulatory probiotic that can
ameliorate the severity of colonic infection (278) and can down-regulate CCL2, TNF-a,
and iINOS mRNA levels in SDR-exposed C. rodentium-infected mice, as well as abrogate
the heightened colitic pathology that is endemic to these mice (165). Probiotic treatments
like L. reuteri can act directly upon host immunity, such as by modulating phagocytosis
and cytokine release by macrophages and monocytes, but they can also affect overall

microbiota diversity, which can be associated with host health (197, 336-338). The
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mechanism by which L. reuteri modulates host immunity is not currently known, but a
possible pathway could be through prevention of stressor-induced dysbiosis. Normalizing
microbiotas via fecal microbiota transplant has been received as a viable treatment
against Clostridium difficile infection and inflammatory bowel disease, and the effect L.
reuteri has upon the microbiota could work in similar fashion. Thus, this study set out to
determine if L. reuteri treatment affects the colonic mucosa-associated microbiota
diversity in C. rodentium-infected mice that have been exposed to a stressor, through the
use of Illumina sequencing, in order to better evaluate the ameliorative effects of L.
reuteri in stress-exacerbated colitis.

Materials and Methods:

Mice- Male C57BI/6 mice (age 6-8 weeks) were ordered from Charles River (Raleigh,
NC), housed three to a cage, and allowed to habituate in an approved Ohio State
University vivarium for one week upon arrival. Mice were given food and water ad
libitum and kept on a 12:12 hour light dark cycle, with lights on from 0600 to 1800
hours.

Bacteria- Citrobacter rodentium strain DBS120 was grown for 18 hours at 37°C in
Luria-Bertani broth. Prior to infection, C. rodentium was diluted to a final stock
concentration of 3-5x10’ cfu/mL in PBS. To measure C. rodentium in shed stool pellets,
stool was homogenized in a slurry in Dulbecco’s PBS with calcium and magnesium, then
plated in serial dilutions in MacConkey Agar with 20 ug/mL of kanamycin added.

Lactobacillus reuteri ATCC 23272 was grown for 18 hours at 37°C at 5% CO2 in MRS
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agar. L. reuteri was prepared to a stock concentration of 1x10° cfu/mL. Each mouse
received a total inoculum of 1x108 cfu of L. reuteri.

Stress and Infection Study- Test mice were exposed to social disruption stress (SDR),
wherein a retired breeder mouse is placed in a cage with younger test mice. The retired
breeder attacks and defeats the test mice over the course of two hours. This process is
repeated for a total of six evenings, from 1700 to 1900 hours, the beginning of the mouse
active cycle. A group termed home cage control (HCC) mice were kept separately and
left undisturbed for the duration of the stressor. All SDR and HCC mice were infected
with C. rodentium immediately following the first cycle of SDR. Each mouse received
100 uL of the C. rodentium stock for a total of 3-5x10° colony-forming-units
(cfu)/mouse. All infected mice had food and water removed for two hours post infection.
In addition, following each of the six cycles of SDR, half of the SDR and HCC mice
received 1x10° cfu of L. reuteri, while the other half of the SDR and HCC mice received
PBS vehicle. In sum, there were four experimental groups: HCC-Vehicle, HCC-Lr, SDR-
Vehicle, and SDR-Lr. Lastly, a final group was maintained that was not stressed,
infected, or treated with probiotic L. reuteri, termed Uninfected.

Sacrifice- Mice from the four experimental groups (HCC-Vehicle, HCC-Lr, SDR-
Vehicle, and SDR-Lr) were sacrificed at 3, 6, 12, and 24 days post infection. Colons were
collected for Illumina sequencing analysis, while stool was collected for the purpose of
C. rodentium quantification. Colons were snap frozen in liquid nitrogen and stored at -
80°C until DNA was isolated for sequencing. An initial experiment was performed, as

well as three experimental repeats, for four total experimental runs. Total sample sizes at
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the four time points (3, 6, 12, 24 DPI) varied from 9 to 12 for each experimental group
after combining the four experimental runs. There were a total of 5 Uninfected mice.
Sequencing- 2x300 bp paired-end sequencing (V1-V3) was performed by the Molecular
and Cellular Imaging Center (MCIC) in Wooster, Ohio on an Illumina MiSeqg. DNA was
extracted from the proximal section of the colon using a QIAgen DNA Mini Kit using the
manufacturer’s instructions with slight modifications. In summary, tissues were
incubated for 45 minutes at 37°C in lysozyme buffer (20 mg/mL lysozyme, 20 mM
TrisHCI, 2mM EDTA, 1.2% Triton-X, pH 8.0), then beadbeat for 150 seconds with
0.7mm zirconia beads. Samples were incubated at 56°C for 2 hours with Buffer ATL and
Proteinase K, then incubated at 56°C for 30 mins and 95°C for 10 mins upon addition of
Buffer AL. From this point, the Qiagen DNA Mini Kit isolation protocol was followed
from the ethanol step forward. Samples were quantified with the Qubit 2.0 Fluorometer
(Life Technologies, Carlsbad, CA) using the dsSDNA Broad Range Assay Kit. Samples
were standardized to at least 5 ng/uL before being sent to the MCIC for sequencing.
Data Analysis- Forward and reverse ends were demultiplexed using Sabre (website:

http://github.com/najoshi/sabre), with 1 allowed barcode mismatch. Barcodes were

removed and sequences were trimmed for equal lengths using FastX Trimmer (website:
http://hannonlab.cshl.edu/fastx_toolkit). Sequences were joined with Fastg-Join, with
10% allowed differences within the overlap region. Quality filtering was performed with
the following parameters: quality score of 20, 0 allowed N characters, 1.5 allowed
barcode errors, 3 consecutive low quality bases allowed. giime_tools (website:

http://github.com/smdabdoub/phylotoast) was used for closed reference OTU picking
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against the 13_8 GreenGenes database (339). Briefly, the complete dataset was split into
smaller .fasta files, and OTUs were picked in parallel on the Ohio Supercomputer using
parallel BLAST OTU picking (340).

Statistical Analysis- Alpha diversity was measured using the Shannon Diversity index
metric, which estimates richness and evenness. Beta diversity was measured with the
unweighted UniFrac distance metric (50). Alpha and beta diversity were analyzed using
Quantitative Insights Into Microbial Ecology (QIIME) (46). Differences in alpha
diversity were calculated with parametric t-tests, while beta diversity shifts were
calculated with adonis, which permutationally analyzes variance in distance matrices
(47). Taxonomic abundances at the phyla and genera levels were normalized by finding
the arcsin of the square root of the proportion for each taxonomic classification. Groups
were compared using SPSS v.21 (IBM, Chicago, IL). Days post infection (DPI) was
compared between groups using ANOVA with post-hoc LSD tests, while the effect of
stress, probiotic and infection was compared with Independent Samples T-tests.
Results:

Infectious burden was increased in SDR-exposed mice at 12 DPI. The infectious
burden was examined by measuring the amount of shed C. rodentium in the infected
mouse stool. There was no three-way interaction between Stress, Treatment and DPI.
There was an interaction effect between Stress*DPI (p<.05), regardless of treatment with
the probiotic or vehicle. C. rodentium burden levels were significantly increased at 12
DPI in SDR mice over HCC (p<.005) (Figure 13A). Likewise, an interaction effect

existed between Stress*Treatment (p=.05). Over the course of infection, SDR mice given
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Vehicle treatment were significantly increased in pathogenic burden over HCC-Vehicle
(p<.005), while SDR mice that were given probiotic L. reuteri had marginally increased
pathogenic burden over HCC mice that received the probotic (p=0.06).

SDR-induced increase in colon mass was abrogated by probiotic L. reuteri
treatment. Colon mass was used to measured colitis, as C. rodentium induces colonic
hyperplasia, a hallmark of the colitic pathology associated with C. rodentium infection.
There was no three-way interaction between Stress, Treatment, and DPI. However, there
was an interaction effect between Stress*DPI (p<.001, F=16.80). Mice exposed to SDR
had significantly greater colon mass at 12 DPI (p>.005, t=3.08), and marginally increased
colon mass at 1 DPI (p=.069, t=-1.89) and 24 DPI (p=.064, t=1.93) (Figure 13B). There
was also an interaction effect between Treatment*DPI (p<.001, F=14.94). Mice given
Vehicle treatment were had significantly higher colon mass over probiotic-treated mice at
12 DPI (p<.005). With the a priori hypothesis that probiotic treatment reduces colitic
pathology and colon mass as has been reported in previous studies, a t-test was performed
comparing SDR-Vehicle and SDR-Lr-treated mice. At 12 DPI, SDR-exposed mice that
received Vehicle treatment had significantly higher colon mass than SDR mice that
received probiotic treatment (p<.001).

Probiotic L. reuteri treatment was associated with changes in microbiota
community structure at 1 DPI, but not beyond, while Stress and Infection were both
associated with significant alterations to the microbiota. Initially, the entire sample
was examined for changes in alpha diversity, using the Shannon Diversity index, as well

as the evenness metric and the Chaol estimation of richness, as well as changes in beta
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diversity, ascertained with the unweighted UniFrac distance metric. There were no
changes evident in any of the measured variables (probiotic gavage, infection, days post
infection, or exposure to stress). The study was comprised of four runs, which had a
significant impact upon mucosal microbiota community structure (p = .001, R?=0.02366).
In spite of this, the adonis statistic showed that psychological stress exposure (p = 0.001,
R?=0.01731) (Fig. 14A) and C. rodentium infection were significantly associated with
altered microbial profiles (p=0.003, R?=0.01253) (Fig. 14B), while probiotic gavage with
L. reuteri did not affect the microbiota structure in the overall community (p=0.258,
R?=0.00779). In order to visualize the clustering on a PCoA, a custom axis for Run was
added at the expense of the third PCoA axis. Clustering can be observed in the 2", 3",
and 4™ Runs as a function of Stress in the overall sample, while clustering is not present
in any of the four runs as a function of probiotic Treatment.

A principle coordinate analysis produced with QIIME indicated that throughout
the timecourse, the dispersion of the samples increased as a function of DPI (Fig. 15). In
order to examine how stress and probiotic use affected the microbiota as the infection
progressed, samples were filtered based on DPI. At 1 DPI, the L. reuteri probiotic had a
significant effect upon the structure of the mucosal-associated microbiota (p=0.005,
R?=0.05243) (Fig. 16), while stressor exposure did not. As the infection proceeded to 6
DPI, SDR now had a significant effect, as by this point, the mice had undergone six
consecutive cycles of the stressor (p=0.013, R?=0.0478). Probiotic gavage no longer
significantly associated with changes in the microbiota. The effect of the SDR stressor

could continue to be observed at 12 DPI (p=0.001, R?=0.05282) and 24 DPI (p=0.029,
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R?=0.05725) (Fig. 17). L. reuteri treatment did not have an effect at either of these two
timepoints. The mucosal microbiota also shifted as the infection progressed (p=0.001,
R?=0.02405).

Major taxonomic changes were associated with stress and infection. Firmicutes were
reduced at 6, 12, and 24 DPI compared with 1 DPI (p<.01). Bacteroidetes was increased
at 6, 12, and 24 DPI compared with 1 DPI (p<.01). Actinobacteria was increased at 12
DPI compared with 1 and 6 DPI (p<.05). Verrucomicrobia were significantly reduced in
infected mice compared to uninfected mice (p<.001). It was also reduced in mice at 1
DPI compared with mice at 12 and 24 DPI (p<.001) (Table 12).

At the genus level, S24-7 (p<.05) was significantly increased in infected mice,
while Oscillospira (p<.001), Bacteroides (p<.005) and Parabacteroides (p<.005) were
reduced in those mice. S24-7 was also reduced at 1 DPI compared with all following days
(p<.001). Bacteroides was increased at 24 DP1 compared to 6 DPI and 12 DPI (p<.005),
and 1 DPI was increased over 12 DPI. Likewise, Parabacteroides levels were elevated at
24 DPI in comparison with 6 and 12 DPI (p<.001) and 1 DPI was increased over 6 DPI
only. Prevotella levels were significantly reduced at 12 DPI (p<.001), while
Enterobacteriacae levels increased at 12 DPI compared to 1 and 24 DPI (p<.005) (Table
13).

Mice given L. reuteri treatment had increases in Clostridiales (p<.05), and
Ruminococcus at 1 DPI (p<.01). S24-7 (p<.05) was decreased. Interestingly, there was no
change in Lactobacillus in these mice. At 24 DPI, S24-7 was increased (p<.05) (Table

14). There were also considerable changes as the infection progressed as a function of
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stressor exposure (Table 15). While no changes were detected at 1 DPI, at 6 DPI,
Lactobacillus (p<.01), Bacteroides (p<.01), and Parabacteroides were all decreased
(p<.005), while S24-7 increased (p<.005). S24-7 stayed at an elevated level through 12
DPI (p<.005) in SDR exposed mice, though no other changes were detected. At 24 DPI,
Clostridiales (p<.05), Parabacteroides (p<.05), Ruminococcus (p<.05), and
Ruminococcaceae (p<.05) were all reduced in SDR-exposed mice, while S24-7 was
increased in the SDR mice (p<.005). Redundancy analysis (RDA) using CANOCO
further highlighted these results. OTUs with <10 total observations were removed for
RDA analysis. DPI (p<.01, F=4.2), Stress (p<.01, F=3.4), and Infection (p<.05, F=1.8)
were all significant on the RDA plot. OTUs that accounted for greater than 20% of the
variance explained by the two axes were included on the RDA triplot, wherein SDR
associated with S24-7 OTUs, and Bacteroides, Parabacteroides, and Adlercreutzia OTUs
identified with no stress. Clostridiales had a negative association with the temporal
variable of DPI (Fig. 18).

Discussion:

Psychological stress exposure can alter microbial community structures, turning a
normally stable microenvironment into a dysbiotic profile of volatility (36, 164, 187).
Disruptions in the microbiota can have serious consequences on host physiology and
immunity, and those induced by stress may be associated with aggravation of
symptomology in IBD patients. Probiotic Lactobacillus reuteri can increase microbial
diversity within the Gl tract and a normalization of dysbiotic community structures may

explain how L. reuteri has been associated with reductions in stressor-induced elevation
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of inflammatory marker mRNA levels (e.g., CCL2, TNF-a, iNOS) and colitic pathology
in mice that have been infected w/ Citrobacter rodentium. This study aimed to determine
if L. reuteri ameliorates the stressor-induced increases in colonic inflammation by
directly affecting colonic mucosal-associated microbiota community structure.

In this study, probiotic L. reuteri treatment only affected microbial populations at
1 DPI, despite repeated gavages up to 5 DPI. This result is surprising, as inflammation
within the GI microenvironment is a factor that can induce dysbiosis on its own,
therefore, the inflammatory reduction caused by L. reuteri, by a yet unknown mechanism,
would be expected to result in changes to microbial abundances. One consideration is that
SDR induces a moderate colitis during low grade infectious challenge with C. rodentium,
which is reduced by L. reuteri to a mild state (Mackos et al, Under Review). The
reduction in inflammation achieved by the probiotic may not be sufficient to affect
microbial populations after 6 DPI on, as even probiotic-treated mice have marginally
increased colitis scores at 12 DPI compared to control. Further, the magnified effect of
the stressor by the sixth cycle could mask any effect the probiotic might have on
commensal populations. However, these data do not support the hypothesis that probiotic
L. reuteri amelioration of pathogen-induced inflammation is mediated through
manipulation of the commensal microbiota.

The SDR stressor can impact colonic mucosa-associated microbial profiles after
only one stressor cycle in uninfected mice, and can also disrupt cecal profiles
immediately following the sixth cycle of SDR, but long-term effects of the stressor upon

the microbiota had not been elucidated (70, 187). Here, the residual impact of the stressor
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upon the microbiota is evident, as the effect of SDR upon the microbiota can be observed
up to 24 DPI (19 days after cessation of SDR). It is possible that the effect of stressor at
12 and 24 DPI is associated with the infection or confined to the colonic mucosa, as
previous studies have shown that the effect of stress upon the microbiota dissipates by 15
hours after the end of the sixth cycle exposure in the cecal-associated microbiota. The
physiological and behavioral effects of SDR, including inducing glucocorticoid
resistance, anxiety-like behavior, and monocyte trafficking, also have lasting effects
beyond the scope of the stressor, out to 8 days after the final cycle (55, 59). These results
emphasize how stressor exposure can have continuing impact upon the microbiota, which
could perturb the GI immune response well after exposure to the stressor has abated. It is
likely that the repeated exposures to stress compound the impacts upon the microbiota.
Lactobacillus levels were reduced to a greater extent in mice exposed 6 cycles of SDR
compared to mice exposed to only one cycle (187). Thus, within the colon where altered
motile function and mucus secretion as a result of stress might not allow for
normalization of the community structure of the microbiota, stress-associated impacts
linger (22, 132).

SDR exposure was also associated with reductions in Parabacteroides and
Lactobacillus, confirming previous research. Both genera have anti-inflammatory
properties (165, 337, 341), and their reduction by stress may be associated with stressor-
induced increases in colitis during C. rodentium infection. To better understand how
SDR-induced disruptions in the microbiota adversely affect host immune responses, the

involvement of these microbial groups in immune maintenance and why they are
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specifically targeted by social stress must be explicated. In addition, the genus
Bacteroides was significantly decreased in SDR-exposed mice and unclassified members
of the family S24-7 were increased.

SDR is associated with elevated colitic pathology and increased pro-
inflammatory marker transcript levels in mice infected with the enteropathogenic
Escherichia coli homolog, C. rodentium (Mackos et al, Under Review). A healthy
microbiota is protective in C. rodentium infections, and antibiotic perturbation of the
microbiota results in increased colitic severity (172, 251). The same concept applies to
psychological stress. Stressor-induced alterations in the microbiota could be responsible
for the elevated C. rodentium burden and resultant inflammation observed in previous
studies (77). C. rodentium infection in relation to immune activation and clearance has
been well studied, as has its effect in remodeling the microbiota during infection
progression (164, 342, 343). In particular, Firmicutes, Lactobacillus, Lachnospiraceae
and Parabacteroides have been shown to be reduced in the colon during C. rodentium
infection, particularly around the peak of infection, at 10 DPI. This study adds to
previous research by demonstrating the effects the C. rodentium infection can have on the
microbiota in stressor-exposed mice. We report reductions in the phylum Firmicutes, and
the genera Oscillospira and Parabacteroides in infected mice, and increases in the
phylum Bacteroidetes and in unclassified members of the family S24-7. Gastrointestinal
inflammation is often associated with dysbiotic profiles, observed clinically in IBD
patients, and experimentally using dextran sodium sulfate (344-346). Thus, reductions

reported here in Prevotella and Parabacteroides in SDR-exposed, infected mice at 6 and
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12 DPI could be in direct response to the heightened inflammatory state within the colon
at the peak of infection. Further, these data suggest that S24-7 and Parabacteroides,
bacterial groups affected by both stress and infection, could be health-associated and the
stressor and infection-induced effects upon their abundance may be inter-related.
Dysbiotic profiles can have significant effects upon host immunity and
inflammation. Studies using mutant mice deficient in various facets of the immune
response, including NOD2, an intracellular pathogen recognition receptor, and Lyn, a
kinase involved in pro-inflammatory gene transcription, have altered microbial profiles
that are transmissible to wild-type mice, leading to increased levels of inflammation (4,
5). These studies make evident the interplay between the microbiota and inflammation,
and how disruptions in one aspect can incite the other in a positive loop. Treatments that
attempt to normalize dysbiotic profiles may be an effective method of reversing the
symptomology observed in Gl illnesses like IBD and C. difficile infections, without the
long-term unknowns inherent to fecal microbiota transplantation. A major goal of this
study was to examine the effect that probiotic L. reuteri had upon the microbiota in
stressor-exposed mice challenged with C. rodentium. While the probiotic had no
discernible effect upon microbiota community structure beyond 1 DPI, the effect of the
stressor and C. rodentium upon the microbiota was apparent up to 24 DPI, and specific
bacterial groups were identified as being affected by these factors, including
Parabacteroides, S24-7, and murine residential Lactobacillus. Identifying how particular
bacterial groups are affected by both social stress and enteric infection can allow

researchers to shift the focus to the functional influence these bacterial groups have with
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the host, and continue to develop methodology like prebiotic formulations that may revert

dysbiotic communities to a healthier state.
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Uninfected 1 DPI 6 DPI 12 DPI 24 DPI
Firmicutes 77.86 = 2.38ab 85.35 *=1.94a 75.43 = 2.41b 73.05 = 2.91b 71.96 = 2.69b
Bacteroidetes 14.86 =+ 2.07ab 7.88 £ 0.86a 14.44 + 1.98b 13.75 = 1.61b 19.53 &= 2.54b
Proteobacteria 4.28 = 1.80 5.64 = 1.33 8.34 £ 2.15 10.60 * 1.98 6.52 £ 0.90
Deferribacteres 1.90 = 1.80 0.83 £ 0.32 1.39 = 0.52 0.47 = 0.13 0.65 =% 0.25
Actinobacteria 0.17 £ 0.06abc 0.17 £ 0.05a 0.19 =+ 0.03ac 1.69 &= 0.74b 0.77 = 0.23bc
Verrucomicrobia 0.83 £ 0.29* 0.05 £+ 0.01a 0.11 = 0.04a 0.20 =% 0.05b 0.18 & 0.06b

8¢l

Data are mean of percentage of total attained sequences = standard error
*- p<.05 vs. Infected Mice

Table 12: Major Phyla Abundance over Course of Infection



6¢1

Uninfected 1 DPI
Unclassified Clostridiales 33.19 + 6.33 40.33 + 2.58
Lactobaci{lus 24.43 + 9.80 26.97 £ 3.51
Lachnospiraceae 5.21 = 1.09 6.92 = 0.45
524-7 . 0.01 + 0.01* 0.52 *+ 0.30°
Bacteroides 8.90 + 1.44* 4,32 + 0.48¢
Oscillospira 5.41 + 0.87* 3.04 = 0.23
Shewanella 1.47 + 0.66 2.11 = 0.53
UnclassifiedRuminococcaceae 2.80 + 0.50 2.44 + 0.36
Lachnospiraceae; Ruminococcus 1.62 + 0.38 2.09 + 0.25
Unclassified Halomonadaceae 1.38 + 0.55 1.78 + 0.41
Halomonas ' 1.27 = 0.54 1.66 = 0.39
Parabacteroides 3.02 + 0.66* 1.39 =+ 0.173
Prevotella 1.72 = 0.27 1.17 = 0.162
Enterobacteriaceae 0.01 =+ 0.01 0.01 =+ 0.002
Ruminococcus 1.93 + 0.64 1.14 = 0.12

37.77 £ 2.54
21.28 +£2.99
6.50 = 0.54
8.17 &= 1.79%
3.25 £ 0.56°
2.78 £ 0.27
2.31 £0.70
2.02 £0.17
2.06 £ 0.20
1.66 = 0.39
1.81 = 0.58
0.89 % 0.23¢
1.40 = 0.26°
1.31 £ 0.79%
0.89 £ 0.08

33.10 = 2.39
22.01 = 3.09
6.79 = 0.53
6.76 = 1.21°
3.17 = 0.55°
257 £ 021
2.27 £ 0.45
2.02 £ 0.17
1.87 = 0.23
1.87 £ 0.35
1.80 = 0.35
1.17 + 0.19°
0.72 = 0.12°
2.48 £1.012
0.84 £ 0.07

38.76 £ 2.84
16.15 £ 2.05
5.95 £ 0.39
9.14 = 2.22°
5.10 £ 0.842
247 £0.17
2.37 £0.36
2.37 £0.27
1.81 = 0.14
191 = 0.24
1.94 = 0.30
1.81 = 0.33°
1.47 + 0.24°
0.07 = 0.05°
0.94 £ 0.08

Data are mean of percentage of total attained sequences == standard error

Filtered to genera that comprise>1% total sequences
*. p<.05 vs. Infected Mice

Table 13: Most Abundant Genera over Course of Infection



1 DPI 6 DPI 12 DPI 24 DP|
Lr Treatment  Vehicle Lr Treatment Vehicle Lr Treatment Vehicle Lr Treatment  Vehicle
Unclassified Clostridiales 45.74 £ 3.62* 3338 =391 40.58 £3.21 35.13 +3.89 31.82 3091 34.56 = 2.57 36.39 £ 4.47 40.96 * 3.62
Lactobacillus 2133473 3422 +6.25 19.59 + 3.76  22.87+ 4.68 2291+4.61  20.98 +4.13 14.44+240  17.73 £3.29
Lachnospiraceae 7.50 +0.71 6.17 = 0.68 6.92 & 0.82 6.11 = 0.72 6.05 % 0.65 7.64 +0.84 5.58 = 0.69 6.29 = 0.41
524-7 0.04+0.04 1.13+0.66 886+3.25 7.51+1.76 6.97 £ 1.78 6.51 =+ 1.64 13.90 =+ 3.78* 472 +1.92
Bacteroides 497+ 0.61 3.48+0.47 3.80+1.00 2.73+0.55 275+ 0.57 3.65 =+ 0.99 5.02 + 1.30 5.16 + 1.13
Oscillospira 3.27*0.36 2.75 %+ 0.45 2.70 = 0.40 2.86 = 0.37 2.53+0.32 2.61+0.27 2.44+0.20 249+ 0.28
Shewanella 1.19+037 329+ 1.12 1.67+046 294+ 129 1.93 +0.33 2.67 £ 0.90 2.02 £ 0.59 2.70 £ 0.43
UnclassifiedRuminococcaceae 2.82 +0.86 1.96 £0.33 2,15+ 0.31 1.89£0.15 1.99£0.28 2.05+0.19 1.95%0.29 275+ 043
Lachnospiraceae; Ruminococcus 2.65 £ 0.40* 1.38 = 0.17 2.07 £0.23 2.04 +0.32 1.84 = 0.36 1.91+0.27 1.81+0.17 1.80 = 0.23
Unclassified Halomonadaceae 1.08 £ 0.30 2.69 = 0.86 133+ 0.27 1.98 £0.72 1.53 £ 0.22 2.27 £ 0.72 1.58 = 0.33 2.21 £ 0.35
Halomonas 1.02 £ 0.24 248 +0.84 1.24 £0.24 235+ 1.10 1.48 £0.22 215+ 0.71 1.61 £ 0.42 224+041
Parabacteroides 1.59+0.28 113+ 0.20 0.82+0.14  0.96 %+ 0.43 1.32+0.28 1.00 #+ 0.25 1.15 + 0.23 2.42 £ 0.57
Prevotella 1.24 £0.18 1.07 £0.19 1.18 £ 0.19 1.61 £ 0.47 0.68 = 0.15 0.76 = 0.20 1.20£0.28 1.73 £ 0.37
Enterobacteriaceae 0.01+0.01 0.02 £ 0.01 0.99 £ 0.72 161+ 1.40 3.23*1.67 1.62 £ 0.98 0.13 = 0.09 0.02 = 0.01
Ruminococcus 1.10 £ 0.18 1.19 £ 0.23 0.95+0.13 0.84 £ 0.09 0.84 = 0.10 0.85 £ 0.09 0.86 = 0.11 1.01 =0.10

Data are mean of percentage of total attained sequences = standard error
Filtered to genera that comprise>1% total sequences

*- p<.05 vs Vehicle on same DPI

Table 14: Most Abundant Genera by Probiotic Treatment



1DPI 6 DPI 12 DPI 24 DP|
SDR HCC SDR HCC SDR HCC HCC
Unclassified Clostridiales 42.06 =3.46 38373091 4142 £3.92 3434317 30.31 £ 3.96 35.52 £ 2.83 30.43 £ 3.86* 45.43 £ 3.23
Lactobacillus 26.33£523 27.69+6.25 13.55 + 2.46* 28.56 £ 4.75 17.93 £ 4.44 25.56 + 4.25 19.68 * 3.80 13.32+1.93
Lachnospiraceae 736 £0.67 6.42*0.68 7.29%£0.79 576=*0.72 6.04 = 0.71 7.44 £ 0.76 5.17 £0.53 6.57 £ 0.53
524-7 0.19*+0.14 0.89 £ 0.66 12,73 = 2.98* 3.87£151 10.40 % 1.90* 3.59+1.23 15.71 + 3.24* 3.88 k234
Bacteroides 4.84+0.80 3.73%047 1.88 £ 0.34*  4.54 +£0.95 2.44 £0.75 3.80 +0.78 4.80 +1.38 533+ 1.08
Oscillospira 3.12%+036 296 £0.45 3.06 049 252+0.23 2.56 = 0.37 2.58 £0.24 2.15%0.22 273+ 0.24
Shewanella 1.54+£033 274*x112 2.84 £ 137 1.81 +0.45 2.92 £0.92 1.71+0.26 2.01 £ 045 2.66 £ 0.54
Unclassified Ruminococcaceae 227+£028 264033 2.22£0.27 1.82 +0.20 2.23£0.30 1.84 +0.19 1.83 £ 0.35* 2.80 £ 0.37
Lachnospiraceae; Ruminococcus 2.08 =0.31 2.11*0.17 2,18+ 031 1.94 £0.26 2.02x0.42 1.74 £0.22 1.73 £ 0.17 1.86 = 0.22
Unclassified Halomonadaceae 1.33+£031 230=*+0.86 1.97 £ 0.77 1.37 £ 0.26 2.40£0.72 1.42+0.19 171+ 0.32 2.07 = 0.36
Halomonas 120+ 023 2.18*+0.84 232+1.17 1.34+0.27 234+ 0.72 1.32+0.17 1.73 £ 0.43 2.10 £ 0.41
Parabacteroides 145£028 132=%0.20 0.39 £ 0.08* 1.37 £ 0.41 0.88 = 0.25 1.43+0.27 0.95 £+ 0.12* 2.49 £ 0.54
Prevotella 135026 0.96 +=0.19 112+ 0.16 1.66 + 0.48 0.88 £0.24 0.57 £0.10 1.49 +0.33 1.46 = 0.35
Enterobacteriaceae 0.01%+0.01 0.02£0.01 0.46 £0.27 210=* 151 236+ 1.33 2.58 +1.52 0.03 £ 0.02 0.10 = 0.01
Ruminococcus 1.22+020 1.05=*+0.23 0.97£0.13  0.82 £ 0.09 0.78 = 0.10 0.90 £ 0.09 0.74 £ 0.10* 1.10 = 0.10

Data are mean of percentage of total attained sequences = standard error
Filtered to genera that comprise>1% total sequences

*- p<.05 vs HCC on same DPI

Table 15: Most Abundant Genera by Stress Exposure
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Figure 13: Probiotic Lactobacillus reuteri treatment abrogates stressor-induced
increase in colon mass. A.) Mice that were exposed to SDR had significantly
higher shed C. rodentium in the stool at 12 DPI than control mice. Treatment with
L. reuteri blocked this increase in C. rodentium abundance in the stool. All groups
n=3B.) Mice exposed to SDR had significantly higher colon mass, an indicator of
colitic pathology, at 12 DPI. Mice given L. reuteri did not exhibit the same
increase in colon mass. All groups n=9-12
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. Lactobacillus treatment

. Vehicle

Figure 14: Stressor exposure significantly disturbs microbiota community
structure in the overall sample, while probiotic treatment has no effect. A.) Mice
exposed to SDR had significantly altered microbial profiles, as indicated on a
principal coordinate analysis that used unweighted UniFrac distances. This
clustering was found to be significant using the adonis statistic. Because the
repeated experiments had a significant effect on community structure, the PCoA
shows the effect of SDR in each of four repeats of the study on the third axis of
the PCoA. B.) Probiotic L. reuteri treatment was not associated with unique
clustering of microbial communities.
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Figure 15: As infection progresses, microbial profiles become increasingly spread along
the 3D PCoA space. A.) Uninfected mice cluster separately from all infected mice on a
principal coordinate analysis (PCoA) based upon unweighted UniFrac distances, which
was confirmed with the adonis statistic. B-F.) Separating each timepoint indicates
dispersion of microbial communities along the first PCoA as the infection continues to 24

DPI.
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Figure 16: Probiotic treatment significantly shifts the colonic mucosal microbiota
at 1 DPI. Unweighted UniFrac distances indicate significant clustering of colons
treated with probiotic L. reuteri. No later timepoints exhibited clustering based

upon probiotic treatment.
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Effect of Stress at 24 DPI

Effect of Stress at 6 DPI

Figure 17: Exposure to SDR affects colonic mucosal microbiota structure
regardless of DPI up to 19 days after cessation of exposure. A-C.) PCoAs based
on unweighted UniFrac were filtered based upon experimental repeat to illustrate
the continued effect of stress upon the microbiota at 6, 12, and 24 DPI.
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Figure 18: DPI and stressor exposure are associated with specific OTUs on an RDA
biplot. OTUs that were identified in Clostridiales negatively associated with increasing
DPI. OTUs in Bacteroides spp., Parabacteroides spp., and Adlercreutzia spp. associated
with HCC and OTUs in S24-7 associated with SDR. Canoco 5 software was used to
construct an RDA plot. OTUs that contributed to at least 20% of the variance were

included on the plot.
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The previous chapters have emphasized the effect that psychological stress has in
inducing dysbiosis. By altering the murine colonic microbiota, psychological stress has
major downstream effects upon host health, particularly as it pertains to the mucosal
immune response to enteric pathogen challenge. However, a better understanding of the
translatability of dysbiosis emergence must be achieved for humans. The molecular and
physiological mechanisms by which antibiotics and diet induce dysbiosis are well
understood, but these are not the totality of dysbiosis induction in humans. In order to
better evaluate methods by which dysbiosis begins and is sustained within human hosts,
we examined the association between maternal obesity and the offspring microbiota, as
parental obesity is a primary antecedent of offspring obesity in adulthood. Since the
mother is also a major source of the microbiota for their child and the microbiota can be
obesogenic, we hypothesized that children born to obese mothers would have a unique
microbiota compared to children born to non-obese mothers. If so, maternal transmission

of the microbiota could be a mechanism by which obesity is passed from mother to child.
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Chapter 6: Maternal obesity is associated with alterations in the

gut microbiota in toddlers®

Introduction

Obesity is a substantial public health problem globally. In the US, it is estimated
that 16.9% of children ages 2-19 years and 33.8% of adults > 20 years are obese (347,
348). However, early life antecedents of obesity are not well delineated. In children under
3 years of age, the strongest predictor of obesity in adolescence and adulthood is parental
obesity (206). Compared to paternal obesity, maternal obesity has greater predictive
value for body mass index (BMI) of offspring through adolescence (349, 350). However,
the relative influence of genetics versus environmental pathways in the transgenerational
transmission of obesity from parent to child is unknown.

A novel possible mechanistic pathway linking parental and child weight is the
transmission of commensal microbiota via parental exposures, particularly maternal. The
microbiota are a consortium of trillions of bacteria that are resident to a variety of human
body niches (351). The vast majority of these microbes reside within the gastrointestinal
(GI) tract where they form microbial communities whose structures are stable during
periods of homeostasis and heavily involved in host metabolic and nutritional functions,

including food digestion and vitamin synthesis (8, 352).

® Published in PL0S One, 2014 Nov 19;9(11):¢113026.
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Disruptions in the relative abundances of microbes that comprise these
communities have been associated with obesity and high-fat diets (17, 273, 275, 353-
355). For example, obese mice have abnormal levels of GI Firmicutes and Bacteroidetes,
two primary phyla of the Gl tract microbiota (273). Such skewed bacterial abundances
may lead to alterations in energy procurement from food and related propensity toward
obesity. When microbiota from obese mice are transferred into germ-free mice, recipient
mice have increased body fat, providing strong evidence of a causal link between the
microbiota and obesity (275).

Factors affecting the establishment of bacterial abundances in early life are not
well understood. During birth, the neonate is rapidly colonized by maternal bacteria via
vertical transmission from the gastrointestinal and reproductive tracts as well as
environmental microbes (204, 208, 356). In very early life, mothers are likely to be
primary donors of bacteria through physical contact and breast milk. Demonstrating such
maternal influence, at one and six months of age, infants of obese mothers have
significantly different bacterial population abundances compared to infants of non-obese
mothers (357). Importantly, during the first year of life, the microbiota show great
transience and volatility (203). As solid foods are introduced to the diet, the structure of
the microbiota stabilizes and begins to reflect the adult profile (95). Thus, it is important
to determine if maternal influences on gut microbial groups persist in children past early
infancy despite competing factors.

In addition, the recent advent of next generation pyrosequencing allows for wider

study of microbial communities than permitted by earlier methods, including denaturing
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gradient gel electrophoresis (DGGE) and polymerase chain reaction (PCR). Utilization of
this technology permits the analyses of entire bacterial communities rather than
examination of smaller classification subsets selected by a priori hypotheses. To our
knowledge, pyrosequencing has not been used in studies associating parental obesity to
child microbiota communities.

Addressing these gaps in the literature, the current study examined the association
between maternal obesity and the gut microbiota profiles of toddlers at approximately
two years of age using pyrosequencing technology. We hypothesized that the microbiota
of children born to obese mothers would have a significantly different gastrointestinal
microbiota, as assessed using alpha and beta diversity measurements, when compared to
children born to normal weight mothers. We also hypothesized that differences in
abundances of bacterial populations previously associated with obesity would be
observed in children of obese versus non-obese mothers.

Materials and Methods

Study Design- We recruited 79 women with children approximately two years of age
from the general community of Columbus, Ohio. Children were excluded if their mother
reported the child had a major health condition or developmental delay. Children were
also excluded if they were already toilet trained. Each woman completed an online
questionnaire which included assessment of her health behaviors and exposures (e.qg.,
medications) during pregnancy as well as health and feeding behaviors in her child.

Within 7 days of completing the online questionnaire, each woman collected a

stool sample from her child per the protocol detailed below. Two samples were removed
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from statistical analyses due to low sequence count (<5108), resulting in final sample of
77 mother-child pairs. This study was approved by the Ohio State University Biomedical
Institutional Review Board. All women completed written informed consent for
themselves and provided written consent on behalf of their children. Women received
modest compensation for their participation. Data collection occurred from May 2011 to
December 2012.

Parental Characteristics- Women reported information about their age, race (self and
child’s father), marital status, education level (self and child’s father), and total family
income per year. Body mass index (BMI; kg/m?) was calculated based on the provided
maternal and paternal heights and weights. BMI values > 30 were classified as obese.
Perinatal Health Information- Self-report data was collected regarding exposure to
antibiotics during pregnancy and while breastfeeding (if applicable). With regard to birth
outcomes, women reported the route of delivery (vaginal versus C-section), gestational
age at the time of delivery and the child’s sex.

Child Diet and Growth- Women reported the occurrence and duration of breastfeeding
and the age at which formula (if applicable), cereals/grains, fruits/vegetables, and meats
were introduced as part of the child’s diet. The current frequency of each food type was
also reported, from less than once per month to two or more times per day. Women
reported the number of times their child had been exposed to antibiotic medications, with
completion of a full prescription course (e.g., 10 days) considered as one exposure.
Women also reported child exposure to probiotics in capsule/supplement form or in

formula or food which specified it contained probiotics.
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Finally, to determine the child’s growth trajectory, women reported their child’s
height and weight percentile at the most recent well-visit to the pediatrician. A
weight/height ratio was calculated and children were categorized into three groups: those
whose weight percentile was greater than their height percentile (n = 11), those in the
same percentile bracket (n = 31), and those whose weight percentile was lower than their
height percentile (n = 33).
Stool Sample Collection and Storage- Women were provided with sterile wooden
applicators and sterile 50 ml plastic conical collection tubes for collection. They were
instructed to sterilely collect the stool sample from child’s soiled diaper with the wooden
applicator and place in the collection tube. Samples were then stored at 4° C (i.e.,
refrigerated) for up to 24 hours until collection by study personnel from the participant’s
home or delivery by the participant to OSUWMC. In the latter case, women were
instructed to transport samples in a cooler with ice. Upon arrival at the Wexner Medical
Center, samples were placed in long-term storage at -80°C until pyrosequencing was
conducted.
bTEFAP- Bacterial tag-encoded FLX-Amplicon Pyrosequencing (b TEFAP) was
performed as previously described (41, 358). The 16s rrn universal primers 27f (AGA
GTTTGATCM TGG CTC AG) and 519r (GWATTACCGCGGCKGCTG) were used
for specific 16S rrn targeting. These primers were used for single-step 30 cycle PCR. The
following thermoprofile was used: a single cycle of 94°C for 3 minutes, then 28 cycles
of: 30 seconds at 94°C ; 40 seconds at 53°C, 1 minute at 72°C, with a single 5 minute

cycle at 72°C for 5 minutes for elongation. Amplicons were pooled at equivalent
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concentrations and purified (Agencourt Bioscience Corporation, MA, USA). Sequencing
was performed with the Roche 454 FLX Titanium system using manufacturer’s
guidelines.
Sequencing Analysis- Analysis was performed using the open-source software package,
Quantitative Insights Into Microbial Ecology (QIIME), v.1.7.0. (46). Sequences were
provided via .fasta file and sequence quality was denoted with a .qual file. Barcodes were
trimmed and low-quality reads were removed. An average quality score of 25 was used.
Minimum sequence length of 200 and maximum length of 1000 were used. No
mismatches were allowed in the primer sequence. An average of 14862 sequences were
attained per sample, and a total of 77.06% of sequences passed quality filtering.

Sequences were clustered based upon 0.97 similarity using UClust into
operational taxonomic units (OTUSs)(231). A representative sequence was selected from
each OTU and the RDP classifier was used to assign taxonomy to the representative
sequence (44). Sequences were aligned using PyNAST (232) against a Greengenes core
reference alignment database (48) and an OTU phylogenetic tree was assembled based
upon this alignment (234).

Phylogenetic Investigation of Communities by Reconstruction of Unobserved
States, or PICRUST, was used to identify differences in predictive metagenome function
(359). In summary, OTUs were picked from a demultiplexed fasta file containing the
sequences for all 77 subjects using the closed-reference procedure, against the
GreenGenes 13_5 reference database(233). These OTUs were normalized by the

predicted 16s copy number, and functions were predicted from these normalized OTUs
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with the use of GreenGenes 13 5 database for KEGG Orthologs. From this, a BIOM
table containing the predicted metagenome for each sample was attained. Each sample
was rarefied at 2,000,000 before further analysis. Downstream statistical analysis was
performed using STAMP (360).
Statistical Analysis- The Shannon Diversity Index (SDI), a measurement of within-
sample (alpha-diversity) community diversity, as well as Chaol (estimates richness),
equitability (measures evenness), and observed_species (calculates unique OTUSs) were
used to ascertain differences in alpha diversity based on maternal obesity status (235). All
alpha-diversity measurements were calculated with QIIME and significance was
measured using a parametric t-test at a depth of 5930 sequences for comparison of all
obese vs non-obese groups. Depths of 4534 sequences for comparison of maternal
obesity among the high income group alone, and 5126 sequences for comparison among
the low income group alone were also used. UniFrac unweighted distance matrices were
calculated from the OTU phylogenetic tree for beta diversity analyses (50). A sampling
depth of 5108 sequences/sample was used for beta diversity for all groups.

The adonis statistic, available through the vegan package on the open-source
statistical program R, and further employed in QIIME, was used to measure differences
in variance between two groups based upon their microbiota UniFrac distance matrices

(47, 236). Groups were split based upon maternal and paternal BMI, as well as by income

level and differences in community structure were determined using adonis. The

permdisp statistic, also available through vegan, was then performed to verify equal

variances between groups dichotomized by obesity.
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Chi-square analyses and two-sample t-tests were used to determine the
demographic and behavioral similarity between the maternal obesity groups to identify
possible confounding factors. Additionally, Pearson’s correlations, univariate analysis of
variance (ANOVA) and regression analyses were used to examine associations between
variables including maternal BMI, child’s weight/height ratio and the SDI. The relative
abundance of bacterial groups in samples from children of obese and non-obese mothers
were compared using Mann-Whitney U-tests. All analyses were performed using SPSS
v.21 (IBM, Chicago, IL). For predictive functional group analysis in STAMP, Welch’s t-
tests were used for two group comparisons, while Kruskal-Wallis H-tests were used for
multiple group comparisons. P-values were corrected for multiple-tests using the
Benjamini-Hochberg method (361), with a g-value of 0.10.

Data Availability- Sequences have been deposited in the Sequence Read Archive, under
the study Accession Number SRP045568. Requests for metadata can be made to Carson
Reader (Carson.Reider@osumc.edu).

Results

Participant Characteristics- This study included 77 mother-child pairs. Children were
18-27 months at the time of assessment (Mean = 23.14, SD = 2.00), with 91% falling
between 21-26 months. In this sample, 87.0% (n = 67) of mothers were White, 9.1% (n =
7) were Black and 3.9% (n = 3) were Asian. The mean maternal age at the time of
delivery was 31.10 + 5.43 and 87.0% of women (n = 67) were married. In this sample,
66.2% of mothers (n = 51) were non-obese (BMI < 30) and 33.8% (n = 26) were obese

(BMI > 30) based self-reported height and weight prior to pregnancy. The mean BMI
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among the obese women was 35.13 + 4.48 compared to 22.65 + 2.85 among the non-
obese (t(75) = 15.3, p < 0.001).

To identify potential factors which may confound the relationship between
maternal obesity and the composition of the child microbiota, we examined the
demographic and behavioral similarity between obese and non-obese women (Tables 16
& 17). Obese and non-obese women did not differ significantly in race, marital status,
maternal age at the time of delivery, antibiotic exposure during pregnancy or
breastfeeding, or delivery route (vaginal versus C-section). Obese women had heavier
male partners than did non-obese women, with BMlIs of 31.20 + 5.98 vs. 26.91 + 4.60,
respectively (t(75) = 3.49, p = 0.001). Obese women and their partners had completed
less education than non-obese women and their partners (ps < 0.014). However, women
did not differ in annual household income based on obesity status (X*(3) = 1.92, p = .59),
although household income was significantly correlated with both maternal (r = .65, p
<0.001) and paternal education (r = .52, p <0.001).

Maternal obesity and beta diversity in the child gut microbiota- Unweighted UniFrac
distance matrices were used to assess differences between the microbial communities,
known as beta diversity, in children of obese compared to non-obese mothers.
Permutational multivariate ANOVA using adonis showed that children of obese versus
non-obese mothers had a different microbiota community structure (r>= 0.01539, p =
0.044). However, this did not result in clustering of two distinct populations using a
principle coordinate analysis (PCoA) (Fig. 19). To further explain the significant adonis

statistic in the absence of obvious clustering, permdisp, a statistic that measures the
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extent to which variances in different populations are equivalent, was used to compare
the two groups. Dispersion of the community structures of children born to obese versus
non-obese mothers differed signficantly, with greater variance among children of non-
obese mothers (p = 0.035, F = 4.843). In contrast, there was no difference in between-
sample community structure as measured via adonis in children of obese versus non-
obese fathers (r*= 0.01214, p = 0.801).

Next, we examined whether the strength of the association between beta diversity
and maternal obesity differed among children of mothers from higher versus lower
socioeconomic backgrounds. Analyses showed no main effects of socioeconomic
indicators; neither maternal education (r* = 0.01267, p = 0.615) nor income level (r* =
0.01331, p = 0.409) were associated with shifts in the offspring microbial profile.
Similarly, neither maternal education nor income were associated with clustering on a
PCoA (Fig. 20). Next, the interaction between obesity status with both education (high
school graduate or less versus college graduate or more) and income (<$50k versus
>$50k) was examined. An interaction effect between income and obesity status was
observed; in the high-income group, a different microbiota community structure was seen
in the children of obese versus non-obese mothers (r*= 0.02547, p = 0.041). However, in
the lower-income group, no significant effects of maternal obesity on beta diversity were
observed (r? = 0.03798, p = 0.139). Also, in dyads from high-income households, the
microbiota of children of obese mothers had greater homogeneity among the samples

compared to those from non-obese mothers (F = 11.942, p = 0.003). Furthermore,
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clustering based on obesity status was observed using a PCoA in the high income group
only (Fig 21A-B).

Similar effects were seen when using education as an indicator of socioeconomic
status. Among mothers with a high education, children born to obese mothers had a
different community structure than those born to non-obese mothers (r? = 0.02049, p =
0.045) and this was partly explained by significantly greater homogeneity in variance (F
=6.215, p = 0.02). In contrast, among children born to women with less education, there
were no significant differences in beta diversity based on maternal obesity status (r* =
0.05327, p = 0.61). Thus, similar results were observed in relation to income and
education as indicators of socioeconomic status. Compared to education level, income
was more evenly distributed in the obese and non-obese groups, providing greater
statistical power. Thus, all downstream analyses focused on income.
Maternal obesity and alpha diversity in the child gut microbiota- We next examined
the relationship between maternal BMI and alpha diversity of the child microbiota. First,
we examined the Shannon Diversity Index (SDI), a measure of the overall diversity
within a microbial community. Two samples were below the threshold for SDI, resulting
in a sample of 75 for these analyses. Results showed that children of obese mothers had a
significantly higher SDI than children of non-obese mothers (t(73) = 2.1, p = 0.04; Fig.
22A). Greater alpha diversity in children born to obese mothers was associated with
greater equitability (t(73) = 1.96, p = 0.05; Fig. 22B) and a trend towards greater richness

as estimated by Chaol (t(73) = 1.83, p = 0.07; Fig. 22C). Furthermore, children of obese
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mothers had higher number of unique OTUs as defined by QIIME variable
observed_species (t(73) = 2.25, p = 0.03; Fig. 22D).

Next, we examined interactions between maternal socioeconomic status and
obesity on alpha diversity of the child gut microbiota. As with beta diversity, results
indicated that effects of maternal obesity on alpha diversity were driven by the high-
income group. Specifically, in high income households, SDI (t(73) = 2.30, p = 0.026),
Chaol (t(73) = 2.08, p = 0.043), equitability (t(73) = 2.20, p = 0.033), and observed
OTUs (t(73) = 2.30, p = 0.029) were all higher in children of obese versus non-obese
mothers. However, among children in lower income households, no differences in alpha
diversity were detected in relation to maternal obesity status [SDI (t(73) = 0.537, p =
0.595), Chaol (t(73) =-0.018, p = 0.992), equitability (t(73) = 0.498, p = 0.619),
observed OTUs (t(73) = 0.674, p = 0.515)] (Fig. 23A-H).

Further analyses demonstrated that the SDI was higher in children of obese versus
non-obese fathers (t(73) = 1.99, p = 0.05) which corresponded to greater equitability
(t(73) = 2.10, p = 0.04). However, there were no significant differences in either the
Chaol estimation or OTUSs (i.e., observed_species in QIIME) between children born to
obese or non-obese fathers (data not shown). When entered into a regression model
together, maternal BMI remained a significant predictor of the SDI (B = 0.324, p = 0.008)
while paternal BMI was no longer significantly associated (f = 0.085, p = 0.48)
suggesting that maternal BMI was the critical predictor. In addition, univariate ANOVA
demonstrated that the child weight/height ratio showed no association with the toddler

SDI (F(2,72) = 0.58, p = .565). Moreover, maternal BMI remained a significant predictor

151



after including the child’s WHR in the model (f = 3.178, p = 0.002), indicating an effect

of maternal BMI that was independent of the child’s current body composition.

Maternal obesity and phylogenetic shifts in child gut microbiota- We next examined
phylogenetic shifts in the fecal microbiota of the children, to determine if differences in
abundances of given genera were evident. An area graph of the phyla present in all
subjects indicated that considerable variability existed across children in the abundances
of the highly abundant phyla, wherein a wide range of ratios between
Firmicutes:Bacteroidetes was observed (Fig. 24). Mann-Whitney U-tests revealed no
significant differences in the two largest bacterial phyla in the gut, Firmicutes (p = 0.667)
and Bacteroidetes (p = 0.914) when the relative abundances found in children from obese
versus non-obese mothers were compared. When analyses were conducted separately
among higher versus lower income groups, no significant effects of maternal obesity on
the child gut microbiota at the phyla level were observed that withstood multiple test
correction.

Next, genera-level abundances were examined. The Mann-Whitney U test was
used due to the skewed distributions of the population abundances. Benjamini-Hochberg
tests for multiple comparisons were used, with a g-value set at 0.10. In the overall
sample, there were limited significant differences between children born to obese versus
non-obese mothers after multiple test correction (Table 18). However, examination of
interactions between SES and obesity status revealed multiple associations. Among

children of high-income mothers, abundances of the genera Parabacteroides (p = 0.008,
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g < 0.10), Eubacterium (p = 0.021, q < 0.10), Blautia (p = 0.025, g < 0.10), and
Oscillibacter (p = 0.011, g < 0.010), as well as an undefined genus in Bacteroidales (p =
0.005, g < 0.10) differed significantly based on maternal obesity status (Table 19). In
contrast, after correction for multiple tests, there were no significant differences between
children born to obese versus non-obese mothers in the low-income group (Table 20).
Other behavioral and environmental influences upon the microbiota- In addition to
influence by exposure to maternal bacteria, mothers could affect the toddler microbiota
via control of the toddler diet, as diet is a primary factor in determining population
abundances of the GI microbiota. In chi-square analyses, we found no significant
differences in dietary patterns in children of obese versus non-obese women (Table 17).
Specifically, children did not differ significantly in duration of breastfeeding, age at
which grains/cereals or other foods were introduced, or the frequency of consuming meat
or vegetables (p’s > 0.15). Children of obese versus non-obese mothers also did not differ
in the extent to which they had been exposed to antibiotic medications (during pregnancy,
breastfeeding, or directly during childhood) or probiotics in food or supplement form (p’s
> .34).

Because significant results in this study were found predominately in high-income
dyads, we further examined potential dietary differences in children born to obese versus
non-obese mothers in the high income group. Results also showed no differences in
breastfeeding duration, age at which grains/cereals or other foods were introduced, or the
frequency of consuming meat or vegetables among children of obese versus non-obese

mothers in this group (p’s > 0.13).
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We also examined the potential role of three key environmental factors that may
covary with maternal obesity status and SES: route of delivery (vaginal versus C-
section), duration of breastfeeding, and antibiotic exposure in mothers and children.
Analyses showed no significant associations between these factors and the community
structure of the child gut microbiota (Table 21), and no clustering observed using PCoA
(Fig. 25). Also, as described earlier, these exposures did not differ based on maternal
obesity status (Table 17). Further analyses among the high-income group also showed
that route of delivery, maternal antibiotic use in pregnancy/breastfeeding (combined due
to low occurrence), and antibiotic exposure in the child did not differ significantly based
on maternal obesity status (ps > .12).
Predictive metagenome- The predictive metagenome program, PiCrust, was used to
examine if maternal obesity and other factors (duration of breastfeeding, maternal use of
antibiotics during breastfeeding or pregnancy, child use of antibiotics, and birth route)
were associated with altered functioning of the microbial groups. Abundances of Kyoto
Encyclopedia of Genes and Genomes (KEGG) Orthologies, or KOs, were highly similar
across children (Fig. 26). Deeper analysis of the KOs revealed that carbohydrate
metabolism was significantly lower in children born to obese mothers. However, these
differences in KO abundances did not pass correction for multiple tests, due to low effect
sizes (Table 22). Likewise, when high and low-income participants were examined
separately, maternal obesity was not associated with any significant differences in

functional group abundance after multiple test correction (Table 23), nor were differences
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detected in functional groups based upon breastfeeding duration, antibiotic use by mother

or child, and birth route (Tables 24-26).

Discussion

Children born to obese mothers are at greater risk for obesity in adulthood
compared to children of non-obese mothers, with odds ratios ranging from 1.23 to 6.12
depending on sex and age (206, 362, 363). Factors including diet and genetics contribute
to, but do not fully explain this increased risk (364). The gut microbiota may play a
clinically meaningful role; bacteria that affect metabolic processes are transmitted from
the mother to the infant during birth and subsequently through physical contact and, in
many cases, breastfeeding (204, 208, 356). Obese adults have different microbial
community profiles in the gut (17, 353, 354), and studies show that transplanting
microbiota from obese mice into germ-free mice can lead to increased body fat (275),
illustrating that altered profiles of microbiota can be both obesogenic and transmittable.
However, the extent to which the microbiota may contribute to the intergenerational
transmission of obesity in humans is not known.

This study provides novel evidence that maternal obesity is related to measurable
differences in the composition of the gut microbiota in offspring, as reflected by
measures of both alpha (Shannon Diversity Index, equitability, unique OTUSs) and beta
diversity (per adonis). Despite the lack of group clustering on a PCoA, differences in beta
diversity were explained using permdisp, which indicated increased homogeneity among

the microbiotas of the obese-group and increased dispersion among the non-obese group.
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Our results suggest that the relationship between maternal obesity and the composition of
the child gut microbiota remain after accounting for paternal BMI and indicators of child
body composition, supporting an exposure rather than purely genetic pathway. This is
consistent with epidemiological studies showing that maternal BMI is more strongly
associated with obesity in offspring than is paternal BMI (349, 350). In addition, in
metagenome function analyses using PICRUST, lower abundances of communities
related to carbohydrate metabolism were observed in children born to obese versus non-
obese mothers, although this result did not remain significant after statistical correction
for multiple comparisons.

Importantly, effects of maternal obesity on the composition of the gut microbiota
in offspring were stronger and more consistent among those born to mothers of higher
socioeconomic status (SES) as defined by income and/or education. Specifically, when
higher and lower income groups were examined separately, differences in beta diversity
in relation to maternal obesity (per adonis/permdisp and PCoA) were evident only in the
higher income group, as were multiple measures of alpha diversity. Less dispersion of
profiles among children born to obese compared to non-obese mothers, particularly
among those of high SES, indicates that these children are developing microbial profiles
typified by greater homogeneity of community structures. Additional studies are needed
to determine if similar effects are present in older children, adolescents, and adults.

Also demonstrating effects of socioeconomic status, among the high-income
group only, children born to obese versus non-obese mothers had greater abundances of

Parabacteroides spp., Oscillibacter spp., and an unclassified genus of the order
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Bacteroidales as well as lower Blautia spp., and Eubacterium spp. Of note, differences in
Eubacteriaceae, Oscillibacter and Blautia have been found in prior studies of diet and
obesity (365-367), but the clinical relevance of these bacterial types in affecting obesity
risk is not fully understood. Also, when PICRUST was used to examine metagenome
function based on obesity status in the higher income group only, no significant
differences were found.

The mechanisms underlying the interaction between maternal obesity and SES in
predicting the composition of the child gut microbiota are not known. Obesity is a health
condition with multifactorial origins, both genetic and behavioral (i.e., diet, physical
activity). Research on the true interaction between social-environmental and genetic
factors (i.e., moderating effects) is sparse. However, among obese adults, the relative
contribution of genetic versus behavioral factors may differ in those from higher versus
lower socioeconomic backgrounds (368). Relatedly, the extent to which maternal obesity
confers measureable changes to the gut microbiota of offspring may differ based on the
etiology of maternal obesity.

Our finding of higher SDI among children of obese versus non-obese mothers
contrasts prior research linking obesity with lower alpha diversity (202, 353). However,
previous studies have focused on adults or used mouse models with experimentally-
induced obesity. This is one of the first studies to ascertain SDI among toddlers as a
function of maternal obesity. Higher SDI in children born to obese mothers may reflect
interactions between their unique beta-diversity community profile and age-related

effects, possibly down-regulated immune surveillance or reduced GI motility, which
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could result in greater growth and diversification of microbial groups. Due to the novelty
of the study, further investigation is required.

In early life, parents largely control the diet of the child, and tend to offer solid
foods that reflect their own adult diets (369). Diet can substantially affect the composition
of the gut microbiota (264, 365, 370). In our sample, we found no differences in the
children from obese and non-obese mothers in terms of breastfeeding behavior, age at
which solid foods were introduced, or the current frequency of consumption of meat,
vegetables, and cereals/grains regardless of maternal SES. This suggests that diet did not
explain the observed differences in the children’s gut microbiota related to maternal
obesity and SES. However, this study did not include detailed food diaries that would
capture the volume and quality of foods (e.g., high versus low fat meats) consumed.
Thus, the possibility remains that differences in feeding behaviors contribute to the
observed association with maternal obesity and/or the interaction between maternal
obesity and SES.

In addition, other key factors that can affect the gut microbiota including
antibiotic exposure, breastfeeding, and route of delivery were examined, but did not
account for the observed effects of maternal obesity, or the interaction between maternal
obesity and SES. After correction for multiple comparisons, there were not significant
differences in individual KOs based upon these factors. Moreover, as described, these
factors did not differ significantly based on obesity status, regardless of maternal SES.

However, the role of such factors requires further attention.
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If continued research supports the notion that obese mothers may pass obesogenic
microbiota to their infants, interventions could target manipulation of maternal vaginal
and gut microbiota. Prior research has shown that administration of antibiotics during the
delivery process reduces vaginal Lactobacillus spp. levels in the mother and corresponds
to lower levels of lactobacilli in oral samples from newborns (205). In this case, these
effects are potentially detrimental, as early colonization with Lactobacillus spp. may have
a preventative role in the development of allergic diseases. However, such studies
demonstrate that interventions that affect population abundances in the mother can have
downstream effects in the neonate’s own microbial structure.

A strength of this study is a focus on children between 18 and 27 months of age.
Prior studies have shown that infants of obese mothers have differences in the gut
microbiota, specifically the numbers of Bacteroides spp. and Staphylococcus spp. in the
stool (357). However, the microbiota are characterized by a lack of consistency and high
volatility during the first year of life (203). These profiles generally stabilize and increase
in diversity, more closely resembling adult profiles, when the range of dietary exposures
for the child expands (95, 371). Thus, the current data extend prior findings and support
the hypothesis that early life exposures may have lasting effects on the gut microbiota.
However, considerable variability of the major phyla is still a hallmark of the 18-27
month old child microbiota. In future studies, long-term and longitudinal examination
through early childhood and adolescence would be highly valuable in explicating the

extent to which observed effects persist and ultimately influence weight.
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This study utilized deep pyrosequencing technology which adds upon prior
studies by allowing for whole bacterial community profiling of the toddler microbiota.
Utilization of this technology allowed increased sensitivity in detecting differences in the
gastrointestinal microbiota community structure between children born to obese and non-
obese mothers. PICRUST was used for prediction of metagenome function based upon
16s rRNA abundances. As reviewed, some effects in relation to maternal obesity were
suggested, but these did not remain significant after correction for multiple tests. Unique
microbial profiles would be expected to result in differences in microbiota function. True
metagenomic shotgun sequencing will likely provide greater power to examine effects of
factors such as maternal obesity on the function of the microbiota in children.

In this study, parental BMI as well as children’s body composition indicators
(height and weight percentile) were collected via maternal report rather than direct
measurement. Current maternal BMI was not the focus because 1) maternal BMI may
have changed considerably since the target pregnancy (e.g., due to weight retention after
the target pregnancy or subsequent weight gain) and 2) women were of childbearing age,
thus a meaningful proportion were pregnant with another child at the time of data
collection. Prior studies suggest that among women of reproductive age, BMI classified
by self-reported height and weight is generally accurate, resulting in correct
categorization of 84%-87% and an underestimate in BMI of 0.8 kg/m? (372, 373).
Because BMI by self-report tends to be slightly lower than true BMI, effects of maternal
obesity on outcomes of interest may be underestimated in the current study. In addition,

this study did not include collection of maternal specimens, such as vaginal or fecal

160



samples, which would permit profiling of maternal microbial communities. This is
clearly a critical next step in establishing a direct link from maternal to child microbial
profiles. In conclusion, obesity is a worldwide public health issue. Identification of
modifiable early life antecedents is key to addressing this disease process. A rapidly
growing body of literature indicates that the gut microbiota plays a critical role in the
development of obesity. Adding to this literature, the current study provides novel
evidence that maternal obesity is associated with different microbial profiles in offspring
18-27 months of age. The potential role of the gut microbiota in this intergenerational
transmission of obesity risk warrants further attention. In particular, the stability of such
effects into later childhood and adolescence, the clinical relevance of abundances of
specific bacteria in conferring risk for obesity, and the ultimate impact of early life

microbial profiles on long-term weight trajectory remains to be explicated.
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91

Non-Obese

Total (n=77) Obese (n=26) (n=51) Obese vs. Non-Obese
Maternal BMI [Mean (SD)] 26.86 (6.83) 35.13 (4.48) 22.65 (2.85) t(75) = 15.3, p =.000*
Paternal BMI [Mean (SD)] 28.34(5.47) 31.2 (5.98) 26.89 (4.92) t(75) = 3.49, p =.001*
Maternal Age [Mean (SD)] 31.10 (5.43) 31.96 (6.02) 30.67 (5.11) t(75)=0.99, p = .33
Child Sex [n (%)] X?3(1)=0.79, p = .37
Male 41 (53.2%) 12 (46.2%) 29 (56.9%)
Female 36 (46.8%) 14 (53.8%) 22 (43.1%)
Maternal Race X}(1)=0.47,p = 47°
White 67 (87.0%) 21 (80.8%) 46 (90.2%)
Black/African-American 7 (9.1%) 5 (19.2%) 2 (3.9%)
Asian 3 (3.9%) 0 (0%) 3 (5.9%)
Marital Status [n (%)] X?(1) =3.54, p = .06
Married 67 (87.0%) 20 (76.9%) 47 (92.2%)
Unmarried 10 (13%) 6 (23.1%) 4 (7.8%)
Maternal Education [n (%)] X3(2) =10.67%, p = .005*
High school graduate or less 19 (24.7%) 12 (46.2%) 7 (13.7%)
College graduate (2 or 4 yr) 26 (33.8%) 8 (30.8%) 18 (35.3%)
Some graduate school or higher 32 (41.6%) 6 (23.1%) 26 (51.0%)
Paternal Education [n (%)] X?(2) =851, p = .014*
High school graduate or less 29 (37.6%) 12 (46.2%) 17 (33.3%)
College graduate (2 or 4 yr) 30 (39.0%) 12 (46.2%) 18 (35.3%)
Some graduate school or higher 18 (23.3%) 2 (7.7%) 16 (31.4%)
Income [n (%)] X?3(3)=1.92,p =59
< $ 30,000 15 (19.5%) 7 (26.9%) 8 (15.7%)
$30,000-49,999 15 (19.5%) 5 (19.2%) 10 (19.6%)
$50,000-99,999 30 (39.0%) 10 (38.4%) 20 (39.2%)
> $100,000 17 (22.0%) 4 (15.4%) 13 (25.5%)

Table 16: Demographic Characteristics




Non-Obese

Total (n=77) Obese (n=26) (n=51) Obese vs. Non-Obese
Route of delivery [n (%)] X2(1)=0.17,p=.68
C-Section 33 (42.9%) 12 (46.2%) 21 (41.2%)
Vaginal 44 (57.1%) 14 (53.8%) 30 (58.8%)
Breastfeeding duration [n 209\ — _ #
)] X%(2) =3.84,p=.147
Never 5 (6.5%) 4 (15.4%) 1 (2%)
< 3 months 7(9.1%) 3(11.5%) 4 (7.8%)
3 to 11 months 38 (49.4%) 11 (42.3%) 27 (52.9%)
> 12 months 27 (35.1%) 8 (30.8%) 19 (37.2%)
Grains/Cereals introduced [n 20an _ _
)] X*(1) =0.06, p = .812"
<4 months 30 (39.0%) 12 (46.2%) 18 (35.3%)
5 - 6 months 41 (53.2%) 11 (42.3%) 30 (58.8%)
> 7 months 6 (7.8%) 3(11.5%) 3(5.9%)
Vegetables, fruits, and/or 200y — _
meats introduced [n (%)] X(2)=017,p=92
<4 months 17 (22.1%) 6 (23.1%) 11 (21.6%)
5 - 6 months 38 (49.4%) 12 (46.2%) 26 (51.0%)
> 7 months 22 (28.6%) 8 (30.8%) 14 (27.5%)
Meat frequency [n (%)] X3(2)=2.24,p= .33
Less than once per day 25 (32.5%) 6 (23.1%) 19 (37.3%)
Once per day 27 (35.1%) 9 (34.6%) 18 (35.3%)
More than once per day 25 (32.5%) 11 (42.3%) 32 (27.5%)

Vegetable frequency [n (%)]

X?(2)=0.30,p = .86

Less than once per day

17 (22.1%)

5 (19.2%)

12 (23.5%)

Once per day

24 (31.2%)

9 (34.6%)

15 (29.4%)

More than once per day

36 (46.8%)

12 (46.2%)

24 (47.1%)

Antibiotic use in pregnancy

X2(1)=1.07,p=.30

[n (%0)]
No 64 (83.1%) 20 (76.9%) 44 (86.3%)
Yes 13 (16.9%) 6 (23.1%) 7 (13.7%)
Antibiotic use while
breastfeeding [n (%)] X2(1) =056, p = 81
No 69 (89.6%) 23 (88.5%) 46 (90.2%)
Yes 8 (10.4%) 3 (11.5%) 5 (9.8%)
Antibiotic exposure in child
P [n (%) X2(2) = 2.30, p = 317
None 23 (29.9%) 5 (19.2%) 18 (35.3%)
One or two courses 29 (37.7%) 12 (46.2%) 17 (33.3%)
More than two courses 25 (32.4%) 9 (34.6%) 16 (31.4%)

Table 17: Health/Behavioral Characteristics
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Normal Weight Obese

Bacteroides spp. 36.24 + 3.76 27.35 + 4.33
Lachnospiraceae; Other 19.31 £+ 2.89 13.37 £ 2.44
Dialister spp. 5.51 + 1.67 7.71 = 2.05
Faecalibacterium spp. 5.60 = 1.46 6.96 = 2.24
Prevotella spp. 285+ 1.44 9.46 £ 3.94
Unclassified Clostridiales 5.22 + 0.60 4.44 + 0.73
Roseburia spp. 297 £ 041 452 +1.21
Veillonella spp. 3.31 = 0.93 2.25 = 1.62
Ruminococcaceae; Other 2.00 £ 0.61 242 £ 091
Parabacteroides spp. 1.78 = 0.61 2.04 = 0.57
Escherichia/Shigella spp. 154 = 0.79 1.09 *+ 0.46
Alistepes spp. 1.11 = 0.34 1.88 = 0.92
Ruminococcus spp. 1.70 = 0.86 0.61 += 0.30
Unclassified Bacteria 1.09 += 0.09 1.44 £ 0.17
Akkermansia spp. 0.60 = 0.27 1.88 = 1.54
Klebsiella spp. 0.03 £+ 0.02 2.81 = 2.65
Unclassified Bacteroidales 0.67 = 0.09 0.82 = 0.11
Eubacterium spp. 0.80 = 0.26 0.34 += 0.13
Oscillibacter spp. 0.43 £ 0.09 1.00 = 0.35
Coprobacillus spp. 0.28 = 0.13 1.00 + 0.81

Data are the mean relative abundance = standard error.
** p < .05 vs. Non-Obese, passed correction for multiple comparisions
* p <.05 vs. Non-Obese;

Table 18: Top 20 Most Abundant Genera
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Normal Weight Obese

Bacteroides spp. 30.65 + 4.59 31.24 = 5.86
Lachnospiraceae; Other 20.94 + 3.99 1113+ 2.71
Dialister spp. 6.85 = 2.50 5.61 + 2.66
Faecalibacterium spp. 5.83 = 1.86 592 +1.64
Prevotella spp. 3.06 = 1.90 11.79 = 6.17
Unclassified Clostridiales 5.85 *+ 0.86 3.87 = 0.66
Roseburia spp. 3.68 £ 0.57 6.09 + 2.12
Veillonella spp. 455 *+ 1.36 3.41 £+ 3.00
Parabacteroides spp. 1.66 £+ 0.91 3.03 £ 094 **
Ruminococcaceae; Other 1.28 + 0.25 3.10 = 1.67
Escherichia/Shigella spp. 2.24 +1.21 0.66 = 0.34
Alistipes spp. 0.93 = 0.45 2.14 =+ 1.52
Ruminococcus spp. 1.40 £+ 1.02 0.96 = 0.55
Unclassified Bacteria 1.07 = 0.12 1.36 = 0.19
Eubacterium spp. 0.92 + 0.38 0.41 £ 0.23 **
Unclassified Bacteroidales 0.53 + 0.08 1.01 = 0.14 **
Akkermansia spp. 0.70 £ 041 0.45 += 0.26
Oscillibacter spp. 0.28 + 0.08 1.18 = 0.60 **
Blautia spp. 0.53 = 0.23 0.32 £ 0.25 **
Unclassified Peptostreptococcaceae 0.53 = 0.30 0.32 = 0.22

Data are the mean relative abundance =* standard error.
** p < .05 vs. Non-Obese, passed correction for multiple comparisions

Table 19: Top 20 Most Abundant Genera Among High-Income Subjects
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Normal Weight Obese

Bacteroides spp. 46.49 = 5.97 22.81 + 6.47 *
Lachnospiraceae; Other 16.33 = 3.74 15.99 + 4.25
Faecalibacterium spp. 5.19 + 2.42 8.19 + 4.58
Dialister spp. 3.05 + 1.06 10.16 = 3.14
Unclassified Clostridiales 4.06 = 0.57 5.12 + 1.39
Prevotella spp. 246 = 2.19 6.76 = 4.79
Ruminococcacae; Other 3.34 £ 164 1.64 = 0.45
Klebsiella spp. 0.01 = 0.00 5.76 = 5.75
Roseburia spp. 1.65 + 0.35 2.69 + 0.63
Akkermansia spp. 0.42 = 0.18 3.55 + 3.33
Parabacteroides spp. 1.99 + 0.49 0.87 = 0.34
Alistipes spp. 1.42 + 0.52 1.58 = 1.00
Ruminococcus spp. 223+ 161 0.20 £+ 0.08
Unclassified Bacteria 1.13 = 0.13 1.55 + 0.30
Veillonella spp. 1.03 = 0.50 0.89 = 041
Coprobacillus spp. 0.11 = 0.05 1.88 = 1.75
Escherichia/Shigella spp. 0.27 = 0.14 1.60 = 0.92
Unclassified Bacteroidales 0.92 + 0.19 0.59 += 0.15
Oscillibacter spp. 0.72 = 0.18 0.78 = 0.34
Megasphaera spp. 1.06 = 0.85 0.02 + 0.02

Data are the mean relative abundance =+ standard error.
** p < .05 vs. Non-Obese, passed correction for multiple comparisions
* p < .05 vs. Non-Obese; did not pass correction for multiple comparisons

Table 20: Top 20 Most Abundant Genera Among Low-Income Subjects
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Birth route (vaginal vs. caesarean)

Breastfeeding Duration (>12 months vs. <12 months)

Mother took antibiotics during pregnancy (yes vs. no)

Mother took antibiotics while breastfeeding (yes vs. no)

Child has taken antibiotics (0 courses vs. 1-2 courses vs. >2 courses)

P-value

0.661
0.714
0.994
0.363
0.926

RZ
0.0126
0.0125
0.0109
0.0134
0.0116

Data are the calculated p-value and R? (effect size) as measured with adonis.

Table 21: Potential Impacts Upon the Offspring Microbiota
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Non-Obese Obese

Membrane Transport 11.33+2.23 11.16 + 2.23
Carbohydrate Metabolism 11.13+0.78 10.70 + 0.83
Amino Acid Metabolism 9.73+0.30 9.71+0.29
Replication and Repair 8.71+0.52 8.84 + 0.67
Energy Metabolism 5.91 +0.32 5.88 + 0.35
Translation 5.42 + 0.47 557 +0.51
Metabolism of Cofactors and Vitamins 4.51 +0.32 4.57 + 0.33
Cellular Processes and Signaling 4.42 + 0.30 4.43 +0.24
Nucleotide Metabolism 4.02 +£0.26 4.11 + 0.35
Lipid Metabolism 2.93+0.18 2.93+0.21
Glycan Biosynthesis and Metabolism 2.89 + 0.82 2.93+0.71
Transcription 2.79 +0.27 2.74 +£0.23
Genetic Information Processing 2.55+0.19 2.62+0.16
Folding, Sorting and Degradation 2.48 +0.18 2.52+0.20
Metabolism 2.53+0.17 2.47 £0.15
Enzyme Families 2.18 £ 0.08 2.21+0.12
Cell Motility 1.77 +0.79 1.81+0.75
Metabolism of Terpenoids and Polyketides 1.63+0.11 1.66 = 0.15
Metabolism of Other Amino Acids 1.53+0.14 1.56 = 0.12
Xenobiotics Biodegradation and Metabolism 1.50 + 0.15 1.54+0.31
Signal Transduction 1.49+0.21 1.50 = 0.26
Biosynthesis of Other Secondary Metabolites 1.01+0.16 1.00+0.13
Cell Growth and Death 0.50 + 0.04 0.51 +0.05
Transport and Catabolism 0.40 + 0.16 0.39+0.12
Signaling Molecules and Interaction 0.20 + 0.05 0.19 £ 0.04
Environmental Adaptation 0.16 + 0.03 0.16 + 0.02

Data are KEGG Orthologue mean relative frequency (in %) =+ standard deviation

Table 22: KEGG Orthologues, Obese vs. Non Obese
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Non-Obese Obese

Membrane Transport 11.22+2.25 11.25 + 2.30
Carbohydrate Metabolism 11.26 + 0.66 11.03 +£ 0.69
Amino Acid Metabolism 9.73+0.34 9.74 + 0.29
Replication and Repair 8.68 + 0.52 8.80 + 0.52
Energy Metabolism 5.97+£0.27 5.96 + 0.25
Translation 5.40 £ 0.43 5.50 £ 0.44
Metabolism of Cofactors and Vitamins 4.48 £ 0.27 4.52+0.33
Cellular Processes and Signaling 4.44 +£0.28 4.42 +0.22
Nucleotide Metabolism 4.01+0.23 4.06 + 0.26
Lipid Metabolism 2.94+0.18 2.91+0.15
Glycan Biosynthesis and Metabolism 2.87 +£0.81 2.83+0.73
Transcription 2.83+0.25 2.80 +0.24
Genetic Information Processing 2.52+0.13 2.57 +£0.12
Metabolism 2.54 +0.18 2.49 + 0.15
Folding, Sorting and Degradation 2.51+0.19 2.40 £ 0.19
Enzyme Families 2.20+0.08 2.21 +0.06
Cell Motility 1.70+£0.74 1.74 £0.70
Metabolism of Terpenoids and Polyketides 1.64+0.12 1.63+0.12
Metabolism of Other Amino Acids 1.54+0.14 1.54 +0.11
Xenobiotics Biodegradation and Metabolism 1.50 £ 0.15 1.49+0.11
Signal Transduction 1.49 £ 0.20 1.48 £ 0.19
Biosynthesis of Other Secondary Metabolites 1.03+0.16 1.03+0.12
Cell Growth and Death 0.50 + 0.04 0.51 + 0.04
Transport and Catabolism 0.40+0.16 0.39+0.14
Signaling Molecules and Interaction 0.20 + 0.05 0.19 £ 0.05
Environmental Adaptation 0.16 + 0.02 0.16 + 0.02

Data are KEGG Orthologue mean relative frequency (in %) = standard deviation

Table 23: KEGG Orthologues among High-Income Subjects
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Carbohydrate Metabolism
Membrane Transport

Amino Acid Metabolism

Replication and Repair

Energy Metabolism

Translation

Metabolism of Cofactors and Vitamins
Cellular Processes and Signaling
Nucleotide Metabolism

Glycan Biosynthesis and Metabolism
Lipid Metabolism

Transcription

Genetic Information Processing
Folding, Sorting and Degradation
Metabolism

Enzyme Families

Cell Motility

Metabolism of Terpenoids and Polyketides

Metabolism of Other Amino Acids

Xenobiotics Biodegradation and Metabolism

Signal Transduction

Biosynthesis of Other Secondary Metabolites

Cell Growth and Death

Transport and Catabolism
Signaling Molecules and Interaction
Environmental Adaptation

Less than 12 Months Breastfeeding

12 Months or Greater Breastfeeding

10.96 + 0.86
11.20+2.15
9.72+0.30
8.76 £ 0.60
5.87 +£0.33
5.47 £ 0.50
453+0.34
4.45+0.28
4.05+0.30
297+0.75
2.93+0.20
276 £0.25
258 +£0.19
2.50+0.18
252+0.16
2.18+0.10
1.77+0.78
1.64+0.12
1.55+0.14
152+0.23
1.50+0.23
1.01+0.16
0.51£0.05
0.40+0.15
0.20 £0.05
0.16 £ 0.02

11.22+0.71
10.72£2.25
9.79+0.25
8.83+0.49
6.08 + 0.26
5.43£0.46
4.58 £0.29
4.42+0.28
4.09+0.27
2.90 £ 0.86
2.92+0.15
2.75+0.29
2.50 £ 0.09
2.57+0.20
249+0.18
2.23+0.07
1.79+0.80
1.67+£0.12
1.54+0.12
1.47+0.10
1.46+0.18
1.01+0.10
0.50 + 0.04
0.40+0.16
0.20 £ 0.06
0.16 + 0.03

Data are KEGG Orthologue mean relative frequency (in %) =+ standard deviation

Table 24: KEGG Orthologues, Breastfeeding Duration
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Membrane Transport

Carbohydrate Metabolism

Amino Acid Metabolism

Replication and Repair

Energy Metabolism

Translation

Metabolism of Cofactors and Vitamins
Cellular Processes and Signaling
Nucleotide Metabolism

Lipid Metabolism

Glycan Biosynthesis and Metabolism
Transcription

Genetic Information Processing
Metabolism

Folding, Sorting and Degradation
Enzyme Families

Cell Motility

Metabolism of Terpenoids and Polyketides

Metabolism of Other Amino Acids

Xenobiotics Biodegradation and Metabolism

Signal Transduction

Biosynthesis of Other Secondary Metabolites

Cell Growth and Death

Transport and Catabolism
Signaling Molecules and Interaction
Environmental Adaptation

Vaginal
11.32+2.26
10.92 + 0.88

9.75 + 0.26

8.75 + 0.57

5.89 + 0.35

5.46 + 0.49

4.56 + 0.33

4.42 + 0.29

4.04 +0.28

2.92 +0.20

2.91 +0.77

2.76 + 0.26

2.57 +0.19

2.50 +0.17

2.50 + 0.20

2.18 + 0.09

1.81 +0.79

1.63+0.13

1.54 +0.13

1.52 + 0.25

1.51 +0.23

1.00 £ 0.15

0.51 + 0.05

0.39 £ 0.15

0.19 + 0.05

0.16 + 0.02

Caesarean

11.21 +2.20
11.08 £ 0.73
9.69 + 0.33
8.76 = 0.59
5.92 + 0.30
5.48 + 0.49
4.49 + 0.32
4.43 +0.27
4.06 +0.31
2.94+0.18
2.91 +0.80
2.79+0.24
2.57 +0.17
2.52 +0.15
2.49+0.17
2.19+0.11
1.75+0.76
1.64+0.11
1.54 +£0.15
1.50 £ 0.17
1.48 £ 0.21
1.02 +£0.15
0.50 = 0.04
0.39+0.14
0.20 = 0.04
0.16 = 0.02

Data are KEGG Orthologue mean relative frequency (in %) == standard deviation

Table 25: KEGG Orthologues, Birth Route

171



Membrane Transport

Carbohydrate Metabolism

Amino Acid Metabolism

Replication and Repair

Energy Metabolism

Translation

Metabolism of Cofactors and Vitamins
Cellular Processes and Signaling
Nucleotide Metabolism

Lipid Metabolism

Glycan Biosynthesis and Metabolism
Transcription

Genetic Information Processing
Metabolism

Folding, Sorting and Degradation
Enzyme Families

Cell Motility

Metabolism of Terpenoids and Polyketides

Metabolism of Other Amino Acids

Xenobiotics Biodegradation and Metabolism

Signal Transduction

Biosynthesis of Other Secondary Metabolites

Cell Growth and Death

Transport and Catabolism
Signaling Molecules and Interaction
Environmental Adaptation

Zero Courses

11.73+£2.32
10.93 £ 0.83
9.73+£0.27
8.70 £ 0.58
5.89 £0.32
5.48 £ 0.47
4.49 £ 0.33
4.37 £0.30
3.99£0.29
2.95+0.19
2.68 £0.87
2.82+0.28
2.56 £0.18
247 £0.16
2.47£0.20
2.17 £0.09
1.93+0.84
1.62+0.15
1.52+0.16
1.55+0.34
1.54+0.25
0.98 £0.15
0.51 £ 0.05
0.36 £0.15
0.18 £ 0.06
0.17 £0.03

1-2 Courses

10.30+1.94
11.40 +0.67
9.78 £ 0.23
8.81+0.58
5.99+0.28
5.38+0.44
4.51+0.28
4.52 +0.27
4.07+0.28
2.98+0.14
3.11+0.74
2.75%+0.21
2.53+0.11
2.55+0.14
2.56+0.17
223+0.11
1.59+0.58
1.69+0.11
1.56+0.14
1.51+0.14
1.44+0.15
1.07+£0.13
0.49 +0.04
0.45+0.14
0.21 +0.04
0.15+0.02

Over 2 Courses

11.37 +2.17
10.88 +0.82
9.70+0.33
8.76 + 0.58
5.87+0.35
5.50+0.51
4.56 + 0.33
4.42 £0.26
4.07 £0.29
2.90+0.20
2.96+0.71
2.75+0.25
2.59+0.20
2.52+0.17
249+0.18
2.18+0.09
1.77+£0.79
1.63+0.12
1.54+0.12
1.50+0.14
1.49+0.23
1.00+0.15
0.51+0.05
0.39+0.14
0.20 +0.04
0.16 £ 0.02

Data are KEGG Orthologue mean relative frequency (in %) =+ standard deviation

Table 26: KEGG Orthologues, Antibiotic Course
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Figure 19: In the overall sample, datapoints did not cluster on a principle
coordinate analysis (PCoA) scatter-plot as a function of maternal obesity. The
beta-diversity non-parametric statistic adonis showed that children born to obese
(n=26) versus non-obese mothers (n=51) had unique microbial profiles (p =
0.044). However, this was due to greater homogeneity among the obese group as
measured with permdisp (p = 0.035).
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Figure 20: Indicators of socioeconomic status (SES), maternal education (A) and

income (B) did not predict differences in the offspring microbiota community

structure.
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Figure 21: Interactive effects of maternal obesity and socioeconomic status were
observed; effects of maternal obesity on the child microbiota were primarily seen among
the higher SES group. A) In the higher income group, children born to obese versus non-
obese mothers clustered (adonis, p=0.041) and had higher homogeneity (permdisp,
p=0.003). B) These effects of maternal obesity were not seen in children in the lower
income group.
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Figure 22: In the overall sample, children born to obese versus non-obese mothers had
significantly greater alpha diversity as indicated by A) Shannon Diversity Index (SDI), a
measure of overall alpha diversity; B) equitability, a measurement of evenness; C)
Chaol, an estimation of richness; and D) the total observed operational taxonomic units
(OTUs) (ps < .05; Means + 1 SE).
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Figure 23: As with measures of beta diversity, differences in alpha diversity in
relation to maternal obesity were seen predominately in the higher SES group. In
the higher-income group, children born to obese versus non-obese mothers had
significantly higher A) Shannon Diversity Index, B) equitability, C) Chaol
estimation, and D) observed operational taxonomic units (OTUS) (ps < 0.05). In
contrast, in the lower-income group, no significant effects of maternal obesity on
alpha diversity indicators were observed (E-H)
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Figure 24: Across individuals, there was considerable variance in the
Firmicutes:Bacteroidetes ratio, as shown. However, there were no differences between
the children born to obese versus non-obese mothers in abundances of the major phyla,
Firmicutes (p = 0.667) and Bacteroidetes (p = 0.914).
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Figure 25: Other key factors which may impact the gut microbiota were not
associated with differences in community structure, including (A) birth route (B)
antibiotic use by the mother while breastfeeding (C) antibiotic use during
pregnancy (D), child antibiotic use or (E) duration of breastfeeding.
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across samples.




Chapter 7: Discussion

The human gastrointestinal microbiota matures with the host over time, with the
community structure stabilizing over the first three years of life (95, 371). Over the
lifespan of the human, the microbiota plays a key role in the development and function of
a variety of host physiological systems, including immunity, central nervous system
activity, and metabolism (374-376). The delicate balance of the microbial populations
that compose these GI communities can be disrupted by commonly studied external
factors such as antibiotics and diverse dietary compositions, as well as internal factors
like host genetic variances and inflammatory responses (5, 11, 216, 218). These profile
alterations, termed dysbiosis, have been associated with dysfunction in normal host
physiology as well as chronic and infectious diseases (172, 275, 344). Among the lesser
known elements that can influence microbiota community structure is psychological
stressor exposure (36, 70). Previous studies that reported stressor-induced changes to
broadly defined bacterial groups as measured with fecal plating, paved the way for
modern techniques that allowed for deeper analysis of overall microbial communities.
Yet the effect of psychological stress on GI microbiota as it pertains to duration, severity,
and type of stressor has not been elucidated to this point. Thus, in order to better

characterize how psychological stress acts upon the microbiota and to what extent, two
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unique stressors were applied to mice and deep pyrosequencing was performed for
complete microbiota analysis. The effects these stressors have upon Gl immunity and the
inflammatory response to an enteric infection were also evaluated. Further, this study
investigated how dysbiotic profiles come to predominate in a given niche, and sought to

identify other methods by which a host might come to acquire such a profile.

Psychological stressor exposure alters the community structure of the mucosal-
associated microbiota

Exposure to psychological stress has been previously shown to affect fecal lactic
acid bacteria, in numerous types of hosts including humans, non-human primates, and
mice (36, 38, 207). The development and use of sequencing technologies that target and
quantify the hypervariable regions of the 16S rRNA has given researchers the ability to
evaluate how certain variables can affect a microbial community from numerous possible
sources, including living hosts and environmental habitats, and at a much greater depth.
Relative taxonomic changes can be measured as deep as the species level, in addition to
other efficiently performed diversity analyses. A more exact understanding of how
different stressors affect the microbiota can inform hypotheses on the mechanism by
which psychological stressor exposure can act upon the microbial populations. Despite
unique hallmarks that define the two stressors, both restraint, a long-term chronic
stressor, and SDR, an acute social stressor, both affected microbiota community structure
significantly. Reductions in the relative abundance of the beneficial genus, Lactobacillus,

were also consistent between both stressors. This effect was focused at the mucosal
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niche; no reduction was observed in the luminal compartment when studies in restraint-
exposed mice. A single two-hour cycle of SDR was sufficient to alter the mucosal-
associated community structure and reduce Lactobacillus. The limited exposure to the
stressor indicates that the mechanism by which stressor exposure is acting upon the
microbiota is activated rapidly, and is central to the location of the microbiota.
Furthermore, quantitative real-time PCR demonstrated that this effect compounded with
repeated exposures to SDR; the reduction in Lactobacillus compared to controls
increased with repeated cycles. These data demonstrate universality in the effect that
psychological stressor exposure has upon the microbiota. Identifying the mechanisms that
overlap in restraint and SDR would be key in understanding how stress disrupts these
populations. The effect of SDR also can be observed upon the colonic mucosal
microbiota up to 19 days after the cessation of the physical application of the stressor, an
intriguing result that has far-reaching consequences pertaining to the long-term
physiological effects stress may have on the host. It is possible that physiological and
mechanical pathways, such as motility and mucus secretion within the GI tract, are
practical targets given the association between stress exposure and alterations in the
activity of these functions and the findings reported in this study that highlight specific
changes at the mucosal niche, and at an early stage in stressor-exposure (22, 131, 132,

141).

Psychological stressor exposure amplifies the severity of the inflammatory response to

challenge by an enteric pathogen
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Past studies have shown that exposure to psychological stressors can affect
immunological function, including major constituents of both the adaptive and innate
arms of the immune response (61, 65, 71). A study by Bailey et al illustrated that restraint
stress elevates the gastrointestinal inflammatory response in mice challenged with
Citrobacter rodentium, but the reason for this was not previously known (77). This
dissertation shows, through the use of sterile germ-free mice, that stressor-induced
alterations to microbiota community structure within the colon is associated with the
inflammatory increases in the mice exposed to restraint. Germ-free mice have been used
in similar fashion in previous studies to highlight the involvement of the microbiota in
obesity and immune activity (269, 275). The current study adds to those findings and
demonstrate how closely microbiota structure is involved in host immune function.
Further, infection with C. rodentium increasingly affects the colonic mucosal microbiota
as infection progresses. The concurrent effects of stress and infection upon the microbiota
allow for identification of microbial groups that may be implicated in dysbiotic
perturbations in immunity and inflammation. Given the reported correlations between
stress and IBD symptom activation in patients with IBD (145), these data can begin to

explain how stressful life episodes can aggravate symptomology in IBD.

Probiotic Lactobacillus reuteri-mediated abrogation of colitic inflammation is not due to
normalization of colonic mucosa community structure in stressor-exposed mice
The association between stressor-induced disruptions to colonic mucosa

community structure and heightened inflammatory responses could be related to the
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ubiquitous reduction in beneficial microbes that have been observed in multiple stressors
and mammals (36, 37, 187). Commensal groups like Bifidobacterium and Lactobacillus
have been implicated in pathogen defense and immunoregulation, and certain species are
used in probiotic formulations (175, 176, 181). L. reuteri has been shown to increase the
diversity of an entire microbial community (197). Probiotic L. reuteri gavage can reduce
inflammatory marker transcripts and colitic pathology in stressor-exposed C. rodentium-
infected mice through an as-yet-unknown mechanism. Illumina sequencing of colonic
mucosal microbial communities during the course of the C. rodentium infection in mice
that received either the probiotic or vehicle treatment demonstrated that beyond the first
day post infection, probiotic treatment had no effect on the microbiota structure. These
data indicate that the immunomodulatory function of L. reuteri is not due to a shift in
community structure to one associated with health, or a pre-infection state. Thus, future
studies should target such possibilities as secreted biomolecules from L. reuteri as the

primary anti-inflammatory mediator of this particular probiotic.

Variation between sequencing technologies, Illumina and 454

Earlier research in this thesis used the 454 pyrosequencing technology to ascertain
the effect of stressor exposure upon the microbiota, while the later timecourse study that
evaluated the effect of probiotic L. reuteri, the C. rodentium infection, and the long-term
effects of the stressor of the microbiota utilized Illumina sequencing technology. Major
differences exist between the two sequencing technologies, particularly among

methodology, sequence depth, and sequence length. Sequence depth is greatly increased
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in lllumina sequencing, resulting in greater coverage among all samples. However, there
is also a loss in length. While the 454 method can result in sequence lengths of up to 600-
700 basepairs, paired-end technology in Illumina gives sequence lengths of 300 bps
currently. Though this length can be slightly increased through paired-end joining, there
is still a considerable reduction in length. As a result, taxonomic identification is less
accurate in lllumina-derived sequences, particularly when classified using publicly-
curated databases like GreenGenes, which emphasize common sequences and disregard
rare sequences to greater extent. In order to properly analyze the breadth of attained
sequences, privately curated databases are an ideal solution. These allow for targeted

analysis with increased specificity of taxonomic classification.

Children born to high-income obese mothers are unique in comparison to children born
to high-income non-obese mothers

Transmissibility of microbiota function between hosts has been previously proven
in studies that use germ-free mice (275), wherein the microbiota from obese donor mice
was capable of increasing adiposity and weight gain in acceptor mice. Communities can
also be transmitted to conventional hosts. Mice deficient in NOD-2, which have increased
levels of colitic inflammation can transmit this heighted inflammatory state by passing
the microbiota to other murine hosts when co-housed (5). While a causative link cannot
be established, the data demonstrating that children born to obese high-income mothers
have a unique microbiota in comparison to children born to non-obese high-income

mothers indicates that maternal obesity does have an association with offspring
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microbiota. Though further analyses on dietary composition and maternal donor
microbiota must be performed, it is evident that obesogenic profiles could be passed or
cultivated by obese mothers, be it through direct transmission or environmental pressures.
No changes were observed in children born to low-income mothers. Dietary intake
greatly differs between SES levels, suggesting that diets common to low SES subjects
might alter the microbiota to a greater extent than the effect of maternal obesity, whereas
among the high SES subjects, the higher quality foods do not override the maternal
effect.

The PCoAs for this human study explain a low level of variance. In many cases
for human studies, sample sizes must be large, as considerable variation exists between
human samples. Thus, a sample size of 77, as is the case here, results in high variance
between subjects and a reduced capacity to explain effects. For example, the first PCoA
axis of the overall sample comparing children born to obese and non-obese mothers
explained only 4.42% of the total variance. However, this reduced effect size was
partially addressed by separating high and low income subjects, which resulted in first
PCoA axes of 5.55% and 6.80% respectively, and revealed an interaction between
maternal obesity and SES. Future studies should make use of great sample sizes in order

to overcome increased variance in microbiota samples.

Conclusions and Future Directions
The microbiota and the human host have developed mutualistically to a point that

the health of one greatly impacts that of the other. The abundances of the bacterial groups
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compose a microbiota structure that molds host physiology and immunity, and alterations
to this structure, be it in early life or as adult, by a variety of factors, can precipitate
changes to host health. Some of these factors, like antibiotics and high-fat diets, are better
defined and have physical attributes and mechanisms. However, factors like
psychological stress or other environmental exposures are not as easily delineated in
either their effects upon the microbiota, or how these effects can influence the host
downstream. This study characterized how multiple psychological stressors can affect the
murine microbiota, and directly associates stressor-induced changes to the mucosal-
associated microbiota with changes to the host immune and inflammatory response to an
enteric pathogen. This study also establishes an association between human maternal
obesity and the offspring microbiota. Understanding how a dysbiotic profile may
originate in a human can promote treatments that may preclude the dominance of such
profiles via therapeutic means or better target host functions that the profile may
modulate negatively.

The translatability of dysbiotic profile generation within disparate mammalian
hosts, as indicated by the mouse and human segments of this study, emphasizes that
mammalian host microbiotas are intimately susceptible to outside impacts, beyond the
well-delineated effects of antibiotics and diet, and that dysbiotic shifts can target health-
associated bacterial groups. Future studies must continue to apply the concepts uncovered
in murine hosts in this study to humans, by determining if specific microbiota changes
that are associated with maternal obesity can also affect offspring weight gain and

physiological function in later life, while also parsing out the exact means by which the
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mother affects the offspring microbiota. Likewise, a deeper understanding in the
mechanistic pathways by which psychological stress affects mucosal-associated
microbiota must be pursued.

In conclusion, the data reported here suggest that the microbiota can be re-
modeled by external factors to a negative state, and such dysbiotic disruptions may be
associated with host disease. The study of dysbiosis is a burgeoning field, and a strong
understanding of the multitude of means by which human-associated microbiotas can be
affected is of great importance. Diseases like inflammatory bowel disease, which have
reported correlations with stressor exposure, as well as obesity and the derivative health
complications that stem from that physiological state, have been closely associated with
dysbiotic profiles (344, 377). In order for researchers to develop preventative and
targeted treatments to these costly illnesses, the full etiology of the disorders must be

investigated, including how the microbiota may be implicated.
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