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ABSTRACT

DIET AND MICROBIOME INTERACTIONS: ASSOCIATIONS IN POSTTRAUMATIC

STRESS DISORDER (D-MAPS)

Posttraumatic Stress Disorder (PTSD) is a mental health disorder that develops after an
individual experiences or witnesses a traumatic event. People with PTSD often have higher
levels of inflammation potentially mediated by the gut microbiome. Current research suggests
that increased gut microbial diversity reduces inflammation and inflammation-associated
conditions. Specifically, the “Old Friends” hypothesis suggests that humans co-evolved with an
extremely diverse microbial ecosystem that interacts with our immune system to protect against
pathogenic microbes and inflammatory conditions through direct effects in the gut, as well as
systemically, via the Gut-Brain-Immune axis. These microbes are influenced by our diets and
lifestyles, and over time, the amount and diversity of plant-based foods in human diets have
decreased. As aresult, we have lost some of these “old friends” from the gut microbiota. Here, I
review literature related to the “old friends” hypothesis and the interactions between the gut and
brain (Chapter 1), describe a parallel arm, randomized controlled clinical intervention study
protocol designed as a pilot study to test the impact of increasing plant diet diversity on gut
microbial diversity, PTSD symptoms, and inflammation (Chapter 2), and describe the microbial
communities of test beverages for the study (Chapter 3). Results for Chapter 2 have yet to be
determined as the clinical study is still under way. Results from Chapter 3 revealed higher
microbial diversity in the high plant diversity treatment beverage (30 plants) compared to the low
plant diversity treatment beverage (3 plants). Both treatment beverage microbiomes were stable

under refrigerated conditions (4°C) for four weeks.



The long-term objective is to test the hypothesis that daily consumption of a high plant
diversity beverage will increase microbial diversity in the gut-microbiome of people with
diagnosed PTSD, improve PTSD symptoms, and lower levels of inflammation-associated

biomarkers. This work lays the foundation for pursuing this hypothesis.
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CHAPTER 1: THE LOSS OF OLD FRIENDS AND THE RISE OF INFLAMMATION
ASSOCIATED MENTAL HEALTH DISORDERS

1.1. Introduction

No matter how hostile an environment, microbial communities can be found thriving
(Shu and Huang 2022). The human ecosystem is no exception; the gut microbiome, containing
trillions of organisms that occupy the gastrointestinal (GI) system, has co-evolved with humans
(Moeller et al. 2016). The gut microbiome is comprised of bacteria, fungi, archaea, and viruses,
although the bacterial component has been the most intensively studied (Matijasi¢ et al. 2020).
These microorganisms colonize the GI tract during birth and are further shaped by dynamic
environmental factors of each individual’s lifestyle, including diet, exercise, degree of societal
industrialization, proximity to animals, and cultural and sanitation practices.(Rook and Lowry
2008) These microorganisms produce bioactive compounds from indigestible dietary ingredients,
mediate host immune interactions, and provide protection from pathogenic organisms to

profoundly impact human health.(Rook and Lowry 2008; Turnbaugh and Gordon 2009).

One area of human health that is impacted by the gut microbiome is mental health and
wellbeing (Cryan et al. 2019). Over one billion people worldwide live with at least one mental
health condition (The Lancet, 2022), including almost 20% of adults in the US (~52 million)
who report anxiety and depression (Bureau, 2021). Recently, links between the gut microbiota
and mental health have been revealed through studies of the microbiome-gut-brain axis (MGBA)
and understanding these links could open new avenues for treating or preventing mental health

disorders (Tait and Sayuk 2021).



In this chapter, the association of gut microbial diversity with development of chronic
inflammation, leading to or resulting from aberrant signaling of the MGBA, will be explored for
its potential to cause or exacerbate mental health issues. In addition, a dietary strategy to improve
mental health outcomes through enhancing gut microbiota diversity, which includes dietary

enrichment of environmental microbes, will be discussed.

1.2. The “Old Friends” Hypothesis

As humans progressed into industrialized societies, key exposure points with microbial
species have been greatly restricted (Parajuli et al. 2018). While this has largely been to our
benefit, reducing the burden of diseases like dysentery and cholera, decreased exposure to
microbes is also correlated with the rising rates of autoimmune and chronic inflammatory
diseases including asthma, allergies, inflammatory bowel disease, and inflammation associated
mental disorders (Langgartner et al. 2019). Most denizens in developed cities have reduced their
exposure to diverse microorganisms as they do not trek through the wilderness, hunt and butcher
their own meat, or even tend gardens, as was common practice prior to industrialization (Parajuli
et al. 2018). Imagine how many microbial interactions our ancestors encountered while foraging
food or hunting wild game. Studies in modern hunter/gatherer populations have shown that the
microbiomes of these individuals contain higher microbial diversity (Turroni et al. 2016; Smits et
al. 2017). As well, their gut microbiomes harbor microbes that have disappeared from

westernized populations (Smits et al. 2017).

Our gut microbiota is influenced by factors encountered in everyday life including what
we eat, drink, and interact with in our environments (Flandroy et al. 2018). Numerous factors

associated with modern life- such as increased intake of ultra-processed foods, reduced intake of



fiber rich plant-based foods, reduced rate and duration of breastfeeding, and less time outdoors
have resulted in “microbial extinctions” that are compounded across generations (Mueller et al.
2015). For example, infants delivered via Cesarean section (C-section) do not show colonization
of several common microbes like Lactobacillus and Prevotella, yet these infants display
markedly increased levels of the intestinal pathogen Clostridium difficile (Mueller et al. 2015). In
addition, the authors noted that infants who were exposed to antibiotics in the womb displayed
significantly lower abundance of keystone neonatal gut bacteria, such as Bifidobacterium and

Lactobacilli (Mueller et al. 2015; Bjorksten 2000).

Advances in sanitation have further reduced our microbial exposures (Freeman et al.
2017). Store bought produce is usually treated to prevent pests and contamination, and most
packaged food and beverages have been pasteurized, sterilized, and processed to prevent
microbial exposure (Chiozzi et al. 2022). Thus, it is unsurprising that modern lifestyles limit our
microbial exposures and disrupt the balance and proper functioning of our gut microbiota,
leading to development of chronic inflammation and stress-related diseases, including chronic

intestinal diseases and psychological conditions (Redondo-Useros et al. 2020).

Two complementary hypotheses have been proposed to highlight the role of human
microbiota as a driving factor in the development of these chronic, inflammation-associated
diseases. The “Hygiene Hypothesis” posits that excessive food safety and personal hygiene
practices, particularly in early life, cause aberrant training of the immune system resulting in
increased incidence of asthma and allergies (Langgartner et al. 2019). The “Old Friends
Hypothesis” refines this idea by suggesting that humans have co-evolved with certain microbes
that are important in modulating host responses to their environment, including immune and

inflammatory responses (Rook and Lowry 2008). The loss of these co-evolved microbes is



associated with increased inflammation leading to higher incidence of autoimmune and chronic
diseases. For example, children with allergies tend to have fewer gut-associated Lactobacilli
(Bjorksten 2000), and a clinical study suggests that administering high doses of Lactobacilli
could help prevent atopic eczema in children who are genetically predisposed, although the
conclusions of this trial have been criticized due to an insufficient body of evidence to support
their claims as well as questions pertaining to selection bias (Reading 2001; Kalliomaéki et al.

2003).

1.3. Microbiota and Immune Development

How the infant gut microbiome develops from birth through the first few years of life,
along with subsequent microbial exposures, are thought to have substantial consequences for
inflammatory and autoimmune implications throughout the lifespan (Stewart et al. 2018). Up to
70% of the body’s immune cells reside within gut-associated lymphoid tissue, or GALT (Mayer
2011). During early life development, microbiota play a key role in maturing the immune system
and enteric nervous system (ENS) signaling (Stewart et al. 2018). This is thought to be mediated
to a large extent through short-chain fatty acids (SCFAs), which provide fuel and act as signaling
molecules for developing immune cells (Corréa-Oliveira et al. 2016). The gut microbiota also
produces hormones and other neuroactive compounds that affect digestion and gut motility
(Strandwitz 2018). Finally, dendritic cells check gut contents for allergens and pathogens and
help activate T cells that launch immune responses or quell immune reactivity against benign
signals, establishing immune tolerance (KELSALL and LEON 2005). Aberrant “training” of the

immune system can impair immunosuppressive T regulatory (Treg) cell development, as well as



typically immunogenic T-helper 1 (Th1) and T-helper 2 (Th2) immune cells (Bjorksten 2000),

resulting in increased inflammatory and autoimmune diseases.

A European study investigating the development of wheeze, rhinitis, and fever among
983 European infants with a genetic predisposition for developing asthma found that children
raised in a rural environment, specifically those exposed to animal sheds and dogs, had a lower
incidence of wheeze in the first year of life and lower rates of asthma diagnosis at a 6 year
follow-up (Loss et al. 2016). While development of these conditions is multifactorial,
environmental microbial exposures were hypothesized as priming the infants' immune systems

against viral and bacterial infections inherent to rhinitis and viral wheeze.

1.4. Microbiota-Gut-Brain Axis

“Old friends” inhabiting the gut microbiome communicate through a microbial-gut-brain-
axis (MGBA) via metabolite, hormone, and neuroactive compounds (Tait and Sayuk 2021).
Although early work in this area focused on inflammation-driven allergies, autoimmune, and
other chronic diseases, the identification of the MGBA has further highlighted the importance of
microbial exposure and its consequences on human health. The MGBA consists of the central
nervous system (CNS), the autonomic nervous system (ANS), the gastrointestinal tract, and gut
microbiota (Tait and Sayuk 2021). Cross talk within the MGBA occurs primarily through
stimulation of part of the parasympathetic nervous system known as the vagus nerve (Bonaz et
al. 2018). The vagus nerve connects the brainstem to the abdomen and links the brain (CNS) to
the enteric nervous system (ENS), a subsection of the ANS that spans the gastrointestinal tract.

The ENS is comprised of two major layers: the myenteric and submucosal nerve plexuses



(Benarroch 2007). The myenteric nerve plexus forms around the muscle layer of the intestines
where most of the motor neurons responsible for GI motility reside (Benarroch 2007). The
submucosal nerve plexus, situated closer to the intestinal lumen, operates along the border of the
intestinal mucosa and muscles lining the intestine and is thought to interact with microbial
signals produced in the intestinal lumen (Vicentini et al. 2021). Enteroendocrine cells (EECs) act
as a connection point, passing microbial signals between the gut and the CNS via enteric and
vagus nerve signaling (Ye et al. 2020). Microbes interface through the ENS to stimulate muscle
contraction, relaxation, neurogenesis, and stimulate the release of gastric secretions as well as
signaling hormones. Below, specific microbial metabolites important in MGBA signaling are

highlighted.



Vagal nerve afferents and spinal nerve
afferents transmit signals from the ENS
to the CNS.

products which stimulate
local effects in the intestines.
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(Fig 1.) Microbial metabolites capable of crossing the BBB travel through circulation,
while neuroactive compounds are received by enteroendocrine cells where they interact with
neural afferents stimulating vagal signaling to the CNS, resulting in immuno- and inflammatory
modulation in the Brain. The enteric nervous system (ENS) receives and sends signals within the
intestine as well as outside through the autonomic nervous system (ANS) subsection of the
central nervous system (CNS). These interconnected nerves transmit signals throughout host
tissues influencing motor, hormone, and secretory functions in the intestinal tract. In the brain,

these signals influence processes related to hunger, satiety, pain, and inflammation.

1.4.1 Short Chain Fatty Acids

Microbial metabolites, such as short chain fatty acids (SCFAs) act as signaling molecules
along the MGBA, modify immune function, and regulate inflammatory processes (Tait and

Sayuk 2021). SFCAs, primarily acetate, propionate, and butyrate, are produced from microbial



fermentation of dietary fiber and resistant starches. Acetate crosses the blood-brain barrier to
directly interact with the hypothalamus, affecting appetite regulation and energy homeostasis
(Frost et al. 2014) and can also be utilized as a substrate for cholesterol and fatty acid production,
as well as acetyl-CoA (Bose et al. 2019). Propionate can regulate gluconeogenesis in human
hepatocytes as well as provide a substrate for gluconeogenesis in intestinal cells (Yoshida et al.
2019; De Vadder et al. 2014). Butyrate largely remains in the intestines and is the primary fuel
source for intestinal colonocytes (Donohoe et al. 2011), performing a supportive function in gut
barrier maintenance (Kelly et al. 2015). Although butyrate largely remains in the intestines, it has
modulatory effects on immune and inflammatory activity by stimulating the differentiation of
dendritic, T reg, and microglial cells (Zhu et al. 2021), highlighting an important

immunoregulatory function of SCFAs.

Butyrate is also a signaling molecule for glial cells within the enteric nervous system
(Defries and Beltran 2020) and can circulate through the blood stream to cross the blood brain
barrier (BBB), affecting microglial cells in the CNS (Oldendorf 1973). Microglial cells are
primary immune responders in the brain and thus form an important foundation as progenitors of
neuroinflammation. SCFA activity directly reduced the secretion of the neuroinflammatory
cytokine TNF-a in a mouse model (Ezzine et al. 2022). SCFAs have also been reported to reduce
NF-kB pathway activation, a proinflammatory pathway that is often overactive in disorders
associated with hyper-vigilance like PTSD (Zhu et al. 2018). This suppression occurs via a
reduction in histone deacetylase activity in microglial cells after intercellular diffusion (Zhu et al.
2021). Butyrate’s histone deacetylase activity also induces the differentiation of nascent T-cells
into T-regulatory (Trl) cells and upregulating production of anti-inflammatory IL-10 (Kaisar et

al. 2017). A triple blind, randomized, controlled trial investigating SCFA supplementation and



psychosocial stress in males revealed SCFAs effectively attenuated cortisol responses to acute

psychosocial stress (Dalile et al. 2020).



1.4.2 Microbial hormone and neuroactive compound production

Microbially-derived hormones like serotonin and neuroactive compounds like dopamine
and gamma-amino-butyric acid (GABA) signal through enteroendocrine cells within the
Meissner’s plexus, a branch of the submucosal nerve plexus as well as the myenteric plexus of

the ENS (Dicks 2022).

GABA production is common among Bacteroides strains, including lactobacillus species,
and 1s readily produced under pH dependent conditions (Otaru et al. 2021). GABA is known to
act as an inhibitory neurotransmitter and its production can protect against acidic damage in the
intestinal lumen (Hyland and Cryan 2010; Otaru et al. 2021). Although it is not yet understood
how much GABA produced in the GI tract is consumed by the habitant microbiota to maintain
homeostasis, one study found that relative abundance of Bacteroides species, a prominent GABA
producer, was negatively associated with brain specific magnetic resonance imaging (MRI)
signatures associated with depression in a cohort of 23 participants with diagnosed depression or

bipolar II disorder (Strandwitz et al. 2019).

Dopamine, a catecholamine similar to norepinephrine, is an excitatory neurotransmitter
with regulatory implications in both the central nervous system for cognitive abilities and mood,
as well as in the peripheral nervous system, especially for gastric secretions and motility (Asano
et al. 2012). Although short-lived in biological environments, dopamine has been shown to be
produced by several Bacteroides strains, including lactobacillus, Enterococcus, and Bacillus

species, given access to its precursor L-Dopa (Hamamah et al. 2022).

10



Microbes can synthesize the amino acid tryptophan, or facilitate its release from dietary
peptides, increasing the production of intestinal serotonin (5-HT). Around 90% of serotonin in
the body is found within the intestine (Koopman et al. 2021). Serotonin within the intestine
functions to maintain GI motility and modulate inflammation. It can also influence the
proliferation of certain microbial taxa within the gut microbiome (Hwang and Oh 2025). In this
way, serotonin both directly and indirectly affects the gut microbiome. However, higher
concentrations of intestinally derived serotonin have been shown to stimulate the proliferation of
inflammatory cytokines like IL-1B and immune cells while lower concentrations inhibit pro-
inflammatory TNF-a, highlighting a regulatory role on the inflammatory process that can have

consequences on the CNS (Herr et al. 2017).

Interactions between microbial metabolites and enteric neural cells can influence
neurotransmitter production and signaling pathways, including communication with the
hypothalamus and other brain regions (Ahmed et al. 2022). In this way, the MGBA comprises a
concert of effector signaling that regulates vital gut functioning such as GI motility, secretory
function, and epithelial barrier integrity and can dictate patterns of inflammatory signaling that

influence mood and behavior (Wood 2011).
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1.5. Aberrant MGBA Signaling and Inflammation

Inflammatory responses can result from signaling cascades triggered by a stressful event
that activates the fight or flight response (Frank et al. 2015). Take the example of coming face to
face with a grizzly bear. Visual receptors in our eyes identify the threat, and the message is sent
to the brain, specifically the amygdala, which initiates a stress response through noradrenaline
(norepinephrine) release from the locus coeruleus (Kim et al. 2020; McCall et al. 2017).
Noradrenaline signaling to the hypothalamic-pituitary adrenal axis (HPA axis) stimulates release
of corticotropin releasing hormone (Herman et al. 2016). The pituitary gland then secretes
adrenocorticotropic hormone into the bloodstream where it stimulates release of cortisol from
adrenal glands and adrenaline (epinephrine), a key hormone in the fight-or-flight response
system (Kageyama et al. 2021). The resulting effect is an increase in heart rate and blood
circulation, but B-adrenergic signaling is also received by cell surface receptors on immune cells
like macrophages and neutrophils to stimulate proinflammatory cytokine signaling, mainly

through Interleukin-6 (IL-6) (Li et al. 2015).

Elevated levels of cortisol suppress the neurotransmitters, dopamine and serotonin, which
can negatively alter mood, while cortisol also enhances vigilance to optimize probability of
survival in a dangerous scenario (Baumeister et al. 2014). Modulation of endocrine homeostasis
alters the stasis of the human body as a connected system disrupting immune cell synthesis and
maturation as well as signaling related to psychological stasis (James et al. 2023). Chronically
elevated levels of cortisol dampen dopamine and serotonin signaling to such a point that it has
been implicated in the progression of psychological and mood disorders including symptoms of
depression, anxiety, obsessive compulsive disorder (OCD), and posttraumatic stress disorder

(PTSD)(Baumeister et al. 2014).
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Moreover, stressful events such as life trauma and combat experiences might instill an
adapted behavior to predict and avoid future stressful events by sustaining this elevated state of
vigilance, as if the grizzly bear were still nearby (Radley et al. 2015). This adapted behavior is
thought to arise from changes in brain regions specific to stress response, namely the amygdala,
hippocampus, and prefrontal cortex with alterations to glucocorticoid receptor density in
response to HPA axis hyperactivity (Alt et al. 2010; Bremner 2002). The facilitation of This
adapted behavior is associated with elevated levels of inflammatory biomarkers like TNF-a, IL-
6, IL-1PB, and C-reactive protein (CRP) in the progression of psychological disorders such as
posttraumatic stress disorder (PTSD) in which those diagnosed with PTSD can exhibit persistent
stress responses similar to those experienced at the moment of a witnessed traumatic event

(Michopoulos et al. 2015).

Conflicting research suggests that chronic stress exerts an excitatory effect on the ntkB
pathway (Liu et al. 2017; Feng et al. 2019), leading to overstimulation of inflammatory pathways
that may result in a sustained immune response, including elevated cytokine and chemokine
production. A persistently primed immune response could cause continued tissue damage and
aberrant immune cell development that may overreact to normally commensal microbial species

(Gottschalk et al. 2016).

While there is limited data from human studies exploring the implications of gut
microbiota on stress responses, animal studies have suggested that resilience to stressors can be
associated with more abundant beneficial taxa, such as Akkermansia and Lactobacillus, and fecal
transplant from stress-resilient mice into naive mice resulted in a transfer of the stress resilience

phenotype(He et al. 2024). A suggested mechanism of action for the observed resilience to

13



stressors is regulation of microglial activation in the hippocampus, which led to fewer behaviors

associated with depression when compared to the stress-sensitive mouse cohort.

Continued research has revealed the potential roles for interventions focused on the gut
microbiome as therapeutic targets for inflammation-associated mental disorders, especially
PTSD, where aberrant inflammatory signaling appears to overlap with the loss of microbial
training of the immune system (Ke et al. 2023). Studies have shown microbial products impact a
wide variety of implications on human health depending on microbial composition of the gut
microbiome, host diet and lifestyle factors, and health status of the host (Singh et al. 2017;
Martinez et al. 2021). As discussed, microbially derived SCFAs have been shown to support
intestinal cell barrier integrity and immune cell development, while bacterial lipopolysaccharides
(LPSs) can produced a range of proinflammatory effects on the host system, which been linked
to cognitive impairment and progression of depressive -like symptoms in murine models (Zhao

et al. 2019).

1.6. Microbiome and Mental Health

Emerging research highlights a strong connection between the gut microbiome and
mental health, with growing evidence suggesting that microbial communities in the
gastrointestinal tract can influence brain function and emotional well-being. Microbial
metabolites interact with the gut-brain axis, affecting neurotransmitter synthesis,
neuroinflammation, and stress responses. Individuals with major depressive disorder (MDD)
often show altered gut microbiota composition (Cao et al. 2025; Prandovszky et al. 2025) In
addition, a systematic review published in BMC Psychiatry found that individuals with
depression and anxiety often exhibit reduced microbial diversity and an increase in pro-

inflammatory bacteria, alongside a decrease in beneficial SCFA-producing microbes (Cao et al.
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2025). In children, links between early-life gut microbiome composition showed changes in
brain connectivity and increased risk of internalizing symptoms such as anxiety and depression
in children (Querdasi et al. 2025). These findings support the idea that gut dysbiosis may
contribute to mental health disorders and that microbiome-targeted therapies—including dietary

interventions, could offer promising options for complementary therapies.

1.7. Dietary Plant Diversity as a Source of Microbial Diversity

Plant foods inherently shape gut microbial diversity in animals, with higher intake of
plant diversity generally correlating with increased gut microbial diversity and beneficial
changes in microbial composition (Santhiravel et al. 2022; Beam et al. 2021). Plants also provide
prebiotic nutrients in the form of fiber allowing for more microbial taxa to proliferate (Beam et
al. 2021). Moreover, different plants harbor various microbial niches at different physical
locations of the plant resulting in different microbiota presence across the roots, stem, and leaves

of each plant (Schmid et al. 2021).

In a six-week- randomized-controlled dietary intervention consisting of a high diversity
plant diet (>30) or low diversity plant diet (<15), consuming a higher diversity of plant foods
was associated with an alteration of the gut microbiome favoring increased microbial metabolite
production as well as an alleviation of renal acid load in a cohort of 25 adults with chronic
kidney disease (Stanford et al. 2025). This finding supports the hypothesis that increasing
diversity of plant intake may incur increased exposure to diverse microbial species, and this

increased microbial diversity is associated with rescue of metabolic function in a disease state.
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Plant foods comprise a major exposure point to microbial interactions. Raw plant foods
directly introduce microorganisms, while the fibers contained within plant foods provide a fuel
source for gut microbiota to consume, generating the metabolic byproducts that can be harvested
by GI absorption as nutrients or stimulate GI secretions and motility (Beam et al. 2021). The
combination of fiber from plant foods as well as abundance of symbiotic SCFA producers can
have a modulatory effect on neuronal signaling throughout the body and potentially regulate
immune function, mood, and emotional responses (Silva et al. 2020). Therefore, plants are
shown to be a suitable vehicle for the reintroduction of these microbial ‘old friends” into the gut

microbiome.

1.8. Recovering “Old Friends”

In the process of optimizing health outcomes, advancements in sanitation and hygiene
have revealed vital roles for microbial interactions in the immune and inflammatory functions in
human and other animal models as well as the consequences of removing these microbial “old
friends.”. Targeting the diversity of the human gut microbiome is a potential therapeutic to assist
in slowing the progression, and potentially reversing some of the major risk factors for
psychological disorders and diseases associated with chronic inflammation. Utilizing plants as a
natural source of pre and probiotics to increase the diversity of microbiota may increase the
overall stability of the gut microbiome and may have restorative effects on immunomodulation
and reducing stress responses. Research in this field is necessary to elucidate the functions that
microbial taxa perform within the human gut microbiome, and how these functions affect risk

factors for inflammation-associated disorders and diseases.
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CHAPTER 2: DIET AND MICROBIOME ASSOCIATIONS IN POSTTRAUMATIC STRESS

DISORDER (D-MAPS) STUDY PROTOCOL

2.1. Introduction

Industrialized societies have seen a rise in stress-related psychiatric disorders, including
anxiety disorders, mood disorders, and trauma-related disorders such as post-traumatic stress
disorder (PTSD). It is thought that one of the major drivers of psychiatric disorders is
neuroinflammation subsequent to chronic systemic inflammation. A contributing factor may be
altered exposure to microbial species that have co-evolved with humans and influenced the
development and maturation of the immune system. The Hygiene Hypothesis, or “Old Friends”
hypothesis states that the marked rise in inflammation-associated disorders are, at least in part,
due to reduced exposure to diverse microbial species with which humans have co-evolved.
Recent studies have provided evidence that people who report consuming higher numbers of
plant food types, and a higher frequency of fruits and vegetables, develop a more diverse gut

microbiome which is associated with reduced inflammation and better health outcomes.

While the original plan was to have this study completed at the time of this document,
unforeseen circumstances delayed the study. Since the study is currently underway, this chapter

describing the protocols used are written as they will be executed throughout the study.

We will evaluate whether daily consumption of a drink consisting of an extremely high
diversity of plants (30 plant species) for four weeks impacts the diversity of the gut microbiome,
biological signatures of inflammation, quality of life and sleep quality, and PTSD symptoms

among persons with a diagnosis of PTSD. We hypothesize that four weeks of daily consumption
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of the high plant diversity beverage will increase gut microbiome a-diversity, reduce markers of
systemic inflammation, and improve PTSD symptom severity relative to daily consumption of a
beverage containing only three plant species. Overall, this study will provide a better
understanding of whether increasing F&V diversity has additional benefits on measured
outcomes compared to the amount of F&V consumption. We have designed a pilot, randomized

controlled parallel arm diet intervention to address the following objectives:

Objective 1: To determine whether consuming a higher number of plant types, thereby increasing
exposure to diverse plant-associated microbes, increases gut microbial diversity. Specifically, we
will use fecal samples from individuals before and after 4-week consumption of a 4 oz beverage
made with high (30 different vegetables) and low botanical diversity (three different vegetables)
to assess taxonomic richness (CHAO) and diversity (Shannon) using 16s rRNA and

metagenomic sequencing approaches.

Objective 2: To determine how differences in plant diversity consumption influence
inflammation and immune signatures, specifically plasma hsCRP levels and number of
circulating T-regulatory cells. hsCRP will be assayed using ELISA and T-cells and other immune
cells will be profiled from collected peripheral blood mononuclear cells (PBMCs) via flow

cytometry.

Objective 3: To determine whether gut microbial diversity and inflammatory profiles correlate
with PTSD symptom severity. PTSD symptoms will be evaluated at first, midpoint, and last
visits using the PCL-5 assessment and changes with treatment as well as correlating with other

primary outcome measures will be determined.
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This is a pilot study as we have no data with this intervention in a human population with
which to accurately calculate a sample size powered to 80%. This data will serve as the basis of

power calculations for future studies.

2.2. METHODS

2.2.1. Study Design

DMAPS study design is a blinded, randomized, parallel-arm, intervention trial conducted
through Colorado State University’s Food and Nutrition Clinical Research Laboratory (FNCRL)

in the Department of Food Science and Human Nutrition.

The intervention consists of a four-week treatment period where the participants consume
either a 4 oz beverage consisting of 30 different blended fruits and vegetables (high diversity
F&V treatment; (see appendix for the type and weights of plants included) or a similar control
beverage consisting of 4 oz of blended Power Greens mix (low diversity F&V treatment;
Earthbound Farms Organic- containing baby kale, chard, and spinach). Both beverages will be
prepared fresh every two weeks and packaged in sterile mylar foil 150 mL pouches with plastic
spouts. The beverage contents were developed and standardized by study co-PI and the Clinical
and Translational Research Centers (CTRC) Nutrition Services and will be prepared by trained
Nutrition and Food Science students in the Gifford Building Metabolic Kitchen. Participants will
receive their beverages as two-week allocations and will return to the clinic for a mid-point visit

to receive the full beverage allocation.
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During the intervention, participants will be free-living and adhere to their typical diets,
with one exception. All participants will be instructed to consume the USDA Daily
recommended servings of fruits and vegetables. The FNCRL is collaborating with a registered
dietician nutritionist who will oversee Dietetics graduate students to provide instructions to
personnel on completion of diet records and intake recommendations to standardize daily F&V
serving intakes. Information materials will be provided to participants with guidelines for
standardizing vegetable intake to the recommended 2.5 cups per day including 0.5 cups allotted
in the 40z treatment pouches). Further information materials will address guidelines for portion
sizing in participants normal diets, acceptable forms of processed vegetables, examples of
vegetables, and examples of foods that do not qualify as vegetables for the purposes of this study.
The participants will be asked to provide 2-day diet records every two weeks throughout the
study. They will also complete daily bowel movement records using the Bristol Stool Scale
(BSS) and collect 3 fecal samples (baseline, mid-point and final) that will be returned to the
clinic at scheduled visits. Blood samples and questionnaire data will be collected at the
beginning and end of the study to measure baseline circulating inflammatory biomarkers and

symptom severity of PTSD.

2.2.2. Primary Endpoints

i.  Changes to PTSD severity: Measured by scores on a standard PTSD survey called PCL-
5, a 20-item self-report measure that assesses the 20 DSM-5 symptoms of PTSD. Scores

range from 0-80 with higher scores associated with worse outcomes.

ii.  Microbiome Diversity: Changes in microbiome alpha diversity as assessed by 16sRNA

and metagenomic sequencing approaches.
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Changes in inflammation markers: Changes in hsCRP levels and number of circulating T-

regulatory cells.

2.2.3. Secondary Endpoints
Seated Blood Pressure

Other self-assessment measurements of gut (GSRS, BSS) and mental health (RAND
QOL, IDS-SR, PSS, PANAS, GAD-7, PSQI).

Anthropometrics: Waist circumference, hip circumference, Body Mass Index (BMI).

2.3. Method for randomization.

Randomization will be done in the Excel program for 50 potential subjects prior to the

start of the enrollment. Upon enrollment into the study, each subject will be assigned either

treatment A or B according to the randomization chart.

2.4. Blinding Procedures

The study is a double-blind parallel arm intervention. The beverages will be labeled by

food science students who are not directly involved in the study and they will provide the

FNCRUL’s clinical lab coordinator with the blinding code in a sealed envelope. Our lab

coordinator will not open the sealed envelope until all primary analyses are completed (Mixed

Effects ANOVA per Intent to Treat on all primary and secondary outcomes). In a very unlikely

case of a severe adverse event (which is an event that requires subject hospitalization), the

medical personnel will be provided information about the A/B interventions by non-study

personnel that is given access to the sealed envelope.
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2.5. Treatment Beverages

A recipe for the high diversity treatment beverage was compiled into a standardized
recipe by co-PI and the Clinical and Translational Research Centers (CTRC) Nutrition Services
and will be prepared by trained food science students in the Gifford Building Metabolic Kitchen.
Standardized Recipe ingredients will be procured from local groceries stores in the Fort
Collins/Denver area (See Appendix A). Participants will receive their beverages as two-week
allocations and will need to return to the clinic for a mid-point visit to receive the full beverage

allocation.

Vegetables selected for the high diversity treatment beverage represent an overall
diversity of plant types and were not chosen for any specific ingredient. The high diversity
treatment recipe consists of 15g of each of the following ingredients: Arugula, Belgian endive,
bok choy, broccoli rabe, Brussell’s sprouts, celery root, chayote squash, dill, Easter egg radish,
ginger root, green onion, Italian parsley, kale greens, leek, beets, mint, nopales cactus pad,
parsley, parsnip, poblano pepper, daikon radish, red chard, rhubarb, serrano pepper, sorrel,

spinach, tomatillo, turmeric, watercress, yellow chili pepper, and lemon juice.

Substitutions for ingredients were allowed as long as the substituted ingredients exist
within the same family as the lacking ingredient. 15g portions were combined in a blender with

water and pureed until homogenous.

The low diversity beverage recipe consists of a blended Power Greens mix (baby kale, chard,
and spinach as well as lemon juice. The ingredients were combined in a blender with water and

blended until homogenous.
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2.6. Location of Study Visits, Data Collection and Personnel

All research will be conducted at the Food and Nutrition Clinical Research Laboratory

(FNCRL) in the Gifford Building at Colorado State University.

2.7. Sample / Specimen Collection

Samples will be labeled with a random three-digit number that corresponds to the specific
participant. Study samples will be stored according to appropriate conditions for their optimized
analysis (ie. frozen at -80C, -20C, refrigerated, or lyophilized). After the study analyses are
completed, samples will be stored for no more than 3 years unless the participant has indicated
the samples may be kept for future analyses in the consent form. If this is the case, they will be

kept indefinitely.

Blood will be collected on site. A member of the research team trained in phlebotomy
will place a small needle in an antecubital vein to collect a blood sample (~2 tablespoons or 30
mL) for measurements of overall health (comprehensive metabolic panels) and inflammation

(hsCRP, PMBC analysis of immune cell populations).

Stool samples will be collected at home within 24 hours of the study visit. Participants
will be provided with a stool collection kit and directions for collection and storage. Stool

samples will be used to assess gut microbiota changes.

Participants will answer questions about food consumed on 2 separate days (one weekday
and one weekend day). This will be completed at home using the online Automated Self-

Administered 24-hour recall (ASA-24).
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2.8. Recruitment and Enrollment

We expect to screen approximately 100 individuals based on the number of participants
screened in previous similar studies. We are planning to enroll ~50 participants with an
anticipated attrition rate of 20%. We expect ~ 40 individuals to complete the study, which will
give us sufficient power for determining differences in the primary endpoints. We have
previously determined that an n=20/group was sufficient to detect changes in microbiota richness
(CHAO) at alpha level= 0.05 with 80% power in a healthy adult population. However, we have
no specific data in this participant population or with the intervention beverage we are providing;
therefore, this is considered a pilot study that will be used to appropriately power future study

outcomes.

Forty participants in the Fort Collins, Colorado area will be recruited through CSU
Health network, CSU Adult Learner and Veteran’s Services (ALVS), Larimer County Behavioral
Health Services Longview Campus, Summit Stone Health Partners, and the Connections Adult
Services from the Health District of Northern Larimer County, as well as through social media

and physical flyers.

Interested individuals will be screened through an online Qualtrix survey and those who
meet eligibility criteria are then scheduled for an in-person screening visit to confirm eligibility

and consent to participate in the study.

2.8.1. Screening call

Prospective participants will be contacted via phone call where initial eligibility will be
assessed by general screening criteria. Provisionally eligible and interested individuals will be

emailed a copy of the consent form and scheduled for an in-person clinic visit (Visit 1).
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Individuals will be enrolled in this study based on the following inclusion and exclusion
criteria in Table 1. Participants will be between the ages of 18-60 years of age, adhere to an
omnivorous diet, have a BMI between 18-29 Kg/m?, and have a diagnosis of posttraumatic stress
disorder or score of at least 31 on the PCL-5 (PTSD Checklist for DSM-5). Participants will be
excluded if they have undergone antibiotic treatment within the past 2 months prior to the start of
the study, if their BMI is less than 18 or over 29.9, if they adhere to a vegan or vegetarian diet,
have any food allergies, unstable medication regimen, have a diagnosis of diseases such as
cancer, diabetes, or autoimmune disease, or if they are pregnant or breast feeding at the start of
the study. Specific medication use (other than antibiotics) would not necessarily disqualify
potential participation if the participant has followed a consistent medication regimen for at least
two months prior to the beginning of the study. Any medication changes or antibiotic use during

the study would result in dismissal from participation.

2.8.2. Eligibility Criteria

Inclusion Criteria Exclusion Criteria

Between the ages of 18-60 Younger than 18 or older than 60 years of age
Omnivorous diet Vegan or vegetarian diet

BMI between 18-29. Kg/m? BMI less than 18 or over 29.9

Diagnosis of posttraumatic stress disorder or a
score of at least 31 on the PCL-5

if potential participants have undergone antibiotic
treatment within the past 2 months prior to the
start of the study

food allergies

unstable medication regimen

diagnosis of diseases such as cancer, diabetes, or
autoimmune disease
pregnant or breast feeding at the start of the study

Any medication changes or antibiotic use during
the study would result in dismissal from
participation
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2.9. Subject Participation

2.9.1. Informed consent process and timing of obtaining of consent

Informed consent is required prior to any data or sample collection. The “Consent Form,”
including detailed and comprehensive information about the study, is emailed to participants
prior to their first scheduled visit where it is explained in detail by trained clinical personnel.
Potential subjects are given time to review the form privately, and all questions are answered to
completely clarify the study conditions before the subject signs the form. An additional copy of
the consent form is also given to the subject to keep. Only individuals who are deemed able to
understand and provide consent for themselves are enrolled in the study. This is assessed by
study personnel at the time of screening and consent. All participants will be informed that

consent can be withdrawn at any time, and they are free to end their participation in the study.

2.9.2. Withdrawal/Termination Criteria

Potential subjects are instructed on the first clinic visit that they can withdraw from the
study any time at their own consideration. On the investigators’ side, any subject that has a
severe adverse event during the study (which is qualified as requiring medical attention or
psychological referral) should be advised to withdraw from the study. Additionally, study
participants will be withdrawn from the study if their medical and health status change over the
course of the study such that they no longer meet inclusion and exclusion criteria (e.g. suicidal or
homicidal ideation, pregnancy, initiation of antibiotics, engage in activities that interfere with the
study endpoints, or if they develop allergies or contraindication to study intervention capsules or

procedures).
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If a mental health emergency should occur during study visits, data collection will be
immediately terminated and that participant will be removed from the study and directed to the
research team Clinical Psychologist if they indicate suicidality or homicidality. All participants
will be provided with a handout that contains information regarding contact to the VA crisis line
(988 #1) if the participant is a veteran, or the SAMHSA line (1-800-662-HELP (4357) if the

participant is a civilian.

2.9.3. Costs to Subjects, individual data information, payment, and injury protocol

There are no costs to subjects for participation in this study. Participants will be
compensated $50 at the end of Visits 1 and 2 and an additional $100.00 at the end of the final

visit. If the entire study is completed, that will equal a total of $200/participant.

Individual data will not be provided to the study participants. They will have access to the

data analyzed upon publication through the clinicaltrials.gov website.

If a participant is injured because of participation in this study, they will be instructed to
contact the Principal Investigator at the number listed in the “What If I Have Questions™ section
of the Consent form. The Colorado Governmental Immunity Act determines and may limit
Colorado State University's legal responsibility if an injury happens because of this study. Should
a participant need medical aid, their health insurance will be responsible for the costs. No

compensation for injury will be provided to participants in this study.

2.9.4. Risk/benefit assessment:

The risks to participation in this study are minimal and include psychological discomfort

with collecting stool and physical discomfort from blood draws.
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Physical Risk: The blood draws are only conducted by well-trained individuals and
participants are given the opportunity to opt out of the blood draw if a vein is not found on the
second attempt. Another possible physical risk could be increased gastrointestinal discomfort.
Some people experience temporary increases in these symptoms after increasing vegetable
intake. Potential allergic reactions to treatment or placebo ingredients may also occur; however,
we are minimizing this risk by excluding participants with known allergies to any ingredient.
There is a small chance for allergic reaction to unique vegetable ingredients that had not been

previously consumed.

Psychological risk: To minimize the psychological discomfort of stool collection, it will
occur in the participant's home and we provide a touch-free collection kit and discreet containers
for transporting the stool from home to clinic. As mentioned in the physical risk section, there is

a possibility of increased gas or bloating which could cause a level of psychological distress.

We do not expect any of the study procedures to trigger psychological distress, however,
we will be administering surveys that ask about mood status, suicidal thoughts, and behavior
responses to stress events. We will also be drawing blood, which is low risk, but may cause
psychological distress in certain individuals. All study personnel will be instructed to monitor
psychological stress levels and stop any procedure that is causing distress. A licensed
psychologist in the State of Colorado and a member of our research team will review answers to
questions about suicidality that indicates risk or any other information reported to study
personnel that indicates suicidality or homicidality and will take necessary steps to protect the
participant and others in accordance with Colorado State Law. We will also provide a flyer with
crisis hotline phone numbers: VA crisis line (988 #1) for veterans, and SAMHSA line (1-800-

662-HELP (4357) if the participant is a civilian. Additionally, the flyer will include information
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regarding Colorado State University services for crisis intervention offered at the CSU Health &

Medical Center.

We also collect emergency contact information in the consent form and assist
in contacting these individuals in the event a significant stress event occurs. The diet quality of
all participants in this study may improve and the improved diet quality may be associated with
benefits such as improved gastrointestinal health or decreased inflammation due to the daily

consumption of these vegetable drinks.

2.9.5. Assessment of Subject Safety and Development of Data and Safety Monitoring

Plan

Participants in this study will only be exposed to minimal risks. The intervention product
has been developed in collaboration with CTRC Nutrition Center and will be prepared by
students with ServSafe training certification and other food safety training and participants will
be provided with explicit instructions on storage and use of the beverages (ie. maintain in
refrigeration, consume within 2 hours of opening packages). Despite minimal participant risk, we
anticipate potential for minor study related adverse events (AE). In the event of more severe
adverse events, the participants will be asked to immediately report them to study personnel.
Depending on the nature of the AE, they may be removed from the study or referred to a

physician.

All observed or reported adverse events (AE) will be recorded at each study visit and
reported to study personnel and the University Institutional Review Board. A serious AE will
result in termination of participation, regardless of treatment causality. A serious AE is defined as

an AE resulting in medical intervention, hospitalization, death or disability. All serious adverse
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events must be reported to the sponsor within 24 hours of site notification. Investigators will
follow CSU IRB reporting requirements for “reportable new information” using HRP 214-Form

Reportable New Information.

2.10. Data collection and procedures to protect subject confidentiality

The study data will be kept in separate locked locations. Samples will be labeled with a
random three-digit number that corresponds to a specific participant. Participants identifying
information including the informed consent documents will be kept separate from the obtained

data. Only approved study staff will have access to the records.

All of the collected materials are obtained for research purposes only, and data are kept in
strict confidence. No information will be given to anyone without permission from the subject.
Confidentiality is assured by use of numerical coding for all data collected, and this information
will be secured on a password protected computer or a locked file cabinet in the Principal
Investigators’ laboratory. Personnel who conduct the study and will have access to the data prior
to de-identification and anyone else assisting with data entry or analysis will only be able to
access de-identified data. De-identified data may be accessed and analyzed by graduate students

that are not named on the protocol and will also be available to the project sponsors.

Clinical and laboratory data will be collected and stored electronically using Research

Electronic Data Capture (REDCap; https://www.project-redcap.org/), an encrypted, secured,

HIPAA compliant, and robust web-based software that meets all requirements for secure data
management. Data will be double entered on a weekly basis by two authorized and trained

individuals, as a measure of quality control, and a tracking sheet will be kept.
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The data produced from this study will primarily consist of raw physiologic and biochemical
data. When applicable, data will be presented using the International System of Units as defined
by the National Institute of Standards and Technology. Other data will be provided with a
detailed description of units of measure and how they were derived, along with other study

information.

All data will be deposited into ClinicalTrials.gov, which is an NIH-approved repository. Data
will be deposited prior to publication. Additionally, if gut microbiome sequence data is obtained
(not currently part of the funded study), it will be uploaded along with the appropriate metadata

to the Short Read Archive (http://www.ncbi.nlm.nih.gov/sra), hosted by the National Center for

Biotechnology Information or the European Molecular Biology Laboratory-European Nucleotide

Archive (EMBL-ENA; https://www.ebi.ac.uk/ena/browser/home). These archives make data

widely available for use by the public.

The research community will be able to access scientific data through ClinicalTrials.gov,
which is where the clinical trial will be registered prior to study onset. The associated NCT
number will be included in scientific presentations, conference proceedings, and manuscripts.

ClinicalTrials.gov is publicly available to anyone globally.

All research participants will be consented for broad sharing and re-use of de-identified
individual-level data. Researchers will not need to request access to the data as it will be freely
available for access on ClinicalTrials.gov. All participant identifiers will be removed from study
data and maintained in a secure, separate file that will not be included in the repository.

Identifiable data will be destroyed once finalized data are made available for public use.
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No individual results will be provided to participants, unless there are concerning results
(i.e. comprehensive metabolic panels). This data will then be provided to the participants, and

they will be asked to share them with their personal physician.

2.11. Study Procedures:
2.11.1 Visit 1

Study personnel will explain the purpose of the study and procedures and will obtain

written consent from interested individuals.

Seated blood pressure will be taken followed by anthropometrics, including height and

weight (to assess BMI), waist circumference, and hip circumference.

The PCL-5 will be administered to provide provisional confirmation of PTSD. The PTSD
Checklist for DSM-5 (PCL-5) is the diagnostic criteria used by health care professionals to
officially diagnose a patient with posttraumatic stress disorder (PTSD) (Ferrie et al. 2023). A
score of >2 on 1 B item (questions 1-5), 1 C item (questions 6-7), 2 D items (questions 8-14), 2 E

items (questions 15-20) or a total score between 31-33 is indicative of probable PTSD.

The PHQ-9 will also be administered to determine any risk of suicidal thoughts, which
may indicate exclusion based on the clinical psychologist’s evaluation of affirmative answers to
question #9. The Patient Health Questionnaire (PHQ-9) is a 9-item questionnaire designed to
capture self-reported symptomology and severity of depression and has been validated in

medical, general population, and psychiatric samples (Beard et al. 2016).

Individuals meeting eligibility criteria will be administered additional questionnaires and
will also provide a blood sample. Surveys related to gastrointestinal status include the

Gastrointestinal Symptom Rating Scale (GSRS). The GSRS is a 15 item likert-type questionnaire
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designed to capture symptom severity or absence of GI distress, including abdominal pain,
indigestion, reflux, diarrhea, and constipation (Kulich et al. 2008). The Bristol Stool Scale (BSS)
is a 7-point grading scale for self-assessment of bowel movement type based on consistency that
has been validated as a reliable system for data collection (Blake et al. 2016). Quality of Life
Assessment (RAND QOL SF-36) (Brazier et al. 1992) is a 36-item self-reported questionnaire
design to assess health status across eight multi-item dimensions within three health domains,
namely functionality, well-being, and general health. The eight dimensions assessed include
physical functioning, social functioning, physical limitations to role functioning, emotional
limitations to role functioning, mental health, vitality, pain, and general feelings of perceived
changes in overall health. 7-Item Generalized Anxiety Disorder Questionnaire (GAD-7) (Lowe et
al. 2008) is a well validated self-reported survey of anxiety symptomology in both professional
and general population settings. Positive and Negative Affect Scale (PANAS) (Hovmand et al.
2023) is a 20-item questionnaire that is designed to capture participants’ self-assessed
experiences with a list of emotional descriptors such as “interested,” “enthusiastic,” or “afraid”
using a 1-5 likert scale with 1 indicating “very slightly or not at all,” and 5 indicating
“extremely.” The perceived Stress Scale (PSS) (Ezzati et al. 2014) is a well validated measure of
subjective perceptions of stress that has been in use in various forms since 1983. DMAPS will
utilize the PSS-10, a 10-item questionnaire to capture participants subjective estimate of their
stress and mental health status. Pittsburgh Sleep Quality Index (PSQI) (Mollayeva et al. 2016) is
a well validated tool for assessing one’s overall sleep quality with a sensitivity of 89.6% and a
specificity of 86.5%. However, the PSQI has noted limitations regarding issues of self-awareness
on sleep quality. Also, there is no consensus on what defines optimal sleep quality, potentially

resulting in confounding differences in perceived sleep quality among individuals.
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7-Day Physical Activity Recall (PAR) is a guided survey capturing physical activity and
hours of sleep within a 1-week reference period. Limitations include a lack of detail regarding
quality of sleep and perception of physical exertion when categorizing bouts of physical activity

logged.

Participants will be provided with a Bristol Stool Scale (BSS) diary, they will then be
instructed on completion of the 2-day diet records including instruction on assessing portion
sizes, and given a stool collection container and scheduled for Visit 2, which should occur ~1
week after the first visit. Compensation for eligible participants that complete this visit is $50.

Total time of this visit is approximately 1.5-2 hours.

2.11.1a Vegetable Standardization

The FNCRL has developed an informational graphic (See Appendix) with our
collaborating registered dietician to educate participants on how to standardize vegetable intake
as well as what foods do or do not count as servings of vegetables to avoid confounding results
due to potential increases in vegetable intake from “none at all” at baseline. Each participant will
be given informational material as well as a scripted explanation about standardizing vegetable

intake to meet the recommended daily intake for vegetables during the duration of the study.

2.11.2 Visit 2

Participants will come to the clinic with a self-collected stool sample, at least 7 days of
bowel movements recorded, and a 2-day diet record. They will then be provided with an
additional stool sample collection kit, BSS diary, treatment compliance record, adverse event
forms, and a 2-week supply of intervention beverages (A or B). They will be scheduled for a

mid-point check-in visit (Visit 3) and compensated $50.
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2.11.3 Visit 3

Participants will return their stool sample, 2-day diet records (completed online at home),
the treatment compliance log and any unconsumed beverage packages, their BSS records and
report any adverse events. They will be provided with their new allocation of beverages, as well
as additional adverse events forms, stool and compliance diaries and a container for their final

stool collection. They will be scheduled for their final visit (Visit 4).

2.11.4 Visit 4

Participants will come to the clinic with a self-collected stool sample, BSS records, 2-day
diet records (completed online at home), compliance log and any unused intervention beverages
and any completed adverse event forms. At the clinic visit, they will complete all of the study
questionnaires. A follow up assessment of anthropometrics, seated blood pressure, and a venous

blood sample will also be performed/collected. They will be provided with $100 compensation.

2.12. Results

Due to the study still being conducted, the results section will not contain data from study
participants. Instead, results from analysis of the alpha diversity, beta diversity, and shelf stability

for the two treatment beverages used in the study will be provided.

CHAPTER 3: MICROBIAL STABILITY OF PLANT-BASED BEVERAGES
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ABSTRACT

The “Old Friends Hypothesis” asserts that modern lifestyle factors including excessive
hygiene practices and poor diet have contributed to a loss of interactions with microbial species
that humans have relied on through our evolution for nutrient harvesting and immune function.
These losses in microbial exposures have led to an increased prevalence of immune system
dysregulation and therefore chronic inflammation and disease.

A potential remedy to reintroduce these microbial exposures is consumption of minimally
processed plant-based foods. We hypothesize that increasing the diversity of consumed plants will
result in increased exposure to microorganisms.

We used 16s rRNA sequencing to assess the stability and microbial communities of two
vegetable-based beverages, one that had 30 different plants (high diversity) and another that
contained only three different plant types (low diversity).

We found no significant difference in CHAOI1 richness estimates or Pielou’s evenness
index within either treatment over a four-week period. These results suggest that both beverages
had microbiomes that were stable over time. Interestingly, the low diversity plant beverage had a
higher Shannon’s Diversity than the high diversity beverage (p=0.0038). Additional studies are
underway to see if these patterns will be replicated in different batches of these beverages. It also
remains unknown what effects either beverage will have on the diversity of the human gut

microbiome.

3.1. Introduction
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Diets rich in plant foods are reported to confer numerous health benefits including lower
risk for mortality, cancer, and chronic diseases such as type II diabetes mellitus (Pefia-Jorquera et
al. 2023). These benefits potentially result from several factors including exposure to diverse
phytochemicals (Saravanan and Parimelazhagan 2014), increased fiber intake (He et al. 2022), and
lowering glycemic load through induction of incretin secretion and GLP-1 agonism (Zhou et al.
2008). However, it is currently not known whether ingesting a higher diversity of plants will also
increase the diversity of mutualistic microorganisms introduced into the gut microbiome. We
propose that consuming a diet rich in plant foods carries the additional benefit of diversifying the
gut microbiome by introducing novel plant-associated microorganisms.

The “Old Friends Hypothesis” suggests that humans co-evolved with certain
microorganisms present in their natural environment, and increased gut microbial diversity is often
associated with health benefits to the host (Langgartner et al. 2019). The loss of these microbes
due to modern lifestyles is associated with increased incidence of non-communicable chronic
diseases, and their re-introduction may be beneficial for the host immune system and metabolic
homeostasis (Langgartner et al. 2019).

Plants also co-evolved with microorganisms as they were cultivated in agricultural
societies, and many functions of a healthy agricultural ecosystem rely on microbial activity. For
example, microbial associations with plant roots can increase nutrient acquisition, as is the case
with nitrogen-fixing rhizobia that is associated with legume roots (Chauhan et al. 2023). Other
microbes can stimulate the production of phytochemicals and phytoalexins, components of the
plant “immune system”, providing protection against predators and pathogens (Darvill and

Albersheim 1984).
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Plant microbiomes are immensely diverse and vary by plant species as well as the
different sections of the plants. In other words, the leaves of a plant contain different microbial
taxa than the roots of that same plant (Beckers et al. 2017). A recent study reported that fruits and
vegetables were the second largest dietary contributor, following dairy products, to food-
associated microbes found in the human gut (Fackelmann et al. 2025). Therefore, the number and
type of different bacterial taxa introduced into the human gut microbiome by plant-based foods

may depend on consuming a variety of plant species and parts.

Our long-term objective is to investigate the hypothesis that increased consumption of
diverse plant species and parts will increase the diversity of the gut microbiome, both through
increasing exposure to plant-associated microbes and through providing diverse substrates to fuel
the growth of commensal gut organisms. To explore this hypothesis, we developed a low plant
diversity (3 types of leafy green vegetables) and a high plant diversity (30 plant types, including
leaves, tubers, roots and modified stems) beverage to be tested in a human nutrition intervention
study. However, to ensure these could be safely consumed by human research participants, we
needed to establish the safety and stability of these beverages. Therefore, the objective of the
current study is to 1) determine the microbial stability of these beverages over a four-week period,
and 2) determine how the microbial communities differed between these beverages. To address
these questions, we used 16s rRNA sequencing of longitudinally collected samples to assess the

microbial dynamics of the test beverages.
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3.2. Methods
3.2.1 Plant-based beverage preparation and sampling.

Ingredients were procured from local grocery stores in the Fort Collins/Denver area. To
prepare the high diversity vegetable beverage, 15¢g each of the following ingredients were
minimally processed to remove dirt and other particulate matter while intending to preserve
surface dwelling microbiota. The ingredients were combined in a kitchen blender and blended
with a final volume of 2.35L and pureed until homogenous: mint, oregano, collard greens, leek,
rainbow chard, anise-fennel bulb, spinach, green kale, chives, basil, dill, Italian parsley,
dandelion greens, poblano pepper, parsnip, cilantro, brussels sprouts, celery root, broccoli, red
cabbage, celery, tomatillo, radicchio, turmeric root, daikon, ginger, golden beet, red radish, and
rutabaga.

The low diversity beverage recipe consists of a 450g clamshell container of “Simple
Truth Power Greens” mix (baby kale, arugula, and spinach) placed in a blender and filled with
water to a total volume of 2.35L and blended until homogenous.

Each batch was divided into six replicate samples, packaged in sanitized Mason jars and
refrigerated at 4°C for four weeks. During this time, a subsample was collected each week from
every replicate jar, for a total of 48 samples (6 low diversity week 1, 6 low diversity week 2, 6
low diversity week 3, 6 low diversity week 4, 6 high diversity week 1, 6 high diversity week 2, 6

high diversity week 3, 6 high diversity week 4) and stored at -80°C until extracted for DNA.

3.2.2 Sequencing Library Preparation.
DNA extraction from the collected subsamples was completed using the FastDNA® Kit
(MP Biomedicals, #116540400) per manufacturer’s protocol. Amplification of the V4 region of

the 16S rRNA gene was carried out following the Earth Microbiome Project protocol and using
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the 515F-806R primer set (Caporaso et al. 2012) containing a unique 12bp error-correcting
barcode included on the forward primer. Cycling and sequencing conditions were as previously
described (Lee et al. 2020).

Briefly, samples were purified using AmPure beads and pooled in equimolar ratios before
being quantified on a Tape Station. DNA extraction controls, no template PCR controls, and a
mock community (Zymo Company) were included on each sequencing plate. Sequencing was

completed at the Colorado State University Next Generation Sequencing Core Facility.

3.2.3 Sequence Data Analysis.

Sequence reads were imported into QIIME?2 (version 2024.2) for quality control (Bolyen
et al. 2019). Briefly, the sequence reads were demultiplexed and concatenated. Utilizing a Phred
score cutoff of 30, sequences were examined for quality filtering. Upon examining the
demultiplexed data, reverse reads did not meet quality filtering parameters. Data processing
proceeded with single-end forward reads, which were truncated to 103 base pairs. All reads were
binned into ASVs using the DADA?2 pipeline (Callahan et al. 2016). Taxonomic assignments
were made using Silva version 138 (Pruesse et al. 2007). Mitochondrial and chloroplast
sequences were filtered from samples. Resulting feature tables, metadata, and taxonomy files
were imported into MicrobiomeAnalyst (version 2.0) for marker data profiling (Chong et al.
2020; Lu et al. 2023). The minimum count filter was set at 4 and the low count filter set at 10%
based on prevalence in samples. Data normalization was performed using total sum scaling.

All downstream statistical analyses were performed at the feature-level where applicable, and at
the highest taxonomic resolution otherwise. Chaol index was used to estimate species richness
which estimates the number of taxa in a sample. Pielou’s evenness index was used to assess the

abundancies of taxa distributed within a community based on frequency of occurrence. Diversity
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was calculated using the Shannon-Wiener Index, which uses both the number and distribution of
taxa to estimate the total community diversity. One-Way ANOVA was used to search for variance
among the subsamples for each beverage, and a Dunnet’s test was performed to determine
whether the treatment beverage microbiomes differed among each week when compared with
week 1 data.

Beta-diversity, the degree of dissimilarity, or distance between two communities, was
determined by calculating Bray-Curtis distances and visualizing them on principle coordinates
ordinations (PCoA). Distances were statistically analyzed using PERMANOVA with 999
permutations. Differentially abundant taxa were identified using Linear Discriminant Analysis
Effect Size (LeFSe), which employs Kruskal-Wallis rank sum test to identify differentially
abundant features and applies linear discriminant analysis (LDA) to evaluate the effect size of

significant functional gene biomarkers within a sample microbiome.
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3.3. Results

3.3.1 Microbial stability over time

Figure 1. Alpha Diversity

(A) Chao1 Richness (B) Pielou's Evenness (C)Shannan Diversity
3 04 o o elD 0 o elD
E 4 oHD 2 Slo  oHD
= e 03 3 15
3 g §
£ £ E
£ £ g€ 10
5 L 02 =
g g
o 2 it & 0s
s
o 0.0
0.0 N S b LI L
ot 2 - X b b, o o
6&—\ d& 0}‘5 00*5- éb'\ o*"\v 00*‘5 O*h é“'\ az‘_-\. zz‘_a eé*u 6“\ é(_fy ei-"} M ‘*56“ & TS
G O N

Figure 1. Alpha diversity indices for the high diversity vs low diversity treatments displaying
changes in (A) Chaol taxonomic richness of each treatment microbiome over the four-week
period. (B) Pielou’s evenness. (C) Shannon-Wiener index over a four-week period.

We assessed the stability of each drink preparation over a four-week time period. One-
Way ANOVA followed by Dunnett’s multiple comparisons test were employed to determine
changes taxonomic richness, evenness, and Shannon-Wiener diversity within each treatment over
the four-week time-period

Chaol richness indices were not statistically significant for either the low diversity or the
high diversity beverage at any time over the four weeks of analysis (mean index = 21.21 for low
diversity and mean index = 21.75 for the high diversity beverage).(Fig 1A)

One-Way ANOVA results showed Pielou’s Evenness indices did not differ significantly
across all for time points in either treatment beverage (low diversity p-value = 0.171; high

diversity p-value = 0.409). A Dunnet’s test revealed no week-to-week differences for either
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treatment group compared with their respective week 1 samples. (low diversity week 2 p-value =
0.406, week 3 p-value = 0.138, week 4 p-value = 0.995; high diversity week 2 p-value = 0.999,
week 3 p-value = 0.39, week 4 p-value = 0.519). (Fig 1b)

Results from One-Way ANOVA showed no significant difference in Shannon-Wiener
alpha diversity between Week 1 and Week 4 for either of the two beverages (low diversity p-
value = 0.7552; high diversity beverage p-value = 0.077). After employing a Dunnet’s test, we
found no significant difference from any week samples compared to the week 1 samples for
either the low diversity treatment beverage (week 2 p —value = 0.510, week 3 p-value = 0.384,
week 4 p-value = 0.5755) or the high diversity treatment beverage (week 2 p-value = 0.92, week

3 p-value = 0.111, week 4 p-value = 0.973).
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Figure 2: Beta Diversity
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(Fig 2A) Low Diversity Treatment Beverage Beta Diversity PCoA ordination plot over four
weeks.

A PCoA plot of Bray-Curtis distances demonstrated no significant longitudinal changes
in community composition within either beverage preparation over the four weeks using
PERMANOVA (low diversity: p-= 0.340), (high diversity: p= 0.529). PERMDISP, which looks
at the dispersion of communities within a group, also showed no significant differences within

each beverage preparation (low diversity, p = 0.412; high diversity p = 0.766).
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3.3.2 Differences in microbial communities between high and low diversity beverages

Figure 3. Alpha Diversity between treatment groups
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(Fig 3) (A)CHAOI Index for the averages of the low and high diversity treatment beverages. (B)
Pielou’s Evenness index for the averages of the low and high diversity treatment beverages. (C)
Shannon-Wiener Indices for the weekly averages.(”*” indicates a p-value less than 0.05. 7**”
indicates a p-value less than 0.01. ”***” indicates a p-value less than 0.001.)

We performed Students T Tests to determine if the average of the two treatment
beverages were different from each other in Chaol, Pielou’s evenness, or Shannon-Wiener
indices. Differences were analyzed using a 2-tailed unpaired T-Test to compare the treatment
microbiomes to each other. Results showed no significant difference in Chaol richness (p-value
= 0.683) between the treatment sample averages. There was a significant difference in Pielou’s
evenness indices (p-value = 0.008) between the low and high diversity treatment beverages, with
the high diversity treatment microbiome having significantly higher evenness than the low
diversity microbiome. Shannon-Wiener Diversity index for the high diversity treatment
microbiome was significantly higher than the low diversity treatment microbiome (p-value =

0.006).
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3.3.3 Differences in microbial communities between treatment beverages

Figure 4. Beta Diversity between low diversity and high diversity treatment microbiomes.
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(Fig 4) High vs Low Beta Diversity ordination plot.

PERMANOVA and PERMDISP were conducted on feature-level beta diversity of both
the low diversity treatment microbiome and high diversity over all four weeks of sample data.
Results revealed a significant difference in Bray-Curtis distances between the two beverages (p-
value = 0.001), confirming that they do significantly differ in microbial composition.

There was no significant difference observed between week 1 and week 4 (p-value =
0.36). (Fig 2B) Both treatment samples remained stable across all four weeks of sampling in
every replicate as there was no significant difference in PCoA scores in the high diversity

treatment beverage between week 1 and week 4 (p-value = 0.779). PERMDISP analysis of low
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diversity treatment group revealed no significant difference in dispersion among either low

diversity (p-value = 0.529) or high diversity (p-value = 0.766) over all four weeks.

Figure 5. Taxabarplot (Species Level)
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each sample of both the low diversity microbiome (C1-Week1 through C6-Week4) and the high

diversity microbiome (T1-Week 1 through T6-Week 4).
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3.3.4 Differential abundance within treatment beverages

Figure 6. Lefse Feature Level
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(Fig 6) LeFSe analysis differentially abundant taxa at the feature level characterizing the two
distinct beverage preparations.

LeFSe was used to determine differentially abundant taxa associated with each of the
beverages. Seven major genera, including Acinetobacter, Shewanella, Aeromonas, Pseudomonas,
Flavobacterium, Janthinobacterium, and Lactobacillus were significantly higher in the low
diversity beverage. In addition, one differentially abundant feature level ASV in the low diversity
beverage was identified as Weisella koreensis, a primary fermentation organism in Korean
kimchi (Park et al. 2010), constituting a large portion of the identified taxa within every week of
sampling (LDA =4.41).

The high diversity samples had eleven major differentially abundant taxa, including

seven that identified to the genus-level: gen Rhizobium, Weisella, Sphingobium, Duganella,
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Leuconostoc, Sphingomonas, and Candidatus Phytoplasma; three that could only be identified
to the family level: Xanthmonadaceae, Erwiniceae, and Enterobacteraceae. Only one could be
identified at the species-level, Leuconostoc carnosum, a species often associated with vaccuum

packaged meat products but also found in fermented vegetables (Baka et al. 2014).

3.4. Discussion

Before utilizing these beverages in a human dietary intervention study, it was important
to evaluate the microbial communities to determine their safety and stability. We found the
presence of the taxonomic family Enterobacteriaceae which contains species that are known as
human pathogens, including Escherichia, Shigella, and Salmonella. However, it should be noted
that 16s rRNA sequencing is insufficient to identify most bacteria to the species level and some
bacteria, such as E. coli, cannot be distinguished from related genera, such as Shigella, using this
approach. Further verification, such as fecal coliform testing and selective plating for toxin-
producing enteric pathogens, will be needed to confirm absence of harmful bacteria.

There are several factors that could have contributed to the presence of these taxonomic
families. Firstly, the low diversity vegetables were supplied by a “Power Greens” mix of spinach,
chard, and baby kale from a local grocery store, however, it is unknown how many points of
exposure it might have had through shipping and passerby customers.

Also, there were potential contaminations in at least one of the samples from bacteria
exclusive to gut microbiome, including Bacteroides intestinalis and Bacteroides salyersiae.

Therefore, it is unknown how many other bacteria were the result of contamination within this
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singular sample data and lack of taxonomic resolution due to depth of analysis with the
classification database used.

Given the multiple opportunities for sample contamination, the overall community
compositions of the beverages remained stable over the four-week testing period. This is
evidenced by both a lack of significant differences in alpha-diversity parameters at each time
point compared to the Week 1 control and no significant clustering by week noted in Bray-Curts
PCoA ordinations.

Finally, we found evidence that the high diversity beverage had significantly higher alpha
diversity (Shannon-Wiener) than the low diversity treatment beverage. This is likely due to the
variation in microbial composition among different plant parts, where leaf material has been
shown to contain more diverse microbial taxa and therefore lower evenness, while the
microbiome of plant roots often displays lower diversity of taxa but higher evenness among the
taxa present (Beckers et al. 2017). While the low diversity treatment beverage contained only
leaf material, the high diversity treatment beverage contained material from every part of each

plants used (root, stem, and leaf).

3.5. Limitations

It must be noted that these results are preliminary and there are several limitations to the
study. First, the preliminary batch of the high diversity treatment beverage consisted of only
thirty unique plant species. The clinical study will use a recipe including thirty unique plant
species as well as a 5% dilution with lemon juice. As well, this data represents the microbial
community of a single batch of each beverage preparation, tracked over time. The six replicate
samples were split from these single large batches and are therefore replicated samples.

However, this data is still useful as the beverages will be prepared in large batches and split into
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individual packages for consumption. Our data shows limited variability in the distribution of
microbes between individual packages within a batch but also demonstrates that these
communities do not “evolve” individually over time as evidenced by no differences in
PERMDISP. However, it is not known if these findings would be consistent across multiple
batches made with ingredients sourced at different times. To address this, each test batch used in
the human intervention trial will be subject to sequence analysis.

Another limitation to our study is the use of 16s rRNA sequencing. The resulting read
length, in our case 104 bp, does not allow for detection of specific pathogens as noted above, but
also is poor at classifying Microbes present on each vegetable might change depending on the
location the vegetable was grown on, time of year, shipping conditions, as well as a plethora of
other potential confounding factors. Therefore, it is unlikely that every batch made of the high
diversity beverage would retain exactly reproduceable microbiomes. However, longitudinal
analysis of multiple batches could potentially reveal patterns of microbial variation that allow for
some valid predictions.

Lastly, these samples were maintained under refrigerated conditions that could have
potentially interfered with the metabolic functioning of some microbial species more than others
that could perhaps have more tolerance to colder temperatures. Therefore, this data is not
generalizable to natural conditions for the microbial taxa present within the microbiomes of our

treatment beverages.

3.6. Future Directions

The available body of knowledge on the effects microbial interactions exert on human
health is currently lacking. Specifically, our understanding of these interactions and human

psychological health is a major gap in this body knowledge and requires much more research.
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We are currently collecting data from participants adhering to a four-week double blind, parallel
arm controlled clinical trial to analyze the effects of plant diversity on diversity of the gut
microbiome. Our clinical study altered the recipe for the treatment beverages to include thirty
plant species and a 5% dilution with lemon juice. While there is inherent risk of coming into
contact with raw foods, the lemon juice dilution lowers pH below the threshold acidity in which
Clostridium botulinum can thrive, offering a protective layer against illness caused by pathogenic

bacteria.

Before conducting this study, we collected samples from a test batch of treatment
beverages. We analyzed the microbiome profiles of two unique mixtures of vegetable drinks: a
low diversity sample made of three plant sources and a higher diversity sample made from
twenty-nine plant sources. We divided each sample into 6 replicates and stored them under

refrigerated conditions for four weeks.

We used 16s rRNA sequencing to identify the microbial taxa present within each
treatment microbiome and determined what changes occurred over each week relating to
taxonomic richness, evenness, and overall diversity. Both treatment beverage microbiomes were
found to be stable with no significant changes in any of the three metrics of diversity over a four
week period suggesting that these treatment beverages are stable to measure changes to gut

microbiome diversity in a clinical trial.

We are also collecting samples in triplicate from each batch of treatment beverages
distributed during the clinical study to investigate how the low and high diversity treatment

microbiomes compare across multiple iterations.
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Appendix

VEGETABLE INTAKE
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