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Abstract

Abstract

1.1 | Introduction

Revolutionary insights of the human microbiome, the conglomeration of microorganisms
that stably occupy an expansive array of anatomical locations of the human body, have
certified the phenomenon as an integral component of human biology. As progress has
been made in elucidating the various factors of influence that the microbiome imposes on
human health, it has become apparent that modulation of the community structure and
functional activity of the microbiome is an essential step in utilizing these microbes as an
element of intervention in healthcare. Advancement in understanding of how the

microbiome is manipulated is accordingly of great interest and importance.

1.2 | Methods

Physical activity is a recently emergent prospective modulator of the human intestinal
microbiome. This development in microbiome-host interaction presents great potential, but
has presently been investigated in limited depth. To expand the understanding of this
biological dynamic we engaged the subject with focus on metabolic function of the
microbiome, utilising advanced computation methods and molecular technologies. Our
approach has sought to address multiple aspects of exercise induced microbiome alteration,
and accordingly was conducted with randomized control trials and prospective observa-

tional study designs.

1



2 | Abstract

1.3 | Results

This work describes further evidence that physical exercise has a role in directing the
community structure and metabolic activity of the gut microbiome. Our inspection of
professional athletes, whose prolonged engagement in rigorous exercise grants perspective
of the extreme end of the spectrum of physical activity, revealed a divergent microbiome
from that of more sedentary controls. Metabolic pathways from the athletes were
configured to offer enhanced energy recovery from the intestinal environment. Quantified
metabolomic phenotyping of this system similarly revealed that the athlete microbiome had
a favourable profile of SCFA enrichment.

Examination of structured short-term exercise on exercise naive individuals revealed
subtle alterations of the microbiome, both in terms of phylogenetic composition and
metabolic output. In our investigation it was also observed for the first time that supple-
mentation of whey protein resulted in an alteration of the virome. Further sequencing of the
supplement itself revealed a highly similar viral composition to the participants, suggesting
that whey protein, a widely used supplement, is directly transmitting virus particles.

To explore the implementation of exercise as a supportive intervention for health
conditions related to the GI system, patients with inflammatory bowel disease (IBD) were
recruited for a short-term exercise intervention study. While minimal changes in the
composition of the IBD patients’ gut microbiome were identified, the patients were shown
to undergo the treatment without insult to, or perturbation of their disease state. This
important finding illustrates that sufferers of IBD can engage in physical exercise, reaping
the well-known health benefits from the activity, without obvious influence on the gut

microbiome.
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Elucidation of the longitudinal effects of exercise on the gut microbiome was
achieved through the examination of two individuals engaging in exercise over the course
of six months. Through this N of 1 style of study, resources were concentrated on the two
participants, enabling the acquisition of much greater detail on the proposed question. Here
again, it was observed that while the participants were rewarded with improvements in
health parameters, changes of the gut microbiome were subtle.

Complementing the impressive results produced from initial investigations of pro-
fessional athletes, effort was put forth to apply advanced computational approaches to the
previously generated data in order to advance understanding of the athlete microbiome. A
novel algorithm designed to predict adherence to healthy dietary habits based on
metabolomic profiling was used to better define dietary influence on the metabolomic
dynamics of the gut environment. Separately, a computational modelling method centred
on Flux Balance Analysis generated models of microbial metabolic exchange within the

athletes and corresponding controls.

1.4 | Conclusions

The findings supporting this thesis have immediate relevance in the area of athleticism,
with implications for professional athletes and individuals casually engaged in exercise.
There is further impetus provided for continued investigation of the athlete microbiome, the
influence of prolonged periods of exercise on populations with low fitness levels, and the

impact of dietary supplement derived microbe transmission.
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INTRODUCTION AND BACKGROUND

1.1 | Abstract

The human enteric microbiome has been identified as having key roles in health and
numerous diseases. Comprised of trillions of microbial cells and viral particles, the
microbiome represents a bioactive ecosystem of exceedingly high complexity. Investigation
of the importance of enteric microbes has progressed through culture dependant (e.g.
media-based methods) and molecular (e.g. genetic sequencing and metabolomic analysis)
techniques. The latter have become increasingly popular and evolved from being used for
taxonomic identification of microbiota to elucidation of functional capacity (sequencing)
and metabolic activity (metabolomics).

The following chapter provides details of this thesis; the core rationale behind it,
outcomes of its course, and an outline of its structure. Following this description, an
overview of the metabolic capabilities of the gut microbiome will be presented in the

context of health and disease.
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1.4 | Introduction

Microbial communities are ubiquitously integrated with the physical world we oc-
cupy, and indeed, are intricately linked to our corporeal forms [1-10]. Comprised of
numerous phylogenetic lineages, such as protozoa [11-16], fungi [17-20], viruses [21-24], and
prokaryota [25-29], these microbiome communities exist in complex ecological states, with
widely varying capacities of function [29-34]. While the influences of these microbial
systems are intently studied in diverse research areas, such as food [7, 35], agriculture [36],
and ecology [37], all with profound implications, the microbiome as it pertains to human
health has gained immense momentum as an area of research. Underlying the human
microbiome is recognition that the microbial communities integrated throughout the human
body act as important factors in metabolic function, essentially operating as previously
unknown organs [38-43]. Unlike the mammalian components of the human body, the
microbiome can be modified to achieve specific health aims. Specifically, the use of
pharmaceuticals [44-46], pre- and probiotics [47-49], diet [50-55], and exercise [56-61] can be
utilised to alter the composition and function of the microbiome. The latter of which,
exercise, has particular importance in this regard due to the numerous benefits exerted by
the behaviour on its own, such as with brain function [62], immunity [63], and metabolism
[64, 65]. To this end, the current chapter and the thesis it introduces outlines advances made

towards interaction of exercise and the human gut microbiome.
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1.5 | Purpose of research

The primary aim of this thesis is to elaborate on the understanding of the human gut
microbiome in its relation to physical activity and diet. In particular, the effort of
investigating the diet and exercise—microbiome paradigm has been driven by the utilization of
computationally centred practices and methodologies. As with many areas of the
microbiome, advances in high-throughput technologies (e.g. shotgun metagenomic
sequencing) have enabled researchers to probe inquiries with unprecedented depth, while
simultaneously creating a bottleneck with the volume of data generated. As such,
navigation of complex high-volume data has become a limiting factor in the perpetuation of
research (i.e. drawing evidence for hypotheses, disseminating results, and laying

groundwork for the generation of further inquiries).

1.6 | Thesis structure

The final portions of this chapter will establish the base knowledge underpinning this
thesis, describing the current relevant information related to the interaction of the human
gut microbiome and host physiology. Specific attention is given to the microbiome of the
gastrointestinal system and its relation to physical activity (i.e. exercise).

Prior to description of experimental work in chapters 3-8, materials and methods
utilised throughout the course of this PhD are outlined in chapter 2. Beginning with chapter
3, the first such investigation within this thesis of professional athletes is presented. Here,
via combined metabolomic and metagenomic analysis, the functional capacity of the elite
athlete gut microbiome was presented for the first time. Chapter 4 continues the exploration
of the elite athlete microbiome with the application of a novel mathematical tool for dietary
analysis based on urine metabolomic profile with the professional athlete cohort and

accompanying controls. Similarly, chapter 5 applies the flux balance analysis (FBA)
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metabolomic modelling approach to the original high-throughput sequencing data
generated from the elite athletes.

Beginning with chapter 6, the focus of this thesis shifts from the investigation of
professional athletes to exercise naive individuals. Chapter 6, the first such entry, describes
an intervention study in unfit, but otherwise healthy adults. Here, participants were subject
to treatment of a structured exercise regime, whey protein supplementation, or both. The
study revealed modest influence of exercise on the gut microbiome, however for the first
time, reported that viral particles in whey protein transfer to humans via consumption.
Chapter 7 continues in this vein with an exercise intervention in adult patients with
inflammatory bowel disease. In this chapter, it is revealed that short —term exercise confers
no insult to disease state or composition of gut microbiome in IBD patients, while still
granting the well documented positive influence of physical activity on health. Concluding
the description of experimental efforts, chapter 8 details an 7 of 1 type study in which two
individuals were prospectively examined over the course of 6 months. With this approach
resources were focused on the two participants, granting more elaborate assessment of
longitudinal influences of moderate intensity self-structured exercise. Finally, chapter 9
concludes this thesis, with discussion of the cumulative implications of previous chapters,

and consideration of future directions.
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1.7 | The human microbiome as it relates to metabolic function and health

It has been established that communities of microorganisms, microbiomes, reside on
or within nearly every physical substrate on our planet (and associated artificial satellites)
[1-10]. The importance of the microbiome as an integral component of the human biological
system has become clear, not only to microbiologists, but to clinicians and the general
public. Encompassing multiple divisions of the tree of life such as protozoa [11-16], fungi
[17-20], viruses [21-24], and prokaryota [25-29], microbiomes consist of compositions of
microorganisms in various ecological structures and functional capacities [29-34].
Comprehension of the microbiome’s vast influence on human health has become
formidably wide. Accordingly, the ever expansive sum of such information presents a
continuously growing hurdle in the field for those involved in the field to overcome. The
remainder of this chapter aims to offer essential background to the human microbiome,
providing overview of microbiomes delineated by human anatomy within the framework

of microbe-host metabolic interaction.

1.7.1 | Membership

Within the context of human health, protozoa have historically been regarded as
opportunistic parasites, acting as agents of disease [14, 16, 66-69]. Notable examples of
protists implicated in morbidity include Giardia, Entamoeba histolytica, and Cryptosporidium
[16, 66-68]. A feature common to infections with these organisms is invasion of the
gastrointestinal (GI) mucosa, resulting in diarrhoea. Inconsistencies in the development and
presentation of symptoms in response to infection, along with disagreement on phylogenet-
ic classification of the organisms, have led to an incomplete acceptance of the etiological role
of the protozoa in disease. In contrast, there is evidence for a protective role of a commensal

protist, Tritrichomonas musculis (T. musculis) in murine models [14, 15]. Intestinal coloniza-
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tion of non-human animals with T. musculis produced a host-protective immunological
response, which attenuated the deleterious effects of a challenge with Salmonella [15].

The fungal microbiome, or mycobiome, like that of the protozoan contribution to the
microbiome, is incompletely understood. As shortcomings of the selective nature of culture-
dependent methods for taxonomic profiling were relocated to the past for prokaryotic
organisms with the revolution of 16S sequencing, the fungal counterpart of the 165 rRNA
gene, the internal transcribed spacers (ITS) rRNA gene loci have received less attention in
terms of supporting sequence analysis software, and databases [19, 70].  Although the
catalogue of taxonomic members of the human mycobiome is still expanding, the role of
Candida species in health has been relatively well characterised. While present at various
anatomical sites as a stable constituent of the human microbiome, aberrations in Candida
abundance and morphology increase pathogenicity of the organism, which, regardless of
immunocompetency can result in infection with widely varying virulence [18-20, 32, 71].
Within the GI tract, pathogenicity of Candida has been shown, in part, to be regulated by
Lactobacillus species. Although the precise mechanism remains unknown, it is evident that
some lactobacilli suppress Candida through host epithelial immunomodulation and
competition for epithelial adherence [48, 72-74]. Advantageously reducing competition for
proliferation at the epithelium, lactobacilli interfere with hyphal formation of Candida with
the production of SCFAs and exopolysaccharides (EPS) [72, 74].

Viral infections are a significant cause of human disease and morbidity [22, 23, 75].
Despite the challenges viruses pose to health, it has become evident that bacteriophage,
virus particles that target bacteria, have a beneficial role in the microbiome. Indeed, these
viruses that attack bacteria may be harnessed for therapeutic use. Bacteriophage are both

highly efficient and specific. Each virus will typically infect only a small number of bacterial
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strains. Elimination of bacterial cells occurs via lysis, resulting from propagation of viral
particles within the infected cell. Publically disclosed in 1915, the discovery of bacterio-
phage preceded that of antibiotic drugs by over a decade [76-78]. Despite this, therapeutic
use of bacteriophage has historically been overshadowed by antibiotics. A revival of interest
in bacteriophage therapy has been driven by the emergence of antibiotic resistance and
limitations in novel antibiotic discovery [30, 79-82]. In addition to the therapeutic potential
of bacteriophage, the viruses integrally influence the larger microbial community through
transmission of genetic material between hosts (e.g. antibiotic-resistance genes), and
lowering host density via lysis [83].

Each known component of the microbiome presents specific challenges in its inves-
tigation and role in human health. Bacteria, however, are understood as the predominate
drivers of the microbiome, and thus, are the focal point of microbiome research [25-27, 29,

84].

1.7.2 | Womb to Tomb

Present from birth to death, an individual’s microbiome maintains a constant pres-
ence as a chimeric organ [39, 40, 43, 85]. Seeding of this microbial system occurs at the
beginning of life with birth, via transmission of a mother’s microbiome to her infant during
the birthing process [86-90]. Influenced by direct environmental transmission, a delivered
infant will inherit either the mother’s vaginal and faecal microbiota as it passes through the
birthing canal, or the skin microbiota during caesarean delivery [86-88]. Either route of
delivery imposes prolonged multi-faceted effects on the infant [91, 92]. Vaginal birth confers
a microbiome of the mother’s urogenital system which has undergone specific alterations
throughout the pregnancy that are conducive to the development of robust and functional

immune and GI systems of the infant [89]. Alternatively, numerous deleterious health
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effects for infants delivered by caesarean section have been identified. Immediate influences
upon the infant include increased risk of exposure to antibiotic resistant bacteria from the
mother’s skin [87]. Long-term insults to health arising from caesarean delivery include
greater risk of developing obesity, sensitivity to food and inhalant allergens, and asthma
[91-95]. In light of increasing awareness of potential negative health effects associated with
caesarean delivery, an experimental procedure of vaginal seeding has been developed to
simulate the microbial exposures present in vaginal birth via administration of vaginal
swabs to newly-delivered infants [96]. Implementing vaginal seeding is an issue of
contention, and many clinical practitioners are wary of the intervention prior to elaborate
investigation of its effects [97, 98].

Throughout infancy, an individual’s core microbiome is continuously influenced by
the mother and environment. Whether nourished by the mother’s natural breast milk or
formula, the infant microbiome continues to be moulded through supplied nutrition. In this
regard, a positive health bias towards biological “tradition” persists, as both the process of
breast feeding and breast milk itself, convey health benefits superior to formula [89, 99, 100].
Progressing through infancy the microbiome goes through highly variable changes,
beginning to stabilize at approximately 2 years of age. Flux of the microbiome during this
period is attributed to numerous factors, including dietary variations (e.g. milk vs. solid
food), immunological development, introduction to novel microbes, and antibiotic exposure
[87, 89, 90, 100-102].

Through the transition from infancy to childhood, and onto adulthood, the microbi-
ome of an individual stabilizes, while still being influenced by drug exposure [29, 44, 45,

103, 104], physical activity [57-61, 105-110], the environment [3], and diet [21, 49, 53]
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(discussed more elaborately in proceeding sections) [111, 112]. The microbiome changes

again with old age [50, 113, 114], and again finally with death [115, 116].

1.8 | The Human Body — a Microbiome Perspective

Microbial communities take form within any accessible area of a host’s body. The
defined niches with stable communities in humans and other mammals are currently
generalized to the respiratory system [20, 117-120], nasal [25, 121, 122] and oral cavities [17,
25, 26, 123], skin [22, 25, 26, 75, 88, 124-128], vagina and urinary tract [25, 87, 88, 96, 129-131],
and gastro-intestinal system [21, 25-27, 29, 40, 43, 84, 85, 87]. For each of these unique

communities, varied technical challenges and health related prospects are present.
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A SKIN REF.
T Pacnes(+) 115
A | Malassezia (+) 117
§ S. epidermidis (+/-) 119
S. aureus (-) S. pyogenes (-) 200
M | triglycerides (sebum) 115
% | glycerol fermentation 40
A | propionic acid 118
B | butyric acid 106

B OraL Cavity
T | S-mutans (-)  Slackia(-) 127
A | P gingivalis (-) 124
X | Actinomyces (-) 130

Propionibacterium (-)

M | glycoproteins  N-nitrosamines 126
E | bacteriocins  acetaldehyde | 122
A | hypothiocyanite 124
B | nitric oxide 131

C RESPIRATORY TRACT
T | Afumigatus (-) 137
A | Prevotellaspp. (+) 97
N Haemophilus spp. (-) 144
Malassezia spp. (-) 146
M | corticosteroids (Rx) 145
E | inflamm. cytokines (e.g. 12E) 141
A 97
B

D UROGENITAL SYSTEM REF.
T  Lactobacillus spp. (+) 109
A Gardnerellaspp. (-) 151
X ' Porphyromonas spp.(-) 164
Prevotella spp. (-) 170
M  glycogen 158
£ Jactic acid 161
A butyrate 167
B acetate 168

E | GASTROINTESTINAL TRACT
T | Akkermansia muciniphila (+) 176
A | Lactobacillus spp. (+) 87
X Bifidobacterium spp. (+) 144
B. wadsworthia (-) 181
M | glycogen succinate 176
¥ | propionate  bile acids 203
A | butyrate nitric oxide 168
B | acetate 227

Figure 1.1 | Demonstration of key microbiota and metabolites of the human microbiome,
delineated according to human physiology. (A) The skin, (B) oral cavity, (C) respiratory
tract, (D) urogenital system, (E) and gastrointestinal tract are each highlighted with
examples of microbiota (Taxa) and relevant metabolic activity (Metab). Beneficial

associations to host health are denoted as (+), while negative associations are (-).
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1.8.1 | The Skin

Comprising a relatively vast space (~1.8 m? for an adult human) with an equally ex-
pansive range of subsystems defined by folds, crevices, pH, secretion profiles, and
environmental exposures, the skin supports highly varied microbial communities
functioning in diverse ecological constraints (see Figure 1.1 A) [125, 132, 133].

Ecological partitioning of the skin microbiome is further defined by elementary bio-
logical traits of the host. Microbial composition at specific anatomical locations coordinates
with gender [132, 134, 135]. Topical sampling of hand palms demonstrates greater diversity
of bacterial taxa in women than men, with specific taxa differentially abundant between the
two sexes [134, 135]. Similar results have been presented for other body sites, such as the
thigh and torso [132, 134]. Expectedly, cohabitation of sexually active partners results in a
shared skin microbiome that accurately matches couples 86% of the time [134]. Ancestral
host genetics have also been demonstrated to influence the composition of the skin
microbiome. Male participants of diverse ethnic backgrounds, all dwelling in a single
geographic location, were shown to have microbial differences specific to ethnicity [136].
Despite such associations with the skin microbiome, ancestral genetics have been shown to
exert negligible influence on the gut microbiome, where instead other factors, such as
environment, play a more profound role in the form and function of the microbial
community [137]. Microbiome structure also corresponds with age, with diversity
increasing towards its peak in adulthood, before sharply declining with elderhood [132,
138]. Guidance of skin microbiome composition is not limited to host biology, but also
subject to extrinsic factors.

Continuous environmental interaction leaves the skin communities as our most ex-

posed microbiome. Environmental factors shown to be influential include: hygiene routines,
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topical medication and cosmetic use, and residential environment (e.g. rural vs. urban) [125,
126, 132, 135, 139]. Despite the vulnerability to external perturbations, an individual’s skin
microbiome maintains a consistent core structure [140]. Primary constituents of this stable
inner-community are residential commensal taxa which perform homeostatic functions and
act as a barrier against transient and potentially pathogenic species, subsequently
maintaining a role in a variety of cutaneous conditions [128, 138, 140, 141]. Among these
residential members are strains of Propionibacterium acnes (P. acnes), Malassezia, and
Staphylococcus epidermidis (S. epidermidis) [138, 140, 142, 143]. Lipophilic, P. acnes and species
of Malassezia proliferate in sebaceous gland rich body sites, such as the face and back [125,
138, 142]. The rich pool of triglycerides found in sebum are hydrolysed by microbiota to
produce fatty acids which assist in bacterial adherence and maintaining an acidic pH [138,
144]. Such low pH environmental conditions reinforce the presence of lipophilic commen-
sals, while simultaneously inhibiting colonization by potentially pathogenic strains of
Staphylococcus aureus and Staphylococcus pyogenes (S. aureus and S. pyogenes, respectively)
[138, 145]. P. acnes additionally contributes to suppression of methicillin-resistant S. aureus
through glycerol fermentation to short-chain fatty acids (SCFA), particularly so with
propionic acid which also inhibits growth of Escherichia coli and Candida albicans [74, 141,
145]. Despite its contribution to homeostasis of the skin, P. acnes, as its name suggests, plays

a clear role in the condition of acne.

1.8.2 | The Mouth

The oral cavity provides a rich landscape wherein microbes establish a well-defined
ecosystem (see Figure 1.1 B). Structure morphology and tissue type of the human mouth

offers a variety of microbial habitats, further delineated by conditions of oxygenation, pH,
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and nutrient availability [146, 147]. Control of the oral microbiome is mediated in concert by
factors derived both by host and microbiota [146, 148-150].

Immunological training by microbiota seeded early in life defines the distinction
between the commensal core and transient pathogens, wherein selected commensals create
biological barriers with biofilm formation, alterations of pH and oxygen levels, and
production of growth interfering molecules [148, 150, 151]. Bacteriocins, i.e., small peptide
molecules including lantibiotics and microcins, are one such vehicle of microbial-derived
molecular regulation of community composition within the mouth (and other microbial
systems) [150]. Underlying mechanisms coordinating this antagonistic inter-microbe
regulation of community structure remain unresolved, however its complexity is
highlighted by findings of at least 1,169 putative lantibiotic gene clusters within the oral
metagenomes defined by the Human Microbiome Project (HMP) [152].

Complementing microbial influences, the host exerts an array of modulating effects
upon the oral cavity. Prominently featured throughout this environment, saliva, is
comprehensively understood for moistening the mouth and aiding in the mastication,
swallowing, and digestion of food. Saliva also provides an essential nutrient source for
microbiota, containing complex molecules such as glycoproteins (e.g. mucins) [146, 148, 153,
154]. Similarly, saliva-derived proline-rich glycoproteins contribute to pellicle formation on
mouth surfaces, immobilizing microbiota through their adherence to the structures [146,
148]. Bioactive compounds found within saliva also include potent factors that inhibit
growth or otherwise modify the microbial complex’s activity within the mouth. For
example, bacterial growth is curbed by lysozyme mediated cell lysis and interference of
glucose metabolism with lactoperoxidase catalysed conversion of hydrogen peroxide and

thiocyanate to hypothiocyanite [146, 148].
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Sustaining a balanced oral microbiome purportedly results in numerous local and
systemic health benefits. Nitric oxide (NO) is an important cellular signalling molecule,
crucially involved with various physiological functions: metabolism, nerve function, and
cardiovascular function. Key oral microbiome constituents have demonstrated the ability to
reduce dietary nitrates to nitrite [42, 148, 154]. Converted nitrite is deposited into saliva,
which is ingested after oral cavity circulation, leading to NO conversion and the subsequent
transmission to tissues across the body [42, 154]. Countering the potential health benefits of
bacterial nitrite supplementation, the compound may stimulate cancer development
through formation of carcinogenic N-nitrosamines [42]. Posing similar risk of carcinogene-
sis, acetaldehyde is converted from ethanol by oral bacteria [154].

Dysfunction of the oral microbiome contributes directly to dental diseases; the most
widely recognized such condition being tooth decay or dental caries. Caries formation
begins with bacterial fermentation of carbohydrates to organic acids, resulting in localised
pH reduction and subsequent tooth demineralization [146, 148, 151, 154]. Once the site has
been acidified, the affected environment becomes increasingly hospitable to bacteria that
are tolerant of low pH conditions, thus stimulating proliferation of destructive communi-
ties, and worsening of the condition [146, 148, 154]. While Streptococcus mutans is implicated
as an integral component of tooth decay, it is evident that no single perpetrating organism is
the causative agent, and instead polymicrobial activity drives the condition, with diverse
actors from genera such as Actinomyces, Slackia, Propionibacterium, and Lactobacillus [151].

Periodontal disease is similarly notorious and well-understood for its influence by
microbiota. Prolonged biofilm formation at the interface of gingival tissue and the tooth
surface leads to accumulation of pathogenic bacteria that exacerbate inflammation through

secretion of cytotoxic compounds such as lipopolysaccharides (LPS) [148, 154]. Resultant
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bleeding from the inflammation provides a source of iron from heme, a molecule utilized by
pathogenic microbes (e.g. Porphyromonas gingivalis) [148, 154]. Without disruption, the
dysbiotic periodontal microbial community thrives, and with enhanced immunological
antagonisation of the gingival tissue, contributes to induction of a dysregulated inflamma-
tory response, permanently damaging connective tissue and bone [148, 154].

Despite long-standing associations between oral health and microorganisms, and
increasing understanding of such associations with advances of genetic sequencing and
metabolomic technologies, a great deal more remains to be investigated within the oral

microbiome.

1.8.3 | The Nose and Respiratory System

The human lung has long been considered a sterile biological system unless challenged with
disease. Awareness of the microbiome has led to revision of this perception, and general
acceptance of the respiratory microbiome (see Figure 1.1 C).

Under conditions of general health, the lung environment reflects many characteris-
tics of the mouth and nose interiors: moderate thermal stability, high oxygen availability,
mucosa-lined internal surfaces, and a continuous influx of environmental microbes. Despite
being similarly well-suited for thriving microbial activity as the respiratory system
openings, modern investigation of respiratory-related microbes deeper in the system
projects a healthy lung microbiome with low phylogenetic diversity [155-157]. Simplicity of
the lung microbiome is most notable in comparison to the oral cavity, which acts as a major
channel for microbiota translocation with microaspiration of aerosolized material from the
upper respiratory tract and direct migration along the oropharynx mucosa [157, 158].

While many human microbial communities exhibit high levels of diversity when

healthy, presenting associations between disease and reduced diversity, the respiratory



Chapter 1

microbiome deviates from this trend and is indicated to be more susceptible to malignancy
when complexity of its composition increases [25, 148, 157, 159, 160]. This is observed as far
up in the respiratory system as the nasal cavity, with elevated diversity of the inner nostril
associated with number of allergies [134]. Conversely, postsurgical outcome of sinus
surgery is better with more diverse sinonasal microbiomes, suggesting an unpredictable
relationship between upper respiratory tract microbial diversity and health [161].
Association between heightened lung microbiome complexity and compromised
pulmonary health has been demonstrated with asthma, an inflammatory disease [20, 119,
121, 160, 162]. Aligned with much of microbiome-health interaction, evidence supports
early life microbial exposures as critically influential on respiratory health. Strong
epidemiological associations assert an increased risk of inflammatory respiratory disease
with caesarean birth, and reduced risk from diverse antigen presentation (i.e. rural and
farm exposures) [93, 94, 163, 164]. Mechanistic detail of the microbial role in asthma remains
undescribed, however associations have been made between a deviation from the typical
predominance of Bacteroidetes members (e.g. species of Prevotella) to those of Proteobacteria
(e.g. Haemophilus species) [119, 165, 166]. Intriguingly, Proteobacteria are a predominant
component of the skin microbiome, suggesting detrimental transposition of skin associated
microbiota into the lungs [134, 138]. Similarly, analysis of fungal contributions to the
pulmonary microbiome implicates the presence of Malassezia species in asthma [167]. This
particular fungal species is more prominently known as a factor in atopic and seborrhoeic
dermatitis, further supporting a role of deleterious skin microbiota cross-over in asthma
[143]. It remains to be determined whether translocation of undesirable microbiota
exacerbates the disease, or rather, the condition establishes a dysfunctional environment

that is more conducive to infiltration of foreign microbes.
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Although elaborate understanding of the respiratory microbiome’s general func-
tionality is lacking, evidence has been presented for alterations of the asthmatic lung
microbiome composition within the context of corticosteroid treatment [162, 166]. Patients
with asthma either resistant or sensitive to corticosteroid treatment both demonstrated
compositional derangements in comparison to controls, with reduced Bacteroidetes
abundance, and increased levels of Proteobacteria and Actinobacteria species [162].
Additionally, host-derived peripheral blood monocytes from the lungs of corticosteroid
resistant patients had inhibited corticosteroid response when co-cultured with an isolate of
Haemophilus parainfluenzae, a potential pathogen associated with asthma [162].

Although initial findings of the respiratory microbiome are promising, future devel-
opments face significant challenges. While other body sites are highly accessible for
sampling with topical swabbing or secretion collection, acquiring samples from the lung is
considerably more complicated. Not only is advanced training necessary to safely reach the
tissue of the lower respiratory tract, but contamination risk throughout the respiratory
system becomes exceedingly high when attempting to sample from specific pulmonary sites

[155, 156, 158, 168].

1.8.4 | The Vagina and Urinary Tract

The female urogenital microbiome maintains a paramount health role, seeding the
microbiome of infants passing through the birth canal. Contribution of the mother’s
urogenital microbiome during vaginal birth (or skin with caesarean delivery) on the
establishment of an individual’s microbiome marks a critical stage of biological develop-
ment, with potentially life-long influences on asthma and allergy susceptibility, obesity, and

neurocognitive development [90, 91, 169-171].
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Highlighted by its epidemiological influence, substantial effort has been put towards
characterisation of vaginal microbial components and associated metabolic function (see
Figure 1.1D). Similarly to the lungs, the healthy vaginal microbiome is characterized as
maintaining low microbial diversity, however Lactobacillus species dominate its composition
[25, 131, 172]. Disruptions to the healthy vaginal microbiome’s stable low-complexity are
linked to severity of cervical intra-epithelial neoplasia (CIN) and bacterial vaginosis (BV), of
which the latter presents increased risk of sexually transmitted infection acquisition, pelvic
inflammatory disease, and preterm birth [129, 173-178].

Lactobacillus dominance of the vaginal microbiome appears to be unique in humans
when compared to other animals (>70% and ~1%, respectively) [179]. In response to this
anomaly, several theories have been proposed for the Lactobacillus-centric human vaginal
microbiome: conserved common function of vaginal microorganisms that in humans
happens to be fulfilled by Lactobacillus species, and such microbes adapting to starch rich
diets that are typical of humans [179]. The diet hypothesis further suggests that high
glycogen concentrations found within the human vaginal tract reflect dietary carbohydrate
catabolism which is facilitated by abundant salivary amylase levels.

Irrespective of evolutionary basis, thriving lactobacilli growth is fostered in the vag-
inal environment by glycoprotein and mucin rich genital fluid and high levels of glycogen
and a-amylase, of which the latter increases energy availability of glycogen through its by-
products [179-181]. With Lactobacillus proliferation, oestrogen mediated pH of the vagina is
further acidified by microbial-derived lactic acid, which is metabolized from glycogen
through anaerobic glycolysis [182-187]. Low pH (~3.5) and high lactic acid concentrations
contribute in conjunction with cervicovaginal fluid, a highly effective antimicrobial and

antiviral medium, to stabilization of the vaginal environment [185, 187]. With BV, when
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vaginal pH rises (>4.5) and microbial composition shifts away from lactobacilli to
Gardnerella species, lactic acid levels drop and a more prominent SCFA profile develops
[185]. While SCFAs are generally observed to bestow health benefits, particularly in the gut,
within the vaginal tract an undesirable pro-inflammatory response appears to be induced
by acetate and butyrate [55, 74, 128, 141, 185, 188].

The vaginal microbiome’s dichotomous state between Lactobacillus and Gardnerella
dominance appears to considerably influence the efficacy of microbicide HIV prevention
therapy [129]. Tenofovir microbicide gel was 59.2% effective in HIV infection prevention for
Lactobacillus dominant vaginal communities, while the Gardnerella based BV microbiome
had a prevention rate of 18% [129]. Controlled doses of tenofovir administered to patients
with either Gardnerella or Lactobacillus oriented microbiomes showed significantly lower
concentrations of the drug in Gardnerella dominated vaginal communities, and indeed, drug
concentration negatively correlated with Gardnerella abundance [129]. In vitro analysis
demonstrated that Gardnerella and other BV associated microbes efficiently metabolised the
drug through a cleavage of an oxy-methylphosphonic acid side-chain of the compound
[129].

The male urogenital tract microbiome has received less attention; however budding
investigation of the subject suggests health-relevant microbial activity within this system.
Circumcision significantly modifies microbial composition of the coronal sulci of the penis,
decreasing the total microbial load, including anaerobic taxa putatively associated with BV
[189, 190]. Reduced HIV infection rates have independently been associated with
circumcision, however the underlying factors of this protective effect are unknown [191].
Characterization of the penile microbiome suggests that microbial modulations from

circumcision reduce epithelial immune activity, subsequently reducing HIV presentation to
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the immune system [189-191]. Although the human urogenital microbiome has already
begun to yield promising insights to a variety of important aspects of health, there

continues to be numerous questions that remain unanswered.

1.8.5| The Gut

Of the microbial communities delineated by human physiology, the consortium of
prokaryotes, viruses, Archaea, and eukaryotes found within the gastrointestinal (GI) system
have been investigated with the greatest intensity, subsequently yielding the most elaborate
insights of microbial contributions to health and disease (see Figure 1.1 E) [12, 21, 27, 29].

Present knowledge of microbial introduction to the GI tract dictates uni-directional
passage of microbiota within ingested material. Microbes are transported along the GI
system, following a gradient of community complexity that peaks in the colon [192-194].
Once established, the gut microbiome is subject to influence from a growing number of
known factors, both from the host and other microbial cohabitants. Perhaps most
profoundly affecting this community is host diet, supplying microbes and the arsenal of
nutrients that contribute to the microbiome’s function and proliferation [53, 55, 102, 195,
196]. Plant-based complex carbohydrates, which intestinal microbiota process with enzymes
that are absent from the human host, keenly exemplify dietary influence on the microbiome
[55, 196, 197]. Through metabolism of these polysaccharides, microbial fermentation yields
SCFAs, compounds with a broad range of purportedly profound effects on the host [55, 196,
197].

Host-derived metabolites, similarly to dietary constituents, are utilized by the mi-
crobiome [196, 198-201]. Examples highlighting this host-microbe interaction include: bile
acids (BA), which upon metabolization by bacteria, engage in complex host-microbe

signalling cascades, and intestinal mucins, compounds utilized by mucin specialists (e.g.
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Akkermansia muciniphila), providing protective properties to the host [38, 196, 198-201]. In
addition to drugs explicitly affecting microorganisms, i.e. antibiotics, other medications
demonstrate profound microbial interactions, affecting microbes and pharmacokinetics of
the drugs [200, 202-205]. An in vitro screen of more than 1000 pharmaceutical compounds
against core representative strains of gut bacteria, demonstrated that growth of at least one
strain was inhibited by 24% of compounds intended to target human cells [205]. The type II
diabetes drug metformin has separately been implicated in altering both composition and
function of human intestinal microbiota, moulding a microbiome with an enrichment of
SCFA metabolism genes and faecal concentrations of propionate and butyrate [204]. Specific
microbial metabolic interaction with metformin however, remains to be elucidated.

Indeed, drugs of intoxication (e.g. alcohol and cannabis) are indicated as having mi-
crobiome interactions, although such insights are sparse and often limited to non-human
animal models [46, 104, 206-209]. An exception to the limited reporting on recreational drug
use and the microbiome is the profiling of the gut microbiome of chronic cannabis users
[208]. It was demonstrated that in comparison to controls, chronic cannabis users had a 13-
fold reduction in the Prevotella:Bacteroides ratio. Lower Prevotellas abundance was further
associated with poor cognition test performance and reduced mitochondrial ATP
production [208].

Host behaviour, specifically physical exercise, is also recognized as an integral factor
in modulation of the intestinal microbiome’s composition and function [57-61, 105-110].
[lustrating the influence of the extremes of exercise, professional athletes have been shown
to harbour a gut microbiome, that in addition to having high compositional diversity of
microbial taxa, contains a gene profile with robust potential for environmental energy

capture [57, 58]. Specifically with the cohort of professional rugby players, in comparison to
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age matched controls with similar BMI to represent the range of body composition in the
athletes, a substantial increase in metabolic pathways with potential for health benefit, and
a unique profile of faecal metabolites were observed. The pathways, which, given levels of
expression matching their abundance offer opportunity for health modulation, ranged from
organic cofactor and antibiotic biosynthesis to degradation and biosynthesis of carbohy-
drates. The latter of which could potentially result in an increased capacity for energy
utilisation by the microbiome [57]. Metabolomic profiling of the athlete gut microbiome
revealed elevated levels of SCFAs, metabolites with wide health implications (detailed
further below) and association to a lean body composition [210]. The faecal metabolome of
these athletes also presented elevated levels of trimethylamine-N-oxide (TMAO), a
compound that has been associated with cardiovascular disease and atherosclerosis,
although these negative associations have been disputed due the occurrence of high levels
of TMAO in populations with low occurrence of cardiovascular disease [211]. Examining
the microbiome of high-performance bicyclists, it was shown that the genus of Prevotella
was significantly associated with reported time of exercising, while transcriptional levels of
Methanobrevibacter smithii products were upregulated, particularly so for methanogenesis
genes [60]. Investigation of amateur half-marathon runners demonstrated that through the
course of high-intensity running, significant changes occurred in certain taxa (e.g.
Coriobacteriaceae) and metabolites within the gut environment [61]. Intriguingly, the
introduction of exercise as a novel stimulus appears to elicit more subtle changes in the gut
microbiome. After undergoing a short period (8 weeks) of moderate-intensity exercise,
healthy but inactive adults were shown to have only minor changes in the composition of
their gut microbiome [59]. A separate analysis of a combination of lean and obese

individuals undergoing a period of structured exercise conversely asserted that concentra-
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tions of faecal SCFAs increased in lean participants following exercise, while an obesity
dependant shift in microbial diversity was present after exercise, and dissipated after a
washout period [56]. Taken together, there still remains work to be done in understanding
the mechanisms underlying the interaction of exercise and the gut microbiome.

Gut microbiome analysis is predominantly carried out on the terminal end of the GI
tract with the large intestine. Focus on the large intestine results from the relative ease and
reliability by which gut specimens can be non-invasively acquired as stool samples. These
samples importantly provide accurate representation of the intestinal microbiome as
excreted samples retain microbial cells and metabolites from the lumen and mucosa,
however, without exact recapitulation of the intestine’s various sub-sites [192, 193, 212].
From these samples, understanding of the gut microbiome has advanced through
utilization of culture-dependant methodologies, to microbial taxonomic characterization
with 16S rRNA gene sequencing, and on to the functional potential of the microbiome,
progressing in stride with advancements in genetic sequencing and metabolomic
technologies [25, 28, 54, 57, 213].

These collective analyses have revealed numerous roles for the gut microbiome in a
broad range of disease states. Early sequencing based studies of the intestinal microbiome
presented an influence of the microbiome in obesity, first with mice and later with humans
[28, 214]. This early work paved the way for numerous other proposed health insults
resulting from undesirable intestinal microbiota composition or function, ranging from
diabetes and inflammatory bowel disease to psychiatric disorder and cancer [24, 215-222].
While initial contemporary gut microbiome research presented microbiota taxonomically,
which drastically limits potential understanding of microbial influence on disease, shotgun

metagenomic sequencing and metabolomic analysis strategies place the microbiome within
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a framework of genetic pathways and metabolic products, enabling more elaborate

investigations of mechanistic interactions between host and microbe [38, 46, 57, 213, 223].

1.9 | Systemic Implication of the Gut Microbiome in Health and Disease

The GI tract acts as the primary site for the uptake and metabolic processing of nutrients,
and subsequent systemic allocations of such products. As the human body’s central portal,
the gut plays substantial role in health regulation. Gut microbiome investigation supports a
similarly crucial role of intestinal microbes in health maintenance and modulation of
various disease states, compounding with native biology of the host intestinal system.
Microbial contributions to this health dynamic are mediated by numerous metabolic
modalities operating independently or in concert. The most prominent metabolic circuit is
at the interface of the microbiome and ingested nutrients, wherein microbiota utilize host
diet to proliferate and produce metabolites that integrate with host cell metabolism (see

Figure 1.2) [29, 43, 53, 195, 196, 224, 225].

1.9.1 | Short-chain fatty acids

Of microbially produced metabolites influencing the host, SCFAs have demonstrat-
ed immense contribution to host biology, both locally within the intestinal system and
distally with hepatic, neurological, and immunological function [55, 188, 225-229]. As
previously noted, microbial SCFA generation occurs through polysaccharide utilization.
Although the primary substrate for production of these compounds, it has also been
demonstrated that gut microbiota have the capacity to convert butyrate from the
metabolism of protein [225, 230-232]. Primary SCFA biosynthesis from polysaccharides is
facilitated by various gut microbiota, employing a diverse repertoire of metabolic and
enzymatic capacities [55, 225, 233]. Acetate, the SCFA generally found in the highest

concentrations of intestinal SCFA profiling, can be derived from pyruvate metabolism,
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following the Wood-Ljungdahl pathway or acetyl-coA synthesis [55, 225, 233]. Propionate is
produced via two known processes involving sugar fermentation pathways, the succinate
and propanediol pathways [55, 225]. Carbohydrate-derived propionate predominantly
occurs through the succinate pathway, utilizes hexose and pentose sugars (e.g. glucose and
ribose, respectively), and is dependent on vitamin Biz for complete conversion of succinate
to propionate [225]. Propionate biosynthesis mediated by the propanediol pathway uses
deoxy sugars fucose and rhamnose as the main reactants, however lactate conversion to
lactaldehyde by Lactobacillus buchneri can feed generation of 1,2-propanediol [225]. Butyrate,
the third most common SCFA, is most frequently formed through glycolysis of carbohy-
drates in which two acetyl-CoA molecules are combined to acetoacetyl-CoA, which is then
reduced to butyryl-CoA [55, 225]. Final formation of butyrate within this metabolic scheme
is carried out through two known pathways; butyryl-CoA: acetate CoA-transferase or

phosphotransbutyrylase and butyrate kinase [55, 225].
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Figure 1.2 continued | A simplified demonstration of the metabolic interactions between
host and microbiome. The cross-section of the small intestine illustrates the metabolic
exchange between the intestine and two taxonomic representatives (Prevotella spp. and F.
prausnitzii). Polysaccharides act as an example of dietary substrate utilized by the
microbiota for the production of SCFA (butyrate and acetate). Similarly, host-derived
substrate in the form of lactate presented with excretion of mucin from the intestine can be
used by the microbiota. Within the example, acetate can either be absorbed by the intestine
and subsequently the blood stream where systematic influences take place, or converted to

butyrate, exerting localized effect on intestinal epithelial cells.
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Upon excretion from microbial cells, SCFAs entering the intestinal environment are
utilized by colonocytes as an energy source or pass into broader circulation via the portal
vein [55, 225]. Acting locally on colonocytes, butyrate is incorporated into luminal cells
through diffusion or direct transport mediated by the Na(+)-coupled transporter SLC5A8
[55, 234]. Butyrate within colonocytes contributes to energy production through conversion
of the compound to acetyl-CoA, or alternatively will inhibit histone deacetylase (HDAC)
activity [55, 234, 235]. HDAC inhibition occurs within colorectal cancer cells, wherein
glucose is preferentially used as an energy source, leading to butyrate accumulation and the
subsequent action upon HDAC which results in a cascade of effect on cell proliferation,
differentiation, and apoptosis [55, 234, 235].

Upon entering wider circulation through the portal vein, propionate is primarily
metabolized in the liver while acetate is more broadly circulated, for example, crossing the
blood-brain barrier where it may influence satiety through action on the hypothalamus
[227]. Demonstrated in mice, gut-derived acetate and propionate have separately been
suggested to influence asthma [55, 236, 237]. While regulatory T cell activity is enhanced by
acetate inhibition of histone deacetylase 9 (HDACY), resulting in suppression of environ-
mental allergen hypersensitivity, propionate affects lung dendritic cells dampening
promotion of T helper type 2 cell driven inflammation while leaving the cells” phagocytic
ability intact [55, 117, 236-238].

Of particular relevance to this thesis, SCFAs have been shown to be detected by
metabolomic profiling in higher concentrations within the gut of athletes when compared to
controls. Our work with elite athletes demonstrated that an enrichment of SCFAs is present
in the intestinal environment of the athletes when compared to controls [57]. Separately it

was shown that lean individuals undergoing a short-term exercise intervention had
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increased levels of SCFAs in response to the treatment [56]. This intriguingly suggests that
physical fitness may foster an environment within the gut that, likely in conjunction with
dietary changes associated with increased exercise, is more conducive to the production of

SCFAs

1.9.2 | Bile acids

With similarly profound implications as SCFAs, bile acids (BA) are shown to be at the
centre of a metabolic interplay between host and microbe [53, 198, 199, 202, 204, 239-241].
Following post-meal metabolic cues, bile released from the canalicular membrane of
hepatocytes enters the intestinal system. Primary BAs, cholic acid and chenodeoxycholic
acid, are converted from cholesterol and conjugated to taurine or glycine, and within
context of host physiology, are utilized as detergents to allow intestinal absorption of
dietary lipids and fat-soluble vitamins [239, 241, 242].

Microbial bile salt hydrolase (BSH) facilitates conjugated bile acid (CBA) hydrolysis,
reverting the compounds back to BAs which permits small intestine reabsorption or
additional metabolic processing [241, 242]. Unconjugated and glycine-conjugated BA
absorption by passive diffusion and active transport creates a circulating pool of BAs,
establishing continuous bioavailability of the compounds [240-242]. As detergents, BAs
have the capacity to disrupt the lipid membrane of bacterial cells, subsequently exerting
considerable influence on the structure of the microbiome. Microbes accordingly employ
myriad strategies to circumvent the antimicrobial action of BAs, such as outer membrane
lipid and protein modifications [241, 242]. In conjunction with BA resistance, microbiota
exploit their ability to alter BA hydrophobicity through modification of the compounds,

permitting either evasion of destruction or an inhospitable environment for competing
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organisms [241, 242]. Microbial-BA activity impacting host health has consequentially
begun to be elucidated.

Microbial BSH driven hydrolysis of CBAs to unconjugated primary BAs enables
subsequent conversion to secondary BAs deoxycholic acid and lithocholic acid (DCA and
LCA, respectively) [241, 242]. DCA in particular, accumulates in the enterohepatic BA pool.
Relatively high concentrations of DCA result from intestinal diffusion and hepatic reuptake
conduced by the compound’s hydrophobicity, and the human liver’s inability to
rehydroxylate DCA [241].

Obesity is a health condition with demonstrated influence by BAs, for example die-
tary insult to weight-gain and glycaemic control was ameliorated with intervention of BA
binding resins [243]. Anatomical influence on BA Roux-en-Y gastric bypass surgery has
intriguingly been shown to also have an effect on BAs, with serum concentrations raised in
individuals that have undergone the procedure when compared to obese and severely
obese controls, suggesting that anatomical manipulation of the procedure modifies the
dynamics of the BA pool [244, 245]. The fat and protein enriched ‘Western” diet that
contributes to obesity development modifies not only gut microbiome composition but also
microbial BA pool contributions [53, 196, 214, 216, 240].

Among the numerous detrimental effects of obesity, evidence supports microbial
derived DCA as a potent tumour promoter, contributing to development of hepatocellular
carcinoma and the colorectal cancer precursor colorectal adenomas [53, 240, 246-248].
Although mechanistic detail in the human gut is limited, DCA-driven hepatocellular
carcinoma in mice is suggested to result from the compound’s provocation of the
senescence-associated secretory phenotype (SASP) in hepatic stellate cells [247]. SASP is

characterized by broad alterations in gene expression and secretory profile, which affect
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neighbouring cells through numerous factors: release of cytokines (e.g. IL-la and -f),
insulin-like growth factor binding proteins, nitric oxide and reactive oxygen species, and
potentially the glycoprotein, fibronectin [247, 249]. Influence of DCA on colorectal
tumorigenesis is proposed to mediate derangement of epidermal growth factor receptor-
mitogen activated protein kinase (EGFR-MAPK) regulation, specifically with DCA
preventing degradation of EGFR through calcium signalling of MAPK [246]. Within this
valuable framework established around the interaction of gut microbes and BAs, a wide
range of metabolic facets remain to be elucidated. There continue to be poorly understood
aspects of the roles BAs have on microbial function and ecology, and indeed, the influences
of microbial-derived BAs on host health. Furthermore, the dynamics of BA-microbiome-
host interaction are only a small component of the numerous bioactive compounds within
the gut environment, highlighting the vast areas of the microbiome that still require

investigation.
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1.10 | Conclusions and Outlook

Examination of microbiome-host interaction has defined an integral role of microbiota in
health and disease. The challenge now lies in comprehensive elucidation of the underlying
mechanisms. Metabolic phenotyping and identification of the microbial metabolites
interacting with the host will be pivotal to this challenge. With robust characterization of
metabolic activity within the various microbiomes of the human body, progress can be
made in the development of defined microbial cultures (probiotics) and substrates
conducive to selective growth or function of microbes (prebiotics) for health enhancement.
In short, there is need and opportunity for the imaginative deployment of metabolic

phenotyping within the field of microbiome research.

1.11 | Hypothesis

The research of this thesis is directed towards expanding the understanding of physical
exercise as an agent in the modification of the gut microbiome, particularly in how the
microbiome pertains to health. This goal encompasses the profiling of intestinal microbiota,
both in terms of taxonomy and metabolic function, within the context of various degrees of

exercise intensity, and human populations.
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The specific hypotheses of this thesis are as follows:

1. The athlete microbiome exhibits unique characteristics, including functional adapta-

tions to the dietary and energetic extremes associated to the demands of high-
performance sport.

Identifiable changes occur in the composition and function of the gut microbiome in
response to exercise and/or protein supplementation as novel stimuli.
Computational based investigations can be utilized to elucidate additional details of
the microbiome dynamics in athletic populations.

Exercise can be used by inflammatory bowel disease patients without detrimental
impact on their intestinal microbiome.

Prolonged engagement in physical activity results in pronounced alterations of the

gut microbiome.

1.12 | Objective

The objectives of this thesis are as follows:

Describe the taxonomic and metabolic potential profiles for the gut microbiome of
high-performance athletes.

Identify alterations in the gut microbiome of exercise naive individuals in specific
response to physical exercise, whey protein supplementation, or both.

Assess the viability of exercise as an adjunct treatment in physically inactive in-
flammatory bowel disease patients.

Evaluate the influence of moderate intensity exercise on the microbiome longitudi-
nally over the course of 6 months.

Determine the effectiveness of elucidating additional details of gut microbiome

dynamics with computational modelling strategies.
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Chapter 2

MATERIALS AND METHODS
The following chapter outlines the general materials and methods that were practiced in the
experimental portions of this thesis. Any deviations or additional approaches have been

described in corresponding chapters.

2.1 | Ethical approval

Investigations that focused on, or otherwise included human participants (chapters 3 - 8)
were appropriately conducted under guidelines defined by the Helsinki Declaration. In all
such studies, ethical approval was formally sanctioned by the Clinical Ethics Committee of
the Cork Teaching Hospitals (CREC). All study participants provided written informed
consent prior to commencement of the various studies. An adapted version of the American
College of Sports Medicine’s safe participation questionnaire was utilized to ensure

participant safety during the course of the exercise intervention studies (chapters 6 and 7)

[1].

2.2 | Study compliance and withdrawal

Exercise program compliance (chapters 6 and 7) was monitored remotely by the investiga-
tors using the FitLinxx® activity monitoring system (Shelton, Connecticut, USA). All
volunteers were provided with a unique identification number for the FitLinxx® physical
activity recording system and were required to login and record all activities undertaken at
the Mardyke Arena gymnasium during the intervention period. Using this tracking system,
compliance with the prescribed exercise program was monitored by the investigators.

Similarly, the quantity of aerobic and resistance training performed by participants was
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compiled. The Fitlinxx® software program enables accurate recording of the duration and
frequency of training, and provides an estimate of energy expenditure during aerobic
exercise. The facility’s Fitlinxx® software and hardware was maintained and re-calibrated
prior to commencement of the study. Volunteers noted not to be complying with the

exercise regime for more than 7 consecutive days were withdrawn from participation.

2.3 | Participant data collection

2.3.1 | Diet & nutrition

In all studies, recruited volunteers were asked to maintain typical dietary habits throughout
the observation periods. For chapters 3, 4, 5, 6, and 8, dietary data from participants was
collected by means of a 146-item food frequency questionnaire (FFQ). The FFQ was an
adapted version of the questionnaire used in the UK arm of the European Prospective
Investigation into Cancer (EPIC) study [2], which was based on the original Willet FFQ [3].
Participants were asked to record their usual pattern of dietary intake over the duration of

observation.

2.3.2 | Physical activity

Healthy individuals compared to athletes as controls for high-performance athleticism for
studies described in chapters 3-5, were assessed for physical activity levels using an
adapted version of the EPIC-Norfolk questionnaire [4]. Baseline physical activity levels of
volunteers (chapters 6, 7 and 8) were characterized using the long form of the International
Physical Activity Questionnaire (IPAQ) [5]. This self-reported questionnaire provided an
estimate of the physical activity patterns of participants including an estimation of the time
spent engaged in physical activity (walking, moderate, and vigorous activity) and the

metabolic equivalents of task (MET) minutes and kilocalories expended per week by
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physical activity. To prevent injury from unaccustomed vigorous exercise, a sub-maximal
assessment of peak aerobic capacity was used in intervention studies (chapters 6 and 7).
Baseline and post-intervention levels of cardio-respiratory fitness were measured using a
validated sub-maximal fitness test [6]. The Rockport one-mile walk test was performed in a
standardized temperature environment at the indoor running track of the Mardyke Arena,
University College Cork, Ireland. This test was used to estimate maximal oxygen uptake

(VOZmaX) .

2.3.3 | Body composition

Dual Energy X-ray Absorptiometry (DEXA) was used to assess body composition change in
the volunteers from all cohorts. A GE Healthcare Lunar iDXA machine (Madison,
Wisconsin, USA) at the Bone Densitometry Unit, Cork University Hospital, Ireland was
used. The enCORE software (V.13.4, 2010) analysed body composition using a three-
compartment body composition model (Fat mass, bone mass, lean tissue). Volunteers were
scanned post-voiding and dressed in light clothing, with metal-wear removed where
present. Quality control analysis was performed on the iDXA machine before use on each

measurement day.

2.3.4 | Inflammatory cytokine measurement

Blood samples (4 ml) from participants were collected in serum separator clot activator
blood collection tubes (Greiner Bio-One, Stonehouse, United Kingdom; reference no.
454071). The blood samples were allowed to rest upright on the laboratory bench for 30 min
before centrifugation was performed at 1,000 xgfor 20 min at room temperature.
Approximately 2 ml of supernatant sera was then harvested by pipette, frozen, and stored
at —-80°C in polypropylene cryogenic vials. At a later date, following a complete thaw,

resting levels of proinflammatory cytokines were measured using a mesoscale discovery
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(MSD) platform (Meso Scale Discovery, Rockville, MD). The MSD system is an electrochem-
iluminescence-based  solid-phase  multiplex assay. An ultrasensitive = human
proinflammatory I, V-Plex immunoassay panel containing interleukin-6 (IL-6), IL-8, IL-10,
tumour necrosis factor alpha (TNF-a), and gamma interferon was used to measure serum
cytokine levels. All such cytokines were measured in chapter 6, while gamma interferon
was not measured in chapters 7 and 8. Samples were diluted 1:2 according to the
manufacturer’s protocol. The lower limit of detection was <1 pg/ml for all assays. All
plasma samples were measured in duplicate, and the mean cytokine concentration of the

duplicates (in picograms per millilitre) was used for analysis.

2.4 | Exercise intervention

Combined aerobic and resistance training (chapters 6 and 7) was performed at the Mardyke
Arena gymnasium at University College Cork, Ireland, where all exercise sessions took
place. Participants undergoing exercise intervention were instructed to adhere to the
assigned exercise program and to avoid additional moderate to vigorous physical activity
outside of that prescribed. Participants were instructed to train 3-times per week for the 8-
week intervention periods. Participants were familiarized with the format of the required
training program during a 90-minute induction session with designated gym instructors.
This induction included demonstration of all aerobic and resistance training equipment
allowing the opportunity to ask questions if required. Resistance training machines were
customized for individual differences in range of motion and the participants were
observed using all machines with instructor feedback and correction. For resistance

machines, 1 repetition maximum (1RM) values were calculated using standardized methods

[7].
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The outline of the exercise sessions was as follows: After a 5-minute warm-up on the
treadmill (brisk walking at approximately 4km/hour, modified Borg rating of perceived
exertion (RPE) scale: 3-5/10) [8], participants underwent aerobic training of moderate
intensity (modified Borg RPE: 5-7/10). To encourage compliance with the prescribed RPE
scales, volunteers were reminded of the desired intensities on each of their weekly exercise
training programs. The duration of aerobic exercise progressed on a weekly basis but
remained of moderate intensity. Initially, aerobic exercise lasted approximately 18 minutes
and by week 8 of the intervention period, aerobic exercise increased to approximately 32
minutes depending on the type of aerobic activity chosen by the volunteer. To allow variety
and to maintain interest participants were provided with a choice of aerobic activities,
including treadmill jogging/running, use of a cross-trainer device (with no added
resistance), use of a stepper machine, and stationary cycling (with mild resistance). The
duration for each of these activities was calculated based on the 2011 Compendium of
Physical Activities [9] to ensure similar levels of energy expenditure across all activities.
Participants were instructed not to change between aerobic exercises within a given training
session.

Upon completion of aerobic activity, participants undertook machine-based re-
sistance training. In summary, participants were required to perform a minimum of 3 sets of
8 repetitions on 7-different resistance machines (three upper body, three lower body, one
core muscle exercise). The allowed resistance machine options were as follows: for the
upper body, shoulder press, chest press, lateral pulldowns, and seated rowing; for the lower
body, leg extension, leg curl, gluteal kick-back, and leg press; for the core muscles,
abdominal curls and torso rotation. A minimum limit of 3 sets of 8 repetitions was

instituted, with a maximum limit of 3 sets of 12 repetitions. Starting weights were calculated
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at induction to correspond to 70% of the individual’s one-repetition maximum (1RM) value.
Resistance training was progressive, with the aim of increasing the resistance weight by

15% to 20% over an 8-week period. Free-weight use was not permitted.

2.5 | Extraction and sequencing of faecal microbiome DNA

2.5.1 | Processing of faecal samples

DNA was extracted from the donated fresh faecal samples received at the Teagasc
Moorepark research facility using a QIAmp DNA stool minikit (Qiagen, Crawley, West
Sussex, United Kingdom) [10]. Samples were provided by participants as partial
evacuations into sterile containers and, when not immediately transported for DNA
extraction, were held at 4°C for no more than 12 h. Samples were prepared for DNA
extraction by manual homogenization of a portion of the sample representing all
microenvironments (i.e., core and external surface) of the faeces. The provided manufactur-
er’s protocol was used with modification whereby a zirconia bead (Stratech Scientific) cell
disruption bead-beating step (performed three times for 30 s each time) was introduced in
order to enhance homogenization of the extraction material. DNA extracts and the
remaining faecal samples were subsequently stored at -80°C until they were prepared for

sequencing.

2.5.2 | Metagenomic library preparation and sequencing

Metagenomic library preparation was performed with the Illumina Nextera XT DNA
Library Preparation Kit (cat. no. FC-131-1096, Illumina Inc., USA) in explicit accordance
with the manufacturer’s protocol (15031942, Illumina). Normalisation of samples to the
recommended 0.2 ng/uL per individual library was carried out with the ThermoFisher

Qubit 2.0 Flurometric Quantitation system (ThermoFisher Scientific), using a combination of



68

Materials and Methods

broad-range and high-sensitivity assay kits as appropriate (cat. nos. Q32850 and Q32851
respectively, ThermoFisher Scientific). Tagmentation—the combined cleavage of sample
DNA into fragments and application of universal overhang ‘tag’—and amplification of
DNA fragments was carried out with the G-STORM GS1 thermal cycler system (G-Storm
Ltd. UK), using the thermal cycler programs provided by the Nextera XT protocol
(15031942, Illumina). Following the combined enzymatic fragmentation and adapter
sequence tagging —tagmentation—and the subsequent amplification of the tagmented
DNA, libraries were purified with the AMPure magnetic bead system at a ratio of 1:1.8
(DNA:AMPure) (cat. no. 9A63880, Beckman Coulter). Subsequently, libraries were assessed
for appropriate fragment size on the Agilent 2100 Bioanalyzer system (cat. no. G2939BA,
Agilent Technologies), utilizing the accompanying Agilent DNA 1000 chip-assay kit (cat.
no. 5067-1504, Agilent Technologies). With the libraries passing quality and fragment length
requirements, the library preparation was continued on through library normalization,
which was met with an additional assessment of suitable molar concentrations (~2 nM) with
the KAPA Library Quantification Kit (KK4824, Kapabiosystems) run on a Roche Light-
Cycler 480 (Roche Applied Science). Samples from the various studies were combined in
equimolar concentration (2nM) pools for prior to sequencing.

Sequencing data used in chapters 3 — 5 were generated from the Illumina HiSeq 2500
(chemistry V.4.0) next generation sequencing (NGS) platform by Eurofins Genetic Services
Ltd. (Ebersberg, Germany), while such data for chapter 6 was provided with the same
instrument but by Beckman Coulter Genomics Inc. (Danvers, MA U.S.). NGS data for
chapters 7 and 8 were produced at the Teagasc sequencing facility (Cork, Ireland) on the
Nlumina NextSeq 500 (chemistry V.2.0). Further specific details are outlined in the

appropriate chapters.
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2.6 | Bioinformatic processing of microbial sequencing data

Processing of metagenomic FASTQ sequence files proceeded with the removal of human-
derived contaminant sequences with NCBI Best Match Tagger (BMTagger) software (Fig.
2.1), while trimming and removal of duplicate reads or of reads of substandard quality were
performed with Picard and SAM tools. Functional profiling of high-quality processed reads
was facilitated by use of the Human Microbiome Project (HMP) Unified Metabolic Analysis
Network (HUMANN2) pipeline [11]. Models of microbial metabolic pathways produced by
HUMANN?2 were derived from the MetaCyc database [12] and were the basis for analyses
performed on microbial metabolic profiling. Version 0.5.0 of HUMANN2 was used in
chapters 3-5, while a later edition, version 0.99 was used in subsequent chapters.

Taxonomic profiles were generated from the sequencing data using a combination of
Metagenomic Phylogenetic Analysis (MetaPhlA2, V.2.0), Kaiju (V.1.5.0) [13] and Kraken
(V.0.10.6) software packages [14, 15]. Additionally, for the comparison of sequencing
approaches presented in chapter 3, the software tool GraPhlAn (V.0.9.7) was used to

construct phylogenetic trees [16].
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2.7 | Metabolomic phenotyping

2.7.1 | Sample preparation

Faecal and urine samples donated by participants were stored at the Teagasc Moorepark
research facility at -80°C before being shipped on dry ice for metabolomic analysis at the
Centre for Computational and Systems Medicine in Imperial College London.

Frozen urine samples (-80°C) were thawed, vortexed and then centrifuged at 1600 x
g for 10 minutes to remove particulates and precipitated proteins. Urine samples were
prepared for metabolic profiling analysis by reversed phase (RP) and hydrophilic
interaction chromatography (HILIC) ultra performance liquid chromatography — mass
spectrometry (UPLC-MS) as follows: 200 ul of supernatant was diluted (1:1) with high
purity (HPLC grade) water, vortexed, centrifuged at 2700 x g for 20 minutes and aliquoted
for HILIC and RP methods. Quality control (QC) samples were prepared by pooling 50 ul
volumes of each sample. During the analysis, the samples were maintained at 4°C in the
autosampler. For 'H NMR spectroscopy, 540 uL of urine samples were mixed with 60 uL of
phosphate buffer (pH 7.4, 80% D20) containing 1 mM of the internal standard, 3-
(trimethylsilyl)-[[2,2,3,3,-2H4]]-propionic acid (TSP) and 2mM sodium azide (Na®N), as
described previously.[17]

Frozen faecal samples (-80°C) underwent x2 freeze thaw cycles to lyse the cells. After
thoroughly defrosting, 100mg of homogenised sample was placed in a microtube containing
250 pl of 25% acetonitrile (1 ACN : 3 H20), 2mM sodium azide and ~0.05g Imm Zirconia
beads. The microtubes underwent 10 seconds in a Biospec bead beater. Samples were then
centrifuged at 16000 x g for 20 mins. Following this the faecal water supernatant was
centrifuged through centrifuge tube filters (cellulose acetate membrane, pore size 0.22 pum)

to remove any remaining particular matter. The centrifuge tube filters were washed prior to
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use three times with 25% acetonitrile. The resulting faecal water was prepared for metabolic
profiling analysis by HILIC and bile acid profiling UPLC-MS as follows: 150ul of faecal
water was diluted 3:1 with acetonitrile. Samples were vortexed and incubated at -20°C for 1
hour. Following this, samples were centrifuged at 4°C at 16000 x g for 1 hour. Quality
control (QC) samples were prepared by pooling 20 pl volumes of each faecal water sample
and then preparing as above. For 'H nuclear magnetic resonance (NMR) spectroscopy, 50 ul
of the filtered faecal water was added to a Pyrex glass tube, which was placed under
Nitrogen gas flow for 30 mins or until all the liquid had evaporated. The dried sample was
reconstituted with 540 ul of D20 and 60 pl of phosphate buffer solution as described above.
The solution was mixed and sonicated for 5 minutes before undergoing further centrifuga-
tion at 14000 RPM for 10 mins before 600 pl supernatant was transferred to a NMR tube for
'H-NMR spectral acquisition.

Faecal samples from participants in studies described in chapters 3-6 were prepared
for targeted analysis of short-chain fatty acids (SCFA) using gas chromatography — mass
spectrometry (GC-MS) as previously described.[18] In brief, 100mg of thawed faecal sample
was suspended in 1ml of water with 0.5% phosphoric acid. After acidification, samples
were vortexed for 2 min and centrifuged for 10 min at 16000 x g. 1ml of the resulting faecal
water supernatant was added to 1 ml of ethyl acetate for 2 min and then centrifuged for 10
min at 16000 x g. Prior to analysis, a 600ul volume of the organic phase was transferred into
a silanised vial with 4-methyl valeric acid added as the internal standard (IS) at a final
concentration of 500uM. Samples were analysed in a random order with QCs every ten
samples. Calibration curves of the measured SCFA were derived through analysis of
duplicate dilution series of the purchased chemical standards at the beginning and end of

the run.
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2.7.2 | LC-MS Metabolic profiling analysis

Reversed-phased (RP), HILIC and bile acid UPLC-MS metabolic profiling experiments were
performed using a Waters Acquity Ultra Performance LC system (Waters, Milford, MA,
USA) coupled to Xevo G2 Q-TOF mass spectrometer (Waters, Milford, MA, USA) with an
electrospray source. Samples were analysed in a random order, with QCs every ten
samples.

Urine samples were first analysed using UPLC-MS, with a RP chromatographic method
with both positive and negative MS ionisation modes. Secondly, to separate and detect
more polar molecules, a HILIC chromatographic stage was used with positive MS
ionisation modes. Faecal water samples underwent analysis using HILIC, and for samples
used in chapters 3-5, bile acid profiling chromatographic methods in positive and negative
ionisation modes respectively.

HILIC, Reversed-Phase and bile acid profiling liquid chromatographic separation
was performed as previously described.[19, 20] Mass spectrometry was performed with the
following settings: capillary and cone voltages were set at 1.5 kV and 30 V, respectively. The
desolvation gas was set to 1000 L/hr at a temperature of 600°C; the cone gas was set to 50
L/hr and the source temperature was set to 120°C. For mass accuracy a lock-spray interface
was used with leucine enkephalin [[556.27741 Da ([[M+H]]+), 554.2615 Da ([[M-H]]-)]]
solution used as the lock mass at a concentration of 2000 ng/ml and at a flow rate of 15

pl/min.

2.7.3 | *H-NMR Metabolic profiling analysis
TH-NMR spectroscopy was performed on the aqueous phase extracts at 300 K on a Bruker
600 MHz spectrometer (Bruker Biospin, Germany) using the following standard one-

dimensional pulse sequence: RD — gxa — 90° — t1 — 90° — tm — g — 90° — ACQ.[17] The
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relaxation delay (RD) was set at 4 s, 90° represents the applied 90° radio frequency pulse,
interpulse delay (t1) was set to an interval of 4 us, mixing time (tm) was 10 ms, magnetic
tield gradients (g1 and gz2) were applied for 1 ms and the acquisition period (AQA) was 2.7
s. Water suppression was achieved through irradiation of the water signal during RD and
tm. For the urine samples, each spectrum was acquired using 4 dummy scans followed by 32
scans while faecal spectrum were acquired using 256 scans and 4 dummy scans and
collected into 64K data points. A spectral width of 12 000Hz was used for all the samples.
Prior to Fourier transformation, the FIDs were multiplied by an exponential function

corresponding to a line broadening of 0.3 Hz.

2.7.4 | GC-MS SCFA targeted analysis

For samples used in chapters 3-6, the GC-MS targeted SCFA analysis was conducted on an
Agilent 7890B GC system, coupled to an Agilent 5977A mass selective detector (Agilent
Technologies, USA). The analysis was performed to detect levels of the SCFAs acetate,
propionate, butyrate, valerate, isobutyrate, isovalerate, according to a previously described
method.[18] The detector was operated in selected ion monitoring (SIM) mode (electron
energy 70 eV), scanning the selected characteristic target ion for each measured SCFA
(acetate, propionate, butyrate, valerate, isobutyrate, and isovalerate), at the corresponding
retention times. Retention times were confirmed prior to analysis through analysis of

authentic SCFAs in full scan mode.

2.7.5 | LC-MS data treatment

The raw mass spectrometric data acquired were pre-processed using xcms in R and the
centwave peak picking methods were used to detect chromatographic peaks.[21] The xcms-
centwave parameters were dataset specific. Feature grouping across samples was

performed using the ‘nearest’ method within xcms. Peak filling, MinFrac (0.5) and CV (0.3)
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filters were applied to the features. Data was normalised using median fold change

normalisation using the median data set as the reference.[22]

2.7.6 | 'H-NMR data treatment

'H-NMR spectra were automatically corrected for phase and baseline distortions and
referenced to the TSP singlet at ® 0.0 using TopSpin 3.1 software. Spectra were then
digitized into 20,000 data points at a resolution of 0.0005ppm using an in-house MATLAB
R2014a (Mathworks) script. Subsequently, spectral regions corresponding to the internal
standard (0 -0.5 to 0.5) and water (0 4.6 to 5) peaks were removed. In addition, urea (d 5.4 to
6.3) was removed from the urinary spectra. All spectra were normalised using median fold

change normalisation using the median spectrum as the reference.[22]

2.7.7 | GC-MS data treatment

GC-MS data was processed using MassHunter Quantitative Analysis (Agilent Technolo-
gies) software. Extracted ion chromatograms of the target ion selected for each SCFA were
integrated and the peak area was normalised to the internal standard (4-methyl valeric acid)
to correct for variability in the instrument response. Calibration curves were constructed by
plotting the internal standard normalised area of authentic SCFA standards against the
corresponding known SCFA concentrations and used to calculate the measured concentra-

tions of SCFAs in the analysed samples.

2.7.8 | Metabolite ID

Confirmation of metabolite identities in the NMR data was obtained using 1D 'H NMR
sequence with water pre-saturation and 2D NMR experiments such as J]-Resolved
spectroscopy, 'H-'H TOtal Correlation SpectroscopY (TOCSY), 'H-'H COrrelation

SpectroscopY (COSY), 'H-*C Hetero-nuclear Single Quantum Coherence (HSQC) and 'H-
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13C Hetero-nuclear Multiple-Bond Correlation (HMBC) spectroscopy. In addition, statistical
tools such as SubseT Optimization by Reference Matching (STORM) and Statistical TOtal
Correlation SpectroscopY (STOCSY) were also applied. Confirmation of metabolites
identities in the LC-MS data was obtained using Tandem MS (MS/MS) on selected target
ions with an energy ramp 5-20eV to produce product ions.

Metabolite identification was characterized by a level of assignment (LoA) score that
describes how the identification was made.[23] The levels used were as follows: LoA 1:
Identified compound, confirmed by comparison to an authentic chemical reference. LoA 2:
MS/MS precursor and product ions or 1D+2D NMR chemical shifts and multiplicity match
to a reference database or literature to putatively annotate compound. LoA 3: Chemical shift

(0) and multiplicity matches a reference database to tentatively assign the compound.

2.8 | Quantification and statistical analysis

2.8.1 | Power analysis and sample size

For chapters related to examination of the athlete microbiome (chapters 3-5), sample size
was defined by the number of players within the athletic team (n = 40). As the entire team
was recruited, a number controls not less than the athletes were included for comparison (n
= 46). Post hoc power analysis, was performed in R using the power.t.test function in the
base stats package for pairwise comparisons, while pwr.anova.test from the pwr package
was used for comparisons of 2 or more groups [24]. For the study described in chapter 3, at
the given outcome standard deviation (o) of 2.7%, effect size () of 4.5%, significance level of
5%, and minimum sample size (n) of 23, power was calculated at 99.9% for the measure-
ment of Shannon’s alpha diversity index. For comparison, § of 10% with the same o,
provides power of ~1 with a group size of 7. Comparing alpha diversity between all groups

with a significance of 5%, and § of 52% (given as ANOVA F value), power of 95.1% was
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calculated with a group size of 20. The intervention studies described in chapters 6 and 7
had more explicit experimental aims, and accordingly utilised methods to determine
appropriate sample sizes. For chapter 6, an estimation of required sample size was
calculated with Mead’s resource equation, yielding a minimum total sample size of 75
participants for the 3 interventions. Retrospective power analysis of this study illustrated
that the detection of an 8.6% change in alpha diversity for the group size of 17 and
significance level of 5% was powered at 12% for paired analysis. Balanced one-way analysis
of variance power calculation on all 3 intervention groups showed that the effect size of
61%, with significance level of 5% was powered at 97% for the group size used (n = 17),
while a power level of ~1 would be reached at 54 participants per group. Sample size for the
study presented in chapter 7 was calculated to detect a 2% body fat percentage reduction
with a two-sided significance level of 5% and 80% power, resulting in a minimum of 7
control patients and 14 patients in the exercise group. Additionally, analysis of alpha
diversity showed that the testing of the microbiome was powered at 29% for a significance
level of 5% and effect size 5% Due to the nature of the N of 1 style study presented in

chapter 8, statistical power calculations were inappropriate.

2.8.2 | Clinical data

Statistical analysis of participants’ clinical measures (chapters 6 - 8) was carried out using
the Statistical Package for the Social Sciences V.23 (SPSS, Inc., Chicago, Illinois). Due to the
predominance of non-normally distributed data, nonparametric analyses were performed to
compare clinical and demographic variables between experimental groups (chapters 6 and
7). Clinical data are presented as medians and interquartile ranges (IQR), unless stated
otherwise. Between-group differences in baseline, follow-up, and post intervention changes

(A) in clinical and demographic data were compared using the Kruskal-Wallis test. For
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significantly different results, a Mann-Whitney U test was performed to determine the
groups between which this difference applied. Where stated, the Wilcoxon signed-rank test
was used to compare baseline and post intervention values within intervention groups. A

type I error rate of <0.05 was considered significant in all cases.

2.8.3 | Microbiome analysis

Statistical analysis of microbiome data was conducted within the R statistical programing
environment (V.3.2.2 for chapter 3 and V.3.3.2 for all other chapters). As with clinical
variables, the predominance of non-normally distributed data from microbiome measure-
ments was accommodated with the use of nonparametric statistical tests. Statistical
variation of measures between 3 or more groups was carried out with the Kruskal-Wallis H
test with compareGroups (V.2.0), while pairwise comparisons were performed with the
Wilcoxon signed-rank test unless otherwise noted. Correlations of variables were done with
Spearman’s rank test. Correction of P values relating to microbiome and metabolomic
analysis was performed using the Benjamini-Hochberg false-discovery rate (FDR) [25] in the
base stats package in R.

Beta diversity, the measurement of variable diversity as it is defined by habitat type
(i.e. experimental group), was assessed with the Bray-Curtis index of dissimilarity using a
combination of principal coordinate analysis (PCoA) and non-metric multidimensional
scaling (NMDS), both performed with the vegan R package (V.2.4-3) [26-29]. Statistical
assessment of dissimilarity matrices (Bray-Curtis) derived from microbial data was
facilitated with permutational multivariate analysis of variance (PERMANOVA) tests as
implemented by the adonis2 function in the vegan package. Identification of statistically
relevant taxonomic features was performed with the analysis of composition

of microbiomes (ANCOM) test as implemented in the R package of the same name (V.1.1-3)



Chapter 2

[30]. Detection of underlying features of metabolic pathways in chapters 5 and 6 was
performed with unsupervised cross-validated partial-least-squares—discriminant analysis
(PLS-DA) and the KODAMA algorithm from the R package of the same name (V.1.4) [31].
Diversity measurements of microbiome variables (e.g. species and metabolic pathways)
defined by site (i.e. participant),alpha diversity, and calculations of relative abundances
were also performed with the vegan package [27]. Relative-abundance data were generated
separately for identified species within each phylogenetic domain (e.g., Bacteria).

For metabolomic analysis, the resulting 'H-NMR and LC-MS data sets were
imported into MatLab to conduct multivariate statistical analysis. Data were centred and
scaled to account for the repeated-measures design and then modelled using partial-least-
squares—discriminant analysis (PLS-DA) with Monte Carlo cross-validation (MCCV) [32].
The fit and predictability of the models obtained were determined and expressed as R2 and

Q2 values, respectively.

2.8.4 | Metabonomic Statistical and Bioinformatics Analysis

The resulting '"H-NMR and LC-MS data sets were imported into SIMCA 14.1 (Umetrics) to
conduct multivariate statistical analysis. Principal Component Analysis (PCA), followed by
an Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) was performed to
examine the data sets and to observe clustering in the results according to the predefined
classes. The OPLS-DA models in the current study were established based on one PLS
component and one orthogonal component. Unit variance scaling was applied to 'H-NMR
data, Pareto scaling was applied to MS data. The fit and predictability of the models
obtained was determined by the R?Y and Q?Y values, respectively.

Significant metabolites were obtained from LC-MS OPLS-DA models through divi-

sion of the regression coefficients by the jack-knife interval standard error to give an
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estimate of the t-statistic. Variables with a t-statistic > 1.96 (z-score, corresponding to the
97.5 percentile) were considered significant. Significant metabolites were obtained from 1H-
NMR OPLS-DA models after investigating correlations with correlation coefficients values
higher than 0.4.

Univariate statistical analysis was used to examine the SCFA data set. The data was
not normally distributed; hence the Mann-Whitney U test was performed to examine

differences between classes.
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THE MICROBIOME OF PROFESSIONAL ATHLETES DIFFERS FROM THAT OF CONTROLS
NOT ONLY IN COMPOSITION BUT PARTICULARLY AT THE FUNCTIONAL METABOLIC

LEVEL

3.1 | Abstract

It is evident that the gut microbiome, and therefore, factors driving its composition and
activity, both influence human metabolic, immunological, and developmental processes.
We previously reported that extreme physical activity and associated dietary adaptations,
are associated with changes in faecal microbial diversity and composition relative to that of
individuals with a more sedentary lifestyle. Here we address the impact of these factors on
the functionality/metabolic activity of the gut microbiota in athletes, which reveals even
greater separation between exercise and a more sedentary state. Athletes had relative
increases in pathways (e.g. amino acid and antibiotic biosynthesis and carbohydrate
metabolism) and faecal metabolites (e.g. microbial produced short chain fatty acids [SCFAs]
acetate, propionate, and butyrate) associated with enhanced muscle turnover and overall
health when compared to control groups. Differences in faecal microbiota between athletes
and less active controls show even greater separation in metagenomic and metabolomics
dynamics than at compositional levels, and provide added insight into the diet-exercise-gut

microbiota paradigm.
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3.2 | Introduction

Regular exercise challenges systemic homeostasis resulting in a breadth of multi-
organ molecular and physiological responses, including many that centre on immunity,
metabolism and the microbiome-gut-brain axis [1-5]. Exercise exhibits systemic and end-
organ anti-inflammatory effects, as well as contributing to more efficient carbohydrate
metabolism, in addition to trophic effects at the level of the central nervous system [6, 7]. In
fact, increasing physical activity offers an effective treatment and preventative strategy for
many chronic conditions in which the gut microbiome has been implicated [8-10].
Conversely, a sedentary lifestyle is a major contributing factor to morbidity in developed
Western society and is associated with heightened risk of numerous diseases of affluence, such
as obesity, diabetes, asthma, and cardiovascular disease [11-14]. Recent evidence supports
an influential role for the gut microbiome in these diseases [15-23].

The concept that regular exercise and sustained levels of increased physical activity
foster or assist the maintenance of a preferential intestinal microbiome has recently gained
momentum and interest [24-29]. Previously, using 16S rRNA amplicon sequencing, we
demonstrated taxonomic differences in gut microbiota between an elite athlete cohort of
international-level rugby players and a group of age-matched high (>28 kg/m?) and low (<25
kg/m?) BMI controls [26]. This analysis illustrated a significantly greater intestinal microbial
diversity amongst the athletes compared to both control groups. This taxonomic diversity
significantly correlated with exercise and dietary protein consumption. However, the
possibility existed that these differences did not equate to differences at a functional level.
Here, we re-examine the microbiome in these participants by whole metagenome shotgun
sequencing to provide deeper insight into taxonomic composition and metabolic potential

and by complementary metabolic phenotyping analyses of host- and microbial-derived
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(urine and faecal respectively) metabolic profiles. This analysis shows that the differences in
the gut microbiota between athletes and controls is even more pronounced at the functional
metabolic level than at the compositional level as previously reported, and provides further
rationale for prospective controlled studies to unravel the relationship between diet,

exercise and the gut microbiome.

3.3 | Study objective

It is evident that the gut microbiota and factors that influence its composition and
activity influence human metabolic, immunological, and developmental processes. We
previously reported that extreme physical activity with associated dietary adaptations, such
as that pursued by professional athletes, is associated with changes in faecal microbial
diversity and composition relative to that of individuals with a more sedentary lifestyle.
Here we address the impact of these factors on the functionality/metabolic activity of the
microbiota which reveals even greater separation between exercise and a more sedentary

state.

3.4 | Methods

3.4.1 | Study population

Elite professional male athletes (n = 40) and healthy controls (n = 46) matched for age
and gender were enrolled in 2011 as previously described in the study [26]. Due to the
range of physiques within a rugby team (player position dictates need for a variety of
physical constitutions, i.e. forward players tend to have larger BMI values than backs, often
in the overweight/obese range) the recruited control cohort was subdivided into two
groups. In order to more completely include control participants, the BMI parameter for

group inclusion was adjusted to BMI < 25.2 and BMI > 26.5 for the low BMI and high BMI
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groups respectively. Approval for this study was granted by the Cork Clinical Research

Ethics Committee.

3.4.2 | Acquisition of clinical, exercise and dietary data

Self-reported dietary intake information was accommodated by a research nutrition-
ist within the parameters of a food frequency questionnaire (FFQ) in conjunction with a
photographic food atlas as per the initial investigation [26]. Fasting blood samples were
collected and analysed at the Mercy University Hospital clinical laboratories, Cork. As the
athletes were involved in a rigorous training camp we needed to assess the physical activity
levels of both control groups. To determine this we used an adapted version of the EPIC-
Norfolk questionnaire [30]. Creatine kinase levels were used as a proxy for level of physical

activity across all groups.

3.4.3 | Preparation of Metagenomic libraries

DNA derived from faecal samples was extracted and purified using the QIAmp
DNA Stool Mini Kit (cat. no. 51504) prior to storage at -80°C. DNA libraries were prepared
with the Nextera XT DNA Library Kit (cat. no. FC-131-1096) prior to processing on the

[llumina HiSeq 2500 sequencing platform (refer to section 2.5 for further detail).

3.4.4 | Metagenomic statistical and bioinformatic analysis

Delivered raw FASTQ sequence files were quality checked as follows: contaminating
sequences of human origin were first removed through the NCBI Best Match Tagger
(BMTagger). Poor quality and duplicate read removal, as well as trimming was implement-
ed using a combination of SAM and Picard tools. Processing of raw sequence data produced
a total of 2,803,449,392 filtered reads with a mean read count of 32,598,248.74 (+ 10,639,447

SD) per each of the 86 samples. These refined reads were then subjected to functional



Chapter 3 | 89

profiling by the most recent iteration of the Human Microbiome Project (HMP) Unified
Metabolic Analysis Network (HUMANN2 V.0.5.0) pipeline [31]. The functional profiling
performed by HUMANN2 composed tabulated files of microbial metabolic pathway
abundance and coverage derived from the Metacyc database [32]. Microbial pathway data
was statistically analysed in the R software environment (V.3.2.2) (for further details see
section 2.6) [33]. The GraPhlAn software tool was used to construct the circular phylogenet-
ic trees that provided the basis for comparison of taxonomic profiles generated from
original 16S sequencing and the shotgun metagenomic sequencing introduced in this
present chapter. All presented p values were corrected for multiple comparisons using the

Benjamini-Hochberg False Discovery Rate (pFDR) method [34].

3.4.5 | Metabolic profiling

Urine and faecal samples were prepared for metabonomic analysis as previously
described [35, 36]. Utilising established methods, urine samples underwent 'H-NMR,
reversed-phased (RP) and hydrophilic interaction chromatography (HILIC) profiling
experiments. Faecal samples underwent '"H-NMR, hydrophilic interaction chromatography
(HILIC) and bile acid UPLC-MS profiling experiments and GC-MS targeted SCFA analysis
[36-38].

After data pre-processing,[39] the resulting '"H-NMR and LC-MS data sets were im-
ported into SIMCA 14.1 (Umetrics) to conduct multivariate statistical analysis. Principal
Component Analysis (PCA), followed by Orthogonal Partial Least Squares Discriminant
Analysis (OPLS-DA) was performed to examine the data sets and to observe clustering in
the results according to the predefined classes. The OPLS-DA models in the current study
were established based on one PLS component and one orthogonal component. Unit

variance scaling was applied to 'H-NMR data, Pareto scaling was applied to MS data. The
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fit and predictability of the models obtained was determined by the R?Y and Q?Y values,
respectively. Significant metabolites were obtained from LC-MS OPLS-DA models through
division of the regression coefficients by the jack-knife interval standard error to give an
estimate of the t-statistic. Variables with a t-statistic > 1.96 (z-score, corresponding to the
97.5 percentile) were considered significant. Significant metabolites were obtained from 'H-
NMR OPLS-DA models after investigating correlations with correlation coefficients values
higher than 0.4. Univariate statistical analysis (Mann-Whitney U test) was used to examine
the SCFA data set. P-values were adjusted for multiple testing using the Benjamini-
Hochberg False Discovery Rate (pFDR) method. Confirmation of metabolite identities in the
NMR data was obtained using 1D 'H NMR and 2D 'H-'H NMR and 'H-BC NMR
experiments. In addition, statistical tools such as SubseT Optimization by Reference
Matching (STORM) and Statistical TOtal Correlation SpectroscopY (STOCSY) were also
applied [40, 41]. Confirmation of metabolites identities in the LC-MS data was obtained
using Tandem MS (MS/MS) on selected target ions.

Metabolite identification was characterized by a level of assignment (LoA) score that
describes how the identification was made [42]. The levels used were as follows: LoA 1:
Identified compound, confirmed by comparison to an authentic chemical reference. LoA 2:
MS/MS precursor and product ions or 1D+2D NMR chemical shifts and multiplicity match
to a reference database or literature to putatively annotate compound. LoA 3: Chemical shift
(0) and multiplicity matches a reference database to tentatively assign the compound. (For

further details see sections 2.7-2.8).
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3.5 | Results

The study groups were comprised of professional male athletes (n = 40) and healthy
controls (n = 46) [26]. To better represent the variability of BMI in the athletes, controls were
classified as either low BMI (n =22, BMI < 25.2) or high BMI (n = 24, BMI > 26.5). Participants
made no report of gastrointestinal (GI) distress or alterations of GI transit time throughout

the course of the initial study.

3.5.1 | Functional structure of the enteric microbiome correlates with athletic state

Functional metagenomic analysis of faecal samples allowed for the prediction of the
operational potential of each individual’s microbiota. In total, 19,300 taxonomically linked
metabolic pathways were identified in at least one individual. Comparison of phylogenetic
constructions derived from the 16S rRNA amplicon data of our previous study and the
functional data of this present report revealed a greater level of identification at higher
levels of taxonomy (e.g. phylum) for 16S sequences,[26] while the metagenomic data had
greater fidelity and superior resolution of lower levels of taxonomy (e.g. species) (Figure
3.1). Consistent with previous results, the microbiota of the athletes were significantly more
diverse than that of both the low and high BMI control groups at the functional level (Figure
3.2A). Furthermore, our previous findings of an enrichment of Akkermansia in athletes was
corroborated by the presence of significantly higher proportions of metabolic pathways
associated with this genus in athletes when compared to high BMI controls (p < 0.001).
Correlation analysis revealed that, of the total 19,300 pathways, 98 were significantly altered
between the three cohorts (p < 0.05) (Supplementary Table 3.1, see appendix A). Subse-
quently, large-scale functional dissimilarity between athletes and controls was determined,
and distinct patterns of pathway composition between groups were revealed (Supplemen-

tary Figure 3.1A). This functional distinction remained true whether applied to total
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pathway data or to the statistically significant subset of pathways (Supplementary Figure
3.1B). Correlation of pathways present in at least one member from both cohorts further
exemplified the uniformity of the athletes and the division between the athletes and control
groups (Supplementary Figure 3.1C). Separation according to group membership was
turther illustrated through Principal Coordinate Analysis (PCoA), with statistical support of
the significant separation between the athletes and both control groups (p < 0.05) (Figure
3.2B). This was also the case for the statistically significant subset of pathways (Supplemen-
tary Figure 3.1D). Principal Component Analysis (PCA) supplemented with a
Correspondence Analysis (CA) and k-Nearest Neighbour (k-NN) semi-supervised learning
approach cast further light (i.e. visualization of robustly defined class associations of
specific individuals within the groups) on the clustering of participants within and between

cohorts (Supplementary Figure 3.1E).
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Figure 3.1 | Comparison of phylogenetic constructions from metagenomic and 16S rRNA
gene sequencing sourced from all participants. Phylogenetic trees derived from (A)
metagenomic sequencing and (B) 165 rRNA amplicon sequencing. Taxonomic levels are
assigned from centre out with kingdom level assighment in centre and strain level
assignment in outer most ring. Dark blue radial highlights correspond to poorly identified
taxonomies (i.e. ‘unknown’ and ‘unassigned’ database entries). Number of assignments at
each level of phylogeny is displayed below the respective graph. Taxonomic trees derived
from the two sequencing approaches illustrate an advantage of metagenomic sequencing in
the number of predictions of lower taxonomic levels and the frequency of full identification
of taxa, while 165 rRNA sequencing grants greater insight of high level phylogenies within

the population.
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Figure 3.2 | Group-wise comparison of microbial metagenomic and metabolomic
profiles. (A) Alpha diversity for metabolic pathways from all three groups presented as
Shannon diversity index. Pathway diversity is increased in the athlete group when
compared to low BMI and high BMI controls. Diversity measures are statistically significant
between high BMI controls and athletes (p < 0.049), with statistical significance between all
groups (Kruskal Wallis p < 0.05). (B) Principal coordinate analysis (PCoA) of Bray-Curtis
compiled distance matrix illustrates beta diversity of all microbial metabolic pathway
relative abundances between the three groups. Ordination of the pathways between the
groups shows significant variation from one another (Adonis PERMANOVA p <0.05). (C &
D) Cross validated orthogonal partial least squares regression discriminant analysis (OPLS-
DA) of full Nuclear Magnetic Resonance ("H-NMR) spectra from urine (R?Y=0.86,
Q?Y=0.60)(C) and faecal water (R?Y=0.86, Q?*Y=0.52)(D) samples. OPLS-DA displays robust
separation between the detected metabolic profiles of athletes and controls. Models are

comprised of 1 predictive (tcv[1]) and 1 orthogonal (tocv[1]) principal component.
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Pathways exhibiting statistically significant variation between the athletes and both
control groups were organised according to MetaCyc metabolic pathway hierarchy
classification (34 metabolic categories), highlighting a number of differences (Figure 3.3A,
Supplementary Table 3.2 located in Appendix A). Distinct clustering patterns were
observed within each cohort, with the high BMI control group having the lowest average
abundance scores across 31 metabolic pathway categories (the exceptions being Vitamin
Biosynthesis (VB), Lipid Biosynthesis (LB), and Amino Acid Biosynthesis (AAB) categories).
The athlete group had the highest mean abundance across 29 of the 34 metabolic categories
(e.g. Carbohydrate Biosynthesis [CB], Cofactor Biosynthesis [CfB], and Energy Metabolism
[EM]) (Supplementary Table 3.2, Appendix A). Numerous statistically significant (p < 0.05)
associations were identified between pathway abundances and serum Creatine Kinase —an
enzymatic marker of muscle activity (CK, IU/L), total bilirubin (IU/L) and dietary
macronutrient intake of protein (g/day), fibre (g/day), carbohydrates (g/day), sugars (g/day),
starch (g/day), fat (g/day), and total energy (KJ/day) (Figure 3.3B). Each group was
represented by distinct association profiles of the correlation between clinical measurements
and metagenomic pathways. Dietary factors, sugars and other carbohydrates, as well as
energy intake, provide the majority of the correlation for the control groups whereas the
athlete group was predominantly correlated with CK, total bilirubin, and total energy
intake. Of the total number of metabolic pathways with associations to the clinical data
from all three groups (10,760; data not shown), relevant pathways related to the production
of secondary metabolites, co-factors, and SCFAs were identified (e.g. biotin biosynthesis

and pyruvate fermentation to butanoate).
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Figure 3.3 | Group variation of microbial metabolic function and associations between

pathways and clinical and dietary variables. (A) Mean relative abundance values of
statistically significant (Kruskal Wallis p < 0.05) metabolic pathways binned according to
categories of metabolic function. The relative abundance values of each group (columns)
and statistically detected pathways (rows) demonstrates variability in the metabolic
potential of microbial communities from the separate groups. (B) Number of metabolic
pathways significantly (Benjamini-Hochberg corrected p < 0.05) correlated with dietary
constituents and blood serum metabolites. The relatively large number of significant
associations between metabolic pathways and clinical measurements are presented as
counts of associations for the three groups, and illustrates variation in the potential

influence of different factors on the microbiome of participants in the separate groups.
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3.5.2 | Distinct differences between host and microbial metabolites in athletes and
controls

A combination of multi-platform metabolic phenotyping and multivariate analysis
based on Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA) was used to
compare urinary and faecal samples from athletes and controls. The cross-validated (CV)
OPLS-DA models show strong differences between athletes and controls in urine samples
by proton nuclear magnetic resonance (‘H-NMR) analysis (R*Y=0.86, Q*Y=0.60, Figure 3.2C),
hydrophilic interaction ultra-performance liquid chromatography mass spectroscopy
(HILIC UPLC-MS) positive mode analysis (R?Y=0.85, Q?Y=0.74, Supplementary Figure 3.2A)
and reverse phase ultra-performance liquid chromatography mass spectroscopy (RP UPLC-
MS) in both positive and negative mode analysis (R?Y=0.83, Q?Y=0.73, and R?Y=0.83,
Q?Y=0.67, Supplementary Figure 3.2B and 3.2C respectively). Likewise, the CV-OPLS-DA
models comparing faecal samples, although weaker than the urine models, reveal
significant differences between athletes and controls by 'H-NMR analysis (R?Y=0.86,
Q?Y=0.52, Figure 3.2D) and HILIC UPLC-MS positive mode analysis (R?Y=0.65, Q?Y=0.34,
Supplementary Figure 3.2D).

The loadings of the pairwise OPLS-DA models were used to identify metabolites
discriminating between the two classes. Athletes’” 'H-NMR metabolic phenotypes were
characterised by higher levels of trimethylamine-N-oxide (TMAOQO), L-carnitine, dimethyl-
glycine, O-acetyl carnitine, proline betaine, creatinine, acetoacetate, 3-hydroxy-isovaleric
acid, acetone, N-methylnicotinate, N-methylnicotinamide, phenylacetylglutamine (PAG)
and 3-methylhistidine in urine samples and higher levels of propionate, acetate, butyrate,
trimethylamine (TMA), lysine, and methylamine in faecal samples, relative to controls.

Beta-alanine betaine was higher in both faecal and urine samples of athletes. Athletes were
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further characterised by lower levels of glycerate, allantoin and succinate and lower levels
of glycine and tyrosine relative to controls in urine and faecal samples, respectively
(Supplementary Table 3.3).

While numerous metabolites discriminated significantly between athletes and con-
trols with RP UPLC-MS positive (490) and negative (434) modes for urine, as well as with
HILIC UPLC-MS positive mode for urine (196) and faecal water (3), key metabolites were
structurally identified using the strategy described below. UPLC-MS analyses revealed
higher urinary excretion of N-formylanthranilic acid, hydantoin-5-propionic acid, 3-
Carboxy-4-methyl-5-propyl-2-furanpropionic acid (CMPF), CMPF glucuronide, trimeta-
phosphoric acid, acetylcarnitine - C2, propionylcarnitine - C3, isobutyrylcarnitine — C4, 2-
Methylbutyroylcarnitine - C5, Hexanoylcarnitine - C6, C9:1-carnitine, L-valine, nicotinuric
acid, 4-pyridoxic acid and creatinine in athletes relative to controls. Levels of glutamine, 7-
methylxanthine, imidazoleacetic acid, isoquinoline / quinolone were lower in athletes’
urinary samples relative to controls. Additionally, 16 unknown glucuronides were lower in
the athlete samples (Supplementary Table 3.4).

SCFA levels in faeces measured by targeted GC-MS showed significantly higher lev-
els of acetate, propionate, butyrate ( all with p < 0.001) and valerate (p = 0.011) in athletes
relative to controls. Isobutyrate and isovalerate did not differ significantly between the
groups (Figure 3.4B, Supplementary Table 3.5). Furthermore, concentrations of propionate
strongly correlated to protein intake while butyrate was shown to have a strong association

with intake of dietary fibre (Supplementary Table 3.6).
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Figure 3.4 | Athletes display a profile of Short Chain Fatty Acids that alters from that of the
controls. (A) Heat map of bacterial taxa (family, genus, and species level) that correlate with
faecal short-chain fatty acid levels using Spearman’s correlation. Cool colours represent
positive correlations; hot colours represent negative correlations (r). All taxa shown had a
correlation p-value < 0.01. Those marked * represent correlations with a pFDR < 0.01 after
Benjamini-Hochberg multiple testing corrections. (B) Median concentrations of GC-MS
derived faecal short chain fatty acid. Quantitative analysis of SCFAs in faecal samples
shows significant increase in measured concentrations of acetate, propionate, butyrate, and
valerate in athletes. Error bars represent 95% confidence intervals. * Data statistically
significant (p < 0.05 after Benjamini-Hochberg corrections). (C) Quantification of statistically
relevant correlations of metabolic pathways to GC-MS derived faecal SCFA concentrations
(uM). Athletes consistently present great numbers of significant associations between

pathways and SCFA concentrations.
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3.5.3 | Correlating metabonomic and metagenomic results

Correlation analysis between targeted measurements of SCFAs and taxonomic data
from 16S rRNA sequencing revealed a number of correlations that remained significant
following correction; Roseburia was positively correlated with acetate (p = 0.004) and
butyrate (p = 0.018) while Family XIII Incertae Sedis was positively correlated with
isobutyrate (p < 0.001), isovaleric acid (p < 0.001) and valeric acid (p = 0.008) (Figure 3.4A,
Supplementary Table 3.7).

SCFAs were also correlated with pathway relative abundances, with all SCFAs asso-
ciating with considerably more pathways in the athletes versus the controls (Figure 3.4C).
Multiple statistically significant (7,948) (p < 0.05) correlations between the metabolic
pathways and SCFAs were identified (Supplementary Table 3.8, refer to Appendix A). Two
distinct blocks of proportionately discriminant correlations were observed with isobutyric
and isovaleric acids, which were more abundant in the athletes while acetic and butyric
acids were more proportionately abundant in controls. Correlations of the SCFA
concentrations to pathways related to fermentation, biosynthesis, or modification of fatty
acids were identified among the numerous other associations (see supplementary Table 3.8
for complete list). Additional correlations of metabolic pathways against well-identified
metabolites detected from both faecal water (Figure 3.5A and 3.5C) and urine (Figure 3.5B
and 3.5D) presented numerous significant associations (6,186 and 13,412, respectively; p <
0.05, data not shown) (). It was also observed that 16 genera correlated with 12 metabolites

(Supplementary Table 3.9).
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Figure 3.5 | Distinctive association profiles of metabolic pathways to metabolites in
athletes and controls. (A) Significant correlations of faecal water derived metabolites and
metabolic pathways, represented by number of correlations for each metabolite. (B) Urine
metabolites significantly correlated to pathways and displayed as number of correlations.
(C) Significant correlations shown in (A) displayed as proportions of total associations. (D)
Correlations presented in (B) given as proportions of total associations. All panels illustrate
potential variation in microbial influence on metabolic profiles from the athletes and

controls.
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3.6 | Discussion

The results confirm enhancement of microbial diversity in athletes compared with
controls. Supporting previous insights into the beneficial influence of physical exercise and
associated diet on the compositional structure of the gut microbiota [25, 26, 43], this study
has extended the paradigm to include links between physical fitness and the functional
potential of the gut microbiota and its metabolites. It must be conceded that some athletes,
although fit, may not necessarily be more healthy [44].

Athletes have an increased abundance of pathways that—giving an equivalent
amount of expression activity —could be exploited by the host for potential health benefit,
including biosynthesis of organic cofactors and antibiotics, as well as carbohydrate
degradation and secondary metabolite metabolism compared to both control groups [45].
Furthermore, athletes have an enriched profile of SCFAs, previously associated with
numerous health benefits and a lean phenotype [46-48]. While interpretation of SCFA data
can be difficult as levels represent a combination of SCFA production and host-absorption
rates, it is notable that as previously presented, the athletes” diet maintained significantly
higher quantities of fibre intake [26]. This, along with an increased number of detected
SCFA pathways in the athletes would be conducive to an enhanced rate of SCFA
production [49].

It was noted that athletes excreted proportionately higher levels of the metabolite
TMAO, an end product metabolite of dietary protein degradation. Elevated TMAO has
been observed in patients with cardiovascular disease and atherosclerosis, highlighting a
potential downside to increased protein intake [15-17, 22, 50]. However, TMAO is also
found in high levels in the urine of Japanese populations [51], who do not have high risk for

CVD. Similarly to these populations, the athletes” diet contained a significantly greater
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proportion of fish. Our current understanding of the implications of this result remains
limited and requires elaboration in future studies. Furthermore, pathway abundance in a
metagenome merely reflects functional potential and not necessarily increased expression in
situ.

Variance of metagenomic composition between athletes and controls was exempli-
fied with unique pathway-pathway correlations between the two groups. Analysis of
categorically arranged pathway abundances within the separate cohorts provided
additional insight into the previously described dichotomy between the microbiota of
athletes and high BMI controls. The two groups displayed distinct structures of functional
capacity, separately oriented to operate under the different physiological milieu of the two
groups. Notably, from a functional perspective, the microbiota of the low BMI group was
more similar to the athletes. The low BMI controls were generally engaged in a modestly
active-lifestyle, reflected by their leanness and increased levels of CK. It is speculative but
not implausible, that moderate improvements in physical activity, for overweight and obese
individuals may confer the beneficial metabolic functions observed within the athlete
microbiome.

Dietary contributions to the functional composition of the enteric microbial system
are also evident in our study. The relative abundances of pathways related to fundamental
metabolic function—amino acid biosynthesis, vitamin biosynthesis, and lipid biosynthe-
sis—were higher on average within the high BMI control group when compared to the
athlete group. The mechanisms behind these differences are unclear and might reflect
chronic adaptation of the athlete gut microbiome; possibly due to a reduced reliance on the
corresponding biosynthetic capacities of their gut microbiota. On the contrary, the athlete

microbiome presents a functional capacity that is primed for tissue repair and to harness
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energy from the diet with increased capacity for carbohydrate, cell structure and nucleotide
biosynthesis, reflecting the significant energy demands and high cell-turnover evident in
elite sport.

Remarkably, our examination of pathway correlation to dietary macronutrients and
plasma CK, as a biomarker of exercise [52], is suggestive of an impact of physical activity
upon the utilization of dietary nutrients by the microbiota of the gut. Comparing athletes to
both high and low BMI controls, a greater number of pathways correlating to specific
macronutrients with the controls suggests a shift in the dynamics of these varied metabolic
functions. The impact of the athletes’ increased protein intake compared to both control
groups was evident in the metabolomic phenotyping results. By-products of dietary protein
metabolism (mostly by microbes) including TMAQO, carnitines, trimethylamine, 3-Carboxy-
4-methyl-5-propyl-2-furanpropionic acid, and 3-hydroxy-isovaleric acid are all elevated in
the athlete cohort. Of particular interest is 3-hydroxy-isovaleric acid (potentially from egg
consumption) which has been demonstrated to have efficacy for inhibiting muscle wasting
when used in conjunction of physical exercise [53]. The compound is also commonly used
as a supplement by athletes to increase exercise-induced gains in muscle size, muscle
strength, and lean body mass, reduce exercise-induced muscle damage, and speed recovery
from high-intensity exercise [54]. Numerous metabolites associated with muscle turnover —
creatine, 3-methylhistidine, and L-valine—and host metabolism —carnitine —are elevated in
the athlete groups. Metabolites derived from vitamins and recovery supplements common
in professional sports, including glutamine, lysine, 4-pyridoxic acid, and nicotinamide, are
also raised in the athlete group.

It is notable that PAG—a microbial conversion product of phenylalanine —has been

associated with a lean phenotype, and is increased in the athletes [55]. Furthermore, PAG
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positively correlates with the genus Erysipelotrichaceae Incertae Sedis, which we have
previously noted to be present in relatively higher proportions in the athlete group
compared to both control groups. PAG is the strongest biomarker post bariatric surgery,
where it is associated with an increase in the relative proportions of Proteobacteria as
observed here in the athlete group. Within the SCFAs, two distinct clusters were observed;
acetic acid, propionic acid and butyric acid correlate with dietary contributors (fibre and
protein), while isobutyric acid, isovaleric acid and valeric acid correlate with microbial
diversity. The same clusters are observed when correlating with individual taxa, in support
of previously observed links between SCFAs and numerous metabolic benefits and a lean
phenotype [46-48].

Our on-going work in this area with non-athletes engaging in a structured exercise
regime looks to further explore components of the exercise and diet-microbiome paradigm,
which, along with the present study may inform the design of exercise and fitness
programs, including diet design in the context of optimizing microbiota functionality for

both athletes and the general population.
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Supplementary Figure 3.1 | Comparison of metabolic pathway composition between
groups. Comparative correlation plots of total metabolic pathways (A) pathways of
statistical significance (B) and pathways of which each is represented in at least one subject
from each group (C). The respective subsets of metabolic pathways are correlated separately
for the athlete group (left and bottom) and all controls (right and top), after which the
correlation plots are merged. The joined correlation plots illustrate distinct dynamics of
pathway interrelation between athletes and controls. (D) Principal coordinate analysis
(PCoA) of Bray-Curtis compiled distance matrix of the 98 significant pathway relative
abundances. Groups show significant variation from one another (Adonis PERMANOVA P
<.001). (E) Semi-supervised learning supplemented Principal Component Analysis (PCA-
CA-kNN) of total pathway abundance values from all three groups. Outliers were detected

through deviation of the defined grouping structure.
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Supplementary Figure 3.2 | OPLS-DA cross-validated scores plots comparing athletes to
controls. Models are comprised of 1 predictive (tcv[1]) and 1 orthogonal (tocv[1]) principal
component. (A) UPLC-MS (HILIC, positive mode) urine sample analysis (R2Y=0.85,
Q2Y=0.74), (B) UPLC-MS (reversed phase, positive mode) urine sample analysis (R2Y=0.83,
Q2Y=0.73), (C) UPLC-MS (reversed phase, negative mode) urine sample analysis (R2Y=0.83,
Q2Y=0.67), (D) UPLC-MS (HILIC, positive mode) faecal sample analysis (R2Y=0.65,
Q2Y=0.34). Models are comprised of 1 predictive (tcv[1l]) and 1 orthogonal (tocv[1])

principal component.

Supplementary Table 3.1 | Statistically significant metagenomic pathways. Pathways
found to be statistically significant between the athlete group and both low and high BMI

control groups. See appendix A.

Supplementary Table 3.2 | Significant pathways organised according to MetaCyc
metabolic classification. Pathways of statistical significance were organised into metabolic

classes according to the MetaCyc database. See appendix A
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H chemical shift d (multiplicity) »

Metabolite [Linked with STOCSY / TOCSY] LoAb  Association = Biofluid
TMAO 3.27 (s) 1 1 Urine
L-Carnitine 3.23 (s), 2.45 (dd), 3.43 (m) 1 1 Urine
Dimethylglycine 2.93 (s), 3.72 (s) 1 1 Urine
O-Acetyl Carnitine 3.19 (s), 2.15 (s) 2 1 Urine
Proline Betaine 3.30 (s), 3.11 (s) 2 1 Urine
Creatinine 3.05 (s), 4.06 (s) 2 1 Urine
Acetoacetate 2.29 (s), 3.45 (s) 2 1 Urine
3-hydroxy-isovaleric acid 1.27 (s), 2.37 (s) 2 1 Urine
Acetone 2.24 (s) 2 1 Urine
N-methylnicotinate 4.44 (s), 8.84 (d), 9.12 (s), 8.10 (t) 2 1 Urine
4.486 (s), 8.19 (t), 8.90 (d), 8.96 (d),
N-methylnicotinamide 2 1 Urine
9.29 (s)
Phenylacetylglutamine 2.11 (m), 2.27 (m), 3.67 (m), 4.19 (m),
2 1 Urine
(PAG) 7.36 (t), 7.43 (t)
3.32 (dd), 3.34 (dd), 3.76 (s), 3.98 (dd),
3-Methylhistidine 1 Urine
7.16 (s), 8.27 (s)
Beta alanine betaine
(3-N-trimethyl- 3.12 (s) - 1 Urine
aminoproprionic acid)*
Unknown B 6.67 (d) - 1 Urine
Unknown C 2.90 (t), 4.42 (s), 443 (d) - 1 Urine
Unknown D 2.13 (d) - 1 Urine
Glycerate 3.70(m), 3.87 (dd) 1 ! Urine
Allantoin 5.39 (s) 1 ! Urine
Succinate 2.41 (s) 1 ! Urine
Propionate 1.06 (t), 2.19 (q) 2 1 Faeces
Acetate 1.92 (s) 2 1 Faeces
Butyrate 0.90 (t), 1.56 (m), 2.16 (t) 2 T Faeces
Trimethylamine 2.88 (s) 1 1 Faeces
Lysine 1.46 (m), 1.73 (q), 3.02 (t) 1 T Faeces
Methylamine 2.60 (s) 1 1 Faeces
Beta alanine betaine 3.12 (s) - 1 Faeces
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'H chemical shift d (multiplicity)
Metabolite [Linked with STOCSY / TOCSY] LoA? Association @ Biofluid

(3-N-trimethyl-

aminoproprionic acid)*

Unknown E** 4.43 (d), 5.49 (d) 3 T Faeces
Glycine 3.56 (s) 2 ! Faeces
6.91 (d), 7.20 (d), 3.94 (dd), 3.06 (dd),
Tyrosine 2 ! Faeces
3.20 (dd)

*Tentative identification under the process of spiking the standard.
**overlapping region — multiple candidate saccharides

aMultiplicity key is as follows: s=singlet, d=doublet, t=triplet, q=quartet, dd=doublet of doublets,
m=multiplet.

bThe Level of Assignment (LoA) used for the molecules identified by NMR are LoA 1: Identified
compound, confirmed by adding the authentic chemical compound to the urine samples (spike-in
experiments). LoA 2: 'H and C NMR chemical shifts and their multiplicity matched to database or
literature to putatively annotate compound. LoA 3: 'H NMR chemical shifts and their multiplicity
matched to database or literature to putatively annotate compound.

Supplementary Table 3.3 | List of significantly associated metabolites whose excretion
discriminates between athletes and controls when using 1TH-NMR metabolic profiling
models of urine (Figure 3.2C) and faecal water (Figure 3.2D). Lists the metabolite name,
significant chemical shift values and multiplicity, LoA and direction of association (1
indicates higher excretion in the athletes group, | indicates lower excretion in the athletes

group) for urine and faecal biofluids.
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LC- MSMS product ions
Metabolite platform m/z (5-20eV) RT LoA @ Association
N-formylanthranilic RD - 164.034  120.04,136.04,92.05 452 2 T
acid
Hydantoin-5- RP - 171.040  100.04,127.06,128.04 143 2 T
propionic acid
3-Carboxy-4-methyl-5-
propyl-2- RP - 239.091 195.10, 151.11 616 2 |
furanpropionic acid
(CMPF)
CMPF glucuronide x1 Aglycone: CMPF
%
RP - B )
(239.09 — see above) !
Trimetaphosphoric RP - 238.891  96.96,220.90,78.96 042 2 T
acid
Glucuronide x1 RP - - Aglycone: 239.09 - * 1
Acetylcarnitine - C2 RP + 204.125 145.05, 85.03 0.85 2 1
Propionylcarnitine - RP + 218.139 159.07, 85.03 1.99 2 1
C3
(Iso)Butyrylcarnitine - ., 232.155 173.08. 85.03 283 2 |
C4
2-
Methyl- RP+ | 246171 187.10, 85.03 360 2 T
butyroylcarnitine - C5
C9:1-carnitine RP + 300.217  241.14,139.11,85.03  5.32 2 1
L-Valine RP + 118.086 72.08 243 2 1
Nicotinuric acid RP + 181.061 135.06 3.33 2 1
Hexanoylcarnitine -
Cé HILIC+  260.185 201.11, 85.03 572 2 !
4-Pyridoxic acid HILIC + 184.062  166.05, 148.04, 138.06 1.14 2 1
Creatinine HILIC + 114.067 87.06 6.49 2 0
Glutamine 127.05, 102.95,
RP - 145061  101.94,128.04,84.05, g9 2 !
109.04
Unknown Aglycones: 195.06,
glucuronides x9 271,07, 285.12,
RP - - 237.14,209.12, ] * !
143.07, 269.18,
257.17,217.06
7-Methylxanthine RP + 167.059  124.05, 150.03, 142.06  1.98 2 !
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LC- MSMS product ions
Metabolite platform m/z (5-20eV) RT LoA  Association
Imidazoleacetic acid RP + 127.051 81.05 0.67 2 !
g i e RP + 130.065 103.06 479 2 !
quinoline
Unknown Aglycones: 303.15,
glucuronides x7 219.06, 297.14,
RP + - ¥ !

383.14, 281.17,
239.16, 265.18

The Level of Assignment (LoA) used for the molecules identified by MS are LoA 1: Identified
compound, confirmed by comparison to an authentic chemical reference. LoA 2: MS/MS spectrum
matched to database or literature to putatively annotate compound.

*Glucuronides characterised by a neutral loss of 176.03 Da (loss of monodehydrated glucuronic acid)
in positive and negative modes. Further characterised by 175 m/z (anhydrous glucuronic acid) + 113
m/z (fragment of glucuronic acid) product ions in negative mode. If unable to unambiguously
identify resulting aglycone, aglycone m/z stated.

Supplementary Table 3.4 | List of significantly associated metabolites whose excretion
discriminates between athletes and controls when using LC-MS metabolic profiling
models of urine (Supplementary Figure 3.2A-D). Lists the metabolite name, liquid
chromatography (LC)- platform, mass charge ratio (m/z), MSMS fragments, retention time
(RT), level of assignment (LoA) and direction of association (1 indicates higher excretion in

the athletes group, | indicates lower excretion in the athletes group) in urine.
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Mann-Whitney
U test
Mean Median p value (2-
SCFA Subjects n  (uM)  SD (uM) IQR tailed) pFDR (BH corrected)

Acetate Athlete | 40 | 5822.3 1169 5883.5 1628 0.00002 0.00013
Control | 23 4377 1200.7 4092.1 1704

Propionate Athlete | 40 | 3419.3 | 909.8 | 3359.3 |[1231 5.00000 0.00000
Control | 23 | 2077.1 | 729.4 | 19105 |1188

Butyrate Athlete | 40 | 5561.5 | 2449.1 5234.3 2051 0.00003 0.00013
Control | 23 3397 1963.8 3091.2 1638

Valerate |Athlete [40 4204 [2221] 4215 | 237 0.00676 0.01120
Control | 23 283.6 189.9 302.9 260

Isobutyrate Athlete | 40 277.9 170.4 255.6 175 0.18338 0.21800
Control | 23| 217.3 | 1206 | 176.1 | 180

lsovalerate |Athlete |40 4078 [ 2702 | 367.6 [ 267 0.36746 0.36500
Control | 23 344.8 207.1 278.5 356

Supplementary Table 3.5

| Short Chain Fatty Acid concentrations and statistical.

analysis. Concentrations of SCFAs detected in faecal water samples. Statistical testing was

performed on concentrations, comparing the athlete and control group.

Lean Simpson Shannon  PD whole
mass Protein Fibre diversity diversity tree diversity
Spearman's
: 0.54
Acetic acid Correlation
Sig. (2-tailed) 0
Spearman’s 0.6 0.45 0.34
Propioninc |  Correlation ’ ' ’
acid . .
Sig. (2-tailed) 0 0.0003 0.0069
Spearman's
C lati 0.53 0.38 0.39
Butyric acid orrelation
Sig. (2-tailed) 0 0.0024 0.0016
Spearman's
Isobutyric | Correlation 0.32 0.4 0.41
acid Sig. (2-tailed) 00116 0.0015  0.0009
Spearman’s 037 038 0.35
Isovaleric Correlation ' ' .
acid . .
! Sig. (2-tailed) 0.0035 0.0021 0.0049
Spearman's
C lation 0.33 0.3 0.37 0.33
Valeric acid orrela
Sig. (2-tailed) 0.0088 0.0169 0.0035 0.0096

Supplementary Table 3.6 | Short Chain Fatty Acid correlation with diet and diversity.

SCFA concentrations correlated to measures of gut microbial diversity and participant

dietary and body composition measurements.
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Acetic acid Propionic acid Butyric acid
Spear Spear Spear
man p value pFDR man p value pFDR man p value pFDR
Corr Corr Corr
Rikenellaceae
Verrucomicrobia
Desulfovibrionaceae
Eamily XII1
Incertae Sedis
Enterobacteriaceae
Anaerotruncus
Catabacter
(Uncultured)
Roseburia 0.53 0 0.004 0.4 0.001 0.109 0.48 0 0.018
Ruminococcus 0.35 0.005 0.21
Veillonellaceae 0.34 0.006 0.205
Streptococcus 0.36 0.004 0.183
Streptoccaceae 0.42 0.001 0.109 0.34 0.006  0.248
Lactobacillus 0.41 0.001 0.109
Lactobacillaceae 0.41 0.001 0.109
Pseudodubutyrivibrio 0.32 0.01 0.308
038  0.002 0.138
038  0.002 0.138 033 0009  0.297
037  0.003 0.142 033 0008 0272
-0.35  0.005 0.23
-0.32 0.01 0.276 035  0.005 0.183 038 0002 0.135

Supplementary Table 3.7 (Part A)
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Isobutyric acid Isovaleric acid Valeric acid
Spear Spear Spear
man p value pFDR man p value pFDR man p value PpFDR
Corr Corr Corr
Rikenellaceae 0.33 0.009 0.295
Verrucomicrobia 0.37 0.003 0.147 0.4 0.001 0.109
Desulfovibrionaceae 0.38 0.002 0.138 0.4 0.001 0.109
Family XTI1
Incertae Sedis 0.6 0 0 0.58 0 0 0.51 0 0.008
Enterobacteriaceae 0.33 0.007 0.272 0.34 0.006 0.248 0.3 0.019  0.401
Anaerotruncus 0.4 0.001 0.109 0.41 0.001 0.109 0.41 0.001  0.109
Catabacter 0.39 0.001 0.119 0.38 0.002 0.138 0.42 0.001  0.109
(Uncultured) 0.35 0.005 0.211 0.34 0.007 0.253
Roseburia
Ruminococcus
Veillonellaceae
Streptococcus
Streptoccaceae
Lactobacillus
Lactobacillaceae
Pseudodubutyrivibrio
038 0002 0138

Supplementary Table 3.7 (Part B) | Short Chain Fatty Acid correlation with taxa.
Statistically significant correlations between faecal water derived concentrations of SCFAs

and 16S identified gut bacteria.

Supplementary Table 3.8 | Short Chain Fatty Acid correlation with metagenomic
pathways. List of statistically significant correlations between faecal water derived

concentrations of SCFAs and metagenomic pathways. See appendix A.
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Genus Metabolite p value| PPMC |P correct BH
Erysipelotrichaceae_Incertae_Sedis Acetoacetate 8.27E-05 | 4.14E-01 1.32E-03
Howardella Glycerate 4.08E-04 (-3.75E-01 6.52E-03
Anaerotruncus PAG 6.82E-04 | 3.61E-01 1.09E-02
Erysipelotrichaceae_lncertae_Sedis PAG 1.48E-03 | 3.39E-01 1.19E-02
Parasutterella N.methylnicotinamide | 7.82E-04 | 3.58E-01 1.25E-02
Succinivibrio O.Acetyl.Carnitine 8.47E-04 | 3.55E-01 1.35E-02
Succinivibrio TMAO 1.95E-03 | 3.31E-01 1.56E-02
Erysipelotrichaceae_Incertae_Sedis O.Acetyl.Carnitine 3.59E-03 | 3.13E-01 1.92E-02
Erysipelotrichaceae_Incertae_Sedis Unkown.A..3.12. 5.38E-03 | 2.99E-01 2.15E-02
Phascolarctobacterium L.Carnitine 2.10E-03 | 3.29E-01 2.24E-02
Phascolarctobacterium N.methylnicotinamide | 2.80E-03 | 3.20E-01 2.24E-02
Erysipelotrichaceae_lncertae_Sedis TMAO 7.36E-03 | 2.89E-01 2.35E-02
Lactobacillus O.Acetyl.Carnitine 1.53E-03 | 3.38E-01 2.45E-02
Escherichia_higella Glycerate 1.54E-03 |-3.38E-01 2.46E-02
Phascolarctobacterium Glycerate 7.10E-03 |-2.90E-01 2.85E-02
Phascolarctobacterium Acetoacetate 7.12E-03 | 2.90E-01 2.85E-02
Escherichia_higella O.Acetyl.Carnitine 4.14E-03 | 3.08E-01 3.32E-02
Parasutterella Creatinine 4.91E-03 | 3.02E-01 3.93E-02
Succinivibrio L.Carnitine 8.42E-03 | 2.84E-01 4.49E-02
Anaerotruncus Acetoacetate 5.66E-03 | 2.98E-01 4.52E-02
Escherichia_higella X3.0H.lsovaleric.acid 8.80E-03 | 2.83E-01 4.69E-02
Mogibacterium Acetoacetate 6.51E-03 | 2.93E-01 5.97E-02
Mogibacterium PAG 7.47E-03 | 2.88E-01 5.97E-02
Catabacter Proline.Betaine 4.06E-03 | 3.09E-01 6.50E-02
Coriobacteriaceae_bacterium_WAL_18889 [TMAO 5.28E-03 | 3.00E-01 8.44E-02
Clostridium O.Acetyl.Carnitine 5.82E-03 | 2.97E-01 8.76E-02
Ruminococcus Acetone 5.48E-03 | 2.99E-01 8.77E-02
Allisonella L.Carnitine 6.41E-03 | 2.93E-01 9.43E-02
Bacteroides O.Acetyl.Carnitine 8.04E-03 |-2.86E-01 9.91E-02
Turicibacter Proline.Betaine 6.89E-03 |-2.91E-01 1.10€-01

Supplementary Table 3.9 | Correlation of gut bacterial taxa with metabolites. Statistically
significant correlations of metabolites derived from both urine and faecal water to genera of

gut microbiota
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Chapter 4

EXTENDING THE DIET-EXERCISE-MICROBIOME PARADIGM

4.1 | Abstract

Strong influences have been illustrated for the gut microbiome’s role in numerous aspects of
human health. Previously we demonstrated that the gut microbiome of high-performance
athletes is distinct from comparatively less active but otherwise healthy controls in terms of
both composition and functional potential. While the robust differences in the athlete
microbiome are intriguing, the dietary habits associated with high-intensity physical
activity obscure potential influences on the gut microbiome arising directly from exercise.
Here we address the disentangling of exercise from diet in concern to the gut microbiome
with an elaboration on dietary influence of metabolomic activity with the intestinal

environment via a novel mathematical modelling strategy
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4.2 | Introduction

The human gut microbiome has been implicated in a number of different pathologies,
including obesity [1, 2], diabetes [3], cardiovascular disease [4], and cancer [5, 6]. Metabolic
diseases in particular have been strongly associated with reduced bacterial diversity [7-10].
A high fat, low fibre “Western diet” and sedentary lifestyle are well known risk factors for
these morbidities. Conversely, both healthy diet (high fibre, fruit, vegetable content with
low sodium, saturated fats and sugars) and exercise are inversely associated with
cardiovascular disease (CVD) risk, and there is evidence that they also promote increased
gut microbial diversity [11, 12]. Indeed, recent studies have shown that increased physical
activity and aerobic fitness may also mediate some of its known health benefits through
modulation of gut bacteria [12-15]. Human studies have shown differences in the gut
microbiome, including increased diversity, in both habitual exercisers [16, 17] and
professional athletes [18-20] compared to less active individuals.

Acquiring a true understanding of the relationship between the gut microbiome,
diet and exercise remains elusive since, in humans, the relationship between increased
physical activity and microbial changes is confounded by the dietary adaptations that often
accompany physical activity. This is further compounded by the lack of accuracy in
assessing dietary habits, with an estimated 30-80% misreporting of food intake using
traditional self-reported assessment tools [21, 22]. In our previous analysis, elite athletes’
increased taxonomic and functional diversity positively correlated with dietary protein
intake, in addition to increased physical activity [18, 19].

Here, in order to unravel the contribution of diet and exercise to modulation of the
gut microbiota, we apply metabolic profiling combined with a novel mathematical

modelling strategy to provide objective evidence of adherence to healthy dietary habits [23],
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thereby facilitating the removal of the confounding effects of individuals’ dietary
misreporting. This enables individuals to be characterised more accurately according to
both their physical activity and dietary status. Thus, the current study provides novel
functional insights into the distinct influences of each of these factors on host metabolism,
the gut microbiome and subsequent gut microbiome-host co-metabolism. Lastly, we further
explore the functional and metabolic implications of increased bacterial diversity on the

host through multivariate regression analyses.

4.3 | Materials and Methods

4.3.1 | Study population

Described in section 3.4.1, elite professional male athletes (n=40) and healthy but less active
controls (n=46) matched for age and gender were enrolled in this study in 2011 as
previously described [19]. Approval for the study was granted prior to commencing by the

Cork Clinical Research Ethics Committee.

4.3.2 | Acquisition of clinical exercise and dietary data

Activity levels were validated using the EPIC-Norfolk questionnaire [24] and creatine
kinase levels. Dietary intake was calculated from food frequency questionnaires (FFQ)

administered by a research nutritionist [19].

4.3.3 | Preparation of metagenomic libraries and Sequencing

Detailed previously [18], and in section 2.5 metagenomic library preparation was originally
performed with the Illumina Nextera XT DNA Library Preparation Kit (cat. no. FC-131-
1096, Illumina Inc., USA) in explicit accordance with the manufacturer’s protocol (15031942,

lumina).
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Metagenomic libraries were sequenced on the Illumina Hiseq 2500 (chemistry v4.0)
next generation sequencing (NGS) platform by Eurofins Genetic Services Ltd. (Ebersberg,
Germany), using the high-output run mode for 2 x 125 bp paired-end reads with the

addition of a PhiX library (1%) to estimate sequence quality.

4.3.4 | Metagenomic statistical and bioinformatics analysis

Following the approach detailed in section 2.6, raw FASTQ sequence files were quality
checked and processed before being subjected to functional profiling by the Human
Microbiome Project (HMP) Unified Metabolic Analysis Network (HUMAnN2 V.0.5.0)
pipeline [25]. The functional profiling performed by HUMANN2 composed tabulated files
of microbial metabolic pathway abundance and coverage derived from the Metacyc
database [26]. Taxonomic profiling was regenerated with the Kraken software package [27].
Microbial pathway and taxonomy data were statistically analysed in the R software
environment (V.3.3.2) [28].

Ordination with nonmetric multidimensional scaling (nmds) of relative abundance
values for pathways and phylogeny was compiled with the Bray-Curtis index of
dissimilarity using the R package Vegan (V.2.3-1), as detailed in section 2.8.3 [29]. Statistical
assessment of microbiome variables between participant groups was performed with
Wilcoxon signed-rank test of the base stat package in R. All graphical components related to
the metagenomic analysis of microbiome pathways and taxonomy were generated using
ggplot2 (V.2.2.1) [30]. All presented p values were corrected for multiple comparisons using

the Benjamini-Hochberg (BH) False Discovery Rate (pFDR) method [31].
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4.3.5 | Metabolic profiling

'"H-NMR urine and faecal metabolic profiling analysis and GC-MS targeted SCFA analysis
was conducted using established methods [32, 33] as previously described [18]. Additional

details can be found in section 2.7

4.3.6 | Objective assessment of dietary intake

Here, we have applied a novel mathematical tool capable of objectively assessing free-living
individuals’ dietary patterns based on their urine composition, without the need to collect
dietary data. The tool is based on a Monte Carlo cross-validated PLS-DA model built from
urinary metabolic profiles derived from a highly controlled environment (in-patient
randomised controlled clinical trial) to assure healthy participants were fully adherent to
four dietary interventions that reflected four different levels of adherence to W.H.O. healthy
eating recommendations [23]. The application of this model has been successfully validated
in free-living populations.

'H-NMR urinary metabolic profiles from athletes and controls were projected into
the MCCV-PLS-DA model to calculate a predicted score for each participant that reflected
their adherence to healthy eating. This score was used to cluster participants in the three
groups: i) controls with a <35% adherence to healthy eating; ii) controls with a >100%
adherence to healthy eating; iii) athletes with a >100% adherence to healthy eating. These

groups were compared using OPLS-DA.

4.3.7 | Statistical Analysis

TH-NMR spectra were phased and digitised over the range 80-5-9-5 and imported into
MATLAB to undergo median fold change normalisation [34]. Multivariate statistical
analysis was performed using SIMCA 14.1 (Umetrics) [34]. The three comparative groups

previously defined by extreme dietary habits were modelled using Orthogonal Partial Least
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Squares — Discriminant Analysis (OPLS-DA): i) controls with a <35% adherence to healthy
eating versus controls with a >2100% adherence to healthy eating (Model 1); ii) controls with
a >100% adherence to healthy eating versus athletes with a >100% adherence to healthy
eating (Model 2); iii) controls with a <35% adherence to healthy eating versus athletes with a
>100% adherence to healthy eating (Model 3). The OPLS-DA models in this study were
established based on one predictive component and one orthogonal component. Unit
variance scaling was applied to 'H-NMR spectral data. The fit and predictability of the
models obtained were determined by the R?Y and Q?Y values, respectively. Significant
metabolites differentiating between exercise and/or diet groups were obtained from ! H-
NMR OPLS-DA models after investigating correlations with correlation coefficients values
higher than 0.4.

Univariate statistical analysis (Mann-Whitney U test) was used to identify discrimi-
natory metabolites in SCFA quantitative datasets. P values were adjusted for multiple
testing with the BH False Discovery Rate method (pFDR).

Linear Regression analysis of 'H-NMR global spectra was performed against Shan-
non, Simpson, and Whole tree phylogenetic diversity (PD) diversity indices, corrected for
confounding factors (age, lean mass and fat mass), using an in-house MATLAB (release
2104a) script. Metabolites with adjusted p-values <0.01, after correcting for multiple testing
using the BH False Discovery Rate method, were considered significant and were
subsequently visualised in a Manhattan plot.

Finally, heatmaps showing significant Spearman’s correlations between datasets
were generated using the ComplexHeatmap script in R [35]. Spearman’s correlations were
first calculated in MATLAB, with p-values corrected for multiple testing using the BH False

Discovery Rate (pFDR) method. Correlations between metabolite-metabolite data sets with
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a pFDR <0.05 were included. Due to the large number of variables, a false discovery rate of
1% was set for correlations including microbiome taxa and pathway datasets. Hierarchical

clustering of correlations was performed using Euclidean distances.

4.3.8 | Metabolite identification

A combination of data-driven strategies such as such as SubseT Optimization by Reference
Matching (STORM) [36] and Statistical TOtal Correlation SpectroscopY (STOCSY) [37] and
analytical identification strategies were used to aid structural identification of significant
discriminatory metabolites. Specifically, a catalogue of 1D 'H-NMR sequence with water
pre-saturation and 2D NMR experiments such as J-Resolved spectroscopy, 'H-'H TOtal
Correlation SpectroscopY (TOCSY), 'H-'H COrrelation SpectroscopY (COSY), H-B3C
Hetero-nuclear Single Quantum Coherence (HSQC) and 'H-*C Hetero-nuclear Multiple-
Bond Correlation (HMBC) spectroscopy were performed. Finally, metabolites were
confirmed by in situ spiking experiments using authentic chemical standards. See section

2.7.8 for additional details.

4.3.9 | Metabolite quantification

Semi-quantification of identified metabolites was performed using an in-house MATLAB
script to annotate maximal intensity of median fold change normalised spectral peaks. The
highest intensity spectral peak was identified for each measured metabolite and precisely
quantified for each individual. Manual annotation enabled precise marking of peaks,
allowing for variations in chemical shift in individual samples. Where spectral peaks
overlapped with other metabolites the highest intensity unambiguous spectral region was

used.
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4.4 | Results

4.4.1 | Model generation through clustering of individuals according to objective
dietary healthiness scores and exercise levels.

Scores corresponding to participants” adherence to healthy eating habits were generated
from '"H-NMR urinary profiles using a validated metabolic profiling dietary assessment tool
[23] (see Figure 4.1). As expected, the non-professional athlete controls had diverse dietary
healthiness scores, whilst professional athletes were predominantly assigned to scores with
>100% adherence to healthy eating, reflecting the known association between habitual
exercise and healthy eating [38]. Individuals were then clustered according to their score for
dietary healthiness to construct comparative groups, with subsequent comparisons made
between the groups (see Figure 4.1): i) Model 1 was constructed comparing controls with a
<35% adherence to healthy eating versus controls with a 2100% adherence to healthy eating;
ii) Model 2 compares sedentary controls with a 2100% adherence to healthy eating versus
athletes with a >100% adherence to healthy eating; iii) Model 3 compares controls with a
<35% adherence to healthy eating versus athletes with a 2100% adherence to healthy eating.
The models were generated to assess both the combined [Model 3] and discrete effects of a
healthy diet [Model 1] and exercise [Model 2] on host metabolism, the gut microbiome and

subsequent gut microbiome — host co-metabolism.
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Figure 4.1 | Clustering of individuals according to exercise status and predicted
adherence to healthy dietary habits, calculated from urinary 1H-NMR spectra of
individuals, to form comparative models. Model 1 (Dietary Healthiness): controls with a
<35% adherence to healthy diet versus controls with a >100% adherence to healthy diet.
Model 2 (Exercise): controls with a 2100% adherence to healthy diet versus athletes with a
>100% adherence to a healthy diet. Model 3 (Combined Healthy Diet and Exercise): controls
with a <35% adherence to a healthy diet versus athletes with a 2100% adherence to a healthy

diet.
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4.4.2 | Metabolic characterisation of athletes and less active controls stratified by
predicted dietary healthiness.

Based on the urine spectral data, three robust Orthogonal Partial Least Squares Discrimi-
nant Analysis (OPLS-DA) models were obtained for assessment of the metabolic impact of
diet, exercise and the combination of diet and exercise. The model to investigate the
combined effect of diet healthiness and exercise (Model 3a) was the strongest (R?Y=0.94,
(Q?Y=0.74), with robust models also defining the impact of diet healthiness (R?Y=0.97,
(Q?Y=0.55; Model 1a) or exercise alone (R?Y=0.92, Q?Y=0.45; Model 2a). With regard to the
faecal profiles, the strongest model was that defining the effect of exercise (R?Y=0.92,
(Q?Y=0.45, Model 2b) whilst the combination of diet and exercise healthiness produced a
relatively robust model (R?Y=0.91, Q?Y=0.39; Model 3b) with diet showing the least, but
nevertheless significant, impact (R?Y=0.95, Q?Y=0.21; Model 1b).

The loadings of the pairwise OPLS-DA models were used to identify metabolites
discriminating between the two classes in each model. Metabolites discriminating between
classes are listed in Tables 4.1 (urine) and 4.2 (faeces). As expected, in Model 1 (Healthy Diet
effect) urinary metabolites with well-known dietary associations such as proline-betaine
(associated with citrus intake) and hippurate (associated with the consumption of fruits and
vegetables) were significantly higher in the group with healthier eating scores, whereas
markers of oxidative stress (2 hydroxybutyrate) and anaerobic metabolism (lactate) were
found in lower concentrations within the healthier eating group. Faecal metabolite patterns
associated with healthier diet scores included lower concentrations of 2-aminobutyrate and
2-hydroxybutyrate and higher levels of markers of cruciferous vegetable intake (SMCSO
derivatives). In the Exercise effect model (Model 2), the athlete group was characterised by a

number of urinary metabolites derived from the gut microbiome, such as phenylacetylglu-
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tamine (PAG) and 3-indoxyl sulphate, as well as the ketone body acetoacetate and markers
of red meat intake and fatty-acid metabolism (carnitine, o-acetyl carnitine), while markers of
oxidative stress (allantoin) and TCA cycle intermediates (succinate) were found to be higher
in the control group. Analysis of faecal metabolites revealed higher concentrations of the
SCFAs acetate, propionate, butyrate and valerate and lower levels of the amino acids
glycine, phenylalanine and tyrosine in the athlete group compared to controls consuming a
comparatively healthy diet. Model 3 (Combined effect) consisted predominantly of
metabolites derived from models 1 and 2. Healthy eating, exercise, and the combined effect
of both (Models 1-3), were all characterised by higher markers of choline metabolism; with
higher urinary TMAO. In the exercise effect model (Model 2), this corresponded with higher
faecal methylamine, and trimethylamine and lower dimethylamine in athletes relative to

controls.

4.4.3 | Quantitative analysis of short chain fatty acids and organic acids.

Targeted GC-MS of SCFA level in faeces revealed significantly higher levels of acetate
(pFDR<0.001), propionate (pFDR<0.001) and butyrate (pFDR=0.006) in healthy eating
athletes relative to healthy eating controls (Model 2 — Exercise effect). In addition to
propionate (pFDR=0.004) and butyrate (pFDR=0.019), valerate (pFDR=0.043) was higher in
healthy eating athletes relative to controls with unhealthy eating, while acetate was
significantly higher before but not after BH multiple testing corrections (pFDR=0.056)
(Model 3 — Combined effect). There were no significant differences in the diet healthiness
model (Model 1) and no differences in isobutyrate or isovalerate concentrations in any
model. (Figure 4.2)

Targeted analysis of ten organic acids in urine by GC-MS demonstrated lower levels

of lactate (pFDR=0.002) and 2-hydroxybutyrate (pFDR=0.014) in controls with >100%
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adherence to healthy eating versus controls with a <35% adherence to healthy eating (Model
1 — Healthy diet effect). Levels of 2-Methylbutyrate were lower in healthy eating athletes
versus healthy eating controls (pFDR=0.043; Model 2 — Exercise effect). In contrast to the
faecal SCFA model, acetate (pFDR=0.006), propionate (pFDR=0.003), 2-methylbutyrate
(pFDR=0.001), isovalerate (pFDR=0.001) and lactate (pFDR<0.001) were all lower in athletes
with >100% adherence to healthy eating versus controls with <35% adherence to

healthy eating (Model 3 — Combined Effect).
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Figure 4.2 | "H-NMR, SCFA and bacterial diversity results. Cross-validated OPLS-DA
score plots of (A) 1H-NMR urinary profiles, (B) 1TH-NMR faecal profiles. These OPLS
models demonstrate the divergence of metabolomic profiles between the participants
included in the different dietary models. Bar charts of (C) mean SCFA levels measured
through quantitative GC-MS and (D) mean Shannon diversity index levels, with 95% CI
shown. Detected concentrations of SCFAs show that levels of the compounds do not
significantly differ between controls, while athletes have significantly elevated levels when
compared to both control groups. Significant results (pFDR<0.05) marked with *. Rows 1, 2,
and 3 represent Model 1 (Diet), Model 2 (Exercise) and Model 3 (Combined Diet Healthi-

ness and Exercise) respectively.
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4.4.4 | Bacterial diversity

No difference in gut bacterial diversity was found between classes in any of the Models.
Each class had equivalent levels of a-diversity (Shannon H-index; Supplementary Figure
4.1). Species diversity between participants (B-diversity) as delineated by high-level
phylogenetic classification (i.e. Bacteria) demonstrated little class variability for Archaea
species, while Bacteria and virus species showed greater class separation (Figure 4.3).
Metabolic pathway models generated via metagenomic sequencing, revealed moderate
variability of B-diversity between classes for subsets of general (e.g. glycogen biosynthesis)
and species-specific (e.g. glycogen biosynthesis in R. intestinalis) pathways, while
corresponding a-diversity was slightly varied (Figure 4.4).

Linear regression analysis of 'H-NMR faecal water global spectra against Shannon,
Simpson and PD bacterial diversity indices, corrected for confounding factors (age, lean
mass and fat mass), revealed multiple metabolites associated with bacterial diversity (see
Figure 4.5 and Supplementary Table 4.2). Conversely, no urinary 'H-NMR global spectra
were found to significantly correlate with measures of gut bacterial diversity. Faecal
metabolites associated with increased bacterial diversity include elevated levels of
short/medium chain FAs valerate and caproate, branched SCFAs isobutyrate, isovalerate
and 2-methylbutyrate, branched chain amino acid (BCAA) degradation products 2-
oxoisocaproate and 2-oxoisovalerate as well as products of phenylalanine (phenylacetate
and 3-phenylpropionate), choline (dimethylamine), proline (2-methylproline) and uracil
(ureidopropionate) metabolism. Increased diversity was also associated with lower glucose

levels in addition to reduced isoleucine, asparagine and histidine.

135



136 | Extending the Diet-Exercise-Microbiome Paradigm

Taxonomy - Archaea species

1.0
E - >100% Athlete
2 05 -+ >100% Control
3 - <35% Control

-0.2 0.0 0.2 0.4 0.5 1.0
NMDS1 Density
Taxonomy - Bacteria species
1.0
E -*->100% Athlete
§ 0.5 -+ >100% Control
- <35% Control
L]
0.2 ° 5
L]
0.1 .
N
«»
s
Z 00
L]
.
Ll
.
-0.1
L]
-0.2 +
L]
-0.4 -0.2 0.0 0.2 0.5 1.0
NMDS1 Density
T y - Virus sp
-*->100% Athlete
- >100% Control
- <35% Control

Figure 4.3 | Taxonomic B-diversity of participant classes.
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Figure 4.3 continued | Taxonomic 3-diversity of participant classes. Ordination of
classes corresponding to species from Archaea (A), Bacteria (B), and viruses (C) demon-
strates little alteration between classes for Archaea species, while healthy athletes and
healthy controls are more similar for bacterial species. Participant clustering with virus
species shows a divergence of the athletes from controls. Ordination performed with non-
metric multidimensional scaling (NMDS). Density plots along the axes of all panels display
the concentrations of data points, and were generated from kernel density estimates and

scaled to a maximum value of 1.
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Figure 4.4 | Diversity of metabolic pathways between classes.
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Figure 4.4 continued | Diversity of metabolic pathways between classes. 3-diversity
of metabolic pathways, separated according to general (A) and species-specific (B) reveals
modest separation between the classes. a-diversity of metabolic pathways (C), presented as
Shannon H-index demonstrate, slight variation in the participants. Ordination performed
with non-metric multidimensional scaling (NMDS). Density plots along the axes of all
panels display the concentrations of data points, and were generated from kernel density

estimates and scaled to a maximum value of 1.
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Figure 4.5 | Linear regression of faecal water 'H-NMR spectra against bacterial diversity
(Shannon index), corrected for confounding factors (age, lean mass and fat mass).
Metabolites with a pFDR of <0.01 were considered significant and are highlighted in the
Manhattan plot and mean 'H-NMR spectrum. Spectra highlighted red increase with
bacterial diversity, spectra highlighted blue decrease with increased bacterial diversity.
Together, these associations illustrate the broad range of metabolites that may be influenced
by the microbiome of participants. Further detail of specific metabolites identified with this

approach are presented in subsequent sections of this chapter.
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4.4.5 | Diet — Gut microbiome — Gut metabolome — Host metabolome interactions

A total of 47 faecal and 27 urinary metabolites of interest, based on discriminatory capacity
from Models 1-3 and/or metabolites associated with bacterial diversity, were quantified.
Gut metabolome-host metabolome interactions (faecal vs urinary metabolites respectively)
were derived from Spearman’s correlations between the two datasets (see Figure 4.7). Diet —
Gut bacterial metabolome and Diet — host metabolome relationships were derived from
Spearman’s correlations between dietary food groups calculated from food frequency
questionnaires and faecal and urinary metabolite levels (see Supplementary Figure 4.2).
Furthermore, Spearman’s correlations of metabolite levels against bacterial species
(Supplementary Figure 4.3) and microbial metabolic superpathway relative abundances
(Figure 4.7) revealed numerous significant correlations with one or more urinary or faecal
metabolites (Species pFDR<0.01 = 257, Metabolic Superpathways pFDR<0.01 = 58). Similarly,
relative abundance of 206 microbial metabolic superpathways was significantly correlated
to measures of bacterial diversity (pFDR<0.01, Supplementary Figure 4.4). Lastly,
correlations within faecal-faecal and urinary-urinary metabolite datasets were used to

highlight known or unknown metabolic pathways (see Supplementary Figures 4.5 & 4.6).
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Figure 4.6 | Faecal — Urinary metabolic interactions. Demonstrating potential metabolic

interactions of compounds derived specifically from host metabolism and products of the
gut environment, significant Spearman’s correlations (pFDR <0.05) between faecal and
urinary metabolic datasets are shown, shaded according to strength of correlation

coefficient (Rho). Correlations are clustered according to Euclidean distances.
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Figure 4.7 continued | Microbial metabolic superpathway-metabolite interactions.
Significant Spearman’s correlations (pFDR <0.01) between microbial metabolic super-
pathways and both faecal and urinary metabolic datasets are shown, presenting the
microbial pathways detected with sequencing that may contribute to the generation of
metabolomic features. The data is shaded according to strength of correlation coefficient
(Rho), with positive values coloured red, and negative values coloured blue. Correlations

are clustered according to Euclidean distances.
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4.5 | Discussion & Biological Interpretation

Each of the models pertaining to diet healthiness, exercise or a combination of both
displayed a unique metabolic, taxonomic, and functional microbial signature, with a
significant proportion of identified metabolites discriminating between the various pairwise
comparisons resulting from gut-host co-metabolism. Bacterial diversity was associated with
a combination of increased diet healthiness and exercise and was correlated with a distinct

array of microbially derived metabolites.

4.5.1 | Metabolic phenotype associated with diet and exercise

As expected, the effect of adherence to healthy dietary habits was associated with higher
concentrations of markers of fruit and vegetable intake in the form of proline-betaine,
formate and hippurate in addition to lower sugar levels [23, 39].

While investigating changes related to high physical activity, we found higher levels
of O-acetyl carnitine, a metabolite associated with the intake of animal protein. Indeed,
protein consumption was higher in the athlete group, and included whey protein
supplementation. However, higher O-acetyl carnitine may also be due to increased fatty
acid mobilisation and oxidation in this group [40]. Additionally, there were lower
concentrations of urinary succinate in athletes, likely due to increased systemic utilisation
through the TCA cycle. Controls assigned healthy diet scores were characterised by lower
urinary levels of lactate and 2-hydroxybutyrate, markers of anaerobic respiration and
oxidative stress, respectively. Oxidative stress raises the rate of hepatic glutathione
synthesis, causing homocysteine to be metabolised through the transsulfuration pathway to

replace depleted cysteine, with 2-hydroxybutyrate produced as a by-product [39].

145



146 | Extending the Diet-Exercise-Microbiome Paradigm

4.5.2 | Evidence of altered gut microbial — host co-metabolism
Tryptophan Metabolism

We find lower levels of methylnicotinamide (NMND) in subjects assigned healthy
eating scores (Model 1). In humans, the amino acid tryptophan is predominantly
metabolised through the kynurenine pathway. The resulting nicotinamide is methylated by
nicotinamide N-methyltransferase (NNMT), to form N-methylnicotinamide (NMND),
which is then further metabolised to N-methyl-2-pyridone-5-carboxamide (2PY) [41].
Nicotinamide serves an important role in energy regulation. Indeed, NNMT knockout in
mice, resulting in higher nicotinamide and reduced NMND and 2PY, is protective of diet
induced obesity [42]. Thus, the lower levels of NMND seen here suggest increased energy
expenditure in healthy eaters.

Conversely, in the exercise effect model we find higher levels of 2PY associated with
physical activity (Model 2). In addition, there is increased gut microbial metabolism of
tryptophan through the indole pathway leading to increased 3 indoxyl-sulfate (3IS). This is
a similar metabolic signature to that seen in malnourished children [41]. In this case,
however, increased 2PY is more readily explained through indoleamine 2,3-dioxygenase
(IDO) mediated activation of the kynurenine pathway due to increased inflammation [19].
Increased 3IS is likely due to a shift towards proteolytic fermentation of increased colonic
protein by gut bacteria due to higher protein intake in healthy eating athletes relative to

healthy eating controls (median intake 240g/day vs. 104 g/day, p<0.001).
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Phenylalanine Metabolism

Higher physical activity (Model 2) and the combined effect of healthy diet and exer-
cise (Model 3) result in higher levels of urinary phenylacetylglutamine (PAG), produced
through gut microbial conversion of phenylalanine to phenylacetate and subsequent
conversion to PAG in the liver. We also see a resulting reduction in faecal phenylalanine
and tyrosine. Consistent with these findings, PAG has previously been associated with a
lean phenotype [43]. In our study PAG levels predominantly correlate with bacterial species
from the Actinobacteria and Proteobacteria phyla as well as a number of bacterial pathways
including increased gluconeogenesis, anaerobic energy metabolism and glutamate
degradation to SCFAs. The ketone body acetoacetate, also raised with higher physical
activity and the combined effect of healthy diet and exercise, can also be produced through
ketogenic metabolism of phenylalanine.

Whilst PAG is positively associated with the group of healthy eating athletes (Model
2), the more minor microbial phenylalanine metabolites 3-hydroxyphenylacetate (HPA) and
3-(3-hydroxyphenyl)-3-hydroxypropionic acid (HPHPA) are inversely correlated, whereas
HPA levels are higher in the urine of healthy eating controls (Model 1). The biological role
of HPA and HPHPA is disputed. Some studies have associated HPA and HPHPA with
neurological disorders [44]. Others however, have shown the contrary [45] and furthermore,
HPA is thought to be a dietary marker of rutin intake, a flavonoid and antioxidant [46].
Benzoate Metabolism

It should also be noted that phenylalanine and other dietary aromatic compounds
such as catechin can be metabolised to benzoate, which is further metabolised to hippurate
[47]. Here we find higher hippurate in individuals with a healthy diet scores (Model 1).

Higher hippurate levels have been correlated with a lean phenotype and lower blood
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pressure as well as fruit intake [48, 49]. In this study, urinary hippurate levels correlate
strongly with faecal 3-phenylpropionate, suggesting that the main source of hippurate
production observed here is through degradation of catechin from the diet.

Choline Metabolism

We find higher levels of TMAO in both the healthy diet and exercise effect models in
addition to the combined model. Circulating trimethylamine-N-Oxide (TMAO) is thought
to predict cardiovascular disease (CVD), possibly through altered cholesterol metabolism
and oxidative stress [4, 50]. However, the causative effect in humans is disputed and may be
due to confounders such as kidney function and poor metabolic control [51]. Furthermore,
TMAO is present in high concentrations in the tissues of cold water-dwelling fish where it
acts as an antifreeze agent and is also found in high levels in the urine of Japanese
populations whose diet contains a high portion of fish and who do not have high risk for
CVDI[48]. Moreover, TMAO was recently found to protect against impaired glucose
tolerance and reduce endoplasmic reticulum stress [52].

As expected, we find urinary TMAO levels correlate with faecal trimethylamine and
methylamine, although not dimethylamine. Further, TMAO correlates with urinary
carnitine, acetyl-carnitine and urea levels, all markers of protein intake, which is consistent
with the higher reported intake of protein in the healthy eating athletes represented in the
exercise and combined models. The bacterial abundance data also show a dichotomy with
respect to association between TMAO and DMA. For example, we identify a large number
of bacterial species and pathways whose abundance correlates with faecal dimethylamine
excretion but which do not appear to influence TMAO levels, whereas the heterofermenta-
tive lactic acid bacterium Leuconostoc citreum does correlate with higher TMAO levels.

Intriguingly we also identify a number of lactococcal phage that correlate with TMAO. This
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raises the possibility that changes to the gut environment, such as altered pH from changes
to lactic acid bacteria, can alter levels of TMA / TMAO producing and metabolising bacteria
leading to subsequent changes in host TMAO levels. Indeed, lactococcal phage levels also
correlate with increased TMAO:DMA and TMA:DMA ratios, suggesting they may influence

bacterial TMA dehydrogenase or TMAO aldolase activity.

4.5.3 | SCFA and Branched chain amino acid Metabolism

Faecal SCFAs are found in higher concentrations in subjects with increased physical
activity (Model 2) and combined healthy eating and increased exercise (Model 3) relative to
controls. SCFAs are produced through the bacterial fermentation of dietary fibre and
complex carbohydrates. The most abundant SCFAs are acetate (C2), propionate (C3) and
butyrate (C4). In addition, valerate and the branched SCFAs isobutyrate, isovalerate and 2-
methyl-butyrate are produced by gut bacteria in smaller quantities [53]. Butyrate is the
preferred source of energy for colonic epithelial cells [54], whereas propionate, along with
remaining unused butyrate, is used predominantly by hepatocytes for gluconeogenesis [55],
while acetate is mainly utilised by muscle cells to generate energy. Importantly, SCFAs have
been associated with reduced appetite and weight loss through stimulating release of the
anorectic gut hormones peptide YY (PYY) and glucagon like peptide-1 (GLP-1) [53, 56].
Interestingly, it has been reported that undigested proteins and amino acids in the colon
may serve as an additional substrate for SCFA production [57]. Indeed, in this cohort we
find that while faecal butyrate correlates strongly with fibre intake, propionate correlates
most strongly with protein intake — increased in healthy eating athletes.

Alternatively, medium chain fatty acids (MCFA), branched SCFAs, and branched
chain keto acids (BCKA) are correlated with higher bacterial diversity, seen after modelling

the combined effects of healthy diet and exercise. The branched SCFAs isobutyrate,
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isovalerate and 2-methylbutyrate are produced through the fermentation of BCAAs and
have also been shown to modulate energy metabolism [58]. Here, isobutyrate and
isovalerate are both correlated with bacterial amino acid (glutamate) degradation pathways
to propionate and butyrate and show an inverse correlation to pathways encoding starch
degradation. It is likely that bacteria here are using similar pathways to ferment BCAAs in
place of glutamate. Furthermore, in faecal samples with higher bacterial diversity we detect
higher branched chain keto acids (BCKA) 2-oxoisocaproate and 2-oxoisovalerate, produced
through the catabolism of the BCAAs leucine and valine, respectively. This initial
transamination reaction, catalysed by branched chain aminotransferase (BCAT), produces
glutamate (also higher) and the respective BCKA. Subsequent leucine metabolism via 2-
oxoisocaproate is ketogenic, while valine metabolism via 2-oxoisovalerate is glucogenic.
This constellation of raised BCKAs, glutamate and branched-SCFAs suggests that the
increased diversity observed here is associated with an adaptation towards increased
degradation of protein and amino acids in the colon. Additionally, we see reduced glucose
and amino acid levels (histidine, asparagine, isoleucine) with increased bacterial diversity. It
is not clear whether these changes are a result of bacterial adaptation to a high protein / low
sugar environment in the distal colon or whether they are driven by an increase in bacterial
utilisation of amino acids. Intriguingly the reduction in amino acid levels, seen here with
increased diversity, appears to indicate that enhanced protein degradation increases beyond
increased intake. Corresponding changes are also seen in bacterial pathways related with
increased diversity. Increased diversity correlates with higher; amino acid, BCAA and
nicotinate degradation, co-factor and amino acid biosynthesis and gluconeogenesis
pathways, along with reduced starch degradation, methionine and fatty acid biosynthesis

pathways.
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In addition, SCFA can also be utilised by bacteria for de novo amino acid biosynthesis
[59]. Here, increased valerate, seen with increased exercise (Model 2 & 3) and bacterial
diversity, is associated with bacterial phenylalanine and tyrosine biosynthesis pathways.
Increased acetate, seen with increased exercise (Model 2 & 3), is associated with tryptophan
biosynthesis pathways. Lastly, acetate is associated with guanosine ribonucleotide
biosynthesis, suggesting that acetate has an important role in enabling the biosynthesis of

aromatic compounds.

4.6 | Conclusion

The analysis of individuals” gut microbiome and metabolic profiles according to groupings
based on an objective measure of their dietary habits, exercise levels and further analysis
according to bacterial diversity, has elicited novel insights into this complex, multi-factorial
paradigm. Each exercise/diet group appears to exhibit a distinct metabolic and functional
microbial phenotype.

Model synthesis using an objective measure of dietary healthiness has enabled us to
control for a number of closely related confounders, and more accurately ascertain the
individual biological sequelae of diet healthiness and exercise, respectively. However,
although reduced, a number of confounders in this paradigm still exist. Some changes
exhibited in the exercise effect model may be due to increased meat and protein intake in
this group. However, where possible this has been explained. Additionally, a subgroup of
athletes consumed the probiotics Lactobacillus casei or Lactobacillus acidophilus regularly.
However, their relative abundance in the faecal metagenomic data did not significantly
correlate with any faecal or urinary metabolites. BMI has also been shown to be a major
anthropometric factor influencing the gut microbiome [10, 60, 61]. While this present study

begins to address the effects of diet and exercise as separate factors influencing the
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microbiome, it does not circumvent the effects of BMI on the microbiome as the subjects
included in the control models are still largely constrained to the high and low BMI groups
described in chapter 3.

Importantly, increased microbial diversity has previously been associated with a
healthy state [7-10]. Certainly, many microbial derived metabolites such as SCFA are known
to be beneficial and furthermore, an increase in diversity is associated with a low glycaemic
state. However, in this cohort we also see increased diversity relating to an increase towards
proteolytic fermentation by gut bacteria. Protein metabolism within the gut has been
associated with the production of toxic compounds such as ammonia, amines and sulphides
[62, 63]. Thus, indicating that in this cohort the effects of increased diversity may include
deleterious as well as beneficial effects on the host. This illustrates the importance of more

in-depth analysis at a pathway and taxonomic level in future microbiome studies.
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Supplementary Figure 4.3: Gut Species - Metabolite interactions. Significant Spearman’s
correlations (pFDR <0.01) between microbial species vs faecal and urinary metabolic
datasets are shown, shaded according to strength of correlation coefficient (Rho).

Correlations are clustered according to Euclidean distances (Figure omitted due to size).
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Supplementary Figure 4.4: Metagenome Superpathway — Diversity Indices correlations.
Significant Spearman’s correlations (pFDR <0.01) between microbial metabolic super-
pathways and diversity indices (Shannon, Simpson, PD, Chaol) are shown, shaded
according to strength of correlation coefficient (Rho). Correlations are clustered according to

Euclidean distances.
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Supplementary Figure 4.6: Urine — Urine Metabolite correlations. Significant Spearman’s
correlations (pFDR <0.05) within the urine metabolite dataset are shown, shaded according

to strength of correlation coefficient (Rho). Correlations are clustered according to Euclidean

distances.
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Urinary Metabolites
<35% controls Vs >100% control [Model 1 - Diet healthiness]

Metabolite *H chemical shift & (multiplicity)? Source / Role
Acetone 2.24 (s) 1 Ketone
Citrate 2.55~ (d), 2.69~ (d) 0 Fruit / TCA cycle
Creatinine 3.05 (s), 4.06 (s) 1 Muscle mass
TMAO 3.27 (5) t Choline metabolism, fish,
meat
Proline Betaine 3.30 (s), 3.11 (s) 1 Citrus fruits
) 3.48(s), 6.79 (m), 6.81 (m), 6.86 (m), 7.26 Gut microbial - Tyrosine
3-Hydroxyphenylacetate t 0 metabolism
Hippurate 7.55(t), 7.64 (1), 7.84 (d), 3.98 (d) 0 Fruits & vegetables
Formate 8.46 (s) 0 Fruits & vegetables
Lactate Targeted GC-MS ! Anaerobic metabolism
2-hydroxybutyrate Targeted GC-MS ! Glutathione synthesis
N-methylnicotinamide 4.486 (s), 8.19 (t), 8.90 (d), 8.97 (d), 9.28 Vit B3 / Endogenous
(NMND) (s) l Tryptophan metabolism
Pyroglutamate 2.04 (m), 2.41 (m), 2.51 (m), 4.18 (q) ! Glutamate metabolism
Sucrose 4.23 (d) ! Sugars
>100% controls Vs >100% athletes [Model 2 - Exercise]
Acetoacetate 2.29 (s), 3.45(s) Ketone
. 2.11(m), 2.27 (m), 3.67 (m), 4.19 (m), 7.36 Gut microbial -
Phenylacetylglutamine (PAG) (t), 7.43 (1) Phenylalanine metabolism
Carnitine 3.23 (s), 2.45 (dd), 3.43 (m) Red meat
N-methylnicotinamide 4486 (5).8.19 (9, 8(3)0 (d), 8.97 (d). 9.28 Niacin (B3)
Gut microbial -
3-Indoxyl sulfate [UV] 7.51(d), 7.71 (d), 7.21 (m), 7.28 (m) Tryptophan metabolism
TMAO 3.27 (5) Choline metabolism, fish,
meat
2 methyl 2 pyridone 5 NAD degradation,
carboxamide (2PY) 3.65(d), 667 (d), 7.83 (dd), 8.34 (d) Tryptophan metabolism
O-Acetyl Carnitine 3.19(s), 2.15 (s) Red meat
2-methylbutyrate Targeted GC-MS Branched SCFA
Succinate 2.41(s) TCA cycle
Citrate [UV] 2.55~ (d), 2.69~ (d) Fruit / TCA cycle

3-Hydroxyphenylacetate

3.48(s), 6.79 (m), 6.81 (m), 6.86 (m), 7.26
(t)

Gut microbial / Tyrosine

metabolism

Allantoin 5.39 (s)
1&2%%%?:52%3 2.62 (dd), 2.71 (dd)*, 5.02 (dd), 6.85 (ddd),
(HPHPAY 6.91 (1), 6.98 (m), 7.30 (1

Gut microbial — oxidative

stress

Gut microbial - dysbiosis

<35% controls Vs >100% athletes [Model 3 - Diet healthiness & Exercise]

Acetoacetate 2.29(s), 3.45 (s) 0 Ketone
. 2.11 (m), 2.27 (m), 3.67 (m), 4.19 (m), 7.36 Gut microbial -
Phenylacetylglutamine (PAG) (1), 743 () Phenylalanine metabolism
Carnitine 3.23 (s), 2.45 (dd), 3.43 (m) Red meat
TMAO 3.27 (5) Choline metabolism, fish,
meat
Proline Betaine 3.30 (s), 3.11 (s) Citrus fruits
3-Indoxyl sulfate 7.51(d), 7.71 (d), 7.21 (m), 7.28 (m) Gut microbial
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Hippurate 7.55 (1), 7.64 (t), 7.84 (d), 3.98 (d) 1 Fruits & vegetables
2 methyl 2 pyridone 5 NAD degradation,
carbozamirzj}:e (2PY) 365 (d), 6.67(d), 7.83 (ad), 8.34 (d) 1 Tryptophar? metabolism
O-Acetyl Carnitine 3.19(s), 2.15(s) 0 Red meat
Acetate Targeted GC-MS ! SCFA
Propionate Targeted GC-MS ! SCFA
2-methylbutyrate Targeted GC-MS ! Branched SCFA
Isovalerate Targeted GC-MS ! Branched SCFA
Lactate Targeted GC-MS ! Anaerobic metabolism
Alanine 1.49 (d), 3.79 (q) ! Amino acid
Pyroglutamate 2.04 (m), 2.41 (m), 2.51 (m), 4.18 (q) ! Glutamate metabolism
Sucrose 4.23 (d) ! Sugars
Allantoin 539 (s) ! Gut microbial — oxidative
stress

Supplementary Table 4.1: Urinary metabolites discriminating between model classes.
Tables show urinary metabolites increasing or decreasing with increased diet healthiness,
exercise and combined diet healthiness and exercise in models 1, 2 and 3 respectively.
aMultiplicity key is as follows: s=singlet, d=doublet, t=triplet, g=quartet, dd=doublet of
doublets, m=multiplet. 'H shifts marked by an asterisk (*) were not confirmed experimental-
ly due to the absence of unambiguous resonance values and are taken from the Human

Metabolome Database (HMDB).
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<35% controls Vs >100% control [Model 1 — Diet healthiness]

Faecal Metabolites

Metabolite H chemical shift & (multiplicity)2
SMCSO metabolite 1 2.78 (s)
SMCSO metabolite 2 2.81(s)
S-methyl-L-cysteine-sulfoxide 2.83(s)

(SMCSO)

3-hydroxyphenylpropionate

2.47 (1), 2.84 (t), 6.75 (m), 6.81 (1),
6.87 (m), 7.25 (1)

Bile Salts 73

0.73 (s)

2-aminobutyrate

0.98 ()

Methylsuccinate (citramalate)

1.09 (d), 2.13 (dd)*, 2.53 (dd), 2.63
(m)”

2-hydroxybutyrate

1.20 (d)

Acetate

192 (s)

n-acetylglucosamine

2.06 (s), 3.47-3.85 (m), 5.21 (d)

Association

|
|
!
|
!

Beta-alanine 2.56 (t), 3.18 (1)
Ribose 3.52 (dd), 4.11 (t), 4.93 (d), 5.25 (d)
t...
Hypoxanthine 8.21 (d)
>100% controls Vs >100% athletes [Model 2 - Exercise]
Bile salts 79 0.79 (s)
Valerate 0.89 (t), 1.30 (m), 1.54 (m), 2.18 (t)
Butyrate 0.90 (t), 1.56 (m), 2.16 (t) + Targeted
GC-MS
Propionate 1.06 (t), 2.19 (g) + Targeted GC-MS
Threonine 1.33 (d), 3.59 (d), 4.26 (dqt)
Acetate 1.92 (s) + Targeted GC-MS
Methylamine 2.60 (s)
Trimethylamine 2.88 (s)

Uracil

5.81 (d), 7.55 (d)

Anserine

747 (s), 8.35 (s), 3.65 (s)

3-hydroxyphenylpropionate

2.47 (t), 2.84 (1), 6.75 (m), 6.81 (1),
6.87 (m), 7.25 (1

Dimethylamine 2.73(s)
Glycine 3.56 (s)
Phenylalanine 3.20 (dd), 3.29 (dd), 3.99 (dd), 7.34
(d), 7.38 (m), 7.43 (m)

Tyrosine

6.91(d), 7.21 (d)

P e T T S e S P S

Source / Role

Cruciferous vegetables

Cruciferous vegetables

Cruciferous vegetables

Gut microbial / Caffeine

Bile acids

Glutathione synthesis

Microbial, malate
analogue

Glutathione synthesis

SCFA

Amino sugar, bacterial cell
wall constituent

Beta amino acid
Uracil metabolism

Monosaccharide, RNA
constituent

Purine derivative

Bile acids

SCFA

SCFA

SCFA

Amino acid

SCFA

Choline metabolism

Choline metabolism

RNA nucleobase

Dipeptide

Gut microbial / Caffeine

Choline metabolism

Amino acid

Amino acid

Amino acid

<35% controls Vs >100% athletes [Model 3 - Diet healthiness & Exercise]
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Acetate 1.92 (s) SCFA
Anserine 7.17 (s), 8.35 (s), 3.65 (s) Dipeptide
Bile salts 79 0.79 (s) Bile acids
Butyrate 0.90 (t), 1.56 (m), 2.16 (t) + Targeted SCFA
GC-MS
Methylamine 2.60 (s) Choline metabolism
Propionate 1.06 (t), 2.19 (q) + Targeted GC-MS SCFA
Trimethylamine 2.88 (s) Choline metabolism
Valerate 0.89 (t), 1.30 (m), 1.54 (m), 2.18 (t) + SCFA
Targeted GC-MS
2-hydroxybutyrate 1.20 (d) Glutathione synthesis

Proline

2.01 (m), 2.35 (m), 4.14 (dd) Amino acid

n-acetylglucosamine

2.06 (s), 3.47-3.85 (m), 5.21 (d) Amino sugar, bacterial cell

wall constituent

Glycine 3.56 (s) Amino acid
Bacterial Diversity (Shannon / Simpson / PD) [Model 4 - Diversity]
Bile Salts 76 0.76 (s) Bile acids
2-methylbutyrate 0.86 (t), 1.05 (d), 1.39 (m), 1.5 (m), Branched SCFA
2.21 (m)
Caproate 0.86 (t), 1.27 (m), 1.53 (m), 2.17 (1) MCFA
Valerate 0.89 (t), 1.30 (m), 1.54 (m), 2.18 (t) SCFA
Isovalerate 0.91(d), 1.96 (m), 2.06 (d) Branched SCFA
o-ketoisocaproate (2- 0.94 (d), 2.10 (m), 2.62 (d) BCAA degradation
oxoisocaproate)
Isobutyrate 1.07 (d), 2.35 (m) Branched SCFA
a-ketoisovalerate (2- 1.13 (d), 3.02 (m) BCAA degradation
oxoisovalerate)
Glutamate 2.05 (m), 2.12 (m), 2.35 (m), 3.75 Amino acid
(dd)
Malate 2.36 (dd), 2.67 (dd), 4.32 (dd) TCA cycle
Ureidopropionate 2.39 (1), 3.29 (q)* Uracil metabolism

3-phenylpropionate
(Hydrocinnamate)

2.49 (1), 2.90 (t), 7.30 (m) Phenylalanine metabolism

Dimethylamine

2.73 (s) Choline metabolism

2-methylproline

2.75(s), [3.60-61 (s)] Arginine & Proline

metabolism
Phenylacetate 3.54 (s), 7.31 (m), 7.39 (m) Phenylalanine metabolism

Isoleucine 1.02 (d), 3.68 (d) BCAA

Asparagine 2.95 (dd), 2.87 (dd), 4.01 (dd) Amino acid
Glucose 3.25 (dd), 3.42 (m), 3.49( ), 3.54 Sugars

(dd), 3.74 (m), 3.84 (m), 3.91 (dd),
4.65 (d), 5.24 (d)
Uridine 3.80 (dd)*, 3.91 (dd)*, 4. 12( )¥, 4.22 Nucleoside

(dd)*, 4.34 (dd)*, 5.91 (d), 5.92 (d),
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Faecal Metabolites

7.88 (d) |
Histidine 7.11(s), 7.93 (s) ‘ i} Amino acid
Nicotinate 7.53 (dd)*, 8.26 (m), 8.62 (dd), 8.94 ! Vit B3
(d)

Supplementary Table 4.2: Faecal metabolites discriminatmodel classes. Tables
show faecal metabolites increasing or decreasing with increased diet healthiness, exercise,
combined diet healthiness and exercise, and gut bacterial diversity in models 1, 2, 3 and 4
respectively. *Multiplicity key is as follows: s=singlet, d=doublet, t=triplet, q=quartet,
dd=doublet of doublets, m=multiplet. 'H shifts marked by an asterisk (*) were not
confirmed experimentally due to the absence of unambiguous resonance values and are

taken from the Human Metabolome Database (HMDB)
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Chapter 5

COMPUTATIONAL ELUCIDATION OF MICROBIAL DYNAMICS IN THE GUT MICROBIOME

OF ELITE ATHLETES

5.1 | Abstract

Strong influences have been illustrated for the gut microbiome’s role in numerous aspects of
human health. Previously we demonstrated that the gut microbiome of high-performance
athletes is distinct from less active healthy controls, both in terms of taxonomic composition
and functional potential. The robust differences in the athlete microbiome are intriguing,
however the high-intensity physical activity of these individuals is paired with dietary
habits that sharply deviate from what is typical in the general population. Accordingly,
separating the influences of the athletes” diet from their levels of exercise is an important
challenge to overcome. Here we continue the analysis of this cohort through the use of an
advanced computational modelling approach based on Flux Balance Analysis (FBA),
providing an opportunity to build upon prior observations of the athlete microbiome.
Simultaneously, the FBA based analysis, due to its capacity to modify nutritional resources
(i.e. diet) in simulations of gut microbiota metabolism, is demonstrated as a relevant, and

indeed, valuable approach in generating novel insights from metagenomic studies.
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5.2 | Introduction

Physical exercise has been shown to confer a broad range health benefits, specifically
affecting systemic and end-organ inflammation regulation, efficiency of carbohydrate
metabolism, and trophic effects at the level of the central nervous system [1-7]. Accordingly,
physical activity has been implemented as an effective treatment and preventative strategy
for many chronic conditions in which the gut microbiome has been implicated [8-10].
Sedentary lifestyle is alternatively a major morbidity factor in Western society, contributing
to numerous diseases of affluence, such as obesity, diabetes, and cardiovascular disease [11-
14]. The gut microbiome is shown with mounting evidence to have an integral role in these
diseases [15-23].

Described in previous chapters, the gut microbiome of high-performance athletes
has high taxonomic diversity and a metabolomic profile associated with health [24]. This
evidence, resulting from combined shotgun metagenomic sequencing and metabolomic
analysis, was put forth after initial 16s rRNA amplicon sequencing of the same cohort of
elite international-level rugby players and controls matched for age and BMI range (>28
kg/m? and <25 kg/m?) [25]. In this present study, we continue the analysis of this cohort
through the use of an advanced computational modelling approach. Here, Flux Balance
Analysis (FBA) provides an opportunity to build upon prior observations of the athlete
microbiome. In particular, our previous analysis of the athletes highlighted the challenge of
separating the influences of exercise and associated diet on the microbiome. The FBA
method addresses this, while simultaneously demonstrating the relevance of modelling

approaches in generating novel insights from metagenomic studies.
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5.3 | Study objective

Having previously demonstrated with a multi-omics led interrogation that elite athletes
present a gut microbiome with metabolic function primed for health and greater
phylogenetic diversity, it is clear that these athletes are suitable for further investigation.
The primary objective of this chapter is to further profile the gut microbiome of high-
performance athletes with computational based elaboration via flux balance analysis (FBA)
and the AGORA pipeline. The modelling approach permits manipulation of dietary
constraints, subsequently allowing for the separation of influences exerted by diet and
exercise. Additionally, this chapter aims to support evidence for the use of modelling
approaches in gaining novel insights from previously generated metagenomic data,

providing firm basis for subsequent experimentation.
5.4 | Methods

5.4.1 | Study population

Elite professional male athletes (n = 40) and healthy controls (n = 46) matched for age and
gender were enrolled in 2011 as described in section 3.4.1 the initial study [25]. Approval for

this study was granted by the Cork Clinical Research Ethics Committee.

5.4.2 | Acquisition of clinical, exercise and dietary data

Self-reported dietary intake information was accommodated by a research nutritionist
within the parameters of a food frequency questionnaire (FFQ) in conjunction with a
photographic food atlas as per sections 2.3.1 and 3.4.2, as well as the initial investigation
[25]. Fasting blood samples of all participants and physical activity levels of controls were
collected, as detailed in sections 3.4.2 and 2.3.2 respectively. Creatine kinase levels were

used as a proxy for level of physical activity across all groups.
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5.4.3 | Preparation of Metagenomic libraries

DNA derived from faecal samples was extracted and purified using the QIAmp DNA Stool
Mini Kit (cat. no. 51504) prior to storage at -80°C. DNA libraries were prepared with the
Nextera XT DNA Library Kit (cat. no. FC-131-1096) prior to processing on the Illumina

HiSeq 2500 sequencing platform (see section 2.5 for further detail).

5.4.4 | Metagenomic statistical and bioinformatic analysis

Presented more elaborately in section 2.6; delivered raw FASTQ sequence files were quality
checked as follows: contaminating sequences of human origin were first removed through
the NCBI Best Match Tagger (BMTagger). Poor quality and duplicate read removal, as well
as trimming was implemented using a combination of SAM and Picard tools. Refined reads
were functionally profiled by the Human Microbiome Project (HMP) Unified Metabolic
Analysis Network (HUMAnN2 V.0.5.0) pipeline [26]. Microbial pathway data was
statistically analysed in the R software environment (V.3.2.2) (for further details see sections
2.6 and 2.8.3) [27]. All presented p values were corrected for multiple comparisons using the

Benjamini-Hochberg False Discovery Rate (pFDR) method [28].
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5.4.5 | Microbiome modelling

Taxonomic profiles previously generated with the Metagenomic Phylogenetic Analysis
(MetaPhlAn2) software [29] were manually filtered against the Assembly of Gut Organisms
through Reconstruction and Analysis (AGORA) database of genome-scale metabolic
reconstructions of gut microbiota [30]. The resulting compositional profiles consisted of
relative abundances for taxa that had been annotated in the AGORA database. As
nutritional input to the metabolic models, that is, the resources utilised by AGORA taxa in
simulations of microbial metabolic exchange, dietary information from multiple sources,
was used to create the following nutrition constructions: personalised; directly derived from
the participants” FFQ data, standard; based on EU averages derived from a large-scale
dietary survey, and rich; an enrichment of all nutritional constituents to higher than average
levels. Standard diet construction was based on the European average as delineated by a
2012 Austrian survey [31]. Modelling was performed with the Microbiome Modelling
Toolbox (preprint) [32], an extension of the constraint-based reconstruction and analysis
(COBRA) MATLAB software suite [arXiv:1710.04038]. Described briefly; microbial profiles
were generated by matching taxa to AGORA constructions and combined with dietary
micronutrients to produce microbe-nutrient reactions, finally providing flux of uptake and

secretion of metabolites.

5.4.6 | Metabolic profiling

Urine and faecal samples were prepared for metabonomic analysis as previously described

[33, 34]. Refer to section 2.7 and 2.8 for further detail.
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5.5 | Results

5.5.1 | Community dynamics captured by AGORA models

Of the 495 species detected from the original taxonomic profiling of both athletes and
controls, 309 were present in the AGORA database. Measurements of a-diversity for all
species and those represented in AGORA showed similar diversity levels for participants in
all of the groups (Figure 5.1 A & B). Variance in a-diversity (percent A) between the original
and AGORA taxonomic profiles demonstrated minimal reduction of diversity, with similar
alteration between controls and athletes (Figure 5.1 C). Presented with non-metric
multidimensional scaling (NMDS), B-diversity of all detected species and AGORA models
illustrated similar clustering of the participants (Figure 5.1 D & E).

The 19,300 total metabolic pathways generated by metagenomic sequencing of faecal
samples were separated into general pathways (e.g. Biotin biosynthesis) and species-specific
pathways (e.g. Biotin biosynthesis in Bacteroides vulgatus). Comparison of these metabolic
pathway models to FBA reactions generated from the personalised diet of participants
revealed similar group clustering with NMDS (Figure 5.2 A, C, & D). Measurements of a-
diversity were produced for general pathways, species-specific pathways, and FBA
reactions (Figure 5.2 B, D, & F). Median values for the separate experimental groups
illustrated similar ranking of median values for species-specific pathways and reactions,

with the low BMI control group presenting the highest median values (Figure 5.2 D & E).
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Figure 5.1 | Comparison of complete taxonomic profiles with selected AGORA models.
Diversity comparisons show retention of group dynamics originally described with the
complete taxonomic profile with the species represented in the AGORA models. (A - C) a-
diversity presented as Shannon H-index for the original taxonomic profile of all species (A),
only species represented by AGORA models (B), and the difference between them (percent
A, C), demonstrated high fidelity of original a-diversity dynamics (i.e. with all detected
species) for all groups with the AGORA models. B-diversity of taxonomic profiles of all
species (D) and just those in the AGORA models (E), presented with non-metric multidi-
mensional scaling (NMDS). NMDS shows similar clustering of participants in both profiles.
Density plots along the axes of all panels display the concentrations of data points, and

were generated from kernel density estimates and scaled to a maximum value of 1.
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Figure 5.2 continued | Comparison of diversity between metabolic pathways and FBA

reactions. Diversity of model reactions generated from personalised diet recapitulate
elements of metabolic pathway diversity. (A, C, & E) B-diversity presented with NMDS for
general pathways (A), pathways that are specific to taxa (C), and exchange reactions yielded
from the modelling approach (E), show variations in clustering. Species-specific pathways
project the greatest inter-participant variation, while ordination of general pathways and
exchange reactions show similar clustering of participants within their respective groups. a-
diversity presented as Shannon H-index for general pathways (B), those that are specific to
taxa (D), and exchange reactions (F), similarly demonstrates that species-specific pathways

have the highest levels of diversity.
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5.5.2 | Influence of dietary nutrition construction on reactions

Diversity of reactions from AGORA species in response to the different nutrition
constructions, illustrates a high degree of similarity between personalised and standard
diets, while the rich diet eliminates separation between participants (Figure 5.3 A).
Similarly, a-diversity measurements of reactions produced from the diets show near
identical values for each group under the rich diet while the other two diets capture a

shared variation between the experimental groups (Figure 5.3 B-D).

5.5.3 | Reaction variation between athletes and controls

Utilising the personalised diet reconstruction, a total of 134 reactions were shown to be
significantly varied between the groups (pFDR < 0.05, Supplementary Table 5.1). Group
comparisons demonstrated that the highest number of significantly varied reactions was
between low BMI controls and athletes, with 94 reactions (Figure 5.4 A). Intriguingly, the
reaction for trimethylamine N-oxide (TMAO) was significantly varied between the groups.
The reaction’s variance was significant between athletes and low BMI controls and between
the two control groups (pFDR < 0.001), but not between the athletes and high BMI group.
This suggests similar levels of the compound between athletes and high BMI controls
within the simulation. Group separation according to reactions was further illustrated with
Principal Component Analysis (PCA) supplemented with a Correspondence Analysis (CA)
and k-Nearest Neighbour (k-NN) (Figure 5.4 B & C). This semi-supervised learning method
demonstrated that clusters of reactions separated together within specific groups. No
significant correlations were identified between reactions and previously generated faecal

metabolites (Spearman’s rank-order, data not shown).
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Figure 5.3 continued | Influence of nutritional inputs on reactions. Variations in exchange
reactions, as described in terms of diversity measurements, results from the different input
diets used in the metabolic simulations. (A) B-diversity of reactions resulting from
personalised, standard, and rich diets are plotted with NMDS, showing both an extreme
divergence between reactions from the rich and the remaining diets, and high congruence
of personal and standard diet reactions. (B - D) a-diversity presented as Shannon H-index
for reactions produced from personal (B), standard (C), and rich diets (D), presents highly
similar values for each group with the personal and standard diets, while minimal inter-
group variability is present in the rich diet. Density plots along the axes of all panels display
the concentrations of data points, and were generated from kernel density estimates and

scaled to a maximum value of 1.
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Figure 5.4 continued | Reaction variation between athletes and controls. Variations in exchange
reactions illustrate differences between participant groups. (A) Number of significantly
varied reactions between pairs of groups illustrates that the greatest variation (i.e. the most
number of significant differences) occurs between athletes and low BMI controls (See Table
5.1 for complete list of significantly altered reactions). Within each test pair (e.g. high BMI —
low BMI), coloured borders correspond to the number of reactions that were higher in the
respective group. (B) The Principal Component Analysis (PCA) procedure, Partial Least
Squares-Discriminant Analysis (PLS-DA) with Correspondence Analysis (CA) illustrates
group separation according to reactions. (C) With the inclusion of combined reactions for all
participants, group specificity of reaction clustering is further demonstrated with hexagonal
binning of plotted points. Density plots along the axes of all panels display the concentra-
tions of data points. Statistical testing performed with Wilcoxon signed-rank test.

Significance determined with a cut-off of pFDR < 0.05(Benjimini-Hochberg).

185



186 | Computational elucidation of microbial dynamics in the gut microbiome of elite athletes

5.6 | Discussion

To continue elucidation of variations in the athlete gut microbiome, this present chapter
applied Flux Balance Analysis (FBA) based modelling approaches to a collection of
previously generated metagenomic sequences from the gut microbiome of high-
performance athletes and controls. Previous investigation of the elite athlete microbiome
illustrated an increase of microbial diversity in athletes when compared to controls [24].
Furthermore, the athletes were shown to have increased relative abundance of metabolic
pathways that have potential for contributing to health. Indeed, profiling of the athlete gut
environment with metabolomic analysis revealed an enrichment of SCFAs, compounds
with association to health and lean body composition [35-37]. Trimethylamine N-oxide
(TMAO), a metabolite that is an end product of dietary protein degradation, was also
present at high levels in the athlete gut environment. It has been shown by others that
elevated concentrations of TMAOQO are associated with atherosclerosis and cardiovascular
disease (CVD) [15-17, 22, 38]. This association with disease is disputed however, as some
populations with low occurrence of CVD also maintain high levels of excreted TMAO [39].
In terms of the athlete population, it was not initially clear if elevated TMAO was the result
of the combination of their unique dietary habits and microbiome, or a by-product of either
factor alone.

This present study has importantly illustrated that parameters of metagenomic se-
quencing based investigations of the gut microbiome are preserved in the FBA modelling.
Particularly, the initial input of AGORA models recapitulates the trends in diversity
observed in the complete profile of taxonomy (Figure. 5.1). Minimal reductions in «a-
diversity measured as percent change of Shannon H-index were consistent across athlete

and control groups, illustrating equivalent representation with the AGORA models.
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Similarly, B-diversity for all taxa and the AGORA subset demonstrated little variation in
clustering of the participants. Examination of the separate diversity dynamics for metabolic
pathways and reactions, demonstrated subject clustering that was most similar between
pathways specific to species and the reactions (Figure 5.2). Such was also the case when
looking at the a-diversity of pathways and reactions. A comparison of different nutritional
inputs for the models showed nearly identical diversity of reactions generated from
personalised and standard diets, while the rich diet uniformly affected subjects in the
athlete and control groups (Figure 5.3). This highlights the accuracy of the EU standardised
diet, and also the potential for using the rich diet to identify dynamics of the metabolic
models for the individual participants that are not directly linked to diet (i.e. those that arise
from unique microbial composition). Lastly, examination of the reactions generated
demonstrates group variability that has been identified with previous investigation of the
samples. Of particular note, statistical analysis of the reactions between athletes and
controls revealed that the exchange reaction pertaining to TMAO was significantly varied
between the athletes and low BMI control group, and between the two control groups.
These results infer that the high BMI controls and athletes have similar potential for TMAO
generation, which further implies that the concentrations of TMAO originally detected with
metabolomic profiling, may indeed be the result of dietary intake and not influenced
significantly by exercise. This consideration requires more experimental elaboration to draw

conclusions, however it is warranted with these results.
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5.8 | Supplementary Content

Adjusted P value
Reaction High BMI--Low BMI Low BMI--Athlete High BMI--Athlete
'EX_pro_L[fe] 0.00E+00 4.00E-04 0.00E+00
'EX_pyrife] 0.00E+00 3.40E-03 0.00E+00
'EX_fum(fe] 0.00E+00 6.32E-02 0.00E+00
'EX_glyc[fe] 0.00E+00 4.93E-01 0.00E+00
'EX_meoh([fe]' 0.00E+00 6.24E-01 0.00E+00
'EX_pydxn[fe] 2.00E-04 2.34E-01 0.00E+00
'EX_csn[fe] 2.00E-04 2.86E-01 0.00E+00
'EX_gln_L[fe] 2.00E-04 4.82E-01 0.00E+00
'EX_2hyoxplacife] 2.00E-04 5,07E-01 0.00E+00
'EX_mnl[fe] 2.00E-04 6.33E-01 0.00E+00
'EX_ile_L[fe] 1.00E-03 2.43E-01 0.00E+00
'EX_glcn[fe]' 1.00E-03 3.00E-01 0.00E+00
'EX_lys_L][fe] 4 .40E-03 0.00E+00 0.00E+00
'EX_ura[fe]' 1.25E-01 4.00E-04 0.00E+00
"EX_tyr_L[fe] 1.45E-01 9.60E-03 0.00E+00
'EX_asp_L][fe] 3.51E-01 3.42E-02 0.00E+00
"EX_ribfiv[fe] 4.34E-01 0.00E+00 0.00E+00
'EX_amp]fe]’ 4 53E-01 0.00E+00 0.00E+00
'EX_thm[fe]' 4.67E-01 2.22E-01 0.00E+00
'EX_asn_L[fe] 5.27E-01 0.00E+00 0.00E+00
'EX_Lcystin[fe] 5.67E-01 3.80E-03 0.00E+00
'EX_actn_R[fe]' 6.34E-01 0.00E+00 0.00E+00
'EX_cys_L][fe] 6.96E-01 0.00E+00 0.00E+00
'EX_diact[fe] 7.14E-01 0.00E+00 0.00E+00
'EX_etoh[fe]' 7.23E-01 2.80E-03 0.00E+00
'EX_ppalfe] 8.08E-01 0.00E+00 0.00E+00
'EX_succ[fe] 8.52E-01 0.00E+00 0.00E+00
'EX_spmd[fe]' 1.81E-01 6.84E-01 2.00E-04
'EX_acald[fe] 4 81E-01 2.34E-01 2.00E-04
'EX_ala_Dfe] 5.79E-01 1.52E-01 2.00E-04
'EX_cit[fe] 6.86E-01 4.00E-04 2.00E-04
'EX_rbfivrd[fe] 8.23E-01 4.00E-04 2.00E-04
'EX_h2offe]' 4.40E-03 6.06E-01 4.00E-04
'EX_but[fe] 5.82E-02 4.12E-01 4.00E-04
'EX_lac_L[fe] 5.09E-01 8.60E-02 4.00E-04
'EX_strch2ffe]' 8.45E-01 2.34E-01 4.00E-04
'EX_ttdca[fe] 8.66E-01 1.54E-01 6.00E-04
'EX_acmana(fe]’ 1.45E-01 5.14E-01 1.00E-03
"EX_h[fe] 2.00E-04 2.34E-01 1.20E-03
'EX_ppi[fe] 1.80E-03 0.00E+00 1.20E-03
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Adjusted P value
Reaction High BMI--Low BMI Low BMI--Athlete High BMI--Athlete
'EX_fol[fe] 4 40E-03 4.24E-01 1.20E-03
'EX_hxan([fe]’ 1.65E-01 0.00E+00 1.20E-03
'EX_gly(fe]' 4.95E-01 5.83E-01 1.20E-03
'EX_pnto_R[fe]' 5.23E-01 3.75E-01 1.20E-03
'EX_pheme(fe]' 0.00E+00 4.00E-04 1.80E-03
'EX_2dmmq8|fe] 6.08E-01 4.00E-04 1.80E-03
'EX_maqn7[fe] 1.60E-03 6.42E-01 2.20E-03
'EX_glc_DIfe]' 7.46E-01 2.06E-01 2.20E-03
'EX_co2[fe] 2.12E-02 5.54E-01 2.60E-03
'EX_malt[fe] 7.60E-01 1.01E-01 2.60E-03
'EX_rib_DIfe]' 8.30E-01 1.04E-02 7.00E-03
'EX_glu_L[fe]' 1.82E-01 3.60E-01 8.40E-03
'EX_glyc3p[fe]' 7.46E-01 2.74E-01 8.40E-03
'EX_xtsn[fe] 8.73E-01 2.34E-01 8.40E-03
'EX_12dgr180[fe]’ 2.20E-03 0.00E+00 2.24E-02
'EX_malttr[fe]' 0.00E+00 4.00E-04 2.84E-02
'EX_sheme[fe]' 1.60E-03 2.59E-01 3.16E-02
'EX_urea[fe] 5.42E-01 4.00E-04 3.45E-02
'EX_mqn8(fe]' 0.00E+00 3.40E-03 3.70E-02
'EX_q8[fe]’ 0.00E+00 0.00E+00 4.56E-02
'EX_adeffe]' 2.42E-01 0.00E+00 6.45E-02
'EX_dgsn[fe] 2.20E-03 3.55E-01 9.52E-02
'EX_chorffe]' 2.00E-04 0.00E+00 1.03E-01
'EX_dpcoalfe] 0.00E+00 2.10E-02 1.23E-01
'EX_ser_L[fe]' 2.22E-01 0.00E+00 1.24E-01
'EX_akg[fe] 2.00E-04 4.00E-04 1.45E-01
'EX_ca2[fe]' 2.00E-04 5.80E-03 1.45E-01
'EX_cl[fe] 2.00E-04 5.80E-03 1.62E-01
'EX_cobalt2[fe] 2.00E-04 5.80E-03 1.62E-01
'EX_cu2[fe]' 2.00E-04 5.80E-03 1.67E-01
'EX_gcald(fe] 0.00E+00 0.00E+00 1.83E-01
'EX_glyclt[fe] 0.00E+00 0.00E+00 1.89E-01
"EX_k[fe] 2.00E-04 5.80E-03 2.13E-01
'EX_ptrcffe] 2.00E-04 4.00E-04 2.34E-01
'EX_mg2ffe]' 2.00E-04 5.80E-03 2.34E-01
'EX_mn2[fe] 2.00E-04 5.80E-03 2.34E-01
'EX_sod{fe] 2.00E-04 5.80E-03 2.34E-01
'EX_zn2ffe]' 2.00E-04 5.80E-03 2.34E-01
'EX_dtmp]fe]' 1.80E-03 2.92E-02 2.34E-01
'EX_trypta[fe] 2.20E-03 2.80E-01 2.34E-01
'EX_fe2[fe] 2.12E-02 3.42E-02 2.34E-01
'EX_arg_L][fe] 2.80E-01 0.00E+00 2.34E-01
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Adjusted P value
Reaction High BMI--Low BMI Low BMI--Athlete High BMI--Athlete
'EX_oaa[fe] 4.31E-01 4.20E-03 2.34E-01
'EX_isobut[fe] 4.34E-01 0.00E+00 2.34E-01
"EX_xyl_Dffe]' 5.55E-01 5.40E-03 2.34E-01
'EX_his_L][fe] 7.46E-01 3.42E-02 2.34E-01
'EX_phe_L[fe] 7.92E-01 4.26E-02 2.34E-01
'EX_pydx[fe] 8.15E-01 3.80E-03 2.34E-01
'EX_met_L{fe] 2.00E-04 4.00E-04 2.42E-01
'EX_4hbz[fe] 1.00E-03 3.80E-03 2.61E-01
'EX_20but[fe]' 4 .40E-03 4.20E-03 2.80E-01
'EX_dad_2[fe] 2.98E-01 0.00E+00 2.83E-01
'EX_gthox[fe]' 3.16E-01 6.01E-01 2.95E-01
'EX_adn([fe]’ 2.61E-01 0.00E+00 3.13E-01
'EX_val_L[fe] 5.27E-01 4.00E-04 3.51E-01
'EX_ispre[fe]' 7.89E-02 4.20E-03 3.60E-01
'EX_15dap[fe]' 1.45E-01 2.27E-02 3.76E-01
'EX_26dap_M[fe]' 2.00E-04 0.00E+00 3.92E-01
'EX_hista[fe]' 2.20E-03 8.25E-02 4.30E-01
"EX_nac{fe] 7.76E-01 3.14E-01 4 44E-01
'EX_tym[fe] 2.20E-03 1.24E-01 4.59E-01
"EX_ncam(fe]’ 5.82E-02 4.40E-03 4.73E-01
'EX_nh4[fe]' 1.60E-03 4.00E-04 4 85E-01
'EX_tmalfe] 2.00E-04 4.00E-04 4.96E-01
'EX_acgam[fe]' 2.00E-04 0.00E+00 5.34E-01
'EX_ins[fe] 5.56E-02 0.00E+00 5.47E-01
'EX_thymd[fe]' 8.00E-03 4.00E-04 5.59E-01
'EX_4abut[fe] 1.60E-03 0.00E+00 5.74E-01
'EX_oxaffe]' 2.20E-03 4.00E-04 5.85E-01
'EX_ala_L[fe]' 2.20E-03 0.00E+00 6.51E-01
'EX_cglyl[fe]' 2.00E-04 0.00E+00 6.92E-01
'EX_cytd[fe] 2.42E-02 0.00E+00 7.30E-01
"EX_dcyt[fe] 7.16E-02 0.00E+00 7.38E-01
'EX_fe3[fe]' 3.67E-01 4.20E-02 7.43E-01
'EX_fru[fe] 0.00E+00 0.00E+00 7.52E-01
'EX_gsn([fe]' 2.02E-01 0.00E+00 7.78E-01
'EX_guaffe]’ 4.40E-03 0.00E+00 7.86E-01
'EX_h2[fe]' 1.01E-01 0.00E+00 7.95E-01
'EX_h2s[fe] 2.00E-04 0.00E+00 8.03E-01
'EX_hdca[fe]' 3.94E-02 2.34E-01 8.11E-01
'EX_indoleffe] 3.84E-01 1.04E-02 8.19E-01
'EX_isocaprife] 1.00E-03 0.00E+00 8.27E-01
'EX_isoval[fe] 1.00E-03 0.00E+00 8.40E-01
'EX_lac_D[fe] 4.40E-03 0.00E+00 8.40E-01




Supplementary Table 5.1 | Significantly altered reactions. Exchange reactions generated

from personalised diet that are shown to have statistically significant variation between

groups.
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Adjusted P value
Reaction High BMI--Low BMI Low BMI--Athlete High BMI--Athlete
'EX_leu_L[fe]' 0.00E+00 0.00E+00 8.44E-01
'EX_mal_L[fe] 0.00E+00 0.00E+00 8.52E-01
'EX_ocdca[fe]' 4.00E-01 4.00E-04 8.73E-01
'EX_orn(fe]' 0.00E+00 0.00E+00 8.88E-01
'EX_thr_L[fe] 9.24E-02 0.00E+00 9.01E-01
'EX_tmao[fe]' 1.60E-03 4.00E-04 9.08E-01
'EX_trp_L[fe]’ 4.16E-01 4.20E-03 9.15E-01
'EX_uri[fe]' 2.86E-02 4.00E-04 9.21E-01
'EX_xan[fe] 1.81E-01 3.60E-03 9.28E-01
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Chapter 6

A PROSPECTIVE METAGENOMIC AND METABOLOMIC ANALYSIS OF THE IMPACT OF
EXERCISE AND/OR WHEY PROTEIN SUPPLEMENTATION ON THE GUT MICROBIOME

OF SEDENTARY ADULTS

6.1 | Abstract

Many components of modern living exert influence on the resident intestinal microbiota of
humans with resultant impact on host health. For example, exercise-associated changes in
gut microbial diversity, composition, and functional profiles have been described in cross-
sectional studies of habitual athletes. However, this relationship is compounded by changes
in diet that coincide with exercise such as dietary and supplementary protein consumption.
To determine whether increasing physical activity and/or increased protein intake
modulates gut microbial composition and function, we prospectively challenged healthy
but sedentary adults with a short-term exercise regime, with and without concurrent daily
whey protein consumption. Metagenomic and metabolomic-based assessments demonstrat-
ed modest changes in gut microbial composition and function following increases in
physical activity. Significant changes in the diversity of the gut virome were evident in
participants receiving daily whey protein supplementation. Results indicate that improved
body composition with exercise is not dependent on major changes in gut microbial

diversity.
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6.2 | Introduction

Most of the elements of human lifestyle and environment influence the composition or
function of the gut microbiome [1, 2]. Indeed, the microbiome has been viewed as a
transducer of nutrient and other environmental signals for the host [3]. Therefore, several
investigators have begun to explore whether a sedentary lifestyle, or more specifically,
exercise and fitness, is associated with changes in the gut microbiota [4-7]. This has been
assessed in cross-sectional studies of habitual exercisers [8-10] and professional athletes [10-
12] in addition to experimental models.

In elite athletes, distinct compositional and functional microbial characteristics are
evident in the gut including increased a-diversity, enhanced microbial production of short-
chain fatty acids, and greater metabolic capacity [11, 12]. These microbial features positively
correlate with the athletes” levels of physical activity, in addition to the quantity of dietary
protein consumed. In many professional sporting disciplines, as well as amateur sport,
intentional protein supplementation (e.g. whey protein) provides a sizeable proportion of
athletes’ daily protein intake [12].

Evidence from animal studies highlights the potential for taxonomic manipulation of
colonic microbiota following exercise interventions, both with and without concurrent
dietary alterations [6, 13, 14]. Previously, we have proposed several mechanisms by which
exercise and resultant fitness may directly influence the gut microbiota including effects on
gastro-intestinal transit time [15], a known driver of gut microbial diversity [16, 17]. It
appears that physical activity initiated in the juvenile period of development demonstrates

a greater potential for fostering a preferential microbiota than exercise commenced in

adulthood [6, 18].
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However, in humans the relationship between exercise and alterations in the microbiome is
compounded by changes in dietary consumption that often accompany physical activity e.g.
increased protein supplement intake.

Building on previous work [11, 12], the present study sought to interrogate
correlations between the gut microbiome and levels of physical activity and protein
consumption. To do so, using a combination of next generation shotgun sequencing and
metabolomic analysis, we prospectively examined the impact of exercise, with and without
whey protein supplementation, on the adult human gut microbiome. We report that 8-
weeks of combined aerobic and resistance training lead to modest alterations in the
composition and activity of the gut microbiome of sedentary individuals. Participants
consuming daily whey protein did experience a marked increase in the diversity of their gut

virome following 8-weeks of oral supplementation.

6.3 | Materials and Methods

6.3.1 | Experimental models and subject details

A description of the human study model used here is outlined in Results under “Study
overview” and in figure 6.1. Male and female volunteers were enrolled. The Cork Clinical
Research Ethics Committee (CREC) approved the study before it commenced. Recruitment

and assignment of interventions are outlined in detail below.

6.3.2 | Study recruitment and safe participation

Male and female participants, aged between 18 and 40 years (inclusive) were recruited via
online, e-mail and poster advertisement of the study details. This information was
circulated to the study institutions (University College Cork and Cork University Hospital)

and local businesses in Cork City, Ireland. Participants were informed that free gymnasium
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membership would be supplied for the study period. Interested individuals contacted
researchers via the study telephone line and were screened initially for inclusion criteria
(see Table 6.1 in the supplemental material). Baseline levels of physical activity were
assessed using the International Physical Activity Questionnaire short form [19]. If
appropriate, a subsequent screening visit at the study site was arranged for further
assessment of the exclusion criteria. Safe participation in the exercise program was ensured
by medical screening of all participants using an adapted version of the safe participation

questionnaire of the American College of Sports Medicine [20].

6.3.3 | Intervention group allocation

Eligible volunteers were randomized into 2 intervention groups, namely, an exercise-only
group (E group) and an exercise plus daily whey protein supplementation group (EP
group) (Figure 6.1). A separate parallel group consuming whey protein supplementation
alone (P group) was included in the study as a control. Participants in the P group were
instructed to maintain their usual levels of light physical activity. To encourage recruitment
to the control group, volunteers were offered an exercise program at a later date but were
not followed extensively during that period. All participants were observed and their

responses measured for 8 weeks (1 = 30 for each group).

6.3.4 | Combined exercise intervention

Combined aerobic and resistance training was performed at the Mardyke Arena gymnasi-
um at University College Cork, Ireland. All exercise sessions took place at this venue.
Volunteers in the P group were asked to maintain usual levels of physical inactivity for the
8-week period. Participants in the E and EP groups were instructed to adhere to the

assigned exercise program and to avoid additional (moderate to vigorous) physical activity
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outside that prescribed. Details of the structured exercise intervention are presented in
section 2.4. Compliance and withdrawal from the study

Compliance with the prescribed exercise program was monitored remotely by the
investigators using a FitLinxx activity monitoring system (Activelinxx, Shelton, CT), and is
further outlined in section 2.2. This activity monitoring system was used to record the
quantity of aerobic and resistance training performed by participants (supplementary table
6.4).

Participants noted to have not complied with the exercise regime for more than 7
consecutive days were withdrawn from the study. Individuals requiring antibiotics during
the intervention period were also withdrawn from the study, as were participants not

complying with whey protein intake requirement in the EP and P groups.

6.3.5 | Measurement visits

Measurement visits took place at 2 sites: Cork University Hospital and the Mardyke Arena,
University College Cork. Baseline measurement was conducted within the 4 days prior to
the commencement of the intervention period and once more after the 8-week intervention.
Participants were asked to refrain from the use of alcohol and medication and moderate to
vigorous physical activity for at least 24 h prior to measurement. To minimize potential
effects of diurnal variation, measurement visits took place between 7:00 a.m. and 10:30 a.m.
Initially, participants attended the Department of Medicine research facility at Cork
University Hospital and sat restfully in a quiet environment. Participants proceeded to
participate in measurement of clinical variables, e.g., recording of weight, blood pressure,
and heart rate, before undergoing phlebotomy by a trained nurse using universal
precautions. Approximately 16 ml of venous blood was withdrawn. Plasma and serum

samples were transported immediately to the clinic laboratories at the Mercy University
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Hospital, Cork. Standardized laboratory techniques were employed for the measurement of
haematology and biochemistry indices. Following phlebotomy, individuals underwent a
total body dual-energy X-ray absorptiometry (DEXA) scan to assess body composition
(refer to section 2.3.3 for further detail). When possible, volunteers were asked to provide
fresh urine and faecal samples, which were transported at room temperature to the Teagasc
Food Research Centre, Moorepark, Fermoy, Co. Cork, where DNA extraction took place in
accordance with the procedures outlined in section 2.5.1. Following completion of the body
composition assessment, participants proceeded to the indoor track at the Mardyke Arena
gymnasium to undergo a submaximal cardiorespiratory fitness assessment as described in

section 2.3.2.

6.3.6 | Inflammatory cytokine measurement

Blood samples (4 ml) from participants were collected in serum separator clot activator
blood collection tubes (Greiner Bio-One, Stonehouse, United Kingdom; reference no.
454071). Serum C reactive protein (CRP) was measured. Additionally, resting levels of
proinflammatory cytokines interleukin-6 (IL-6), IL-8, IL-10, tumour necrosis factor alpha
(TNF-a), and gamma interferon were measured using a mesoscale discovery (MSD)
platform. Further description of blood sample preparation and immunoassay are presented
in section 2.3.4. Samples from all 3 intervention groups were dispersed across each MSD

plate.

6.3.7 | Dietary data collection

Dietary data were collected by means of a 146-item food frequency questionnaire (FFQ) as
described in section 2.3.1 and outlined previously [12]. Participants were asked to record

their usual pattern of dietary intake over the previous 8 weeks. Completed FFQs were
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coded and dietary data were visualized with correspondence analysis using the ade4

package [21] in the R programing environment (V.3.3.2).

6.3.8 | DNA extraction and metagenomic sequencing of faecal microbiome and
whey protein supplement

DNA was extracted from the donated fresh faecal samples received at the Teagasc
Moorepark research facility and prepared for shotgun metagenomic sequencing as detailed
in section 2.5. A total of 8 equimolar library pools of samples were made prior to shipping
of the pools on dry ice for sequencing on an Illumina Hiseq 2500 (chemistry V.4.0)
sequencing platform (Beckman Coulter, Inc.; Genomics Inc., Danvers, MA). High-
throughput sequencing was performed using the high-output run mode for 2 x 125-bp
paired-end reads with the addition of a PhiX library (1%) to estimate sequence quality. A
sample of the whey protein used in the study and a sample of an oat-based nutritional
supplement used as a control were both processed in a manner identical to that used with
the faecal samples for the extraction of microbial DNA and preparation of metagenomic
libraries. Sequencing of the supplement libraries was performed using an Illumina MiSeq
(chemistry V.3.0) platform in high-output run mode for 2 x 300-bp paired-end reads

(Teagasc sequencing facility).

6.3.9 | Bioinformatic processing of microbial metagenomic sequencing

Metagenomic FASTQ sequence files were processed according to section 2.6. Models of
microbial metabolic pathways produced by HUMANN2 were derived from the MetaCyc
database [22] and were the basis for analyses performed on microbial metabolic profiling.
Taxonomic profiling was facilitated by use of the Kraken taxonomy assignment software

tool (V.0.10.6) [23].
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6.3.10 | Metabolomic sample preparation
Samples of urine and faeces were stored at —80°C prior to analysis. Metabolomic processing

proceeded as described in sections 2.7 and 2.8.4.

6.3.11 | Quantification and statistical analysis

Statistical analysis was carried out using the Statistical Package for the Social Sciences V.23
(SPSS, Inc., Chicago, Illinois) and the R statistical programing environment (V.3.3.2). Due to
the predominance of non-normally distributed data, nonparametric analyses were
performed to compare baseline clinical and demographic variables between groups.
Similarly, nonparametric statistical tests were employed in the analysis of microbiome and
metabolomics data. Clinical data are presented as medians and interquartile ranges (IQR),
unless stated otherwise. Between-group differences in baseline, follow-up, and postinter-
vention changes (A) in clinical and demographic data were compared using the Kruskal-
Wallis test. For significantly different results, a Mann-Whitney U test was performed to
determine the groups between which this difference applied. Where stated, the Wilcoxon
signed-rank test was used to compare baseline and postintervention values within
intervention groups. A type I error rate of <0.05 was considered significant in all cases.
Correction of P values relating to microbiome and metabolomic analysis was performed
using the Benjamini-Hochberg false-discovery rate (FDR) [24] in the base stats package in R.
Statistical assessment of dissimilarity matrices (Bray-Curtis) derived from microbial data
was facilitated with the adonis2 function in the vegan R package (V.2.4-3) [25]. Identifica-
tion of statistically relevant taxonomic features was performed with the analysis
of composition of microbiomes (ANCOM) test as implemented in the R package of the same
name (V.1.1-3) [26]. Detection of underlying features of metabolic pathways was performed

with unsupervised cross-validated partial-least-squares—discriminant analysis (PLS-DA)
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and the KODAMA algorithm from the R package of the same name (V.1.4) [27]. Measure-
ments of alpha diversity and calculations of relative abundances were also performed with
the vegan package. Relative-abundance data were generated separately for identified
species within each phylogenetic domain (e.g., Bacteria).

For metabolomic analysis, the resulting 'H-NMR and LC-MS data sets were import-
ed into MatLab to conduct multivariate statistical analysis. Data were centred and scaled to
account for the repeated-measures design and then modelled using partial-least-squares—
discriminant analysis (PLS-DA) with Monte Carlo cross-validation (MCCV) [28]. The fit and
predictability of the models obtained were determined and expressed as R2 and Q2 values,

respectively.

6.3.12 | Data and software availability

The microbial DNA sequences have been deposited in the European Nucleotide Database

(ENA) database under ID code PRJEB20054.
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6.4 | Results

6.4.1 | Study overview

Following local advertisement, healthy Irish male and female Caucasian volunteers (n=90)
aged 18 to 40 years and with a body mass index (BMI) of between 22 and 35kg/m?
(predominantly overweight or obese) were recruited between January and August 2014
(Figure 6.1). The study was conducted in accordance with the Declaration of Helsinki, and,
prior to commencement, ethical approval was granted by the Cork Clinical Research Ethics
Committee (CREC). All volunteers provided written informed consent. To prospectively
measure the effect of de novo exercise training on gut microbiota, subjects were required to
be physically inactive for at least 3 months prior to study entry (i.e. not engaged in regular
structured or unstructured exercise beyond light physical activities of daily life). All
participants were screened for specific exclusion criteria, including regular medication use
and history of cardiovascular disease (CVD), diabetes mellitus, or autoimmune disorders
(see Table 6.1 in the supplementary material). Volunteers who had received oral antibiotics
or bowel preparations or had suffered gastroenteritis 1 month prior to study enrolment

were excluded.
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Figure 6.1 | Study design. The figure presents details of study recruitment and allocation of

participants to intervention groups as follows: exercise-only group (E), exercise and protein

supplementation group (EP), and whey protein supplementation-only group (P). Reasons

for volunteer dropout and completion numbers are also outlined. See also supplementary

table 6.1.
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Eligible volunteers were randomised into 2 intervention groups: an exercise-only
group (E group) and an exercise plus daily whey protein supplementation group (EP
group) (Figure 6.1). A separate parallel group consuming whey protein supplementation
but not participating in exercise programs (P group) was included in the study as a control.
To encourage recruitment to this control group, volunteers were offered an exercise
program at a later date, but their participation in the program after the conclusion of the
study was not followed extensively. All participants were observed and measured for 8
weeks (n = 30 for each group). The exercise-only group (E) participated in an 8-week mixed
aerobic and resistance exercise training program. The exercise plus whey protein
supplementation group (EP) followed the same exercise program, in addition to consuming
the once-daily whey protein supplement. All volunteers were asked to maintain usual ad
libitum dietary intake during the intervention period and to refrain from taking additional
vitamin, dietary, or herbal supplements.

Participants in the E and EP groups were required to train 3 times per week for 8
weeks. The exercise program consisted of combined aerobic and resistance training. Aerobic
exercise was standardized, progressive, and similar in energy expenditure to a “couch-to-
S5km-running” program. The intensity of aerobic exercise was moderate, being graded
between 5 and 7 of 10 on the modified Borg rating of perceived exertion (RPE) scale [29].
Resistance training consisted of 7 machine-based resistance exercises. Starting weights were
calculated at induction at 70% of the individual’s one-repetition maximum value (IRM).
Subjects were required to perform a minimum 3 sets of 8 repetitions. Resistance training
was progressive with aims of increasing resistance weight by 15% to 20% over the 8-week

period.
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To ensure a uniform and consistent increase in daily protein consumption, subjects
in the P and EP arms of the study were required to take a daily 30-g protein supplement
containing 24 g of whey protein (donated as an unrestricted grant by Carbery Group,
Ballineen, Co. Cork, Ireland). The supplement comprised a blend of whey protein
concentrate, isolate, and hydrolysed whey protein concentrate (see supplementary table 6.2
for full nutritional details). Subjects” compliance to daily whey protein supplementation was
encouraged using daily text message reminders. Volunteers were required to return empty
whey protein sachets to the study site fortnightly before the issuing of further supplement.
Subjects with a compliance rate of less than 90% were excluded from the study. Baseline

measurements were not significantly different between the three study groups (Table 6.1).
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Values

Exercise (E) only Exercise + protein Protein only

Patient characteristic (n = 25) (EP) (n = 22) (P) (n = 27) P value
Age (yrs) 35 (28, 38) 32 (28, 35) 34 (28, 36) 0.528
MNo. (%) of females® n = 14 (56) n = 12 (55) n=111{41) 0.48
Height (cm) 172 (165, 181) 169 (166, 183) 172 (163, 178) 067
Weight (kg) 78.8 (70.1, 94.5) 82.3 (69, 98.9) 76.4 (69.8, 87) 0.67
BMI (kg/m?) 27.9 (251, 29.2) 27.5 (25.7, 30) 27 (24.9, 28.7) 0.761
Resting heart rate (bpm) 72 (65, 81) 68 (61, 79) 74 (66, 78) 0.36
Systolic BP (mm Hg) 128 (117, 134) 125 (121, 136) 125 (118, 130)  0.706
Diastolic BP (mm Ha) 78 (74, 89) 76 (72, 84) 79 (75, 84) 0.543

Waist/hip ratio

Body fat (%)

Fat mass (kg)

Fat mass (trunk) (kg)
Lean tissue mass (kg)
Weekly PA (METS)
Weekly PA (kCal)
Sitting time (h per wk)

0.85 (0.83, 0.89)
32.8 (29, 38.7)
26.3 (22.6, 30.6)
14.1 (10.8, 16.8)
524 (407, 61.4)
462 (298, 1,139)
761 (381, 1,618)
56 (40, 61)

Maotorized transport (h per wk) 5 (3.25, 8.3)

0.84 (0.8, 0.93)
34.7 (29, 37.2)
26 (23, 33.1)
14.1 (11.2, 17.6)
513 (41.5, 61.5)
564 (413, 844)
748 (525, 1,127)
62 (47, 76)
351(2,6)

0.83 (0.78, 0.88)
34.5 (29.3, 39.4)
26.8 (20.7, 32.9)
13.7 (9.4, 17.1)
47.2 (429, 53.3)
657 (424, 1,145)
762 (512, 1,773)
51 (33, 62)

4.1 (0.8, 7)

0.365
0.659
0.96
0.878
0.44
0.599
0.767
0.114
0.27

“alues represent medians (interquartile ranges) except where otherwise indicated. P values represent results
of Kruskal-Wallis tests or chi-square tests. BMI, body mass index; IPAQ, International Physical Activity
Questionnaire; METS, metabolic equivalents.

tData indicate chi-square test results.

Table 6.1 | Baseline demographic and anthropometric characteristics of the study

participants with comparisons between the 3 intervention groups.
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6.4.2 | 8 weeks of aerobic and resistance training improves body composition and
cardio-respiratory fitness profiles in sedentary subjects

A total of 74 of the 90 participants enrolled in the study completed the 8-week study period
(reasons for dropping out are detailed in Figure 6.1). At entry, the intervention groups
shared similar clinical and anthropometric characteristics. Following the intervention
period, both E and EP group participants demonstrated significant and similar improve-
ments in predicted maximal aerobic capacity (VO:max) (Figure 6.2A). Furthermore, resting
heart rate was significantly reduced following the intervention period in both of the
exercising groups (E and EP) compared with the protein-only group (P = 0.005) (supplemen-
tary table 6.3). Compliance with the prescribed exercise program was high, with a median
of 21 sessions (87.5%) performed in both the E and EP groups. The types and levels of
exercise training undertaken in both groups were similar, with no statistically significant
differences in the aerobic- and resistance-training workloads recorded (supplementary table
6.4).

Participants were predominantly overweight, with body fat percentages above 30%.
There were no significant differences in the participants’ baseline levels of physical activity
when assessed using the International Physical Activity Questionnaire [30]. All baseline
values are expressed as medians and interquartile ranges (IQR). In contrast to the protein-
only group, the exercise-only group and the exercise plus protein supplementation group
experienced significant decreases in percentage body fat, total fat mass, and trunk fat mass
during the intervention period (Figure 6.2B and C), in addition to an increase in total lean

tissue mass (Figure 6.2D) (all P <0.001; see also supplementary table 6.3).
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Figure 6.2 | Alterations in cardiorespiratory fitness and body composition following
exercise interventions, protein interventions, and combined interventions. (A) Peak
aerobic capacity (VOzmax) per kilogram of body weight as predicted using the Rockport 1-
mile walk test was higher in both the E and EP groups following the intervention period,
indicating improved levels of cardiorespiratory fitness. Within-group comparisons were
tested using the Wilcoxon signed-rank test (P < 0.001). (B) Changes in percentages of body
fat following the intervention period as measured using DEXA. Percent body fat reduction
was significantly greater in the exercise-only group and in the exercise plus protein
supplementation group compared to the protein-only group. (C) Absolute changes in body
fat mass (in kilograms) following the intervention period demonstrated a significantly
greater reduction in both the exercise and exercise plus protein supplementation groups.
(D) Absolute change in lean tissue mass (kg), measured using a three-compartment model,
indicating significantly greater lean mass accretion in the E and EP groups than in the P

group. Error bars represent 95% confidence intervals. See also supplementary tables 6.3 to

6.5
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Compliance with daily whey protein supplementation in the EP and P groups was high
with only one participant excluded due to poor adherence to whey protein supplementa-
tion. Whey protein supplementation aside, dietary frequency patterns did not deviate from
the volunteers’ usual intake at study entry (supplementary figure 6.1). Addition of the 30 g
daily whey protein supplement did not favour the EP over E group with respect to body
composition improvement; however, the study was not designed to test this hypothesis. No
clinically relevant differences in resting-state serum proinflammatory markers were evident
following any of the interventions (supplementary figure 6.2; see also supplementary table

6.5).

6.4.3 | Metagenomic assessment of microbiota after exercise and/or dietary
adjustment

Postintervention alterations (percent A) in gut microbial a-diversity did not identify
significant modulation in taxonomic composition or metabolic pathways for any of the
intervention groups compared to baseline (Figure 6.3A to D). A trend of median increase in
bacterial diversity was observed for the E and EP groups (Figure 6.3B). These findings of
moderate alterations of a-diversity were consistent across pairwise comparisons of the
groups, with a few notable exceptions. Increased a-diversity of Archaea species in the P
group following intervention was observed, as was a moderate enhancement of archaeal
diversity in the P group compared to the EP group (P < 0.05 and P < 0.01, respectively;
Figure 6.3E). After the intervention period, bacterial diversity was greater in the EP group
than in the P group (P < 0.05; Figure 6.3F), while the diversity of virus species was lower in
EP group than in the E group (P < 0.05; Figure 6.3G).

Principal-coordinate analysis (PCoA) was used to present separation of measures

from the taxonomic composition and metabolic pathway models (Figure 6.3H to O). Prior to
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intervention, all 3 groups demonstrated similarity in measures of microbial metabolic
pathways and taxonomic (-diversity (Figure 6.3H to K). A significant separation between
the intervention groups was detected in the Bray-Curtis-derived dissimilarity matrices
generated from participants postintervention for metabolic pathways (P = 0.054; Figure
6.3L), the entirety of detected species (P < 0.001; Figure 6.3M), and species of bacteria (P <
0.05) and viruses (P < 0.001) (Figure 6.3N and O, respectively). Archaea species did not
differentiate with intervention (data not presented).

Pairwise analysis of taxonomy compared according to high-level phylogeny (Ar-
chaea, Bacteria, and viruses) demonstrated significant alterations of detected virus species
in both the EP and P groups following the intervention period that were absent from the
exercise-only group (P < 0.001; Figure 6.4). There were no further significant separations for
Archaea or Bacteria species or for metabolic pathways (supplementary figure 6.3A to I). An
unsupervised partial-least-squares—discriminant analysis (PLS-DA) approach was used to
identify underlying features of the metabolic pathways before and after the intervention
period (supplementary figure 6.3] and K). Pathways associated with Prevotella copri were
shown to cluster with the E group prior to intervention. Following intervention, this cluster
was still present but, in addition, separate clusters of P. copri- and Bacteroides vulgatus-
associated pathways were apparent within the EP and P groups, respectively. Forty-eight
species were detected as being differentially abundant within the three groups (false-
discovery rate [FDR] = 0.05). The majority of identified taxa were virus species, predomi-
nantly Lactococcus phage, within the P and EP groups. No Archaea were found to have
significantly varied in abundance with treatment in any of the groups (supplementary table

6.6).
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intestinal microbiome.
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Figure 6.3 Continued

(A to D) Percent change (A) of Shannon a-diversity H-index values following intervention.
No significant variations were presented for taxonomic measurements (A to C) or metabolic
pathways (D). (E to G) Pairwise statistical assessment of taxonomy a-diversity demon-
strates equal data with respect to the presence of taxonomy between groups at baseline.
EP1, combined exercise and protein supplementation group, week 0; EP2, combined
exercise and protein supplementation group, week 8; E1, exercise-only group, week 0; E2,
exercise-only group, week 8; P1, protein-only group, week 0; P2, protein-only group, week
8. (E) The diversity of Archaea was significantly altered after intervention within the P
group (P < 0.05) and, similarly, was greater in the P group (P2) than in the EP group (EP2)
(P < 0.01). (F) Postintervention bacterial diversity was greater in the EP group (EP2) in
testing against the P group (P2) (P< 0.05). (G) Similar levels of virus diversity were
presented in the protein supplementation groups (EP and P) following the intervention,
with significantly lower diversity in the EP group than in the E group (P < 0.05). (H to O)
Principal-coordinate analysis (PCoA) of relative abundance profiles for taxonomic and
metabolic pathway constructions of the three groups demonstrates the influence of the
interventions on the diversity of microbial populations. (H to K) Prior to intervention,
group profiles of taxonomic and metabolic pathway diversity were not significantly
differentiated. (L to O) Following intervention, a significant separation was identified
between the groups for measures of (L) metabolic pathways (P = 0.054), (M) all detected
species unsegregated by phylogeny (P < 0.001), (N) bacteria (P < 0.05), and (O) virus species
(P < 0.001). Specific separations in diversity per intervention group are outlined further in
Figure 6.4 for virus species and supplementary figure 6.3 for all other comparisons.
Statistical assessment of PCoA dissimilarity matrices was performed with the Adonis2
permutational multivariate analysis of variance (PERMANOVA) test. (H to O) Density plots
were derived from kernel density estimates and scaled to a maximum estimated value of 1
and display concentrations of plotted data along the corresponding plot axis. P values were

calculated for a-diversity comparisons using the Wilcoxon signed-rank test.
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Figure 6.4 Continued

(A to C) PCoA of virus species for each group, comparing virus profiles before and after the
intervention period (time point 1 [TP1] [week 0] and time point 2 [TP2] [week 8],
respectively). (A) The exercise-only group had virus diversity that was not significantly
altered by intervention. (B and C) Diversity of viruses was significantly affected during the
intervention period for both groups receiving protein supplementation (P < 0.001). The
exercise plus protein supplementation group (B) and the protein-only group (C) demon-
strated reduced variability of diversity following intervention. Results of pairwise analysis
of additional taxonomic and metabolic pathway profiles are presented in supplementary
figure 6.3. Statistical assessment of PCoA dissimilarity matrices was performed with the
Adonis2 PERMANOVA test. (A to C) Density plots were derived from kernel density
estimates and scaled to a maximum estimated value of 1 and display concentrations of

plotted data along the corresponding plot axis.
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Of the total 23,019 general (e.g., coenzyme A biosynthesis) and taxonomically specif-
ic (e.g., coenzyme A biosynthesis in Akkermansia muciniphila) metabolic pathways included
in the metagenomic construction of the models, 619 were identified as having significantly
differed among the three intervention groups at either the pre-treatment or posttreatment
time point (P < 0.05). Significantly altered pathways were organized according to a
metabolic pathway hierarchy defined by the MetaCyc database and were structured as a
heat map of low-level categories of classification (e.g., nucleotide biosynthesis) (supplemen-
tary figure 6.4). Scaled group means of pathway relative abundances demonstrated modest
alterations of microbial metabolic potential. A complete list of the categorized pathways can
be found in the supplemental material (supplementary table 6.6). Further assessment of
pathways differing among all groups was performed both within each group (before and
after treatment) and between the separate groups. No significant variation within groups
was evident following P value correction for multiple testing.

Untargeted metabolomic analysis of participant faecal-water and urinary samples
revealed no significant separations either within each group pre- and postintervention or
between groups at each time point with analysis of the full spectrum of metabolites.
Subsequent targeted metabolomic quantification, guided by previous findings [31-33],
revealed significant changes following intervention in the amount of glutamate (faecal
water) and trans-aconitate (urine) in the protein-only group (P < 0.01 and P < 0.05,
respectively; supplementary table 6.6, section 6.7 and Appendix B for metabolite
quantifications). Comparisons of differences (percent A) in metabolite quantifications
between all groups demonstrated significant variation in the levels of phenylacetylglycine
(PAG) and trimethylamine N-oxide (TMAO) (P < 0.01 and P < 0.05, respectively) in urine, as

well as of glutamate (P < 0.05) in faecal water, within all groups (supplementary table 6.6).
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Such differences were also present in the paired comparisons. Levels of both PAG and
TMAO were significantly reduced (A = -0.196 and -0.518, respectively) in the E group
following the intervention period in comparison to the P group (P < 0.05, supplementary

table 6.6).

6.4.4 | Characterization of whey protein supplement microbial content

Metagenomic sequencing of the whey protein supplement and of a non-dairy-based dietary
supplement control revealed a taxonomic profile in the former that was characterized by
high proportions of bacteriophage associated with lactic acid bacteria. Notably, these phage
were also enriched in participants in receipt of the whey supplement (supplementary table
6.6). The taxonomic composition of the whey protein and control demonstrated highly

divergent microbial contents of the supplements, including taxa detected in participants.

6.5 | Discussion

To accurately and consistently increase daily protein intake, we selected a whey protein
supplement. Whey protein, a widely used commercial supplement in elite sport and
amateur fitness milieu, is known for its muscle accretion effects [34], in addition to its
positive influence on energy metabolism [35-37] and, more recently, on appetite control [38].
In addition, its use facilitated analysis of the effect of a widely available exercise adjunct on
the diversity, composition, and activity of microbial populations in the gut. Somewhat
unexpectedly, individuals in the whey protein supplementation-only group (P) experienced
a significant alteration in the 3-diversity of the gut virome (Figure 6.4C). Furthermore, this
change was mirrored in the combined exercise and protein supplementation (EP) group
(Figure 6.4B), suggesting a robust effect of whey protein on the taxonomic richness of the
gut virome. To explore this dynamic, a sample of the whey supplement and a sample of a

non-dairy-based dietary supplement were sequenced for microbial content. Intriguingly, all
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bacteriophage and two of the four bacterial species that were significantly altered in the
groups receiving whey protein were present in high relative abundance within the whey
protein supplement but not the control supplement. Further in-depth experimentation is
required to determine whether virus particles from whey protein conclusively transmit to
the human gut from consumption and, if so, whether they remain biologically active.
However, the overlap in the taxonomic compositions of the whey supplement and
participants” gut microbiome provides a convincing explanation for the source of virome
changes observed.

While this examination did not identify a significant impact of short-term combined
aerobic and resistance exercise on the diversity of bacterial or archaeal constituents of the
gut microbiome, subtle compositional and functional changes were detected in this analysis
(Figure 6.3 and 6.4; see also supplementary figures 6.3 and 6.4). Although the results were
not statistically significant, the groups engaged in exercise demonstrated less change in
archaeal diversity than the protein-only group after the intervention period. In the case of
the exercise-only group, a reduction in Archaea diversity was observed, suggesting that
exercise acts against intestinal Archaea. More-extensive investigation is necessary to resolve
this issue, but in view of a putative role for Archaea in intestinal disorders and as
modulators of TMAO concentrations, such an inquiry is justified [39]. Changes in Bacteria
diversity were similarly below the threshold of statistical significance; however, the median
differences between groups indicated that those undertaking exercise had increases in
bacterial diversity that were absent from the intervention group excluded from exercise.
Curiously, the diversity of bacterial species was elevated in the EP group after intervention
but the diversity of virus species was uniformly lower. The inverse relationship of these

measures is counterintuitive, given the predominance of bacteriophage in the detected
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viruses. However, the influx of such bacteriophage may explain the overall reduction of
virus diversity within the group. Furthermore, this increase in the levels of bacteriophage
may have been insufficient to profoundly influence the overall diversity of the Bacteria due
to their selective targeting of only a few bacterial species.

The absence of substantial modulation of the diversity of microbial populations in
the gut following the 8-week exercise intervention mirrors recent findings in mice [40]. To
date, most of the work in humans has focused on elite or professional athletes [10-12] and as
a result has explored the relationship between established physical ‘fitness” and the gut
microbiota. Few prospective studies have examined the effect of exercise on the gut
microbiota of physically inactive human volunteers [41]. The current study is the largest to
have done so. It should be acknowledged that the unperturbed adult intestinal microbiome
is resilient [42] and may not be subject to significant alteration following an 8-week
intervention period. It is likely that the diverse, metabolically favourable intestinal
microbiome evident in the elite athlete is the cumulative manifestation of many years of
optimized nutrition and of high degrees of physical condition throughout youth and
adolescence and during adult participation in professional sports [43]. Initial examination of
the acute effects of extreme and prolonged endurance exercise, such as in trained military
regiments, suggests that prolonged physical stress negatively impacts intestinal permeabil-
ity and gut microbiota composition [44]. However, the results of the present study indicate
that exercise at moderate intensity does not exert a deleterious effect on gut microbial
composition or function in the untrained subject. Furthermore, the results of this study
signify that exercise-induced improvements in cardiorespiratory fitness and body
composition are not dependent on substantial alteration of the diversity of microbial

populations in the gut. Whether the limited changes in microbiome composition and
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function detected in this study contributed to the witnessed improvements in body
composition and fitness profiles remains unknown.

An intriguing exception to the otherwise minimal differences in metabolomic
modification is represented by the controversial metabolite TMAQO. Associations between
TMAQO and cardiovascular disease (CVD) have framed the metabolite as a disease factor;
however, high levels have also been observed in populations with low CVD risk [45-48].
Elevated levels of TMAO have previously been found in elite athletes [11], and while the
presence of TMAO may or may not have deleterious health implications, we demonstrate a
potential modulatory effect of exercise on urinary TMAO levels. Participants in the exercise-
only group showed levels of urinary TMAO that were reduced below baseline with
intervention, while the groups receiving whey protein had increased levels of the
metabolite, with the combined-treatment group demonstrating lower levels than the
protein-only group. The TMAOQO precursor phosphatidylcholine comprised less than 0.1% of
the constituents of the whey protein supplement used in this study, suggesting a possible
direct effect of whey protein and/or exercise on TMAO production. While the data represent
a promising paradigm, further work will be necessary to determine the specific mechanisms
involved and to rule out unintended dietary influence or influences of host biology (e.g.,
altered absorption of TMAO with exercise). Additionally, known microbial producers of
TMAO [49] were absent from the taxonomic profiling. PAG concentrations were similarly
reduced in the exercise-only group, although the metabolite has previously been associated
with lean body composition and has been found to be present in increased concentrations in
athletes. It has also recently been shown to decrease in urine in thoroughbred racehorses

following exercise [50].
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Likewise, the data reflecting increased abundance of P. copri-associated pathways
detected in the EP group postintervention supports the work of others which suggested an
active role for Prevotella species in host metabolic [51, 52] and immune health [53]. Studies
have linked Prevotella with inflammatory and metabolic disorders, including rheumatoid
arthritis [54, 55], ankylosing spondylitis [56], and type 2 diabetes mellitus [57]. Conversely,
and consistent with our findings, increased physical activity has been associated with
increases in Prevotella-related metabolic pathways in the gut microbiome [10].

It is pertinent to acknowledge the difficulty in controlling all potential confounders
of gut microbial composition and activity in this investigation (e.g., diet, wide BMI range).
This study attempted to control for the potential impact of dietary variation by instruction
of volunteers to maintain their usual ad libitum dietary intake. Food frequency questionnaire
(FFQ) dietary analysis indicated stability in the volunteers’ dietary patterns; however, FFQ
assessment is subject to its limitations, including recall bias [58].

In conclusion, this prospective examination demonstrated that short-to-medium-
term combined exercise in healthy, physically inactive adults does not induce drastic
alterations in the diversity of microbial populations in the gut. We highlight an interaction
between whey protein intake and the -diversity of the adult gut virome which requires
further exploration. Furthermore, the functional activity of the gut microbiota does not
appear to be extensively manipulated by short-term, moderate-intensity exercise and/or
whey protein supplementation, although some changes, including alteration of levels of
urinary TMAO and PAG excretion, were evident. The alterations in the diversity,
composition, and metabolomic profiles of microbial gut populations that we and others
have observed in habitual exercisers and professional athletes may represent late responses

to exercise or fitness.
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Supplementary Figure 6.1 continued. Self-reported dietary information from food
frequency questionnaires (FFQ) for all participants was used to perform correspondence
analysis of diet at the start and end of the intervention period. The exercise plus protein
supplementation group (A and B), the exercise-only group (C and D), and the protein-only
group (E and F) maintained diets that remained relatively unchanged during the
intervention period. Participants were therefore undifferentiated before and after treatment

in relation to diet.
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Supplementary Figure 6.2. Pre- and postintervention levels of the resting proinflammatory
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A Prospective Metagenomic and Metabolomic Analysis of the Impact of Exercise and/or Whey Protein
Supplementation on the Gut Microbiome of Sedentary Adults
Supplementary Figure 6.3 continued. Pairwise analysis of microbial taxonomy and
metabolic pathways and unsupervised feature detection of pathways. PCoA of metabolic
pathways and species-level taxonomy measurement subset according to phylogenetic
domain (Archaea and Bacteria), comparing measurements before and after intervention
(time point 1 [TP1] and time point 2 [TP2], respectively). (A to C) Metabolic pathways for
the (A) exercise-only group, (B) exercise plus protein supplementation group, and (C)
protein-only group. (D to F) Archaea species for the (D) exercise-only group, (E) exercise
plus protein supplementation group, and (F) protein-only group. (G to I) Bacteria species
for the (G) exercise-only group, (H) exercise plus protein supplementation group, and (I)
protein-only group. (J and K) Cross-validated partial least-squares-discriminant analysis
(PLS-DA) of metabolic pathways from all three groups before (J) and after (K) the
intervention period identified clusters of pathways related to specific taxa. (J) Prior to
treatment, metabolic pathways associated with Prevotella copri were identified in the
exercise group (E). (K) After intervention, each group contained a tightly associated cluster
of pathways corresponding to either Prevotella copri or Bacteroides vulgatus. The two groups
undergoing exercise (E and EP) had separate Prevotella copri-related clusters, while the
protein-only-group cluster was composed of Bacteroides wvulgatus pathways. Each
experimental group was statistically assessed for alterations in diversity resulting from the
intervention, with no significant separations detected. Statistical assessment of PCoA
dissimilarity matrices was performed with the Adonis2 permutational multivariate analysis
of variance (PERMANOVA) test. (A to I) Density plots were derived from kernel density
estimates and scaled to a maximum estimated value of 1 and display concentrations of

plotted data along the corresponding plot axis.
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Supplementary Figure 6.4 continued. Categorical heat map of statistically significant
metabolic pathways organized into low-level MetaCyc metabolic classifications. (A and B)
Metabolic pathways of significantly (P < 0.05) varied relative abundances between groups
before (A) and after (B) treatment were binned according to the MetaCyc database pathway
classification. Scaled group means of pathway relative abundance values demonstrate shifts
in the functional potential of the groups following the separate interventions. The Kruskal-
Wallis test was used to calculate the P values used in the identification of pathways

included in metabolic classification.

Inclusion Criteria

e Low physical activity level as per the International Physical Activity Ques-
tionnaire (Short form)

e Not currently or recently (last 3 months) involved in regular or organized
amateur sport or exercise

e Non-smoker

¢ Not on regular medications

e Aged 18to40

e Body Mass Index between 22 to 35 (inclusive)

Exclusion Criteria

e Personal history of coronary artery disease, congenital heart disease or any
cardiovascular disease

e Family history of known coronary artery disease before 45 years of age

¢ Uncontrolled hypertension (>140/90 mmHg)

¢ Known renal or hepatic impairment

e Type 1 or type 2 diabetes mellitus

e Pulmonary disease — not including well-controlled, mild asthma

e Primary or secondary immunodeficiency or autoimmune disorder

e Current smoker or ex-smoker of less than 3 months duration

e DPsychiatric disorders including previous history of depression

e A history of substance abuse

e Current or recent involvement in another clinical research study

e Known or suspected hypersensitivity to the dietary supplementation

¢ Gastro-intestinal disease e.g. coeliac disease, inflammatory bowel disease,
Irritable Bowel Syndrome

e DPrevious significant gastro-intestinal surgery e.g. Total colectomy

e Suspected or confirmed pregnancy

Supplementary Table 6.1. Inclusion and exclusion criteria for study entry.
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Nutritional Typical per 30g serving Typical per 100g serving
Information

Energy 125 kcal/521kJ 416 kcal/1743kJ
Protein 244 80¢g
Carbohydrate 15¢g 50¢g

of which sugars 09¢g 309¢

Fat 25¢ 8249

of which saturates 18¢g 6.0g

Dietary fibre 0.08 g 0.26 g

Salt 012¢ 042¢

Supplementary Table 6.2. Nutritional content of the daily whey protein supplement

(30grams) administered to participants in the EP and P study groups. g, grams; kCal,

kilocalories; k], kilojoules.

Intervention Groups

Exercise (E) Exercise + Protein (EP) Protein (P)

(n=25) (n=22) (n=27) p-value
Weight (kg) 09(-26,0.9) 08(-16,0.1) 05(-13,06) 0549
BMI (kg/m?) 03(-09,02) 02(-06,0) 41(:04,02) 0419
Resting heart rate (BPM) 5(-16,6) - 5(-9,3) ¥ 4(-3,10) 0.005*
Systolic BP (mmHg) 8(12,1) 8(-16,0) 4 (11, 0) 0.545
Diastolic BP (mmHg) -5(-12,1) 6(-9,-2) -5(-8,0) 0.785
Waist:Hip ratio 20,01 (-0.03,0.01) 10,02 (-0.04, 0.01) 0(-001,004 007
Body fat (%) 13 (-24,-05) - 08(-17,-05) 05(02,1)  <0.001*
Fat mass (kg) 09(-15,-27) " 08 (-1.2,-0.4) ¥ 04 (0509  <0.001*
Fat mass (trunk) (kg) 05(-1,02) 06(-08,-1)¥ 01(-04,06)  0.001"
Lean tissue mass (kg) 07(0.3,1.8) 0.5 (-0.4,1.1) ¥ 02(09,03 000"
Weekly PA (METS) (7121, ’ ,59%4) - (4341, ’222%7) v (-24141, 1634) <0.007"
ekl ) (81 81, '3,%228) - (5711, g,g%g) v (-41182,345300) b
Sitting time (hours/ week) -5(-17,2) -12 (-30, 1) -5(-18,1) 0.407
el s el 0(:33,28) 0(-1,1.3) 0.1(-04, 5) 0519

(hours/week)

Supplementary Table 6.3
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Supplementary Table 6.3 continued | Comparison of the postintervention changes (A) in
clinical and anthropometric variables between groups. Between-group differences in
postintervention changes were compared using Kruskal-Wallis tests (P values shown; *, P <
0.05). When significantly different a Mann-Whitney U test was applied to determine
between which groups the difference existed. "" indicates a difference between the E and P
groups; "W" indicates a difference between the EP and P groups (for all data, P < 0.05). BMI,
body mass index; BP, blood pressure; bpm, beats per minute; weekly PA, self-reported
weekly physical activity expenditure assessed using the International Physical Activity

Questionnaire; kCals, kilocalories; METS, metabolic equivalents.

Workload parameter Exercise Group (E) (n=25) Exercise + Protein Group p-value
(EP) (n=22)

Number of exercise 21 (16, 23) 21 (20, 23) 0.317

sessions attended

Duration of aerobic training 671 (436, 728) 625 (539, 685) 0.983

(mins)

Aerobic exercise energy 6,043 (3754, 7411) 5,869 (5291, 7324) 0.654

expenditure (Cals)

Calories expended per body 69 (47, 90) 74 (62, 83) 0.685

weight (Cals/kg)

Total number of repetitions 4,861 (4273, 6008) 4,874 (4281, 6136) 0.685

Total weight lifted (Tonnes) 171.6 (136.8, 205) 169.7 (111, 238.4) 0.701

Total weight lifted (kg) per 1,962 (1753, 2282) 2,288 (1464, 2746) 0.43

kg of body weight

Supplementary Table 6.4. Measurement of aerobic and resistance training completed in the
exercise and exercise plus protein intervention groups (8 weeks), with comparisons of
workloads between the two groups. Median values and interquartile ranges (IQRs) are
stated in the legend. Comparisons between groups were performed using Mann-

Whitney U tests. Mins, minutes; Cals, calories expended.
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Exercise (E) Group Exercise + Protein (EP) Protein only (P) p-value
(n=25) Group (n=22) Group
(n=27)
Interleukin 10 -0.05 (-0.21, 0.08) 0(-0.23,0.19) 0.02 (-0.11, 0.19) 0.385
(pg/ml)
Interleukin 6 -0.01(-0.2,0.2) -0.04 (-0.28, 0.29) 0(-0.17,0.23) 0.893
(pg/ml)
Interleukin 8  -5.53 (-29.79, 1.37) -20.14 -1.63 (-3.56, 1.38) 0.047*
(pg/ml) (-124.47,0.61) ¥
TNF-a -0.1(-0.66, 0.44) -0.02 (-1.19, 0.77) 0.11(-0.24, 0.34) 0.293
(pg/ml)
IFN-y (pg/ml) 0.21 (-1.87, 3.39) 0.07 (-1.72, 2.83) -0.41(-1.57,1.3) 0.962
CRP (mg/L) 0(-0.5,0) 0(0,0) 0(0,0) 0.71

Supplementary Table 6.5 | Comparison of postintervention changes (A) in inflammatory
markers between groups. Legend: between-group differences in postintervention changes
were compared using the Kruskal-Wallis test (P values shown; *, P < 0.05). Median changes
and interquartile ranges are stated. Where data were significantly different, a Mann-
Whitney U test was applied to determine between which groups the difference existed. """
denotes a significant difference between EP and P groups. TNF-a, tumour necrosis factor

alpha; IFN-v, interferon gamma; CRP, C-reactive protein.
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[=

§' g ANCOM Detected Features | Pre-treatment Post-treatment | Whey Powder | Supplement

1G] S (FDR =0.05) RA RA RA Control RA
s__Lactococcus_phage_Tuc2009 5.00E-04 2.10E-03 2.07E-03 0.00E+00
s__Lactococcus_phage_TP901.1 1.67E-04 1.54E-03 9.81E-04 0.00E+00
s__Lactococcus_phage_340 8.54E-03 2.44E-01 3.36E-03 5.97E-04
s__Lactococcus_phage_jm2 8.41E-03 3.75E-02 1.87E-03 0.00E+00
s__Lactococcus_phage_jm3 6.22E-03 3.58E-02 1.14E-03 0.00E+00
s__Lactococcus_phage_P680 1.57E-02 1.40E-01 1.85E-03 0.00E+00
s__Lactococcus_phage_phi7 8.34E-03 3.69E-02 1.16E-03 5.97E-04
s__Streptococcus_phage_Alq132 1.81E-03 9.05E-03 8.40E-02 5.97E-03

3 s__Streptococcus_phage_Sfi19 2.49E-03 4.53E-03 5.45E-02 2.39E-03
==

& s__Streptococcus_phage_DT1 8.56E-03 1.98E-02 2.07E-01 1.01E-02

:.qu s__Streptococcus_phage_7201 3.59E-03 9.28E-03 1.58E-01 7.16E-03

<]

a s__Streptococcus_phage_Abc2 3.86E-03 1.53E-02 1.23E-01 8.35E-03

y=]

& s__Lactococcus_phage_SK1 8.92E-04 8.26E-03 3.50E-04 0.00E+00

[<}]

g s__Lactococcus_phage_bIL170 5.03E-03 4.16E-02 1.05E-03 5.97E-04

(]

u’j s__Lactococcus_phage_P008 2.54E-03 4.05E-02 1.12E-03 0.00E+00
s__Lactococcus_phage_712 1.87E-03 1.88E-02 1.81E-03 0.00E+00
s__Lactococcus_phage_jj50 1.06E-03 1.35E-02 4.03E-04 0.00E+00
s__Lactococcus_phage_bIBB29 6.20E-03 3.82E-02 8.33E-04 0.00E+00
s__Vibrio_anguillarum 6.44E-06 1.33E-05 2.00E-06 5.00E-06

';:3 s__Fervidobacterium_pennivorans 6.73E-06 1.08E-05 0.00E+00 1.25E-06

(&}

©

M | s_ Streptococcus_thermophilus 7.43E-04 1.28E-03 3.09E-01 5.64E-04
s__Lactococcus_lactis 1.61E-04 3.45E-04 2.99E-01 6.35E-04

3

2

S}

<= | No significant OTUs detected NA NA NA NA

3

w| S

o No significant OTUs detected NA NA NA NA

(2]

= | s__Borrelia_hermsii 4 51E-06 2.32E-06 0.00E+00 0.00E+00

S| e

Wl g
s__Mycoplasma_pneumoniae 9.44E-07 6.61E-07 0.00E+00 0.00E+00
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=
%‘ g ANCOM Detected Features | Pre-treatment Post-treatment | Whey Powder | Supplement
1G] S (FDR = 0.05) RA RA RA Control RA
3
%
< | No significant OTUs detected NA NA NA NA
s__Streptococcus_phage_20617 7.11E-03 3.20E-03 9.97E-03 5.97E-04
s__Lactococcus_phage_c2 1.05E-02 1.93E-02 4.62E-02 2.39E-03
s__Lactococcus_phage blL67 2.29E-02 1.23E-02 1.83E-02 1.19E-03
s__Lactococcus_phage_Tuc2009 2.45E-04 3.01E-03 2.07E-03 0.00E+00
s__Lactococcus_phage_TP901.1 2.41E-04 1.89E-03 9.81E-04 0.00E+00
s__lLactococcus_phage_r1t 6.31E-03 2.65E-03 3.14E-03 0.00E+00
s__Lactococcus_phage 340 3.00E-02 2.33E-01 3.36E-03 5.97E-04
s__Lactococcus_phage_jm2 1.61E-02 4.39E-02 1.87E-03 0.00E+00
s__Lactococcus_phage_jm3 1.59E-02 4.12E-02 1.14E-03 0.00E+00
s__lLactococcus_phage_P680 2.36E-02 1.45E-01 1.85E-03 0.00E+00
s__Lactococcus_phage_phi7 1.48E-02 3.92E-02 1.16E-03 5.97E-04
[72]
é s__Streptococcus_phage_TP.778L 2.24E-04 9.90E-03 1.65E-02 1.19E-03
g s__Streptococcus_phage_Alq132 1.42E-03 1.09E-02 8.40E-02 5.97E-03
o
e s__Streptococcus_phage_Sfi19 1.43E-03 5.05E-03 5.45E-02 2.39E-03
o
o s__Streptococcus_phage_DT1 5.31E-03 1.83E-02 2.07E-01 1.01E-02
s__Streptococcus_phage_7201 1.90E-03 1.09E-02 1.58E-01 7.16E-03
s__Streptococcus_phage_Abc2 2.22E-03 1.66E-02 1.23E-01 8.35E-03
s__Lactococcus_phage_SK1 5.05E-03 1.05E-02 3.50E-04 0.00E+00
s__Lactococcus_phage_bIL170 1.42E-02 4.61E-02 1.05E-03 5.97E-04
s__lLactococcus_phage_P008 1.24E-02 4.55E-02 1.12E-03 0.00E+00
s__Lactococcus_phage_712 9.28E-03 2.24E-02 1.81E-03 0.00E+00
s__Lactococcus_phage_jj50 8.44E-03 1.39E-02 4.03E-04 0.00E+00
s__Lactococcus_phage_bIBB29 9.42E-03 3.93E-02 8.33E-04 0.00E+00
©
ks
&
@ | s_ Streptococcus_thermophilus 1.12E-03 2.21E-03 3.09E-01 5.64E-04
3
5
< | No significant OTUs detected NA NA NA NA

Table component A
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p <0.05
_ PFDR<005
Urine Metabolites
E EP P
Metabolite Wilcoxon Wilcoxon Wilcoxon
Rank pFDR Rank pFDR Rank pFDR
Allantoin 0.824 0.917 0.545 0.601 0.197 0.331
Carnitine 0.068 0.103 0.176 0.408 0.855 0.927
Citrate 0.105 0.299 1.000 0.862 0.747 0.862
Glycine 0.019 0.258 0.210 0.601 0.345 0.493
Hippurate 0.924 0.954 0.750 0.736 0.527 0.660
Leucine 0.030 0.248 0.679 0.917 0.623 0.959
PAG 0.059 0.164 0.775 0.954 0.023 0.093
Proline Betaine 0.633 0.617 0.702 0.507 0.584 0.533
Succinate 0.566 0.478 0.321 0.667 0.252 0.455
Trans Aconitate |  0.874  0.991 0371 0125| 0004 00NN
TMAO 0.042 0.062 0.305 0.125 0.107 0.172
Valine 0.129 0.650 0.198 0.435 0.264 0.783
Faecal Metabolites
E EP P
Metabolite Wilcoxon Wilcoxon Wilcoxon
Rank pFDR Rank pFDR Rank pFDR
Dimethylamine
(DMA) 0.046 0.356 1.000 0.880 0.846 0.913
Glutamate 0919 0881 | 0424 0507 | 0023 [N0GOZA
Methylamine
(MA) 0.812 0.567 0.545 0.771 0.754 0.648
Phenylacetate 0.338 0.517 0.483 0.522 0.754 0.648
Serine 0.973 0.921 0.129 0.333 0.160 0.285
Trimethylamine
(TMA) 0.865 0.746 0.424 0.569 0.777 0.862
Tyrosine 0.973 1.000 0.337 0.736 0.445 0.711
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p <0.05
PFDR<005
Urine Metabolite Group Comparison
Kruskal
Wallis Mann Whitney U
Metabolite E vs EP EPvs EPvs
E vs EP vs EvsP-p EvsP -p EvseP | P-p P
P value pFDR value pFDR | value pFDR
Allantoin 0.385 0.291 0.484 | 0.807 0.937 | 0.208 0.544
Carnitine 0.325 0.173 0.484 0.862 0.940 | 0.242 0.559
Citrate 0.392 0.272 0.484 0.211 0.544 | 0.957 0.957
Glycine 0.062 0.050 0.201 0.037 0.255 | 0.703 0.937
Hippurate 0.761 0.429 0.562 0.754 0.937 | 0.785 0.937
Leucine 0.579 0.468 0.562 0.299 0.559 | 0.887 0.940
PAG 0.006 0.000 00N 0311 0559 | 0.057 0.255
Proline Betaine 0.959 0.878 0.878 0.771 0.937 | 0.922 0.948
Succinate 0.327 0.244 0.484 0.585 0.842 | 0.200 0.544
Trans Aconitate 0.087 0.322 0.484 0.522 0.784 | 0.014 @ 0.169
TMAO 0.012 0.006 q 0.195 0544 | 0.046 0.255
Valine 0.118 0.775 0.845 0.055 0.255 | 0.106 0.426
Faecal Metabolite Group Comparison
Kruskal
Wallis Mann Whitney U
Metabolite E vs EP EPvs EPvs
E vs EP vs EvsP-p EvsP -p EvsEP | P-p P
P value pFDR value pFDR | value pFDR
Dimethylamine
(DMA) 0.508 0.316 0.890 0.329 0.890 | 0.991 0.991
Glutamate 0.028 0.100 0.890 0.656 0.891 | 0.005 | 0.105
Methylamine
(MA) 0.696 0.485 0.890 0.764 0.891 | 0.492 0.964
Phenylacetate 0.623 0.363 0.890 0.691 0.891 | 0.551 0.964
Serine 0.607 0.428 0.890 0.366 0.890 | 0.902 0.991
Trimethylamine
(TMA) 0.803 0.852 0.942 0.493 0.890 | 0.727 0.991
Tyrosine 0.445 0.609 0.891 0.524 0.890 | 0.202 0.706

Table component E
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% Metabolite
2
Measure | © Allantoin Carnitine Citrate Glycine
_E | 0.040 -0.304 0.113 0.160
Percent “p, 0.017 0323 -0.022 -0.186
Change ————
" P -0.145 0.013 -0.017 -0.096
= . -187501 186718 294032
;3 Mean | 1730(21066) (437691) (575441) (801563)
2 chanee EP -248992 -33345 -490924
% ( SDE); | 699 (20191) (816086) (472913) (1411643)
é p -25697 -186108
) -6977 (27858) | 6776 (586099) (578360) (634242)
E -115046 181281 261722
.| e25(22071) (442083) (654468) (370602)
ﬁea‘ilgz p 111501 72494 -148915
wor) —| 277 (16783) (523672) (530470) (956488)
p 13595 64534
-4587 (32684) (443350) (506420) -28847 (863822)
% Metabolite
= Proline
Measure | © Hippurate Leucine PAG Betaine
_E | -0.007 0.048 -0.196 -0.185
Percent —pp -0.111 -0.011 -0.010 -0.127
Change ———
o P 0.002 0.013 0.286 0.380
;‘g E -4342 -43452
S| Mean | (271038) 2795 (8881) (99096) | -73172 (406198)
§ change o, -87427 -2168
o| D) | 61172 -727 (11098) (129790) | -36254 (281728)
é P | 1409 (476036) | 777 (10687) | 54206 (84419) | 87703 (696375)
= E 18143 -55796
_ (330942) 3821 (6034) (109741) | -46720 (182241)
Median —
change  EP 10789
R ——] 9770 (311037) | 1544 (9325) (152512) | -1626 (260571)
P -106522 28683
(502221) 488 (11009) (132259)  -8146 (139201)
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o Metabolite
5 Trans
Measure O Succinate Aconitate TMAO Valine
_E | -0.082 0.050 -0.518 0.025
Percent “ppl 0032 0.008 0.005 -0.070
Change ——
" P 0.138 -0.154 0.060 0.039
i;’ . -22954 -4324845
£ | (113554) 1394 (14816) (10001137) 1181 (7793)
« Mean
- hanee | EP -9841 15418
% ¢ SDg | (109029) 219 (13674) (4520714) -3787 (10604)
g (D) P 35728 224051
] (138615) -3965 (8235) (5442531) 1836 (7951)
E -6659 -1581160
) | (107283) -476 (15042) (10243900) 1253 (5662)
ﬁ:ﬁ; p 48579 449763
(IOR) — (71425) 2013 (8208) (1333768) -906 (10053)
p 27134 746835
(206848) -2690 (6076) (2277378) 717 (12098)
& Metabolite
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Table component F

Supplementary Table 6.6. The following combined data: (A) ANCOM results for
statistically varied taxa of subjects and for corresponding taxa in whey and control
supplements with relative abundance values and a list of significantly varied metabolic
pathways and the (B) associated MetaCyc metabolic categories as well as (C & D) targeted
faecal and urinary metabolites with (E & F) corresponding paired statistical results.

Additional components in appendix B. Supplementary table 6.6B omitted due to length.
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Chapter 7

INFLUENCE OF EXERCISE ON THE INTESTINAL MICROBIOME OF IBD PATIENTS

7.1 | Abstract

The human intestinal microbiome has been shown to be influenced by numerous aspects of
human behaviour. One such behaviour, exercise, has been shown in professional athletes to
confer considerable influence on the microbiome, while moderate-intensity structured
physical activity has modest, but benign, influence on the gut microbiome of individuals
unaccustomed to exercise. Despite the limited influence on the microbiome, rich systemic
benefits of physical activity are gained in exercise naive populations. Physical exercise,
accordingly, presents itself as a potentially valuable adjunct therapy in disease populations
with sensitive or otherwise vulnerable gastrointestinal symptoms. Here, in a population of
IBD patients, it is assessed whether structured exercise can be applied without detrimental
impact on disease symptoms while simultaneously gaining the health benefits of exercise. It
was shown that indeed, short-term exercise did not profoundly modify the gut microbiome
of IBD patients, while disease symptoms were not exacerbated and measurements of body

composition and cardiorespiratory fitness improved.
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7.2 | Introduction

As described previously in chapter 6, moderate structured physical activity has been shown
to confer a modest, but benign influence on the gut microbiome of individuals unaccus-
tomed to exercise, both in respect to taxonomic composition and metabolite production [1].
Despite the limited influence on the microbiome, rich systemic benefits of physical activity
are gained in exercise naive populations. As such, physical exercise presents itself as a
potentially valuable adjunct therapy in disease populations with sensitive or otherwise
vulnerable gastrointestinal symptoms. In order to assess whether exercise can be
implemented in such populations without detrimental impact on disease symptoms while
simultaneously gaining the health benefits of exercise, the following chapter explores a
study in which a population of patients with inflammatory bowel disease (IBD) underwent
a structured moderate intensity exercise regime. This study granted access for the first time

at the influence of physical activity on the IBD intestinal microbiome.

7.3 | Study objective

The primary objective of this chapter was to assess the viability of structured physical
exercise in physically inactive IBD patients. Specifically, the chapter aims to determine the
safety of exercise in respect to the patients” disease state and quality of life, and to further

assess the status of the patients’ gut microbiome in response to the exercise regime.

7.4 | Methods

7.4.1 | Experimental model and ethical approval

An overview of the study design is including in the Results section as Figure 7.1. The study

was approved by the Cork Clinical Research Ethics Committee (CREC) before it com-
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menced. Details of patient recruitment and experimental group assignment are described

subsequently.

7.4.2 | Study recruitment and safe participation

Study recruitment included both male and female participants with confirmed diagnosis of
Crohn’s Disease, Ulcerative Colitis, or Indeterminate Colitis, and an age between 18 and 40
years (inclusive). Participants were recruited as patients from the gastroenterology
outpatients” clinic at Cork University Hospital, Cork City, Ireland. Prior to enrolment,
interested participants were screened by inclusion and exclusion criteria (described
respectively in Tables 7.1 and 7.2). Only participants with stabilized IBD were enrolled to
control for the influence of variable disease activity on study outcomes. Consultation with
the attending clinician or review of recent medical documentation was used to assess
participant disease activity. Recruitment was further unbiased on previous or current
therapeutic intervention of the participants’ medical condition.

Participants actively engaged in exercise or physical activities beyond that of daily
life within 1 month prior to study commencement were excluded to more accurately assess
the intervention. Baseline levels of physical activity were assessed using the International
Physical Activity Questionnaire short form [2]. If appropriate, a subsequent screening visit
at the study site was arranged for further assessment of the exclusion criteria. Safe
participation in the exercise program was ensured by medical screening of all participants
using an adapted version of the safe participation questionnaire of the American College of

Sports Medicine [3].

7.4.3 | Intervention group allocation

Volunteers eligible for participation were randomized with 1:1 sequentially alternating

allocation into the 2 intervention groups (immediate intervention : control+crossover).
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During the control period, participants were instructed to maintain their usual levels of

light physical activity.

7.4.4 | Combined exercise intervention
Combined aerobic and resistance training was performed at the Mardyke Arena gymnasi-
um at University College Cork, Ireland. Complete details of the exercise intervention are

described in section 2.4.

7.4.5 | Compliance and withdrawal from the study

Compliance with the prescribed exercise program was monitored remotely by the
investigators using a FitLinxx activity monitoring system (Activelinxx, Shelton, CT), as
detailed in section 2.2. Participants noted to have not complied with the exercise regime for

more than 7 consecutive days were withdrawn from the study.

7.4.6 | Measurement visits

As with chapter 6 (section 6.3.6) measurement visits took place at 2 sites: Cork University
Hospital and the Mardyke Arena, University College Cork. Baseline measurement was
conducted within the 4 days prior to the commencement of the intervention period and
once more after the 8-week intervention. Participants were asked to refrain from the use of
alcohol, medication, and moderate to vigorous physical activity for at least 24 hours prior to
measurement. To minimize potential effects of diurnal variation, measurement visits took
place between 7:00 a.m. and 10:00 a.m. Initially, participants attended the Department of
Medicine research facility at Cork University Hospital and sat restfully in a quiet
environment. Participants proceeded to participate in measurement of clinical variables,
e.g., recording of weight, blood pressure, and heart rate, before undergoing phlebotomy by

a trained nurse using universal precautions. Following phlebotomy, individuals underwent
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a total body dual-energy X-ray absorptiometry (DEXA) scan to assess body composition.
For further detail refer to sections 2.3.3 and 2.2.4 When possible, volunteers were asked to
provide fresh urine and faecal samples, which were transported at room temperature to the
Teagasc Food Research Centre, Moorepark, Fermoy, Co. Cork, where DNA extraction took
place. Following completion of the body composition assessment, participants proceeded to
the indoor track at the Mardyke Arena gymnasium to undergo a submaximal cardiorespira-

tory fitness assessment as described in section 2.3.2.

7.4.7 | Inflammatory cytokine measurement

Blood samples (4 ml) from participants were collected in serum separator clot activator
blood collection tubes (Greiner Bio-One, Stonehouse, United Kingdom; reference no.
454071). The blood samples were used to measure cytokine levels as described in section
2.3.4. All plasma samples were measured in duplicate, and the mean cytokine concentration

of the duplicates (in picograms per millilitre) was used for analysis.

7.4.8 | Disease activity and quality of life assessment

Participants” quality of life and gastrointestinal symptoms, as influenced by the exercise
intervention, were assessed with appropriate and widely recognised scoring systems. At
each measurement visit patients reported current disease activity using the Harvey-
Bradshaw Index (for patients with CD) [4], Simple Colitis Activity index (for patients with
UCQ) [5]. Patients with Ulcerative Colitis were also assessed using the Powell-Tuck Index [6].
Likewise, quality of life, mood and anxiety levels were assessed regardless of subtype of
IBD. The Short Form-36 (SF-36)[7], Hospital Anxiety and Depression Scale (HADS)[8], Beck
Depression Inventory (BDI)[9], and the State/Trait Anxiety Inventory (STAI) [10]were used

to measure change in quality of life and mood over the course of the intervention period.
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7.4.9 | DNA extraction and metagenomic sequencing of faecal microbiome

Fresh faecal samples donated by participants were used for the extraction of DNA. Details
of this and the subsequent process of shotgun metagenomic sequencing library preparation
are described in sections 2.5.1 and 2.5.2, respectively. An equimolar library pool of all
samples was made prior to sequencing on an Illumina NextSeq 500 (chemistry V.2.0)
sequencing platform (Teagasc sequencing facility). High-throughput sequencing was

performed using the high-output 500/550 reagent kit.

7.4.10 | Bioinformatic processing of microbial metagenomic sequencing

Processing of metagenomic FASTQ sequence files proceeded as described in previous
chapters and section 2.6. Functional profiling of high-quality processed reads was facilitated
by use of the Human Microbiome Project (HMP) Unified Metabolic Analysis Network
(HUMAnN2 V.0.99) pipeline [11]. Taxonomic profiling was facilitated with the Kaiju

taxonomic assignment software tool (V.1.5.0) [12].

7.4.11 | Metabolomic sample preparation

Processing of faecal and urine samples for metabolomic profiling is described in section 2.7.

7.4.12 | Quantification and statistical analysis

Statistical analysis was carried out using the Statistical Package for the Social Sciences V.23
(SPSS, Inc., Chicago, Illinois) and the R statistical programing environment (V.3.3.2), as
more elaborately presented in section 2.8.2 - 2.8.4. Nonparametric analyses were performed
to accommodate non-normal distributions of clinical and demographic variables, as well as
for the analysis of microbiome and metabolomics data. Clinical data are presented as

medians and interquartile ranges (IQR), unless stated otherwise.
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Between-group differences in baseline, follow-up, and postintervention changes (A)
in clinical and demographic data were compared using the Kruskal-Wallis test. For
significantly different results, a Mann-Whitney U test was performed to determine the
groups between which this difference applied. Where stated, the Wilcoxon signed-rank test
was used to compare baseline and postintervention values within the groups. A type I error
rate of <0.05 was considered significant in all cases. Correction of P values relating to
microbiome and metabolomic analysis was performed using the Benjamini-Hochberg false-
discovery rate (FDR) [13] in the base stats package in R. Statistical assessment of dissimilari-
ty matrices (Bray-Curtis) derived from microbial data was facilitated with the adonis2
function in the vegan R package (V.2.4-3) [14]. Identification of statistically relevant
taxonomic features was performed with the analysis of composition of microbiomes
(ANCOM) test as implemented in the R package of the same name (V.1.1-3)
[15]. Measurements of alpha diversity and calculations of relative abundances were also
performed with the vegan package. Relative-abundance data were generated separately for
identified species within each phylogenetic domain (e.g., Bacteria).

For metabolomic analysis, the resulting 'H-NMR and LC-MS data sets were
imported into MatLab to conduct multivariate statistical analysis. Data were centred and
scaled to account for the repeated-measures design and then modelled using partial-least-
squares—discriminant analysis (PLS-DA) with Monte Carlo cross-validation (MCCV) [16].
The fit and predictability of the models obtained were determined and expressed as R2 and

Q2 values, respectively.

7.4.13 | Data and software availability

The microbial DNA sequences have been deposited in the European Nucleotide Database

(ENA) database under ID code PRJEB27623.
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7.5 | Results

7.5.1 | Study overview

Male and female patients with diagnosed IBD (n = 17) aged between 30 and 37 years with
BMI ranging from 23 to 25kg/m? were recruited for participation (Table 7.1). The study was
conducted in accordance with the Declaration of Helsinki and was granted ethical approval
by the Cork Clinical Research Ethics Committee (CREC) prior to commencement. Written
informed consent was provided by all participants. To prospectively measure the effect of
de novo exercise training on both the gut microbiome and participants” physiology, physical
inactivity beyond that of daily life prior to 3 months of the study’s beginning was required
of patients for inclusion in the study (Supplementary Table 7.1). Participants were screened
against specific criteria for exclusion, including history of cardiovascular disease and
uncontrolled hypertension (Supplementary Table 7.2). Following recruitment, participants
were randomly allocated to one of two groups: immediate 8 weeks of exercise (EX) or 8
weeks of normal activity followed by 8 weeks of exercise (CON) (Figure 7.1). During the 8
weeks of normal activity participants were asked to maintain their typical levels of activity.
Throughout the study period all participants were requested to refrain from taking vitamin,
dietary, and herbal supplements, and to maintain usual ad libitum dietary intake.

While engaged in the exercise program, participants underwent combined aerobic
and resistance training. Aerobic exercise was standardized, progressive, and similar in
energy expenditure to a “couch-to-5km-running” program. The intensity of aerobic exercise
was moderate, being graded between 5 and 7 of 10 on the modified Borg rating of perceived
exertion (RPE) scale [17]. Resistance training consisted of 7 machine-based resistance
exercises. Starting weights were calculated at induction at 70% of the individual’s one-

repetition maximum value (1IRM). Subjects were required to perform a minimum 3 sets of 8

255



256

Influence of exercise on the intestinal microbiome of IBD patients

repetitions. Resistance training was progressive with aims of increasing resistance weight
by 15% to 20% over the 8-week period. At study entry all participants were generally
classified as overweight with BMI > 25 and body fat composition > 30%. There were no
significant differences in anthropometric and demographic characteristics between patients
in the two groups at baseline (Table 7.1). Disease characteristics were similar between the

EX and CON groups, with no significant variations (Table 7.2).

7.5.2 | Improvements in body composition and cardio-respiratory fitness following
exercise training period

Of the 110 IBD patients that were invited to participate in the study, 17 were suitable for
participation according to inclusion and exclusion guidelines and accepted enrolment
(Figure 7.1 and Supplementary Tables 7.1 & 7.2). During the exercise intervention period,
patients in the EX group underwent an average of 22 out of 24 possible gym sessions,
averaging 689 minutes of cardio-respiratory exercise and 4,782 repetitions of resistance
training. Statistically significant changes in estimated maximal oxygen consumption
(VOzmax) and heart rate following completion of the Rockport one-mile walk test were
identified at the conclusion of the exercise period (P values <0.05, Table 7.5B). Patients in the
EX group demonstrated significant improvements in body composition compared to CON
group counterparts. Total body fat (%) was significantly reduced (P value <0.01) and lean

tissue mass was elevated for EX participants (P value <0.001, Table 7.3A).
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Values*
Exercise group  Control group
Patient characteristics (n=13) (n=7) P value
Age (years) 33 (31, 36) 31 (31-36) 0.938
Sex (female)’ n =4 (30.8%) n=1(14.3%) 0.417
Height (cm) 172 (165, 179) 173 (167, 183) 0.485
Weight (kg) 84.5 (75.8, 97) 89 (70.5, 102.9) 0.757
BMI (kg/m?) 28.1(26.2,32.4) 27.2(24.5,33.7) 0.938
Resting heart rate (bpm) 73 (64, 77) 76 (58, 83) 0.817
Systolic BP (mmHg) 123 (114, 131) 124 (119, 130) 0.485
Diastolic BP (mmHg) 73 (69, 86) 82 (70, 86) 0.311
Waist:Hip ratio 0.96 (0.85,0.98)  0.97 (0.86, 1.00) 0.643
Body fat (%) 35.2(30.9,37.4) 34.2(32.2,35.7) 0.817
Fat mass (kg) 28.1(22.8,35.7)  29.9 (23.8,34.7) 0.938
Fat mass (trunk) (kg) 14.7 (12.9,21.3) 16.8 (13.1, 22.2) 0.699
Lean tissue mass (kg) 50.2 (44, 61.6) 52.69 (45.8, 63.8) 0.643
Weekly PA (IPAQ, METS) 708 (210, 1,036) 180 (0, 606) 0.056
Weekly PA (IPAQ, kCals) 1:2;;(283’ 266.9 (0, 1,039) 0.097
Sitting time (h/week) 52.5 (26.8, 65) 59.5 (38.5, 82) 0.241
E‘/’Vt:er;ﬁd transport 7 (6.13,10.5) 7 (3,9.33) 0.438

Table 7.1 | Baseline measurements of patients’ demographic and anthropometric
characteristics. “Values represent medians (interquartile ranges) except where otherwise
indicated. P values represent results of Wilcoxon-Mann-Whitney U or Chi-squared tests.
BMI, body mass index; IPAQ, International Physical Activity Questionnaire; METS,
metabolic equivalents.

"Data indicates use of Chi-squared test.
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n =110 invited patients

n =19 patients n =91 patients not

screened [~ ________________ suitable

{ + 1 patient tooactive '

__________ ===} + 1 patient met !
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| ]
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. . S, e, ———— |
n =17 met inclusion + n'=33 too physically
exclusion criteria active
n =19 too far away
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(Il = 17) n =6 outside BMI range
. n=>5 active disease
Exercise only group Control + Exercise
m=3) group (n=9)
\L n =4 smokers
n =7 complete control
phase n =24 not interested/
other
+ 1 patient lost to follow-up
+ 1 patient became pregnant
n=13 complete
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™~
Exercise group Control group
(n=13) (n=7)
J

Figure 7.1 | Study outline.The details of study recruitment and allocation of participants
into EX and CON groups are described in addition to details of patient drop out from the

study. Complete details of exclusion and inclusion criteria are presented in Supplementary

Tables 7.1 & 7.2.
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Values*
Exercise Control
Disease characteristics group (n=13)  group (n=7) Pvalue
Condition (%)":

Ulcerative Colitis 8 (61.5%) 5 (71.4%) 0.658
Crohn’s Disease 5 (38.5%) 2 (28.6%) '
Age at diagnosis (years) 25 (25, 31) 26 (22, 31) 0.642

Baseline Disease activity score:
Simple Colitis Index 1.5(1,2.75) 1(0,4) 0.833
Powell Tuck Score 1(0.25,2) 2 (0, 3) 0.833
Harvey Bradshaw Index 1(0,1.5) 1(0,1) 1.00
Previous surgery for condition’  Yes: 1(7.7%)  Yes: 0 0.452
Previous appendicectomy® Yes:1(7.7%)  Yes:0 0.452
Current steroid use None None
Steroid use in the last year (%)*  Yes: 5 (38.5%) Yes:3 (42.9%)  0.848
Current anti-TNF treatment? Yes: 2 (154%) Yes: 1 (14.3%) 0.948
Previous anti-TNF treatment None None
. la-
Currently on immunomodula Yes: 100% Yes: 100%
tor
Patients on azathioprine N=1 N=1
Patients on mesalazine N=11 N=6
Patients on 6-mercaptopurine N=4 N=2
Patients on PPIs N=4 N=4

Table 7.2 | Disease characteristics of EX and CON groups. “Values represent medians
(interquartile ranges) except where otherwise indicated. P values represent results of
Wilcoxon-Mann-Whitney U or Chi-squared tests. PPI, proton pump inhibitor.

"Data indicates use of Chi-squared test.
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A Values®
. . Control group
Body composition Exercise group (n=13)
. (n=7)
profiles P value
Total body fat 2.1 (-2.15, -0.45) 0.1(-0.4, 1) 0.002
percentage (%)
Fat mass (kg) -1.52 (-2.32, -0.04) -0.04 (-0.93, -0.04) 0.081
Trunk fat mass (kg) -0.82 (-1.4, -0.002) -0.13 (-0.8, 0.78) 0.115
Lean tissue mass (kg) 1.59 (0.68, 2.69) -1.38 (-2.45, 0.26) <0.001
B Values®
Week 0 Week 8
Fitness profile of EX P value
Estimated VOamax
(mls/kg/min) 43.41 (37.44, 46.37) 46.01 (42.05, 49.47) 0.03
Completion heart rate
(Rockport test, BPM) 155 (147, 166) 145 (129, 150) 0.03

Table 7.3 | Fitness parameters of EX following exercise and in comparison to CON group.
(A) Comparison of EX and CON patients’ body composition. EX patients showed
significant reduction in total body fat percentage and significant increase in lean tissue
mass. (B) Significant improvements were shown in patients following exercise intervention
for both estimated maximal oxygen consumption and heart rate.

“Values represent medians (interquartile ranges) except where otherwise indicated. P values
represent results of Wilcoxon-Mann-Whitney U test. BPM, beats per minute; VOamax,

estimated maximal oxygen consumption.
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7.5.3 | Metagenomic assessment of gut microbiota after exercise and control periods

Species level taxonomic profiles of patients’ gut microbiota showed modest alterations in a-
diversity. Comparisons of Archaea species at the beginning and end of the control and
exercise periods demonstrated minor increases in a-diversity (n.s.; Figure 7.2A & B). Mean
a-diversity of Bacteria species increased significantly in participants following the control
period (P = 0.015; Figure 7.2C), while a moderate decrease was present in the patients
following exercise (n.s.; Figure 7.2D). Comparisons of within-group alterations of «-
diversity (percent A) showed no significant differences between EX and CON groups
(Figure 7.2E & F).

Assessment of taxonomic (-diversity with non-metric multidimensional scaling
(NMDS) illustrated minimal changes in bacterial species for both the CON and EX groups
between week 0 and week 8 (Figure 7.3A & B). Similarly for Archaea species, principal-
coordinate analysis (PCoA) demonstrated little separation for both groups (Figure 7.3C &
D). Taxonomic profiling of virus species did not report any viruses at the species level of
phylogeny (data not presented). Statistical testing of taxonomic relative abundance did not
identify any species that were significantly varied between the groups or measurement time

points after correction for multiple comparisons (data not presented).
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Figure 7.2 | a-diversity of taxonomic profiling. (A-D) Shannon a-diversity H-index of
Bacteria and Archaea species at week 0 (pre) and week 8 (post). (A & B) Subtle median
increases of Archaea a-diversity for patients in both treatments. (C & D) Bacterial a-
diversity was significantly raised in the control group (P = 0.015), while a moderate median
decrease was shown in the exercise group. (E) Percent change (A) of a-diversity for Archaea
species shows a slight increase in the CON group compared to EX. (F) Both EX and CON
show an increase in a-diversity for Bacteria species. P values were calculated from the

Wilcoxon signed-rank test.
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Figure 7.3 | B-diversity of taxonomic profiles. (A & B) Non-metric multidimensional

scaling (NMDS) of relative abundance profiles for Bacteria species demonstrates minimal

shifts in diversity for CON (A) and EX (B) following the 8 week treatment period. (C & D)

Principal-coordinate analysis (PCoA) of Archaea relative abundance similarly shows subtle

changes in the distribution of patients for both CON (C) and EX (D). Statistical assessment

of dissimilarity matrices was performed with the Adonis2 permutational multivariate

analysis of variance (PERMANOVA) test. Density plots along the axes of all panels display

the concentrations of data points, and were generated from kernel density estimates and

scaled to a maximum value of 1.
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7.5.4 | Pathway assessment

General (e.g., fucose degradation) and taxonomically specific (e.g., fucose degrada-
tion in Akkermansia muciniphila) metabolic pathways models generated from metagenomic
sequencing were compared, both between groups and time points. Statistical assessment of
the metabolic pathways illustrated that no significant differences were present within the
groups (i.e., week 0 vs. week 8) or between them (data not shown). Measured a-diversity
(Shannon index) of pathway models demonstrated negligible variation of both the general
pathways (Figure 7.4A & B) and species-specific pathways (Figure 7.4C & D) before and
after intervention periods for both groups. Within-group alterations of pathway a-diversity
(percent A) showed subtle but non-significant increases for both general and species-specific
pathways in the EX group while a decrease was observed in the CON group for species-
specific pathways (Figure 7.4E & F). Similarly to the assessment of taxonomic {3-diversity,
NMDS of both the species-specific (Figure 7.5A & B) and general pathways (Figure 7.5C &

D) illustrated minimal separation of patients from week 0 to week 8.

7.5.5 | Metabolomic profiling
Untargeted metabolomic analysis of the full spectrum of urinary metabolites from
patient samples presented no significant separations either within each group before and

after intervention or between groups (data not presented).
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Figure 7.4 | a-diversity of metabolic pathways. (A-D) Shannon a-diversity H-index of
general and species-specific metabolic pathways at week 0 (pre) and week 8 (post). (A & B)
No significant changes detected for general pathways of patients in either treatment. (C &
D) A slight decrease of species-specific pathways are shown in patients after 8 weeks of
exercise. (E) Percent change (A) of a-diversity for general (F) and species-specific pathways
shows a slight increase in the EX group for both, while a decrease is observed for the CON
group in species-specific pathways. P values were calculated from the Wilcoxon signed-

rank test.
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Figure 7.5 | B-diversity of metabolic pathways. Demonstrating the distribution of patients
in relation to the metabolic pathway models with non-metric multidimensional scaling
(NMDS), no significant separations were detected. (A & B) Species-specific pathways are
minimally altered in diversity for CON (A) and EX (B) following the 8 week treatment
period. (C & D) General pathways similarly had subtle changes in distribution for patients
of both CON (C) and EX (D). Statistical assessment of dissimilarity matrices was performed
with the Adonis2 permutational multivariate analysis of variance (PERMANOVA) test.
Density plots along the axes of all panels display the concentrations of data points, and

were generated from kernel density estimates and scaled to a maximum value of 1.
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7.6 | Discussion

We have previously assessed the influence of the extremes of athleticism on the gut
microbiome with elite athletes [18, 19], and the impact of exercise and or increased dietary
protein intake on the gut microbiota of exercise naive individuals [1]. While the athlete
microbiome has presented a multitude of differences when compared to healthy but
comparatively less-active controls, likely resulting from adaptations to lifelong rigorous
physical activity, exercise naive populations present more subtle changes in gut microbiome
form and function. Accordingly, we had interest in assessing the influence of exercise on a
human population with particularly vulnerable GI health.

The IBD patients recruited for this study were an ideal cohort to assess if an exercise
intervention could be utilized without detrimental perturbations to the gut microbiome
while still transferring the benefits of exercise. Our results indicate that similarly to our
previous study, only subtle changes in the gut microbiome were transferred by structured
exercise. Patients undergoing the short-term combined aerobic and resistance training
presented no significant alterations in the composition or functional capacity of their gut
microbiota. Slight increases in archaeal a-diversity were shown for both CON and EX
treatments after 8 weeks, while the a-diversity of Bacteria species was significantly raised
for the CON and marginally decreased for the EX patients (Figure 7.2). Our previous study
of the influence of exercise on the microbiome illustrated a reduction in Archaea diversity
resulting from a similar exercise regime implemented in this study, suggesting that
intestinal Archaea are suppressed by exercise. Here it is shown that the median percent
change (A) of archaeal species in EX patients is effectively at zero, compared to a slight
increase in CON patients. As Archaea are potentially implicated in some intestinal

disorders, and may modulate health-relevant compounds such as trimethylamine N-oxide
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(TMAO), this study offers further evidence for the potential interaction of Archaea and
exercise [20, 21].

The significant increase in bacterial a-diversity among CON patients is surprising,
and may highlight a subconscious alteration in behaviour (e.g. dietary habits) of the patients
in anticipation of beginning an exercise regime. Assessment of taxonomic B-diversity
further supports the limited alteration of the patients” gut microbiome composition (Figure
7.3). Similarly, the functional capacity of the gut microbiota, presented as metabolic
pathway models, demonstrated that the short-term moderate intensity exercise regime
utilised in this study does not induce detrimental modulation of the gut microbiome’s
functional potential (Figures 7.4 & 7.5). General pathways were nearly unchanged in both
CON and EX treatments, while those pathways that are associated to specific taxa did see a
slight percent change (A) shift of increased diversity in EX and lowered diversity for CON
(Figure 7.4).

Importantly, the impact of short-term combined aerobic and resistance exercise on
the physiology of the study’s patients was clearly demonstrated in improvements of
measurements of cardiorespiratory fitness and body composition (Table 7.3). Specifically,
during the EX intervention period patients had a significant reduction in total body fat
percentage, while lean tissue mass was significantly increased. Significant improvements in
patient heart rate and maximal oxygen consumption were additionally observed after the
exercise period. This highlights, as previously outlined in our study of the influence of
exercise on the microbiome of healthy but otherwise inactive individuals, that the benefits

of structured exercise are not dependent on dramatic alteration of the gut microbiome.



Chapter 7

7.7 | Conclusion

This prospective examination supports our previous findings that that short-to-medium-
term combined physical exercise in physically inactive adults does not contribute to
substantial alterations in either the diversity or functional potential of microbial gut
populations. Furthermore, the study presents evidence in support of the utilisation of
structured exercise in IBD patients as an adjunct therapy that will not negatively influence

the gut microbiome.
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7.9 | Supplementary Content

Inclusion Criteria

. 18- 40 year-old male and females
. BMI between 22 and 35

. Confirmed diagnosis of Crohn’s Disease or Ulcerative Colitis

J Low physical activity levels — as defined by the International Physical
Activity Questionnaire (IPAQ) (i.e. currently inactive)

. No regular organized physical activity in the last month

. Subject is willing to comply thoroughly with the basic, standard require-
ments of the training program

. Subject is willing to refrain from taking any unspecified dietary, probiotics,
multivitamin or herbal supplements (14-day washout period pre-
commencement of exercise program)

. Willingness to confine formal exercise to within the Mardyke Arena
J Deemed fit f participate in exercise program for 8 weeks by the study
investigators

Supplementary Table 7.1 | Inclusion criteria

Exclusion criteria:

e  History of coronary artery disease, congenital heart disease or any
cardiovascular disease, including a family history before 45 years of age

o Uncontrolled hypertension (>140/90mmHg) (not white coat)

e  Course of antibiotics or bowel preparation for endoscopy one month prior
to the commencement of the exercise program

e  History of psychiatric disorders or substance abuse

e  Any additional medical condition deemed exclusionary by the Principle
Investigator

e  History of total colectomy

J Currently treated with high dose corticosteroids or disease flare within 2
weeks of starting exercise program

e  Pregnant
e  History of faecal incontinence

e  Have a malignant disease or any concomitant end stage organ disease

e  Received any experimental drug or have been involved in an experimental
trial in the last 30 days

Supplementary Table 7.2 | Exclusion criteria
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Chapter 8

LONGITUDINAL EFFECTS OF PHYSICAL ACTIVITY ON THE GUT MICROBIOME

8.1 | Abstract

Previous investigations of the human gut microbiome have illustrated that physical exercise
exerts influence on the taxonomic composition and metabolic potential of the microbiome in
high-performance athletes. However, subsequent study of the microbiome in individuals
unaccustomed to exercise, following an intervention period of structured moderate-
intensity exercise, revealed modest alterations to the intestinal microbiome. These results
raised the possibility that the absence of major alterations of the gut microbiome after the
intervention was due to the limited exposure to the exercise stimulus. This theory is
assessed here through an N of 1 study, in which the gut microbiome of 2 participants, not
regularly involved in structured physical activity beyond that of daily life, are observed
over the course of 6 months in which an exercise routine of moderate-intensity has been
initiated. Results indicate that diversity of the gut microbiome corresponds to training

events and health challenges in the participants.
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8.2 | Introduction

As described in chapters 6 and 7, moderate structured physical activity has been shown to
exert modest influence on the gut microbiome of individuals unaccustomed to exercise,
both in respect to taxonomic composition and metabolic production [1]. Conversely, it has
been shown both in chapter 3 and in separate studies that the gut microbiome of
individuals engaged in regular long-term exercise shows divergence in taxonomic
composition and functional potential when compared to the gut microbiome of compara-
tively less-active individuals [2-4]. Previous work has addressed the possibility that the
absence of major alterations of the gut microbiome in participants undergoing short-term
exercise interventions arises from the limited exposure to the exercise stimulus. The
following chapter assesses this theory through description of a study in which the gut
microbiome of 2 participants that are not regularly involved in structured physical activity
beyond that of daily life are longitudinally assessed over the course of 6 months in which an
exercise routine of moderate-intensity has been initiated This study marks the first such
access to the interaction of physical exercise and the gut microbiome over a prolonged

duration of time.

8.3 | Study objective

The primary objective of this chapter was to assess the influence of structured physical
exercise in physically inactive but otherwise healthy adults over the course of 6 months of
rigorous physical training. Specifically, the chapter aims to determine if the lack of
alterations in the gut microbiome of participants in previous studies was due to the short
durations of exercise interventions. Additionally, this study illustrates the usefulness of N of

1 style study designs.
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8.4 | Methods

8.4.1 | Experimental model and ethical approval

An overview of the study design is including in the Results section as Figure 8.1. Study

approval was granted by the Cork Clinical Research Ethics Committee before commencing.

8.4.2 | Study recruitment and safe participation

Two male participants were recruited from the University College Cork via email. Both
participants had illustrated interest in previous related studies and elected to be considered
for inclusion in future studies. Prior to enrolment, both participants were screened by
inclusion and exclusion criteria (described in Table 8.1).

At the discretion of the investigators, participants could have been removed from
the study should the exercise intervention pose health risk or a health condition vulnerable
to exercise arose. Baseline levels of physical activity were assessed using the International
Physical Activity Questionnaire short form [5]. Safe participation in the study was ensured
by medical screening of both participants using an adapted version of the safe participation

questionnaire of the American College of Sports Medicine [6].

8.4.3 | Exercise intervention

Self-directed training was performed by both participants with the goal of increasing
physical fitness to levels necessary for participation in an endurance-based sports
competition. Specifically, the two participants were separately training for either a
marathon or an Olympic distance triathlon. Training for the marathon consisted of regular
aerobic exercise complimented with twice weekly resistance training while endurance
aerobic training was exclusively the basis of preparation for the triathlon. Throughout the

study’s course, both participants tracked their respective physical activity with wearable
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activity monitors (ActiGraph wGT3X-BT, ActiGraph, FL, U.S.). These activity monitors were
worn continuously on the non-dominant wrist and were removed only for cleaning, during

bathing, and downloading/recharging of the monitor.

8.4.4 | Measurement visits

The participants attended Cork University Hospital at two week intervals for the entirety of
the study. For the first week of the epoch, participants were asked to maintain usual
physical activity habits to obtain baseline levels of activity following which regular training
was commenced. At each two week visit participant anthropometric measurements were
taken (e.g. BMI and waist:hip ratio), in addition to fasting blood, fresh faecal and urine
samples, and activity monitor data. Every other visit (i.e. monthly) additionally required
completion of a food frequency questionnaire, the recording of heart rate variability using
the HRV4training smartphone application [7], and a substrate utilization during exercise
assessment at the exercise physiology laboratory in the University College Cork Mardyke
Arena gymnasium. At the study’s commencement, mid-point, and conclusion (0, 3, and 6
months respectively), body composition profile using total body DEXA scan, and
cardiorespiratory fitness testing VOamax were performed as described in sections 2.3.2 and
2.3.3, respectively. Blood samples were collected for analysis according to procedures
presented in previous chapters and section 2.3.4. Volunteers were asked to provide fresh
urine and faecal samples, which were transported at room temperature to Teagasc Food

Research Centre, Moorepark, Fermoy, Co. Cork, where DNA extraction took place.

8.4.5 | VO2max and body composition measurement

To establish baseline cardiorespiratory fitness of the participants, an assessment of maximal
aerobic capacity was employed with an incremental protocol developed by the exercise

physiology laboratory. Experience exercise physiologists supervised and conducted the
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protocol in which each participant exercised to exhaustion. The test was not stopped until
both an RPE of 20/20 and a continuous plateau in VO2max for 60 seconds were achieved.

A Lunar iDXA machine (GE Healthcare, Madison, WI) at the Bone Densitometry
Unit, Cork University Hospital, was used to measure body composition with the enCORE
software (V.13.4, 2010). Quality control (QC) analysis was performed on the iDXA machine

before use of the machine on each measurement day.

8.4.6 | Dietary data collection

Dietary data were collected by means of a 146-item food frequency questionnaire (FFQ) as

outlined previously and in section 2.3.1 [8].

8.4.7 | DNA extraction and metagenomic sequencing of faecal

DNA was extracted from the donated fresh faecal samples received at the Teagasc
Moorepark research facility following the methods presented in section 2.5.1. Libraries for
metagenomic sequencing were prepared according to procedures in section 2.5.2, and were
sequenced on an Illumina NextSeq 500 (chemistry V.2.0) sequencing platform (Teagasc
sequencing facility). High-throughput sequencing was performed using the high-output

500/550 reagent kit.

8.4.8 | Bioinformatic processing of microbial metagenomic sequencing

Processing of metagenomic FASTQ sequence files adhered to approaches described in
section 2.5.2, with high-quality processed reads used to generate functional profiles with the
Human Microbiome Project (HMP) Unified Metabolic Analysis Network (HUMAnNN2
V.0.99) pipeline [9]. Taxonomic profiling was facilitated with the Kaiju taxonomic

assignment software tool (V.1.5.0) [10].
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8.4.9 | Metabolomic sample preparation

The approaches employed in processing faecal and urine samples for metabolomic analysis

are described in section 2.7.

8.4.10 | Quantification and statistical analysis

Statistical assessment of dissimilarity matrices (Bray-Curtis) derived from microbial data
was facilitated with the adonis2 function in the vegan R package (V.2.4-3)
[11]. Measurements of alpha diversity and calculations of relative abundances were also
performed with the vegan package. Relative-abundance data were generated separately for
identified species within each phylogenetic domain (e.g., Bacteria). Analysis of metabolic

data proceeded according to methods described in section 2.8.4.

8.4.11 | Data and software availability

The microbial DNA sequences have been deposited in the European Nucleotide Database

(ENA) database under ID code PRJEB27624.
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8.5 | Results

8.5.1 | Study overview

Responding to study advertisement, 2 male adults aged 30 and 33 years with starting BMI
of 28.6 and 31.7kg/m? were recruited for participation (Table 8.1). The study was conducted
in accordance with the Declaration of Helsinki and was granted ethical approval by the
Cork Clinical Research Ethics Committee (CREC) prior to commencement. Participants
were screened against specific criteria for inclusion and exclusion, including history of
cardiovascular disease and uncontrolled hypertension (Supplementary Table 8.1).

During the study the participants were engaged in self-directed improvements in
physical fitness that was aimed towards achieving physical competency to participate in a
competitive fitness event (triathlon and marathon competitions, respectively). Marathon
training consisted of regular aerobic exercise and twice weekly resistance training while
endurance aerobic training was exclusively the basis of preparation for the triathlon. Both
participants tracked their respective physical activity with wearable activity monitors

throughout the study’s duration.

8.5.2 | Improvements in body composition and cardio-respiratory fitness

Both participants demonstrated incremental improvements in measurements of body
composition and cardio-respiratory fitness throughout the duration of the study (Figure
8.2). BMI, waist circumference, and resting heart rate decreased for both participants while
under observation. Additionally, estimated maximal oxygen consumption (VOzmax)

increased. Total body fat (%) was also reduced.
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Values
Participant 1 Participant 2
(Marathoner) (Triathlete)
Patient To T A To Tu A
characteristics
Age (years) 30 — — 33 — —
Height (cm) 181 — — 182 — —
Weight (kg) 93.8 89.2 -4.6 104.9 1034 -15
BMI (kg/m?) 28.6 27.2 -14 31.7 31.2 -0.5
Waist:Hip ratio 0.92 0.92 0.0 0.95 91 -0.04
Body fat (%) 25.6 21.7 -3.9 34.7 34.5 -0.2
Fat mass (kg) 23.9 19.4 -4.6 36.3 35.7 -0.6
Fat mass (frunk) 1, g 117 -31 20.9 204  -05
(kg)
Leantissuemass — ¢5 ¢ 659 0.2 6497 642 0.7
(kg)
Estimated VO ) 466 55 33.6 38 44
(mls/kg/min)
Max HR (bpm) 183 179 -4 196 179 -17
Resting HR (bpm) 69 50 -19 58 72 -2
i
Systolic BP 122 116 -6 128 127 -1
(mmHg)
Diastolic BP 77 75 2 g7 7 15
(mmHg)
Weekly PA
(IPAQ, METS) 891.5 — — 646.5 — —
Weekly PA
(IPAQ, kCals) 1,393.7 — — 1,130.3 — —
Table 8.1 | Baseline measurements of participant demographic and anthropometric

characteristics. Measurements presented for initial (To) and final (T14) readings, along with

the change between the two (A).

BMI, body mass index; IPAQ, International Physical Activity Questionnaire; METS,

metabolic equivalents; HR, heart rate; bpm, beats per minute; PA; VOoma, estimated

maximal oxygen consumption.
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Participant 1 Participant 2

(Marathon) Continuous monitoring (Triathlon)
Diet
Heart rate variability
Physical activity
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—
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Mountain race I

(23km., 4 hr. 21 min.) i

Sprint distance triathlon
(Training, 1 hr. 45 min.)

Marathon training
(20mi., 2 hr. 44 min.)

Training reduction

Training reduction | (Head cold)

K(%yra‘l:(sir;g \L B Sports injry - back strain
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Figure 8.1 | Study overview. The two participants supplied blood, faecal, and urine
samples at every 2 week long time point. DEXA scan and measurement of VOzmax occurred
at the beginning (T0) mid-point (T7) and final time point (T14). Diet, heart rate variability,
and physical activity were continuously monitored. VO:max, estimated maximal oxygen

consumption.
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8.5.3 | Recording of dietary habits

Throughout the study period participants were requested to refrain from taking vitamin,
dietary, and herbal supplements, and to maintain usual ad libitum dietary intake. While
enrolled participants were also asked to record daily dietary habits via a smartphone
application. Such dietary recordings were deconstructed into macronutrient values

presented as daily averages in grams (Figure 8.3).

8.5.4 | Metagenomic assessment of gut microbiota

Species level taxonomic profiles of the participants” gut microbiota showed fluctuations that
corresponded to health and training events. Notably, bacterial a-diversity peaked for the
participant training for the marathon near the date of the event (Figure 8.4). Conversely
when the same individual fell ill, a-diversity of bacterial species was drastically reduced.
For the triathlon trainer, an increase in a-diversity coincided with intense training before
reducing as training intensity was lowered. During a period of anti-inflammatory use
resulting from a minor training injury, a-diversity reached its peak. For both individuals it
was also shown that diversity of metabolic pathway models closely adhered to that of the
taxonomic profiles.

Assessment of taxonomic (B-diversity with non-metric multidimensional scaling
(NMDS) illustrated strong divergence between the two participants (Figure 8.5). Taxonomic
profiling of virus species did not report any viruses at the species level of phylogeny (data

not presented).
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Figure 8.2 | Subject body composition and anthropometric data. Fitness parameters
improved during the observation period. (A) BMI was shown to have an overall reduction
over the study duration. (B) Resting heart rate was also demonstrated to lower for both
participants. (C) Waist circumference was similarly reduced over the duration of the study,

(D) just as hip circumference was also.
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Dietary Component Intake
Subject 1 Subject 2

Protein
Carbs
Fibre
Sugar
Fat

M Ty Ty Te Tg Tio T12 Tia M Ty Ty Tg Tg Ty T1o Tya
Time Points

3000

2000

1000

Component proportion X calorie intake

Figure 8.3 | Nutritional constituents of participants over study period. Daily averages of
dietary constituents recorded over time intervals as grams per day (g./day), presented as
proportions of time interval total intake (total g./interval), and scaled to average caloric
intake per interval (calories/interval). Bar sums indicate average daily caloric intake for

interval, with participants” averages for calories and dietary components indicated (M).
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Figure 8.4 | a-diversity of bacterial species and pathways. Shannon a-diversity H-index of
Bacteria species and metabolic pathway models for both participants over the duration of
the study. Deviations of each participant’s mean a-diversity highlight the potential

influence of training and health events on the composition of the gut microbiome.
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Figure 8.5 | B-diversity of bacterial taxonomy. Non-metric multidimensional scaling
(NMDS) of relative abundance profiles for bacterial species demonstrates complete
clustering of measurements according to individual. Density plots along the axes of all
panels display the concentrations of data points, and were generated from kernel density

estimates and scaled to a maximum value of 1.
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8.5.5 | Pathway assessment

General (e.g., fucose degradation) and taxonomically specific (e.g., fucose degrada-
tion in Akkermansia muciniphila) metabolic pathways models generated from metagenomic
sequencing were compared for both participants throughout the course of the study. To
determine core metabolic functions that persisted within the participants despite both
dramatically increasing physical activity levels, the full series of samples for each
participant were compared. Statistical assessment of the metabolic pathways illustrated that
943 pathways were significantly varied between the two participants when all time points
for each individual were collectively compared to one another. The collection of significant-
ly varied pathways highlights core differences in the functional potential of the two
participants (Supplementary Table 8.2). Assessment of B-diversity with NMDS of both the
species-specific (Figure 8.6A) and general pathways (Figure 8.6B) illustrated dramatic

clustering of pathways within each participant.

8.5.6 | Metabolomic profiling

Tracking alterations in metabolic profiles over the duration of the study with untar-
geted metabolomic analysis of the full spectrum of urinary and faecal metabolites from the
participants demonstrated that the final time point of participant 1 strongly deviated from
all previous time points (Figure 8.7A &C). The trajectory of time points for participant 2 did
not have such variation, and the initial and final time points were closely related (Figure 8.
7B & D). Linear regression to BMI for urinary '"H-NMR spectra from both participants
identified N-methyl-nicotinate and hippurate positively associated to BMI, while

phenylacetylglutamine was inversely associated to BMI (Figure 8.8).
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Figure 8.6 | P-diversity of metabolic pathways. Non-metric multidimensional scaling
(NMDS) of relative abundance profiles for species-specific (A) and general (B) models of
metabolic pathways demonstrates complete clustering of measurements according to
individual. Density plots along the axes of all panels display the concentrations of data

points, and were generated from kernel density estimates and scaled to a maximum value

of 1.
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Figure 8.7 | Metabolite trajectories for both participants. PCA of "H-NMR spectra for both
urinary and faecal metabolites. (A & C) Subject 1’s urine and faecal profiles, respectively.
Trajectory of subject 1’s urinary profile illustrates a strong separation over time. (C & D)
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observation period.



Chapter 8 | 291

<108 Mean spectrum and Manhattan plot

Association

. Metabolite with BMI Chemical Shift P value
N-methyl 4.44 (s), 8.09 (t), 8.84 (t), '
8 nicotinate T 7.84 (d) 327504
o 7 e 2 3.98(d), 7.54(1), 7.65(t) 5 ,0c )
%6 ‘ 7.84 (d)
2 1.92 (m), 2.11 (m), 2.27
£ . , )
2 - Phemvlacell  y (m)367(m), 419 (m),  154E02
4 Hippurate 8 7.36 (t), 7.43 (t)
3
2
1

-1%g(pFDR) x sign(3)
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associated to BMI, while phenylacetylglutamine was inversely associated to BMI.
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8.6 | Discussion

Our prior accomplishments with characterising the gut microbiome within the framework
of physical exercise have included profiling the extremes of the paradigm with assessment
of the elite athlete gut microbiome [2, 8], and also the examination of structured exercise as
a novel stimulus in populations that are unaccustomed to rigorous physical activity [1].
Although profiling of the athlete gut microbiome presented numerous deviations in
taxonomic composition, functional potential, and metabolic activity from a control
population of healthy but sedentary adults, the microbiome alterations resulting from a
short-term exercise intervention were more nuanced. We have theorised that the unique
structure of the athlete microbiome may be the result of adaptations to lifelong engagement
in rigorous physical activity and associated lifestyle (e.g. optimised diet) [12]. Additionally,
the gut microbiome of adults has been shown to be resistant to dramatic alteration, and may
not rapidly adapt to the systemic influences of exercise [13]. Here, we aimed to assess if
indeed the gut microbiome is observably altered by rigorous exercise over a prolonged
period of time. By tracking two participants over the course of a 6 month period,
modification of the gut microbiome in response to well documented training events, dietary
trends, and health events was achieved. Throughout the duration of the study, both
participants were actively engaged in self-directed exercise. It was shown that this
endeavour was successful for both individuals with regard to improvements in cardi-
orespiratory health and body composition (Table 8.1 and Figure 8.2).

This observational study demonstrated that diversity of bacterial species corre-
sponded to the intensity of physical exertion, while also being influenced by injury and
illness (Figure 8.4). Measurements of a-diversity for the participant training toward a

marathon peaked at the sample collection point nearest to the date of the marathon that was
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competed in, before reaching the lowest point when the individual became ill post-
marathon. For the individual preparing for the Olympic triathlon, a period of transition
between intense training and a reduction in training presented lowered diversity.
Intriguingly, the level of diversity peaked with the occurrence of an injury and the
subsequent use of anti-inflammatory medication. It has previously been shown that a wide
range of pharmaceutical compounds can interact with microbes from the intestinal
microbiome [14], which may provide a partial explanation of this dramatic increase in
diversity. Metabolomic analysis identified trajectories of metabolite profiles for the two
participants that were dissimilar, which may highlight the differences in type of exercise
pursued by the two volunteers. Intriguingly, significant associations between urinary
metabolites and BMI were detected. One such metabolite is phenylacetylglutamine (PAG),
which has previously been associated to lean body composition [15]. This association is also
highlighted here, as levels of urinary PAG decrease with BML

Assessment of B-diversity for both taxonomic and metabolic pathway profiles
demonstrated that the participants maintained unique microbiome structures throughout
the observation period (Figures 8.5 and 8.6). This intriguingly suggests that any alterations
of the microbiome in response to exercise do not result in a specific microbiome structure. If
this is indeed the case, individuals may retain their core microbiome when attempting to
modify it with exercise, possibly with only certain aspects of its structure and function
adapting to the exercise. Due to the observational nature of the study, advanced statistical
analysis of the results was not possible, and subsequently the presented outcomes will

require further studying to draw firmer conclusions.
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8.8 | Supplementary Content

Inclusion Criteria

18- 40 year-old (male)
Able to provide informed consent
Good overall medical health

Willing to increase physical activity in a structured manner and to be
followed up and measured over a 6-month period

Considered low risk for cardiac events during exercise as guided by
the AHA/ACSM's pre-participation questionnaire

Exclusion Criteria

Any acute or chronic medical condition including chronic musculo-
skeletal pain
Personal history of cardiovascular disease of any kind

Family history of cardiovascular disease before the age of 50
History of total colectomy or significant abdominal surgery
Antibiotic in the last 6 weeks (relative exclusion criteria)

Any medical condition deemed exclusionary by the investigators
A history of substance abuse

Have been on an experimental medication in the last 30 days

On any regular medication

Supplementary Table 8.1 | Inclusion and Exclusion criteria.

See Appendix C for supplementary table 8.2




Chapter 9

SUMMARY AND CONCLUSION

9.1 | Summary of original research

The content presented in this thesis demonstrates substantial advancements made towards
its primary aim to examine the capacity for influence of physical exercise on the human
intestinal microbiome. Previous chapters have described observations stemming from a
range of investigative frameworks that cross section host-microbe interactions within the
context of exercise. Fortuitous access to unique populations ranging from professional
athletes to IBD patients have enabled the opportunity to gain insights on numerous
different aspects of physical activity’s impact on the human gut microbiome. The remainder
of this current chapter outlines final considerations of the distinct sections of this thesis,
before describing implications for the field of microbiome research, and finally offering

suggestions of pursuits to carry the diet and exercise-microbiome paradigm into the future.

9.1.1 | The athlete microbiome

Detailed in chapter 3, the gut microbiome of elite athletes has been described as presenting
a unique functional capacity. Building upon previous analysis of the same cohort, it was
shown that not only do the athletes have a more diverse gut microbiome, but the metabolic
capacity is primed for enhanced energy usage (section 3.5.1, figure 3.3) [1-3]. Additionally
an enrichment of faecal concentrations of SCFAs, compounds with widely purported health
benefits, within this group suggests that there may be positive influence on health (section
3.5.2, figure 3.4) [4-6]. As stated previously, while elite athletes may be fit, their condition is

not necessarily more healthy than non-athletic peers [7]. In addition to an increase of
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beneficial metabolites, some, such as TMAQ, are considered to be detrimental (section 3.5.2,
supplementary figure 3.2) [8-12]. Furthermore, sensible speculation would be difficult to
make on what the health impact would be of maintaining a gut microbiome with such
irregular dynamics of energy expenditure and production without the nutritional resources

provided by the dietary habits of high-performance athletes.

9.1.2 | Computational interrogations of the athlete microbiome

Two computational modelling approaches, presented separately in chapters 4 and 5, were
used to further describe aspects of the athlete gut microbiome. In chapter 4 the original data
from athletes and associated low and high BMI controls was applied to a novel mathemati-
cal modelling strategy that reclassified the participants based upon metabolomic profiles
and ultimately predicted healthiness of diet (section 4.4.1, figure 4.1). Within these new
participant classifications, no robust differences were detected in terms of the gut
microbiome (section 4.4.4, and figure 4.3).

Additionally in chapter 5, a Flux Balance Analysis (FBA) based approach was used
to elaborate on the metabolic function of gut microbiota while simultaneously validating the
method for novel result discovery. With this approach it was shown that of the microbial
models present within the original taxonomic profiles, retention of diversity dynamics is
achieved (i.e. the modelling accurately represents the results of metagenomic sequencing,
see section 5.5.1 and figure 5.1). Furthermore, metabolic reactions resulting from the
approach show statistically significant variation between athletes and controls. Intriguingly,
potential insight on the original result of elevated TMAO in the athletes was gained from
the approach and may justifty more elaborate experimentation (section 5.5.3, and

supplementary table 5.1).



9.1.3 | Influence of short-term exercise and whey protein supplementation on the gut
microbiome

An initial finding of the investigation into the athlete microbiome was that dietary protein
consumption and creatine kinase, a biological product of muscle damage and subsequent
proxy for fitness, correlated with microbial diversity. To assess if these factors do indeed
influence the gut microbiome we took adults that were healthy but physically inactive and
had them undergo a short-term exercise regime, increased protein consumption in the form
of whey protein, or a combination of both [13].

Overall the identified effects of exercise on the gut microbiome were subtle. Howev-
er, we observed that participants consuming the whey protein supplement experienced a
significant alteration in the (-diversity of the gut virome (refer to section 6.4.3, figures 6.3
and 6.4, and supplementary table 6.6). We went on to profile the supplement itself with
metagenomic sequencing, and determined that it was likely that a direct transmission of
viral particles from the whey powder to the participants had occurred. To our knowledge,
this marked the first presentation of such a finding. While this is an intriguing finding, it is
important to note that examination of the virus component of the microbiome was not an
explicit aim of the study. Accordingly, the investigative procedures used to analyse the
virome were suboptimal, and therefor before strong conclusions are to be drawn on the
matter a more tailored approach must be used to assess the virome within the study’s
parameters. For example, of the 523 million reads that were taxonomically assigned at
species level, only 0.035% matched viruses. With such a low proportion of reads available
for taxonomic assessment, it is well within reason that the virome of the participants in
question was only partially characterised. To address this limitation, methods for the

targeted extraction and bioinformatic analysis of virus genetic material should be used [14,
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15]. Despite bearing this limitation, the conclusions drawn from the study were that the
potential effects of physical exercise on the microbiome likely require a longer duration to
become pronounced, and whey protein powder may directly alter dynamics of the gut

microbiome.

9.1.4 | The vulnerable IBD gut microbiome and exercise

As demonstrated in our assessment of exercise and whey protein as a novel stimulus to the
gut microbiome, short-term physical activity has minimal influence on the function and
composition of intestinal microbiota [13]. With these findings it was apparent that the
limited effect of short-term exercise on the microbiome may be desirable in populations
with reduced GI health. IBD patients were subsequently recruited as a cohort to assess if an
exercise intervention could be utilized without detrimental perturbations to the gut
microbiome while still transferring the broad systemic benefits of exercise. As anticipated,
subtle changes were presented in the gut microbiome after IBD patients underwent the
structured exercise intervention (sections 7.5.3 - 7.5.4 and figures 7.2 — 7.3). Curiously, one of
the few statistically significant changes identified in the microbiome profiling was an
increase in bacterial diversity patients after a control period without exercise. This
highlights the unexpected challenges resulting from utilising humans as an experimental
model, and potentially resulted from subconscious behavioural changes in anticipation of
starting exercise. Despite this, the enrolled patients undergoing exercise treatment
succeeded in improving their body composition and cardiorespiratory fitness (section 7.5.2
and table 7.3). This suggests that in specific scenarios an adjunct therapy of short-term
exercise can be recommended without concern of dramatic influences on the gut

microbiome.



9.1.5 | Influence of prolonged exercise on the intestinal microbiome

In order to address the possibility that previous efforts to affect the gut microbiome with
exercise were unyielding of dramatic alterations due to the limited duration of the exercise
period, 2 individuals were examined over the course of 6 months while undergoing self-
directed exercise. This observational study provided an opportunity to focus resources on 2
participants, subsequently granting a robust picture of microbiome fluctuations in response
to training events and health challenges. While the conclusions to be drawn are limited due
to the small n number that prohibits comprehensive statistical analysis, trends in gut
microbiome dynamics, suggest that alterations of the microbiome were influenced by the
participants’” physical training (section 8.5.4 and figure 8.4).

The study was also designed to accommodate health disruptions for the participants
(i.e. to proceed with sample and data collection), and accordingly captured dramatic loss of
microbiome diversity when one individual fell ill. Curiously, at another point, following a
minor training injury and the use of anti-inflammatory drugs, a substantial increase in
diversity was observed. These examples highlight the usefulness of employing similar
study designs, as the inevitable variability of human life can be better tracked and the

influences of unexpected events on the research focus can be better understood.

9.2 | Implications for related research

Study of the human gut microbiome has led to recognition of its profound influence on
human health. With broad health implications spanning from diabetes and inflammatory
bowel disease to psychiatric disorder and some forms of cancer, the gut microbiome has
garnered increasing interest as a modifiable factor for health and disease [16-24].
Accordingly, there is a mounting call for means to exert controlled alteration of the

microbiome, both in terms of taxonomic composition and ultimately function. Considerable
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evidence has been put forth for pharmaceuticals, antibiotics as well as compounds not
intended to target microbes, diet, and probiotics as effective modulators of the gut
microbiome [25]. The body of information presented in this thesis offers further support for
the inclusion of physical exercise as a factor of influence on the microbiome. Based upon the
various studies detailed here, there are grounds to continue exploring the microbiomes of
different high-performance athletes, as well as continuing to pursue exercise as an
intervention in disease populations. Moving forward in this regard, it is worth noting the
post hoc power analysis performed on the studies presented in this thesis (see section 2.8.1).
Sample size estimation and power analysis of genetic sequencing focused microbiome
studies is challenging due to the multivariate nature of taxonomic or pathway measure-
ments, and the consideration of sequencing factors (e.g. sequencing depth) [26, 27]. Despite
the complexity of appropriate power analysis methods for the microbiome, and challenges
to the conventions that guide such analysis, it is important to utilise this statistical approach
to rationalise and guide microbiome research [28]. With the power analysis performed on
measures of alpha diversity from the various studies described in this thesis, it was shown
that largely the studies were adequately powered for the observation of changes in
diversity. The notable exceptions, are the N of 1 observational study described in chapter 8,
which by its nature is completely underpowered, and the exercise intervention study in IBD
patients presented in chapter 7. For this intervention study, the observed effect size of 0.05
at a significance level of 0.05, had a power of 29% with a sample size of 13. In this particular
case there were challenges with participant recruitment and retention, which were only
presented after the study had commenced. As a result of how underpowered the study was
in regards to the detection of changes in diversity of the gut microbiome, results related to

the microbiome must be approached with care. This study may however be used to move



similar research forward if it is treated as a pilot study, with more aggressive recruitment

used in the future to achieve sufficient sample sizes.

9.3 | Relevant future efforts

Eluted to previously, an enormous range of aspects related to the interaction of exercise and
the gut microbiome remain to be pursued. Our research group is actively engaged in
advancing the breadth of microbiomes from diverse athletic populations characterised, with
aim to identify microbial variations associated to differences in sports type. A potential
desired outcome of this continued endeavour being the isolation of specific microbes that
confer advantages to certain aspects of athleticism. Finally, the well-established monumen-
tal influence of diet on the microbiome has been a persistent challenge in isolating the
effects of physical activity upon the microbiota of the intestine [4, 29-34]. The construction of
an intervention study examining a cohort with a set and prescribed diet, while engaging in
exercise will be essential in advancing the exercise and diet-microbiome paradigm—

influences of physical activity and dietary nutrition on the human gut microbiome.
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Supplementary Table 3.1

p Value
MetaCyc Pathway COH | COH | COL
Vs VS Vs
Overall | COL | EX EX
PWY.6270.isoprene.biosynthesis.| 0.001 | 0.001 | 0.036 0.062
PWY.7316.dTDP.N.acetylviosamine.biosynthesis 0.001 | 0.002 | 0.002 | 0.659
PWY.6859.all.trans.farnesol.biosynthesis 0.002 | 0.005 | 0.005 0.289
PWY.7315.dTDP.N.acetylthomosamine.biosynthesis 0.002 | 0.003 | 0.003 | 0.848
PWY.7663.gondoate.biosynthesis.anaerobic. 0.002 | 0455 | 0.012 | 0.006
PWY.5850.superpathway.of. menaquinol.6.biosynthesis.| 0.003 | 0.075 | 0.005 0.075
PWY.5860.superpathway.of.demethylmenaquinol.6.biosynthesis. 0.003 | 0.071 | 0.005 | 0.071
PWY.7392.taxadiene.biosynthesis.engineered. 0.003 | 0.005 | 0.013 0.201
REDCITCYC.TCA.cycle.Vlil.helicobacter. 0.003 | 0.792 | 0.009 | 0.011
PWY.6060.malonate.degradation.|l.biotin.dependent. 0.004 | 0.947 | 0.022 0.007
PWY.6322.phosphinothricin.tripeptide.biosynthesis 0.004 | 0.002 | 0.021 0.402
POLYISOPRENSYN.PWY .polyisoprenoid.biosynthesis.E.coli. 0.005| 0.01] 0.023 | 0.167
PWY.5101.L.isoleucine.biosynthesis. I 0.005 | 0.115 | 0.007 | 0.115
PWY0.1261.anhydromuropeptides.recycling 0.005 | 0.173 | 0.007 | 0.081
PWY.7221.guanosine.ribonucleotides.de.novo.biosynthesis 0.006 | 0.826 | 0.018 | 0.018
PWY.7560.methylerythritol.phosphate.pathway.l| 0.006 | 0.015| 0.978 0.008
PWY.6906.chitin.derivatives.degradation 0.007 | 0.021 | 0.013 | 0.289
PWY66.398.TCA.cycle.lll.animals. 0.007 | 0.03 | 0.009 0.48
PWY.5757 fosfomycin.biosynthesis 0.009 | 0.005 | 0.045| 0.339
PWY.7282.4.amino.2.methyl.5.phosphomethylpyrimidine.biosynthesis.yeast. 0.009 | 0.218 | 0.218 | 0.005
THISYNARA.PWY.
superpathway.of.thiamin.diphosphate.biosynthesis.|ll.eukaryotes. 0.009 | 0.072 | 0.013 | 0.149
PWY0.1586.peptidoglycan.maturation.meso.diaminopimelate.containing. 0.01 | 0.028 | 0.012 0.86
GALACTARDEG.PWY.D.galactarate.degradation.| 0.012 | 0.301 | 0.017 | 0.084
GLUCARGALACTSU-
PER.superpathway.of.D.glucarate.and.D.galactarate.degradation 0.012 | 0.301 | 0.017 0.084
PWY.5189.tetrapyrrole.biosynthesis.|l.from.glycine. 0.013 | 0482 | 0.017 | 0.084
PWY.5283.L.lysine.degradation.V 0.013 | 0572 | 0.028 | 0.028
PWY.6737 .starch.degradation.V 0.013 | 0.442 | 0.011 0.136
DENOVOPURINE2.PWY.
superpathway.of .purine.nucleotides.de.novo.biosynthesis. |l 0.014 | 0.173 | 0.021 0.136
NONOXIPENT.PWY.
pentose.phosphate.pathway.non.oxidative.branch. 0.015 | 0.118 | 0.667 | 0.007
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PWY.5104.L.isoleucine.biosynthesis.IV
PWY.6572.chondroitin.sulfate.degradation.|.bacterial.

PWY.7277 .sphingolipid.biosynthesis.mammals.
ALLANTOINDEG.PWY.
superpathway.of allantoin.degradation.in.yeast

HSERMETANA.PWY'.L.methionine.biosynthesis.|II
LYSINE.DEG1.PWY.L.lysine.degradation.Xl.mammalian.
OANTIGEN.PWY.O.antigen.building.blocks.biosynthesis.E.coli.
PWY.3001.superpathway.of.L.isoleucine.biosynthesis.|
PWY.6629.superpathway.of L.tryptophan.biosynthesis
PWY66.389.phytol.degradation

METHGLYUT.PWY .superpathway.of. methylglyoxal.degradation
P23.PWY.reductive. TCA.cycle.|
COA.PWY.coenzyme.A.biosynthesis.|
UDPNAGSYN.PWY.UDP.N.acetyl.D.glucosamine.biosynthesis.|
PWY.5188.tetrapyrrole.biosynthesis.|.from.glutamate.
PWY.5918.superpathay.of.heme.biosynthesis.from.glutamate
X.PWY.6307.L.tryptophan.degradation.X.mammalian.via.tryptamine.

X.PWY.6358.superpathway.of.D.myo.inositol.1.4.5.trisphosphate.metabolism.

PWY .4242.pantothenate.and.coenzyme.A.biosynthesis. |l
PWY.5862.superpathway.of.demethylmenaquinol.9.biosynthesis
PWY.6901.superpathway.of.glucose.and.xylose.degradation
PWY.4981.L.proline.biosynthesis.|l.from.arginine.
PWY.5667.CDP.diacylglycerol.biosynthesis.|
PWY.5845.superpathway.of. menaquinol.9.biosynthesis
PWY.5971.palmitate.biosynthesis.|l.bacteria.and.plants.
PWY0.1319.CDP.diacylglycerol.biosynthesis.lI

PWY .5896.superpathway.of. menaquinol.10.biosynthesis
PWY.6313.serotonin.degradation
PWY.6435.4.hydroxybenzoate.biosynthesis.V
PWY.7094.fatty.acid.salvage

THISYN.PWY .superpathway.of.thiamin.diphosphate.biosynthesis.|
PWY.5136.fatty.acid.beta.oxidation.ll.peroxisome.
PWY.5676.acetyl.CoA.fermentation.to.butanoate.ll
PWY.7200.superpathway.of.pyrimidine.deoxyribonucleoside.salvage
PWY0.1241.ADP.L.glycero.beta.D.manno.heptose.biosynthesis
PWY.7644.heparin.degradation
PWY3DJ.35471.L.ascorbate.biosynthesis.IV
PWY.6491.D.galacturonate.degradation.lll
PWY66.422.D.galactose.degradation.V.Leloir.pathway.
PWY.1501.mandelate.degradation.|

p Value
COH | COH | COL
Vs Vs Vs
Overall | COL | EX EX

0.015 | 0.166 | 0.026 | 0.109
0.015 | 0.019 | 0.019 | 0.883
0.016 | 0.097 | 0.016 | 0.224
0.017 | 0.272 | 0.107 | 0.024
0.017 | 0.107 | 0.018 | 0.296
0.017 | 0.068 | 0.031 0.176
0.017 | 0.244 | 0.015| 0.224
0.017 | 0.023 | 0.023 | 0.499
0.017 | 0.391 | 0.033 | 0.066
0.017 | 0.014 | 0.533 | 0.043
0.018 | 0.049 | 0.021 0.627
0.018 | 0.344 | 0.153 | 0.017
0.019 | 0.033 | 0.868 | 0.024
0.019 | 0.253 | 0.019 | 0.206

0.02 | 0.524 | 0.024 | 0.102

0.02 | 0.162 | 0.024 | 0.162

0.02 | 0.022 | 0.608 | 0.022

0.02 | 0.583 | 0.013 0.04
0.021 | 0.136 | 0.292 | 0.019
0.021 | 0.21] 0.035| 0.124
0.021 | 0.072 | 0.868 | 0.016
0.022 | 0.025 | 0.497 | 0.025
0.022 | 0.149 | 0.023 0.27
0.022 | 0.218 | 0.035 | 0.128
0.022 | 0.047 | 0.027 | 0.941
0.022 | 0.149 | 0.023 0.27
0.023 | 0.061 | 0.035| 0.362
0.023 | 0.027 | 0.524 | 0.039
0.023 | 0.061 | 0.026 | 0.648
0.023 | 0.052 | 0.029 0.68
0.023 | 0.025 | 0.025 | 0.638
0.025 | 0.107 | 0.022 | 0.517
0.025 | 0.136 | 0.022 0.41
0.025 | 0.809 | 0.043 | 0.043
0.025 | 0.826 | 0.054 | 0.054
0.026 | 0.644 | 0.083 | 0.083
0.026 | 0.033 | 0.033 | 0.871
0.027 | 0.048 | 0.033 | 0.935
0.027 | 0.229 | 0.025 | 0.257
0.028 | 0.03| 0.03| 0.941




310 | Chapter 3 additional material

p Value
MetaCyc Pathway COH | COH | COL
VS VS VS
Overall | COL | EX EX

X.PRPP.PWY .superpathway.of histidine.purine.and.pyrimidine.biosynthesis. 0.029 | 0.17| 0.03 0.31
PWY.6124.inosine.5.phosphate.biosynthesis. Il 0.029 | 0.312 | 0.312 | 0.016
PWY.6163.chorismate.biosynthesis.from.3.dehydroquinate 0.029 | 0.235| 0.235| 0.024
PWY.5392.reductive. TCA.cycle.ll 0.03 | 0.843 | 0.062 | 0.058
TRPSYN.PWY L. tryptophan.biosynthesis 0.03 | 0.416 | 0.059 | 0.081
PANTOSYN.PWY .pantothenate.and.coenzyme.A.biosynthesis.| 0.031| 0124 | 0.57 | 0.024
RIBOSYN2.PWY flavin.biosynthesis.|.bacteria.and.plants. 0.031| 004 | 004| 0.617
PWY.6168.flavin.biosynthesis.Ill.fungi. 0.032 | 0.044 | 0.044 | 0.627
KETOGLUCONMET.PWY .ketogluconate.metabolism 0.035 | 0.055 | 0.047 0.93
PENTOSE.P.PWY .pentose.phosphate.pathway 0.035 | 0.281 | 0.618 | 0.015
PWY.6123.inosine.5.phosphate.biosynthesis.| 0.038 | 0.422 | 0.429 0.016
PWY.6165.chorismate.biosynthesis.ll.archaea. 0.038 | 0629 | 0.14 | 0.044
PWY.6892.thiazole.biosynthesis.|.E.coli. 0.038 | 0.044 | 0.824 | 0.044
FAO.PWY fatty.acid.beta.oxidation.| 0.04 | 0.163 | 0.033 | 0.556
BRANCHED.CHAIN.AA.SYN.PWY .superpathway.of.branched.amino.acid.bios

ynthesis 0.041 | 0.187 | 0.077 | 0.158
XP4.PWY .superpathway.of L.lysine.L.threonine.and.L.methionine.biosynthesis 0.041| 047 | 0.057 | 0.233
X.P461.PWY .hexitol.fermentation.to.lactate.formate.ethanol.and.acetate. 0.042 | 0.042 | 0.708 | 0.042
X.PWY.7237.myo.chiro.and.scillo.inositol.degradation. 0.042 | 0.366 | 0.551 0.018
PWY.7389.superpathway.of.anaerobic.energy.metabolism.invertebrates. 0.042 | 0.194 | 0.041 0.377
PWYO0.781.aspartate.superpathway 0.042 | 0.211 | 0.047 | 0.276
P122.PWY .heterolactic.fermentation 0.044 | 0.056 | 0.153 | 0.153
PWY66.375.leukotriene.biosynthesis 0.045 | 0.043 | 0.098 | 0.435
X.GLCMANNANAUT.PWY .superpathway.of.N.acetylglucosamine.N.acetylman

nosamine.and.N.acetylneuraminate.degradation. 0.047 | 0.064 | 0.064 | 0.317
THREOCAT.PWY .superpathway.of.L.threonine.metabolism 0.048 | 0.259 | 0.046 | 0.332
FERMENTATION.PWY.mixed.acid.fermentation 0.049 | 0.281 | 0.281 0.051
P241.PWY.coenzyme.B.biosynthesis 0.049 | 0.186 | 0.051 0.393
PWY.5103.L.isoleucine.biosynthesis. Il 0.049 | 0.262 | 0.102 | 0.128
PWY .5705.allantoin.degradation.to.glyoxylate.lll 0.049 | 0.509 | 0.191 0.054

PWY.6121.5.aminoimidazole.ribonucleotide.biosynthesis.| 0.049 | 0.17] 0.074] 0.233
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Supplementary Table 3.2

Colour of group mean and standard deviation corresponding to pathways: -, -, and
mid values

Group Mean of Relative Abundance for

MetaCyc Metabolic Category Statistically Significant Pathways (P Standard Deviation
value <.05)
High BMI Low BMI Athlete High BMI Low BMI Athlete

BRANCHED-CHAIN-AA-SYN-PWY: superpathway
of branched amino acid biosynthesis

COA-PWY: coenzyme A biosynthesis | 4.36E+03 8.56E+02
DENOVOPURINE2-PWY: superpathway of purine

6.37E+03 7.15E+02

nucleotides de novo biosynthesis Il Sl iBEE

:]I|SERMETANA-PWY: L-methionine biosynthesis 6.56E+03 115E403
LYSINE-AMINOAD-PWY: L-lysine biosynthesis IV 6.26E+01 2.44E+01

QANTIGEN-PWY: Q—antigen building blocks 2 39E+03 6.07E+02

biosynthesis (E. coli)

P241-PWY: coenzyme B biosynthesis 1.74E+02 6.26E+01

P4-PWY: sgpgrpathway of L-.Iysine, L-threonine 2 58E+03 5.79E+02
and L-methionine biosynthesis |

PANTOSYN-PWY: pantothenate and coenzyme A 4.47E+03 6.56E+02

biosynthesis |

POLYISOPRENSYN-PWY: polyisoprenoid
biosynthesis (E. coli) ZIGERES s
PWY0-1241: ADP-L-glycero-&beta;-D-manno-

heptose biosynthesis 1.80E+02 8.71E+01

PWY0-1319: CDP-diacylglycerol biosynthesis Il 4.10E+03 3.98E+02

PWY0-1586: peptidoglycan maturation (meso- 6.05E+03 9.47E+02
diaminopimelate containing) : ’
PWY-3001 : superpathway of L-isoleucine 5.85E403 4 51E402
biosynthesis |

PWY3DJ-35471: L-ascorbate biosynthesis IV 3.22E+01 2.88E+01

PWY-4242: pantothenate and coenzyme A

biosynthesis II 4.12E+03 6.65E+02

PWY-4981: L-proline biosynthesis Il (from 1 63E+03 8.09E+02

arginine)

PWY-5101: L-isoleucine biosynthesis || 4.51E+03 7.32E+02
PWY-5103: L-isoleucine biosynthesis |l 6.01E+03 7.06E+02
PWY-5104: L-isoleucine biosynthesis IV 6.81E+03 6.86E+02
PWY-5188: tetrapyrrole biosynthesis | (from

glutamate) 1.07E+03 3.70E+02
PWY-5189: tetrapyrrole biosynthesis Il (from 7 56E+02 2 7AE+02

glycine)

PWY-5667: CDP-diacylglycerol biosynthesis | 4.10E+03 3.98E+02
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Group Mean of Relative Abundance for

MetaCyc Metabolic Category Statistically Significant Pathways (P Standard Deviation
value <.05)

PWY-5757: fosfomycin biosynthesis 3.23E+00 1.32E+00
PWY-5845: superpathway of menaquinol-9 2 07E+02 1 85E+02
biosynthesis ’ '
PWY-5850: superpathway of menaquinol-6 1 67E+02 1 88E+02
biosynthesis | ' :
PWY-5860: superpathway of demethylmena- 1 15E+02 1 33E+02
quinol-6 biosynthesis | ’ '
PWY-5862: superpathway of demethylmena- 1 40E+02 1 31E+02
quinol-9 biosynthesis ’ '
PWY-5896: superpathway of menaquinol-10 1 T1E+02 1 89E+02
biosynthesis ’ '
PWY-5918: superpathay of heme biosynthesis 5.02E+02 2 02E+02
from glutamate ’ '
PWY-5971: palmitate biosynthesis Il (bacteria and 6.43E403 1 08E+03
plants) - !
PWY-6121: 5-aminoimidazole ribonucleotide 5.97E403 1 15E+03
biosynthesis | : :
PWY-6123: inosine-5'-phosphate biosynthesis | 5.83E+03 1.11E+03
PWY-6124: inosine-5'-phosphate biosynthesis Il 6.31E+03 1.37E+03
PWY-6125: superpathway of guanosine
nucleotides de novo biosynthesis Il RS AR
PWY-6163: chorismate biosynthesis from 3-
dehydroquinate 5.40E+03 5.82E+02
PWY-6165: chorismate biosynthesis Il (archaea) 2.56E+01 2.88E+01
PWY-6168: flavin biosynthesis Il (fungi) 4.72E+03 7.21E+02
PWY-6270: isoprene biosynthesis | 4.92E+03 8.11E+02
PWY-6322: phosphinothricin tripeptide
biosynthesis 3.97E+00 1.79E+00
PWY-6358: superpathway of D-myo-inositol ] .y
(1,4,5)-trisphosphate metabolism 6.03E-02 Lz
PWY-6435: 4-hydroxybenzoate biosynthesis V 1.77E+03 4 84E+02
PWY-6629: superpathway of L-tryptophan 4 44E+02 2 11E+02
biosynthesis ’ :
PWY66-375: leukotriene biosynthesis 6.84E-01 6.36E-01
PWY-6892: thiazole biosynthesis | (E. coli) 4.71E+03 8.15E+02
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MetaCyc Metabolic Category

PWY-7094: fatty acid salvage

PWY-7200: superpathway of pyrimidine
deoxyribonucleoside salvage

PWY-7221: guanosine ribonucleotides de novo
biosynthesis

PWY-7277: sphingolipid biosynthesis (mammals)

PWY-7282: 4-amino-2-methyl-5-
phosphomethylpyrimidine biosynthesis (yeast)

PWY-7315: dTDP-N-acetylthomosamine
biosynthesis

PWY-7316: dTDP-N-acetylviosamine biosynthesis

PWY-7392: taxadiene biosynthesis (engineered)

PWY-7560: methylerythritol phosphate pathway Il

PWY-7663: gondoate biosynthesis (anaerobic)

RIBOSYN2-PWY: flavin biosynthesis | (bacteria
and plants)

THISYNARA-PWY: superpathway of thiamin
diphosphate biosynthesis Il (eukaryotes)

THISYN-PWY: superpathway of thiamin
diphosphate biosynthesis |

TRPSYN-PWY: L-tryptophan biosynthesis

UDPNAGSYN-PWY: UDP-N-acetyl-D-
glucosamine biosynthesis |

UDPNAGSYN-PWY: UDP-N-acetyl-D-
glucosamine biosynthesis |

BRANCHED-CHAIN-AA-SYN-PWY: superpathway
of branched amino acid biosynthesis

HSERMETANA-PWY': L-methionine biosynthesis
Il

LYSINE-AMINOAD-PWY: L-lysine biosynthesis IV

P4-PWY: superpathway of L-lysine, L-threonine
and L-methionine biosynthesis |

Group Mean of Relative Abundance for

Statistically Significant Pathways (P

3.76E+02

7.11E+03

3.03E+03

9.30E+03

High BMI

High BMI

value <.05)

1.37E+03

2.01E-01

3.58E+02

7.12E+02

4.65E+03

4.82E+03

2.35E+02

1.62E+03

Low BMI

1.62E+03

Low BMI

6.37E+03

6.56E+03

6.26E+01

2.58E+03

3.72E+03

5.36E+03

4.58E+03

Athlete

Athlete

Standard Deviation

1.67E+03

2.94E+02

7.55E+02

6.97E+02

1.50E+02

5.50E+02

High BMI

5.50E+02

High BMI

7.15E+02

2.44E+01

3.75E+02

4.90E-01

6.11E+02

1.31E+02

1.06E+03

9.97E+02

8.68E+02

Low BMI

Low BMI

1.15E+03

4.28E+02

9.09E+02

Athlete

Athlete

5.72E+02
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Group Mean of Relative Abundance for
MetaCyc Metabolic Category Statistically Significant Pathways (P Standard Deviation
value <.05)

PWY-3001 : superpathway of L-isoleucine 5.85E403 4 51E+02
biosynthesis |

PWY-4981: L-proline biosynthesis Il (from 1 636403 8.09E+02

arginine)

PWY-5101: L-isoleucine biosynthesis || 4 51E+03 7.32E+02
PWY-5103: L-isoleucine biosynthesis |l 6.01E+03 7.06E+02
PWY-5104: L-isoleucine biosynthesis IV 6.81E+03 6.86E+02
PWY-66295 superpathway of L-tryptophan 4 44E+02 2 11E+02

biosynthesis

TRPSYN-PWY: L-tryptophan biosynthesis 2.35E+02 1.50E+02

High BMI Low BMI Athlete High BMI Low BMI Athlete

PWY-6163I: chorismate biosynthesis from 3- 5 40E+03 5 80E+02
dehydroquinate

PWY-6165: chorismate biosynthesis Il (archaea) 2.56E+01 2.88E+01
PWY-6435: 4-hydroxybenzoate biosynthesis V 1.77E+03 4 84E+02

High BMI Low BMI Athlete High BMI Low BMI Athlete

PWY0-124_11 : ADP-IT-egcero-&beta;-D-manno- 1 80E+02 8.71E+01

heptose biosynthesis

PWY-73155 dTDP-N-acetylthomosamine 3.58E402 1 31E+02
biosynthesis

PWY-7316: dTDP-N-acetylviosamine biosynthesis 7.12E+02 2.94E+02

High BMI Low BMI Athlete High BMI Low BMI Athlete

OANTIGEN-PWY: O-antigen building blocks

biosynthesis (E. coli) 2.39E+03 6.07E+02

PWY0-1586: peptidoglycan maturation (meso-

diaminopimelate containing) BEE LS SlE L

PWY-7315: dTDP-N-acetylthomosamine

biosynthesis 3.58E+02 1.31E+02

PWY-7316: dTDP-N-acetylviosamine biosynthesis 7.12E+02 2.94E+02

UDPNAGSYN-PWY: UDP-N-acetyl-D-

glucosamine biosynthesis | IEAEY DA

High BMI Low BMI Athlete High BMI Low BMI Athlete
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MetaCyc Metabolic Category

COA-PWY: coenzyme A biosynthesis | 4.36E+03

P241-PWY: coenzyme B biosynthesis

PANTOSYN-PWY: pantothenate and coenzyme A

biosynthesis | 4.47E+03

POLYISOPRENSYN-PWY: polyisoprenoid
biosynthesis (E. coli)

PWY3DJ-35471: L-ascorbate biosynthesis IV

PWY-4242: pantothenate and coenzyme A

biosynthesis Ill 4.12E+03

PWY-5188: tetrapyrrole biosynthesis | (from
glutamate)

PWY-5189: tetrapyrrole biosynthesis Il (from
glycine)

PWY-5845: superpathway of menaquinol-9
biosynthesis

PWY-5850: superpathway of menaquinol-6
biosynthesis |

PWY-5860: superpathway of demethylmena-
quinol-6 biosynthesis |

PWY-5862: superpathway of demethylmena-
quinol-9 biosynthesis

PWY-5896: superpathway of menaquinol-10
biosynthesis

PWY-5918: superpathay of heme biosynthesis
from glutamate

PWY-6168: flavin biosynthesis Il (fungi)

PWY-6892: thiazole biosynthesis | (E. coli)

PWY-7282: 4-amino-2-methyl-5-

phosphomethylpyrimidine biosynthesis (yeast) S0

RIBOSYN2-PWY: flavin biosynthesis | (bacteria
and plants)

THISYNARA-PWY: superpathway of thiamin
diphosphate biosynthesis Ill (eukaryotes)

THISYN-PWY: superpathway of thiamin
diphosphate biosynthesis |

High BMI

PWY0-1319: CDP-diacylglycerol biosynthesis II

value <.05)

1.74E+02

3.22E+01

1.07E+03

7.56E+02

2.07E+02

1.67E+02

1.15E+02

1.42E+02

1.71E+02

5.02E+02

4.72E+03

4.65E+03

4.82E+03

Low BMI

4.10E+03

Group Mean of Relative Abundance for
Statistically Significant Pathways (P

2.75E+03

4.71E+03

4.58E+03

Athlete

Standard Deviation

8.13E+02

1.85E+02

1.88E+02

1.33E+02

1.31E+02

1.89E+02

6.97E+02

High BMI

6.26E+01

6.56E+02

2.88E+01

2.74E+02

2.02E+02

8.15E+02

6.11E+02

9.97E+02

8.68E+02

Low BMI

3.98E+02

8.56E+02

6.65E+02

3.70E+02

7.21E+02

Athlete
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MetaCyc Metabolic Category

Group Mean of Relative Abundance for
Statistically Significant Pathways (P

Standard Deviation

value <.05)

PWY-5667: CDP-diacylglycerol biosynthesis | 4.10E+03
PWY-5971: palmitate biosynthesis Il (bacteria and 6.43E403
plants) ’
PWY-7094: fatty acid salvage 1.37E+03
PWY-7277: sphingolipid biosynthesis (mammals) 2.01E-01
PWY-7663: gondoate biosynthesis (anaerobic) 9.30E+03

High BMI Low BMI Athlete
PWY66-375: leukotriene biosynthesis 6.84E-01

High BMI Low BMI Athlete
DENOVOPURINE2-PWY: superpathway of purine 3.09E+03
nucleotides de novo biosynthesis Il ’
PWY-6121: 5-aminoimidazole ribonucleotide
biosynthesis | SIS
PWY-6123: inosine-5'-phosphate biosynthesis | 5.83E+03
PWY-6124: inosine-5'-phosphate biosynthesis || 6.31E+03
PWY-6125: superpathway of guanosine 4.19E+03
nucleotides de novo biosynthesis Il ’
PWY-7200: superpathway of pyrimidine
deoxyribonucleoside salvage SilEsln
PWY-7221 : guanosine ribonucleotides de novo 7 11E403
biosynthesis

High BMI Low BMI Athlete
PWY-5757: fosfomycin biosynthesis 3.23E+00
PWY-6270: isoprene biosynthesis | 4.92E+03
PWY-6322: phosphinothricin tripeptide
biosynthesis SEHLY
PWY-6358: superpathway of D-myo-inositol 6.08E-02
(1,4,5)-trisphosphate metabolism :
PWY-7392: taxadiene biosynthesis (engineered) 3.72E+03
PWY-7560: methylerythritol phosphate pathway Il 5.36E+03

3.98E+02
1.08E+03
3.75E+02
4.90E-01
1.05E+03
High BMI Low BMI Athlete
6.36E-01
High BMI Low BMI Athlete
5.55E+02
1.15E+03
1.11E+03
1.37E+03
9.29E+02
4.28E+02
1.67E+03
High BMI Low BMI Athlete
1.32E+00
8.11E+02
1.79E+00
1.29E-01
7.55E+02
9.09E+02
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Group Mean of Relative Abundance for
MetaCyc Metabolic Category Statistically Significant Pathways (P Standard Deviation
value <.05)

High BMI Low BMI Athlete High BMI Low BMI Athlete

ALLANTOINDEG-PWY: superpathway of allantoin
degradation in yeast

1.71E+02 1.63E+02

FAO-PWY: fatty acid &beta;-oxidation | 1.82E+03 5.23E+02

GALACTARDEG-PWY: D-galactarate degradation
I

GLCMANNANAUT-PWY:: superpathway of N-
acetylglucosamine, N-acetylmannosamine and N- 1.17E+03 4.63E+02
acetylneuraminate degradation

KETOGLUCONMET-PWY: ketogluconate
metabolism

3.06E+02 1.38E+02

2.79E+02 1.87E+02

LACTOSECAT-PWY: lactose and galactose

degradation | 9.39E+02 5.00E+02

LYSINE-DEG1-PWY: L-lysine degradation XI
(mammalian)

2.63E+00 1.96E+00
P23-PWY: reductive TCA cycle | 3.15E+02 2.11E+02

P461-PWY: hexitol fermentation to lactate,

formate, ethanol and acetate R B

PWY0-1261: anhydromuropeptides recycling 1.33E+03 6.12E+02

PWY-1501: mandelate degradation | 5.44E+00 2.25E+00

PWY-5136: fatty acid &beta;-oxidation II

(peroxisome) 1.86E+03 5.23E+02

PWY-5283: L-lysine degradation V 4.04E-01 5.66E-01

PWY-5705: allantoin degradation to glyoxylate Il 4.99E+01 5.12E+01

PWY-6307: L-tryptophan degradation X

(mammalian, via tryptamine) 1.86E+03 6.32E+02

PWY-6313: serotonin degradation 1.65E+03 5.67E+02

PWY-6491: D-galacturonate degradation Il 6.44E-01 1.06E+00

PWY-6572: chondroitin sulfate degradation |
(bacterial)

1.92E+02 7.09E+01
PWY66-389: phytol degradation 2.38E+03 9.29E+02

PWY66-422: D-galactose degradation V (Leloir

pathway) 5.69E+03 1.22E+03

PWY-6737: starch degradation V 6.50E+03 9.71E+02
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Group Mean of Relative Abundance for
MetaCyc Metabolic Category Statistically Significant Pathways (P Standard Deviation
value <.05)

PWY-6901: superpathway of glucose and xylose

degradation 3.22E+03 1.28E+03

PWY-6906: chitin derivatives degradation 3.57E+01 4 93E+01

PWY-7237: myo-, chiro- and scillo-inositol

X 3.52E+03 1.88E+03
degradation

PWY-7644: heparin degradation 1.46E+00 1.21E+01

THREOCAT-PWY: superpathway of L-threonine

) 2.54E+01 1.40E+01
metabolism

High BMI Low BMI Athlete High BMI Low BMI Athlete

PWY66-389: phytol degradation 2.38E+03 9.29E+02

High BMI Low BMI Athlete High BMI Low BMI Athlete

ALLANTOINDEG-PWY: superpathway of allantoin
degradation in yeast

GLCMANNANAUT-PWY: superpathway of N-
acetylglucosamine, N-acetylmannosamine and N- 1.17E+03 4.63E+02
acetylneuraminate degradation

1.71E+02 1.63E+02

PWY-5705: allantoin degradation to glyoxylate Il 4.99E+01 5.12E+01

High BMI Low BMI Athlete High BMI Low BMI Athlete

LYSINE-DEG1-PWY: L-lysine degradation XI
(mammalian)

2.63E+00 1.96E+00

PWY-5283: L-lysine degradation V 4.04E-01 5.66E-01

PWY-6307: L-tryptophan degradation X

(mammalian, via tryptamine) 1.86E+03 6.32E+02

THREOCAT-PWY: superpathway of L-threonine 2 5AE401 1 40E+01

metabolism

High BMI Low BMI Athlete High BMI Low BMI Athlete
PWY-1501: mandelate degradation | 5.44E+00 2.25E+00

High BMI Low BMI Athlete High BMI Low BMI Athlete
P23-PWY: reductive TCA cycle | 3.15E+02 2.11E+02

High BMI Low BMI Athlete High BMI Low BMI Athlete
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MetaCyc Metabolic Category

LACTOSECAT-PWY: lactose and galactose
degradation |

PWY-6572: chondroitin sulfate degradation |
(bacterial)

PWY66-422: D-galactose degradation V (Leloir
pathway)

PWY-6737: starch degradation V

PWY-6901: superpathway of glucose and xylose
degradation

PWY-6906: chitin derivatives degradation

PWY-7644: heparin degradation

GALACTARDEG-PWY: D-galactarate degradation
I

KETOGLUCONMET-PWY: ketogluconate
metabolism

PWY-6491: D-galacturonate degradation Il

FAO-PWY: fatty acid &beta;-oxidation |

PWY-5136: fatty acid &beta;-oxidation I
(peroxisome)

PWY-6313: serotonin degradation

PWY-6572: chondroitin sulfate degradation |
(bacterial)

PWY-6737: starch degradation V

PWY-6906: chitin derivatives degradation

PWY-7644: heparin degradation

Group Mean of Relative Abundance for

Statistically Significant Pathways (P

High BMI

High BMI

High BMI

High BMI

High BMI

Standard Deviation

value <.05)
9.39E+02
1.92E+02
5.69E+03 1.22E+03
6.50E+03 9.71E+02
3.22E+03 1.28E+03
3.57E+01 4,93E+01
1.46E+00
Low BMI Athlete High BMI Low BMI
3.06E+02 1.38E+02
2.79E+02 1.87E+02
6.44E-01 1.06E+00
Low BMI Athlete High BMI Low BMI
1.82E+03 5.23E+02
1.86E+03 5.23E+02
Low BMI Athlete High BMI Low BMI
1.65E+03 5.67E+02
Low BMI Athlete High BMI Low BMI
1.92E+02
6.50E+03 9.71E+02
3.57E+01 4.93E+01
1.46E+00
Low BMI Athlete High BMI Low BMI

5.00E+02

7.09E+01

1.21E+01

Athlete

Athlete

Athlete

Athlete

7.09E+01

1.21E+01

Athlete
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MetaCyc Metabolic Category

GALACTARDEG-PWY: D-galactarate degradation
I

KETOGLUCONMET-PWY: ketogluconate
metabolism

P461-PWY: hexitol fermentation to lactate,
formate, ethanol and acetate

PWY0-1261: anhydromuropeptides recycling

PWY-6491: D-galacturonate degradation Il

PWY-7237: myo-, chiro- and scillo-inositol
degradation

High BMI

FERMENTATION-PWY: mixed acid fermentation

NONOXIPENT-PWY: pentose phosphate pathway
(non-oxidative branch)

P122-PWY: heterolactic fermentation

P461-PWY: hexitol fermentation to lactate,
formate, ethanol and acetate

PENTOSE-P-PWY: pentose phosphate pathway

PWY-5676: acetyl-CoA fermentation to butanoate
I

PWY-5913: TCA cycle VI (obligate autotrophs)

PWY66-398: TCA cycle Il (animals)
PWY-6859: all-trans-farnesol biosynthesis

PWY-7389: superpathway of anaerobic energy
metabolism (invertebrates)

REDCITCYC: TCA cycle VIII (helicobacter)

High BMI

FERMENTATION-PWY: mixed acid fermentation
P122-PWY: heterolactic fermentation

P461-PWY: hexitol fermentation to lactate,
formate, ethanol and acetate

PWY-5676: acetyl-CoA fermentation to butanoate
I

PWY-7389: superpathway of anaerobic energy
metabolism (invertebrates)

Group Mean of Relative Abundance for
Statistically Significant Pathways (P

value <.05)
3.06E+02
2.79E+02
4 97E+02
1.33E+03
6.44E-01
3.52E+03
Low BMI Athlete
5.86E+02
6.31E+03
1.02E+03
4 97E+02
2.87E+03
1.40E+03
3.38E+02
4 53E+02
2.26E+03
4.72E+02
2.89E+02
Low BMI Athlete
5.86E+02
1.02E+03
4 97E+02
1.40E+03
4.72E+02
High BMI Low BMI Athlete

Standard Deviation

1.38E+02
1.87E+02
4 45E+02
6.12E+02
1.06E+00
1.88E+03
High BMI Low BMI Athlete
4 17TE+02
8.81E+02
4.17E+02
4.45E+02
1.40E+03
3.83E+02
2.89E+02
1.52E+02
6.16E+02
2.40E+02
1.74E+02
High BMI Low BMI Athlete
4.17E+02
4 17E+02
4.45E+02
3.83E+02
2.40E+02
High BMI Low BMI Athlete
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MetaCyc Metabolic Category

Group Mean of Relative Abundance for

Statistically Significant Pathways (P

NONOXIPENT-PWY: pentose phosphate pathway
(non-oxidative branch)

PENTOSE-P-PWY: pentose phosphate pathway

PWY-5913: TCA cycle VI (obligate autotrophs)

PWY66-398: TCA cycle IIl (animals)
REDCITCYC: TCA cycle VIII (helicobacter)

OANTIGEN-PWY: O-antigen building blocks
biosynthesis (E. coli)

ALLANTOINDEG-PWY: superpathway of allantoin
degradation in yeast

BRANCHED-CHAIN-AA-SYN-PWY: superpathway
of branched amino acid biosynthesis
DENOVOPURINE2-PWY: superpathway of purine
nucleotides de novo biosynthesis Il
GLCMANNANAUT-PWY: superpathway of N-

acetylglucosamine, N-acetylmannosamine and N-
acetylneuraminate degradation

HSERMETANA-PWY: L-methionine biosynthesis
]

KETOGLUCONMET-PWY: ketogluconate
metabolism

OANTIGEN-PWY: O-antigen building blocks
biosynthesis (E. coli)

P461-PWY: hexitol fermentation to lactate,
formate, ethanol and acetate

P4-PWY: superpathway of L-lysine, L-threonine
and L-methionine biosynthesis |

PANTOSYN-PWY: pantothenate and coenzyme A
biosynthesis |

PENTOSE-P-PWY: pentose phosphate pathway

POLYISOPRENSYN-PWY: polyisoprenoid
biosynthesis (E. coli)

PWY-3001: superpathway of L-isoleucine
biosynthesis |

PWY-4242: pantothenate and coenzyme A
biosynthesis Il

PWY-5676: acetyl-CoA fermentation to butanoate
Il

PWY-5705: allantoin degradation to glyoxylate Il

6.31E+03

2.87E+03

High BMI

3.38E+02

2.89E+02

High BMI

High BMI

1.71E+02

4 47TE+03

2.87E+03

4.12E+03

4.99E+01

value <.05)

Low BMI

4 53E+02

Low BMI

2.39E+03

Low BMI

6.37E+03

3.09E+03

6.56E+03

2.79E+02

2.39E+03

2.58E+03

5.85E+03

1.40E+03

Athlete High BMI

1.74E+02

Athlete  High BMI

6.07E+02

Athlete  High BMI

7.15E+02

5.55E+02

1.17E+03 4.63E+02

1.87E+02

6.07E+02

4.97E+02

2.75E+03 8.13E+02

5.12E+01

Standard Deviation

1.40E+03

8.81E+02

Low BMI

2.89E+02

Low BMI

Low BMI

1.63E+02

1.15E+03

4.45E+02

6.56E+02

1.40E+03

3.83E+02

Athlete

1.52E+02

Athlete

Athlete

5.72E+02

4.51E+02

6.65E+02
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MetaCyc Metabolic Category

PWY-5845: superpathway of menaquinol-9
biosynthesis

PWY-5850: superpathway of menaquinol-6
biosynthesis |

PWY-5860: superpathway of demethylmena-
quinol-6 biosynthesis |

PWY-5862: superpathway of demethylmena-
quinol-9 biosynthesis

PWY-5896: superpathway of menaquinol-10
biosynthesis

PWY-5918: superpathay of heme biosynthesis
from glutamate

PWY-6125: superpathway of guanosine
nucleotides de novo biosynthesis Il

PWY-6165: chorismate biosynthesis Il (archaea)
PWY-6270: isoprene biosynthesis |

PWY-6358: superpathway of D-myo-inositol
(1,4,5)-trisphosphate metabolism

PWY-6629: superpathway of L-tryptophan
biosynthesis

PWY-6901: superpathway of glucose and xylose
degradation

PWY-7200: superpathway of pyrimidine
deoxyribonucleoside salvage

PWY-7237: myo-, chiro- and scillo-inositol
degradation

PWY-7277: sphingolipid biosynthesis (mammals)

PWY-7389: superpathway of anaerobic energy
metabolism (invertebrates)

PWY-7392: taxadiene biosynthesis (engineered)

THISYNARA-PWY: superpathway of thiamin
diphosphate biosynthesis Il (eukaryotes)

THISYN-PWY: superpathway of thiamin
diphosphate biosynthesis |

THREOCAT-PWY: superpathway of L-threonine
metabolism

Group Mean of Relative Abundance for
Statistically Significant Pathways (P
value <.05)

2.07E+02

1.67E+02

1.15E+02

1.42E+02

1.71E+02

5.02E+02

4.19E+03

2.56E+01
4.92E+03

6.08E-02

4 44E+02

3.22E+03

3.76E+02

3.52E+03

2.01E-01

4.72E+02
3.72E+03

4.82E+03

4.58E+03

2.54E+01

Standard Deviation

1.85E+02
1.88E+02
1.33E+02
1.31E+02
1.89E+02
2.02E+02
9.29E+02
2.88E+01
8.11E+02
1.29E-01
2.11E+02
1.28E+03
4.28E+02
1.88E+03
4.90E-01
2.40E+02
7.55E+02
9.97E+02
8.68E+02
1.40E+01
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Supplementary Table 3.8
Athlete
SCFA Pathway p value P correct BH PPMC LCI ucl
PWY-6147:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
Isobutyric ceae_bacterium_1_1_57FAA 5.72E-03 6.53E-04 1.71E-02 1.36E-01 6.53E-01
PWY-5154:
Isovaleric NO_NAME|g_Flavonifractor.s_Flavonifractor_plautii 3.87E-04 8.50E-04 1.16E-03 2.67E-01 7.25E-01
Valeric PWY-7220: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 7.33E-03 1.48E-03 1.47E-02 1.22E-01 6.45E-01
Valeric PWY-7222: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 7.33E-03 1.48E-03 1.47E-02 1.22E-01 6.45E-01
PWY-3841:
Isobutyric NO_NAME|g_Coprococcus.s_Coprococcus_catus 7.01E-03 1.51E-03 2.28E-02 1.25E-01 6.47E-01
Valeric PWY-6386: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 6.13E-03 2.01E-03 1.23E-02 1.32E-01 6.51E-01
Valeric PWY-7221: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 6.43E-03 3.63E-03 1.29E-02 1.29E-01 6.50E-01
PWY-7400:
Isovaleric NO_NAME|g_Flavonifractor.s_Flavonifractor_plautii 9.67E-04 3.68E-03 2.90E-03 2.26E-01 7.03E-01
FERMENTATION-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isobutyric ocatenulatum 1.23E-04 4.50E-03 3.69E-04 3.14E-01 7.49E-01
PWY-3841:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isobutyric ocatenulatum 1.60E-04 4.50E-03 4 80E-04 3.04E-01 7.43E-01
Valeric PWY-5100: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 6.57E-03 4.70E-03 1.31E-02 1.28E-01 6.49E-01
Valeric PWY-6163: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.86E-03 5.38E-03 1.17E-02 1.34E-01 6.53E-01
PYRIDNUCSYN-PWY:
Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 6.35E-03 5.50E-03 1.27E-02 1.30E-01 6.50E-01
RHAMCAT-PWY:
Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 7.04E-03 5.50E-03 1.41E-02 1.24E-01 6.47E-01
PWY-6313:
Isobutyric NO_NAME|g_Coprococcus.s_Coprococcus_catus 4.38E-03 5.67E-03 1.31E-02 1.50E-01 6.62E-01
Valeric PWY-6385: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 4.93E-03 5.77E-03 9.87E-03 1.44E-01 6.58E-01
Valeric PWY-2942: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.35E-03 5.77E-03 1.07E-02 1.39E-01 6.55E-01
PEPTIDOGLYCANSYN-PWY:
Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.77E-03 5.77E-03 1.15E-02 1.35E-01 6.53E-01
PANTO-PWY:
Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.83E-03 5.77E-03 1.17E-02 1.35E-01 6.53E-01
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DTDPRHAMSYN-PWY:

Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 9.72E-03 5.77E-03 1.94E-02 1.06E-01 6.36E-01
GLUCONEO-PWY:

Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.10E-03 6.04E-03 1.02E-02 1.42E-01 6.57E-01
PWY66-400:

Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.32E-03 6.04E-03 1.06E-02 1.40E-01 6.56E-01

Valeric PWY-7229: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 7.62E-03 6.04E-03 1.52E-02 1.20E-01 6.44E-01

Valeric PWY-6126: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 8.04E-03 6.04E-03 1.61E-02 1.17E-01 6.42E-01
DAPLYSINESYN-PWY:

Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.24E-03 6.31E-03 1.05E-02 1.41E-01 6.56E-01

Valeric PWY-6122: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 4.67E-03 6.85E-03 9.35E-03 1.47E-01 6.60E-01

Valeric PWY-6277: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 4 67E-03 6.85E-03 9.35E-03 1.47E-01 6.60E-01

Valeric PWY-6121: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.20E-03 6.85E-03 1.04E-02 1.41E-01 6.56E-01
ANAGLYCOLYSIS-PWY:

Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.89E-03 7.12E-03 1.18E-02 1.34E-01 6.52E-01

Valeric PWY-1042: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.60E-03 7.38E-03 1.12E-02 1.37E-01 6.54E-01
PWY66-422:

Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.65E-03 7.38E-03 1.13E-02 1.37E-01 6.54E-01

Valeric PWY-5505: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.67E-03 7.38E-03 1.13E-02 1.36E-01 6.54E-01

Valeric PWY-7219: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.80E-03 7.38E-03 1.16E-02 1.35E-01 6.53E-01

Valeric PWY-5686: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 6.16E-03 7.38E-03 1.23E-02 1.32E-01 6.51E-01

Valeric PWY-7663: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 6.27E-03 7.38E-03 1.25E-02 1.31E-01 6.50E-01

Valeric PWY-7664: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 6.40E-03 7.65E-03 1.28E-02 1.30E-01 6.50E-01

Valeric PWY-6282: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 6.53E-03 7.65E-03 1.31E-02 1.28E-01 6.49E-01

Butyric PWY-7039: NO_NAME 7.73E-04 7.90E-03 4.64E-03 2.36E-01 7.09E-01
PWY-724:

Isobutyric NO_NAME|g_Flavonifractor.s_Flavonifractor_plautii 1.00E-02 8.46E-03 3.01E-02 1.04E-01 6.34E-01
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Valeric PWY-5659: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.05E-03 8.73E-03 1.01E-02 1.43E-01 6.57E-01
PWYG-321:

Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 6.02E-03 9.26E-03 1.20E-02 1.33E-01 6.52E-01

Valeric PWY-6387: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 6.38E-03 9.26E-03 1.28E-02 1.30E-01 6.50E-01
FASYN-ELONG-PWY:

Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 6.49E-03 9.26E-03 1.30E-02 1.29E-01 6.49E-01
PWY-6630:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud

Isobutyric ocatenulatum 6.47E-06 9.69E-03 1.94E-05 4.20E-01 7.98E-01
COMPLETE-ARO-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud

Isobutyric ocatenulatum 7.88E-06 9.69E-03 2.36E-05 4.14E-01 7.95E-01
ARO-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud

Isobutyric ocatenulatum 8.09E-06 9.69E-03 2.43E-05 4.13E-01 7.94E-01
PWY-6163:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud

Isobutyric ocatenulatum 8.44E-06 9.69E-03 2.53E-05 4.11E-01 7.94E-01
PWY-6630:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud

Isovaleric ocatenulatum 5.48E-07 9.69E-03 3.29E-06 4.94E-01 8.29E-01
COMPLETE-ARO-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud

Isovaleric ocatenulatum 6.97E-07 9.69E-03 4.18E-06 4.87E-01 8.27E-01
ARO-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud

Isovaleric ocatenulatum 7.21E-07 9.69E-03 4.32E-06 4.87E-01 8.26E-01
PWY-6163:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud

Isovaleric ocatenulatum 7.58E-07 9.69E-03 4.55E-06 4.85E-01 8.26E-01
SER-GLYSYN-PWY:

Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 6.09E-03 9.80E-03 1.22E-02 1.32E-01 6.51E-01
BIOTIN-BIOSYNTHESIS-PWY:

Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.05E-03 1.01E-02 1.01E-02 1.43E-01 6.57E-01
LACTOSECAT-PWY:
NO_NAME|g_Streptococcus.s_Streptococcus_parasang

Proprionic | uinis 2.96E-03 1.03E-02 1.78E-02 1.71E-01 6.73E-01
GLUTORN-PWY:

Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 4.50E-03 1.03E-02 9.01E-03 1.49E-01 6.61E-01
COA-PWY:
NO_NAME|g_Streptococcus.s_Streptococcus_parasang

Proprionic | uinis 7.96E-03 1.09E-02 4.78E-02 1.17E-01 6.42E-01

Valeric PWY-6519: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.53E-03 1.09E-02 1.11E-02 1.38E-01 6.54E-01

Valeric PWY-6936: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 7.69E-03 1.09E-02 1.54E-02 1.19E-01 6.44E-01
HOMOSER-METSYN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud

Isobutyric ocatenulatum 4 40E-03 1.10E-02 1.32E-02 1.50E-01 6.62E-01
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Isobutyric

Isobutyric

Isobutyric

Isobutyric

Valeric

Valeric

Valeric

Valeric

Valeric

Valeric

Valeric

Proprionic

Proprionic

Proprionic

Isobutyric

Isobutyric

Isobutyric

Isobutyric

Isobutyric

Isobutyric

HSERMETANA-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-7219:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-6897:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-6123:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-4984: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11

CITRULBIO-PWY:
NO_NAME|g_Alistipes.s_Alistipes_sp_AP11

ARGSYN-PWY:
NO_NAME|g_Alistipes.s_Alistipes_sp_AP11

PWY-7400: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11

PWY-5097: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11

PWY-7388: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11

PWY0-862: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11

PWY-7187:
NO_NAME|g_Streptococcus.s_Streptococcus_parasang
uinis

PWY0-166:
NO_NAME|g_Streptococcus.s_Streptococcus_parasang
uinis

PWY-7198:
NO_NAME|g_Streptococcus.s_Streptococcus_parasang
uinis

PWY0-1296:

NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_1_1_57FAA

PEPTIDOGLYCANSYN-PWY:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_1_1_57FAA

PWY0-1297:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_1_1_57FAA

PWY-6385:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_1_1_57FAA

PWY-6387:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_1_1_57FAA

PWY-3001:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_1_1_57FAA

4.83E-03

4.84E-03

6.44E-03

1.02E-02

5.02E-03

5.12E-03

5.32E-03

5.34E-03

6.01E-03

6.12E-03

6.28E-03

2.65E-03

2.68E-03

3.38E-03

2.11E-04

2.16E-04

2.85E-04

2.89E-04

6.58E-04

2.19E-03

1.10E-02

1.10E-02

1.10E-02

1.10E-02

1.11E-02

1.11E-02

1.17E-02

1.17E-02

1.17E-02

1.17E-02

1.17E-02

1.27E-02

1.27E-02

1.27E-02

1.32E-02

1.32E-02

1.32E-02

1.32E-02

1.32E-02

1.32E-02

1.45E-02

1.45E-02

1.93E-02

3.06E-02

1.00E-02

1.02E-02

1.06E-02

1.07E-02

1.20E-02

1.22E-02

1.26E-02

1.59E-02

1.61E-02

2.03E-02

6.32E-04

6.47E-04

8.54E-04

8.67E-04

1.97E-03

6.56E-03

1.45E-01

1.45E-01

1.29E-01

1.03E-01

1.43E-01

1.42E-01

1.40E-01

1.40E-01

1.33E-01

1.32E-01

1.31E-01

1.77E-01

1.76E-01

1.64E-01

2.93E-01

2.92E-01

2.80E-01

2.79E-01

2.43E-01

1.86E-01

6.59E-01

6.59E-01

6.49E-01

6.34E-01

6.58E-01

6.57E-01

6.56E-01

6.56E-01

6.52E-01

6.51E-01

6.50E-01

6.77E-01

6.76E-01

6.70E-01

7.38E-01

7.37E-01

7.32E-01

7.31E-01

7.13E-01

6.82E-01
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Isobutyric

Isobutyric

Valeric

Valeric

Isobutyric

Isobutyric

Isobutyric

Isobutyric

Isobutyric

Isobutyric

Isobutyric

Isobutyric

Isobutyric

Isobutyric

Isobutyric

Isobutyric

Isobutyric

Isobutyric

Isobutyric

Isobutyric

GLUCONEO-PWY:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_1_1_57FAA

PWY-6317:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_1_1_57FAA

PWY-5989: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11

P108-PWY:
NO_NAME|g_Alistipes.s_Alistipes_sp_AP11

PWY-5384:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-6151:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-5103:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

BRANCHED-CHAIN-AA-SYN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-5686:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

ILEUSYN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-3001:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-5100:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

SER-GLYSYN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

P124-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

P161-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

THRESYN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-5097:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

TCA:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWYO0-1061:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-621:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

3.82E-03

7.76E-03

6.51E-03

5.23E-03

5.94E-05

1.01E-04

1.59E-04

2.00E-04

3.43E-04

3.60E-04

5.54E-04

7.45E-04

9.04E-04

9.57E-04

9.64E-04

1.70E-03

2.46E-03

2.60E-03

3.09E-03

3.96E-03

1.32E-02

1.32E-02

1.33E-02

1.36E-02

1.46E-02

1.46E-02

1.46E-02

1.46E-02

1.46E-02

1.46E-02

1.46E-02

1.46E-02

1.46E-02

1.46E-02

1.46E-02

1.46E-02

1.46E-02

1.46E-02

1.46E-02

1.46E-02

1.15E-02

2.33E-02

1.30E-02

1.05E-02

1.78E-04

3.03E-04

4.77E-04

6.01E-04

1.03E-03

1.08E-03

1.66E-03

2.23E-03

2.71E-03

2.87E-03

2.89E-03

5.09E-03

7.39E-03

7.79E-03

9.26E-03

1.19E-02

1.58E-01

1.19E-01

1.29E-01

1.41E-01

3.43E-01

3.22E-01

3.04E-01

2.95E-01

2.72E-01

2.70E-01

2.51E-01

2.38E-01

2.29E-01

2.26E-01

2.26E-01

1.99E-01

1.80E-01

1.78E-01

1.69E-01

1.56E-01

6.66E-01

6.43E-01

6.49E-01

6.56E-01

7.62E-01

7.52E-01

7.44E-01

7.39E-01

7.28E-01

7.27E-01

7A7E-01

7.10E-01

7.05E-01

7.04E-01

7.04E-01

6.89E-01

6.79E-01

6.77E-01

6.72E-01

6.65E-01
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PWY-7237:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isobutyric ocatenulatum 4.09E-03 1.46E-02 1.23E-02 1.54E-01 6.64E-01
POLYISOPRENSYN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isobutyric ocatenulatum 8.86E-03 1.46E-02 2.66E-02 1.11E-01 6.39E-01
Valeric PWY-7237: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.98E-03 1.46E-02 1.20E-02 1.33E-01 6.52E-01
Valeric ARO-PWY: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.75E-03 1.47E-02 1.15E-02 1.36E-01 6.53E-01
COMPLETE-ARO-PWY:
Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.80E-03 1.47E-02 1.16E-02 1.35E-01 6.53E-01
PANTOSYN-PWY:
Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.83E-03 1.53E-02 1.17E-02 1.35E-01 6.53E-01
COA-PWY-1:
Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 4 48E-03 1.54E-02 8.95E-03 1.49E-01 6.61E-01
Valeric PWY-7111: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.72E-03 1.57E-02 1.14E-02 1.36E-01 6.53E-01
Valeric PWY-5667: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.75E-03 1.57E-02 1.15E-02 1.35E-01 6.53E-01
PWYO0-1319:
Valeric NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 5.75E-03 1.57E-02 1.15E-02 1.35E-01 6.53E-01
Valeric PWY-5973: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 6.01E-03 1.79E-02 1.20E-02 1.33E-01 6.52E-01
Valeric PWY-4242: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 4.07E-03 1.87E-02 8.15E-03 1.54E-01 6.64E-01
Valeric COA-PWY: NO_NAME|g_Alistipes.s_Alistipes_sp_AP11 4.59E-03 1.89E-02 9.19E-03 1.48E-01 6.60E-01
PWY-6385:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isobutyric ocatenulatum 4.51E-05 1.94E-02 1.35E-04 3.53E-01 7.67E-01
PEPTIDOGLYCANSYN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isobutyric ocatenulatum 4.67E-05 1.94E-02 1.40E-04 3.52E-01 7.66E-01
PYRIDNUCSAL-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isobutyric ocatenulatum 6.14E-05 1.94E-02 1.84E-04 3.41E-01 7.62E-01
PWY-6126:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isobutyric ocatenulatum 9.32E-05 1.94E-02 2.80E-04 3.25E-01 7.54E-01
PWY-7229:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isobutyric ocatenulatum 1.24E-04 1.94E-02 3.72E-04 3.14E-01 7.48E-01
PWY-6527:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isobutyric ocatenulatum 2.29E-04 1.94E-02 6.87E-04 2.89E-01 7.36E-01
HISTSYN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isobutyric ocatenulatum 2.79E-04 1.94E-02 8.36E-04 2.81E-01 7.32E-01
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Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Valeric

Butyric

Butyric

Isobutyric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

PWY-6385:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PEPTIDOGLYCANSYN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PYRIDNUCSAL-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-6126:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-7229:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-6527:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

HISTSYN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-6737:
NO_NAME|g_Anaerotruncus.s_Anaerotruncus_colihomi
nis

PWY-6122:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_3_1_46FAA

PWY-6277:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_3_1_46FAA

PWY66-422:
NO_NAME|g_Coprococcus.s_Coprococcus_catus

PWY-724:
NO_NAME|g_Flavonifractor.s_Flavonifractor_plautii

FERMENTATION-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-3841:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY0-1296:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_1_1_57FAA

PEPTIDOGLYCANSYN-PWY:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_1_1_57FAA

PWY0-1297:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_1_1_57FAA

PWY-6385:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_1_1_57FAA

PWY-6387:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_1_1_57FAA

PWY-3001:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_1_1_57FAA

6.07E-06

6.33E-06

8.87E-06

1.48E-05

2.11E-05

4.47E-05

5.68E-05

2.36E-02

3.02E-02

3.02E-02

4.98E-03

9.24E-03

2.44E-05

3.80E-05

4.29E-05

4.72E-05

6.32E-05

6.95E-05

1.86E-04

8.42E-04

1.94E-02

1.94E-02

1.94E-02

1.94E-02

1.94E-02

1.94E-02

1.94E-02

1.94E-02

2.15E-02

2.15E-02

2.25E-02

2.34E-02

2.41E-02

2.41E-02

2.58E-02

2.58E-02

2.58E-02

2.58E-02

2.58E-02

2.58E-02

3.64E-05

3.80E-05

5.32E-05

8.90E-05

1.26E-04

2.68E-04

3.41E-04

4.72E-02

4.53E-02

4.53E-02

2.99E-02

3.01E-02

1.46E-04

2.28E-04

2.58E-04

2.83E-04

3.79E-04

4.17E-04

1.11E-03

5.05E-03

4.22E-01

4.21E-01

4.10E-01

3.92E-01

3.80E-01

3.53E-01

3.44E-01

5.16E-02

3.54E-02

3.54E-02

1.43E-01

1.09E-01

3.75E-01

3.59E-01

3.55E-01

3.51E-01

3.40E-01

3.37E-01

2.98E-01

2.32E-01

7.99E-01

7.98E-01

7.93E-01

7.85E-01

7.80E-01

7.67E-01

7.63E-01

6.02E-01

5.91E-01

5.91E-01

6.58E-01

6.37E-01

7.77E-01

7.70E-01

7.68E-01

7.66E-01

7.61E-01

7.59E-01

7.40E-01

7.07E-01
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Athlete

SCFA

Pathway

p value

P correct BH

PPMC

LCI

ucl

Isovaleric

Isovaleric

Isobutyric

Isobutyric

Proprionic

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

Isovaleric

GLUCONEO-PWY:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_1_1_57FAA

PWY-6317:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_1_1_57FAA

OANTIGEN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_longu
m

PWY-5100:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
ceae_bacterium_1_1_57FAA

PWY-7211:
NO_NAME|g_Streptococcus.s_Streptococcus_parasang
uinis

HOMOSER-METSYN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-7219:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

HSERMETANA-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-6897:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-6123:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-5384:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-6151:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-5103:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

BRANCHED-CHAIN-AA-SYN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-5686:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

ILEUSYN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-3001:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

PWY-5100:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

SER-GLYSYN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

P124-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
ocatenulatum

1.65E-03

3.65E-03

1.00E-02

1.11E-02

4.51E-03

3.25E-03

3.49E-03

3.71E-03

4.87E-03

8.29E-03

9.76E-06

3.24E-05

6.04E-05

7.94E-05

1.35E-04

1.41E-04

2.7TE-04

4.07E-04

4.29E-04

5.12E-04

2.58E-02

2.58E-02

2.71E-02

2.81E-02

2.91E-02

2.99E-02

2.99E-02

2.99E-02

2.99E-02

2.99E-02

3.39E-02

3.39E-02

3.39E-02

3.39E-02

3.39E-02

3.39E-02

3.39E-02

3.39E-02

3.39E-02

3.39E-02

9.92E-03

2.19E-02

3.00E-02

3.32E-02

2.71E-02

1.32E-02

1.45E-02

1.45E-02

1.93E-02

3.06E-02

5.86E-05

1.94E-04

3.62E-04

4.76E-04

8.13E-04

8.45E-04

1.66E-03

2.23E-03

2.57E-03

2.87E-03

2.00E-01

1.60E-01

1.04E-01

9.83E-02

1.49E-01

1.66E-01

1.62E-01

1.59E-01

1.45E-01

1.15E-01

4.07E-01

3.65E-01

3.42E-01

3.32E-01

3.11E-01

3.09E-01

2.81E-01

2.65E-01

2.62E-01

2.55E-01

6.90E-01

6.67E-01

6.35E-01

6.31E-01

6.61E-01

6.71E-01

6.69E-01

6.67E-01

6.58E-01

6.41E-01

7.92E-01

7.73E-01

7.62E-01

7.57E-01

7.47E-01

7.46E-01

7.32E-01

7.24E-01

7.23E-01

7.19E-01
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Athlete
SCFA Pathway p value P correct BH PPMC LCI ucl
P161-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isovaleric ocatenulatum 5.54E-04 3.39E-02 2.89E-03 2.51E-01 7.17E-01

THRESYN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isovaleric ocatenulatum 1.02E-03 3.39E-02 5.09E-03 2.23E-01 7.02E-01

PWY-5097:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isovaleric ocatenulatum 1.53E-03 3.39E-02 7.39E-03 2.04E-01 6.92E-01

TCA:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isovaleric ocatenulatum 1.67E-03 3.39E-02 7.79E-03 2.00E-01 6.89E-01

PWY0-1061:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isovaleric ocatenulatum 1.84E-03 3.39E-02 9.26E-03 1.95E-01 6.87E-01

PWY-621:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isovaleric ocatenulatum 2.49E-03 3.39E-02 1.19E-02 1.80E-01 6.78E-01

PWY-7237:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud
Isovaleric ocatenulatum 2.76E-03 3.39E-02 1.23E-02 1.74E-01 6.75E-01

POLYISOPRENSYN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_pseud

Isovaleric ocatenulatum 6.17E-03 3.39E-02 2.66E-02 1.32E-01 6.51E-01
PWY-5188:

Isobutyric NO_NAME|g_Coprococcus.s_Coprococcus_catus 4.05E-03 3.46E-02 1.22E-02 1.54E-01 6.64E-01
PWY-6386:
NO_NAME|g_Streptococcus.s_Streptococcus_parasang

Proprionic | uinis 3.02E-03 3.46E-02 1.81E-02 1.70E-01 6.73E-01
ARGSYN-PWY:

Isovaleric NO_NAME|g_Coprococcus.s_Coprococcus_catus 1.63E-02 3.62E-02 4.62E-02 7.50E-02 6.17E-01

PEPTIDOGLYCANSYN-PWY:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
Butyric ceae_bacterium_3_1_46FAA 2.54E-02 3.72E-02 3.80E-02 4.69E-02 5.99E-01

PWY-6387:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
Butyric ceae_bacterium_3_1_46FAA 2.58E-02 3.72E-02 3.87E-02 4.57E-02 5.98E-01

PWY-6385:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
Butyric ceae_bacterium_3_1_46FAA 2.68E-02 3.72E-02 4.01E-02 4.34E-02 5.97E-01

PWY-6386:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
Butyric ceae_bacterium_3_1_46FAA 2.64E-02 3.89E-02 3.97E-02 4.42E-02 5.97E-01

PWY-5100:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
Isovaleric ceae_bacterium_1_1_57FAA 5.25E-03 3.92E-02 3.15E-02 1.41E-01 6.56E-01

PWY-3841:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira
Isovaleric ceae_bacterium_7_1_58FAA 6.92E-03 4.08E-02 2.08E-02 1.25E-01 6.47E-01

OANTIGEN-PWY:
NO_NAME|g_Bifidobacterium.s_Bifidobacterium_longu
m

Isovaleric 5.41E-03 4.15E-02 3.00E-02 1.39E-01 6.55E-01
PWY-3841:
NO_NAME|g_Lachnospiraceae_noname.s_Lachnospira

Isobutyric ceae_bacterium_7_1_58FAA 3.81E-03 4.16E-02 2.08E-02 1.58E-01 6.66E-01
PWY-7199:

Isobutyric NO_NAME|g_Flavonifractor.s_Flavonifractor_plautii 4.71E-03 4.89E-02 1.41E-02 1.46E-01 6.59E-01
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SCFA Pathway p value P correct BH PPMC LCI ucl
Butyric PWY0-881: NO_NAME 7.53E-05 4.52E-04 6.55E-01 4.80E-01 8.95E-01
PWY-3841:
Valeric NO_NAME|g_Blautia.s_Ruminococcus_gnavus 1.19E-04 7.15E-04 -6.80E-01 -8.89E-01 -4.56E-01
Isovaleric SALVADEHYPOX-PWY: NO_NAME|unclassified 1.46E-04 8.74E-04 6.44E-01 4 45E-01 8.86E-01
Butyric PWY0-881: NO_NAME|unclassified 1.51E-04 9.06E-04 4.22E-01 4.43E-01 8.85E-01
Isobutyric SALVADEHYPOX-PWY: NO_NAME|unclassified 3.94E-04 1.18E-03 6.36E-01 3.87E-01 8.70E-01
PWY-6124:
Valeric NO_NAME|g_Blautia.s_Ruminococcus_gnavus 24TE-04 1.48E-03 -6.84E-01 -8.78E-01 -4.15E-01
Isovaleric PWY-5088: NO_NAME 2.79E-04 1.67E-03 6.47E-01 4.08E-01 8.76E-01
POLYAMSYN-PWY:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 4.33E-04 2.60E-03 2.52E-01 3.81E-01 8.68E-01
PWY-7219:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 4 6TE-04 2.80E-03 6.07E-01 3.77E-01 8.67E-01
PWY-6305:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 5.40E-04 3.24E-03 2.59E-01 3.68E-01 8.64E-01
PWY-7229:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 5.53E-04 3.32E-03 6.30E-01 3.66E-01 8.64E-01
Isobutyric PWY-7209: NO_NAME|unclassified 1.15E-03 3.46E-03 6.13E-01 3.18E-01 8.49E-01
Valeric PWY-7209: NO_NAME|unclassified 8.09E-04 3.46E-03 6.70E-01 3.42E-01 8.56E-01
Isobutyric PWY66-398: NO_NAME|unclassified 1.24E-03 3.71E-03 5.27E-01 3.13E-01 8.48E-01
Isovaleric PWY66-398: NO_NAME|unclassified 8.57E-04 3.71E-03 5.32E-01 3.38E-01 8.55E-01
PWY-5973:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 6.59E-04 3.95E-03 5.22E-01 3.55E-01 8.60E-01
Isovaleric PWY-7209: NO_NAME|unclassified 2.05E-03 4.10E-03 6.16E-01 2.78E-01 8.36E-01
Isovaleric GLUDEG-II-PWY: NO_NAME 6.91E-04 4.15E-03 6.51E-01 3.52E-01 8.60E-01
Isobutyric URSIN-PWY: NO_NAME|unclassified 6.92E-04 4.15E-03 5.64E-01 3.52E-01 8.60E-01
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Isobutyric PWY-5464: NO_NAME|unclassified 1.47E-03 4.40E-03 6.03E-01 3.01E-01 8.44E-01
Isovaleric PWY-5464: NO_NAME|unclassified 1.22E-03 4 40E-03 5.84E-01 3.14E-01 8.48E-01
PWY-5690:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 7.65E-04 4.59E-03 6.10E-01 3.45E-01 8.58E-01
Isobutyric PWY-5088: NO_NAME 1.55E-03 4.65E-03 6.26E-01 2.98E-01 8.43E-01
Isobutyric PWY-6595: NO_NAME|unclassified 1.73E-03 5.19E-03 6.17E-01 2.90E-01 8.40E-01
Isovaleric PWY-6595: NO_NAME|unclassified 1.46E-03 5.19E-03 6.35E-01 3.02E-01 8.44E-01
P108-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 9.24E-04 5.54E-03 5.77E-01 3.33E-01 8.54E-01
PWY-7221:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 9.44E-04 5.67E-03 5.39E-01 3.31E-01 8.53E-01
TCA:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 9.62E-04 5.77E-03 6.10E-01 3.30E-01 8.53E-01
PWY-7237:
NO_NAME|g_Bacteroides.s_Bacteroides_xylanisol
Acetic vens 9.64E-04 5.79E-03 7.14E-01 3.30E-01 8.53E-01
PWY-7400:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 9.93E-04 5.96E-03 5.93E-01 3.28E-01 8.52E-01
ARGSYN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 9.95E-04 5.97E-03 5.93E-01 3.28E-01 8.52E-01
PWY-6122:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.00E-03 6.02E-03 5.25E-01 3.27E-01 8.52E-01
PWY-6277:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.00E-03 6.02E-03 5.25E-01 3.27E-01 8.52E-01
Isobutyric PWY-6606: NO_NAME|unclassified 2.02E-03 6.05E-03 5.69E-01 2.79E-01 8.37E-01
Isovaleric PWY-6606: NO_NAME|unclassified 1.43E-03 6.05E-03 5.83E-01 3.03E-01 8.45E-01
PWYG-321:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.02E-03 6.14E-03 5.22E-01 3.26E-01 8.52E-01
PWY-7388:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.03E-03 6.21E-03 5.20E-01 3.25E-01 8.51E-01
ARGSYNBSUB-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.03E-03 6.21E-03 5.93E-01 3.25E-01 8.51E-01
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SCFA Pathway p value P correct BH PPMC LCI ucl
Isobutyric ILEUDEG-PWY: NO_NAME 1.31E-03 6.42E-03 5.49E-01 3.09E-01 8.46E-01
Isovaleric ILEUDEG-PWY: NO_NAME 2.14E-03 6.42E-03 5.38E-01 2.75E-01 8.35E-01
PWY-7663:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.09E-03 6.51E-03 5.22E-01 3.22E-01 8.50E-01
PWY-7229:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 2.17E-03 6.52E-03 6.32E-01 2.74E-01 8.35E-01
PWY-6121:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.09E-03 6.54E-03 5.39E-01 3.22E-01 8.50E-01
PWY-7219:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 2.21E-03 6.64E-03 6.00E-01 2.72E-01 8.35E-01
FASYN-INITIAL-PWY:
Valeric NO_NAME|g_Eubacterium.s_Eubacterium_hallii 1.11E-03 6.68E-03 -5.82E-01 -8.50E-01 -3.20E-01
PWY66-399:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.17E-03 7.00E-03 5.93E-01 3.17E-01 8.49E-01
PWY-7664:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.21E-03 7.29E-03 5.22E-01 3.14E-01 8.48E-01
FUCCAT-PWY:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 1.22E-03 7.34E-03 4.91E-01 3.14E-01 8.48E-01
GLUTORN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.25E-03 7.48E-03 6.04E-01 3.13E-01 8.48E-01
Isobutyric P261-PWY: NO_NAME 1.82E-03 7.51E-03 6.25E-01 2.86E-01 8.39E-01
Isovaleric P261-PWY: NO_NAME 2.50E-03 7.51E-03 5.73E-01 2.63E-01 8.32E-01
PWY0-862:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.26E-03 7.55E-03 5.22E-01 3.12E-01 8.47E-01
Acetic PWY-6993: NO_NAME 1.26E-03 7.56E-03 5.26E-01 3.12E-01 8.47E-01
Acetic PWY-6993: NO_NAME|unclassified 1.27E-03 7.59E-03 5.26E-01 3.12E-01 8.47E-01
PWY-7208:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.27E-03 7.61E-03 5.21E-01 3.12E-01 8.47E-01
PWY-3781:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.27E-03 7.62E-03 5.09E-01 3.11E-01 8.47E-01
FASYN-INITIAL-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.28E-03 7.66E-03 5.22E-01 3.11E-01 8.47E-01
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PWY-6282:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.29E-03 7.75E-03 5.22E-01 3.10E-01 8.47E-01
PWY-7383:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.33E-03 7.98E-03 5.93E-01 3.08E-01 8.46E-01
PWY-7237:
NO_NAME|g_Bacteroides.s_Bacteroides_xylanisol
Butyric vens 2.69E-03 8.08E-03 6.14E-01 2.58E-01 8.30E-01
Isobutyric PWY-5464: NO_NAME 3.01E-03 8.30E-03 5.95E-01 2.50E-01 8.27E-01
Isovaleric PWY-5464: NO_NAME 2.55E-03 8.30E-03 5.58E-01 2.62E-01 8.31E-01
Valeric PWY-5464: NO_NAME 4.15E-03 8.30E-03 6.14E-01 2.25E-01 8.19E-01
FASYN-ELONG-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.38E-03 8.30E-03 5.15E-01 3.06E-01 8.45E-01
Isovaleric PWY-181: NO_NAME 1.39E-03 8.33E-03 5.01E-01 3.05E-01 8.45E-01
Acetic PWY-6823: NO_NAME 2.78E-03 8.34E-03 6.01E-01 2.55E-01 8.29E-01
Butyric PWY-6823: NO_NAME 2.68E-03 8.34E-03 5.97E-01 2.58E-01 8.30E-01
PWY-5505:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.40E-03 8.40E-03 5.27E-01 3.05E-01 8.45E-01
Isobutyric ILEUDEG-PWY: NO_NAME|unclassified 1.74E-03 8.42E-03 5.00E-01 2.89E-01 8.40E-01
Isovaleric ILEUDEG-PWY: NO_NAME|unclassified 2.81E-03 8.42E-03 4.91E-01 2.55E-01 8.29E-01
PWY-4984:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.41E-03 8.46E-03 5.23E-01 3.04E-01 8.45E-01
PWY-4242:
NO_NAME|g_Streptococcus.s_Streptococcus_saliv
Butyric arius 1.43E-03 8.56E-03 3.69E-01 3.03E-01 8.45E-01
Butyric PWY-7251: NO_NAME 1.43E-03 8.56E-03 3.69E-01 3.03E-01 8.45E-01
Butyric PWY-7251: NO_NAME|unclassified 1.43E-03 8.56E-03 3.69E-01 3.03E-01 8.45E-01
Butyric PWY66-388: NO_NAME 1.43E-03 8.56E-03 3.69E-01 3.03E-01 8.45E-01
Butyric PWY66-388: NO_NAME|unclassified 1.43E-03 8.56E-03 3.69E-01 3.03E-01 8.45E-01
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Butyric PWY-6109: NO_NAME 1.43E-03 8.56E-03 3.69E-01 3.03E-01 8.45E-01
Butyric PWY-6109: NO_NAME|unclassified 1.43E-03 8.56E-03 3.69E-01 3.03E-01 8.45E-01
Valeric PWY-5109: NO_NAME 1.43E-03 8.57E-03 5.95E-01 3.03E-01 8.45E-01
PWY-6121:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 2.91E-03 8.74E-03 5.33E-01 2.52E-01 8.28E-01
NONOXIPENT-PWY:
NO_NAME|g_Streptococcus.s_Streptococcus_saliv
Butyric arius 1.48E-03 8.89E-03 4 67E-01 3.01E-01 8.44E-01
PWY-5667:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 1.48E-03 8.89E-03 5.01E-01 3.01E-01 8.44E-01
PWYO0-1319:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 1.48E-03 8.89E-03 5.01E-01 3.01E-01 8.44E-01
Valeric ILEUDEG-PWY: NO_NAME|unclassified 4.49E-03 8.99E-03 6.31E-01 2.19E-01 8.17E-01
Isobutyric PWY-6309: NO_NAME|unclassified 3.05E-03 9.16E-03 5.25E-01 2.48E-01 8.27E-01
Isovaleric PWY-6309: NO_NAME|unclassified 2.17E-03 9.16E-03 4.96E-01 2.74E-01 8.35E-01
Valeric ILEUDEG-PWY: NO_NAME 4.62E-03 9.24E-03 6.31E-01 2.17E-01 8.16E-01
PWY-5973:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 3.14E-03 9.41E-03 5.08E-01 2.46E-01 8.26E-01
PWY-7219:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 1.60E-03 9.60E-03 2.99E-01 2.95E-01 8.42E-01
HOMOSER-METSYN-PWY:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 1.62E-03 9.74E-03 1.87E-01 2.94E-01 8.42E-01
TCA:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 3.25E-03 9.75E-03 6.03E-01 2.44E-01 8.25E-01
PWY-5189:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 1.64E-03 9.87E-03 2.99E-01 2.93E-01 8.41E-01
Butyric PWY-2723: NO_NAME|unclassified 1.66E-03 9.99E-03 5.54E-01 2.93E-01 8.41E-01
PWY-5690:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 3.35E-03 1.01E-02 6.03E-01 2.41E-01 8.24E-01
ILEUSYN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.71E-03 1.03E-02 5.09E-01 2.91E-01 8.41E-01
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VALSYN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.71E-03 1.03E-02 5.09E-01 2.91E-01 8.41E-01
ANAGLYCOLYSIS-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.71E-03 1.03E-02 5.93E-01 2.90E-01 8.41E-01
Proprionic | PWY-6344: NO_NAME 1.72E-03 1.03E-02 6.02E-01 2.90E-01 8.40E-01
Valeric FOLSYN-PWY: NO_NAME|unclassified 1.72E-03 1.03E-02 6.69E-01 2.90E-01 8.40E-01
PWY-7111:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.76E-03 1.06E-02 5.12E-01 2.88E-01 8.40E-01
Isovaleric PWY-7003: NO_NAME|unclassified 1.77E-03 1.06E-02 5.19E-01 2.88E-01 8.40E-01
BRANCHED-CHAIN-AA-SYN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.77E-03 1.06E-02 5.04E-01 2.88E-01 8.40E-01
PWY-7221:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 3.61E-03 1.08E-02 5.32E-01 2.36E-01 8.22E-01
PWY-6122:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 3.61E-03 1.08E-02 5.23E-01 2.36E-01 8.22E-01
PWY-6277:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 3.61E-03 1.08E-02 5.23E-01 2.36E-01 8.22E-01
PWY-7388:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 3.61E-03 1.08E-02 5.05E-01 2.36E-01 8.22E-01
PWY-5973:
Butyric NO_NAME|g_Veillonella.s_Veillonella_parvula 1.82E-03 1.09E-02 5.36E-01 2.86E-01 8.39E-01
PWY-3841:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.83E-03 1.10E-02 5.86E-01 2.86E-01 8.39E-01
Acetic PWY-5677: NO_NAME 2.57E-03 1.11E-02 4.81E-01 2.61E-01 8.31E-01
Valeric PWY-5677: NO_NAME 3.70E-03 1.11E-02 5.92E-01 2.34E-01 8.22E-01
GLUTORN-PWY:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 1.86E-03 1.12E-02 3.48E-01 2.85E-01 8.39E-01
GLUTORN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 3.73E-03 1.12E-02 5.99E-01 2.33E-01 8.22E-01
PWY-7663:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 3.77E-03 1.13E-02 5.08E-01 2.32E-01 8.21E-01
Isobutyric PWY-7242: NO_NAME|unclassified 3.77E-03 1.13E-02 4.62E-01 2.32E-01 8.21E-01
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Isovaleric PWY-7242: NO_NAME|unclassified 2.24E-03 1.13E-02 4.22E-01 2.71E-01 8.34E-01
MET-SAM-PWY:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 1.89E-03 1.14E-02 2.4T7E-01 2.83E-01 8.38E-01
Acetic PWY-7414: NO_NAME|unclassified 1.92E-03 1.15E-02 6.18E-01 2.83E-01 8.38E-01
PWY66-400:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.93E-03 1.16E-02 5.77E-01 2.82E-01 8.38E-01
Isobutyric PWY-5081: NO_NAME|unclassified 5.04E-03 1.17E-02 4 52E-01 2.10E-01 8.13E-01
Isovaleric PWY-5081: NO_NAME|unclassified 2.85E-03 1.17E-02 4.39E-01 2.53E-01 8.28E-01
Valeric PWY-5081: NO_NAME|unclassified 5.83E-03 1.17E-02 5.53E-01 1.98E-01 8.09E-01
PWY-7383:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 3.90E-03 1.17E-02 5.83E-01 2.30E-01 8.20E-01
Isovaleric PWY-5179: NO_NAME|unclassified 1.96E-03 1.17E-02 3.59E-01 2.81E-01 8.37E-01
Acetic PWY0-881: NO_NAME|unclassified 3.93E-03 1.18E-02 5.44E-01 2.29E-01 8.20E-01
GLUCONEO-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.96E-03 1.18E-02 5.86E-01 2.81E-01 8.37E-01
PWY-1042:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.97E-03 1.18E-02 5.77E-01 2.81E-01 8.37E-01
PWYG-321:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 3.95E-03 1.19E-02 5.08E-01 2.29E-01 8.20E-01
ARGSYNBSUB-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 3.95E-03 1.19E-02 5.83E-01 2.29E-01 8.20E-01
Isobutyric PWY-6470: NO_NAME|unclassified 3.99E-03 1.20E-02 4.73E-01 2.28E-01 8.20E-01
Valeric PWY-6470: NO_NAME|unclassified 3.70E-03 1.20E-02 7.66E-01 2.34E-01 8.22E-01
PWY-5103:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 2.00E-03 1.20E-02 5.04E-01 2.80E-01 8.37E-01
Butyric PWY-6823: NO_NAME|unclassified 2.00E-03 1.20E-02 5.35E-01 2.80E-01 8.37E-01
Isovaleric PWY-5994: NO_NAME|unclassified 2.00E-03 1.20E-02 5.08E-01 2.79E-01 8.37E-01
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PWY-5188:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 2.00E-03 1.20E-02 1.58E-01 2.79E-01 8.37E-01
PWY-6163:
Valeric NO_NAME|g_Eubacterium.s_Eubacterium_hallii 2.02E-03 1.21E-02 -4.79E-01 -8.37E-01 -2.79E-01
PWY66-399:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 4.08E-03 1.22E-02 5.83E-01 2.26E-01 8.19E-01
FASYN-INITIAL-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 4.08E-03 1.22E-02 5.13E-01 2.26E-01 8.19E-01
PWY-7400:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 4.10E-03 1.23E-02 5.83E-01 2.26E-01 8.19E-01
ARGSYN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 4.11E-03 1.23E-02 5.83E-01 2.26E-01 8.19E-01
Acetic PWY-7414: NO_NAME 2.06E-03 1.24E-02 5.91E-01 2.77E-01 8.36E-01
PWY-5304:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 2.08E-03 1.25E-02 5.01E-01 2.77E-01 8.36E-01
Isovaleric PWY-6470: NO_NAME|unclassified 6.26E-03 1.25E-02 4.40E-01 1.92E-01 8.07E-01
PWY-7221:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 2.09E-03 1.25E-02 3.09E-01 2.76E-01 8.36E-01
Isobutyric PWY-5179: NO_NAME|unclassified 4.22E-03 1.27E-02 3.55E-01 2.24E-01 8.18E-01
Isobutyric PWY-5994: NO_NAME|unclassified 4.23E-03 1.27E-02 5.26E-01 2.23E-01 8.18E-01
FASYN-ELONG-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 4.27E-03 1.28E-02 5.02E-01 2.23E-01 8.18E-01
PANTOSYN-PWY:
Valeric NO_NAME|g_Eubacterium.s_Eubacterium_halli 2.14E-03 1.28E-02 -5.42E-01 -8.35E-01 -2.75E-01
PWY-3841:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 4.38E-03 1.31E-02 5.74E-01 2.21E-01 8.17E-01
P108-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 4.42E-03 1.33E-02 5.68E-01 2.20E-01 8.17E-01
PWY-6892:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 2.22E-03 1.33E-02 7.97E-02 2.72E-01 8.35E-01
Isobutyric PWY-4981: NO_NAME|unclassified 4.45E-03 1.33E-02 5.45E-01 2.20E-01 8.17E-01
Isovaleric PWY-4981: NO_NAME|unclassified 2.76E-03 1.33E-02 5.49E-01 2.56E-01 8.29E-01
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PWY-7208:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 4.45E-03 1.34E-02 5.20E-01 2.19E-01 8.17E-01
LACTOSECAT-PWY:
Valeric NO_NAME|g_Eubacterium.s_Eubacterium_hallii 2.25E-03 1.35E-02 -4.20E-01 -8.34E-01 -2.71E-01
PWYO0-1061:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 2.26E-03 1.36E-02 5.86E-01 2.71E-01 8.34E-01
PWYO0-1061:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 4.53E-03 1.36E-02 5.74E-01 2.18E-01 8.16E-01
Isovaleric PWY-6644: NO_NAME|unclassified 2.27E-03 1.36E-02 4.75E-01 2.70E-01 8.34E-01
PWY-5505:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 4.63E-03 1.39E-02 5.18E-01 2.16E-01 8.16E-01
PWY-7388:
Butyric NO_NAME|g_Veillonella.s_Veillonella_parvula 2.32E-03 1.39E-02 5.38E-01 2.69E-01 8.33E-01
Isobutyric GLUDEG-II-PWY: NO_NAME 4.66E-03 1.40E-02 6.31E-01 2.16E-01 8.16E-01
Isobutyric PWY-7003: NO_NAME|unclassified 4.74E-03 1.42E-02 5.19E-01 2.15E-01 8.15E-01
Isobutyric PWY-6644: NO_NAME|unclassified 4.75E-03 1.42E-02 4.63E-01 2.15E-01 8.15E-01
PWY-6891:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 2.40E-03 1.44E-02 7.30E-02 2.66E-01 8.33E-01
Isovaleric URSIN-PWY: NO_NAME|unclassified 4.80E-03 1.44E-02 5.42E-01 2.14E-01 8.15E-01
Valeric ARGORNPROST-PWY: NO_NAME|unclassified 2.40E-03 1.44E-02 6.36E-01 2.66E-01 8.33E-01
PWY-7664:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 4.81E-03 1.44E-02 5.08E-01 2.13E-01 8.15E-01
Valeric PWY-6608: NO_NAME|unclassified 2.42E-03 1.45E-02 7.06E-01 2.66E-01 8.32E-01
METSYN-PWY:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 2.43E-03 1.46E-02 2.4T7E-01 2.65E-01 8.32E-01
PWY-5973:
NO_NAME|g_Haemophilus.s_Haemophilus_parainf
Butyric luenzae 2.43E-03 1.46E-02 2.90E-01 2.65E-01 8.32E-01
PWY-5104:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 2.43E-03 1.46E-02 4.99E-01 2.65E-01 8.32E-01
Isobutyric PWY-7654: NO_NAME|unclassified 3.49E-03 1.46E-02 5.53E-01 2.38E-01 8.23E-01
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Isovaleric PWY-7654: NO_NAME|unclassified 4.87E-03 1.46E-02 5.32E-01 2.12E-01 8.14E-01
Valeric PWY-6612: NO_NAME|unclassified 2.44E-03 1.47E-02 6.45E-01 2.65E-01 8.32E-01
GLUDEG-I-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 4.95E-03 1.48E-02 5.80E-01 2.11E-01 8.14E-01
GLUDEG-I-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 2.65E-03 1.48E-02 5.87E-01 2.59E-01 8.30E-01
PWY-5667:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 2.48E-03 1.49E-02 1.44E-01 2.64E-01 8.32E-01
PWYO0-1319:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 2.48E-03 1.49E-02 1.44E-01 2.64E-01 8.32E-01
Isovaleric PWY-6644: NO_NAME 2.48E-03 1.49E-02 5.16E-01 2.64E-01 8.32E-01
Isobutyric PWY-5081: NO_NAME 6.12E-03 1.49E-02 4.91E-01 1.94E-01 8.08E-01
Isovaleric PWY-5081: NO_NAME 3.65E-03 1.49E-02 4.74E-01 2.35E-01 8.22E-01
Valeric PWY-5081: NO_NAME 7.47E-03 1.49E-02 5.27E-01 1.78E-01 8.02E-01
Valeric PWY-5464: NO_NAME|unclassified 7.48E-03 1.50E-02 6.22E-01 1.78E-01 8.02E-01
Isobutyric P163-PWY: NO_NAME|unclassified 5.03E-03 1.51E-02 5.19E-01 2.10E-01 8.13E-01
Isovaleric P163-PWY: NO_NAME|unclassified 4.35E-03 1.51E-02 5.13E-01 2.21E-01 8.17E-01
PWY0-862:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 5.06E-03 1.52E-02 5.08E-01 2.09E-01 8.13E-01
ILEUSYN-PWY:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 2.54E-03 1.52E-02 4.93E-01 2.62E-01 8.31E-01
VALSYN-PWY:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 2.54E-03 1.52E-02 4.93E-01 2.62E-01 8.31E-01
PWY-6282:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 5.09E-03 1.53E-02 5.08E-01 2.09E-01 8.13E-01
PWY-4984:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 5.10E-03 1.53E-02 5.13E-01 2.09E-01 8.13E-01
PWY-6123:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 2.58E-03 1.55E-02 5.38E-01 2.61E-01 8.31E-01
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PWY0-1586:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isovaleric phila 2.58E-03 1.55E-02 5.18E-01 2.61E-01 8.31E-01
PWY-7013:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 2.60E-03 1.56E-02 1.45E-02 2.60E-01 8.31E-01
PWY-3781:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isobutyric phila 5.20E-03 1.56E-02 5.01E-01 2.07E-01 8.12E-01
PWY-7228:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isobutyric phila 5.21E-03 1.56E-02 5.23E-01 2.07E-01 8.12E-01
PWY-7228:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isovaleric phila 2.70E-03 1.56E-02 5.20E-01 2.58E-01 8.30E-01
PWY-6387:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 2.61E-03 1.56E-02 1.82E-01 2.60E-01 8.31E-01
PWY-7237:
NO_NAME|g_Bacteroides.s_Bacteroides_xylanisol

Proprionic | vens 7.85E-03 1.57E-02 5.98E-01 1.74E-01 8.00E-01
PEPTIDOGLYCANSYN-PWY:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 2.64E-03 1.59E-02 2.36E-01 2.59E-01 8.30E-01

Valeric SALVADEHYPOX-PWY: NO_NAME|unclassified 8.02E-03 1.60E-02 6.23E-01 1.72E-01 8.00E-01

Valeric PWY-7654: NO_NAME|unclassified 8.03E-03 1.61E-02 5.56E-01 1.72E-01 8.00E-01

Isobutyric P164-PWY: NO_NAME|unclassified 5.40E-03 1.62E-02 6.58E-01 2.04E-01 8.11E-01

Isovaleric P164-PWY: NO_NAME|unclassified 4.68E-03 1.62E-02 6.83E-01 2.16E-01 8.15E-01
ANAGLYCOLYSIS-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isobutyric phila 5.41E-03 1.62E-02 5.83E-01 2.04E-01 8.11E-01
PWY-7111:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isobutyric phila 5.42E-03 1.63E-02 5.04E-01 2.04E-01 8.11E-01
PWY-5347:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 2.71E-03 1.63E-02 2.47E-01 2.57E-01 8.30E-01
PWY-6168:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 2.72E-03 1.63E-02 2.50E-01 2.57E-01 8.30E-01
ILEUSYN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isobutyric phila 5.45E-03 1.63E-02 4.92E-01 2.04E-01 8.11E-01
VALSYN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isobutyric phila 5.45E-03 1.63E-02 4.92E-01 2.04E-01 8.11E-01

Isobutyric PWY-7654: NO_NAME 3.79E-03 1.64E-02 5.55E-01 2.32E-01 8.21E-01
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Isovaleric PWY-7654: NO_NAME 5.46E-03 1.64E-02 5.30E-01 2.03E-01 8.11E-01
PWY-4702:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 2.73E-03 1.64E-02 5.08E-01 2.57E-01 8.29E-01
Valeric FAO-PWY: NO_NAME|unclassified 2.74E-03 1.64E-02 6.75E-01 2.57E-01 8.29E-01
Valeric PWY-7654: NO_NAME 8.25E-03 1.65E-02 5.68E-01 1.70E-01 7.99E-01
Valeric PWY-5306: NO_NAME|unclassified 2.76E-03 1.65E-02 3.67E-01 2.56E-01 8.29E-01
PWY-7663:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 2.80E-03 1.68E-02 2.44E-01 2.55E-01 8.29E-01
FUCCAT-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 5.62E-03 1.68E-02 5.67E-01 2.01E-01 8.10E-01
FUCCAT-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 3.37E-03 1.68E-02 5.77E-01 2.41E-01 8.24E-01
COA-PWY:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 2.82E-03 1.69E-02 1.61E-01 2.54E-01 8.29E-01
GLUCONEO-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 5.63E-03 1.69E-02 5.73E-01 2.01E-01 8.10E-01
PWY-6123:
Valeric NO_NAME|g_Blautia.s_Ruminococcus_gnavus 2.82E-03 1.69E-02 -5.89E-01 -8.29E-01 -2.54E-01
PWY-7229:
Valeric NO_NAME|g_Blautia.s_Ruminococcus_gnavus 2.83E-03 1.70E-02 -6.07E-01 -8.29E-01 -2.54E-01
Isobutyric ARGORNPROST-PWY: NO_NAME|unclassified 5.67E-03 1.70E-02 4.79E-01 2.00E-01 8.10E-01
Isovaleric METH-ACETATE-PWY: NO_NAME|unclassified 2.84E-03 1.71E-02 5.36E-01 2.54E-01 8.29E-01
Isovaleric PWY-1622: NO_NAME 2.85E-03 1.71E-02 5.16E-01 2.53E-01 8.28E-01
PWY-5104:
Butyric NO_NAME|g_Veillonella.s_Veillonella_atypica 2.87E-03 1.72E-02 4.60E-01 2.53E-01 8.28E-01
Isovaleric PWY-5088: NO_NAME|unclassified 2.88E-03 1.73E-02 6.16E-01 2.53E-01 8.28E-01
Isobutyric PWY-6309: NO_NAME 5.79E-03 1.74E-02 4.87E-01 1.99E-01 8.09E-01
Isovaleric PWY-6309: NO_NAME 4.62E-03 1.74E-02 4.57E-01 2.17E-01 8.16E-01

343



344

Chapter 3 additional material

Low BMI Control
SCFA Pathway p value P correct BH PPMC LCI ucl
Butyric PWY-7024: NO_NAME|unclassified 2.90E-03 1.74E-02 2.31E-01 2.52E-01 8.28E-01
BRANCHED-CHAIN-AA-SYN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 5.80E-03 1.74E-02 4.88E-01 1.98E-01 8.09E-01
PWY-6126:
Valeric NO_NAME|g_Blautia.s_Ruminococcus_gnavus 2.91E-03 1.74E-02 -6.07E-01 -8.28E-01 -2.52E-01
Valeric PROPFERM-PWY: NO_NAME|unclassified 2.98E-03 1.79E-02 5.61E-01 2.50E-01 8.27E-01
Isobutyric PWY-6644: NO_NAME 5.96E-03 1.79E-02 5.03E-01 1.96E-01 8.09E-01
PWYG-321:
Butyric NO_NAME|g_Veillonella.s_Veillonella_parvula 3.01E-03 1.80E-02 5.42E-01 2.50E-01 8.27E-01
Valeric PWY-7420: NO_NAME|unclassified 3.01E-03 1.81E-02 5.45E-01 2.49E-01 8.27E-01
PWY-7208:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 3.01E-03 1.81E-02 2.53E-01 2.49E-01 8.27E-01
Isobutyric PWY-5173: NO_NAME|unclassified 7.67E-03 1.82E-02 4.61E-01 1.76E-01 8.01E-01
Isovaleric PWY-5173: NO_NAME|unclassified 7.76E-03 1.82E-02 4.27E-01 1.75E-01 8.01E-01
Valeric PWY-5173: NO_NAME|unclassified 9.08E-03 1.82E-02 5.18E-01 1.62E-01 7.96E-01
Acetic PWY-5109: NO_NAME 6.06E-03 1.82E-02 4.62E-01 1.95E-01 8.08E-01
PWY-5101:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 3.05E-03 1.83E-02 3.69E-01 2.49E-01 8.27E-01
Isobutyric PWY-181: NO_NAME 6.12E-03 1.84E-02 4.91E-01 1.94E-01 8.08E-01
3-HYDROXYPHENYLACETATE-DEGRADATION-
Isobutyric PWY: NO_NAME|unclassified 5.37E-03 1.85E-02 4.78E-01 2.05E-01 8.12E-01
3-HYDROXYPHENYLACETATE-DEGRADATION-
Isovaleric PWY: NO_NAME|unclassified 6.16E-03 1.85E-02 4.95E-01 1.94E-01 8.08E-01
ARGININE-SYN4-PWY:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 3.08E-03 1.85E-02 1.52E-01 2.48E-01 8.26E-01
FASYN-ELONG-PWY:
Butyric NO_NAME|g_Veillonella.s_Veillonella_parvula 3.10E-03 1.86E-02 5.42E-01 2.47E-01 8.26E-01
Isobutyric PWY66-399: NO_NAME 6.21E-03 1.86E-02 5.43E-01 1.93E-01 8.07E-01
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Isovaleric PWY66-399: NO_NAME 4.39E-03 1.86E-02 5.08E-01 2.21E-01 8.17E-01
PWY-6282:
Butyric NO_NAME|g_Veillonella.s_Veillonella_parvula 3.13E-03 1.88E-02 5.42E-01 2.4T7E-01 8.26E-01
PWY66-400:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 6.28E-03 1.88E-02 5.68E-01 1.92E-01 8.07E-01
SALVADEHYPOX-PWY:
Valeric NO_NAME|g_Blautia.s_Ruminococcus_gnavus 3.14E-03 1.89E-02 -4.82E-01 -8.26E-01 -2.46E-01
PWY-6124:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 3.15E-03 1.89E-02 5.42E-01 2.46E-01 8.26E-01
Valeric PWY-7420: NO_NAME 3.16E-03 1.90E-02 5.45E-01 2.46E-01 8.26E-01
PWY-6313:
Butyric NO_NAME|g_Veillonella.s_Veillonella_parvula 3.18E-03 1.91E-02 4.70E-01 2.45E-01 8.26E-01
PWY-7237:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 3.20E-03 1.92E-02 4.24E-01 2.45E-01 8.25E-01
PWY0-1586:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 6.42E-03 1.93E-02 5.11E-01 1.90E-01 8.06E-01
PWY-5103:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 6.44E-03 1.93E-02 4.88E-01 1.90E-01 8.06E-01
PWY-4702:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 6.44E-03 1.93E-02 5.02E-01 1.90E-01 8.06E-01
PWY-6892:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 3.23E-03 1.94E-02 1.29E-01 2.44E-01 8.25E-01
Isobutyric PWY-5306: NO_NAME|unclassified 6.49E-03 1.95E-02 4.07E-01 1.89E-01 8.06E-01
Butyric PWY-5744: NO_NAME|unclassified 3.25E-03 1.95E-02 2.31E-01 2.44E-01 8.25E-01
Isobutyric PWY-7383: NO_NAME 6.49E-03 1.95E-02 5.44E-01 1.89E-01 8.06E-01
Isovaleric PWY-7383: NO_NAME 5.05E-03 1.95E-02 5.12E-01 2.10E-01 8.13E-01
PYRIDNUCSYN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 6.52E-03 1.96E-02 5.64E-01 1.89E-01 8.06E-01
PYRIDNUCSYN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 3.43E-03 1.96E-02 5.76E-01 2.40E-01 8.24E-01
PWY-7664:
Butyric NO_NAME|g_Veillonella.s_Veillonella_parvula 3.28E-03 1.97E-02 5.42E-01 2.43E-01 8.25E-01
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PWY-6163:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 3.29E-03 1.97E-02 1.44E-01 2.43E-01 8.25E-01
Butyric PWY-6993: NO_NAME 6.58E-03 1.97E-02 5.21E-01 1.88E-01 8.06E-01
Acetic PWYG-321: NO_NAME|unclassified 3.29E-03 1.97E-02 4.71E-01 2.43E-01 8.25E-01
PWY-7664:
NO_NAME|g_Haemophilus.s_Haemophilus_parainf
Butyric luenzae 3.29E-03 1.97E-02 2.90E-01 2.43E-01 8.25E-01
Butyric PWY-6993: NO_NAME|unclassified 6.62E-03 1.98E-02 5.21E-01 1.88E-01 8.05E-01
PWY-5104:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 6.66E-03 2.00E-02 4 85E-01 1.87E-01 8.05E-01
PWY-5304:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 3.33E-03 2.00E-02 1.29E-01 2.42E-01 8.24E-01
PWY-6936:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 3.34E-03 2.01E-02 5.09E-01 2.42E-01 8.24E-01
PWY-3001:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 3.39E-03 2.03E-02 2.44E-01 2.40E-01 8.24E-01
PWY-2942:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 3.40E-03 2.04E-02 2.94E-01 2.40E-01 8.24E-01
Acetic PWY-7664: NO_NAME|unclassified 3.40E-03 2.04E-02 4 49E-01 2.40E-01 8.24E-01
COA-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 3.47E-03 2.08E-02 5.71E-01 2.39E-01 8.23E-01
PANTOSYN-PWY:
Valeric NO_NAME|g_Dorea.s_Dorea_longicatena 3.47E-03 2.08E-02 -4.78E-01 -8.23E-01 -2.39E-01
PWY-6282:
NO_NAME|g_Haemophilus.s_Haemophilus_parainf
Butyric luenzae 3.48E-03 2.09E-02 2.90E-01 2.39E-01 8.23E-01
Isobutyric PWY-7383: NO_NAME|unclassified 6.97E-03 2.09E-02 5.10E-01 1.84E-01 8.04E-01
Isovaleric PWY-7383: NO_NAME|unclassified 4.88E-03 2.09E-02 4.74E-01 2.12E-01 8.14E-01
PWY-5686:
Valeric NO_NAME|g_Blautia.s_Ruminococcus_gnavus 3.50E-03 2.10E-02 -6.07E-01 -8.23E-01 -2.38E-01
Isobutyric PWY-5676: NO_NAME|unclassified 7.01E-03 2.10E-02 5.81E-01 1.83E-01 8.04E-01
Isovaleric PWY-5676: NO_NAME|unclassified 6.26E-03 2.10E-02 5.70E-01 1.92E-01 8.07E-01
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PWY0-862:

Butyric NO_NAME|g_Veillonella.s_Veillonella_parvula 3.53E-03 2.12E-02 5.35E-01 2.37E-01 8.23E-01
ARGININE-SYN4-PWY:
NO_NAME|g_Adlercreutzia.s_Adlercreutzia_equolif

Valeric aciens 3.54E-03 2.12E-02 -4.92E-01 -8.23E-01 -2.37E-01

Acetic PWY0-862: NO_NAME|unclassified 3.55E-03 2.13E-02 4.36E-01 2.37E-01 8.23E-01
PWY-6385:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isovaleric phila 3.55E-03 2.13E-02 5.57E-01 2.37E-01 8.23E-01
PWY-6936:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isobutyric phila 7.10E-03 2.13E-02 4.99E-01 1.82E-01 8.03E-01
FASYN-INITIAL-PWY:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 3.56E-03 2.14E-02 2.95E-01 2.37E-01 8.23E-01
PWY-1042:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isobutyric phila 7.14E-03 2.14E-02 5.68E-01 1.82E-01 8.03E-01
PEPTIDOGLYCANSYN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isovaleric phila 3.57E-03 2.14E-02 5.44E-01 2.36E-01 8.23E-01
PWY-6126:

Acetic NO_NAME|g_Dialister.s_Dialister_invisus 3.58E-03 2.15E-02 3.25E-01 2.36E-01 8.23E-01

Acetic PWY-6282: NO_NAME|unclassified 3.60E-03 2.16E-02 4.22E-01 2.36E-01 8.22E-01
PWY-6387:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isobutyric phila 7.21E-03 2.16E-02 5.48E-01 1.81E-01 8.03E-01
PWY-6387:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isovaleric phila 3.62E-03 2.16E-02 5.61E-01 2.36E-01 8.22E-01
VALSYN-PWY:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 3.61E-03 2.16E-02 3.06E-01 2.36E-01 8.22E-01
PWY-6385:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isobutyric phila 7.22E-03 2.17E-02 5.44E-01 1.81E-01 8.03E-01

Acetic PWY-5973: NO_NAME|unclassified 3.61E-03 2.17E-02 4.36E-01 2.36E-01 8.22E-01
HISTSYN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isobutyric phila 7.24E-03 2.17E-02 5.64E-01 1.80E-01 8.03E-01
HISTSYN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isovaleric phila 4.06E-03 2.17E-02 5.74E-01 2.27E-01 8.19E-01
ARO-PWY:

Valeric NO_NAME|g_Eubacterium.s_Eubacterium_hallii 3.63E-03 2.18E-02 -4.19E-01 -8.22E-01 -2.35E-01

Butyric PWY-7024: NO_NAME 3.64E-03 2.19E-02 2.31E-01 2.35E-01 8.22E-01
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PWY0-1586:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 3.65E-03 2.19E-02 1.44E-01 2.35E-01 8.22E-01
BRANCHED-CHAIN-AA-SYN-PWY:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 3.67E-03 2.20E-02 2.98E-01 2.35E-01 8.22E-01

Isobutyric PWY-7094: NO_NAME|unclassified 7.35E-03 2.21E-02 4.29E-01 1.79E-01 8.02E-01

Valeric PWY-7094: NO_NAME|unclassified 3.91E-03 2.21E-02 6.81E-01 2.30E-01 8.20E-01
PWY-841:

Acetic NO_NAME|g_Dialister.s_Dialister_invisus 3.68E-03 2.21E-02 3.25E-01 2.34E-01 8.22E-01
1CMET2-PWY:

Isobutyric NO_NAME|g_Dorea.s_Dorea_longicatena 7.40E-03 2.22E-02 -5.64E-01 -8.02E-01 -1.79E-01
1CMET2-PWY:

Valeric NO_NAME|g_Dorea.s_Dorea_longicatena 4.65E-03 2.22E-02 -4.33E-01 -8.16E-01 -2.16E-01
PWY-6151:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 3.71E-03 2.22E-02 1.44E-01 2.34E-01 8.22E-01
COMPLETE-ARO-PWY:

Valeric NO_NAME|g_Eubacterium.s_Eubacterium_hallii 3.73E-03 2.24E-02 -4.19E-01 -8.22E-01 -2.33E-01
HEMESYN2-PWY:
NO_NAME|g_Streptococcus.s_Streptococcus_saliv

Valeric arius 3.74E-03 2.24E-02 5.07E-01 2.33E-01 8.21E-01
PWY-5097:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 3.74E-03 2.24E-02 3.24E-01 2.33E-01 8.21E-01

Acetic PWY-5989: NO_NAME|unclassified 7.50E-03 2.25E-02 4.14E-01 1.78E-01 8.02E-01

Valeric PWY-5989: NO_NAME|unclassified 7.03E-03 2.25E-02 6.30E-01 1.83E-01 8.04E-01
PWY-5989:
NO_NAME|g_Haemophilus.s_Haemophilus_parainf

Butyric luenzae 3.76E-03 2.26E-02 2.90E-01 2.33E-01 8.21E-01
PWY-6703:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isobutyric phila 7.53E-03 2.26E-02 5.16E-01 1.77E-01 8.02E-01
PWY-6703:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isovaleric phila 4.38E-03 2.26E-02 5.23E-01 2.21E-01 8.17E-01

Valeric PWY-6121: NO_NAME|unclassified 3.77E-03 2.26E-02 6.57E-01 2.32E-01 8.21E-01
PEPTIDOGLYCANSYN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isobutyric phila 7.54E-03 2.26E-02 5.33E-01 1.77E-01 8.02E-01
PWY-6609:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno

Acetic spiraceae_bacterium_3_1_46FAA 4.85E-03 2.31E-02 3.47E-01 2.13E-01 8.14E-01
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PWY-6609:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno

Butyric spiraceae_bacterium_3_1_46FAA 7.69E-03 2.31E-02 5.30E-01 1.76E-01 8.01E-01
DENOVOPURINE2-PWY:

Acetic NO_NAME|g_Dialister.s_Dialister_invisus 3.84E-03 2.31E-02 3.25E-01 2.31E-01 8.21E-01
PWY-6385:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 3.85E-03 2.31E-02 2.07E-01 2.31E-01 8.21E-01
PWY-7388:

Valeric NO_NAME|g_Eubacterium.s_Eubacterium_hallii 3.88E-03 2.33E-02 -4.10E-01 -8.20E-01 -2.30E-01
PWY-6125:

Acetic NO_NAME|g_Dialister.s_Dialister_invisus 3.91E-03 2.34E-02 3.25E-01 2.30E-01 8.20E-01
PWY-6386:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 3.91E-03 2.34E-02 1.71E-01 2.30E-01 8.20E-01
BIOTIN-BIOSYNTHESIS-PWY:
NO_NAME|g_Haemophilus.s_Haemophilus_parainf

Butyric luenzae 3.92E-03 2.35E-02 3.31E-01 2.29E-01 8.20E-01
PWY-6737:

Valeric NO_NAME|g_Blautia.s_Ruminococcus_gnavus 3.92E-03 2.35E-02 -6.07E-01 -8.20E-01 -2.29E-01
PWY-5103:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 3.93E-03 2.36E-02 2.95E-01 2.29E-01 8.20E-01
PWY0-166:

Acetic NO_NAME|g_Dialister.s_Dialister_invisus 3.94E-03 2.36E-02 3.25E-01 2.29E-01 8.20E-01
PWY-6609:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 3.94E-03 2.36E-02 1.29E-01 2.29E-01 8.20E-01

Proprionic | PWY-7391: NO_NAME 3.95E-03 2.37E-02 4.48E-01 2.29E-01 8.20E-01
PWY-6519:
NO_NAME|g_Haemophilus.s_Haemophilus_parainf

Butyric luenzae 3.96E-03 2.38E-02 3.31E-01 2.29E-01 8.20E-01

Isobutyric PWY-5088: NO_NAME|unclassified 7.94E-03 2.38E-02 5.95E-01 1.73E-01 8.00E-01

Valeric PWY-6435: NO_NAME|unclassified 3.98E-03 2.39E-02 6.09E-01 2.28E-01 8.20E-01
PWY-7456:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 3.99E-03 2.39E-02 1.29E-01 2.28E-01 8.20E-01
PWY0-1296:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno

Butyric spiraceae_bacterium_5_1_63FAA 4.01E-03 2.41E-02 5.04E-01 2.28E-01 8.20E-01
PWY-7210:

Acetic NO_NAME|g_Dialister.s_Dialister_invisus 4.03E-03 2.42E-02 3.25E-01 2.27E-01 8.20E-01
PWY-7184:

Acetic NO_NAME|g_Dialister.s_Dialister_invisus 4.03E-03 2.42E-02 3.25E-01 2.27E-01 8.20E-01
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FUCCAT-PWY:

Valeric NO_NAME|g_Blautia.s_Ruminococcus_gnavus 4.03E-03 2.42E-02 -5.42E-01 -8.19E-01 -2.27TE-01
PWY-7198:

Acetic NO_NAME|g_Dialister.s_Dialister_invisus 4.03E-03 2.42E-02 3.25E-01 2.27E-01 8.19E-01
PWY-7220:

Acetic NO_NAME|g_Dialister.s_Dialister_invisus 4.07E-03 2.44E-02 3.25E-01 2.27E-01 8.19E-01
PWY-7222:

Acetic NO_NAME|g_Dialister.s_Dialister_invisus 4.07E-03 2.44E-02 3.25E-01 2.27E-01 8.19E-01
PWY-6545:

Acetic NO_NAME|g_Dialister.s_Dialister_invisus 4.08E-03 2.45E-02 3.25E-01 2.26E-01 8.19E-01

Valeric PWY-6606: NO_NAME|unclassified 1.22E-02 2.45E-02 6.66E-01 1.36E-01 7.86E-01
PWY-5022:

Acetic NO_NAME|g_Dorea.s_Dorea_longicatena 6.41E-03 2.45E-02 4.05E-01 1.90E-01 8.06E-01
PWY-5022:

Butyric NO_NAME|g_Dorea.s_Dorea_longicatena 8.17E-03 2.45E-02 2.44E-01 1.70E-01 7.99E-01

Butyric PWY-5744: NO_NAME 4.10E-03 2.46E-02 2.31E-01 2.26E-01 8.19E-01

Isobutyric PWY-5677: NO_NAME 1.23E-02 247E-02 3.87E-01 1.35E-01 7.86E-01
NONOXIPENT-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 4.11E-03 247E-02 1.44E-01 2.26E-01 8.19E-01
COA-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isobutyric phila 8.27E-03 2.48E-02 5.60E-01 1.69E-01 7.99E-01

Isobutyric PWY-5177: NO_NAME|unclassified 8.30E-03 2.49E-02 4.84E-01 1.69E-01 7.99E-01

Valeric PWY-5177: NO_NAME|unclassified 7.31E-03 2.49E-02 6.06E-01 1.80E-01 8.03E-01
PWY-5695:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 4.15E-03 2.49E-02 1.29E-01 2.25E-01 8.19E-01
GOLPDLCAT-PWY:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 4.17E-03 2.50E-02 3.44E-02 2.25E-01 8.19E-01

Isobutyric PWY-6435: NO_NAME|unclassified 8.35E-03 2.50E-02 4.60E-01 1.69E-01 7.98E-01

Isobutyric PWY-5265: NO_NAME|unclassified 1.05E-02 2.51E-02 5.11E-01 1.50E-01 7.91E-01

Isovaleric PWY-5265: NO_NAME|unclassified 1.25E-02 2.51E-02 4.68E-01 1.34E-01 7.85E-01
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Valeric PWY-5265: NO_NAME|unclassified 9.45E-03 2.51E-02 6.40E-01 1.58E-01 7.94E-01
PWY-6737:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isovaleric phila 4.20E-03 2.52E-02 4.88E-01 2.24E-01 8.18E-01

Isovaleric ARGORNPROST-PWY: NO_NAME|unclassified 1.28E-02 2.55E-02 4.34E-01 1.32E-01 7.84E-01

Isovaleric PWY-7094: NO_NAME|unclassified 1.29E-02 2.57E-02 4.03E-01 1.31E-01 7.84E-01
PWY-6121:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 4.32E-03 2.59E-02 1.29E-01 2.22E-01 8.18E-01
PWY-7197:

Isobutyric NO_NAME|g_Bilophila.s_Bilophila_wadsworthia 4.61E-03 2.59E-02 5.29E-01 2.17E-01 8.16E-01
PWY-7197:

Isovaleric NO_NAME|g_Bilophila.s_Bilophila_wadsworthia 8.64E-03 2.59E-02 5.10E-01 1.66E-01 7.97E-01
FASYN-ELONG-PWY:
NO_NAME|g_Haemophilus.s_Haemophilus_parainf

Butyric luenzae 4.36E-03 2.62E-02 2.90E-01 2.21E-01 8.17E-01
POLYISOPRENSYN-PWY:
NO_NAME|g_Streptococcus.s_Streptococcus_saliv

Valeric arius 4.38E-03 2.63E-02 5.07E-01 2.21E-01 8.17E-01
BRANCHED-CHAIN-AA-SYN-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 4.40E-03 2.64E-02 1.44E-01 2.20E-01 8.17E-01
PWY-2942:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isobutyric phila 8.81E-03 2.64E-02 5.67E-01 1.64E-01 7.97E-01
PWY-2942:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isovaleric phila 5.13E-03 2.64E-02 5.77E-01 2.08E-01 8.13E-01
PWY-724:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 4.41E-03 2.65E-02 2.71E-01 2.20E-01 8.17E-01
NONMEVIPP-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 4.41E-03 2.65E-02 1.44E-01 2.20E-01 8.17E-01
PWY-7560:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 4 41E-03 2.65E-02 1.44E-01 2.20E-01 8.17E-01
PWY-6700:
NO_NAME|g_Streptococcus.s_Streptococcus_saliv

Butyric arius 4.41E-03 2.65E-02 4.68E-01 2.20E-01 8.17E-01
THRESYN-PWY:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 4.42E-03 2.65E-02 2.60E-01 2.20E-01 8.17E-01
PWY-6630:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 4 44E-03 2.66E-02 2.75E-01 2.20E-01 8.17E-01
PWY-6123:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 4.45E-03 2.67E-02 1.29E-01 2.20E-01 8.17E-01

351



352

Chapter 3 additional material

Low BMI Control
SCFA Pathway p value P correct BH PPMC LCI ucl
PWY-7388:
NO_NAME|g_Haemophilus.s_Haemophilus_parainf
Butyric luenzae 4 47E-03 2.68E-02 2.35E-01 2.19E-01 8.17E-01
PWY-5136:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 4.48E-03 2.69E-02 1.44E-01 2.19E-01 8.17E-01
Acetic PWY-5971: NO_NAME|unclassified 4.50E-03 2.70E-02 4.38E-01 2.19E-01 8.16E-01
PWY-621:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 4 51E-03 2.70E-02 1.44E-01 2.19E-01 8.16E-01
PWY-5103:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 4 51E-03 2.71E-02 1.29E-01 2.18E-01 8.16E-01
Isovaleric P185-PWY: NO_NAME|unclassified 4.52E-03 2.71E-02 4.16E-01 2.18E-01 8.16E-01
Isobutyric PWY-6609: NO_NAME|unclassified 1.36E-02 2.72E-02 4.53E-01 1.27E-01 7.82E-01
Isovaleric PWY-6609: NO_NAME|unclassified 1.11E-02 2.72E-02 4.30E-01 1.44E-01 7.89E-01
Valeric PWY-6609: NO_NAME|unclassified 7.66E-03 2.72E-02 7.08E-01 1.76E-01 8.01E-01
PWY-7315:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 4 54E-03 2.72E-02 5.47E-02 2.18E-01 8.16E-01
PWY-7316:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 4.54E-03 2.72E-02 5.47E-02 2.18E-01 8.16E-01
Isovaleric FUCCAT-PWY: NO_NAME|unclassified 4 54E-03 2.73E-02 4 43E-01 2.18E-01 8.16E-01
PWY-5384:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno
Butyric spiraceae_bacterium_5_1_63FAA 4.57E-03 2.74E-02 2.80E-01 2.18E-01 8.16E-01
Isobutyric PWY-1622: NO_NAME 9.18E-03 2.75E-02 4.95E-01 1.61E-01 7.95E-01
UDPNAGSYN-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 4.59E-03 2.76E-02 1.44E-01 2.17E-01 8.16E-01
Isovaleric GLUDEG-II-PWY: NO_NAME|unclassified 4.61E-03 2.77TE-02 6.49E-01 2.17E-01 8.16E-01
PWY-5686:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 4.61E-03 2.77E-02 1.29E-01 2.17E-01 8.16E-01
NONOXIPENT-PWY:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 4.64E-03 2.79E-02 4.72E-01 2.16E-01 8.16E-01
P161-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 4.65E-03 2.79E-02 1.44E-01 2.16E-01 8.16E-01
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1CMET2-PWY:
Isovaleric NO_NAME|g_Dorea.s_Dorea_longicatena 1.40E-02 2.79E-02 -5.08E-01 -7.81E-01 -1.24E-01
PWY-5367:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 4.66E-03 2.80E-02 3.97E-02 2.16E-01 8.16E-01
PWY-7357:
Isobutyric NO_NAME|g_Dorea.s_Dorea_longicatena 5.08E-03 2.80E-02 -5.75E-01 -8.13E-01 -2.09E-01
PWY-7357:
Isovaleric NO_NAME|g_Dorea.s_Dorea_longicatena 9.34E-03 2.80E-02 -5.24E-01 -7.95E-01 -1.59E-01
PWY-7237:
Valeric NO_NAME|g_Dorea.s_Dorea_longicatena 4.71E-03 2.82E-02 -3.27E-01 -8.15E-01 -2.15E-01
Isobutyric PWY-6353: NO_NAME|unclassified 9.43E-03 2.83E-02 4.49E-01 1.58E-01 7.95E-01
Isovaleric PWY-6353: NO_NAME|unclassified 5.97E-03 2.83E-02 4.62E-01 1.96E-01 8.09E-01
THISYNARA-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 4.73E-03 2.84E-02 1.44E-01 2.15E-01 8.15E-01
PWY-6628:
Valeric NO_NAME|g_Eubacterium.s_Eubacterium_hallii 4.74E-03 2.85E-02 -3.85E-01 -8.15E-01 -2.15E-01
PWY-7219:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 4.74E-03 2.85E-02 1.44E-01 2.15E-01 8.15E-01
Isobutyric PWY-7197: NO_NAME|unclassified 9.23E-03 2.86E-02 4.87E-01 1.60E-01 7.95E-01
Isovaleric PWY-7197: NO_NAME|unclassified 9.52E-03 2.86E-02 4.84E-01 1.58E-01 7.94E-01
PWY-7388:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 4.78E-03 2.87E-02 3.16E-01 2.14E-01 8.15E-01
Isobutyric PWY66-391: NO_NAME|unclassified 1.44E-02 2.87E-02 4.44E-01 1.22E-01 7.80E-01
Isovaleric PWY66-391: NO_NAME|unclassified 9.79E-03 2.87E-02 4.09E-01 1.55E-01 7.93E-01
Valeric PWY66-391: NO_NAME|unclassified 1.25E-02 2.87E-02 6.73E-01 1.34E-01 7.85E-01
Isobutyric VALDEG-PWY: NO_NAME|unclassified 9.58E-03 2.88E-02 5.48E-01 1.57E-01 7.94E-01
Isovaleric VALDEG-PWY: NO_NAME|unclassified 5.50E-03 2.88E-02 5.65E-01 2.03E-01 8.11E-01
Isobutyric PWY66-399: NO_NAME|unclassified 9.60E-03 2.88E-02 5.43E-01 1.57E-01 7.94E-01
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Isovaleric PWY66-399: NO_NAME|unclassified 8.39E-03 2.88E-02 5.13E-01 1.68E-01 7.98E-01
Acetic PWY-6305: NO_NAME|unclassified 4.81E-03 2.88E-02 5.47E-01 2.13E-01 8.15E-01
PWY0-162:
NO_NAME|g_Adlercreutzia.s_Adlercreutzia_equolif
Valeric aciens 4.81E-03 2.88E-02 -4.00E-01 -8.15E-01 -2.13E-01
Valeric PWY-6628: NO_NAME|unclassified 4.84E-03 2.90E-02 6.81E-01 2.13E-01 8.15E-01
Isovaleric 7ALPHADEHYDROX-PWY: NO_NAME 4.84E-03 2.90E-02 4.77E-01 2.13E-01 8.14E-01
COMPLETE-ARO-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 4.84E-03 2.90E-02 1.44E-01 2.13E-01 8.14E-01
Isobutyric P185-PWY: NO_NAME|unclassified 9.68E-03 2.90E-02 4.03E-01 1.56E-01 7.94E-01
Isobutyric PWY30-355: NO_NAME 7.13E-03 2.91E-02 5.30E-01 1.82E-01 8.03E-01
Isovaleric PWY30-355: NO_NAME 9.68E-03 2.91E-02 5.40E-01 1.56E-01 7.94E-01
ARO-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 4.86E-03 2.92E-02 1.44E-01 2.13E-01 8.14E-01
ILEUSYN-PWY:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 4.88E-03 2.93E-02 2.65E-01 2.12E-01 8.14E-01
PWY-6527:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 4.89E-03 2.94E-02 4 84E-01 2.12E-01 8.14E-01
Valeric PYRIDNUCSAL-PWY: NO_NAME|unclassified 4.90E-03 2.94E-02 6.64E-01 2.12E-01 8.14E-01
7ALPHADEHYDROX-PWY:
Isovaleric NO_NAME|unclassified 5.01E-03 3.01E-02 4.77E-01 2.10E-01 8.14E-01
Valeric PWY-7224: NO_NAME|unclassified 5.01E-03 3.01E-02 6.14E-01 2.10E-01 8.13E-01
PWY-6122:
Isobutyric NO_NAME|g_Dorea.s_Dorea_longicatena 9.69E-03 3.02E-02 -5.49E-01 -7.94E-01 -1.56E-01
PWY-6277:
Isobutyric NO_NAME|g_Dorea.s_Dorea_longicatena 9.69E-03 3.02E-02 -5.49E-01 -7.94E-01 -1.56E-01
PWY-6122:
Isovaleric NO_NAME|g_Dorea.s_Dorea_longicatena 1.47E-02 3.02E-02 -5.20E-01 -7.79E-01 -1.19E-01
PWY-6277:
Isovaleric NO_NAME|g_Dorea.s_Dorea_longicatena 1.47E-02 3.02E-02 -5.20E-01 -7.79E-01 -1.19E-01
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PWY-6122:

Valeric NO_NAME|g_Dorea.s_Dorea_longicatena 1.51E-02 3.02E-02 -3.75E-01 -7.79E-01 -1.17E-01
PWY-6277:

Valeric NO_NAME|g_Dorea.s_Dorea_longicatena 1.51E-02 3.02E-02 -3.75E-01 -7.79E-01 -1.17E-01
PWY-7539:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 5.05E-03 3.03E-02 2.54E-01 2.10E-01 8.13E-01
PWY-6124:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 5.06E-03 3.04E-02 1.44E-01 2.09E-01 8.13E-01

Valeric PWY-6309: NO_NAME|unclassified 1.52E-02 3.04E-02 5.62E-01 1.17E-01 7.78E-01
PWY-3841:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 5.10E-03 3.06E-02 1.44E-01 2.09E-01 8.13E-01
GLUTORN-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 5.11E-03 3.07E-02 1.44E-01 2.09E-01 8.13E-01
PWY-5676:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 5.11E-03 3.07E-02 1.44E-01 2.09E-01 8.13E-01

Valeric PWY-6630: NO_NAME|unclassified 5.14E-03 3.08E-02 6.06E-01 2.08E-01 8.13E-01
PWY-7111:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 5.15E-03 3.09E-02 2.21E-01 2.08E-01 8.13E-01
PWY-5188:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 5.16E-03 3.10E-02 1.44E-01 2.08E-01 8.13E-01
PWY-6628:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 5.18E-03 3.11E-02 1.44E-01 2.08E-01 8.13E-01

Proprionic | PWY-6609: NO_NAME 5.20E-03 3.12E-02 -4.88E-01 -8.12E-01 -2.07E-01
LACTOSECAT-PWY:

Valeric NO_NAME|g_Dorea.s_Dorea_longicatena 5.25E-03 3.15E-02 -4.23E-01 -8.12E-01 -2.07E-01
P163-PWY:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno

Isovaleric spiraceae_bacterium_7_1_58FAA 5.25E-03 3.15E-02 6.02E-01 2.07E-01 8.12E-01
PWY-724:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 5.28E-03 3.17E-02 1.44E-01 2.06E-01 8.12E-01

Valeric PWYG-321: NO_NAME|unclassified 1.06E-02 3.18E-02 5.64E-01 1.48E-01 7.91E-01

Isovaleric PWY-5177: NO_NAME|unclassified 1.61E-02 3.22E-02 4.36E-01 1.12E-01 7.76E-01
PWY-7539:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno

Valeric spiraceae_bacterium_5_1_63FAA 5.38E-03 3.23E-02 -5.26E-01 -8.12E-01 -2.05E-01

355



356

Chapter 3 additional material

Low BMI Control
SCFA Pathway p value P correct BH PPMC LCI ucl
PWY-5973:
Valeric NO_NAME|g_Blautia.s_Ruminococcus_gnavus 5.39E-03 3.23E-02 -6.07E-01 -8.11E-01 -2.04E-01
Isovaleric PWY-6662: NO_NAME|unclassified 5.42E-03 3.25E-02 4.30E-01 2.04E-01 8.11E-01
GLYCOGENSYNTH-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 5.43E-03 3.26E-02 1.44E-01 2.04E-01 8.11E-01
PWY-6168:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 5.44E-03 3.26E-02 1.44E-01 2.04E-01 8.11E-01
PWY-7221:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 5.44E-03 3.26E-02 4.80E-01 2.04E-01 8.11E-01
NONMEVIPP-PWY:
Valeric NO_NAME|g_Eubacterium.s_Eubacterium_hallii 5.45E-03 3.27E-02 -3.45E-01 -8.11E-01 -2.04E-01
PWY-7560:
Valeric NO_NAME|g_Eubacterium.s_Eubacterium_hallii 5.45E-03 3.27E-02 -3.45E-01 -8.11E-01 -2.04E-01
Isobutyric PWY-7397: NO_NAME 9.87E-03 3.28E-02 2.46E-01 1.54E-01 7.93E-01
Isovaleric PWY-7397: NO_NAME 1.20E-02 3.28E-02 2.62E-01 1.37E-01 7.87E-01
Valeric PWY-7397: NO_NAME 1.64E-02 3.28E-02 1.22E-01 1.10E-01 7.76E-01
PWY-3001:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 5.49E-03 3.29E-02 1.44E-01 2.03E-01 8.11E-01
1CMET2-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 5.49E-03 3.29E-02 1.44E-01 2.03E-01 8.11E-01
SER-GLYSYN-PWY:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 5.50E-03 3.30E-02 2.99E-01 2.03E-01 8.11E-01
PWY-5659:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 5.50E-03 3.30E-02 1.44E-01 2.03E-01 8.11E-01
3-HYDROXYPHENYLACETATE-DEGRADATION-
Valeric PWY: NO_NAME|unclassified 1.66E-02 3.31E-02 4.61E-01 1.09E-01 7.75E-01
Isobutyric PWY-6588: NO_NAME|unclassified 1.11E-02 3.32E-02 5.79E-01 1.45E-01 7.89E-01
Isovaleric PWY-6588: NO_NAME|unclassified 1.01E-02 3.32E-02 5.51E-01 1.52E-01 7.92E-01
LACTOSECAT-PWY:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno
Valeric spiraceae_bacterium_5_1_63FAA 5.53E-03 3.32E-02 -3.70E-01 -8.11E-01 -2.02E-01
PANTOSYN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 1.12E-02 3.35E-02 5.67E-01 1.44E-01 7.89E-01
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PANTOSYN-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 7.02E-03 3.35E-02 5.77E-01 1.83E-01 8.04E-01
PWY-5659:
NO_NAME|g_Streptococcus.s_Streptococcus_saliv
Butyric arius 5.60E-03 3.36E-02 3.54E-01 2.01E-01 8.10E-01
PWY-5103:
Butyric NO_NAME|g_Veillonella.s_Veillonella_atypica 5.60E-03 3.36E-02 4.92E-01 2.01E-01 8.10E-01
PANTO-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 5.67E-03 3.40E-02 1.29E-01 2.00E-01 8.10E-01
HSERMETANA-PWY:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 5.69E-03 3.41E-02 1.81E-01 2.00E-01 8.10E-01
PEPTIDOGLYCANSYN-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 5.70E-03 3.42E-02 1.44E-01 2.00E-01 8.10E-01
Valeric DENOVOPURINE2-PWY: NO_NAME 5.72E-03 3.43E-02 4.42E-01 2.00E-01 8.10E-01
PWY-4242:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 1.15E-02 3.44E-02 5.60E-01 1.42E-01 7.88E-01
PWY-4242:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 7.98E-03 3.44E-02 5.71E-01 1.72E-01 8.00E-01
Butyric PWY-7664: NO_NAME|unclassified 1.38E-02 3.44E-02 2.51E-01 1.25E-01 7.82E-01
Valeric PWY-7664: NO_NAME|unclassified 1.72E-02 3.44E-02 5.27E-01 1.05E-01 7.74E-01
PWY-6859:
NO_NAME|g_Streptococcus.s_Streptococcus_saliv
Valeric arius 5.76E-03 3.46E-02 5.07E-01 1.99E-01 8.10E-01
Acetic PWY-5109: NO_NAME|unclassified 1.15E-02 3.46E-02 4.90E-01 1.41E-01 7.88E-01
Valeric PWY-5109: NO_NAME|unclassified 1.15E-02 3.46E-02 4.71E-01 1.41E-01 7.88E-01
PWY-5097:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 5.78E-03 3.47E-02 1.44E-01 1.99E-01 8.09E-01
PWY-6737:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 1.16E-02 3.48E-02 4.74E-01 1.41E-01 7.88E-01
Proprionic | PWY-6284: NO_NAME|unclassified 5.79E-03 3.48E-02 -5.74E-01 -8.09E-01 -1.99E-01
Isobutyric P162-PWY: NO_NAME|unclassified 1.16E-02 3.49E-02 2.74E-01 1.40E-01 7.88E-01
Valeric P162-PWY: NO_NAME|unclassified 7.46E-03 3.49E-02 6.17E-01 1.78E-01 8.02E-01
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Valeric PWY-6471: NO_NAME|unclassified 5.84E-03 3.51E-02 6.64E-01 1.98E-01 8.09E-01
Valeric PWY-5136: NO_NAME|unclassified 5.84E-03 3.51E-02 6.91E-01 1.98E-01 8.09E-01
PWY-6609:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 5.85E-03 3.51E-02 9.64E-02 1.98E-01 8.09E-01
Proprionic PWY-6285: NO_NAME|unclassified 5.86E-03 3.51E-02 -5.69E-01 -8.09E-01 -1.98E-01
Proprionic | PWY-5156: NO_NAME|unclassified 5.90E-03 3.54E-02 -5.70E-01 -8.09E-01 -1.97E-01
PWY-6147:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno
Valeric spiraceae_bacterium_5_1_63FAA 5.90E-03 3.54E-02 -5.18E-01 -8.09E-01 -1.97E-01
P163-PWY:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno
Isobutyric spiraceae_bacterium_7_1_58FAA 1.18E-02 3.54E-02 5.74E-01 1.39E-01 7.87E-01
THRESYN-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 5.91E-03 3.55E-02 1.29E-01 1.97E-01 8.09E-01
Isovaleric PWY-6435: NO_NAME|unclassified 1.78E-02 3.55E-02 4.19E-01 1.03E-01 7.73E-01
Butyric PWY-2723: NO_NAME 5.93E-03 3.56E-02 5.46E-01 1.97E-01 8.09E-01
PWY-5686:
NO_NAME|g_Adlercreutzia.s_Adlercreutzia_equolif
Valeric aciens 5.96E-03 3.58E-02 -4.02E-01 -8.09E-01 -1.96E-01
Proprionic | PWY-5367: NO_NAME|unclassified 5.97E-03 3.58E-02 -5.70E-01 -8.09E-01 -1.96E-01
PWY-6700:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno
Valeric spiraceae_bacterium_5_1_63FAA 5.97E-03 3.58E-02 -4.75E-01 -8.09E-01 -1.96E-01
FAO-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 5.97E-03 3.58E-02 1.44E-01 1.96E-01 8.09E-01
Valeric PWY-7242: NO_NAME|unclassified 1.79E-02 3.58E-02 6.26E-01 1.02E-01 7.72E-01
Proprionic | PWY-6113: NO_NAME|unclassified 5.97E-03 3.58E-02 -5.69E-01 -8.08E-01 -1.96E-01
Butyric P562-PWY: NO_NAME|unclassified 5.99E-03 3.59E-02 3.36E-01 1.96E-01 8.08E-01
Butyric PWY-5971: NO_NAME|unclassified 1.82E-02 3.64E-02 2.84E-01 1.00E-01 7.72E-01
Valeric PWY-5971: NO_NAME|unclassified 1.23E-02 3.64E-02 5.62E-01 1.36E-01 7.86E-01
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PWY-6527:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 6.07E-03 3.64E-02 1.44E-01 1.95E-01 8.08E-01
PWY-6387:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 6.07E-03 3.64E-02 1.44E-01 1.95E-01 8.08E-01
Isobutyric HISTSYN-PWY: NO_NAME 1.22E-02 3.65E-02 -3.95E-01 -7.86E-01 -1.36E-01
Isovaleric HISTSYN-PWY: NO_NAME 9.03E-03 3.65E-02 -4.29E-01 -7.96E-01 -1.62E-01
PWY-6386:
NO_NAME|g_Adlercreutzia.s_Adlercreutzia_equolif
Valeric aciens 6.10E-03 3.66E-02 -3.96E-01 -8.08E-01 -1.94E-01
PWY-7539:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 6.12E-03 3.67E-02 1.44E-01 1.94E-01 8.08E-01
COMPLETE-ARO-PWY:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 6.13E-03 3.68E-02 1.58E-01 1.94E-01 8.08E-01
Acetic ARGORNPROST-PWY: NO_NAME 1.23E-02 3.70E-02 4.65E-01 1.35E-01 7.86E-01
Butyric ARGORNPROST-PWY: NO_NAME 1.13E-02 3.70E-02 3.77E-01 1.43E-01 7.89E-01
Valeric URSIN-PWY: NO_NAME|unclassified 1.86E-02 3.72E-02 4.82E-01 9.83E-02 7.71E-01
Isobutyric PWY-7288: NO_NAME|unclassified 1.48E-02 3.73E-02 4.44E-01 1.19E-01 7.79E-01
Isovaleric PWY-7288: NO_NAME|unclassified 9.05E-03 3.73E-02 4.09E-01 1.62E-01 7.96E-01
Valeric PWY-7288: NO_NAME|unclassified 1.86E-02 3.73E-02 6.73E-01 9.81E-02 7.71E-01
Butyric PWY-5973: NO_NAME|unclassified 1.25E-02 3.74E-02 2.64E-01 1.34E-01 7.85E-01
Isobutyric CENTFERM-PWY: NO_NAME|unclassified 1.13E-02 3.74E-02 4.70E-01 1.43E-01 7.89E-01
Valeric CENTFERM-PWY: NO_NAME|unclassified 1.25E-02 3.74E-02 5.12E-01 1.34E-01 7.85E-01
Valeric PWY-7224: NO_NAME 6.25E-03 3.75E-02 5.97E-01 1.93E-01 8.07E-01
Isobutyric PWY-6590: NO_NAME|unclassified 1.09E-02 3.75E-02 4.90E-01 1.46E-01 7.90E-01
Valeric PWY-6590: NO_NAME|unclassified 1.25E-02 3.75E-02 5.16E-01 1.34E-01 7.85E-01
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Isobutyric PWY-6662: NO_NAME|unclassified 1.25E-02 3.76E-02 4.17E-01 1.34E-01 7.85E-01
Valeric PWYO0-1479: NO_NAME 6.27E-03 3.76E-02 4.99E-01 1.92E-01 8.07E-01
ILEUSYN-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 6.28E-03 3.77E-02 1.44E-01 1.92E-01 8.07E-01
VALSYN-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 6.28E-03 3.77E-02 1.44E-01 1.92E-01 8.07E-01
Valeric PWY-5676: NO_NAME|unclassified 1.89E-02 3.77E-02 7.14E-01 9.70E-02 7.70E-01
BRANCHED-CHAIN-AA-SYN-PWY:
Butyric NO_NAME|g_Veillonella.s_Veillonella_parvula 6.31E-03 3.78E-02 3.74E-01 1.92E-01 8.07E-01
HOMOSER-METSYN-PWY:
Isobutyric NO_NAME|g_Dorea.s_Dorea_longicatena 1.13E-02 3.79E-02 -5.07E-01 -7.89E-01 -1.43E-01
HOMOSER-METSYN-PWY:
Isovaleric NO_NAME|g_Dorea.s_Dorea_longicatena 1.89E-02 3.79E-02 -4.59E-01 -7.70E-01 -9.67E-02
HOMOSER-METSYN-PWY:
Valeric NO_NAME|g_Dorea.s_Dorea_longicatena 1.31E-02 3.79E-02 -3.54E-01 -7.84E-01 -1.30E-01
Valeric P163-PWY: NO_NAME|unclassified 1.89E-02 3.79E-02 5.40E-01 9.66E-02 7.70E-01
Isobutyric PWY0-1296: NO_NAME|unclassified 1.27E-02 3.81E-02 4.52E-01 1.33E-01 7.85E-01
Isovaleric PWY0-1296: NO_NAME|unclassified 9.39E-03 3.81E-02 4.34E-01 1.59E-01 7.95E-01
PWY-1042:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno
Isobutyric spiraceae_bacterium_7_1_58FAA 1.27E-02 3.82E-02 5.57E-01 1.32E-01 7.85E-01
PWY-1042:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno
Isovaleric spiraceae_bacterium_7_1_58FAA 8.36E-03 3.82E-02 5.84E-01 1.69E-01 7.98E-01
Butyric PWY0-862: NO_NAME|unclassified 1.28E-02 3.84E-02 2.64E-01 1.32E-01 7.84E-01
Acetic PWY30-355: NO_NAME|unclassified 6.39E-03 3.84E-02 4.58E-01 1.91E-01 8.06E-01
PWY-6628:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 6.40E-03 3.84E-02 6.87E-02 1.91E-01 8.06E-01
Butyric PWY-6282: NO_NAME|unclassified 1.35E-02 3.84E-02 2.60E-01 1.27E-01 7.83E-01
Valeric PWY-6282: NO_NAME|unclassified 1.92E-02 3.84E-02 5.21E-01 9.54E-02 7.70E-01
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PWY-6700:
NO_NAME|g_Burkholderiales_noname.s_Burkhold

Valeric eriales_bacterium_1_1_47 6.43E-03 3.86E-02 -4.38E-01 -8.06E-01 -1.90E-01

Butyric PWYG-321: NO_NAME|unclassified 1.93E-02 3.86E-02 2.73E-01 9.49E-02 7.70E-01
PWY-5188:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro

Acetic mii 6.45E-03 3.87E-02 4.74E-01 1.90E-01 8.06E-01
HISTSYN-PWY:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro

Acetic mii 6.47E-03 3.88E-02 4.83E-01 1.90E-01 8.06E-01
PWY-5973:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 6.48E-03 3.89E-02 2.21E-01 1.90E-01 8.06E-01
ARGSYN-PWY:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 6.50E-03 3.90E-02 3.48E-01 1.89E-01 8.06E-01
FASYN-INITIAL-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 6.51E-03 3.90E-02 1.44E-01 1.89E-01 8.06E-01
PWY-7400:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 6.51E-03 3.90E-02 3.48E-01 1.89E-01 8.06E-01

Acetic PROPFERM-PWY: NO_NAME|unclassified 1.30E-02 3.91E-02 4.77E-01 1.30E-01 7.84E-01
COA-PWY-1:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isobutyric phila 1.31E-02 3.92E-02 5.60E-01 1.30E-01 7.84E-01
COA-PWY-1:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isovaleric phila 7.91E-03 3.92E-02 5.71E-01 1.73E-01 8.00E-01
PANTOSYN-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 6.54E-03 3.93E-02 1.44E-01 1.89E-01 8.06E-01
PWY-5104:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 6.56E-03 3.93E-02 1.44E-01 1.89E-01 8.06E-01
COA-PWY-1:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 6.57E-03 3.94E-02 1.44E-01 1.88E-01 8.06E-01
PWY-5188:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isobutyric phila 1.32E-02 3.95E-02 5.50E-01 1.30E-01 7.83E-01
PWY-5188:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isovaleric phila 1.06E-02 3.95E-02 5.56E-01 1.48E-01 7.91E-01
HSERMETANA-PWY:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro

Acetic mii 6.60E-03 3.96E-02 4.73E-01 1.88E-01 8.06E-01

Butyric PWY-7385: NO_NAME|unclassified 6.65E-03 3.99E-02 5.36E-01 1.87E-01 8.05E-01

Valeric PWY-5973: NO_NAME|unclassified 2.00E-02 4.00E-02 5.25E-01 9.17E-02 7.68E-01
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Isovaleric PWY-5306: NO_NAME|unclassified 2.00E-02 4.00E-02 3.99E-01 9.17E-02 7.68E-01
Valeric PWY0-862: NO_NAME|unclassified 2.01E-02 4.02E-02 5.25E-01 9.12E-02 7.68E-01
PWY-5667:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 6.75E-03 4.05E-02 1.54E-01 1.86E-01 8.05E-01
PWYO0-1319:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 6.75E-03 4.05E-02 1.54E-01 1.86E-01 8.05E-01
ILEUSYN-PWY:
NO_NAME|g_Adlercreutzia.s_Adlercreutzia_equolif
Valeric aciens 6.76E-03 4.05E-02 -4.00E-01 -8.05E-01 -1.86E-01
PWY-6147:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 6.77E-03 4.06E-02 1.44E-01 1.86E-01 8.05E-01
Isobutyric PWY-5173: NO_NAME 1.95E-02 4.07E-02 5.31E-01 9.40E-02 7.69E-01
Isovaleric PWY-5173: NO_NAME 2.04E-02 4.07E-02 4.91E-01 8.99E-02 7.67E-01
Valeric PWY-5173: NO_NAME 9.32E-03 4.07E-02 5.58E-01 1.59E-01 7.95E-01
PWY-7197:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 1.35E-02 4.09E-02 5.30E-01 1.27E-01 7.83E-01
PWY-7197:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isovaleric phila 1.36E-02 4.09E-02 5.18E-01 1.26E-01 7.82E-01
PWY-6385:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 6.83E-03 4.10E-02 1.44E-01 1.85E-01 8.05E-01
PWY-5104:
Butyric NO_NAME|g_Veillonella.s_Veillonella_parvula 6.85E-03 4.11E-02 3.75E-01 1.85E-01 8.04E-01
PWY-7111:
NO_NAME|g_Adlercreutzia.s_Adlercreutzia_equolif
Valeric aciens 6.87E-03 4.12E-02 -4.10E-01 -8.04E-01 -1.85E-01
DTDPRHAMSYN-PWY:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 6.89E-03 4.14E-02 9.93E-02 1.85E-01 8.04E-01
Valeric METHGLYUT-PWY: NO_NAME 6.89E-03 4.14E-02 6.13E-01 1.84E-01 8.04E-01
Isobutyric PWY-5989: NO_NAME|unclassified 2.08E-02 4.16E-02 3.97E-01 8.79E-02 7.67E-01
Butyric PWY-5189: NO_NAME|unclassified 6.98E-03 4.19E-02 5.43E-01 1.83E-01 8.04E-01
HISTSYN-PWY:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno
Valeric spiraceae_bacterium_5_1_63FAA 6.99E-03 4.19E-02 -4.05E-01 -8.04E-01 -1.83E-01
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Valeric PWY-6595: NO_NAME|unclassified 2.10E-02 4.20E-02 5.45E-01 8.70E-02 7.66E-01
PWY-7221:
Valeric NO_NAME|g_Eubacterium.s_Eubacterium_hallii 7.02E-03 4.21E-02 -4.2TE-01 -8.04E-01 -1.83E-01
Isobutyric RIBOSYN2-PWY: NO_NAME 1.40E-02 4.21E-02 -5.05E-01 -7.81E-01 -1.24E-01
Isovaleric RIBOSYN2-PWY: NO_NAME 1.09E-02 4.21E-02 -4.90E-01 -7.90E-01 -1.46E-01
Valeric PWY-5789: NO_NAME 7.02E-03 4.21E-02 5.09E-01 1.83E-01 8.04E-01
PWY-7219:
Butyric NO_NAME|g_Veillonella.s_Veillonella_parvula 7.04E-03 4.22E-02 4.17E-01 1.83E-01 8.04E-01
PWY-7111:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 7.05E-03 4.23E-02 3.94E-01 1.83E-01 8.04E-01
PWY-6386:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 7.05E-03 4.23E-02 1.44E-01 1.83E-01 8.04E-01
PWY-5347:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 7.07E-03 4.24E-02 4.84E-01 1.82E-01 8.03E-01
PWY-6590:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 7.07E-03 4.24E-02 1.44E-01 1.82E-01 8.03E-01
Valeric PWY-6122: NO_NAME|unclassified 7.10E-03 4.26E-02 6.09E-01 1.82E-01 8.03E-01
Valeric PWY-6277: NO_NAME|unclassified 7.10E-03 4.26E-02 6.09E-01 1.82E-01 8.03E-01
PWY0-1061:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 7.10E-03 4.26E-02 1.29E-01 1.82E-01 8.03E-01
PWY-6609:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno
Proprionic | spiraceae_bacterium_3_1_46FAA 2.13E-02 4.26E-02 5.42E-01 8.57E-02 7.66E-01
Isobutyric 7ALPHADEHYDROX-PWY: NO_NAME 1.42E-02 4.27E-02 4.69E-01 1.23E-01 7.81E-01
PWY-6936:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 7.16E-03 4.30E-02 4.96E-01 1.81E-01 8.03E-01
Isobutyric METH-ACETATE-PWY: NO_NAME|unclassified 1.44E-02 4.31E-02 5.09E-01 1.22E-01 7.80E-01
Isobutyric FAO-PWY: NO_NAME|unclassified 1.45E-02 4.34E-02 4.04E-01 1.21E-01 7.80E-01
Valeric PWY-6309: NO_NAME 2.18E-02 4.36E-02 5.29E-01 8.36E-02 7.65E-01
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PWY-6737:

Isobutyric NO_NAME|g_Dorea.s_Dorea_longicatena 8.96E-03 4.36E-02 -5.37E-01 -7.96E-01 -1.63E-01
PWY-6737:

Isovaleric NO_NAME|g_Dorea.s_Dorea_longicatena 1.79E-02 4.36E-02 -4.88E-01 -1.72E-01 -1.02E-01
PWY-6737:

Valeric NO_NAME|g_Dorea.s_Dorea_longicatena 2.18E-02 4.36E-02 -4.14E-01 -7.65E-01 -8.35E-02

Valeric HSERMETANA-PWY: NO_NAME 7.28E-03 4.37E-02 -5.75E-01 -8.03E-01 -1.80E-01
PWY-621:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno

Valeric spiraceae_bacterium_5_1_63FAA 7.28E-03 4.37E-02 -3.37E-01 -8.03E-01 -1.80E-01

Valeric PWY-6518: NO_NAME|unclassified 7.31E-03 4.39E-02 3.61E-01 1.80E-01 8.02E-01

Isovaleric PWY-6590: NO_NAME|unclassified 2.20E-02 4.40E-02 4.51E-01 8.28E-02 7.64E-01
ANAGLYCOLYSIS-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 7.35E-03 4.41E-02 1.44E-01 1.79E-01 8.02E-01
7ALPHADEHYDROX-PWY:

Isobutyric NO_NAME|unclassified 1.47E-02 4.42E-02 4.69E-01 1.20E-01 7.79E-01
PWY-7282:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 7.40E-03 4 44E-02 1.44E-01 1.79E-01 8.02E-01
PWY-6700:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isovaleric phila 7.42E-03 4 45E-02 4.92E-01 1.78E-01 8.02E-01
PWY-6122:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 7.43E-03 4 46E-02 1.29E-01 1.78E-01 8.02E-01
PWY-6277:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 7.43E-03 4.46E-02 1.29E-01 1.78E-01 8.02E-01

Isobutyric HEME-BIOSYNTHESIS-II: NO_NAME 2.09E-02 4.4TE-02 4.30E-01 8.75E-02 7.66E-01

Isovaleric HEME-BIOSYNTHESIS-II: NO_NAME 2.24E-02 4 4TE-02 4.17E-01 8.12E-02 7.64E-01

Valeric HEME-BIOSYNTHESIS-II: NO_NAME 1.89E-02 4 4TE-02 4.23E-01 9.69E-02 7.70E-01
PWY-6121:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 7.46E-03 4. 48E-02 1.94E-02 1.78E-01 8.02E-01
ARO-PWY:

Isobutyric NO_NAME|g_Dorea.s_Dorea_longicatena 1.32E-02 4 48E-02 -5.65E-01 -7.83E-01 -1.29E-01
ARO-PWY:

Isovaleric NO_NAME|g_Dorea.s_Dorea_longicatena 2.24E-02 4 48E-02 -5.18E-01 -7.64E-01 -8.11E-02
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ARO-PWY:

Valeric NO_NAME|g_Dorea.s_Dorea_longicatena 2.05E-02 4 48E-02 -3.67E-01 -7.67E-01 -8.92E-02
CITRULBIO-PWY:

Acetic NO_NAME|g_Bacteroides.s_Bacteroides_eggerthii 1.95E-02 4.50E-02 5.52E-01 9.40E-02 7.69E-01
CITRULBIO-PWY:

Butyric NO_NAME|g_Bacteroides.s_Bacteroides_eggerthii 1.28E-02 4.50E-02 4.17E-01 1.32E-01 7.84E-01
CITRULBIO-PWY:

Proprionic NO_NAME|g_Bacteroides.s_Bacteroides_eggerthii 2.25E-02 4 50E-02 5.93E-01 8.07E-02 7.64E-01

Isovaleric CENTFERM-PWY: NO_NAME|unclassified 2.26E-02 4.52E-02 4.23E-01 8.02E-02 7.63E-01
PWY-6123:

Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 7.54E-03 4 52E-02 3.44E-02 1.77E-01 8.02E-01
PWY-5100:

Butyric NO_NAME|g_Veillonella.s_Veillonella_parvula 7.54E-03 4.52E-02 4.58E-01 1.77E-01 8.02E-01
COMPLETE-ARO-PWY:

Isobutyric NO_NAME|g_Dorea.s_Dorea_longicatena 1.32E-02 4.53E-02 -5.65E-01 -7.83E-01 -1.29E-01
COMPLETE-ARO-PWY:

Isovaleric NO_NAME|g_Dorea.s_Dorea_longicatena 2.27E-02 4.53E-02 -5.18E-01 -7.63E-01 -7.99E-02
COMPLETE-ARO-PWY:

Valeric NO_NAME|g_Dorea.s_Dorea_longicatena 2.10E-02 4.53E-02 -3.67E-01 -7.66E-01 -8.71E-02
PWY-5695:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno

Butyric spiraceae_bacterium_5_1_63FAA 7.59E-03 4. 55E-02 4.94E-01 1.77E-01 8.01E-01
COA-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 7.59E-03 4 56E-02 1.44E-01 1.77E-01 8.01E-01

Valeric PWY0-1586: NO_NAME|unclassified 7.61E-03 4.56E-02 6.99E-01 1.76E-01 8.01E-01

Isobutyric GLUDEG-II-PWY: NO_NAME|unclassified 1.53E-02 4.59E-02 6.32E-01 1.16E-01 7.78E-01
COA-PWY:

Valeric NO_NAME|g_Eubacterium.s_Eubacterium_hallii 7.67E-03 4.60E-02 -4.65E-01 -8.01E-01 -1.76E-01
ARGININE-SYN4-PWY:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini

Isovaleric phila 7.70E-03 4.62E-02 4.74E-01 1.75E-01 8.01E-01
PYRIDNUCSYN-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 7.71E-03 4.63E-02 1.29E-01 1.75E-01 8.01E-01
P161-PWY:
NO_NAME|g_Streptococcus.s_Streptococcus_saliv

Valeric arius 7.76E-03 4.66E-02 3.49E-01 1.75E-01 8.01E-01

Valeric PWY0-1261: NO_NAME|unclassified 7.76E-03 4.66E-02 6.31E-01 1.75E-01 8.01E-01
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PWY-6700:
NO_NAME|g_Akkermansia.s_Akkermansia_mucini
Isobutyric phila 1.56E-02 4.67E-02 4.88E-01 1.15E-01 7.77E-01
BRANCHED-CHAIN-AA-SYN-PWY:
NO_NAME|g_Adlercreutzia.s_Adlercreutzia_equolif
Valeric aciens 7.79E-03 4.67E-02 -4.00E-01 -8.01E-01 -1.74E-01
Isobutyric THISYNARA-PWY: NO_NAME 1.57E-02 4.70E-02 -5.49E-01 -1.77E-01 -1.14E-01
Isovaleric THISYNARA-PWY: NO_NAME 1.51E-02 4.70E-02 -5.62E-01 -7.78E-01 -1.17E-01
Valeric PWY-7197: NO_NAME|unclassified 2.36E-02 4.72E-02 5.73E-01 7.60E-02 7.62E-01
VALSYN-PWY:
Valeric NO_NAME|g_Blautia.s_Ruminococcus_gnavus 7.90E-03 4.74E-02 -4.61E-01 -8.00E-01 -1.73E-01
PWY-5097:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 7.90E-03 4.74E-02 4.89E-01 1.73E-01 8.00E-01
Isobutyric PROPFERM-PWY: NO_NAME|unclassified 2.37TE-02 4.74E-02 2.97E-01 7.57E-02 7.61E-01
Valeric PWY-6396: NO_NAME 7.92E-03 4.75E-02 4.83E-01 1.73E-01 8.00E-01
MET-SAM-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact
Butyric us 7.92E-03 4.75E-02 1.29E-01 1.73E-01 8.00E-01
Valeric PWY-2941: NO_NAME|unclassified 7.93E-03 4.76E-02 6.09E-01 1.73E-01 8.00E-01
HEMESYN2-PWY:
NO_NAME|g_Streptococcus.s_Streptococcus_saliv
Isobutyric arius 1.59E-02 4.76E-02 4 59E-01 1.13E-01 7.77E-01
Isobutyric PWY-6641: NO_NAME 8.56E-03 4.77E-02 5.58E-01 1.66E-01 7.98E-01
Isovaleric PWY-6641: NO_NAME 1.59E-02 4.77E-02 5.48E-01 1.13E-01 7.77E-01
Valeric PWY-6123: NO_NAME|unclassified 7.96E-03 4.78E-02 5.99E-01 1.73E-01 8.00E-01
Butyric PWY-5188: NO_NAME|unclassified 7.98E-03 4.79E-02 4.73E-01 1.72E-01 8.00E-01
PWY-5103:
NO_NAME|g_Adlercreutzia.s_Adlercreutzia_equolif
Valeric aciens 8.00E-03 4.80E-02 -4.00E-01 -8.00E-01 -1.72E-01
PWY-2942:
NO_NAME|g_Adlercreutzia.s_Adlercreutzia_equolif
Valeric aciens 8.04E-03 4.82E-02 -4.80E-01 -8.00E-01 -1.72E-01
CALVIN-PWY:
Valeric NO_NAME|g_Blautia.s_Ruminococcus_gnavus 8.04E-03 4.83E-02 -6.07E-01 -8.00E-01 -1.72E-01
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Isovaleric FAO-PWY: NO_NAME|unclassified 2.42E-02 4.83E-02 3.70E-01 7.39E-02 7.61E-01
Isobutyric PWY-7187: NO_NAME|unclassified 2.03E-02 4 87E-02 4.39E-01 9.04E-02 7.68E-01
Isovaleric PWY-7187: NO_NAME|unclassified 2.43E-02 4.87E-02 4.21E-01 7.32E-02 7.60E-01
Valeric PWY-7187: NO_NAME|unclassified 2.15E-02 4 87E-02 5.74E-01 8.49E-02 7.65E-01
ASPASN-PWY:
NO_NAME|g_Streptococcus.s_Streptococcus_saliv
Valeric arius 8.12E-03 4 87E-02 3.02E-01 1.71E-01 7.99E-01
NONMEVIPP-PWY:
NO_NAME|g_Burkholderiales_noname.s_Burkhold
Valeric eriales_bacterium_1_1_47 8.12E-03 4 87E-02 -4.38E-01 -7.99E-01 -1.71E-01
PWY-7560:
NO_NAME|g_Burkholderiales_noname.s_Burkhold
Valeric eriales_bacterium_1_1_47 8.12E-03 4.87E-02 -4.38E-01 -7.99E-01 -1.71E-01
PWY-6737:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 8.12E-03 4 87E-02 4.87E-01 1.71E-01 7.99E-01
Isobutyric GALACTUROCAT-PWY: NO_NAME|unclassified 1.68E-02 4.88E-02 4.17E-01 1.08E-01 7.75E-01
Isovaleric GALACTUROCAT-PWY: NO_NAME|unclassified 2.44E-02 4 88E-02 3.81E-01 7.29E-02 7.60E-01
Valeric GALACTUROCAT-PWY: NO_NAME|unclassified 8.31E-03 4 88E-02 6.35E-01 1.69E-01 7.99E-01
MET-SAM-PWY:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 8.15E-03 4 89E-02 4.84E-01 1.71E-01 7.99E-01
ARO-PWY:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 8.17E-03 4.90E-02 8.93E-02 1.70E-01 7.99E-01
PWY-6168:
Valeric NO_NAME|g_Eubacterium.s_Eubacterium_halli 8.20E-03 4.92E-02 -3.29E-01 -7.99E-01 -1.70E-01
METSYN-PWY:
NO_NAME|g_Ruminococcus.s_Ruminococcus_bro
Acetic mii 8.21E-03 4.93E-02 4.84E-01 1.70E-01 7.99E-01
Isobutyric FUCCAT-PWY: NO_NAME|unclassified 1.64E-02 4.93E-02 4.69E-01 1.10E-01 7.75E-01
GLYCOGENSYNTH-PWY:
Butyric NO_NAME|g_Blautia.s_Ruminococcus_obeum 8.24E-03 4.94E-02 4.81E-02 1.70E-01 7.99E-01
ILEUSYN-PWY:
Butyric NO_NAME|g_Veillonella.s_Veillonella_atypica 8.25E-03 4.95E-02 4.92E-01 1.70E-01 7.99E-01
PANTO-PWY:
NO_NAME|g_Adlercreutzia.s_Adlercreutzia_equolif
Valeric aciens 8.29E-03 4.97E-02 -3.38E-01 -7.99E-01 -1.69E-01
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METSYN-PWY:
NO_NAME|g_Coprococcus.s_Coprococcus_eutact

Butyric us 8.29E-03 4.97E-02 1.29E-01 1.69E-01 7.99E-01
POLYISOPRENSYN-PWY:
NO_NAME|g_Streptococcus.s_Streptococcus_saliv

Isobutyric arius 1.66E-02 4.98E-02 4.59E-01 1.09E-01 7.75E-01
PWY-4984:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno

Isobutyric spiraceae_bacterium_7_1_58FAA 1.66E-02 4.98E-02 5.36E-01 1.09E-01 7.75E-01
PWY-4984:
NO_NAME|g_Lachnospiraceae_noname.s_Lachno

Isovaleric spiraceae_bacterium_7_1_58FAA 8.87E-03 4.98E-02 5.51E-01 1.64E-01 7.96E-01




Supplementary Table 6.6 — Component C
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Values presented as log fold change of measured faecal metabolites before and after
treatment (LOG: (Timepoint2)- LOG: (Timepointl)).

Group

Exercise

ID
10
34
45
47
49
50
54
57
58
62
64
67
74
79
81
84
85
86
87
89
91
94

Allantoin
0.36
-0.35
-1.08
0.22
-0.83
-0.38
0.37
0.71
0.69
0.06
-0.94
-0.14
0.04
0.00
-0.36
0.72
-0.37
0.87
-0.26
0.85
0.63
-0.53

Carnitine
-0.82
1.44
-0.77
0.24
-1.36
0.18
1.00
2.03
-0.63
-1.15
-0.24
-0.65
-0.86
-0.63
0.44
-0.07
-2.18
-0.76
-2.89
-2.89
0.48
-2.49

Citrate
0.21
-0.66
-0.08
0.56
1.01
-0.05
0.18
-0.37
0.56
0.17
-0.69
0.40
0.64
0.52
-0.04
0.20
0.54
-0.14
0.07
043
0.89
-0.26

Glycine
0.18
0.45
0.52
0.68
0.38
0.16
0.51
0.92
0.28
0.39
0.17

-0.95
0.06
0.31

0.18
0.22

0.12
0.17

-0.08
0.01
1.24

-0.62

Hippurate
0.69
-0.39
0.30
-0.20
1.07
0.95
-0.47
0.10
-0.34
-1.30
0.45
0.97
0.83
-0.16
0.82
-0.29
-0.32
0.32
-0.15
0.22
0.43
-0.44

Leucine
-0.03
0.14
-0.16
0.09
0.19
0.26
0.13
0.20
0.08
0.38
0.06
-0.02
0.16
0.08
0.11
0.11
-0.62
-0.01
0.06
0.09
0.39
-0.39
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ID
8

16
21
22
25
26
29
32
35
37
39
42
43
46
56
68
70
73
78
82
90
98

Allantoin
0.49
-0.53
0.31
0.00
-1.12
-0.04
0.00
0.24
0.75
0.33
0.66
0.24
-1.52
0.60
0.26
0.01
1.02
1.06
-0.29
-0.14
-0.22
-0.60

Carnitine
-0.07
-0.97

1.30
-0.59
-0.98
-3.06
-1.01
-1.01
-0.83
-0.68
-0.31

3.36

0.86

1.56

0.39
0.34
-1.67
-1.92

0.15
-0.51

0.76
-0.42

Citrate
-0.40
0.15
1.20
113
-0.89
0.13
-0.17
-0.79
0.01
-0.08
0.35
0.14
-0.80
0.14
-0.11
0.23
0.53
-0.18
0.33
-0.04
0.52
-0.49

Glycine
-1.47
-0.66

0.88
043
-0.50
0.20
-0.96
-0.13
-0.21
0.56
-0.16
-1.30
-0.47
0.37
0.00
043
0.40
-0.53
-0.44
-0.07
0.59
0.26

Hippurate
-1.58
-0.12

0.21
0.67
0.03
-1.30
0.06
-0.41
-0.22
0.56
0.22
047
0.46
0.50
-0.50
0.24
-1.90
0.55
-0.05
-0.33
0.06
-0.10

Leucine
-0.09
-0.52

0.19
0.10
0.10
0.30
-0.11
0.30
0.12
-0.03
0.04
-0.58
0.12
0.26
-0.03
-0.09
0.03
-0.36
0.14
-0.19
0.04
0.10




Appendix B
Group ID Allantoin = Carnitine = Citrate Glycine  Hippurate = Leucine
1 -0.13 -0.19 -0.02 -0.16 -1.09 -0.19
4 0.52 -0.64 -1.16 -0.25 -1.03 -0.30
5 0.07 0.75 0.01 0.40 -0.55 0.32
9 -0.58 -0.58 0.38 0.40 0.05 0.45
12 -1.09 -0.12 0.02 -0.33 1.43 0.00
14 -0.13 1.66 -0.07 -0.88 -0.43 -0.19
15 -0.17 0.20 0.43 -0.35 245 -0.04
18 0.88 2.05 047 0.66 1.1 0.22
19 -0.21 1.92 0.18 0.72 -0.33 0.13
23 -0.16 0.45 0.54 -1.25 -0.61 -0.08
36 -0.30 248 1.01 0.09 233 0.03
'% 96 -0.25 -1.82 -0.97 -0.57 0.54 0.15
E 99 -0.12 -0.06 -0.89 -0.90 0.94 -0.22
102 1.12 -1.32 0.11 -0.56 -0.85 -0.75
104 0.42 -0.52 0.08 0.49 0.73 -0.05
105 -1.02 -0.23 -1.00 0.16 0.21 -0.05
106 0.29 -2.11 0.20 0.14 0.50 0.20
108 -0.81 1.76 -0.37 0.31 -0.87 0.34
109 -1.26 1.43 0.42 0.51 0.16 0.15
110 -1.45 0.39 -0.36 -0.09 0.22 0.12
111 0.77 0.15 -0.39 0.21 1.25 0.13
112 1.67 -0.97 0.15 0.03 -0.60 -0.09
115 -0.75 2.59 0.97 0.70 0.72 0.23
117 -1.76 0.67 0.14 -0.53 -0.29 -0.13
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Group

Exercise

ID

34
45
47
49
50
54
57
58
62
64
67
74
79
81
84
85
86
87
89
91
94

PAG

0.12
-0.98
-0.64
-0.61
-0.81
-0.55
-1.29
-0.90
0.65
0.96
0.95
0.89
0.22
-0.40
-1.69
-0.71
0.02
-0.55
-0.56
-0.44
0.06
0.17

Proline
Betaine

-1.26
1.67
-0.38
0.98
0.92
0.33
1.03
0.63
0.62
-2.39
-0.37
-0.50
0.40
-0.60
-0.54
-0.87
-0.31
0.13
0.69
-2.91
-1.32
-1.35

Succinate

0.18
-1.22
0.50
0.06
0.24
0.63
-0.16
-0.87
-0.36
-1.16
-0.76
-0.30
0.82
-0.12
0.29
-0.35
0.14
0.14
0.14
0.03
-0.58
-0.69

Trans
Aconitate

-0.45
-0.87
0.30
-0.28
-0.06
0.99
-0.40
-0.05
0.30
0.01
-0.80
-0.40
-0.02
0.29
1.13
-0.69
0.06
0.71
-0.28
-0.67
0.45
1.62

TMAO

0.11
312
-1.56
0.84
155
-0.97
-0.44
0.31
0.28
-2.04
0.22
-0.89
0.04
-0.62
-2.81
-0.04
464
.47
0.27
-3.78
2.72
-1.78

Valine

0.01
0.12
0.00
-0.01
0.38
0.23
0.34
0.23
0.12
-0.02
0.10
0.12
0.14
0.1
0.03
0.00
-0.68
0.01
0.06
0.24
0.11
-0.60




Appendix B
Group ID PAG Proline | Succinate Trans TMAO Valine
Betaine Aconitate
8 248 -1.73 0.34 0.12 2.35 0.01
16 -1.08 0.51 0.81 040 0.13 0.25
21 -1.03 -0.53 -0.61 -0.13 1.53 -0.02
22 -1.43 0.72 0.40 0.48 0.14 0.17
25 -0.08 0.40 -0.50 -0.45 -0.54 0.24
26 0.80 -0.91 0.34 0.36 0.35 0.17
29 0.25 -2.49 1.02 -0.01 -2.78 -0.18
32 -0.38 0.99 -0.40 0.82 -0.82 0.10
35 -1.20 -1.57 -0.84 0.80 -0.30 0.14
:g 37 -0.02 -0.06 0.15 -0.14 -0.22 -0.31
E 39 0.74 -0.24 -0.35 0.31 -0.13 -0.17
; 42 -0.32 0.29 0.39 0.08 0.95 0.75
2 3 0.56 0.03 027 045 0.35 0.15
] 46 -1.00 0.71 -0.06 0.08 -1.20 0.06
56 -0.99 1.78 -0.17 -1.51 -0.09 -0.06
68 -0.40 -2.04 -0.27 0.31 -1.42 -0.14
70 -0.06 -1.73 -0.18 0.41 -1.97 -0.20
73 0.50 -1.12 0.35 0.15 0.65 -0.62
78 0.90 0.24 0.95 0.33 0.84 0.07
82 0.36 1.92 0.21 -0.53 0.29 0.13
90 -0.08 0.90 -0.41 0.13 -0.49 -0.03
98 1.56 -0.35 0.42 1.31 0.24 -0.01
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Group

Protein

ID

—_

102
104
105
106
108
109
110
1M
112
115
17

PAG

091
0.52
-0.01
0.63
0.72
0.76
0.23
0.07
0.79
0.7
0.56
0.63
-0.15
-0.02
0.13
0.90
-0.02
-0.38
0.07
1.46
-0.57
-0.09
1.56
-0.03

Proline
Betaine
-0.04

-1.21
0.81
-1.68
-2.62
3.28
-0.19
0.72
-0.25
0.95
0.39
0.19
0.61
-1.53
-0.05
-0.22
-1.24
0.45
0.62
-0.35
-1.30
-0.20
1.45
-0.09

Succinate

1.08
-0.63
0.15
-0.50

0.53

0.74

1.21
-0.38

0.20

0.59
-0.41
-1.01

0.43

0.08
0.24
-0.44
-1.22
-0.44

0.65

0.95
0.72

0.35

0.73

1.04

Trans
Aconitate
-0.46

-0.06
0.15
-0.04

0.39
-1.30
-0.41
0.12

0.10
-0.20

0.01
-0.18

0.07
0.15
-0.19
-0.23
-0.22
-0.82
-0.66
-0.59

0.35
-0.04

0.03
-0.58

TMAO

0.82
0.09
0.67
0.87
-0.40
0.58
1.24
0.02
0.34
1.1
-1.47
1.16
-0.36
0.99
2.712
2.24
0.53
-0.25
0.87
0.22
-2.70
1.61
0.51
219

Valine

0.12
0.23
0.29
0.38
-0.07
0.38
0.13
0.12
-0.10
-0.20
0.08
-0.14
-0.05
047
0.17
0.32
0.32
0.27
0.24
0.18
-0.02
0.07
0.30
-0.09
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Supplementary Table 6.6 — Component D

Values presented as log fold change of measured urinary metabolites before and after
treatment (LOG:z (Timepoint2)- LOG: (Timepointl)).

Dimethyl- Gluta- Methyl- Phenyl- Trimethyl- Tyro-
Group ID amine (DMA) mate amine (MA) acetate Serine = amine (TMA) sine
10 0.33 0.17 -0.43 -0.02 0.16 -0.41 0.56
34 -0.10 -0.74 -0.08 0.25 -0.20 0.52 -0.34
47 -0.23 0.10 0.82 0.68 0.16 0.19 0.34
49 0.24 -1.21 0.95 -0.60 -0.79 0.52 -1.64
50 0.09 0.53 -1.27 0.23 0.12 -0.45 0.23
54 -0.02 1.19 -0.64 0.23 0.87 -0.49 1.73
57 -0.49 0.10 0.45 -0.16 0.44 0.53 0.66
58 0.03 -0.28 -0.18 143 -0.26 1.28 -0.35
62 -0.03 -0.10 0.11 -0.10 -0.19 0.57 -0.16
@ 64 -0.36 0.77 0.29 0.32 -0.17 0.57 -0.80
g 67 -0.20 0.14 -0.06 0.00 -0.17 -0.20 -0.02
:’j, 74 -0.03 0.80 0.85 0.99 0.16 -0.05 0.79
79 0.16 0.74 0.30 0.68 0.07 0.43 0.05
81 0.06 0.56 0.1 -0.48 0.44 -0.23 0.42
84 -0.06 -0.11 -0.23 0.87 -0.03 0.27 -0.25
85 -0.04 0.05 -0.17 0.18 0.05 -0.80 0.23
86 -0.15 0.58 -0.10 -0.10 0.61 -0.10 0.84
87 0.00 -0.44 -0.66 -0.16 -0.04 0.07 -0.45
89 -0.05 -0.73 0.26 0.20 -0.48 0.59 -0.73
91 -0.20 -0.07 -0.73 -0.15 -0.04 -3.03 -0.08
94 -0.05 -0.38 -0.44 091 -0.22 -2.04 -0.46
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Group

Exercise & Protein

Dimethyl-
ID amine (DMA)
8 0.15
16 -0.07
21 -0.28
22 -0.31
25 0.30
26 -0.59
29 0.48
32 -0.04
35 0.00
37 -0.18
39 043
42 -0.41
43 -0.12
46 0.05
56 0.04
68 -0.07
70 0.03
73 0.50
78 -0.36
82 0.07
90 0.01

98 0.39

Glutamate
0.79

-0.20
-0.29
-0.16
-0.29
0.31
0.96
0.33
-0.27
0.12
0.26
0.39
0.04
0.17
0.00
-0.24
-0.13
0.12
-0.56
0.60
-0.36
0.69

Methyl-
amine (MA)
-0.84

-1.39
0.21
1.07

-0.76
0.24

0.95
0.10
0.00
0.54

-0.30
0.69

0.37

-0.01
0.7
0.17
0.23
0.08

-0.70
0.34

-0.28

-1.76

Phenyl-
acetate
1.00

0.16
-0.22
-0.44

0.89
-0.48

0.24
0.13
-0.44

0.15
-0.12
-0.04

027
-0.09

0.05

0.19
-0.06

1.09
-0.34

0.55

0.01

0.31

Serine
0.69

0.15
-0.29
0.39
0.25
0.24
0.29
0.03
0.09
-0.18
0.03
043
0.25
0.06
-0.08
-0.20
-0.14
0.14
0.41
0.25
-0.04
0.07

Trimethyl-
amine (TMA)
0.65

-0.50
0.57
0.09
0.63
0.02

-0.61
0.35
0.68
0.14

-1.63
0.28
0.34

-0.92
1.78
0.59
0.03
0.27

-1.19
0.38
0.61

-1.12

Tyrosine
1.04

-0.16
-0.36
0.31
-0.04
0.48
0.81
-0.01
-0.12
-0.48
-0.01
0.67
0.40
0.03
0.02
-0.51
-0.22
-0.25
0.63
0.55
-0.34
0.21
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Dimethyl- Methyl- Phenyl- Trimethyl-

Group ID amine (DMA) | Glutamate = amine (MA) acetate Serine = amine (TMA) | Tyrosine
1 0.19 -0.02 -0.05 0.08 0.01 -0.02 0.22

5 -0.39 -0.84 0.58 -0.58 0.11 -0.19 -0.30

9 0.08 0.00 -0.05 -0.48 0.55 -1.02 0.35

12 0.03 -0.34 -0.97 0.62 0.18 -0.58 0.07

14 0.89 -0.39 -0.64 0.23 0.03 1.73 -0.07

15 -0.62 -0.61 1.26 -0.90 1.29 219 0.77

18 -0.43 -1.66 0.94 -0.74 -0.04 1.78 -0.72

19 -0.06 -0.28 0.04 -0.45 0.02 -0.07 -0.13

23 0.25 -0.44 -0.25 -0.27 -0.36 0.83 -0.87

36 0.43 0.50 0.47 112 -0.09 -0.10 0.53

96 -0.46 -0.21 -0.12 -0.03 0.26 -0.33 0.18

é 99 0.34 0.19 0.07 0.58 0.38 0.28 0.03
o 102 0.00 -0.51 0.31 -0.02 0.28 0.96 -0.92
104 0.15 0.28 0.25 0.37 0.62 -0.30 0.64

105 0.1 -0.44 -0.22 0.24 0.13 -0.47 -0.13

106 0.01 -1.00 -0.40 -0.47 -0.45 -0.16 -0.73

108 0.03 -0.29 0.18 0.28 0.22 0.51 -0.28

109 0.20 -0.40 -0.11 0.33 0.14 0.26 -0.24

110 0.33 -1.14 2.58 0.88 0.29 -0.07 -0.80

11 0.33 0.74 -0.23 -0.43 0.35 -0.94 0.54

112 -0.56 0.36 0.02 -0.23 0.40 -0.87 0.81

115 0.06 -0.18 -0.14 0.04 -0.33 -0.26 -0.20

117 -1.02 -0.58 0.60 -0.40 0.12 1.21 -0.28
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CHAPTER 8 ADDITIONAL MATERIAL

Supplementary Table 8.2

pFDR  Sub1ivar Sub2var  Absolute

Test.Variable P.Value (BH) mean mean Difference
GALACTUROCAT-PWY: D-galacturonate degradation 499E-08 201E-05  2.29E-03 9.18E-03 6.89E-03
GLCMANNANAL!T-PWY: superpathway qf N-acetylglugosamlne, N- 499E-08 201E-05  343E-03 7 46E-03 4.02E-03
acetylmannosamine and N-acetylneuraminate degradation
PWY-5030: L-histidine degradation I 499E-08 2.01E-05  5.96E-03 1.31E-03 4.65E-03
PWY-5177: glutaryl-CoA degradation 499E-08 2.01E-05 1.58E-03 8.18E-03 6.59E-03
PWY-6305: putrescine biosynthesis [V 499E-08 2.01E-05 1.79E-03 7.80E-03 6.00E-03
PWY-6507: 4-deoxy-L-threo-hex-4-enopyranuronate degradation 499E-08 201E-05  1.39E-03 6.61E-03 5.22E-03
SER-GLYSYN-PWY: superpathway of L-serine and glycine 499E-08 201E-05  2.26E-03 8.69E-03 6.43E-03
biosynthesis |
DTDPRHAMSYN-PWY: dTDP-L-rhamnose biosynthesis 0.97E-08  244E-05 1 85E-03 1 43E-04 171E-03
l|g_Bacteroides.s_Bacteroides_ovatus
PWY-7219: aQenosme rlbongcleotldes dg novo biosynthe- 9.97E-08  2.44E-05 1 50E-03 9.40E-05 1 41E-03
sis|g_Bacteroides.s_Bacteroides_stercoris
PWY-7357: thiamin formation from pyrithiamine and oxythiamine
(yeast)| 9.97E-08 244E-05  3.04E-04 2.01E-03 1.70E-03
g_Faecalibacterium.s_Faecalibacterium_prausnitzii
BRANCHED-CHAIN-AA-SYN-PWY: superpathway of branched amino
acid biosynthesis| 1.99E-07 244E-05  4.70E-04 2.07E-03 1.60E-03
g_Faecalibacterium.s_Faecalibacterium_prausnitzii
DTDPRHAMSYN-PWY: dTDP-L-rhamnose biosynthesis 199E-07 244E05 503E-04  270E-03  219E-03
l|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
PSSR L CYERD DIEIEED | e tines: 199E-07 244E-05 530E04 233603  1.80E-03
nine)|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
PWY-5103: L-isoleucine biosynthesis o 199E-07 244E05  467E-04  203E-03  157E-03
Ill|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
PO EIET CRAEEER - 199E-07 244E05 597E-04  250E03  191E-03
tion|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
PWY-7111: pyruvate fermentation to isobutanol (engi- 199E-07 244E05 553E-04  241E-03  186E-03
neered)|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
PWY-7219: adenosine ribonucleotides de novo biosynthe- 199E-07 244E-05 440E-04  270E-03  226E-03
sis|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
PIWY-724: §uperpathway of L-Iysme, L-threomne and L-methlor)mf, 199E-07  2.44E-05 3 50E-04 1 89E-03 1 54E-03
biosynthesis Il|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
UNINTEGRATED|g_Bacteroides.s_Bacteroides_stercoris 1.99E-07  2.44E-05 1.56E-03 1.48E-04 1.42E-03
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pFDR  Subivar Sub2var  Absolute

Test.Variable P.Value (BH) mean mean Difference
UNINTEGRATED|g_Faecalibacterium.s_Faecalibacterium_prausnitzii ~ 1.99E-07  2.44E-05  5.26E-04 2.48E-03 1.96E-03
LS e LURTD eSS 199E-07 244E05 530E-04 233803  180E-03
sis|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
ASPASN-PWY: superpathway of L-aspartate and L-asparagine B49E-07 244E05  414E-04  214E03  173E03
biosynthesis|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
CALACITROIERT N 0 GG el D E R o 349E-07 244E-05 6.16E04  277E03  2.16E-03
l|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
PANTO-PWY: phosphopaptothenate biosynthesis 349E-07  244E-05 172E-03 2 74E-04 1 44E-03
l|g_Bacteroides.s_Bacteroides_vulgatus
PEPTIDOGLYCANSYN-PWY: peptidoglycan biosynthesis | (meso-
diaminopimelate contain- 3.49E-07 244E-05  3.23E-04 2.09E-03 1.76E-03
ing)|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
PWY-1042: glycolysis IV (plant cyto- 349E-07 244E05  625E04 265603  2.03E-03
sol)|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
PUT LU SURSIRENINEY 61 L B3l 2V oSt Goi3 349E07 244E05  457E04  241E03  195E-03
l|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
PWY-5097: L-lysine biosynthesis 349E-07 244E-05 175603  208E04  1.54E03
Vl|g_Bacteroides.s_Bacteroides_vulgatus
Pl e (e gles e | (e 349E-07 244E-05 202604  247E03  1.88E-03
ria)|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
PM-6386: QDP-N-acetyImgramoyl-pentapeptidg biosynthesisll . 349E-07  2.44E-05 2 79E-04 2 00E-03 173E-03
(lysine-containing)|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis |
(meso-diaminopimelate contain- 3.49E-07 2.44E-05 3.54E-04 2.30E-03 1.95E-03
ing)|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
I?WY-6507: 4?deoxy.-L-threo-hex-é}-enopyranuronateld?grada- 349E-07  244E-05 5 14E-04 2 24E-03 172E-03
tion|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
MG Tl B 349E-07 244E-05 484E04  277E03  2.28E03
V|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
SER-GLYSYN-PWY: superpathway of L-serine and glycine 349E-07 244E-05 285604  193E03  1.65E03
biosynthesis l|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
THISYNARA-PWY: superpathway of thiamin diphosphate
biosynthesis Il (eukary- 349E-07 244E-05  3.37E-04 1.93E-03 1.59E-03
otes)|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
THRESYN-PWY: superpathway of L-threonine biosynthe- 349E07 244E05  453E-04  254E03  208E-03
sis|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
ARO-PWY: chorismate biosynthesis | 349E-07 244E-05  4.59E-03 8.72E-03 4.13E-03
PWY-7242: D-fructuronate degradation 349E-07 244E-05  2.46E-03 6.70E-03 4.25E-03
GLCMANNANAUT-PWY: superpathway of N-acetylglucosamine, N-
acetylmannosamine and N-acetylneuraminate degrada- 5.98E-07 244E-05  4.00E-04 2.17E-03 1.77E-03
tion|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
PWY-5667. CDP-diacylglycerol biosynthesis 598E-07 244E-05 3.13E04 195603  1.64E-03
l|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
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pFDR  Subivar Sub2var  Absolute
Test.Variable P.Value (BH) mean mean Difference

PWY-5686: UMP biosynthe-

. X ) . . 598E-07 244E-05  5.76E-04 2.51E-03 1.93E-03
sis|g_Faecalibacterium.s_Faecalibacterium_prausnitzii

PWY-6121: 5-aminoimidazole ribonucleotide biosynthesis

: X . . 598E-07 244E-05  5.85E-04 2.82E-03 2.23E-03
l|g_Faecalibacterium.s_Faecalibacterium_prausnitzii

PWY-6123: inosine-5'-phosphate biosynthesis

. . . . 5.98E-07 244E-05  5.48E-04 2.86E-03 2.32E-03
l|g_Faecalibacterium.s_Faecalibacterium_prausnitzii

PWY-6317: galactose degradation | (Leloir path-

X . . ) 598E-07 244E-05  3.53E-04 1.85E-03 1.50E-03
way)|g_Faecalibacterium.s_Faecalibacterium_prausnitzii

PWY-7111: pyruvate fermentation to isobutanol (engi-
neered)|g_Bacteroides.s_Bacteroides_vulgatus

PWY0-1319: CDP-diacylglycerol biosynthesis
ll|g_Faecalibacterium.s_Faecalibacterium_prausnitzii

PWY66-422: D-galactose degradation V (Leloir path-
way)|g_Faecalibacterium.s_Faecalibacterium_prausnitzii

VALSYN-PWY: L-valine biosynthe-
sis|g_Bacteroides.s_Bacteroides_vulgatus

COMPLETE-ARO-PWY: superpathway of aromatic amino acid
biosynthesis

PWY-5097: L-lysine biosynthesis
Vl|g_Faecalibacterium.s_Faecalibacterium_prausnitzii

5.98E-07 244E-05  1.84E-03 2.60E-04 1.58E-03

598E-07 244E-05  3.13E-04 1.95E-03 1.64E-03

5.98E-07 244E-05  3.53E-04 1.85E-03 1.50E-03

598E-07 244E-05  1.84E-03 2.60E-04 1.58E-03

598E-07 244E-05  4.96E-03 9.29E-03 4.34E-03

947E-07 244E-05  4.04E-04 2.01E-03 1.60E-03

PWY-6124: inosine-5'-phosphate biosynthesis

) A . ) 9.47E-07 2.44E-05 5.92E-04 2.71E-03 2.12E-03
ll|g_Faecalibacterium.s_Faecalibacterium_prausnitzii

PWY-6151: S-adenosyl-L-methionine cycle
l|g_Faecalibacterium.s_Faecalibacterium_prausnitzii

PWY-6737: starch degradation V 947E-07 244E-05  3.44E-03 7.34E-03 3.90E-03

1CMET2-PWY: N10-formyl-tetrahydrofolate biosynthe-
sis|g_Bacteroides.s_Bacteroides_coprocola

1CMET2-PWY: N10-formyl-tetrahydrofolate biosynthe-
sis|g_Bacteroides.s_Bacteroides_faecis

ARGININE-SYN4-PWY: L-ornithine de novo biosynthe-
sis|g_Bacteroides.s_Bacteroides_faecis

ARGININE-SYN4-PWY: L-ornithine de novo biosynthe-
sis|g_Bacteroides.s_Bacteroides_massiliensis

947E-07 2.44E-05  4.35E-04 2.82E-03 2.38E-03

149E-06 244E-05  0.00E+00 2.60E-03 2.60E-03

149E-06 2.44E-05  1.60E-03 0.00E+00 1.60E-03

149E-06 244E-05  1.94E-03 0.00E+00 1.94E-03

149E-06 2.44E-05  0.00E+00 2.00E-03 2.00E-03

ASPASN-PWY: superpathway of L-aspartate and L-asparagine 149E06 244E-05  178E-03  000E+00  1.78E-03
biosynthesis|g_Bacteroides.s_Bacteroides_faecis
COA-PWY-1: coenzyme A biosynthesis Il (mammali- 149E-06 244E-05 184E-03  O00E+00  1.84E-03
an)|g_Acidaminococcus.s_Acidaminococcus_sp_BV3L6
COA-PV_VY_-1:coen_zymeA_biqsynthesis [l (mammali- 149E-06  2.44E-05 1 40E-03 0.00E+00 1 40E-03
an)|g_Dialister.s_Dialister_invisus
COA-PWY: coenzyme A biosynthesis . . 149E-06 244E-05 000E+00  251E-03  251E-03
l|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens
HISDEG-PWY: L-histidine degradation
l|g_Acidaminococcus.s_Acidaminococcus_sp_BV3L6

HISTSYN-PWY: L-histidine biosynthe-
sis|g_Bacteroides.s_Bacteroides_faecis

149E-06 244E-05  1.93E-03 0.00E+00 1.93E-03

149E-06 244E-05  1.82E-03 0.00E+00 1.82E-03

NONOXIPENT-PWY: pentose phosphate pathway (non-oxidative
branch)|g_Phascolarctobacterium.s_Phascolarctobacterium_succinat 149E-06 2.44E-05  0.00E+00 2.05E-03 2.05E-03
utens
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FLINIE P [ OIERETIE e bZES eSS 149E-06 244E05  184E03  000E+00  1.84E-03
I|g_Acidaminococcus.s_Acidaminococcus_sp_BV3L6
PANTO-PWY: phosphopar)tothenate biosynthesis 149E-06  244E-05  0.00E+00 3 44E-03 3 44E-03
l|g_Bacteroides.s_Bacteroides_coprocola
FLINIIE P15 [ oITEREIT e b SRiess 149E-06 244E05 205E03  000E+00  2.05E-03
l|g_Bacteroides.s_Bacteroides_faecis
PANTO-PWY: phosphopantothenate biosynthesis 149E-06 244E-05  787E-04  000E+00  7.87E-04
l|g_Bacteroides.s_Bacteroides_fragilis
FETOAERITE pros AT EEneis sy il e 149E-06 244E05 0.00E+00  253E-03  2.53E-03
l|g_Bacteroides.s_Bacteroides_massiliensis
PANTO-PWY: phospho_pantothenate biosynthesi§ . 149E-06  244E-05  0.00E+00 1 99E-03 1 99E-03
llg_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens
PUT 1028 gl e 1 len Sy 149E-06 244E05 0.00E+00  280E-03  2.80E-03
sol)|g_Bacteroides.s_Bacteroides_coprocola
PWY-1042: glycolysis IV (plant cyto- 149E-06 244E05  184E03  000E+00  1.84E-03
sol)|g_Bacteroides.s_Bacteroides_faecis
PWY-1269:.CMP-3-deoxy-.D-manno?octulosonate biosynthesis 149E-06  2.44E-05 1 83E-03 0.00E+00 1 83E-03
l|g_Bacteroides.s_Bacteroides_faecis
PWY-2942: L-lysine biosynthesis 149E-06 244E05 0.00E+00  294E-03  2.04E-03
lllg_Bacteroides.s_Bacteroides_coprocola
N PSR R EED. 149E-06 244E05 196E03  000E+00  1.96E-03
Ill|g_Bacteroides.s_Bacteroides_faecis
PWY-2942: L-lysine biosynthesis 149E-06 244E-05  000E+00  218E-03  218E-03
lllg_Bacteroides.s_Bacteroides_massiliensis
PWY-2942: L-lysine biosynthesis lll|g_Dialister.s_Dialister_invisus 1.49E-06 2.44E-05 1.71E-03 0.00E+00 1.71E-03
PWY-2942: L-lysine biosynthesis Ill|g_Prevotella.s_Prevotella_copri 149E-06 244E-05  0.00E+00 3.86E-03 3.86E-03
PUIT S84 [ B TS Dmie s 149E-06 244E05 0.00E+00  292E-03  2.92E-03
ll|g_Bacteroides.s_Bacteroides_coprocola
PWY-3841: folate transformations 149E-06 244E05  175E03  0.00E+00  1.75E-03
ll]g_Bacteroides.s_Bacteroides_faecis
PUAEIEIS AETE B EREas 149E-06 244E05 0.00E+00  288E-03  2.88E-03
Vl|g_Bacteroides.s_Bacteroides_coprocola
PWY-5097: L-lysine biosynthesis 149E06 244E-05  192E-03  000E+00  1.92E-03
Vl|g_Bacteroides.s_Bacteroides_faecis
PUACALSE e 149E-06 244E05 0.00E+00  222E-03  2.22E-03
Vl|g_Bacteroides.s_Bacteroides_massiliensis
PWY-5097: L-lysine biosynthesis VI|g_Dialister.s_Dialister_invisus 149E-06  2.44E-05 1.70E-03 0.00E+00 1.70E-03
PWY-5097: L-lysine biosynthesis VI|g_Prevotella.s_Prevotella_copri 149E-06 244E-05  0.00E+00 3.84E-03 3.84E-03
PWY-5188. tetrapyrrole biosynthesis | (from gluta- 149E-06 244E05 138E03  000E+00  1.38E-03
mate)|g_Dialister.s_Dialister_invisus
P ERT: CIRIP STER el e e s 149E-06 244E05 156E-03  0.00E+00  156E-03
l|g_Bacteroides.s_Bacteroides_faecis
PWY-5667: CDP-diacyglycerol biosynthesis 149E-06 244E05  147E03  000E+00  1.47E-03
l|g_Dialister.s_Dialister_invisus
PWY-5686: UMP biosynthe-
sis|g_Acidaminococcus.s_Acidaminococcus_sp_BV3L6 149806 244E-05  1.98E-03 0.00E+00 1.98E-03
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PWY-5686: UMP biosynthesis|g_Alistipes.s_Alistipes_putredinis 149E-06 244E-05  0.00E+00 2.94E-03 2.94E-03

P L WRsle 149E-06 244E-05 000E+00  3.17E-03 3.17E-03
sis|g_Bacteroides.s_Bacteroides_coprocola

PWY-5686: UMP biosynthesis|g_Bacteroides.s_Bacteroides_faecis 149E-06 244E-05  1.94E-03 0.00E+00 1.94E-03
PWY-5686: UMP biosynthesis|g_Dialister.s_Dialister_invisus 1.49E-06  2.44E-05 1.47E-03 0.00E+00 1.47E-03
PWY-5686: UMP biosynthesis|g_Prevotella.s_Prevotella_copri 149E-06 2.44E-05  0.00E+00 3.78E-03 3.78E-03

PWY-5695: urate biosynthesis/inosine 5'-phosphate degrada-

; : ; 149E-06 244E-05  0.00E+00 2.77E-03 2.77TE-03
tion|g_Bacteroides.s_Bacteroides_coprocola

PWY-5695: urate biosynthesis/inosine 5'-phosphate degrada-

tion|g_Bacteroides.s_Bacteroides_faecis 149E-06  244E-05  181E-03 0.00E+00 181E-03

PWY-6121: 5-aminoimidazole ribonucleotide biosynthesis

I|g_Acidaminococcus.s_Acidaminococcus_sp_BV3L6 el ZanEls 200205 BN 200209

PWY-6121: 5-aminoimidazole ribonucleotide biosynthesis

L N 149E-06 244E-05  1.54E-03 0.00E+00 1.54E-03
l|g_Dialister.s_Dialister_invisus

PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis

I1|g_Acidaminococcus.s_Acidaminococcus_sp_BV3L6 el ZanEls  LGHEUY BOEY 1BIE

PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis

- R 149E-06 244E-05  1.48E-03 0.00E+00 1.48E-03
ll|g_Dialister.s_Dialister_invisus

PWY-6124: inosine-5'-phosphate biosynthesis

Il|g_Bacteroides.s_Bacteroides_faecis dEle AR ey LR L0

PWY-6151: S-adenosyl-L-methionine cycle 149E06 244E-05 0.00E+00  350E-03  3.50E-03
l|g_Prevotella.s_Prevotella_copri

RWY-62775 superpathwayof5-am|n0|rp|da;ole ribonucleotide 149E-06  2.44E-05 1 89E-03 0.00E+00 1 89E-03
biosynthesis|g_Acidaminococcus.s_Acidaminococcus_sp_BV3L6
PIWY-6277.: superpgthwayofl5l-am|npmlndazole ribonucleotide 149E-06  2.44E-05 148E-03 0.00E+00 1 48E-03
biosynthesis|g_Dialister.s_Dialister_invisus

PWY-6386: UDP-N-acetylmuramoyl-pentapeptide biosynthesis Il
(lysine- 1.49E-06 2.44E-05 2.05E-03 0.00E+00 2.05E-03
containing)|g_Acidaminococcus.s_Acidaminococcus_sp_BV3L6

PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis |
(meso-diaminopimelate contain- 149E-06 244E-05  2.10E-03 0.00E+00 2.10E-03
ing)|g_Acidaminococcus.s_Acidaminococcus_sp_BV3L6

PWY-6609: adenine and adenosine salvage

Il|g_Bacteroides.s_Bacteroides_faecis leslets - Zanels RN U:00E+00 e

PWY-6700: queuosine biosynthe-

sis|g_Acidaminococcus.s_Acidaminococcus_sp_BV3L6 149E-06  244E-05 183803 000E+00 1.83E-03

PWY-6700: queuosine biosynthe-

. X . 1.49E-06 2.44E-05 0.00E+00 2.58E-03 2.58E-03
sis|g_Bacteroides.s_Bacteroides_coprocola

PWY-6700: queuosine biosynthesis|g_Prevotella.s_Prevotella_copri 149E-06 244E-05  0.00E+00 3.92E-03 3.92E-03

PWY-6703: preQ0 biosynthesis|g_Bacteroides.s_Bacteroides_faecis 1.49E-06  2.44E-05 1.32E-03 0.00E+00 1.32E-03

PWY-6703: preQO0 biosynthesis|g_Dialister.s_Dialister_invisus 149E-06 2.44E-05 1.41E-03 0.00E+00 1.41E-03
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PWY-7111: pyruvgte fermentation.to ispbutanol (engi- 149E-06  2.44E-05 1 96E-03 0.00E+00 1 96E-03
neered)|g_Acidaminococcus.s_Acidaminococcus_sp_BV3L6
PWY-7111: pyruvate felrmentation to isobutanol (engi- 149E-06  244E-05  0.00E+00 1 51E-03 1 51E-03
neered)|g_Parabacteroides.s_Parabacteroides_merdae
PWY-7111: pyruvate fermentation to isobutanol (engi-
neered)|g_Phascolarctobacterium.s_Phascolarctobacterium_succinat ~ 1.49E-06 2.44E-05  0.00E+00 1.95E-03 1.95E-03
utens
EWY-71.97.: pyrimid!ng deogyri.bonucleotide phosphoryla- 149E-06  2.44E-05 118E-03 0.00E+00 1 18E-03
tion|g_Dialister.s_Dialister_invisus
G ieRaaicln o IRluecekases 149E-06 244E05 124E03  0.00E+00  1.24E-03
salvage|g_Dialister.s_Dialister_invisus
RWY-72j9: aQenosme rlbonulcleotlldes de novo biosynthe- 149E-06  2.44E-05 181E-03 0.00E+00 181E-03
sis|g_Acidaminococcus.s_Acidaminococcus_sp_BV3L6
PWY-7219: adenosine ribonucleotides de novo biosynthe- 149E-06 244E-05 000E+00  339E-03  339E-03
sis|g_Alistipes.s_Alistipes_putredinis
RWY-7219: a('ienosme r|bongcleot|des de novo biosynthe- 149E-06  244E05  0.00E+00 3.10E-03 3.10E-03
sis|g_Bacteroides.s_Bacteroides_coprocola
RWY-7219: a(.ienosine ribongcleotides.de novo biosynthe- 149E-06  2.44E-05 1 62E-03 0.00E+00 1 62E-03
sis|g_Bacteroides.s_Bacteroides_faecis
RWY-7219: aQenosine ribongcleotides q§ novo biosynthe- 149E-06  244E05  0.00E+00 2 19E-03 2 12E-03
sis|g_Bacteroides.s_Bacteroides_massiliensis
FUN AR EUEGEENISTTIE Bals D560 1B MOl 5 149E-06 244E-05  7.34E04  0Q0E+00  7.34E-04
sis|g_Bifidobacterium.s_Bifidobacterium_bifidum
P_WY-7219: adenog,iqe ribqnupleotides de novo biosynthe- 149E-06  2.44E-05 1 60E-03 0.00E+00 1 60E-03
sis|g_Dialister.s_Dialister_invisus
PWY-7219: adgnosme rlbonuc!eotldes dg novo biosynthe- 149E-06  2.44E-05 135E-03 0.00E+00 135E-03
sis|g_Eubacterium.s_Eubacterium_ventriosum
P_WY-7219: adenolsme rlbonucleotlde§ de novo biosynthe- 149E-06  244E-05  0.00E+00 2 40E-03 9 40E-03
sis|g_Parabacteroides.s_Parabacteroides_merdae
P_WY-7219: adenosine nb_onucleotldes de novo b|o§ynthe- ‘ 149E-06  244E-05  0.00E+00 170E-03 170E-03
sis|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens
P_WY-7219: adenosine rlbonucleotl_des de novo biosynthe- 149E-06  244E-05  0.00E+00 371E-03 371E-03
sis|g_Prevotella.s_Prevotella_copri
P_WY-7221: gL_Janosine ribonL_JcIeotides_de novo biosynthe- 149E-06  2.44E-05 193E-03 0.00E+00 193E-03
sis|g_Bacteroides.s_Bacteroides_faecis
P.WY'7221: guanosine rlbonycleotldes (.j.e novo biosynthe- 149E-06 244E-05  0.00E+00 2.68E-03 2.68E-03
sis|g_Bacteroides.s_Bacteroides_massiliensis
PWY-7221: quanosine ribonucleotides de novo biosynthe- 149E-06 244E-05 698E-04  0O00E+00  6.98E-04
sis|g_Bifidobacterium.s_Bifidobacterium_bifidum
PWY-7221: guanosine ribonucleotides de novo biosynthe- 149E-06 244E-05 142603  000E#00  142E-03
sis|g_Dialister.s_Dialister_invisus
PWY-7221: guanosine rlbonucleotlldes de novo biosynthe- 149E-06  244E-05  0.00E+00 3.79E-03 3.79E-03
sis|g_Prevotella.s_Prevotella_copri
PIWY-7228.: superpat'hway of gugnosine Inucleotides de novo 149E-06  2.44E-05 1 24E-03 0.00E+00 1 24E-03
biosynthesis I|g_Dialister.s_Dialister_invisus
e e 149E-06 244E-05 196E-03  000E+00  1.96E-03
bic)|g_Bacteroides.s_Bacteroides_faecis
PWY0-1319: CDP-diacylglycerol biosynthesis 149E-06 244E-05  156E-03  000E+00  1.56E-03
lllg_Bacteroides.s_Bacteroides_faecis




384 | Chapter 8 Additional Material

pFDR  Subivar Sub2var  Absolute
Test.Variable P.Value (BH) mean mean Difference

PWY0-1319: CDP-diacylglycerol biosynthesis

L 2 1.49E-06 244E-05  1.47E-03 0.00E+00 1.47E-03
ll|g_Dialister.s_Dialister_invisus

PWY0-845: superpathway of pyridoxal 5'-phosphate biosynthesis and
salvage|g_Bacteroides.s_Bacteroides_faecis

PYRIDOXSYN-PWY: pyridoxal 5'-phosphate biosynthesis
l|g_Bacteroides.s_Bacteroides_faecis

RHAMCAT-PWY: L-rhamnose degradation
l|g_Bacteroides.s_Bacteroides_faecis

149E-06 244E-05  1.54E-03 0.00E+00 1.54E-03

149E-06 2.44E-05  1.52E-03 0.00E+00 1.52E-03

149E-06 244E-05  1.66E-03 0.00E+00 1.66E-03

gg;gj&ﬁiﬁ{nococcus.s_Acidaminococcus_sp_BV3L6 laslsle 2anEls (RHENY HRUE UEEETE
UNINTEGRATED]|g_Alistipes.s_Alistipes_putredinis 149E-06 244E-05  0.00E+00 2.81E-03 2.81E-03
UNINTEGRATED|g_Bacteroides.s_Bacteroides_coprocola 1.49E-06 2.44E-05  0.00E+00 2.93E-03 2.93E-03
UNINTEGRATED|g_Bacteroides.s_Bacteroides_faecis 1.49E-06  2.44E-05 1.95E-03 0.00E+00 1.95E-03
UNINTEGRATED|g_Bacteroides.s_Bacteroides_fragilis 1.49E-06 244E-05  1.57E-03 0.00E+00 1.57E-03
UNINTEGRATED|g_Bacteroides.s_Bacteroides_massiliensis 1.49E-06 2.44E-05  0.00E+00 3.01E-03 3.01E-03
UNINTEGRATED]|g_Bifidobacterium.s_Bifidobacterium_bifidum 1.49E-06 244E-05  6.64E-04 0.00E+00 6.64E-04
UNINTEGRATED|g_Blautia.s_Ruminococcus_gnavus 1.49E-06  2.44E-05 1.70E-03 0.00E+00 1.70E-03
UNINTEGRATEDI|g_Dialister.s_Dialister_invisus 149E-06 244E-05  1.51E-03 0.00E+00 1.51E-03
UNINTEGRATED|g_Eubacterium.s_Eubacterium_ventriosum 149E-06 244E-05  1.39E-03 0.00E+00 1.39E-03

UNINTEGRATED|g_Parabacteroides.s_Parabacteroides_distasonis 149E-06 2.44E-05 0.00E+00 2.46E-03 2.46E-03

UNINTEGRATED|g_Parabacteroides.s_Parabacteroides_merdae 149E-06 244E-05  0.00E+00 2.30E-03 2.30E-03
UNINTEGRATED|g_Paraprevotella.s_Paraprevotella_clara 149E-06 2.44E-05 0.00E+00 2.73E-03 2.73E-03
UNINTEGRAT-

ED|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens 149806 244E-05  0.00E+00 1.97E-03 1.97E-03
UNINTEGRATED|g_Prevotella.s_Prevotella_copri 1.49E-06 244E-05 0.00E+00 3.77E-03 3.77E-03
UNINTEGRATED|g_Ruminococcus.s_Ruminococcus_callidus 149E-06 244E-05  0.00E+00 2.52E-03 2.52E-03

VALSYN-PWY: L-valine biosynthe-

sis|g_Acidaminococcus.s_Acidaminococcus_sp_BV3L6 adete 2AEs TR DLUE 1Rl 0

VALSYN-PWY: L-valine biosynthe-
sis|g_Parabacteroides.s_Parabacteroides_merdae

PWY-5005: biotin biosynthesis I 149E-06 2.44E-05  4.69E-03 0.00E+00 4.69E-03

149E-06 244E-05  0.00E+00 1.51E-03 1.51E-03

PEPTIDOGLYCANSYN-PWY: peptidoglycan biosynthesis | (meso- -4 gor 06 5 44p.05  178E03  263E-04  151E-03
diaminopimelate containing)|g_Bacteroides.s_Bacteroides_vulgatus
PWY-3841: folate transformations

g Bacteroides.s. Bacteroides, vulgatus 150E-06 244E-05  1.70E-03  2.91E-04 1.41E-03

PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis

. . . . 1.50E-06 2.44E-05  6.79E-04 2.76E-03 2.08E-03
Il|g_Faecalibacterium.s_Faecalibacterium_prausnitzii

G AR Ul o] 150E06 244E-05  178E-03  250E-04 15303
l|g_Bacteroides.s_Bacteroides_vulgatus

PIWY-6277.: superpathyvay of.5-aminoimida.zole riponucleotidg ) 150E-06 244E05  6.79E-04 2 76E-03 2 08E-03
biosynthesis|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
PWY-7220: adenosine deoxyribonucleotides de novo biosynthesis

Il|g_Bacteroides.s_Bacteroides_vulgatus 150806 244E05  1.74E-03 2.66E-04 1.47E-03
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PWY-7221: guanosine ribonucieotides de novo biosynihe- 150E06 244E-05 53004  287E-03  234E-03
sis|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
PWY-7222: guanosine deo?(yrlbonucleotldes de novo biosynthesis 150E-06  2.44E-05 174E-03 2 66E-04 1 47E-03
lllg_Bacteroides.s_Bacteroides_vulgatus
PIWY-7228.: superpathway of guanosing nucleotides de novo 150E-06  2.44E-05 174E-03 2 78E-04 1 46E-03
biosynthesis I|g_Bacteroides.s_Bacteroides_vulgatus
PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis Il 1.50E-06 2.44E-05  4.47E-03 7.25E-03 2.78E-03
PWY-6163: chorismate biosynthesis from 3-dehydroquinate 1.50E-06 2.44E-05  4.70E-03 8.89E-03 4.18E-03
PIWY-6277‘: superpathway of 5-aminoimidazole ribonucleotide 150E-06  244E-05  447E-03 7 25E-03 2 78E-03
biosynthesis
PIWY0-162.: superpathway of pyrimidine ribonucleotides de novo 150E-06  2.44E-05 4.38E-03 8.67E-03 4.30E-03
biosynthesis
PYRIDOXSYN-PWY: pyridoxal 5'-phosphate biosynthesis | 1.50E-06 2.44E-05  5.59E-03 1.67E-03 3.92E-03
PWY-4242: pantothenate ar)d coenzyme A biosynthesis 208E-06  3.37E-05 161E-03 2 70E-05 1 58E-03
ll|g_Bacteroides.s_Bacteroides_xylanisolvens
GALACT-GLUCUROCAT-PWY: superpathway of hexuronide and
hexuronate degrada- 224E-06 348E-05  5.99E-04 2.44E-03 1.84E-03
tion|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
NONOXIPENT-PWY: pentose phosphate pathway (non-oxidative 204E-06 348E05  313E-04  210E03  1.79E-03
branch)|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
P s EDIP e EEe MEspiile. 224E-06 348E-05 202603  300E04  1.71E-03
sis|g_Bacteroides.s_Bacteroides_ovatus
I?WY-5695: urgte biosynthesig/inosine 5'-phosphate degrada- 9 24E-06  3.48E-05 178E-03 2 65E-04 1 51E-03
tion|g_Bacteroides.s_Bacteroides_vulgatus
PIWY-6126.: superpathway of adenosmelnucleotldes de novo 0 24E-06  3.48E-05 177E-03 2 64E-04 1 51E-03
biosynthesis Il|g_Bacteroides.s_Bacteroides_vulgatus
PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis |
(meso-diaminopimelate contain- 2.24E-06  3.48E-05 1.78E-03 2.68E-04 1.51E-03
ing)|g_Bacteroides.s_Bacteroides_vulgatus
PIWY-7229.: superpathwa}y of adenosing nucleotides de novo 2 24E-06  3.48E-05 178E-03 2 79E-04 1 50E-03
biosynthesis ||g_Bacteroides.s_Bacteroides_vulgatus
Elggg;(lPENT-PWY: pentose phosphate pathway (non-oxidative 2 24E-06  3.48E-05 5.12E-03 8.68E-03 3 56E-03
LA 2 C RS 334E-06 504E-05 178E03  2.82E04  1.50E-03
IIl|g_Bacteroides.s_Bacteroides_vulgatus
PWY-6151: S-adenosyl-L-methionine cycle 334E-06 504E-05 147E03  2.80E04  1.18E-03
l|g_Bacteroides.s_Bacteroides_uniformis
POV UGN ENE AR GRS 334E-06 504E-05 492E04 235603 1.86E-03
IIl|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
PWY-7242: D-fructuronate degrada- . 334E-06 504E-05 599E04  243E03  1.84E03
tion|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
UG PIIDLMEIEERRERCRRCE: 334E-06 504805 540E-04  230E03  1.76E-03
tion|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
1QMET2-PWY: N10-formyl-tgtrahydrofolgte biosynthe- 340E-06  5.11E-05 1 52E-03 1 69E-05 1 51E-03
sis|g_Bacteroides.s_Bacteroides_stercoris
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PWY66-422: D-galactose degradation V (Leloir path-
way)|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_  3.45E-06  5.14E-05 1.15E-03 5.04E-05 1.10E-03
1_63FAA

1CMET2-PWY: N10-formyl-tetrahydrofolate biosynthe-

. . ; 4.28E-06 6.32E-05  1.70E-03 6.58E-05 1.64E-03
sis|g_Bacteroides.s_Bacteroides_ovatus

COA-PWY-1: coenzyme A b|qsynthe5|slll (mammali- 428E-06  6.32E-05 135E-03 4.34E-05 131E-03
an)|g_Bacteroides.s_Bacteroides_xylanisolvens
GLUCUROCAT-PWY: superpathway of &beta;-D-glucuronide and D-
glucuronate degrada- 4 84E-06 6.41E-05  5.85E-04 2.33E-03 1.74E-03
tion|g_Faecalibacterium.s_Faecalibacterium_prausnitzii

PWY-7219: adenosine ribonucleotides de novo biosynthe-

. X X 484E-06 6.41E-05  1.79E-03 3.08E-04 1.48E-03
sis|g_Bacteroides.s_Bacteroides_ovatus

PWY-7219: adenosine ribonucleotides de novo biosynthe-

. : : 4.84E-06 6.41E-05  1.77E-03 3.48E-04 1.42E-03
sis|g_Bacteroides.s_Bacteroides_vulgatus

PWY-7221: guanosine ribonucleotides de novo biosynthe-

. X X 484E-06 6.41E-05  1.68E-03 2.91E-04 1.39E-03
sis|g_Bacteroides.s_Bacteroides_vulgatus

PWY-6317: galactose degradation | (Leloir path-
way)|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_  545E-06  6.41E-05 1.05E-03 5.46E-05 9.92E-04
1_63FAA

COA-PWY-1: coenzyme A biosynthesis Il (mammali-

. : 552E-06 6.41E-05  0.00E+00 2.51E-03 2.51E-03
an)|g_Bacteroides.s_Bacteroides_coprocola

COA-PWY-1: coenzyme A biosynthesis Il (mammali-

an)|g_Bacteroides.s_Bacteroides_faecis 5.52E:06 641E05  1.67E-03 0.00E+00 1.67E-03

COA-PWY-1: coenzyme A biosynthesis Il (mammali-

an)|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens 5.52E-06 64105  0.00E+00 2.27E-03 2.27E-03

DTDPRHAMSYN-PWY: dTDP-L-rhamnose biosynthesis
l|g_Bacteroides.s_Bacteroides_fragilis

NONMEVIPP-PWY: methylerythritol phosphate pathway
l|g_Alistipes.s_Alistipes_finegoldii

PANTO-PWY: phosphopantothenate biosynthesis
l|g_Parabacteroides.s_Parabacteroides_merdae
PWY-2942: L-lysine biosynthesis
Il|g_Bacteroides.s_Bacteroides_fragilis

PWY-2942: L-lysine biosynthesis
Ill|g_Parabacteroides.s_Parabacteroides_merdae

PWY-3841: folate transformations
ll|g_Bacteroides.s_Bacteroides_massiliensis

PWY-3841: folate transformations
ll|g_Parabacteroides.s_Parabacteroides_merdae

PWY-5097: L-lysine biosynthesis
Vl|g_Parabacteroides.s_Parabacteroides_merdae

PWY-5667: CDP-diacylglycerol biosynthesis
l|g_Bacteroides.s_Bacteroides_coprocola

552E-06 6.41E-05  1.09E-03 0.00E+00 1.09E-03

5.52E-06 6.41E-05  6.41E-04 0.00E+00 6.41E-04

5.52E-06 6.41E-05  0.00E+00 1.62E-03 1.62E-03

552E-06 6.41E-05  8.38E-04 0.00E+00 8.38E-04

5.52E-06 6.41E-05  0.00E+00 1.97E-03 1.97E-03

5.52E-06 6.41E-05  0.00E+00 2.52E-03 2.52E-03

5.52E-06 6.41E-05  0.00E+00 1.87E-03 1.87E-03

5.52E-06 6.41E-05  0.00E+00 2.23E-03 2.23E-03

5.52E-06 6.41E-05  0.00E+00 2.45E-03 2.45E-03

PWY-5686: UMP biosynthesis|g_Bacteroides.s_Bacteroides_fragilis 5.52E-06 6.41E-05 7.44E-04 0.00E+00 7.44E-04

PWY-5686: UMP biosynthe-

sis|g_Parabacteroides.s_Parabacteroides_merdae 552806 641E-05  0.00E+00 1.77E-03 1.77E-03

PWY-6121: 5-aminoimidazole ribonucleotide biosynthesis

ljg_Alistipes.s._Alistipes. putredinis 552E-06 6.41E-05  0.00E+00 2.65E-03 2.65E-03
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PWY-§122: 5-ami'no'imidazoleripqnucleotide biosynthesis 550E-06 641E-05  0.00E+00 2 63E-03 2 63E-03
ll|lg_Alistipes.s_Alistipes_putredinis
PWY-6122: 5‘-aminoimidazolgribonuclgotide biosynthesis 550E-06  6.41E-05 110E-03 0.00E+00 110E-03
Illg_Eubacterium.s_Eubacterium_ventriosum
PWY-6122: 5-aminoimi<jazoleribonucleotide biosynthesis. 550E-06  641E-05  0.00E+00 187E-03 1 87E-03
lllg_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens
P SRS TSNS 2 AesiE ® WS iiesr 550606 641E-05 161E03  0O00E+00  1.61E-03
l|g_Bacteroides.s_Bacteroides_faecis
PWY-6151: S-adenosyl-L-methionine cycle 550E-06 641E-05 O0.00E+00  327E03  3.27E-03
l|g_Bacteroides.s_Bacteroides_massiliensis
it lecatanibeapies sl 550E-06 641E-05 164E03  000E+00  1.64E-03
gi)|g_Bacteroides.s_Bacteroides_faecis
PIWY-6277‘: super‘pqthwayofl5-gminoimida_zq|e ribonucleotide 550E-06 641E-05  0.00E+00 2 63E-03 2 63E-03
biosynthesis|g_Alistipes.s_Alistipes_putredinis
PIWY-6277.: superpathwa}yof5-am|n0|m|Qazole rlbpnucleotlde 550E-06  6.41E-05 110E-03 0.00E+00 110E-03
biosynthesis|g_Eubacterium.s_Eubacterium_ventriosum
PWY-6277: superpathway of 5-aminoimidazole ribonucleotide
biosynthe- 552E-06 6.41E-05  0.00E+00 1.87E-03 1.87E-03
sis|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens
e 550E-06 641E-05 630E-04  000E+00  6.30E-04
(lysine-containing)|g_Bifidobacterium.s_Bifidobacterium_bifidum
PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis |
(meso-diaminopimelate contain- 552E-06 6.41E-05  6.09E-04 0.00E+00 6.09E-04
ing)|g_Bifidobacterium.s_Bifidobacterium_bifidum
PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis |
(T CEEE I S CTE: . . 550606 641E-05 000E+00  1.80E03  1.80E-03
ing)|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatuten
s
PWY-G927: stachyose degrada- 550606 641E-05 O000E+00  1.64E03  1.64E-03
tion|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
TGS el 550606 641E-05 141E03  0O00E+00  1.41E-03
sis|g_Bacteroides.s_Bacteroides_faecis
PWY-6700: queuosine biosynthe- 550E06 641E-05 000E+00  214E-03  214E-03
sis|g_Bacteroides.s_Bacteroides_massiliensis
PWY-6700: queuosine biosynthesis|g_Dialister.s_Dialister_invisus 5.52E-06 6.41E-05 1.39E-03 0.00E+00 1.39E-03
PVWY-6703: preQO biosynthe- . 550606 641E-05 000E+00  1.93E03  1.03E-03
sis|g_Bacteroides.s_Bacteroides_massiliensis
PWY-7111:pyruva_tefermentation_toisobuta_n_ol (e_ngi- 550E-06 641E-05  0.00E+00 179E-03 179E-03
neered)|g_Bacteroides.s_Bacteroides_massiliensis
PWY-7219: adengsme rlbonucleoltldesde.nov.o biosynthe- 550E-06 641E-05  0.00E+00 2 37E-03 2 37E-03
sis|g_Adlercreutzia.s_Adlercreutzia_equolifaciens
PWY-7219: a(.ienosmerlbongcleotlde§Fie novo biosynthe- 550E-06 641E-05  6.76E-04 0.00E+00 6.76E-04
sis|g_Bacteroides.s_Bacteroides_fragilis
PWY-7219: adenosine ribonucleotides de novo biosynthe- 550E-06  641E-05  0.00E+00 3.16E-03 3.16E-03
sis|g_Paraprevotella.s_Paraprevotella_clara
RWY-721Q: adenosmerlbonycleotldesde novo biosynthe- 550E-06 641E-05  0.00E+00 2 51E-03 2 51E-03
sis|g_Ruminococcus.s_Ruminococcus_callidus
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PWY-7221: guanosine ribonucleotides de novo biosynthe-
sis|g_Parabacteroides.s_Parabacteroides_distasonis

PWY0-1319: CDP-diacylglycerol biosynthesis
lllg_Bacteroides.s_Bacteroides_coprocola

5.52E-06 6.41E-05  0.00E+00 2.59E-03 2.59E-03

5.52E-06 6.41E-05  0.00E+00 2.45E-03 2.45E-03

SER-GLYSYN-PWY: superpathway of L-serine and glycine
biosynthesis 5.52E-06 6.41E-05  0.00E+00 1.98E-03 1.98E-03
l|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens

UNINTEGRATED|g_Adlercreutzia.s_Adlercreutzia_equolifaciens 5.52E-06 6.41E-05  0.00E+00 1.75E-03 1.75E-03
UNINTEGRATED]|g_Alistipes.s_Alistipes_shahii 5.52E-06 6.41E-05  0.00E+00 1.85E-03 1.85E-03
UNINTEGRATED|g_Coprococcus.s_Coprococcus_comes 5.52E-06 6.41E-05  0.00E+00 1.23E-03 1.23E-03

VALSYN-PWY: L-valine biosynthe-

; . ; - 5.52E-06 6.41E-05  0.00E+00 1.79E-03 1.79E-03
sis|g_Bacteroides.s_Bacteroides_massiliensis

VALSYN-PWY: L-valine biosynthe-

sis|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens AASID - Galzts  DAEEY 1188 2408

GLUCONEO-PWY: gluconeogenesis | 5.52E-06 6.41E-05  0.00E+00 5.53E-03 5.53E-03

PWY-821: superpathway of sulfur amino acid biosynthesis
(Saccharomyces cerevisiae)

PYRIDOXSYN-PWY: pyridoxal 5'-phosphate biosynthesis
l|g_Bacteroides.s_Bacteroides_stercoris

PWY-3841: folate transformations
lllg_Bacteroides.s_Bacteroides_stercoris

PWY-5667: CDP-diacylglycerol biosynthesis
l|g_Bacteroides.s_Bacteroides_stercoris

5.52E-06 6.41E-05  3.48E-03 0.00E+00 3.48E-03

5.68E-06 6.57E-05  1.47E-03 4.86E-05 1.43E-03

6.05E-06 6.86E-05  1.54E-03 4.04E-05 1.50E-03

6.05E-06 6.86E-05  1.46E-03 3.94E-05 1.42E-03

PWY-5686: UMP biosynthesis|g_Bacteroides.s_Bacteroides_stercoris ~ 6.05E-06  6.86E-05 1.48E-03 4.63E-05 1.44E-03

PWY-7663: gondoate biosynthesis (anaero-
bic)|g_Bacteroides.s_Bacteroides_ovatus

PWY0-1319: CDP-diacylglycerol biosynthesis
ll|g_Bacteroides.s_Bacteroides_stercoris

PANTO-PWY: phosphopantothenate biosynthesis
l|g_Bacteroides.s_Bacteroides_stercoris

PWY-5097: L-lysine biosynthesis
Vl|g_Bacteroides.s_Bacteroides_stercoris

6.05E-06 6.86E-05  2.01E-03 4.56E-05 1.96E-03

6.05E-06 6.86E-05  1.46E-03 3.94E-05 1.42E-03

6.32E-06  7.00E-05  1.53E-03 4.45E-05 1.48E-03

6.32E-06  7.00E-05  1.50E-03 4.22E-05 1.46E-03

PWY-6151: S-adenosyl-L-methionine cycle

. ; : 6.32E-06  7.00E-05 1.39E-03 4.22E-05 1.35E-03
l|g_Bacteroides.s_Bacteroides_stercoris

PWY-7111: pyruvate fermentation to isobutanol (engi-

) . . 6.32E-06  7.00E-05 1.33E-03 3.33E-05 1.30E-03
neered)|g_Bacteroides.s_Bacteroides_xylanisolvens

PWY-7663: gondoate biosynthesis (anaero-
bic)|g_Bacteroides.s_Bacteroides_stercoris

VALSYN-PWY: L-valine biosynthe-
sis|g_Bacteroides.s_Bacteroides_xylanisolvens

6.32E-06  7.00E-05  1.42E-03 4.51E-05 1.38E-03

6.32E-06  7.00E-05  1.33E-03 3.33E-05 1.30E-03

PEPTIDOGLYCANSYN-PWY: peptidoglycan biosynthesis | (meso-

diaminopimelate containing)|g_Bacteroides.s_Bacteroides_ovatus 651806  7.098-05  1.56E-03 9.90E-05 1.46E-03

PWY-3841: folate transformations

Il|g_Bacteroides.s_Bacteroides_ovatus ollEs ke e Iz LIS

PWY-5686: UMP biosynthesis|g_Bacteroides.s_Bacteroides_ovatus 6.51E-06  7.09E-05 1.86E-03 1.31E-04 1.73E-03
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UGS EEITER RO (IEIr0: 651E-06 7.09E-05 182603  133E04  168E-03
an)|g_Bacteroides.s_Bacteroides_ovatus
PWY-2942: L-lysine biosynthesis 663E-06 7.8E-05 150E-03  631E05  143E-03
lllg_Bacteroides.s_Bacteroides_stercoris
HISDEG-PWY: L-histidine degradation | 6.68E-06 7.18E-05  6.13E-03 7.56E-04 5.37E-03
PWY-6531: mannitol cycle 6.68E-06 7.18E-05  3.84E-03 7.79E-04 3.06E-03
PWY-7456: mannan degrada- 669E-06 7.8E-05  140E-03 533605  1.35E-03
tion|g_Bacteroides.s_Bacteroides_ovatus
GALACT-GLUCURQCAT-PWY: superpathway of hexuronide and 6.93E-06  7.32E-05 3.51E-03 8.34E-03 4.83E-03
hexuronate degradation
PWY-1269: CMP-3-deoxy-D-manno-octulosonate biosynthesis | 6.93E-06 7.32E-05  5.19E-03 1.64E-03 3.55E-03
PWY-5101: L-isoleucine biosynthesis II 6.93E-06 7.32E-05  5.44E-03 1.93E-03 3.51E-03
PWY-7219: adenosine ribonucleotides de novo biosynthesis 6.93E-06  7.32E-05 5.18E-03 1.05E-02 5.32E-03
TCMET2-PWY: N10-formy/tetrahydrofolate biosynthe- 707606 742605  137E03  1.A7E04  1.26E-03
sis|g_Bacteroides.s_Bacteroides_uniformis
PWY-6703: preQO biosynthe- . 707606 742E-05  158E-03 533605  1.53E-03
sis|g_Bacteroides.s_Bacteroides_stercoris
PYRIDOXSYN-PWY: pyridpxal 5‘-phosphate biosynthesis 798E-06  7.61E-05 178E-03 1 45E-04 1 64E-03
l|g_Bacteroides.s_Bacteroides_uniformis
PANTOSYN-PWY: pantothenate and coenzyme A biosynthesis 785E:06  8.14E-05 1.92E-03 1 24E-04 179E-03
l|g_Bacteroides.s_Bacteroides_ovatus
PWY-1269:ICMP-3-deoxy-.D-manno-octulosonate biosynthesis 785E-06  8.14E-05 178E-03 1.03E-04 1 68E-03
l|g_Bacteroides.s_Bacteroides_ovatus
A_RGININE-S\_(N4-PWY: L-or_nithine de novo biosynthe- 808E-06 B8.14E-05  1.82E-03 107E-04 171E-03
sis|g_Bacteroides.s_Bacteroides_ovatus
ARGININE-SYN4-PWY: L-omithine de novo biosynihe- BOBE-06 B14E-05  148E-03  763E05  1.40E-03
sis|g_Bacteroides.s_Bacteroides_stercoris
PWY-6385: peptidoglycan biosynthesis Il (mycobacte- 80BE-06 8.14E05 194E-03  139E-04  180E-03
ria)|g_Bacteroides.s_Bacteroides_ovatus
PW}(-6386: L}DP-N-acetyImuramoyl-pentapgptlde biosynthesis Il 8.08E-06  814E-05 154E-03 1.07E-04 143E-03
(lysine-containing)|g_Bacteroides.s_Bacteroides_ovatus
PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis |
(meso-diaminopimelate contain- 8.08E-06  8.14E-05 1.52E-03 9.56E-05 1.43E-03
ing)|g_Bacteroides.s_Bacteroides_ovatus
PWY0-845: superpathway of pyrld0xal 5'-phosphate biosynthesis and 8.08E-06  B8.14E-05 2 17E-03 1 59E-04 2 01E-03
salvage|g_Bacteroides.s_Bacteroides_ovatus
PYRIDOXSYN-PWY: pyrlqoxal 5'-phosphate biosynthesis 8.08E-06  8.14E-05 2 01E-03 1 67E-04 1 84E-03
l|g_Bacteroides.s_Bacteroides_ovatus
COA-PWY-1: coenzyme A bigsynthesis [l (mammali- 8.20E-06  8.14E-05 179E-03 1 63E-04 1 63E-03
an)|g_Bacteroides.s_Bacteroides_ovatus
COA-PWY: coenzyme A biosynthesis 820E06 814E-05 209E-03  190E-04  1.90E-03
l|g_Bacteroides.s_Bacteroides_ovatus
F"WY-5695: urgte b|osynthe3|§/|n03|ne 5 -phosphate degrada- 8.29E-06  8.14E-05 1 53E-03 7 76E-05 1 45E-03
tion|g_Bacteroides.s_Bacteroides_stercoris
PWY-7111: pyruvqte fermentatloq to |sobutan9| (engi- 8.20E-06  8.14E-05 151E-03 7 65E-05 143E-03
neered)|g_Bacteroides.s_Bacteroides_stercoris
TIHISYNARA-PWY: superpathway of thjamin diphosphate 8.20E-06 B8.4E-05  210E-03 1 63E-04 1 94E-03
biosynthesis Il (eukaryotes)|g_Bacteroides.s_Bacteroides_ovatus
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VALSYN-PWY: L-valine biosynthe-

; . ; . 8.22E-06 8.14E-05  1.51E-03 7.65E-05 1.43E-03
sis|g_Bacteroides.s_Bacteroides_stercoris

COA-PWY-1: coenzyme A biosynthesis Il (mammali-
an)|g_Bacteroides.s_Bacteroides_vulgatus

RHAMCAT-PWY: L-rhamnose degradation
l|g_Faecalibacterium.s_Faecalibacterium_prausnitzii

NONMEVIPP-PWY: methylerythritol phosphate pathway
l|g_Bacteroides.s_Bacteroides_ovatus

8.29E-06 8.15E-05  1.88E-03 1.96E-04 1.68E-03

8.29E-06 8.15E-05  2.18E-04 2.31E-03 2.09E-03

8.78E-06  8.54E-05  1.73E-03 1.10E-04 1.62E-03

PEPTIDOGLYCANSYN-PWY: peptidoglycan biosynthesis | (meso-

diaminopimelate containing)|g_Bacteroides.s_Bacteroides_uniformis QIEiEE Sl a2 Tk LAIE

PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis |
(meso-diaminopimelate contain- 8.78E-06  8.54E-05 1.46E-03 1.45E-04 1.31E-03
ing)|g_Bacteroides.s_Bacteroides_uniformis

PWY0-845: superpathway of pyriQoxaI 5‘-phosphate biosynthesis and 9.06E-06  8.78E-05 1 69E-03 1 44E-04 1 55E-03
salvage|g_Bacteroides.s_Bacteroides_uniformis
PWY-6700: queuosine biosynthe-

. . . 9.33E-06 8.98E-05  1.93E-03 1.24E-04 1.80E-03
sis|g_Bacteroides.s_Bacteroides_ovatus

PWY-4984: urea cycle 9.33E-06 8.98E-05  5.50E-04 7.66E-03 7.11E-03
UNINTEGRATED|g_Bacteroides.s_Bacteroides_vulgatus 9.72E-06  9.24E-05 1.78E-03 3.83E-04 1.40E-03
ARGININE-SYN4-PWY: L-ornithine de novo biosynthesis 9.72E-06 9.24E-05  5.42E-03 1.75E-03 3.67E-03
PWY-5686: UMP biosynthesis 9.72E-06  9.24E-05  4.90E-03 1.06E-02 5.68E-03

ARGININE-SYN4-PWY: L-ornithine de novo biosynthe-

) . . . 9.73E-06  9.24E-05 1.45E-03 1.49E-04 1.30E-03
sis|g_Bacteroides.s_Bacteroides_uniformis

PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis

Il|g_Bifidobacterium.s_Bifidobacterium_longum 987806 9.31E05  1.02£03 8.69E-05 9.30E-04

PWY-6277: superpathway of 5-aminoimidazole ribonucleotide
biosynthesis|g_Bifidobacterium.s_Bifidobacterium_longum

ANAGLYCOLYSIS-PWY: glycolysis Il (from glu-
cose)|g_Bacteroides.s_Bacteroides_ovatus

PWY-1042: glycolysis IV (plant cyto-
sol)|g_Bacteroides.s_Bacteroides_ovatus
PWY-2942: L-lysine biosynthesis
IIl|g_Bacteroides.s_Bacteroides_ovatus

9.87E-06 9.31E-05  1.02E-03 8.69E-05 9.30E-04

1.02E-05 9.44E-05  1.94E-03 2.05E-04 1.74E-03

1.02E-05 9.44E-05  1.75E-03 1.66E-04 1.59E-03

1.02E-05 9.44E-05  1.99E-03 1.74E-04 1.82E-03

PN R4 T 2Tl S RTE T 72 102E05 O44E05 204E-03  160E-04  1.88E-03
biosynthesis (yeast)|g_Bacteroides.s_Bacteroides_ovatus

PWY-7323: superpathway of GDP-mannose-derived O-antigen 102E-05 Q44E05 189E-03  148E-04  174E-03
building blocks biosynthesis|g_Bacteroides.s_Bacteroides_ovatus
PWY-6703: preQ0 biosynthe-

. ; : 1.03E-05 9.49E-05 1.72E-03 1.83E-04 1.53E-03
sis|g_Bacteroides.s_Bacteroides_vulgatus

PWY-6121: 5-aminoimidazole ribonucleotide biosynthesis
l|g_Bifidobacterium.s_Bifidobacterium_longum
GLYCOGENSYNTH-PWY: glycogen biosynthesis | (from ADP-D-

Glu-
cose)|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_
1_63FAA

PWY-6386: UDP-N-acetylmuramoyl-pentapeptide biosynthesis Il
(lysine-containing)|g_Bacteroides.s_Bacteroides_uniformis

1.04E-05 9.62E-05  9.49E-04 7.10E-05 8.78E-04

1.07E-05 9.81E-05  1.06E-03 7.87E-05 9.84E-04

1.09E-05 9.93E-05  1.38E-03 1.40E-04 1.24E-03

PWY-6609: adenine and adenosine salvage

! ) 1.09E-05 9.93E-05  8.80E-04 8.03E-05 8.00E-04
IIl|g_Bacteroides.s_Bacteroides_caccae




Appendix C | 391

pFDR  Subivar Sub2var  Absolute

Test.Variable P.Value (BH) mean mean Difference
COA-PWY-1: coenzyme A bigsynthesis [ (mammali- 115E-05  1.04E-04 8.26E-04 7 41E-05 7 51E-04
an)|g_Bacteroides.s_Bacteroides_caccae
Py BT C I e el I ETs 115E-05 1.04E04 147E03  139E04 133603
l|g_Bacteroides.s_Bacteroides_uniformis
PWY-5686: UMP biosynthe- =~~~ 11505 104E04  150E03  176E-04  1.41E-03
sis|g_Bacteroides.s_Bacteroides_uniformis
PN 19135 BElF etee el es i ests 115E-05 1.04E04 147E03  139E04  133E-03
lllg_Bacteroides.s_Bacteroides_uniformis
PWY-6123:Iinosine-5'-pho.sphate biosynthesis 124E-05  1.10E-04 171E-03 2 00E-04 1 51E-03
l|g_Bacteroides.s_Bacteroides_ovatus
POVESIRIENOID oS 124E05 110E04 169E03  120E04  1.57E-03
sis|g_Bacteroides.s_Bacteroides_stercoris
1QMET2-PWY: N10-formyI-tgtrahydrofolate biosynthe- 124E-05 110E-04  824E-04 7 10E-05 7 53E-04
sis|g_Bacteroides.s_Bacteroides_caccae
PWY-4242: pantothenate apd coenzyme A biosynthesis 124E-05  1.10E-04 147E-03 122E-04 135E-03
Ill|g_Bacteroides.s_Bacteroides_ovatus
PWY0-845: superpathway of pyridoxal 5'-phosphate biosynthesis and 194E-05  1.10E-04 8.02E-04 6.79E-05 7 34E-04
salvage|g_Bacteroides.s_Bacteroides_caccae
PYRIDOXS_YN-PWY: pyridpxal 5'-phosphate biosynthesis 124E-05 110E-04  8.26E-04 7 65E-05 7 49E-04
l|g_Bacteroides.s_Bacteroides_caccae
ASPASN-EWY: superpgthway of L-aspartate and L-asparagine 196E-05 1.10E-04 176E-03 177E-04 158E-03
biosynthesis|g_Bacteroides.s_Bacteroides_ovatus
P_WY-7221: guanosine nbont_JcIeotldes de novo biosynthe- 196E-05 1.10E-04 1.92E-03 1 74E-04 1 74E-03
sis|g_Bacteroides.s_Bacteroides_ovatus
RWY-7?19: adenqsme nbgpucleotldgs de novo biosynthe- 130E-05 1.14E-04 8.99E-04 6.47E-05 8.35E-04
sis|g_Bifidobacterium.s_Bifidobacterium_longum
PWY-621: sucrose dggradation 11} .(sucros'e invert- o 136E-05 1.18E-04 7 02E-04 2 07E-03 136E-03
ase)|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
UNINTEGRATED|g_Bacteroides.s_Bacteroides_caccae 1.36E-05 1.18E-04 1.04E-03 2.91E-04 7.45E-04
O PUF 1L Eaeigy e A etz || el 139E-05 1.19E-04 544E-04  748E06  536E-04
an)|g_Alistipes.s_Alistipes_finegoldii
HOMOSER-METSYN-PWY: L-methionine biosynthesis
l|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1_6  1.39E-05 1.19E-04  8.31E-04 2.11E-05 8.10E-04
3FAA
3 SR CIDIFATETIE BRSIIES 139E-05 119E04 579E04  451E-06  5.74E-04
sis|g_Alistipes.s_Alistipes_finegoldii
PWY-7199: pyrimidine deoxyribonucleosides sal- 139E-05 1.19E-04 535E04  106E05  524E-04
vage|g_Alistipes.s_Alistipes_finegoldii
RN Ry TP Ee D s CSs 139E-05 1.19E-04 6.24E04  869E06  6.15E-04
Il|g_Alistipes.s_Alistipes_finegoldii
COA-PWY-1: coenzyme A biosynthesis Il (mammali- 153E-05 120E04  136E03  181E-04  1.18E-03
an)|g_Bacteroides.s_Bacteroides_uniformis
PR (C Rl e e e 153E-05 129E-04 189E-03  212E-04  168E-03
l|g_Bacteroides.s_Bacteroides_ovatus
PVWY-7663: gondoate biosynthesis (anaero- 153E-05 129E-04 826E04  O52E05  731E-04
bic)|g_Bacteroides.s_Bacteroides_caccae
ECANARTISE (Bl g ol LIS s 153E-05 129E04 180E-03  212E-04  168E-03
Il|g_Bacteroides.s_Bacteroides_ovatus
PWY-6703: preQO biosynthesis|g_Bacteroides.s_Bacteroides_caccae ~ 1.54E-05  1.30E-04 8.86E-04 1.13E-04 7.73E-04
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l|g_Eubacterium.s_Eubacterium_ventriosum

pFDR  Subivar Sub2var  Absolute

Test.Variable P.Value (BH) mean mean Difference
PWY-6609: adenine and adenosine salvage 155E-05 1.30E-04 199E-03  244E04  1.75E-03
Illlg_Bacteroides.s_Bacteroides_ovatus
PWY-7323: supe.rpathwaylof GDP-mannose-derived O-antigen 155E-05 130E-04  A71E-03 8.90E-04 3.82E-03
building blocks biosynthesis
PWY-6125; superpathway of guanosinelnucleotides de novo 156E-05 1.31E-04 172E-03 2 03E-04 1.50E-03
biosynthesis ll|g_Bacteroides.s_Bacteroides_vulgatus
ARGSYNBSUB-PWY: L-arginine biosynthesis Il (acety! 161E:05 132E-04 Q46E-04  100E-04  BAGE-04
cycle)|g_Bifidobacterium.s_Bifidobacterium_longum
UDPNAGSYN-EWY: UDE-N-acetyI-D-glucosamine biosynthesis 161E-05 132E-04  757E-04 6.46E-05 6.92E-04
l|g_Bifidobacterium.s_Bifidobacterium_longum
PWY-6737: starch degradation V|g_Alistipes.s_Alistipes_finegoldii 1.64E-05 1.32E-04  5.95E-04 8.14E-06 5.86E-04
PWY-6124: inosine-5'-phosphate biosynthesis
lllg_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium 5 1 6  1.65E-05 1.32E-04  9.01E-04 6.97E-05 8.31E-04
3FAA
PWY-6700: queuosine biosynthe- 166E-05 1.32E-04 131E-03  124E-04  1.19E-03
sis|g_Bacteroides.s_Bacteroides_uniformis
PWY-7221: gganosine ribongcleotides de novo biosynthe- 166E-05 132E-04  8.30E-04 9.02E-05 7 41E-04
sis|g_Bacteroides.s_Bacteroides_caccae
COA-PWY: coenzyme A biosynthesis 172E05 132E-04 164E-03  205E-04  144E-03
l|g_Bacteroides.s_Bacteroides_xylanisolvens
PWY-5686: UMP biosynthesis|g_Alistipes.s_Alistipes_finegoldii 1.73E-05 1.32E-04  6.67E-04 8.75E-06 6.59E-04
PWY-6151: S-adenosyl-L-methionine cycle
llg_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1 6  1.73E-05 1.32E-04  8.52E-04 4.17E-05 8.10E-04
3FAA
FURCEERIEDIEIS Ees 176E-05 132E-04 127E-03  140E04  1.13E-03
ll|g_Bacteroides.s_Bacteroides_uniformis
EWY-5695: urgte biosynthesig/inosine 5'-phosphate degrada- 183605 132E-04  857E-04 1 13E-04 7 44E-04
tion|g_Bacteroides.s_Bacteroides_caccae
PWYQ-j 586: peptido_glycan ‘maturation (meso-difaminopimelgtg 186E-05 132E-04  195E-04 2 08E-03 1.89E-03
containing)|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
CITRULBIO-PWY: L-citrulline biosynthesis 1.88E-05 1.32E-04  1.20E-03 7.67E-03 6.47E-03
PHOSITIPSYN-PWY: superpathway of phospholipid biosynthesis | 188E-05 132E-04  6.38E-03 1 16E-03 592E-03
(bacteria)
PWY4FS-T7: phosphatidylglycerol biosynthesis | (plastidic) 1.88E-05 1.32E-04  6.33E-03 1.18E-03 5.15E-03
PWY4FS-8: phosphatidylglycerol biosynthesis Il (non-plastidic) 1.88E-05 1.32E-04  6.33E-03 1.18E-03 5.15E-03
A_RGININE-S\_(N4-PWY: L-or_nithine de_; novo biosynthe- 188E-05 1.32E-04 7 11E-04 0.00E+00 7 11E-04
sis|g_Bacteroides.s_Bacteroides_fragilis
HISDEG-PWY: L-histidine degradation I|g_Alistipes.s_Alistipes_shahii ~ 1.88E-05  1.32E-04  0.00E+00 1.47E-03 1.47E-03
NONMEVIPP-PWY: methylerythritol phosphate pathway 188E-05 132E-04 000E+00  290E03  2.90E-03
l|g_Alistipes.s_Alistipes_putredinis
NONMEVIPP-PWY: mgthylerythrltol phosphate pgthway . 188E-05 132E-04  0.00E+00 170E-03 170E-03
l|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens
PANTO-PWY: phosphopantothenate biosynthesis 188E-05 132E-04 000E+00 205603  2.05E-03
l|g_Alistipes.s_Alistipes_putredinis
PANTO-PWY: phosphopantothenate biosynthesis 188E-05 1.32E-04 112E-03 0.00E+00 112E-03
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PANTO-PWY: phosphopantothenate biosynthesis 188E-05 132E-04  0.00E+00 2 29E-03 2 29E-03
l|g_Paraprevotella.s_Paraprevotella_clara
PEPTIDOGLYCANSYN-PWY: peptidoglycan biosynthesis | (Meso- 4 ggr 05 130E.04  0,00E+00  238E03  2.38E-03
diaminopimelate containing)|g_Alistipes.s_Alistipes_putredinis
PEPTIDOGLYCANSYN-PWY: peptidoglycan biosynthesis | (meso-
diaminopimelate contain- 1.88E-05 1.32E-04  0.00E+00 1.87E-03 1.87E-03
ing)|g_Parabacteroides.s_Parabacteroides_merdae
PWY-2942 Lysine biosynthesis 188E-05 132E-04  0.00E+00  186E-03  1.86E-03
Illlg_Parabacteroides.s_Parabacteroides_distasonis
PWY-5097: L-lysine biosynthesis
Vl|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens 1.88E-05 132804 0.00E+00 1.75E-03 1.75E-03
PWY-3667: CDP-diacylglycerol biosynthesis 188E-05 132E-04 O000E+00  1.88E-03  1.88E-03
l|g_Parabacteroides.s_Parabacteroides_merdae
PWY-5686: UMP biosynthe- . 188E-05 132E-04 000E+00  168E-03  168E-03
sis|g_Bacteroides.s_Bacteroides_massiliensis
PWWY-5686: UMP biosynthe- . . 188E-05 132504 000E+00  198E-03  198E-03
sis|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens
PWY-6121:5-aminoim[dazo|eribonucleotide bios.ynthesisl 188E-05 132E-04  0.00E+00 1 88E-03 1 88E-03
l|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens
PWY-6386: UDP-N-acetylmuramoyl-pentapepiide biosynthesis |l 188E-05 132E-04 0Q0E+00  244E-03  244E-03
(lysine-containing)|g_Alistipes.s_Alistipes_putredinis
PM-6386: QDP-N-acetyImuramqyl-pentapeptide bio§ynthesisll 188E-05 132E-04  0.00E+00 2 10E-03 2 10E-03
(lysine-containing)|g_Parabacteroides.s_Parabacteroides_merdae
PWY-6387. UDP-N-acetyimuramoyl-pentapeptide biosynthesis | 4 ggr o5 130E.04  000E+00  245E-03  2.45E-03
(meso-diaminopimelate containing)|g_Alistipes.s_Alistipes_putredinis
PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis |
(meso-diaminopimelate contain- 1.88E-05 1.32E-04  0.00E+00 2.13E-03 2.13E-03
ing)|g_Parabacteroides.s_Parabacteroides_merdae
PWY-6700: queuosine biosynthe- ~~ — 188E-05 132E-04 000E+00  239E-03  2.39E-03
sis|g_Parabacteroides.s_Parabacteroides_distasonis
PWY-6700: queuosine biosynthe- . . 188E-05 1.32E04 000E+00  160E03 1.60E-03
sis|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens
PWY6737. starch degradation 188E-05 132E-04 0Q0E+00  576E-04  576E-04
V|g_Catenibacterium.s_Catenibacterium_mitsuokai
PWY-6737. starch degradation 188E-05 132E-04  0.00E+00  146E-03  1.46E-03
V|g_Coprococcus.s_Coprococcus_comes
PWY-7111: pyruvate fermentation to isobutanol (engi- 188E-05 132E-04 O000E+00  5.13E-04  5.13E-04
neered)|g_Catenibacterium.s_Catenibacterium_mitsuokai
PWY-7111:pyruvatefelrmentatlonto |sobutanol (gng|-. 188E-05 132E-04  0.00E+00 1 68E-03 1 68E-03
neered)|g_Parabacteroides.s_Parabacteroides_distasonis
PWY-7111: pyruvate fermentation to isobutanol (engi- 188E-05 132E-04  0.00E+00 155E-03 155E-03
neered)|g_Paraprevotella.s_Paraprevotella_clara
PWY-7208: superpathway of pyrimidine nucleobases
sal-
vage|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatute 188E-05  1.32E-04  0.00E+00 2.03£-03 2.03E-03
ns
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PWY-?Z19_: adeqosme ribonucleotides de novo.blosypthe- 188E-05 130E-04  0.00E+00 7 73E-04 7 73E-04
sis|g_Erysipelotrichaceae_noname.s_Eubacterium_biforme
PWY-7221: guanosine ribonuclectides de novo biosynthe- 188E-05 132E-04 000E+00  180E-03  1.80E-03
sis|g_Alistipes.s_Alistipes_putredinis

RWY-7221: guanosine nb_onucleotldes de novo b|o§ynthe- . 188E-05 132E-04  0.00E+00 2 11E-03 2 11E-03
sis|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens
PWY-7228: superpathway of guanosine nucleotides de novo

biosynthesis I|g_Bacteroides.s_Bacteroides_massiliensis 1.88E-05  1.32E-04  0.00E+00 1.87E-03 1.87E-03

PWY-7237: myo-, chiro- and scillo-inositol degrada-
tion|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1  1.88E-05  1.32E-04 1.00E-03 0.00E+00 1.00E-03
_63FAA

PWY-724: superpathway of L-lysine, L-threonine and L-methionine
biosynthesis 1.88E-05 1.32E-04  0.00E+00 1.79E-03 1.79E-03
Il|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens

PWY-7357: thiamin formation from pyrithiamine and oxythiamine
(yeast)|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatut ~ 1.88E-05  1.32E-04  0.00E+00 1.70E-03 1.70E-03
ens

PWY-7560: methylerythritol phosphate pathway

Iljg_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens 1.888-05  1.32E-04  0.00E+00 1.63E-03 1.63E-03

PWY-7663: gondoate biosynthesis (anaero-
bic)|g_Bacteroides.s_Bacteroides_fragilis

PWY0-1319: CDP-diacylglycerol biosynthesis
ll|g_Parabacteroides.s_Parabacteroides_merdae

RHAMCAT-PWY: L-rhamnose degradation
l|g_Eubacterium.s_Eubacterium_ventriosum

1.88E-05 1.32E-04  7.24E-04 0.00E+00 7.24E-04

1.88E-05 1.32E-04  0.00E+00 1.88E-03 1.88E-03

1.88E-05 1.32E-04  1.30E-03 0.00E+00 1.30E-03

THISYNARA-PWY: superpathway of thiamin diphosphate
biosynthesis Il (eukary-
otes)|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatute
ns

1.88E-05 1.32E-04  0.00E+00 1.73E-03 1.73E-03

THRESYN-PWY: superpathway of L-threonine biosynthe-

sis|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens sty ety Ve 1208 L0

TRPSYN-PWY: L-tryptophan biosynthe-

sis|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens 1.88E-05  1.32E-04  0.00E+00 1.53E-03 1.53E-03

UNINTEGRATED|g_Catenibacterium.s_Catenibacterium_mitsuokai 1.88E-05 1.32E-04  0.00E+00 6.25E-04 6.25E-04

UNINTEGRAT-

ED|g_FErysipelotrichaceae_noname.s_Eubacterium_biforme 1.88E-05  1.32E-04  0.00E+00 7.88E-04 7.88E-04
UNINTEGRATED]|g_Ruminococcus.s_Ruminococcus_lactaris 1.88E-05 1.32E-04 0.00E+00 1.11E-03 1.11E-03
UNINTEGRATED|g_Veillonella.s_Veillonella_parvula 1.88E-05 1.32E-04 5.98E-04 0.00E+00 5.98E-04

VALSYN-PWY: L-valine biosynthe-
sis|g_Catenibacterium.s_Catenibacterium_mitsuokai

VALSYN-PWY: L-valine biosynthe-
sis|g_Parabacteroides.s_Parabacteroides_distasonis

VALSYN-PWY: L-valine biosynthe-
sis|g_Paraprevotella.s_Paraprevotella_clara

1.88E-05 1.32E-04  0.00E+00 5.13E-04 5.13E-04

1.88E-05 1.32E-04  0.00E+00 1.68E-03 1.68E-03

1.88E-05 1.32E-04  0.00E+00 1.55E-03 1.556E-03
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SUC-RHAMCAT-PWY: superpathway of fucose and rhamnose 188E-05 1.32E-04 3.23E-03 0.00E+00 3.23E-03
egradation
P162-PWY: L-glutamate degradation V (via hydroxyglutarate) 1.88E-05 1.32E-04  2.54E-03 0.00E+00 2.54E-03
PWY-6124. inosine-5'-phosphate biosynthesis 192E05 134E04  170E03  252E-04  1.45E-03
ll|g_Bacteroides.s_Bacteroides_ovatus
PO A B T OB D D) 251 203605 141E-04 667E04  1.10E05  6.56E-04
l|g_Alistipes.s_Alistipes_finegoldii
PWY-I61.21: 5-am.incI)imidalzole riblqnucleotide biosynthesis 203E-05 141E-04 5 A4E-04 9.80E-06 5.34E-04
l|g_Alistipes.s_Alistipes_finegoldii
PWY-§122: 5-ami.no.imidaz.ole ribqnucleotide biosynthesis 203E-05  141E-04 5 54E-04 9.62E-06 5 AAE-04
lllg_Alistipes.s_Alistipes_finegoldii
PIWY-6277‘: super‘pgthway ofl5-gminoimidazq_le ribonucleotide 2 03E-05  141E-04 5 54E-04 9.62E-06 5 AAE-04
biosynthesis|g_Alistipes.s_Alistipes_finegoldii
FONCUINEIOD s T 212E05 146E-04 B.OBE-04  T6OE05  7.20E-04
sis|g_Bacteroides.s_Bacteroides_caccae
UNINTEGRATED]|g_Bifidobacterium.s_Bifidobacterium_longum 2.12E-05  1.46E-04 1.11E-03 1.47E-04 9.63E-04
PWY-5686: UMP biosynthesis|g_Bacteroides.s_Bacteroides_caccae 2.25E-05 1.54E-04 8.13E-04 1.08E-04 7.05E-04
EWY-5695: urgte biosynthesig/inosine 5'-phosphate degrada- 931E-05  158E-04 1 85E-03 2 17E-04 1 63E-03
tion|g_Bacteroides.s_Bacteroides_ovatus
II_IEUSYN.-PWY: L-ispleucing biosynthgsis | (from threo- 2 30E-05  158E-04 1 08E-03 1 16E-04 9.65E-04
nine)|g_Bifidobacterium.s_Bifidobacterium_longum
ARGININE-SYN4-PWY: L-or'nithine de novo biosynthe- 934E-05 1 .59E-04 9.41E-04 117E-04 8.24E-04
sis|g_Bacteroides.s_Bacteroides_caccae
NONMEVIRP-PWY: methy]erythritol phosphate pathway 2 34E-05  159E-04 1 80E-03 2 31E-04 1 57E-03
l|g_Bacteroides.s_Bacteroides_vulgatus
COBALSYIN-PW\.(: adenosylco.balamiln salvage frpml cobinamide 236E-05  1.60E-04 3 66E-04 2 18E-03 1 82E-03
l|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
FLINITE P15 [ ol el el b gssitiess 236E05 160E04 211E03  220E04  188E-03
l|g_Bacteroides.s_Bacteroides_ovatus
ARGSYN-PWY: L-arginine biosynthesis | (via L- 246E-05 166E-04 O62E-04  103E04  8.60E-04
ornithine)|g_Bifidobacterium.s_Bifidobacterium_longum
PWY-7400: L-arginine biosynthesis [V (archaebacte- 246605 166E-04 OG4E04 102604  B62E-04
ria)|g_Bifidobacterium.s_Bifidobacterium_longum
PWY-5667: CDP-diacylglycerol biosynthesis 250605 1.69E-04  6.19E-04  113E05  G.O7E-04
l|g_Alistipes.s_Alistipes_finegoldii
PO GUEREEE BT IR 0125 68 A0 S22 Tilie: 252E-05 169E-04  539E04  129E05  5.26E-04
sis|g_Alistipes.s_Alistipes_finegoldii
PWYO-1319: CDP-diacylglycerol biosynthesis 250605 1.69E-04  6.19E-04  113E05  G.O7E-04
ll|g_Alistipes.s_Alistipes_finegoldii
RGPS L i oED 62 EEiter) 253E-05 169E-04  193E-03  392E04  154E-03
l|g_Bacteroides.s_Bacteroides_ovatus
HSERMETANA-PWY: L-methionine biosynthesis IlI 253E-05 1.69E-04  2.22E-03 7.66E-03 5.45E-03
ELAEEAE LD IEL T Bl 265E-05 175E-04  B69E04  126E04  7.42E-04
ll|g_Bacteroides.s_Bacteroides_caccae
PWY-5667:I CDP-diacnglygerol biosynthesis 2 65E-05  1.75E-04 8.84E-04 1 05E-04 7 79E-04
l|g_Bacteroides.s_Bacteroides_caccae
PUTE I1EL DI eTEey el esiiests 265E-05 175E-04 88404  105E04  7.79E-04
lllg_Bacteroides.s_Bacteroides_caccae
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pFDR  Subivar Sub2var  Absolute
Test.Variable P.Value (BH) mean mean Difference

PWY-7111: pyruvate fermentation to isobutanal (eng- 285605 18BE-04  107E-03  126E-04  9.43E-04
neered)|g_Bifidobacterium.s_Bifidobacterium_longum
COA-PWY-1:' coenzyme A biosyqthesis .II (mammalil- ) 289E-05 190E-04  3.89E-04 2 18E-03 179E-03
an)|g_Faecalibacterium.s_Faecalibacterium_prausnitzii

PWY-7219: adenosine ribonucleotides de novo biosynthe-

sis|g_Alistipes.s_Alistipes_finegoldii SA2E05 20504 5.84E-04 1.61E-05 5.68E-04

PWY-7219: adenosine ribonucleotides de novo biosynthe-
sis|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium 5 1 3.13E-05 2.05E-04  1.00E-03 8.95E-05 9.15E-04
63FAA

VALSYN-PWY: L-valine biosynthe-

sis|g_Bifidobacterium.s_Bifidobacterium_longum 321B05 209E-04  1.08E-03 1.41E-04 9.40E-04

P161-PWY: acetylene degradation 3.33E-05 2.17E-04  2.20E-03 1.24E-04 2.07E-03
PWY-5484: glycolysis Il (from fructose 6-phosphate) 3.40E-05 2.20E-04  5.77E-03 2.08E-03 3.68E-03
UNMAPPED 340E-05 2.20E-04  5.48E-03 1.69E-02 1.14E-02

PWY-5097: L-lysine biosynthesis
Vl|g_Bacteroides.s_Bacteroides_caccae

PWY-1042: glycolysis IV (plant cyto-
sol)|g_Bacteroides.s_Bacteroides_caccae

346E-05 2.24E-04  8.55E-04 1.42E-04 7.13E-04

4.12E-05 2.66E-04  8.67E-04 1.18E-04 7.49E-04

PWY-7219: adenosine ribonucleotides de novo biosynthe-

sis|g_Bacteroides.s_Bacteroides_dorei 422805 271E-04 84205 1.97E-03 1.88E-03

PWY-6936: seleno-amino acid biosynthe-
sis|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_ 1 4.23E-05 2.71E-04  8.57E-04 1.62E-05 8.41E-04
63FAA

PYRIDNUCSYN-PWY: NAD biosynthesis | (from aspar-
tate)|g_Alistipes.s_Alistipes_finegoldii

COA-PWY: coenzyme A biosynthesis
l|g_Faecalibacterium.s_Faecalibacterium_prausnitzii

423E-05 2.71E-04  6.16E-04 8.53E-06 6.07E-04

428E-05 2.74E-04  3.40E-04 2.19E-03 1.85E-03

UNINTEGRATED|g_Dorea.s_Dorea_longicatena 453E-05 2.88E-04 5.78E-04 1.46E-03 8.79E-04
PWY-5097: L-lysine biosynthesis VI 453E-05 288E-04  5.17E-03 1.07E-02 5.50E-03
PWY0-845: superpathway of pyridoxal 5'-phosphate biosynthesis and

453E-05 288E-04  5.78E-03 2.49E-03 3.29E-03
salvage

COA-PWY-1: coenzyme A biosynthesis Il (mammali-
an)|g_Bifidobacterium.s_Bifidobacterium_longum

P461-PWY: hexitol fermentation to lactate, formate, ethanol and

ace-
tate|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1
_B3FAA

PWY-5097: L-lysine biosynthesis
Vl|g_Bacteroides.s_Bacteroides_ovatus

458E-05 2.90E-04  1.04E-03 1.18E-04 9.20E-04

4.74E-05 3.00E-04  9.95E-04 1.41E-04 8.54E-04

5.02E-05 3.16E-04  1.64E-03 2.13E-04 1.43E-03

PWY-6703: preQO biosynthesis|g_Bacteroides.s_Bacteroides_ovatus ~ 5.02E-05  3.16E-04  1.39E-03 2.26E-04 1.17E-03

PANTO-PWY: phosphopantothenate biosynthesis
l|g_Bacteroides.s_Bacteroides_caccae

ARO-PWY: chorismate biosynthesis
l|g_Alistipes.s_Alistipes_finegoldii

PWY-6163: chorismate biosynthesis from 3-
dehydroquinate|g_Alistipes.s_Alistipes_finegoldii

UNINTEGRATED|g_Alistipes.s_Alistipes_finegoldii 5.25E-05 3.25E-04  6.58E-04 3.03E-05 6.28E-04

PWY-6700: queuosine biosynthe-
sis|g_Bacteroides.s_Bacteroides_vulgatus

5.22E-05 3.25E-04  8.60E-04 1.74E-04 6.86E-04

5.24E-05 3.25E-04  5.75E-04 6.34E-06 5.69E-04

5.24E-05 3.25E-04  5.57E-04 5.60E-06 5.51E-04

5.26E-05 3.25E-04  1.73E-03 2.44E-04 1.49E-03
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pFDR  Subivar Sub2var  Absolute

Test.Variable P.Value (BH) mean mean Difference
PWY-4242: pantothenate and coenzyme A biosynthesis 561E-05 325E-04 822E05 205603  1.97E-03
ll|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
DTDPRHAMSYN-PWY: dTDP-L-rhamnose biosynthesis
l|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium 5 1 6  5.82E-05 3.25E-04  7.41E-04 9.12E-05 6.50E-04
3FAA
PWY-7371: 1,4-dihydroxy-6-naphthoate biosynthesis Il 5.84E-05  3.25E-04 1.63E-03 1.14E-04 1.52E-03
GBI P Ty il il el ile: 596E-05 325E04 O0.00E+00  177E03  1.77E-03
sis|g_Bacteroides.s_Bacteroides_massiliensis
ARQ-PWWY: chorismate biosynthesis . . 596E-05 3.25E-04  000E+00  1.76E-03  1.76E-03
llg_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens
B0 B CCTEg D ALl (Tl 596E-05 325E-04 O0.00E+00  190E03  1.90E-03
an)|g_Alistipes.s_Alistipes_putredinis
COA-PWY: coenzyme A biosynthesis 596E-05 325E04 O1E04  000E+00  9.11E-04
l|g_Eubacterium.s_Eubacterium_ventriosum
COBALSYN-PWY: adeposylcobalamin salvagefr.om cobingmide 596E-05 3.25E-04  0.00E+00 197E-03 197E-03
l|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens
COMPLETE-ARO-PWY: superpathway of aromatic amino acid
biosynthe- 596E-05 3.25E-04  0.00E+00 1.77E-03 1.77E-03
sis|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens
DIFRIAIAENIN PO AR L el nEss e DS 596E-05 325E-04 O000E+00 195603  1.05E-03
l|g_Alistipes.s_Alistipes_shahii
PANTO-PWY: phosphopantothenate biosynthesis 596E-05 325E-04 O000E+00 192603  1.92E-03
l|g_Bacteroides.s_Bacteroides_dorei
FLINTIE PUS [ ol e el b g iiess 596E-05 325E-04 O000E+00  131E03  1.31E-03
l|g_Parabacteroides.s_Parabacteroides_distasonis
PANTOSYN-PWY: pan'tothenateand coenzymeAblosyntheS|s 596E-05 3.25E-04  0.00E+00 2 01E-03 2 01E-03
[|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens
PEPTEOERAGENSIN FINEECRESTUESB I MESY qoemgn  gopmpn  pERed  DAOEGD G
diaminopimelate containing)|g_Bacteroides.s_Bacteroides_fragilis
PEPTIDOGLYCANSYN-PWY: peptidoglycan biosynthesis | (meso-
diaminopimelate contain- 5.96E-05  3.25E-04 1.13E-03 0.00E+00 1.13E-03
ing)|g_Eubacterium.s_Eubacterium_ventriosum
e o LGS 596E-05 325E04 OO0OE+00  185E-03  1.85E-03
IIl|jg_Paraprevotella.s_Paraprevotella_clara
PWY-3841: folate transformations 596E-05 325E-04  836E04  0O00E+00  8.36E-04
lllg_Bacteroides.s_Bacteroides_fragilis
Pl e s mE e 596E-05 325E-04 O000E+00  154E03  1.54E-03
ll|g_Parabacteroides.s_Parabacteroides_distasonis
PWY-4041: &gamma-glutamyl cy- 596E-05 325E-04 592604  0O00E+00  5.02E-04
cle|g_Escherichia.s_Escherichia_coli
FINCCLE LIEMDESIED 596E-05 325E-04 T49E-04  000E+00  7.49E-04
Vl|g_Bacteroides.s_Bacteroides_fragilis
PWY-5097: L-lysine biosynthesis
Vl|g_Parabacteroides.s_Parabacteroides_distasonis 5.96E-05 3.25E-04  0.00E+00 1.39E-03 1.39E-03
et S CLICES 596E-05 325E04 O00E+00  187E-03  187E-03
Vl|g_Paraprevotella.s_Paraprevotella_clara
PWY-5188: tgtrapyrrole biosynthesisl(from glyta- 506E-05 3.95E-04  0.00E+00 1 99E-03 1 99E-03
mate)|g_Ruminococcus.s_Ruminococcus_callidus
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PWY-5659: GDP-mannose biosynthesis|g_Alistipes.s_Alistipes_shahii ~ 5.96E-05 3.25E-04  0.00E+00 1.59E-03 1.59E-03

PWY-5667: CDP-diacylglycerol biosynthesis

596E-05 3.25E-04  0.00E+00 1.94E-03 1.94E-03
l|g_Paraprevotella.s_Paraprevotella_clara

PWY-5695: urate biosynthesis/inosine 5'-phosphate degrada-

tion|g_Bacteroides.s_Bacteroides_fragilis B e AR

PWY-5695: urate biosynthesis/inosine 5'-phosphate degrada-

tion|g_Parabacteroides.s_Parabacteroides_distasonis 596E-05  3.25E-04  0.00E+00 1.02E-03 1.02E-03

PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis

Il|g_Adlercreutzia.s_Adlercreutzia_equolifaciens Gekists  dzmEln LIS L= LIRE L

PWY-6124: inosine-5'-phosphate biosynthesis

Iljg_Bacteroides.s_Bacteroides_fragilis 596E-05 3.25E-04  945E-04  0.00E+00 9.45E-04

PWY-6151: S-adenosyl-L-methionine cycle

; ; . . 5.96E-05 3.25E-04  0.00E+00 7.09E-04 7.09E-04
l|g_Erysipelotrichaceae_noname.s_Eubacterium_biforme

PWY-6151: S-adenosyl-L-methionine cycle
l|g_Eubacterium.s_Eubacterium_ventriosum

PWY-6163: chorismate biosynthesis from 3-

dehydroqui-
nate|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatuten
s

5.96E-05 3.25E-04  1.05E-03 0.00E+00 1.05E-03

5.96E-05 3.25E-04  0.00E+00 1.77E-03 1.77E-03

PWY-6270: isoprene biosynthesis . . 596E-05 325E-04 0.00E+00  161E-03  161E-03
l|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens
PWY-6277: superpathway of 5-aminoimidazole ribonucleotide

biosynthesis|g_Adlercreutzia.s_Adlercreutzia_equolifaciens 5-96E05 " 3.25E-04°"0.00E+00 L= LRI

PWY-6386: UDP-N-acetylmuramoyl-pentapeptide biosynthesis Il

(lysine-containing)|g_Paraprevotella.s_Paraprevotella_clara 596E-05  325E-04  0.00E+00 1.61E-03 1.61E-03

PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis |
(meso-diaminopimelate contain- 5.96E-05 3.25E-04  9.60E-04 0.00E+00 9.60E-04
ing)|g_Bacteroides.s_Bacteroides_fragilis

PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis |
(meso-diaminopimelate contain- 5.96E-05  3.25E-04 1.19E-03 0.00E+00 1.19E-03
ing)|g_Eubacterium.s_Eubacterium_ventriosum

PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis |
(meso-diaminopimelate contain- 5.96E-05 3.25E-04  0.00E+00 1.57E-03 1.57E-03
ing)|g_Paraprevotella.s_Paraprevotella_clara

PWY-6609: adenine and adenosine salvage
IIl|g_Bacteroides.s_Bacteroides_fragilis

PWY-6703: preQ0 biosynthe-
sis|g_Parabacteroides.s_Parabacteroides_distasonis

PWY-6703: preQ0 biosynthe-
sis|g_Parabacteroides.s_Parabacteroides_merdae

596E-05 3.25E-04  6.49E-04 0.00E+00 6.49E-04

5.96E-05 3.25E-04  0.00E+00 2.22E-03 2.22E-03

5.96E-05 3.25E-04  0.00E+00 1.09E-03 1.09E-03

PWY-6737: starch degradation V|g_Blautia.s_Ruminococcus_gnavus ~ 5.96E-05  3.25E-04  1.02E-03 0.00E+00 1.02E-03

PWY-6737: starch degradation

V|g_Eubacterium.s_Eubacterium_ventriosum 596E-05 ~ 3.20E-04  9.22E-04  0.00E+00 922804

PWY-7111: pyruvate fermentation to isobutanol (engi-

5.96E-05 3.25E-04  0.00E+00 9.71E-04 9.71E-04
neered)|g_Coprococcus.s_Coprococcus_comes

PWY-7111: pyruvate fermentation to isobutanol (engi-

neered)|g_Eubacterium.s_Eubacterium_ventriosum 5.96E-05  3.25E-04 9.156-04 0.00E+00 9.15E-04

PWY-7219: adenosine ribonucleotides de novo biosynthe-

. : : 5.96E-05 3.25E-04  7.62E-04 0.00E+00 7.62E-04
sis|g_Blautia.s_Ruminococcus_gnavus
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RWY-7219: 'adenog,ine ribonuclgotideg de novo biosynthe- 596E-05 3.25E-04  0.00E+00 6.03E-04 6.03E-04
sis|g_Catenibacterium.s_Catenibacterium_mitsuokai
PWY-7219: adenosine ribonucleotides de novo biosynthe- 506E-05 3.25E-04  0.00E+00 9.57E-04 9.57E-04
sis|g_Coprococcus.s_Coprococcus_comes
RWY-7219: adenpsine ribonucleoti('jes de novo biosynthe- 506E-05 3.25E-04 5.08E-04 0.00E+00 5.08E-04
sis|g_Fusobacterium.s_Fusobacterium_varium
RWY-7219: adenqsine ribonucleotide§ de novo biosynthe- 506E-05 3.25E-04  0.00E+00 1 95E-03 1 95E-03
sis|g_Parabacteroides.s_Parabacteroides_distasonis
RWY-7221: gganosine ribongcleotides_ Fie novo biosynthe- 506E-05 3.25E-04  7A7E-04 0.00E+00 7 17E-04
sis|g_Bacteroides.s_Bacteroides_fragilis
PWY-7221: guanosine ribonucleotides de novo biosynthe- 596E-05 3.25E-04  0.00E+00 2 33E-03 2 33E-03
sis|g_Paraprevotella.s_Paraprevotella_clara
P_WY-7221_: guanosine ribongcleotides de novo biosynthe- 506E-05 3.25E-04  0.00E+00 1 58E-03 1 58E-03
sis|g_Ruminococcus.s_Ruminococcus_callidus
PRI DT b R 596E-05 325E04 BOOE-04  OO00E+00  8.09E-04
tion|g_Blautia.s_Ruminococcus_gnavus
PWY0-1319: CDP-diacylglycerol biosynthesis 596E-05 3.25E-04  0.00E+00 1 94E-03 1 94E-03
ll|g_Paraprevotella.s_Paraprevotella_clara
UNINTEGRATED|g_Barnesiella.s_Barnesiella_intestinihominis 5.96E-05 3.25E-04  0.00E+00 1.42E-03 1.42E-03
UNINTEGRATED|g_Fusobacterium.s_Fusobacterium_varium 5.96E-05 3.25E-04  4.69E-04 0.00E+00 4 69E-04
GLYCOLYSIS-TCA-GLYOX-BYPASS: superpathway of glycolysis, 5.96E-05  3.25E-04 167E-03 0.00E+00 167E-03
pyruvate dehydrogenase, TCA, and glyoxylate bypass
PWY-4041: &gamma;-glutamyl cycle 5.96E-05 3.25E-04 1.74E-03 0.00E+00 1.74E-03
TCA-GLYOX-BYPASS: superpathway of glyoxylate bypass and TCA 5.96E-05  3.25E-04 1.60E-03 0.00E+00 1.60E-03
PWY-6527: stachyose degradation|g_Dorea.s_Dorea_longicatena 5.97E-05 3.25E-04 3.65E-04 1.14E-03 7.78E-04
UNINTEGRATED|g_Bacteroides.s_Bacteroides_ovatus 5.97E-05 3.25E-04 2.07E-03 6.48E-04 1.42E-03
ANAEROFRUCAT-PWY: homolactic fermentation 597E-05 3.25E-04  6.62E-03 3.48E-03 3.14E-03
GLYCOLYSIS: glycolysis | (from glucose 6-phosphate) 597E-05 3.25E-04  5.79E-03 2.17E-03 3.61E-03
PWY-6121: 5-aminoimidazole ribonucleotide biosynthesis | 5.97E-05 3.25E-04 5.48E-03 7.98E-03 2.50E-03
PWY-6317: galactose degradation | (Leloir pathway) 597E-05 3.25E-04  3.73E-03 6.42E-03 2.68E-03
PWY-6703: preQO biosynthe- 640E-05 347E-04 150E03  204E04  130E-03
sis|g_Bacteroides.s_Bacteroides_uniformis
NONOXIPENT-PWY: pentose phosphate pathway (non-oxidative
branch)|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_  7.12E-05  3.85E-04 9.81E-04 1.36E-04 8.44E-04
5_1_63FAA
PWY-6737: starch degradation
V|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1_6  7.12E-05  3.85E-04 1.16E-03 1.42E-04 1.02E-03
3FAA
DTDPRHAMSYN-PWY: dTDP-L-rhamnose biosynthesis 749E-05  4.00E-04 9.60E-04 1 69E-04 7 92F-04
l|g_Bacteroides.s_Bacteroides_caccae
PWY-7111: pyruva'te fermentatioq to isobutanol (engi- 775E:05  4.16E-04 8.69E-04 1 91E-04 6.78E-04
neered)|g_Bacteroides.s_Bacteroides_caccae
Ml AT A UL T 775E05 4.16E04  BATE-04  175E-04  6.42E-04
l|g_Bacteroides.s_Bacteroides_caccae
VALSYN-PWY: L-valine biosynthe- 775605 416E-04  B69E-04  191E04  6.78E-04
sis|g_Bacteroides.s_Bacteroides_caccae
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o e etiohies ey 782E-05 4.18E-04 BOGED4  115E04  6.92E-04
sis|g_Bifidobacterium.s_Bifidobacterium_longum
P_WY-7219: ac_ienosme nbonL_JcIeotldes de novo biosynthe- 780E05 A418E-04  963E-04 3.00E-04 6.63E-04
sis|g_Bacteroides.s_Bacteroides_caccae
DENOVOPURINEZ-PWY: superpathway of purine nucleotides de 790E-05 421E-04  7.4E-04 6.41E-03 5.69E-03
novo biosynthesis Il
PWY-7539: §-hydroxymet'hyl-dihydropterlin diphosphate biosynthesis 829E-05 441E-04 1.05E-03 132E-04 9.21E-04
Il (Chlamydia)|g_Bacteroides.s_Bacteroides_xylanisolvens
UNINTEGRATED|g_Bacteroides.s_Bacteroides_thetaiotaomicron 8.36E-05 4.44E-04  2.91E-04 2.52E-03 2.23E-03
PWY-1042: glycolysis IV (plant cyto-
sol)|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1  8.77E-05  4.65E-04 1.22E-03 1.48E-04 1.08E-03
_B3FAA
IR LD IOl s 932E-05 493E-04 B28E-04  162E-04  6.67E-04
Illlg_Bacteroides.s_Bacteroides_caccae
COBALSYN-PWY: adenosylcobalamin salvage from cobinamide | 1.01E-04 5.35E-04  3.52E-03 6.54E-03 3.01E-03
PWY-7221: guanosine ribonucleotides de novo biosynthesis 1.01E-04 5.35E-04  5.10E-03 1.05E-02 5.35E-03
PEPTIDOGLYCANSYN-PWY: peptidoglycan biosynthesis | (meso- 4 gse 04 548£.04  570E04 147605  559E-04
diaminopimelate containing)|g_Alistipes.s_Alistipes_finegoldii
PW}(-6386: l‘JIZ‘)P-N-ace.tyI.muramoyl-pentapeptide ?iosynthesis Il 105E-04 548E-04  577E-04 118E-05 5 65E-04
(lysine-containing)|g_Alistipes.s_Alistipes_finegoldii
PWY-6387. UDP-N-acetylmuramoyl-pentapeptide biosynthesis | 4 o5r 04 54gE.04  561E04  109E-05  5.50E-04
(meso-diaminopimelate containing)|g_Alistipes.s_Alistipes_finegoldii
P_WY-7219: ad_enosme rlboquc!eot!dgs de novo biosynthe- 105E-04 548E-04  510E-04 1 50E-05 4.95E-04
sis|g_Roseburia.s_Roseburia_inulinivorans
PWY-621: sucrose degradation [II (sucrose invert- 105E-04 550E-04  8.26E-04 6.77E-05 7 59E-04
ase)|g_Eubacterium.s_Eubacterium_rectale
UNINTEGRAT-
ED|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1 1.06E-04 5.52E-04  1.13E-03 1.92E-04 9.36E-04
_B3FAA
PWY-7187: pyrimidine deoxyribonucleotides de novo biosynthesis II 1.16E-04 6.02E-04  8.19E-04 5.97E-03 5.15E-03
PWY(_)-_1586: peptidogly(_:an maturati_on_(mesc_)-diaminopimelate 120E-04 6.23E-04  539E-04 2 67E-06 5 37E-04
containing)|g_Escherichia.s_Escherichia_coli
UNINTEGRATED|g_Escherichia.s_Escherichia_coli 1.20E-04 6.23E-04  4.55E-04 1.77E-06 453E-04
GLYOXYLATE-BYPASS: glyoxylate cycle 1.20E-04 6.23E-04  1.79E-03 3.73E-05 1.75E-03
zgg; -tleDWY: hexitol fermentation to lactate, formate, ethanol and 123E-04  6.38E-04 3.80E-03 7 51E-04 3.05E-03
P441-PWY: superpathway of N-acetylneuraminate degradation 1.27E-04 6.55E-04  3.53E-03 7.65E-04 2.77E-03
METSYN-PWY: L-homoserine and L-methionine biosynthesis 1.31E-04 6.72E-04  2.11E-03 4.63E-03 2.51E-03
PWY66-422: D-galactose degradation V (Leloir pathway) 1.31E-04 6.72E-04  3.75E-03 6.45E-03 2.70E-03
PWY-1269:ICMP-3-deoxy-'D-manno-octulosonate biosynthesis 147604 751E-04 7 42E-04 1 66E-04 5 76E-04
l|g_Bacteroides.s_Bacteroides_caccae
PWY4LZ-257: superpathway of fermentation (Chlamydomonas 148E-04 756E-04  296E-03 2 67E-04 2 69E-03
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pFDR  Subivar Sub2var  Absolute

Test.Variable P.Value (BH) mean mean Difference
BRANICHED-CHAIN-AA-SYN-PWY: sup.elrpathwaylofbranched amino 150E-04  7.63E-04 8.90E-04 9.35E-05 7 96E-04
acid biosynthesis|g_Bifidobacterium.s_Bifidobacterium_longum
P ST L VTS (D 1E9Te 150E-04 7.63E04 880ED4  O19E05  7.88E-04
Il|g_Bifidobacterium.s_Bifidobacterium_longum
SER-GLYSYN-PWY: superpathway of L-serine and glycine
biosynthesis . . 156E-04 794E-04  TOTE-D4  G6E-05  7.30E-04
l|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1_6
3FAA
PWY-5100: pyruvate fermentation to acetate and lactate
ll|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1_6  1.56E-04 7.94E-04  6.40E-04 1.62E-04 4.78E-04
3FAA
CALVIN-PWY: Calvin-Benson-Bassham cy-
cle|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1_  1.59E-04  8.05E-04 1.35E-03 2.04E-04 1.14E-03
63FAA
PWY-2942: L-lysine biosynthesis |l 1.67E-04 8.11E-04  5.20E-03 1.06E-02 5.38E-03
PWY-5347: syperpathwayofL-methionine biosynthesis 167E-04  8.A1E-04 2 ME-03 4.96E-03 2 55E-03
(transsulfuration)
A R sy o L ) Lespei s 175604 811E-04  393E-04  000E+00  3.93E-04
biosynthesis|g_Escherichia.s_Escherichia_coli
COA-PWY-1: coenzyme A biosynthesis Il (mammali-
an)|g_Bifidobacterium.s_Bifidobacterium_bifidum 1.75E04  811E-04  S.11E-D4 0.00E+00 S11E-04
COA-PWY-1:cgenzymeAbiosynthesis I!(mammali- 175E:04  8.11E-04 9.58E-04 0.00E+00 9.58E-04
an)|g_Eubacterium.s_Eubacterium_ventriosum
COA-PWY-1: coenzyme A biosynthesis Il (mammali- 175604  8AME-04  0.00E+00 139E-03 139E-03
an)|g_Paraprevotella.s_Paraprevotella_clara
CALEETUROERT P (D Pl EE e Bl ey e 175604 811E-04 0O0E+00  O30E04  9.30E-04
l|g_Alistipes.s_Alistipes_shahii
GLYCOGENSYNTH-PWY: glycogen biosynthesisl(fromAI?P-D- 175E-04  BA1E-04  0.00E+00 7 29E-04 7 20E-04
Glucose)|g_Erysipelotrichaceae_noname.s_Eubacterium_biforme
GLYOXYLATE-BYPASS: glyoxylate cy- 175604 81E-04  478E-04  000E+00  4.78E-04
cle|g_Escherichia.s_Escherichia_coli
HISDEG-PWY: L-istidine degradation 175E04 811E04  389E04  000E+00  3.89E-04
l|g_Fusobacterium.s_Fusobacterium_varium
PEPTIDOGLYCANSYN-PWY: peptidoglycan biosynthesis | (meso-
diaminopimelate contain-
ing)|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatuten EEECE L S I&dE
s
PWY-2942: L-lysine biosynthesis o 175E-04 8.11E04  000E+00  194E-03  194E-03
llllg_Adlercreutzia.s_Adlercreutzia_equolifaciens
PSR [CEIDIETSRIEND 175604 811E-04 000E+00  134E03  1.34E-03
Il|g_Bacteroides.s_Bacteroides_dorei
PWY-4242: pantothenatgand coenzymeAbiosyntlhesis . 175E:04 811E-04  0.00E+00 133E-03 133E-03
ll|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens
PWY-5100: pyruvatefermentgtion to agetateand lactate 175E-04  BA1E-04 8.92E-04 0.00E+00 8.92E-04
Il|g_Eubacterium.s_Eubacterium_ventriosum
PWY-5173: superpathway of acetyl-CoA biosynthe- 175604 811E-04  6.19E-04  000E+00  6.19E-04
sis|g_Escherichia.s_Escherichia_coli
PWY-5667: CDP-diacylglycerol biosynthesis 175E-04 8A1E-04  0.00E+00 113E-03 113E-03
l|g_Coprococcus.s_Coprococcus_comes
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pFDR  Subivar Sub2var  Absolute
Test.Variable P.Value (BH) mean mean Difference

PWY-5667: CDP-diacylglycerol biosynthesis
l|g_Eubacterium.s_Eubacterium_ventriosum

PWY-5667: CDP-diacylglycerol biosynthesis
llg_Roseburia.s_Roseburia_inulinivorans

PWY-5686: UMP biosynthe-
sis|g_Parabacteroides.s_Parabacteroides_distasonis

1.75E-04 8.11E-04  1.24E-03 0.00E+00 1.24E-03

1.75E-04 8.11E-04  5.51E-04 0.00E+00 5.51E-04

1.75E-04  8.11E-04  0.00E+00 1.43E-03 1.43E-03

PWY-5695: urate biosynthesis/inosine 5'-phosphate degrada-

tion|g_Escherichia.s_Escherichia_coli Ll GiliEl  ali=es HE st

PWY-5695: urate biosynthesis/inosine 5'-phosphate degrada-

. ) L 1.75E-04  8.11E-04  8.08E-04 0.00E+00 8.08E-04
tion|g_Roseburia.s_Roseburia_inulinivorans

PWY-6121: 5-aminoimidazole ribonucleotide biosynthesis

. . ) 1.75E-04 8.11E-04  9.75E-04 0.00E+00 9.75E-04
l|g_Eubacterium.s_Eubacterium_ventriosum

PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis

) . . . 1.75E-04  8.11E-04  0.00E+00 7.65E-04 7.65E-04
Illg_Erysipelotrichaceae_noname.s_Eubacterium_biforme

PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis

: . . 1.75E-04 8.11E-04  3.89E-04 0.00E+00 3.89E-04
ll|g_Fusobacterium.s_Fusobacterium_varium

PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis

X ; . 1.75E-04  8.11E-04  0.00E+00 1.65E-03 1.65E-03
I1lg_Ruminococcus.s_Ruminococcus_callidus

PWY-6151: S-adenosyl-L-methionine cycle

1.75E-04  8.11E-04  0.00E+00 1.34E-03 1.34E-03
l|g_Paraprevotella.s_Paraprevotella_clara

PWY-6151: S-adenosyk-L-methionine cycle 175604 811E-04  0.00E+00  1.34E-03  1.34E-03
llg_Ruminococcus.s_Ruminococcus_callidus

RWY-62775 superpa.thway'of5-aminoimidazole ribonucle.otide. 175604  8A1E-04 0.00E+00 7 65E-04 7 65E-04
biosynthesis|g_Erysipelotrichaceae_noname.s_Eubacterium_biforme
PWY-6277: superpathway of 5-aminoimidazole ribonucleotide

biosynthesis|g_Fusobacterium.s_Fusobacterium_varium 1.758-04  811E-04  3.89E-04 0.00E+00 3.89E-04

RWY-62775 superpa.thwayof5-am|n0|m|dazole r|bonycleot|de 175604 8AME-04  0.00E+00 1 65E-03 1 65E-03
biosynthesis|g_Ruminococcus.s_Ruminococcus_callidus
PWY-6385: peptidoglycan biosynthesis Il (mycobacte-

ria)|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatutens 1.758-:04  8.11E-04  0.00E+00 1.96E-03 1.96E-03

PWY-6386: UDP-N-acetylmuramoyl-pentapeptide biosynthesis Il

(lysine-

contain- 1.75E-04  8.11E-04  0.00E+00 1.48E-03 1.48E-03
ing)|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatuten
s

PWY-6700: queuosine biosynthe-
sis|g_Bacteroides.s_Bacteroides_fragilis

PWY-6700: queuosine biosynthe-
sis|g_Paraprevotella.s_Paraprevotella_clara

1.75E-04  8.11E-04  8.56E-04 0.00E+00 8.56E-04

1.75E-04 8.11E-04  0.00E+00 1.05E-03 1.05E-03

PWY-6703: preQO biosynthesis|g_Bacteroides.s_Bacteroides_dorei 1.75E-04  8.11E-04 0.00E+00 2.71E-03 2.71E-03

PWY-7111: pyruvate fermentation to isobutanol (engi-

. . 1.75E-04 8.11E-04  8.82E-04 0.00E+00 8.82E-04
neered)|g_Blautia.s_Ruminococcus_gnavus

PWY-7111: pyruvate fermentation to isobutanol (engi-

neered)|g_Escherichia.s_Escherichia_coli 1.75E-:04  8.11E-04  4.98E-04 0.00E+00 4.98E-04

PWY-7111: pyruvate fermentation to isobutanol (engi-

X . . 1.75E-04  8.11E-04  0.00E+00 6.80E-04 6.80E-04
neered)|g_Ruminococcus.s_Ruminococcus_lactaris

PWY-7197: pyrimidine deoxyribonucleotide phosphoryla-
tion|g_Phascolarctobacterium.s_Phascolarctobacterium_succinatuten 1.75E-04  8.11E-04 0.00E+00 1.89E-03 1.89E-03
S
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pFDR  Subivar Sub2var  Absolute
Test.Variable P.Value (BH) mean mean Difference
PWY-YZjQ: adenosing ribonucleotides de novo biosynthe- 175E-04  8.A1E-04 6.39E-04 0.00E+00 6.39E-04
sis|g_Veillonella.s_Veillonella_parvula
PWY0-1061: superpathway of L-alanine biosynthe- 175604 811E-04  528E-04  000E+00  5.28E-04
sis|g_Escherichia.s_Escherichia_coli
PWYO-1296: purine ribonucleosides degrada- 175E-04 8.11E-04 098E-04  0.00E+00  9.98E-04
tion|g_Eubacterium.s_Eubacterium_ventriosum
PWY0-1319: CDP-diacylglycerol biosynthesis 175604  8AME-04  0.00E+00 113E-03 113E-03
lllg_Coprococcus.s_Coprococcus_comes
PSR Ol el esial b masers 175E-04 B811E04  124E03  0.00E+00  1.24E-03
Illg_Eubacterium.s_Eubacterium_ventriosum
PWY0-1319: CDP-diacylglycerol biosynthesis 175E-04 8.11E04 551E-04  0.00E+00  551E-04
lllg_Roseburia.s_Roseburia_inulinivorans
PWY66-422:. D-gallactose degradation V (Leloir pgth- . 175604  8AME-04  0.00E+00 6.25E-04 6.25E-04
way)|g_Erysipelotrichaceae_noname.s_Eubacterium_biforme
PYRIDNUCSYN-PWY: NAD biosynthesis | (from aspar- 175604 811E-04 0Q0E+00  122E03 122603
tate)|g_Alistipes.s_Alistipes_shahii
T.HRESYN'-PWY.: superpathway of L-threonine .biosyn.the- 175E-04  BA1E-04  0.00E+00 7 06E-04 7 06E-04
sis|g_Erysipelotrichaceae_noname.s_Eubacterium_biforme
UDPNAGSYN-PWY: UDE’-N'-acetyl-D-qucosamne biosynthesis 175E-04 BAIE-04  5.54E-04 0.00E+00 5 54E-04
l|g_Escherichia.s_Escherichia_coli
UNINTEGRATEDI|g_Alistipes.s_Alistipes_indistinctus 1.75E-04 8.11E-04  0.00E+00 1.15E-03 1.15E-03
UNINTEGRATED]|g_Clostridium.s_Clostridium_bolteae 1.75E-04 8.11E-04  8.22E-04 0.00E+00 8.22E-04
VUSRS S ISl 175E-04 B11E-04 0O0E+00  799E-04  7.99E-04
sis|g_Coprococcus.s_Coprococcus_comes
PWY-6630: superpathway of L-tyrosine biosynthesis 1.75E-04  8.11E-04 1.72E-03 0.00E+00 1.72E-03
P B LETE SRsIiess 194E-04 BO4E-04 149E-03  348E04  1.5E-03
IIl|g_Bacteroides.s_Bacteroides_uniformis
HEXITQLDEGSUPER-PWY: superpathway of hexitol degradation 194E-04 BOAE-04  454E-03 153E-03 3.01E-03
(bacteria)
COLANSYN-PWY: colanic acid building blocks biosynthesis 1.96E-04 9.03E-04  6.77E-03 2.33E-03 4.44E-03
PWYO-1298: superpathway of pyrimidine deoxyribonucleosides 298E-04  1.05E-03 4.02E-03 118E-03 2 84E-03
degradation
PWY-7219: agienosine ribongcleotidgs de.novo biosynthe- 937E-04  1.09E-03 1 47E-03 4.02E-04 107E-03
sis|g_Bacteroides.s_Bacteroides_uniformis
HOMOSER-METSYN-PWY: L-methionine biosynthesis | 2.69E-04  1.23E-03 1.92E-03 4.29E-03 2.37E-03
PANTO-PWY: phosphopantothenate biosynthesis
l|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1_6 2.76E-04  1.26E-03 9.35E-04 1.83E-04 7.52E-04
3FAA
PENTOSE-P-PWY: pentose phosphate pathway 281E-04 1.28E-03  5.18E-03 2.09E-03 3.09E-03
PWY-5690: TCA cycle Il (plants and fungi) 290E-04 1.32E-03  9.51E-04 6.18E-03 5.23E-03
(I;’WYO-1297: superpathway of purine deoxyribonucleosides 321E-04  146E-03 3.61E-03 8.18E-04 2 80E-03
egradation
UNINTEGRATED|g_Eubacterium.s_Eubacterium_eligens 3.22E-04  1.46E-03 3.34E-04 3.74E-03 3.40E-03
EWY-5695: urgte b|osynthe3|§/|n03|ne §-phosphate degrada- 304E-04  147E-03 1 93E-05 1 08E-03 1 06E-03
tion|g_Bacteroides.s_Bacteroides_dorei
ERAGAB LIS Ul 0. 330E-04 149E03 650E04  522E05  5.98E-04
I|g_Bifidobacterium.s_Bifidobacterium_longum
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ing)|g_Parabacteroides.s_Parabacteroides_distasonis

pFDR  Subivar Sub2var  Absolute

Test.Variable P.Value (BH) mean mean Difference
PWY-S097: Llysine biosynthesis 336E-04 152E-03 148E03  369E04  1.11E-03
Vl|g_Bacteroides.s_Bacteroides_uniformis
PWY-5695: urate biosynthesis/inosine 5'-phosphate degrada- 33BE-04 152E-08 543E-04 212603 1.58E-03
tion|g_Faecalibacterium.s_Faecalibacterium_prausnitzii
PWY-6151: S-adenosyl-L-methionine cycle | 3.38E-04 1.52E-03  5.16E-03 9.73E-03 4.57E-03
PYRIDNUCSYN-PWY: NAD biosynthesis | (from aspartate) 3.38E-04 152E-03  3.88E-03 7.60E-03 3.71E-03
PANTO-PWY: phosphopantothenate biosynthesis 338E-04 152603 150E-03  371E-04  1.13E-03
l|g_Bacteroides.s_Bacteroides_uniformis
VALSYN-PWY: L-valine biosynthe-
sis|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium 5 1 3.39E-04 1.52E-03  1.09E-03 1.70E-04 9.16E-04
63FAA
TCA: TCA cycle | (prokaryotic) 3.63E-04 1.62E-03  1.46E-03 6.46E-03 5.00E-03
RWY-7221: gganosine ribongcleotides.de novo biosynthe- 392E-04 175E-03  8.14E-06 114E-03 113E-03
sis|g_Bacteroides.s_Bacteroides_dorei
FERMENTATION-PWY: mixed acid fermentation 3.92E-04 1.75E-03  1.72E-03 2.79E-05 1.69E-03
PWY-6628: superpathway of L-phenylalanine biosynthesis 3.92E-04 1.75E-03  1.91E-03 2.53E-05 1.88E-03
F_’WY-5695: urgte biosynthesi_s/inosine 5'I-phosphate degrada- A01E-04 178E-03  9.53E-04 8.19E-05 8.71E-04
tion|g_Bacteroides.s_Bacteroides_xylanisolvens
G AR D 401E-04 178E03  1.06E-03  9.83E-05  9.59E-04
ll|g_Bacteroides.s_Bacteroides_xylanisolvens
PWY-5667: CDP-diacylglycerol biosynthesis
l|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1_6 4.08E-04 1.81E-03 1.21E-03 2.31E-04 9.77E-04
3FAA
PWY0-1319: CDP-diacylglycerol biosynthesis
lllg_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium 5 1 6  4.08E-04 1.81E-03  1.21E-03 2.31E-04 9.77E-04
3FAA
GLUCUROCAT-PM: superpathway of &beta;-D-glucuronide and D- A21E-04  186E-03  4.28E-03 7 88E-03 3.60E-03
glucuronate degradation
PWY-6527: stachyose degradation 421E-04 1.86E-03  3.93E-03 6.27E-03 2.34E-03
PWY66-400: glycolysis VI (metazoan) 421E-04 1.86E-03  3.77E-03 1.48E-03 2.28E-03
PR TN PO LR RE S0 4T4E04 199E03  O49E04  652E05  884E-04
tion|g_Roseburia.s_Roseburia_inulinivorans
RIBOSYN2-PWY: flavin biosynthesis | (bacteria and plants) 4.76E-04 1.99E-03  4.18E-03 1.66E-03 2.52E-03
UL EbB NS ) A 2 R S s P G 483E-04 199E-03 O000E+00  1.03E-03  1.03E-03
sis|g_Parabacteroides.s_Parabacteroides_distasonis
1CMET2-PWY: N10-formyl-tetrahydrofolate biosynthe- 483E04 199E-03  O000E+00  7.96E-04  7.96E-04
sis|g_Parabacteroides.s_Parabacteroides_merdae
ARG ETTIITELD LRI CES 483E-04 199E-03  572E04  000E+00  5.72E-04
llg_Roseburia.s_Roseburia_inulinivorans
COA-PWY-1: coenzyme A biosynthesis Il (mammali- 483E04 199E-03  O000E+00  127E-03  1.27E-03
an)|g_Parabacteroides.s_Parabacteroides_merdae
SUCIER L S S I ST LS ) 483E-04 199E-03 O000E+00  516E-04  5.16E-04
l|g_Erysipelotrichaceae_noname.s_Eubacterium_biforme
PANTO-PWY: phosphopantothenate biosynthesis 483E-04 199E03 543E-04  0Q0E+00  543E-04
l|g_Escherichia.s_Escherichia_coli
PEPTIDOGLYCANSYN-PWY: peptidoglycan biosynthesis | (meso-
diaminopimelate contain- 483E-04 1.99E-03  0.00E+00 1.13E-03 1.13E-03
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PEPTIDOGLYCANSYN-PWY: peptidoglycan biosynthesis | (meso- ! : : ]
diaminopimelate containing)|g_Paraprevotella.s_Paraprevotella_clara 483£-04  1.99E-03  0.00E+00 1.43E-03 1.43E-03
:Tgvr\l'ilfiﬁzzsi“";i'st'igg‘s’xg&]’i’i‘a””°‘°°t“'°S°”ate biosynthesis 483E-04 199E-03 O000E+00  123E-03  1.23E-03
PWY-5100: pyruvate fermentation to acetate and lactate
Il|g_Erysipelotrichaceae_noname.s_Eubacterium_biforme 48304 199803 0.00E+00  6.47E-04 6.47E-04
PWY-5667: CDP-diacylglycerol biosynthesis ] ] ] ]
l|g_Parabacteroides.s_Parabacteroides_distasonis sty AR UBLS 188208 182208
méﬁ:ﬁ;p“gf %ﬁ:g;ézezﬁgﬂﬁs'”e S-phosphate degrada- 483E-04 199E-03 OO00E+00  834E-04  8.34E-04
mﬁlﬂ :Ss'Fj‘L“n'q’i‘r?g";d;f:egr:;‘\’/':jgc'e°“de biosynthesis 483E-04 199E03  9A7E04  0Q0E+00  Q.17E-04
ﬁl\s/ Yooz Saminomidazole g:;’\rl‘;’g'em'de biosynthesis 483E-04 199E-03  915E-04  0Q0E+00  9.15E-04
PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis
Il|g_Catenibacterium.s_Catenibacterium_mitsuokai Rty fetlEeg MER sk R
PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis
lllg_Coprococcus.s. Coprococeus. comes 483E-04 1.99E-03  0.00E+00 8.22E-04 8.22E-04
PWY-6151: S-adenosyl-L-methionine cycle
l|g_Collinsella.s_Collinsella_aerofaciens B RREE GUED At e
PWY-6277: superpathway of 5-aminoimidazole ribonucleotide : ! : :
biosynthesis|g_Blautia.s_Ruminococcus_gnavus 483804 1.998-03 9.15E-04 0.00E+00 9.15E-04
PWY-6277: superpathway of 5-aminoimidazole ribonucleotide
biosynthesis|g_Catenibacterium.s_Catenibacterium_mitsuokai HELRIENE Q=R st IR
PWY-6277: superpathway of 5-aminoimidazole ribonucleotide
biosynthesis|g_Coprococcus.s_Coprococcus_comes 483E-04  1.99E03  0.00E+00 8.22E-04 8.22E-04
PWY-6385: peptidoglycan biosynthesis Ill (mycobacte- ] ] | ]
ria)|g_Parabacteroides.s_Parabacteroides_distasonis R REE L =00 =00
PWY-6386: UDP-N-acetylmuramoyl-pentapeptide biosynthesis Il : ! : :
(lysine-containing)|g_Parabacteroides.s_Parabacteroides_distasonis 483804 199803 0.00E+00 1.11E-03 1.11E-03
PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis |
(meso-diaminopimelate contain- 483E-04 1.99E-03  0.00E+00 8.20E-04 8.20E-04
ing)|g_Bacteroides.s_Bacteroides_dorei
PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis |
(meso-diaminopimelate contain- 483E-04 1.99E-03  0.00E+00 1.22E-03 1.22E-03
ing)|g_Parabacteroides.s_Parabacteroides_distasonis
PWY-6608: guanosine nucleotides degradation
lljg_ Escherichia.s._Escherichia_coli 483E-04 1.99E-03  3.74E-04 0.00E+00 3.74E-04
PWY-6609: adenine and adenosine salvage
lllj]g_Escherichia.s_Escherichia_coli 483E-04  199E-03  S28E-04  0.00E+00 5.28E-04
AT el . 483E04 199E-03  0O00E+00  172E-03  1.72E-03
sis|g_Ruminococcus.s_Ruminococcus_callidus
PWWY-6703: preQ0 biosynthe- . 483E-04 19903 0O00E+00  156E-03  1.56E-03
sis|g_Ruminococcus.s_Ruminococcus_callidus
PWY-7219: adenosine ribonucleotides de novo biosynthe- 483E04 199E-03 O00E+00  183E-03  183E-03
sis|g_Barnesiella.s_Barnesiella_intestinihominis
RWY-7219: a!de.nosine riboquc]eotidgs de novo biosynthe- 483E-04 199E-03  6.11E-04 0.00E+00 6.11E-04
sis|g_Escherichia.s_Escherichia_coli
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Test.Variable P.Value (BH) mean mean Difference

PWY-7220: adenosine deoxyribonucleotides de novo biosynthesis

lllg_Bacteroides.s_Bacteroides_dorei 4.83E-04 1.99E-03  0.00E+00 1.03E-03 1.03E-03

PWY-7221: guanosine ribonucleotides de novo biosynthe-

sis|g_ Alistipes.s_ Alistipes_shahii 4.83E-04 1.99E-03  0.00E+00 1.02E-03 1.02E-03

PWY-7221: guanosine ribonucleotides de novo biosynthe-

. : . ; 483E-04 199E-03  1.10E-03 0.00E+00 1.10E-03
sis|g_Eubacterium.s_Eubacterium_ventriosum

PWY-7222: guanosine deoxyribonucleotides de novo biosynthesis

Il|g_Bacteroides.s_Bacteroides_dorei 483E-04 19903 0.00E+00 1.03E-03 1.03E-03

PWY-7228: superpathway of guanosine nucleotides de novo
biosynthesis I|g_Bacteroides.s_Bacteroides_dorei

PWY0-1319: CDP-diacylglycerol biosynthesis
ll|g_Parabacteroides.s_Parabacteroides_distasonis

SALVADEHYPOX-PWY: adenosine nucleotides degradation
Il|g_Escherichia.s_Escherichia_coli

TRPSYN-PWY: L-tryptophan biosynthe-
sis|g_Bacteroides.s_Bacteroides_fragilis

UNINTEGRATED|g_Coprococcus.s_Coprococcus_catus 483E-04 1.99E-03  0.00E+00 1.15E-03 1.15E-03

VALSYN-PWY: L-valine biosynthe-
sis|g_Escherichia.s_Escherichia_coli

KETOGLUCONMET-PWY: ketogluconate metabolism 4.83E-04 1.99E-03  1.50E-03 0.00E+00 1.50E-03
PWY-6629: superpathway of L-tryptophan biosynthesis 483E-04 199E-03  1.37E-03 0.00E+00 1.37E-03

PWY-5686: UMP biosynthe-
sis|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1_ 4.89E-04 2.01E-03  8.71E-04 1.30E-04 7.41E-04
63FAA

PWY-7560: methylerythritol phosphate pathway Il 5.23E-04 2.15E-03  6.65E-03 3.16E-03 3.49E-03

PWY-7219: adenosine ribonucleotides de novo biosynthe-
sis|g_Bacteroides.s_Bacteroides_xylanisolvens

483E-04 1.99E-03  0.00E+00 1.10E-03 1.10E-03

4.83E-04 1.99E-03  0.00E+00 1.39E-03 1.39E-03

483E-04 1.99E-03  4.11E-04 0.00E+00 4.11E-04

483E-04 1.99E-03  9.21E-04 0.00E+00 9.21E-04

483E-04 1.99E-03  6.39E-04 0.00E+00 6.39E-04

5.65E-04 2.32E-03  1.81E-03 5.86E-04 1.23E-03

PWY-6123: inosine-5'-phosphate biosynthesis
l|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1_6 5.70E-04  2.33E-03 7.58E-04 5.63E-05 7.02E-04
3FAA

VALSYN-PWY: L-valine biosynthe-
sis|g_Roseburia.s_Roseburia_inulinivorans

PANTO-PWY: phosphopantothenate biosynthesis
l|g_Eubacterium.s_Eubacterium_ramulus

5.70E-04 2.33E-03  5.29E-04 2.89E-05 5.00E-04

5.80E-04 237E-03  5.28E-04 2.54E-05 5.03E-04

NONMEVIPP-PWY: methylerythritol phosphate pathway | 6.46E-04 2.63E-03  5.68E-03 9.63E-03 3.94E-03
PWY-6270: isoprene biosynthesis | 6.46E-04 263E-03  6.64E-03 3.26E-03 3.38E-03
PWY66-409: superpathway of purine nucleotide salvage 6.48E-04  2.64E-03 2.82E-03 7.00E-04 2.12E-03
PWY-5173: superpathway of acetyl-CoA biosynthesis 7.02E-04 2.85E-03  1.86E-03 1.00E-04 1.76E-03

PWY-6121: 5-aminoimidazole ribonucleotide biosynthesis
llg_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5 1 6  7.07E-04 2.87E-03  7.40E-04 7.65E-05 6.64E-04
3FAA

PWY-6147: 6-hydroxymethyl-dihydropterin diphosphate biosynthesis

. . ) 7.24E-04  2.94E-03 9.85E-04 2.40E-04 7.45E-04
l|g_Bacteroides.s_Bacteroides_xylanisolvens

PWY-7221: guanosine ribonucleotides de novo biosynthe-

sis|g_Bifidobacterium.s_Bifidobacterium_longum el ey et I DT

PWY-7219: adenosine ribonucleotides de novo biosynthe-

sis|g_Bacteroides.s_Bacteroides_thetaiotaomicron 8.34E04  337E03  2.682F-04 2.09E-03 181E-03

PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis
ll|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1_6  840E-04 3.39E-03  8.12E-04 1.33E-04 6.79E-04
3FAA
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pFDR  Subivar Sub2var  Absolute

Test.Variable P.Value (BH) mean mean Difference
PWY-6277: superpathway of 5-aminoimidazole ribonucleotide
biosynthe- . | 840E-04 339E03  B12E-04  133E-04  6.79E-04
sis|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1_
63FAA
PWY-6123: inosine-5-phosphate biosynthesis OA7E-04 369E-03  823E-04  BISE05  7.42E-04
l|g_Bifidobacterium.s_Bifidobacterium_longum
UNINTEGRATED|g_Bacteroides.s_Bacteroides_dorei 9.71E-04 3.90E-03  6.77E-04 1.89E-03 1.21E-03
NONMEVIPP-PWY: methylerythritol phosphate pathway 082E-04 304E-03  101E03  139E-04  BTAE-04
llg_Roseburia.s_Roseburia_intestinalis
PWY-6163: chorismate biosynthesis from 3-
dehydroqui- . . 100E03 401E03  677E-04  108E04  5.70E-04
nate|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_
1_63FAA
PWY-1042: glycolysis IV {plant cyto- 102E03 405E03 O56E-04  QO02E05  B.G6E04
sol)|g_Anaerostipes.s_Anaerostipes_hadrus
PWY-5791: 1,4-dihydroxy-2-naphthoate biosynthesis Il (plants) 1.02E-03 4.05E-03  2.32E-03 2.51E-04 2.07E-03
PWY-5837: 1,4-dihydroxy-2-naphthoate biosynthesis | 1.02E-03  4.05E-03  2.32E-03 2.51E-04 2.07E-03
PWY-5897: superpathway of menaquinol-11 biosynthesis 1.02E-03 4.05E-03  2.33E-03 2.59E-04 2.07E-03
PWY-5898: superpathway of menaquinol-12 biosynthesis 1.02E-03 4.05E-03  2.33E-03 2.59E-04 2.07E-03
PWY-5899: superpathway of menaquinol-13 biosynthesis 1.02E-03  4.05E-03 2.33E-03 2.59E-04 2.07E-03
PWYO-141§: superpathway of heme biosynthesis from 102E-03  4.05E-03 174E-03 9.11E-05 1 65E-03
uroporphyrinogen-Il|
PWY-7210: pyrimidine deoxyribonucleotides biosynthesis from CTP 1.09E-03  4.31E-03 3.60E-03 1.24E-03 2.36E-03
PWY-5659: GDP-mannose biosynthe-
sis|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1_  1.17E-03  4.49E-03 6.88E-04 9.12E-05 5.97E-04
63FAA
UNINTEGRATED|g_Bacteroides.s_Bacteroides_xylanisolvens 1.18E-03  4.49E-03 1.52E-03 6.55E-04 8.66E-04
P_WY-7219: adgnosine ribonuc!eotides de novo biosynthe- 118E-03 449E-03  464E-04 9.16E-06 4 55E-04
sis|g_Eubacterium.s_Eubacterium_ramulus
PWY-6892: thiazole biosynthesis I (E. coli) 1.18E-03  4.49E-03 1.65E-03 3.54E-05 1.61E-03
THISYN-PWY: superpathway of thiamin diphosphate biosynthesis | 1.18E-03  4.49E-03 1.79E-03 4.48E-05 1.75E-03
POLYAMINSYN3-PWY: superpathway of polyamine biosynthesis Il 1.19E-03  4.49E-03 1.03E-03 7.56E-03 6.52E-03
COA-PWY-1: coenzyme A biosynihesis Il (mammali- 125E03 449E-03 000E+00  869E-04  869E-04
an)|g_Bacteroides.s_Bacteroides_dorei
COA-PWY-1: coenzyme A biosynthesis [l (mammali- 125E03 449E-03  496E:04  000E+00  4.96E-04
an)|g_Bacteroides.s_Bacteroides_fragilis
BenllARE T e UL 125603 449E-03 0Q0E+00  852E-04  B.52E-04
an)|g_Parabacteroides.s_Parabacteroides_distasonis
COA-PW_Y-1: coenzyme A biosynthesis Il (mammali- 195E-03 449E-03  6.33E-04 0.00E+00 6.33E-04
an)|g_Veillonella.s_Veillonella_parvula
G0l (R CRE DA eSS 125603 449E-03  4.92E-04  000E+00  4.92E-04
llg_Veillonella.s_Veillonella_parvula
GLCMANNANAUT-PWY: superpathway of N-acetylglucosamine, N-
acetylmannosamine and N-acetylneuraminate degrada- 1.25E-03 449E-03  4.66E-04 0.00E+00 4.66E-04
tion|g_Escherichia.s_Escherichia_coli
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pFDR  Subivar Sub2var  Absolute
Test.Variable P.Value (BH) mean mean Difference

HISTSYN-PWY: L-histidine biosynthe-
sis|g_Bifidobacterium.s_Bifidobacterium_bifidum

NONMEVIPP-PWY: methylerythritol phosphate pathway
l|g_Paraprevotella.s_Paraprevotella_clara

NONOXIPENT-PWY: pentose phosphate pathway (non-oxidative
branch)|g_Blautia.s_Ruminococcus_gnavus

PANTO-PWY: phosphopantothenate biosynthesis
l|g_Adlercreutzia.s_Adlercreutzia_equolifaciens

PANTO-PWY: phosphopantothenate biosynthesis
l|g_Blautia.s_Ruminococcus_gnavus

PANTO-PWY: phosphopantothenate biosynthesis
Ilg_Ruminococcus.s_Ruminococcus_callidus

1.25E-03 4.49E-03  3.92E-04 0.00E+00 3.92E-04

1.25E-03  4.49E-03  0.00E+00 1.51E-03 1.51E-03

1.25E-03 4.49E-03  6.92E-04 0.00E+00 6.92E-04

1.25E-03  4.49E-03  0.00E+00 8.16E-04 8.16E-04

1.25E-03 449E-03  6.83E-04 0.00E+00 6.83E-04

1.25E-03  4.49E-03  0.00E+00 1.26E-03 1.26E-03

PEPTIDOGLYCANSYN-PWY: peptidoglycan biosynthesis | (meso-

S o 1.25E-03  4.49E-03  0.00E+00 8.07E-04 8.07E-04
diaminopimelate containing)|g_Coprococcus.s_Coprococcus_comes

PWY-1042: glycolysis IV (plant cyto-
sol)|g_Escherichia.s_Escherichia_coli

PWY-2942: L-lysine biosynthesis
Illlg_Catenibacterium.s_Catenibacterium_mitsuokai

1.25E-03 449E-03  4.33E-04 0.00E+00 4.33E-04

1.25E-03  4.49E-03  0.00E+00 4.71E-04 4.71E-04

PWY-4702: phytate degradation I|g_Escherichia.s_Escherichia_coli 1.25E-03 4.49E-03  5.17E-04 0.00E+00 5.17E-04

PWY-5188: tetrapyrrole biosynthesis | (from gluta-

: . : 1.25E-03  4.49E-03 4.20E-04 0.00E+00 4.20E-04
mate)|g_Fusobacterium.s_Fusobacterium_varium

PWY-5384: sucrose degradation IV (sucrose phosphory-
lase)|g_Escherichia.s_Escherichia_coli

PWY-5667: CDP-diacylglycerol biosynthesis
l|g_Barnesiella.s_Barnesiella_intestinihominis

PWY-5686: UMP biosynthe-
sis|g_Eubacterium.s_Eubacterium_ventriosum

1.25E-03 4.49E-03  5.81E-04 0.00E+00 5.81E-04

1.25E-03 4.49E-03  0.00E+00 9.02E-04 9.02E-04

1.25E-03 4.49E-03  7.34E-04 0.00E+00 7.34E-04

PWY-6121: 5-aminoimidazole ribonucleotide biosynthesis

; ; . . 1.25E-03 4.49E-03  0.00E+00 6.96E-04 6.96E-04
l|g_Erysipelotrichaceae_noname.s_Eubacterium_biforme

PWY-6121: 5-aminoimidazole ribonucleotide biosynthesis

; ; . 1.25E-03  4.49E-03  0.00E+00 8.30E-04 8.30E-04
llg_Ruminococcus.s_Ruminococcus_callidus

PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis

. . - 1.25E-03 4.49E-03  4.89E-04 0.00E+00 4. 89E-04
ll|g_Flavonifractor.s_Flavonifractor_plautii

PWY-6125: superpathway of guanosine nucleotides de novo

biosynthesis Il|g_Bacteroides.s_Bacteroides_dorei 1.256-03  4.49E-03  0.00E+00 1.10E-03 1.10E-03

PWY-6126: superpathway of adenosine nucleotides de novo

biosynthesis Il|g_Bacteroides.s_Bacteroides_dorei 125603  449E-03  0.00E+00 7.75E-04 7.75E-04

PWY-6151: S-adenosyl-L-methionine cycle

; o 1.25E-03 449E-03  4.66E-04 0.00E+00 4.66E-04
llg_Roseburia.s_Roseburia_inulinivorans

PWY-6277: superpathway of 5-aminoimidazole ribonucleotide

biosynthesis|g_Flavonifractor.s_Flavonifractor_plautii 125503 449E03  4.89E-04 0.00E+00 4.89E-04

PWY-6305: putrescine biosynthesis

IV|g_Escherichia.s_Escherichia_coli 1.25E-03 449E-03  4.05E-04 0.00E+00 4.05E-04

PWY-6385: peptidoglycan biosynthesis Ill (mycobacte-

ria)|g_Bacteroides.s_Bacteroides_fragilis L2808 aablaly B 0.00E+00 GIIE

PWY-6386: UDP-N-acetylmuramoyl-pentapeptide biosynthesis Il

(lysine-containing)|g_Bacteroides.s_Bacteroides_fragilis 1.25E03  4.49E-03  7.84E-04  0.00E+00 7.84E-04

PWY-6386: UDP-N-acetylmuramoyl-pentapeptide biosynthesis ||

(lysine-containing)|g_Blautia.s_Ruminococcus_gnavus 2B AR BAIE D=0 A=
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pFDR  Subivar Sub2var  Absolute

Test.Variable P.Value (BH) mean mean Difference
PWY-6386: QDP-N-acetylmuramoyl-pentapeptlde biosynthesis |l 195E-03  449E-03  0.00E+00 8.30E-04 8.30E-04
(lysine-containing)|g_Coprococcus.s_Coprococcus_comes
PM-6386: L}DP-N-acetyImurgmoyl-pentapepyde b|osyr)the3|sll 195E-03  4.49E-03 9.12E-04 0.00E+00 9.12E-04
(lysine-containing)|g_Eubacterium.s_Eubacterium_ventriosum
PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis |
(meso-diaminopimelate contain- 1.25E-03  4.49E-03 8.51E-04 0.00E+00 8.51E-04
ing)|g_Blautia.s_Ruminococcus_gnavus
PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis |
(meso-diaminopimelate contain- 1.25E-03 4.49E-03  0.00E+00 8.11E-04 8.11E-04
ing)|g_Coprococcus.s_Coprococcus_comes
PWY-6609: adenine and adenosine salvage 125E-03 4.49E03 0.00E+00  851E-04  851E-04
ll|g_Alistipes.s_Alistipes_shahii
PONCALURERCIIDE R AEDENET) 125E-03 4.49E03 000E+00  5.0E04  5.10E-04
Illlg_Erysipelotrichaceae_noname.s_Eubacterium_biforme
PWY-6609: adenine and adenosine salvage 125E-03 4.49E-03  869E-04  0.00E+00  8.69E-04
lllg_Eubacterium.s_Eubacterium_ventriosum
PO O EIE NG ERE) o 125E-03 4.49E-03 0.00E+00 565604 565604
V|g_Erysipelotrichaceae_noname.s_Eubacterium_biforme
PWY-6737: starch degradation 125E-03 4.49E-03  405E-04  0.00E+00  4.05E-04
V|g_Fusobacterium.s_Fusobacterium_varium
PN SRS eI BT IRl e 125603 449E-03  543E-04  000E+00  5.43E-04
sis|g_Escherichia.s_Escherichia_coli
PWY-7219: adenosine ribonucleotides de novo biosynthe- 125603 449E-03  000E+00  107E-03  1.07E-03
sis|g_Alistipes.s_Alistipes_shahii
P_WY-7219: a}denosineribonu_cleotidesde novo biosynthe- 195E-03 449E-03  485E-04 0.00E+00 4 85E-04
sis|g_Flavonifractor.s_Flavonifractor_plautii
RWY-7221§guanosn'1e ribonucleotides de novo biosynthe- 195603 449E-03  6.31E-04 0.00E+00 6.31E-04
sis|g_Blautia.s_Ruminococcus_gnavus
PWY-7221:guanosmerlbonucleotldesde novo biosynthe- 195E-03  449E-03  0.00E+00 6.83E-04 6.83E-04
sis|g_Coprococcus.s_Coprococcus_comes
P_WY-7221:guan_osine ribonucleoti(_jesde novo biosynthe- 195E-03  4.49E-03 3 81E-04 0.00E+00 3 81E-04
sis|g_Fusobacterium.s_Fusobacterium_varium
P.WY-7228_: superpathwayof_guanosine nucleotit_iesde_novo_ 195E-03  449E-03  0.00E+00 181E-03 181E-03
biosynthesis ||g_Parabacteroides.s_Parabacteroides_distasonis
P.WY-7229_: superpathwayofadenosine_ nucleotid_esde novo 195E-03  449E-03  0.00E+00 7 4TE-04 7 4TE-04
biosynthesis I|g_Bacteroides.s_Bacteroides_dorei
e Ul b A 125E-03 4.49E03 621E-04  0.00E+00  6.21E-04
biosynthesis (yeast)|g_Bacteroides.s_Bacteroides_fragilis
PWY-7663. gondoate biosynthesis (anaero- 125E-03 4.49E-03  492E-04  0.00E+00  4.92E-04
bic)|g_Escherichia.s_Escherichia_coli
PO P Ll B o LISl DT 5 7R 125E-03 4.49E03  400E-04  0.00E+00  4.09E-04
biosynthesis|g_Escherichia.s_Escherichia_coli
PWY-1261: anhydromuropeptides recy- 125E-03 4.49E-03  528E-04  0.00E+00  5.28E-04
cling|g_Escherichia.s_Escherichia_coli
AP I I b 125603 449E-03 0O0E+00  G.08E-04  6.08E-04
tion|g_Erysipelotrichaceae_noname.s_Eubacterium_biforme
PWYQ-1296: purine ribonucleosides degrada- 125E-03 4.49E-03  3.16E-04  0.00E+00  3.16E-04
tion|g_Fusobacterium.s_Fusobacterium_varium
ELANARTISE (Bl g ol LI e 125603 449E-03 0Q0E+00  O.02E-04  9.02E-04
ll|g_Barnesiella.s_Barnesiella_intestinihominis
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pFDR  Subivar Sub2var  Absolute
Test.Variable P.Value (BH) mean mean Difference

PWY0-845: superpathway of pyridoxal 5'-phosphate biosynthesis and

. . o 1.25E-03 449E-03  6.38E-04 0.00E+00 6.38E-04
salvage|g_Bacteroides.s_Bacteroides_fragilis

PYRIDOXSYN-PWY: pyridoxal 5'-phosphate biosynthesis
l|g_Bacteroides.s_Bacteroides_fragilis

RHAMCAT-PWY: L-rhamnose degradation
l|g_Escherichia.s_Escherichia_coli

SER-GLYSYN-PWY: superpathway of L-serine and glycine
biosynthesis I|g_Escherichia.s_Escherichia_coli

SO4ASSIM-PWY: sulfate reduction | (assimilato-
ry)|g_Escherichia.s_Escherichia_coli

UNINTEGRATED|g_Alistipes.s_Alistipes_onderdonkii 1.25E-03 4.49E-03  0.00E+00 1.20E-03 1.20E-03
UNINTEGRATED|g_Flavonifractor.s_Flavonifractor_plautii 1.25E-03  4.49E-03 8.37E-04 0.00E+00 8.37E-04

VALSYN-PWY: L-valine biosynthe-
sis|g_Ruminococcus.s_Ruminococcus_lactaris

1.25E-03 4.49E-03  8.00E-04 0.00E+00 8.00E-04

1.25E-03 4.49E-03  5.40E-04 0.00E+00 5.40E-04

1.25E-03 449E-03  6.36E-04 0.00E+00 6.36E-04

1.25E-03 4.49E-03  4.64E-04 0.00E+00 4.64E-04

1.25E-03 4.49E-03  0.00E+00 5.95E-04 5.95E-04

ENTBACSYN-PWY: enterobactin biosynthesis 1.25E-03  4.49E-03  1.75E-03 0.00E+00 1.75E-03
Selz_;gg;i;)iLYOXDEG-PWY: superpathway of glycol metabolism and 195E-03  4.49E-03 1 66E-03 0.00E+00 1 66E-03
POLYISOPRENSYN-PWY: polyisoprenoid biosynthesis (E. coli) 1.25E-03  4.49E-03  1.85E-03 0.00E+00 1.85E-03
PWY-6891: thiazole biosynthesis Il (Bacillus) 125E-03 4.49E-03  1.35E-03 0.00E+00 1.35E-03
PWY-6895: superpathway of thiamin diphosphate biosynthesis || 1.25E-03  4.49E-03  1.45E-03 0.00E+00 1.45E-03
PWY-7254: TCA cycle VIl (acetate-producers) 1.25E-03 4.49E-03  1.48E-03 0.00E+00 1.48E-03

PWY-7198: pyrimidine deoxyribonucleotides de novo biosynthesis IV 1.28E-03 4.58E-03  3.36E-03 1.13E-03 2.22E-03

P461-PWY: hexitol fermentation to lactate, formate, ethanol and
acetate|g_Anaerostipes.s_Anaerostipes_hadrus

ARO-PWY: chorismate biosynthesis
l|g_Roseburia.s_Roseburia_intestinalis

COMPLETE-ARO-PWY: superpathway of aromatic amino acid
biosynthesis|g_Roseburia.s_Roseburia_intestinalis

PPGPPMET-PWY: ppGpp biosynthesis 139E03 49603  3.00E03  838E04  2.17E-03

PWY-6703: preQO biosynthe-
sis|g_Anaerostipes.s_Anaerostipes_hadrus

PWY-7204: pyridoxal 5'-phosphate salvage Il (plants) 143E-03 5.07E-03  1.90E-03 4.51E-05 1.86E-03

BRANCHED-CHAIN-AA-SYN-PWY: superpathway of branched amino
acid biosynthesis

1.33E-03 4.77E-03  6.54E-04 5.83E-05 5.95E-04

1.34E-03 4.79E-03  9.98E-04 1.31E-04 8.67E-04

1.34E-03 4.79E-03  9.95E-04 1.34E-04 8.61E-04

143E-03 5.07E-03  7.81E-04 3.22E-05 7.49E-04

1.43E-03  5.08E-03 3.85E-03 6.35E-03 2.50E-03
PWY-7219: adenosine ribonucleotides de novo biosynthe-
sis|g_Anaerostipes.s_Anaerostipes_hadrus

PWY-6163: chorismate biosynthesis from 3-
dehydroquinate|g_Roseburia.s_Roseburia_intestinalis

147E-03 521E-03  9.28E-04 1.02E-04 8.27E-04

1.58E-03 5.61E-03  1.00E-03 1.41E-04 8.62E-04

PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis

. . 1.59E-03 561E-03  7.21E-04 6.50E-05 6.56E-04
Illg_Anaerostipes.s_Anaerostipes_hadrus

PWY-6277: superpathway of 5-aminoimidazole ribonucleotide

biosynthesis|g_Anaerostipes.s_Anaerostipes_hadrus 150503 561E03  7.21E-04 6.50E-05 6.56E-04

PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis

. 1.64E-03 5.79E-03  4.68E-04 1.30E-03 8.29E-04
lll|g_Dorea.s_Dorea_longicatena

PWY-6277: superpathway of 5-aminoimidazole ribonucleotide

. ; ) 1.64E-03 5.79E-03  4.68E-04 1.30E-03 8.29E-04
biosynthesis|g_Dorea.s_Dorea_longicatena
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pFDR  Subivar Sub2var  Absolute

Test.Variable P.Value (BH) mean mean Difference
PWY-621: sucrose degradation Il (sucrose invert-
ase)|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_ 1.66E-03  5.83E-03 1.15E-03 1.95E-04 9.57E-04
1_63FAA
PWY-7383: anaerobic energy metabolism (invertebrates, cytosol) 1.69E-03  5.95E-03 1.13E-03 5.39E-03 4.26E-03
MET-SAM-PWY: superpathway of S-adenosyl-L-methionine
biosynthe- . | 171E03 600E-03 7.37E-04  551E-05  6.82E-04
sis|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1_
63FAA
METSYN-PWY: L-homoserine and L-methionine biosynthe-
sis|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1_  1.71E-03  6.00E-03 7.29E-04 4.81E-05 6.81E-04
63FAA
PWY-5347: superpathway of L-methionine biosynthesis
(transsulfura- . . 171E03 600E-03  683E-04  473E05  6.35E-04
tion)|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_
1_63FAA
PWY-6588: pyruvate fermentation to ace-
tone|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_ 1.76E-03  6.14E-03 7.47E-04 1.10E-04 6.37E-04
1_63FAA
PWY-5384: sucrose degradation IV (sucrose phosphorylase) 1.76E-03  6.14E-03 1.47E-03 2.72E-04 1.20E-03
PWY-6121:§-am|n0|m|dazolgrlbonucleotlde biosynthesis 189E-03  6.60E-03 7 14E-04 7 64E-05 6.37E-04
l|g_Anaerostipes.s_Anaerostipes_hadrus
PVWY-5686: UMP biosynthe- 206E-03 7.5E-03 6.87E04  501E05  6.37E-04
sis|g_Anaerostipes.s_Anaerostipes_hadrus
PWY-7328: superpathwayofUDP-qucose-denved O-antigen building 2 06E-03  745E-03  2.69E-03 2 65E-04 2 43E-03
blocks biosynthesis
ASPASN-PWY: superpathway of L-aspartate and L-asparagine 206603 7703  945E-04  129E-04  B.16E-04
biosynthesis|g_Roseburia.s_Roseburia_intestinalis
POLYAMSYN-PWY: superpathway of polyamine biosynthesis | 2.08E-03  7.21E-03 3.59E-03 7.56E-03 3.97E-03
CALVIN-PWY. Calvin-Benson-Bassham cy- 210E-03 725E03 O4TE04  131E04  8.16E-04
cle|g_Anaerostipes.s_Anaerostipes_hadrus
T_HRESYN-PVV_Y: superpathwayofL-threonine biosynthe- 2 10E-03  725E-03  7.45E-04 133E-04 6.12E-04
sis|g_Anaerostipes.s_Anaerostipes_hadrus
PWY-5863: superpathway of phylloguinol biosynthesis 2.10E-03  7.25E-03  2.75E-03 4.98E-04 2.25E-03
COBALSYN_—PWY: adeno_sylgobal_ami_n salvage from cobinamide 2 15E-03  7.41E-03 1 08E-03 1 62E-04 9.2E-04
l|g_Roseburia.s_Roseburia_intestinalis
RHAMCAT-PWY: L-thamnose degradation 022E03 764E03  132E-03  433E04  887E-04
l|g_Bacteroides.s_Bacteroides_xylanisolvens
GLCMANNANAUT-PWY: superpathway of N-acetylglucosamine, N-
acetylmannosamine and N-acetylneuraminate degrada- 2.24E-03  7.71E-03 5.13E-04 1.73E-03 1.22E-03
tion|g_Dorea.s_Dorea_longicatena
VALSYN-PWY: L-valine biosynthe- 024E03 77E-03  821E04  1.00E04  7.0E-04
sis|g_Anaerostipes.s_Anaerostipes_hadrus
P164-PWY: purine nucleobases degradation | (anaerobic) 2.24E-03 7.71E-03  3.52E-04 3.46E-03 3.11E-03
PWY-6703: preQ0 biosynthe-
sis|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1_  2.33E-03  8.00E-03 9.86E-04 2.54E-04 7.32E-04
63FAA
EUAGILERCLA LSS D46E-03 B41E03  S5ATE-04  279E-05  4.89E-04
dehydroquinate|g_Roseburia.s_Roseburia_inulinivorans
PWY-7357: thiamirjformationfr(.)m.pyr?tr'liamineandoxythiamine 2 46E-03  8.41E-03 4.13E-04 2 93E-05 3.91E-04
(yeast)|g_Roseburia.s_Roseburia_inulinivorans
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acetate|g_Escherichia.s_Escherichia_coli

pFDR  Subivar Sub2var  Absolute

Test.Variable P.Value (BH) mean mean Difference
8?;};357: thiamin formation from pyrithiamine and oxythiamine 249E-03  8.50E-03 6.12E-03 8.51E-03 2 38E-03
DTDPRHAMsYN-PWY: dTDE-L-rhamnose biosynthesis 266E-03  906E-03  7.68E-04 117E-04 6.51E-04
llg_Anaerostipes.s_Anaerostipes_hadrus
PWY66-422: D-gglactose degradgtion V (Leloir path- 266E-03  9.06E-03 7 83E-04 112E-04 6.71E-04
way)|g_Anaerostipes.s_Anaerostipes_hadrus
COMPLETE-ARO-PWY: superpathway of aromatic amino acid
biosynthe- , , 274E03 028E-03  T.86E04  179E-04  6.07E-04
sis|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1_
63FAA
PWY-5676: acetyl-CoA fermentation to butanoate Il 2.82E-03 9.28E-03  2.69E-03 5.45E-03 2.76E-03
PWY-6121: 5-aminoimidqzol§ ribolnuclleotide biosynthesis 283E-03  928E-03  9.20E-04 1 62E-04 7 58E-04
l|g_Roseburia.s_Roseburia_intestinalis
N‘IET-SAM-‘PWY: superpathway of S-adenosyl-L-methionine 20BE-03  928E-03  2.29E-03 4.95E-03 2 02E-03
biosynthesis
PWY-6897: thiamin salvage Il 2.96E-03 9.28E-03  6.23E-03 8.85E-03 2.62E-03
PWY-7199: pyrimidine deoxyribonucleosides salvage 2.96E-03 9.28E-03  4.03E-03 7.03E-03 3.00E-03
PWY-6737. starch degradation 300E-03 928E-03 591E04  1.13E04  478E-04
V|g_Roseburia.s_Roseburia_inulinivorans
1QMET2-PWY: N10-formyl-tgtrahydrofolate biosynthe- 308E-03 928E-03  6.12E-04 0.00E+00 6.12E-04
sis|g_Bacteroides.s_Bacteroides_sp_3_2 5
ARGININE-SYN4-PWY: L-or'nithine de novo biosynthe- 308E-03 928E-03  555E-04 0.00E+00 5 55E-04
sis|g_Bacteroides.s_Bacteroides_sp_3_2_5
ARGININE-SYN4-PWY: L-or.n|th|ne de novo biosynthe- 308E-03 928E-03  0.00E+00 9.31E-04 9.31E-04
sis|g_Bacteroides.s_Bacteroides_xylanisolvens
AST-PWY: L-arginine degradation Il (AST path- 308E-03 928E-03  473E-04  000E+00  4.73E-04
way)|g_Escherichia.s_Escherichia_coli
O PIT L Epeigy e () b Eeyallizei || el 308E-03 928E-03 0.00E+00  125E03  1.25E-03
an)|g_Adlercreutzia.s_Adlercreutzia_equolifaciens
COA-PWY-1: coenzyme A bigsynthesis [l (mammali- 308E-03 928E-03  455E-04 0.00E+00 4.55E-04
an)|g_Bacteroides.s_Bacteroides_sp_3_2_5
COA-PWY-.1: coenzyme A biosynthesis |l (mammali- 308E-03 9.28E-03  B8.84E-04 0.00E+00 8.84E-04
an)|g_Odoribacter.s_Odoribacter_splanchnicus
COA-PWY-1 coenzyme A biosynthesis l (mammali- 308E03 928E03 0.00E+00  7.23E-04  7.23E-04
an)|g_Ruminococcus.s_Ruminococcus_callidus
0P GRS IS 308E-03 928E-03 B809E04  000E+00  8.09E-04
l|g_Odoribacter.s_Odoribacter_splanchnicus
DTDPRHAMSYN-PWY: dTDP-L-rhamnose biosynthesis 308E-03  9.28E-03 5 81E-04 0.00E+00 5 81E-04
l|g_Bacteroides.s_Bacteroides_sp_3_2_5
DB AR AN AN CUD SR S INEED 308E03 928E03  477E04  0.00E+00  4.77E-04
l|g_Escherichia.s_Escherichia_coli
FUCCAT-PWY: fucose degradation|g_Escherichia.s_Escherichia_coli ~ 3.08E-03  9.28E-03 5.79E-04 0.00E+00 5.79E-04
Lt ee ekl eecaiitiesnliale 308E03 928E03  372E04  0.00E+00  3.72E-04
degradation|g_Escherichia.s_Escherichia_coli
GLYCOI_.-GLYOXDE(.%.-P\'NY: superpgthyvay of glycol metabolism and 308E-03 928E-03  5A7E-04 0.00E+00 5.17E-04
degradation|g_Escherichia.s_Escherichia_coli
SIELRSNE A 0 B e B [ (ErEer: 308E-03 928E-03 525E-04  0Q0E+00  5.25E-04
bic)|g_Escherichia.s_Escherichia_coli
P461-PWY: hexitol fermentation to lactate, formate, ethanol and 308E-03  9.28E-03 4.94E-04 0.00E+00 4.94E-04
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pFDR  Subivar Sub2var  Absolute

Test.Variable P.Value (BH) mean mean Difference
FLINIIE P15 o pITEREIT e b Siess 308E03 928E-03  5.18E-04  0.00E+00  5.18E-04
l|g_Bacteroides.s_Bacteroides_sp_3_2_5
PANTOSYN-.PWY: pantothepateand goenzymeAbiosynthesis 308E-03 928E-03  837E-04 0.00E+00 8.37E-04
l|g_Eubacterium.s_Eubacterium_ventriosum
PEPTIDOGLYCANSYN-PWY: peptidoglycan biosynthesis | (meso-
diaminopimelate contain- 3.08E-03 9.28E-03  0.00E+00 1.02E-03 1.02E-03
ing)|g_Adlercreutzia.s_Adlercreutzia_equolifaciens
PIEP"I'IDQGLYCANSYN-IPWY: peptidoglycan biosynthgsisl(mego- 308E-03 928E-03  0.00E+00 5.91E-04 5.91E-04
diaminopimelate containing)|g_Bacteroides.s_Bacteroides_dorei
PIEP'.I'IDO.GLYCANSYN-‘PWY: peptidoglycan biosynthgsisl(meso- 308E-03 9.28E-03 5 35E-04 0.00E+00 5 35E-04
diaminopimelate containing)|g_Bacteroides.s_Bacteroides_sp_3_2_5
PQLYISOPRENSYN-PWY: polyisoprgnoid biosynthesis (E. 308E-03  9.28E-03 5 90E-04 0.00E+00 5 90E-04
coli)|g_Escherichia.s_Escherichia_coli
PN GEAED IV @ 308E-03 928E-03  O000E+00  156E03  1.56E-03
sol)|g_Bacteroides.s_Bacteroides_xylanisolvens
PWY-2941: L-lysine biosynthesis 308E03 928E-03 O000E+00  469E-04  4.69E-04
l|g_Catenibacterium.s_Catenibacterium_mitsuokai
U7 20120 - Isive bGey i eals 308E03 928E-03  652E-04  0.00E+00  6.52E-04
IIl|g_Bacteroides.s_Bacteroides_sp_3_2_5
PWY-2942: L-lysine biosynthesis 308E03 928E-03 575604  0.00E+00  5.75E-04
[ll|g_Veillonella.s_Veillonella_parvula
USRS Tolels 2 PR 308E03 928E-03  6.16E-04  0.00E+00  6.16E-04
lllg_Bacteroides.s_Bacteroides_sp_3_2 5
PWY-4242: pa_mtothenateand‘coenzyme_aAbiosynthesis 308E-03  9.28E-03 8.73E-04 0.00E+00 8.73E-04
1llg_Eubacterium.s_Eubacterium_ventriosum
PWY-4984: urea cycle|g_Flavonifractor.s_Flavonifractor_plautii 3.08E-03 9.28E-03  6.71E-04 0.00E+00 6.71E-04
PWY-5083: NAD/NADH phosphoryiation and dephosphoryla- 308E-03 928E-03 597E04  0O00E+00  5.97E-04
tion|g_Escherichia.s_Escherichia_coli
PWY-5097: L-lysine biosynthesis
Vilg_Bacteroides.s_Bacteroides_sp_3_2 5 3.08E-03 9.28E-03  6.07E-04 0.00E+00 6.07E-04
PWY-5097: L-lysine biosynthesis 308E03 928E-03  O000E+00  147E03  147E-03
Vl|g_Barnesiella.s_Barnesiella_intestinihominis
PUACILSE s lsbeiinealy 308E-03 928E03 000E+00  461E04  461E-04
Vl|g_Catenibacterium.s_Catenibacterium_mitsuokai
PWY-5189: tetrapyrrole biosynthesis Il from gly- 308E03 928E-03  3.82E-04  0.00E+00  3.82E-04
cine)|g_Escherichia.s_Escherichia_coli
PUAREEEEs EID P Tiose s is- 308E03 928E-03  4.36E-04  0.00E+00  4.36E-04
sis|g_Escherichia.s_Escherichia_coli
PWY-5667:.CDP-diacngIy_ceroI biosynthesis 308E-03  9.28E-03 5.91E-04 0.00E+00 5.91E-04
l|g_Bacteroides.s_Bacteroides_sp_3_2_5
BT O DIl el DTS 308E03 928E-03  370E04  0.00E+00  3.70E-04
l|g_Escherichia.s_Escherichia_coli
PWY-5686: UMP biosynthe- 308E03 928E-03  4.93E-04  0.00E+00  4.93E-04
sis|g_Bacteroides.s_Bacteroides_sp_3_2_5
iNGessB Aupbetes 308E-03 928E-03  O0.00E+00  4.03E04  4.03E-04
sis|g_Catenibacterium.s_Catenibacterium_mitsuokai
PVVY-5686: UMP biosynthe- _ 308E03 928E-03 000E+00  506E-04  5.06E-04
sis|g_Erysipelotrichaceae_noname.s_Eubacterium_biforme
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PWY-5695: urate biosynthesis/inosine 5'-phosphate degrada-

tion|g_Bacteroides.s_Bacteroides_sp_3_2_5 QSR SRty aaEsd OUEY GReHfE

PWY-6121: 5-aminoimidazole ribonucleotide biosynthesis

3.08E-03 9.28E-03  0.00E+00 6.36E-04 6.36E-04
l|g_Coprococcus.s_Coprococcus_comes

PWY-6121: 5-aminoimidazole ribonucleotide biosynthesis

. ) . 3.08E-03 9.28E-03  3.74E-04 0.00E+00 3.74E-04
l|g_Fusobacterium.s_Fusobacterium_varium

PWY-6122: 5-aminoimidazole ribonucleotide biosynthesis

lllg_Escherichia.s_Escherichia_coli 3.08E-03 9.28E-03  3.68E-04 0.00E+00 3.68E-04

PWY-6123: inosine-5'-phosphate biosynthesis

ljg_Bacteroides.s_Bacteroides_sp.3 2 5 3.08E-03 9.28E-03  5.27E-04 0.00E+00 5.27E-04

PWY-6124: inosine-5'-phosphate biosynthesis

lllg_Bacteroides.s_Bacteroides_sp._3 2.5 3.08E-03 9.28E-03  5.25E-04 0.00E+00 5.25E-04

PWY-6124: inosine-5'-phosphate biosynthesis

lllg_Escherichia.s_Escherichia_coli 3.08E-03 9.28E-03  5.23E-04 0.00E+00 5.23E-04

PWY-6151: S-adenosyl-L-methionine cycle

I|g_Catenibacterium.s_Catenibacterium_mitsuokai 308E-03  9.28E-03  0.00E+00  4.52E-04 4.52E-04

PWY-6151: S-adenosyl-L-methionine cycle

ljg_Escherichia.s_Escherichia_coli 3.08E-03 9.28E-03  4.80E-04 0.00E+00 4.80E-04

PWY-6277: superpathway of 5-aminoimidazole ribonucleotide

biosynthesis|g_Escherichia.s_Escherichia_coli 3.08E-03 9.26E03  3.68E-04 0.00E+00 3.68E-04

PWY-6385: peptidoglycan biosynthesis Ill (mycobacte-

ria)|g_Bacteroides.s_Bacteroides_sp_3_2_5 S.08E03  9.28E03  4.80E-04 0:00E+00 4.80E-04

EWY-6385: peptidoglycan biosynthesisll] (mycobacte- 308E-03 928E-03  7.97E-04 0.00E+00 7 97E-04
ria)|g_Eubacterium.s_Eubacterium_ventriosum

PWY-6386: UDP-N-acetylmuramoyl-pentapepiide biosynthesis |l 308E-03 928E-03  000E+00  105E-03  1.05E-03
(lysine-containing)|g_Adlercreutzia.s_Adlercreutzia_equolifaciens
PWY-6386: UDP-N-acetylmuramoyl-pentapeptide biosynthesis Il

(lysine-containing)|g_Bacteroides.s_Bacteroides_sp_3_2_5 308E-03  928E-03  486E-04  000E+00 486E-04

PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis |
(meso-diaminopimelate contain- 3.08E-03 9.28E-03  0.00E+00 1.09E-03 1.09E-03
ing)|g_Adlercreutzia.s_Adlercreutzia_equolifaciens

PWY-6387: UDP-N-acetylmuramoyl-pentapeptide biosynthesis |
(meso-diaminopimelate contain- 3.08E-03 9.28E-03  5.23E-04 0.00E+00 5.23E-04
ing)|g_Bacteroides.s_Bacteroides_sp_3_2_5

PWY-6608: guanosine nucleotides degradation

3.08E-03 9.28E-03  0.00E+00 7.98E-04 7.98E-04
Illlg_Coprococcus.s_Coprococcus_catus

PWY-6609: adenine and adenosine salvage
IIl|g_Blautia.s_Ruminococcus_gnavus

PWY-6703: preQ0 biosynthe-
sis|g_Ruminococcus.s_Ruminococcus_lactaris

PWY-6859: all-trans-farnesol biosynthe-
sis|g_Escherichia.s_Escherichia_coli

3.08E-03 9.28E-03  8.06E-04 0.00E+00 8.06E-04

3.08E-03 9.28E-03  0.00E+00 9.42E-04 9.42E-04

3.08E-03 9.28E-03  5.95E-04 0.00E+00 5.95E-04

PSR SEEIDENTIDEED [oss, 308E-03 928E-03 0.00E+00  576E-04  5.76E-04
sis|g_Erysipelotrichaceae_noname.s_Eubacterium_biforme
PWY-6936: seleno-amino acid biosynthe-

. : . . 3.08E-03 9.28E-03  7.85E-04 0.00E+00 7.85E-04
sis|g_Eubacterium.s_Eubacterium_ventriosum

PWY-7111: pyruvate fermentation to isobutanol (engi-

: C 3.08E-03 9.28E-03  0.00E+00 7.71E-04 7.71E-04
neered)|g_Barnesiella.s_Barnesiella_intestinihominis

PWY-7111: pyruvate fermentation to isobutanol (engi-

3.08E-03 9.28E-03  0.00E+00 7.74E-04 7.74E-04
neered)|g_Coprococcus.s_Coprococcus_catus
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PWY-7111: pyruvate fermentation to isobutanol (engi-
neered)|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_  3.08E-03  9.28E-03 6.60E-04 0.00E+00 6.60E-04
7_1_58FAA
PWY-7111: pyruvate fermeptation to isobutanol (engi- 308E-03 928E-03  4.09E-04 0.00E+00 4.09E-04
neered)|g_Veillonella.s_Veillonella_parvula
PWY-7213: adenosine ribonucleotides de novo biosynthe- 308E03 928E-03 O000E+00  GAOE-04  6.40E-04
sis|g_Alistipes.s_Alistipes_indistinctus
RWY-7219: agjenosine ribom_JcIeotides de novo biosynthe- 308E-03 928E-03  5.72E-04 0.00E+00 5 79E-04
sis|g_Bacteroides.s_Bacteroides_sp_3_2_5
P.WY-7219:.aQenosme rlbgqucleotldes de novo biosynthe- 308E-03  9.28E-03 5.77E-04 0.00E+00 5.77E-04
sis|g_Clostridium.s_Clostridium_bolteae
P'WY-7219': adenosine ribonycleotides de novo biosynthe- 308E-03 928E-03  0.00E+00 6.60E-04 6.60E-04
sis|g_Ruminococcus.s_Ruminococcus_lactaris
RWY-7221: gganosine ribongcleotides de novo biosynthe- 308E-03  9.28E-03 5 24E-04 0.00E+00 5 24E-04
sis|g_Bacteroides.s_Bacteroides_sp_3_2_5
RWY-7221: guanosine ribonupleotides de novo biosynthe- 3.08E-03  9.28E-03 5 62E-04 0.00E+00 5 62E-04
sis|g_Flavonifractor.s_Flavonifractor_plautii
P D IUGIETEIDC Y ELE): 308E-03 928E-03  464E04  OO00E+00  4.64E-04
tion|g_Escherichia.s_Escherichia_coli
PIWY-7282.: 4-amino-2-methy|-§-phosphomethylpyrimidine 308E-03 9.28E-03  6.27E-04 0.00E+00 6.27E-04
biosynthesis (yeast)|g_Bacteroides.s_Bacteroides_sp_3_2_5
FUN (6 BER ETEND e NS (T ECTo- 308E-03 928E-03  6.A4OE04  0O00E+00  6.40E-04
bic)|g_Bacteroides.s_Bacteroides_sp_3_2_5
PWY0-1296: purine ribonucleosides degrada- 308E-03 928E-03 000E+00  361E04  3.61E-04
tion|g_Catenibacterium.s_Catenibacterium_mitsuokai
AP NI EH0 e 308E-03 928E-03  420E04  000E+00  4.20E-04
tion|g_Escherichia.s_Escherichia_coli
PWY0-1319: CDP-diacylglycerol biosynthesis 308E-03 928E-03 591E04  0O00E+00  5.91E-04
lllg_Bacteroides.s_Bacteroides_sp_3_2_5
PUTEATIEL CDRleyleerd desyiiiesl 308E-03 928E-03 370E04  000E+00  3.70E-04
Illg_Escherichia.s_Escherichia_coli
PWYQ-j586: pepltidoglycan mgturation (meso-diaminopimelate 308E-03 928E-03  6.19E-04 0.00E+00 6.19E-04
containing)|g_Veillonella.s_Veillonella_parvula
PWY0-845: superpathway of pyriQoxaI 5'-phosphate biosynthesis and 3.08E-03  9.28E-03 6.14E-04 0.00E+00 6.14E-04
salvage|g_Bacteroides.s_Bacteroides_sp_3_2_5
PWYE-400: glycolysis VI (metazo- 308E-03 928E-03  0.00E+00  1.30E03  1.30E-03
an)|g_Bacteroides.s_Bacteroides_xylanisolvens
PYRIDOXSYN-PWY: pyrlqoxal 5'-phosphate biosynthesis 3.08E-03  9.28E-03 6.07E-04 0.00E+00 6.07E-04
l|g_Bacteroides.s_Bacteroides_sp_3_2_5
T_HRESYN-P_W\_(: superpath_wa_y of L.-threonine biosynthe- 308E-03 9.928E-03  4.77E-04 0.00E+00 4.77E-04
sis|g_Escherichia.s_Escherichia_coli
THRESYN-PWY: supgrpathway of L-threonine biosynthe- 3.08E-03  9.28E-03 5 37E-04 0.00E+00 5 37E-04
sis|g_Veillonella.s_Veillonella_parvula
UNINTEGRATED|g_Bacteroides.s_Bacteroides_finegoldii 3.08E-03 9.28E-03  0.00E+00 1.79E-03 1.79E-03
UNINTEGRATED|g_Bacteroides.s_Bacteroides_sp_3_2 5 3.08E-03  9.28E-03 5.50E-04 0.00E+00 5.50E-04
UNINTEGRAT-
ED|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_7_1 3.08E-03  9.28E-03 7.74E-04 0.00E+00 7.74E-04
_58FAA
UNINTEGRATED|g_Ruminococcus.s_Ruminococcus_bromii 3.08E-03 9.28E-03  0.00E+00 5.86E-04 5.86E-04
VALSYN-PWY: L-valine biosynthe- 308E-03 928E-03 O000E+00  7.71E04  7.71E-04
sis|g_Barnesiella.s_Barnesiella_intestinihominis
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pFDR  Subivar Sub2var  Absolute
Test.Variable P.Value (BH) mean mean Difference

VALSYN-PWY: L-valine biosynthe-
sis|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_7_1_  3.08E-03  9.28E-03  6.60E-04 0.00E+00 6.60E-04
58FAA

VALSYN-PWY: L-valine biosynthe-

. . . 3.08E-03 9.28E-03  4.09E-04 0.00E+00 4.09E-04
sis|g_Veillonella.s_Veillonella_parvula

AST-PWY: L-arginine degradation Il (AST pathway) 3.08E-03 9.28E-03  1.20E-03 0.00E+00 1.20E-03
P105-PWY: TCA cycle IV (2-oxoglutarate decarboxylase) 3.08E-03 9.28E-03  1.42E-03 0.00E+00 1.42E-03
PWY-2723: trehalose degradation V 3.08E-03 9.28E-03  1.57E-03 0.00E+00 1.57E-03
PWY-561 : superpathway of glyoxylate cycle and fatty acid 308E-03 9.28E-03 197E-03 0.00E+00 197E-03
degradation

PWY-5723: Rubisco shunt 3.08E-03 9.28E-03  1.42E-03 0.00E+00 1.42E-03
PWY-6731: starch degradation Il 3.08E-03 9.28E-03  1.95E-03 0.00E+00 1.95E-03
PWY-6823: molybdenum cofactor biosynthesis 3.08E-03  9.28E-03 1.34E-03 0.00E+00 1.34E-03
(F;\(IEV;(S-SZGQ: NAD/NADP-NADH/NADPH mitochondrial interconversion 308E-03  9.28E-03 120E-03 0.00E+00 120E-03
PWY-7315: dTDP-N-acetylthomosamine biosynthesis 3.08E-03  9.28E-03 1.51E-03 0.00E+00 1.51E-03

PWY-6317: galactose degradation | (Leloir path-

; . 3.14E-03  9.46E-03  8.15E-04 1.20E-04 6.95E-04
way)|g_Anaerostipes.s_Anaerostipes_hadrus

PWY-6969: TCA cycle V (2-oxoglutarate:ferredoxin oxidoreductase) 3.19e-03 9.61E-03  1.29E-03 5.63E-03 4.33E-03

ARO-PWY: chorismate biosynthesis
l|g_Lachnospiraceae_noname.s_Lachnospiraceae_bacterium_5_1_6 3.22E-03  9.67E-03 7.73E-04 1.81E-04 5.92E-04
3FAA

PWY-5686: UMP biosynthe-
sis|g_Bifidobacterium.s_Bifidobacterium_longum

NAD-BIOSYNTHESIS-II: NAD salvage pathway
Il|g_Escherichia.s_Escherichia_coli

PWY0-1533: methylphosphonate degradation
l|g_Escherichia.s_Escherichia_coli

TRPSYN-PWY: L-tryptophan biosynthe-
sis|g_Escherichia.s_Escherichia_coli

3.22E-03 9.67E-03  6.26E-04 7.82E-05 5.48E-04

3.33E-03 9.96E-03  5.96E-04 9.58E-06 5.86E-04

3.33E-03 9.96E-03  4.30E-04 5.90E-06 4.24E-04

3.33E-03 9.96E-03  5.20E-04 9.23E-06 5.11E-04

Supplementary Table 8.2 | Metabolic pathways with significantly varied relative

abundance between participants (pFDR = 0.01).
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ABSTRACT Many components of modern living exert influence on the resident intesti-
nal microbiota of humans with resultant impact on host health. For example, exercise-
associated changes in the diversity, composition, and functional profiles of microbial
populations in the gut have been described in cross-sectional studies of habitual ath-
letes. However, this relationship is also affected by changes in diet, such as changes in
dietary and supplementary protein consumption, that coincide with exercise. To deter-
mine whether increasing physical activity and/or increased protein intake modulates gut
microbial composition and function, we prospectively challenged healthy but sedentary
adults with a short-term exercise regime, with and without concurrent daily whey pro-
tein consumption. Metagenomics- and metabolomics-based assessments demonstrated
modest changes in gut microbial composition and function following increases in physi-

cal activity. Significant changes in the diversity of the gut virome were evident in partici- !‘:‘(e";e‘:’li; "‘e\dvf X ’ V'k‘cepted;fmm
T " " " " s N 2012 Publis! onl 2018
pants receiving daily whey protein supplementation. Results indicate that improved Gy il s

body composition with exercise is not dependent on major changes in the diversity of NC. Garcia-Parez \‘Mu‘;}
microbial populations in the gut. The diverse microbial characteristics previously ob- Nugent H, F
served in long-term habitual athletes may be a later response to exercise and fitness im-
provement.
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IMPORTANCE The gut microbiota of humans is a critical component of functional
development and subsequent health. It is important to understand the lifestyle and
dietary factors that affect the gut microbiome and what impact these factors may
have. Animal studies suggest that exercise can directly affect the gut microbiota,
and elite athletes demonstrate unique beneficial and diverse gut microbiome char-
acteristics. These characteristics are associated with levels of protein consumption
and levels of physical activity. The results of this study show that increasing the fit-
ness levels of physically inactive humans leads to modest but detectable changes in
gut microbiota characteristics. For the first time, we show that regular whey protein
intake leads to significant alterations to the composition of the gut virome.

wen Cronin,
ually to this article.

eriophages

ally inactive

KEYWORDS bacteriophages, exercise, metabolism, microbial communities, next-
generation sequencing, whey protein
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ost of the elements of human lifestyle and environment influence the composi-
Mtion or function of the gut microbiome (1, 2). Indeed, the microbiome has been
viewed as a transducer of nutrient and other environmental signals for the host (3).
Therefore, several investigators have begun to explore whether a sedentary lifestyle or,
more specifically, a lifestyle that includes exercise and fitness is associated with changes
in the gut microbiota (4-7). This has been assessed in cross-sectional studies of habitual
exercisers (8-10) and professional athletes (10-12) in addition to experimental models.

In elite athletes, distinct compositional and functional microbial characteristics,
including increased a-diversity, enhanced microbial production of short-chain fatty
acids, and greater metabolic capacity, are evident in the gut (11, 12). These microbial
features positively correlate with the athletes’ levels of physical activity, in addition to
the quantity of dietary protein consumed. In many professional sporting disciplines, as
well as amateur sport, intentional protein supplementation (e.g., whey protein) pro-
vides a sizeable proportion of athletes’ daily protein intake (12).

Evidence from animal studies highlights the potential for taxonomic manipulation of
colonic microbiota following exercise interventions, both with and without concurrent
dietary alterations (6, 13, 14). Previously, we have proposed several mechanisms by
which exercise and resultant fitness may directly influence the gut microbiota, includ-
ing effects on gastrointestinal transit time (15), a known driver of the diversity of
microbial populations in the gut (16, 17). It appears that physical activity initiated in the
juvenile period of development demonstrates a greater potential for fostering a
preferential microbiota than exercise commenced in adulthood (6, 18).

However, the relationship between exercise and alterations in the microbiome in
humans is compounded by changes in dietary consumption that often accompany
physical activity, e.g., increased protein supplement intake.

Building on previous work (11, 12), the present study sought to interrogate corre-
lations between the gut microbiome and levels of physical activity and protein con-
sumption. To do so, using a combination of next-generation shotgun sequencing and
metabolomic analysis, we prospectively examined the impact of exercise, with and
without whey protein supplementation, on the adult human gut microbiome. We
report that 8 weeks of combined aerobic and resistance training led to modest
alterations in the composition and activity of the gut microbiome of sedentary indi-
viduals. Participants consuming whey protein daily did experience a marked alteration
in the diversity of their gut virome following 8 weeks of oral supplementation.

RESULTS

Study overview. Following local advertisement, healthy Irish male and female
Caucasian volunteers (n = 90) aged 18 to 40 years and with a body mass index (BMI)
of between 22 and 35 kg/m? (predominantly overweight or obese) were recruited
between January and August 2014 (Fig. 1). The study was conducted in accordance
with the Declaration of Helsinki, and, prior to commencement, ethical approval was
granted by the Cork Clinical Research Ethics Committee (CREC). All volunteers provided
written informed consent. To prospectively measure the effect of de novo exercise
training on gut microbiota, subjects were required to be physically inactive for at least
3 months prior to study entry (i.e., not engaged in regular structured or unstructured
exercise beyond the light physical activities of daily life). All participants were screened
for specific exclusion criteria, including regular medication use and history of cardio-
vascular disease (CVD), diabetes mellitus, or autoimmune disorders (see Table S1 in the
supplemental material). Volunteers who had received oral antibiotics or bowel prepa-
rations or had suffered gastroenteritis 1 month prior to study enroliment were ex-
cluded.

Eligible volunteers were randomized into 2 intervention groups: an exercise-only
group (E group) and an exercise plus daily whey protein supplementation group (EP
group) (Fig. 1). A separate parallel group consuming whey protein supplementation but
not participating in exercise programs (P group) was included in the study as a control.
To encourage recruitment to this control group, volunteers were offered an exercise

May/June 2018 Volume 3 Issue 3 €00044-18
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Ineligible subjects:
Unable to commit time — 11
Outside BMI range — 5
Chronic medical condition — 3
Cardiovascular risk factors — 2
Recent antibiotics — 1
Too physically active - 1
Vegetarian diet — 1

Advertising of study and recruitment via
local institutions/businesses/University

[

n=114 individuals
screened

A

n=90 subjects enrolled

Randomization

Exercise only (E)

Exercise + whey protein

(EP) (n=30)

Y

Drop-outs (8)
Non-compliance - 4
Lost to follow-up — 3
Prescribed antibiotic
during study - 1

< S
(n=30)
@l | srermesmesseswee
= ! Drop-outs (5)
) b Non-compliance with
% ] program — 3
@» | * Prescribed antibiotic
i
N
n = 25 completed
program

n =22 completed
program

Whey protein only (P)

(n=

30)

Drop-outs (3) !

* Non-compliance with |
protein - 1 '
i

'

1

—>
1+ Intolerant of whey - 1
1+ Lostto follow-up - 1
v

n =27 completed
program

FIG 1 Study design. The figure presents details of study recruitment and allocation of participants to intervention groups as follows: exercise-only group (E),
exercise and protein supplementation group (EP), and whey protein supplementation-only group (P). Reasons for volunteer dropout and completion numbers
are also outlined. See also Table S1.

program at a later date, but their participation in the program after the conclusion of
the study was not followed extensively. All participants were observed and measured
for 8 weeks (n = 30 for each group). The exercise-only group (E) participated in an
8-week mixed aerobic and resistance exercise training program. The exercise plus whey
protein supplementation group (EP) followed the same exercise program, in addition to
consuming the once-daily whey protein supplement. All volunteers were asked
to maintain their usual ad libitum dietary intake during the intervention period and to
refrain from taking additional vitamin, dietary, or herbal supplements.

Participants in the E and EP groups were required to train 3 times per week for
8 weeks. The exercise program consisted of combined aerobic and resistance training.
Aerobic exercise was standardized, progressive, and similar in energy expenditure to a
"couch-to-5-km-running” program. The intensity of aerobic exercise was moderate,
being graded at between 5 and 7 of 10 on the modified Borg rating of perceived
exertion (RPE) scale (19). Resistance training consisted of 7 machine-based resistance
exercises. Starting weights were calculated at induction at 70% of the individual's
one-repetition maximum (1RM) value. Subjects were required to perform a minimum 3
sets of 8 repetitions. Resistance training was progressive, with aims of increasing
resistance weight by 15% to 20% over the 8-week period.

To ensure a uniform and consistent increase in daily protein consumption, subjects
in the P and EP arms of the study were required to take a daily 30-g protein supplement
containing 24 g of whey protein (donated as an unrestricted grant by Carbery Group,
Ballineen, Co. Cork, Ireland). The supplement comprised a blend of whey protein
concentrate, isolate, and hydrolyzed whey protein concentrate (see Table S2 for full
nutritional details). Subjects’ compliance to daily whey protein supplementation was
encouraged using daily text message reminders. Volunteers were required to return
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TABLE 1 Baseline demographic and anthropometric characteristics of the study
participants with comparisons between the 3 intervention groups?®

Values
Exercise (E) only Exercise + protein Protein only

Patient characteristic (n = 25) (EP) (n = 22) (P) (n = 27) P value
Age (yrs) 35 (28, 38) 32 (28, 35) 34 (28, 36) 0.528
No. (%) of females” n =14 (56) n=12(55 n=11(41) 048
Height (cm) 172 (165, 181) 169 (166, 183) 172 (163,178) 067
Weight (kg) 78.8 (70.1,94.5) 823 (69, 98.9) 764 (69.8,87) 067
BMI (kg/m?) 279 (25.1,29.2) 275 (25.7, 30) 27 (249, 287) 0.761
Resting heart rate (bpm) 72 (65, 81) 68 (61, 79) 74 (66, 78) 036
Systolic BP (mm Hg) 128 (117, 134) 125 (121, 136) 125 (118, 130) 0.706
Diastolic BP (mm Hg) 78 (74, 89) 76 (72, 84) 79 (75, 84) 0.543
Waist/hip ratio 0.85 (0.83, 0.89) 0.84 (0.8, 0.93) 0.83 (0.78, 0.88) 0.365
Body fat (%) 32.8 (29, 38.7) 34.7 (29, 37.2) 34.5 (293, 394) 0.659
Fat mass (kg) 26.3 (22.6,306) 26 (23, 33.1) 268 (20.7,329) 0.96
Fat mass (trunk) (kg) 14.1 (10.8, 16.8) 14.1 (11.2, 17.6) 13.7 (94,17.1) 0878
Lean tissue mass (kg) 524 (40.7,614) 513 (415, 61.5) 47.2 (429, 53.3) 044
Weekly PA (METS) 462 (298, 1,139) 564 (413, 844) 657 (424, 1,145) 0.599
Weekly PA (kCal) 761 (381, 1,618) 748 (525, 1,127) 762 (512, 1,773) 0.767
Sitting time (h per wk) 56 (40, 61) 62 (47, 76) 51 (33, 62) 0.114
Motorized transport (h per wk) 5 (3.25, 8.3) 35(2,6) 4.1(08,7) 0.27

“Values represent medians (interquartile ranges) except where otherwise indicated. P values represent results
of Kruskal-Wallis tests or chi-square tests. BMI, body mass index; IPAQ, Intemational Physical Activity
Questionnaire; METS, metabolic equivalents.

Data indicate chi-square test results.

empty whey protein sachets to the study site fortnightly before the issuing of further
supplement. Subjects with a compliance rate of less than 90% were excluded from the
study.

Baseline measurements were not significantly different among the three study
groups (Table 1).

Participants were predominantly overweight, with body fat percentages above 30%.
There were no significant differences in the participants’ baseline levels of physical
activity as assessed using the International Physical Activity Questionnaire (20). All
baseline values are expressed as medians and interquartile ranges (IQR).

Eight weeks of aerobic and resistance training improves body composition and
cardiorespiratory fitness profiles in sedentary subjects. A total of 74 of the 90
participants enrolled in the study completed the 8-week study period (reasons for
dropping out are detailed in Fig. 1). At entry, the intervention groups shared similar
clinical and anthropometric characteristics. Following the intervention period, both E
and EP group participants demonstrated significant and similar improvements in
predicted maximal aerobic capacity (VO,y,,,) (Fig. 2A). Furthermore, resting heart rate
was significantly reduced following the intervention period in both of the exercising
groups (E and EP) compared with the protein-only group (P = 0.005) (Table S3).
Compliance with the prescribed exercise program was high, with a median of 21
sessions (87.5%) performed in both the E and EP groups. The types and levels of
exercise training undertaken in both groups were similar, with no statistically significant
differences in the aerobic- and resistance-training workloads recorded (Table S4).

In contrast to the protein-only group, the exercise-only group and the exercise plus
protein supplementation group experienced significant decreases in percentage body
fat, total fat mass, and trunk fat mass during the intervention period (Fig. 2B and C), in
addition to an increase in total lean tissue mass (Fig. 2D) (all P < 0.001; see also
Table S3). Compliance with daily whey protein supplementation in the EP and P groups
was high with only one participant excluded due to poor adherence to whey protein
supplementation. Whey protein supplementation aside, dietary frequency patterns did
not deviate from the volunteers’ usual intake at study entry (Fig. S1). Addition of the
30 g daily whey protein supplement did not favor the EP over E group with respect to
body composition improvement; however, the study was not designed to test this
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FIG 2 Alterations in cardiorespiratory fitness and body composition following exercise interventions,
protein interventions, and combined interventions. (A) Peak aerobic capacity (VO,,,..) per kilogram of body
weight as predicted using the Rockport 1-mi walk test was higher in both the E and EP groups following
the intervention period, indicating improved levels of cardiorespiratory fitness. Within-group comparisons
were tested using the Wilcoxon signed-rank test (P < 0.001). (B) Changes in percentages of body fat
following the intervention period as measured using DEXA. Percent body fat reduction was significantly
greater in the exercise-only group and in the exercise plus protein supplementation group compared to the
protein-only group. (C) Absolute changes in body fat mass (in kilograms) following the intervention period
demonstrated a significantly greater reduction in both the exercise and exercise plus protein supplemen-
tation groups. (D) Absolute change in lean tissue mass (kg), measured using a three-compartment model,
indicating significantly greater lean mass accretion in the E and EP groups than in the P group. Error bars
represent 95% confidence intervals. See also Tables S3 to S5.

hypothesis. No clinically relevant differences in resting-state serum proinflammatory
markers were evident following any of the interventions (Fig. S2; see also Table S5).

Metagenomic assessment of microbiota after exercise and/or dietary adjust-
ment. Postintervention alterations (percent A) in gut microbial a-diversity did not
identify significant modulation in taxonomic composition or metabolic pathways for
any of the intervention groups compared to baseline (Fig. 3A to D). A trend of median
increase in bacterial diversity was observed for the E and EP groups (Fig. 3B). These
findings of moderate alterations of a-diversity were consistent across pairwise com-
parisons of the groups, with a few notable exceptions. Increased a-diversity of Archaea
species in the P group following intervention was observed, as was a moderate
enhancement of archaeal diversity in the P group compared to the EP group (P < 0.05
and P < 0.01, respectively; Fig. 3E). After the intervention period, bacterial diversity was
greater in the EP group than in the P group (P < 0.05; Fig. 3F), while the diversity of
virus species was lower in EP group than in the E group (P < 0.05; Fig. 3G).

Principal-coordinate analysis (PCoA) was used to present separation of measures
from the taxonomic composition and metabolic pathway models (Fig. 3H to O). Prior to
intervention, all 3 groups demonstrated similarity in measures of microbial metabolic
pathways and taxonomic B-diversity (Fig. 3H to K). A significant separation between the
intervention groups was detected in the Bray-Curtis-derived dissimilarity matrices
generated from participants postintervention for metabolic pathways (P = 0.054;
Fig. 3L), the entirety of detected species (P < 0.001; Fig. 3M), and species of bacteria
(P < 0.05) and viruses (P < 0.001) (Fig. 3N and O, respectively). Archaea species did not
differentiate with intervention (data not presented).
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FIG 3 Intervention effects on taxonomic and functional pathway diversity of the intestinal microbiome. (A to D) Percent change (4) of Shannon a-diversity
H-index values following intervention. No 5|gn|ﬁcant varlatlons were presented for taxonomic measurements (A to C) or metabolic pathways (D). (E to G)
Pairwise statistical it of y a-d y equal data with respect to the presence of taxonomy between groups at baseline. EP1,
combined exercise and protein supplementation group, week 0; EP2, combined exercise and protein supplementation group, week 8; E1, exercise-only group,
week 0; E2, exercise-only group, week 8; P1, protein-only group, week 0; P2, protein-only group, week 8. (E) The diversity of Archaea was significantly altered
after intervention within the P group (P < 0.05) and, similarly, was greater in the P group (P2) than in the EP group (EP2) (P < 0.01). (F) Postintervention bacterial
diversity was greater in the EP group (EP2) in testing against the P group (P2) (P < 0.05). (G) Similar levels of virus diversity were presented in the protein
supplementation groups (EP and P) following the intervention, with significantly lower diversity in the EP group than in the E group (P < 0.05). (H to O)
Principal-coordinate analysis (PCoA) of relative abundance profiles for taxonomic and metabolic pathway constructions of the three groups demonstrates the
influence of the interventions on the diversity of microbial populations. (H to K) Prior to intervention, group profiles of taxonomic and metabolic pathway

(Continued on next page)
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Pairwise analysis of taxonomy compared according to high-level phylogeny (Ar-
chaea, Bacteria, and viruses) demonstrated significant alterations of detected virus
species in both the EP and P groups following the intervention period that were absent
from the exercise-only group (P < 0.001; Fig. 4). There were no further significant
separations for Archaea or Bacteria species or for metabolic pathways (Fig. S3A to I). An
unsupervised partial-least-squares—discriminant analysis (PLS-DA) approach was used
to identify underlying features of the metabolic pathways before and after the inter-
vention period (Fig. S3J and K). Pathways associated with Prevotella copri were shown
to cluster with the E group prior to intervention. Following intervention, this cluster was
still present but, in addition, separate clusters of P. copri- and Bacteroides vulgatus-
associated pathways were apparent within the EP and P groups, respectively. Forty-
eight species were detected as being differentially abundant within the three groups
(false-discovery rate [FDR] = 0.05). The majority of identified taxa were virus species,
predominantly Lactococcus phage, within the P and EP groups. No Archaea were found
to have significantly varied in abundance with treatment in any of the groups (Ta-
ble S6).

Of the total 23,019 unique (e.g., coenzyme A biosynthesis) and taxonomically
specific (e.g., coenzyme A biosynthesis in Akkermansia muciniphila) metabolic pathways
included in the metagenomic construction of the models, 619 were identified as having
significantly differed among the three intervention groups at either the pretreatment or
posttreatment time point (P < 0.05). Significantly altered pathways were organized
according to a metabolic pathway hierarchy defined by the MetaCyc database and
were structured as a heat map of low-level categories of classification (e.g., nucleotide
biosynthesis) (Fig. S4). Scaled group means of pathway relative abundances demon-
strated modest alterations of microbial metabolic potential. A complete list of the
categorized pathways can be found in the supplemental material (Table S6). Further
assessment of pathways differing among all groups was performed both within each
group (before and after treatment) and between the separate groups. No significant
variation within groups was evident following P value correction for multiple testing.

Untargeted metabolomic analysis of participant fecal-water and urinary samples
revealed no significant separations either within each group pre- and postintervention
or between groups at each time point with analysis of the full spectrum of metabolites.
Subsequent targeted metabolomic quantification, guided by previous findings (11, 70,
71), revealed significant changes following intervention in the amount of glutamate
(fecal water) and trans-aconitate (urine) in the protein-only group (P < 0.01 and P <
0.05, respectively; Table S6). Comparisons of differences (percent A) in metabolite
quantifications between all groups demonstrated significant variation in the levels of
phenylacetylglycine (PAG) and trimethylamine N-oxide (TMAO) (P < 0.01 and P < 0.05,
respectively) in urine, as well as of glutamate (P < 0.05) in fecal water, within all groups
(Table S6). Such differences were also present in the paired comparisons. Levels of both
PAG and TMAO were significantly reduced (A = —0.196 and —0.518, respectively) in
the E group following the intervention period in comparison to the P group (P < 0.05,
Table S6).

Characterization of whey protein supplement microbial content. Metagenomic
sequencing of the whey protein supplement and of a non-dairy-based dietary supple-
ment control revealed a taxonomic profile in the former that was characterized by high
proportions of bacteriophage associated with lactic acid bacteria. Notably, these phage
were also enriched in participants in receipt of the whey supplement (Table S6). The

FIG 3 Legend (Continued)

diversity were not significantly differentiated. (L to O) Following intervention, a significant separation was identified between the groups for measures of (L)
metabolic pathways (P = 0.054), (M) all detected species unsegregated by phylogeny (P < 0.001), (N) bacteria (P < 0.05), and (O) virus species (P < 0.001).
Specific separations in diversity per intervention group are outlined further in Fig. 4 for virus species and Fig. S3 for all other comparisons. Statistical assessment
of PCoA dissimilarity matrices was performed with the Adonis2 permutational multivariate analysis of variance (PERMANOVA) test. (H to O) Density plots were
derived from kernel density estimates and scaled to a maximum estimated value of 1 and display concentrations of plotted data along the corresponding plot

axis. P values were calculated for «-diversity comparisons using the Wilcoxon signed-rank test.
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FIG 4 Pairwise analysis of detected virus taxonomy prior to and following intervention. (A to C) PCoA
of virus species for each group, comparing virus profiles before and after the intervention period (time
point 1 [TP1] [week 0] and time point 2 [TP2] [week 8], respectively). (A) The exercise-only group had virus
diversity that was not significantly altered by intervention. (B and C) Diversity of viruses was significantly
affected during the intervention period for both groups receiving protein supplementation (P < 0.001).
The exercise plus protein supplementation group (B) and the protein-only group (C) demonstrated
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taxonomic composition of the whey protein and control demonstrated highly diver-
gent microbial contents of the supplements, including taxa detected in participants.

DISCUSSION

To accurately and consistently increase daily protein intake, we selected a whey
protein supplement. Whey protein, a widely used commercial supplement in elite sport
and amateur fitness milieu, is known for its muscle accretion effects (21), in addition to
its positive influence on energy metabolism (22-24) and, more recently, on appetite
control (25). In addition, its use facilitated analysis of the effect of a widely available
exercise adjunct on the diversity, composition, and activity of microbial populations in
the gut. Somewhat unexpectedly, individuals in the whey protein supplementation-
only group (P) experienced a significant alteration in the B-diversity of the gut virome
(Fig. 4C). Furthermore, this change was mirrored in the combined exercise and protein
supplementation (EP) group (Fig. 4B), suggesting a robust effect of whey protein on the
taxonomic richness of the gut virome. To explore this dynamic, a sample of the whey
supplement and a sample of a non-dairy-based dietary supplement were sequenced for
microbial content. Intriguingly, all bacteriophage and two of the four bacterial species
that were significantly altered in the groups receiving whey protein were present in
high relative abundance within the whey protein supplement but not the control
supplement. Further in-depth experimentation is required to determine whether vi-
rus particles from whey protein conclusively transmit to the human gut from consump-
tion and, if so, whether they remain biologically active. However, the overlap in the
taxonomic compositions of the whey supplement and participants’ gut microbiome
provides a convincing explanation for the source of virome changes observed.

While this examination did not identify a significant impact of short-term combined
aerobic and resistance exercise on the diversity of bacterial or archaeal constituents of
the gut microbiome, subtle compositional and functional changes were detected in this
analysis (Fig. 3 and 4; see also Fig. S3 and S4). Although the results were not statistically
significant, the groups engaged in exercise demonstrated less change in archaeal
diversity than the protein-only group after the intervention period. In the case of the
exercise-only group, a reduction in Archaea diversity was observed, suggesting that
exercise acts against intestinal Archaea. More-extensive investigation is necessary to
resolve this issue, but in view of a putative role for Archaea in intestinal disorders and
as modulators of TMAO concentrations, such an inquiry is justified (26). Changes in
Bacteria diversity were similarly below the threshold of statistical significance; however,
the median differences between groups indicated that those undertaking exercise had
increases in bacterial diversity that were absent from the intervention group excluded
from exercise. Curiously, the diversity of bacterial species was elevated in the EP group
after intervention but the diversity of virus species was uniformly lower. The inverse
relationship of these measures is counterintuitive given the predominance of bacte-
riophage in the detected viruses. However, the influx of such bacteriophage may
explain the overall reduction of virus diversity within the group. Furthermore, this
increase in the levels of bacteriophage may have been insufficient to profoundly
influence the overall diversity of the Bacteria due to their selective targeting of only a
few bacterial species.

The absence of substantial modulation of the diversity of microbial populations in
the gut following the 8-week exercise intervention mirrors recent findings in mice (27).
To date, most of the work in humans has focused on elite or professional athletes
(10-12) and as a result has explored the relationship between established physical
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reduced variability of diversity following intervention. Results of pairwise analysis of additional taxo-
nomic and metabolic pathway profiles are presented in Fig. $3. Statistical assessment of PCoA dissimi-
larity matrices was performed with the Adonis2 PERMANOVA test. (A to C) Density plots were derived
from kernel density estimates and scaled to a maximum estimated value of 1 and display concentrations
of plotted data along the corresponding plot axis.
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“fitness” and the gut microbiota. Few prospective studies have examined the effect of
exercise on the gut microbiota of physically inactive human volunteers (28). The current
study is the largest to have done so. It should be acknowledged that the unperturbed
adult intestinal microbiome is resilient (29) and may not be subject to significant
alteration following an 8-week intervention period. It is likely that the diverse, meta-
bolically favorable intestinal microbiome evident in the elite athlete is the cumulative
manifestation of many years of optimized nutrition and of high degrees of physical
condition throughout youth and adolescence and during adult participation in profes-
sional sports (30). Initial examination of the acute effects of extreme and prolonged
endurance exercise, such as in trained military regiments, suggests that prolonged
physical stress negatively impacts intestinal permeability and gut microbiota compo-
sition (31). However, the results of the present study indicate that exercise at moderate
intensity does not exert a deleterious effect on gut microbial composition or function
in the untrained subject. Furthermore, the results of this study signify that exercise-
induced improvements in cardiorespiratory fitness and body composition are not
dependent on substantial alteration of the diversity of microbial populations in the gut.
Whether the limited changes in microbiome composition and function detected in this
study contributed to the witnessed improvements in body composition and fitness
profiles remains unknown.

An intriguing exception to the otherwise minimal differences in metabolomic
modification is represented by the controversial metabolite TMAO. Associations be-
tween TMAO and cardiovascular disease (CVD) have framed the metabolite as a disease
factor; however, high levels have also been observed in populations with low CVD risk
(32-35). Elevated levels of TMAO have previously been found in elite athletes (11), and
while the presence of TMAO may or may not have deleterious health implications, we
demonstrate a potential modulatory effect of exercise on urinary TMAO levels. Partic-
ipants in the exercise-only group showed levels of urinary TMAO that were reduced
below baseline with intervention, while the groups receiving whey protein had in-
creased levels of the metabolite, with the combined-treatment group demonstrating
lower levels than the protein-only group. The TMAO precursor phosphatidylcholine
comprised less than 0.1% of the constituents of the whey protein supplement used in
this study, suggesting a possible direct effect of whey protein and/or exercise on TMAO
production. While the data represent a promising paradigm, further work will be
necessary to determine the specific mechanisms involved and to rule out unintended
dietary influence or influences of host biology (e.g., altered absorption of TMAO with
exercise). Additionally, known microbial producers of TMAO (36) were absent from the
taxonomic profiling. PAG concentrations were similarly reduced in the exercise-only
group, although the metabolite has previously been associated with lean body com-
position and has been found to be present in increased concentrations in athletes. It
has also recently been shown to decrease in urine in thoroughbred racehorses follow-
ing exercise (37).

Likewise, the data reflecting an increase in the abundance of the P. copri-associated
pathways detected in the EP group postintervention supports the work of others which
suggested an active role for Prevotella species in host metabolic (38, 39) and immune
health (40). Studies have linked Prevotella with inflammatory and metabolic disorders,
including rheumatoid arthritis (41, 42), ankylosing spondylitis (43), and type 2 diabetes
mellitus (44). Conversely, and consistent with our findings, increased physical activity
has been associated with increases in Prevotella-related metabolic pathways in the gut
microbiome (10).

It is pertinent to acknowledge the difficulty in controlling all potential confounders
of gut microbial composition and activity in this investigation (e.g., diet, wide BMI
range). This study attempted to control for the potential impact of dietary variation by
instruction of volunteers to maintain their usual ad libitum dietary intake. Food fre-
quency questionnaire (FFQ) dietary analysis indicated stability in the volunteers’ dietary
patterns; however, like all self-reported methods of dietary intake assessment, FFQ
assessment is subject to its limitations, including recall bias (45).
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In conclusion, this prospective examination demonstrated that short-to-medium-
term combined exercise in healthy, physically inactive adults does not induce drastic
alterations in the diversity of bacterial, viral, and archaeal populations in the gut. We
highlight an interaction between whey protein intake and the p-diversity of the adult
gut virome which requires further exploration. Furthermore, the functional activity of
the gut microbiota does not appear to be extensively manipulated by short-term,
moderate-intensity exercise and/or whey protein supplementation, although some
changes, including alteration of levels of urinary TMAO and PAG excretion, were
evident. The alterations in the diversity, composition, and metabolomic profiles of
microbial gut populations that we and others have observed in habitual exercisers and
professional athletes may represent late responses to exercise or fitness.

MATERIALS AND METHODS

Experi | models and subject details. A description of the human study model used here is
outlined in Results under “Study overview.” Male and female volunteers were enrolled. The Cork Clinical
Research Ethics Committee (CREC) approved the study before it commenced. Recruitment and assign-
ment of interventions are outlined in detail below.

Study recruit and safe p . Male and female participants, aged between 18 and 40
years (inclusive), were recruited via online, e-mail, and poster advertisement of the study details. This
information was circulated to the study institutions (University College Cork and Cork University Hospital)
and local businesses in Cork City, Ireland. Participants were informed that free gymnasium membership
would be supplied for the study period. Interested individuals contacted researchers via the study
telephone line and were screened initially for inclusion criteria (see Table S1 in the supplemental
material). Baseline levels of physical activity were assessed using the International Physical Activity
Questionnaire short form (46). If appropriate, a subsequent screening visit at the study site was arranged
for further assessment of the exclusion criteria. Safe participation in the exercise program was ensured
by medical screening of all participants using an adapted version of the safe participation questionnaire
of the American College of Sports Medicine (47).

Intervention group allocation. Eligible volunteers were randomized into 2 intervention groups,
namely, an exercise-only group (E group) and an exercise plus daily whey protein supplementation
group (EP group) (Fig. 1). A separate parallel group consuming whey protein supplementation alone (P
group) was included in the study as a control. Participants in the P group were instructed to maintain
their usual levels of light physical activity. To encourage recruitment to the control group, volunteers
were offered an exercise program at a later date but were not followed extensively during that period.
All participants were observed and their responses measured for 8 weeks (n = 30 for each group).

Combined exercise inter ion. Combined aerobic and resistance training was performed at the
Mardyke Arena gymnasium at University College Cork, Ireland. All exercise sessions took place at this
venue. Volunteers in the P group were asked to maintain their usual levels of physical inactivity for the
8-week period. Participants in the E and EP groups were instructed to adhere to the assigned exercise
program and to avoid additional (moderate to vigorous) physical activity outside that prescribed.
Participants were instructed to train 3 times per week for the 8-week intervention period. Participants
received instructions with respect to the format of the required training program during a 90-min
induction session with designated gym instructors. This induction included demonstration of all aerobic
and resistance training equipment and the opportunity to ask questions when required. Resistance
training machines were customized for individual differences in ranges of motion, and the participants
were observed during use of all of the machines, with instructor feedback and correction. For resistance
machines, 1-repetition maximum (1RM) values were calculated using standardized methods (48).

The outline of the exercise sessions was as follows. After a 5-min warmup on the treadmill (brisk
walking at approximately 4 km/h; modified Borg RPE, 3 to 5/10), participants underwent aerobic training
of moderate intensity (modified Borg RPE, 5 to 7/10). To encourage compliance with the prescribed RPE
scales, volunteers were reminded of the desired intensities on each of their weekly exercise training
programs. The aerobic exercise progressed in duration on a weekly basis but remained of moderate
intensity. Initially, aerobic exercise lasted approximately 18 min; by week 8 of the intervention period, the
duration of aerobic exercise increased to approximately 32 min depending on the type of aerobic activity
chosen by the volunteer. Participants were provided with a choice of aerobic activities, including
treadmill jogging/running, use of a cross-trainer device (with no added resistance), use of a stepper
machine, and stationary cycling (with mild resistance). The duration for each of these activities was
calculated based on the 2011 Compendium of Physical Activities (49) to ensure similar levels of energy
expenditure across all activities. To allow variety and to maintain interest, participants were provided
with an option of aerobic activities, provided that they did not change exercises within a given training
session.

Upon completion of the aerobic exercise activity, participants undertook machine-based resistance
training. In summary, participants were required to perform a minimum of 3 sets of 8 repetitions on
7 different resistance machines (3 exercising the upper body, 3 exercising the lower body, and 1
exercising the core muscles). The allowed resistance machine options were as follows: for the upper
body, shoulder press, chest press, lateral pulldowns, and seated rowing; for the lower body, leg
extension, leg curl, gluteal kick-back, and leg press; for the core muscles, abdominal curls and torso
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rotation. A minimum limit of 3 sets of 8 repetitions was instituted, with a maximum limit of 3 sets of 12
repetitions. Starting weights were calculated at induction to correspond to 70% of the individual’s
one-repetition maximum (1RM) value. Resi e training was pre ive, with the aim of increasing the
resistance weight by 15% to 20% over an 8-week period. Free-weight use was not permitted.

Compli; and withd | from the study. Compliance with the prescribed exercise program
was monitored remotely by the investigators using a FitLinxx activity monitoring system (Activelinxx,
Shelton, CT). All volunteers were provided with a unique identification number for the FitLinxx physical
activity recording system and were required to log in and record all activities undertaken at the Mardyke
Arena gym during training. Using this tracking system, compliance with the prescribed exercise program
was monitored by the investigators. Similarly, the quantity of aerobic and resistance training performed
by participants was recorded (Table S4). The FitLinxx software program enables accurate recording of the
duration and frequency of training and provides an estimate of energy expenditure during aerobic
training. The facility’s FitLinxx software and hardware were subjected to maintenance and recalibration
prior to commencement of the study.

Participants noted to have not complied with the exercise regime for more than 7 consecutive days
were withdrawn from the study. Individuals requiring antibiotics during the intervention period were
also withdrawn from the study, as were participants not complying with whey protein intake require-
ment in the EP and P groups.

M visits. Measu visits took place at 2 sites: Cork University Hospital and the
Mardyke Arena, University College Cork. Baseline measurement was conducted within the 4 days prior
to the commencement of the intervention period and once more after the 8-week intervention.
Participants were asked to refrain from the use of alcohol and medication and moderate to vigorous
physical activity for at least 24 h prior to measurement. To minimize potential effects of diurnal variation,
measurement visits took place between 7:00 am. and 10:30 a.m. Initially, participants attended the
Department of Medicine research facility at Cork University Hospital and sat restfully in a quiet
environment. Participants proceeded to participate in measurement of clinical variables, e.g., recording
of weight, blood pressure, and heart rate, before undergoing phlebotomy by a trained nurse using
universal precautions. Approximately 16 ml of venous blood was withdrawn. Plasma and serum samples
were transported immediately to the clinic laboratories at the Mercy University Hospital, Cork. Standard-
ized laboratory techniques were employed for the 1t of her I and biochemistry
indices. Following phlebotomy, individuals underwent a total body dual-energy X-ray absorptiometry
(DEXA) scan to assess body composition. When possible, volunteers were asked to provide fresh urine
and fecal samples, which were transported at room temperature to Teagasc Moorepark, Fermoy, Co.
Cork, where DNA extraction took place. Following completion of the body composition assessment,
participants proceeded to the indoor track at the Mardyke Arena gymnasium to undergo a submaximal
cardiorespiratory fitness assessment as described below.

VO,,...x and body composition measurement. To prevent injury from unaccustomed vigorous
exercise, we chose a submaximal assessment of peak aerobic capacity. Baseline and postintervention
levels of cardiorespiratory fitness were measured using a validated submaximal fitness test (50). The
Rockport 1-mi walk test was performed in a standardized temperature environment at the indoor
running track of the Mardyke Arena. This test was used to estimate maximal oxygen uptake (VO,, ).

A Lunar iDXA machine (GE Healthcare, Madison, WI) at the Bone Densitometry Unit, Cork University
Hospital, was used. Body composition was analyzed using enCORE software (V.134, 2010) and a
three-compartment (fat mass, bone mass, lean tissue) body composition model. Volunteers were
scanned postvoiding and dressed in light clothing, with metal-wear removed where present. Quality
control (QC) analysis was performed on the iDXA machine before use of the machine on each
measurement day.

fl y cytoki t. Blood samples (4 ml) from participants were collected in
serum separator clot activator blood collection tubes (Greiner Bio-One, Stonehouse, United Kingdom;
reference no. 454071). The blood samples were allowed to rest upright on the laboratory bench for
30 min before centrifugation was performed at 1,000 X g for 20 min at room temperature. Approxi-
mately 2 ml of supernatant sera was then harvested by pipette, frozen, and stored at —80°C in
polypropylene cryogenic vials. At a later date, following a complete thaw, resting levels of proinflam-
matory cytokines were measured using a mesoscale discovery (MSD) platform (Meso Scale Discovery,
Rockville, MD). The MSD system is an electrochemiluminescence-based solid-phase multiplex assay. An
ultrasensitive human proinflammatory |, V-Plex immunoassay panel containing interleukin-6 (IL-6), IL-8,
tumor necrosis factor alpha (TNF-«), IL-10, and gamma interferon was used to measure serum levels.
Samples were diluted 1:2 according to the manufacturer’s protocol, and samples from all 3 intervention
groups were dispersed across each MSD plate. The lower limit of detection was <1 pg/ml for all assays.
All plasma samples were measured in duplicate, and the mean cytokine concentration of the duplicates
(in picograms per milliliter) was used for analysis.

Dietary data collection. Dietary data were collected by means of a 146-item food frequency
questionnaire (FFQ) as outlined previously (12). Participants were asked to record their usual pattem of
dietary intake over the previous 8 weeks. The FFQ used was an adapted version of the questionnaire used
in the United Kingdom arm of the European Prospective Investigation into Cancer (EPIC) study (51),
which was based on the original Willet FFQ (52). Completed FFQs were coded and dietary data were
visualized with correspondence analysis using the ade4 package (53) in the R programing environment
(v.3.3.2).

DNA extraction and ic seq ing of fecal microbi and whey p in supple-
ment. DNA was extracted from the donated fresh fecal samples received at the Teagasc Moorepark
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research facility using a QIAmp DNA stool minikit (Qiagen, Crawley, West Sussex, United Kingdom) (54).
Samples were provided by participants as partial evacuations into sterile containers and, when not
immediately transported for DNA extraction, were held at 4°C for no more than 12 h. Samples were
prepared for DNA extraction by manual homogenization of a portion of the sample representing all
microenvironments (i.e,, core and external surface) of the feces. The provided manufacturer’s protocol
was used with modification whereby a zirconia bead (Stratech Scientific) cell disruption bead-beating
step (performed three times for 30 s each time) was introduced in order to enhance homogenization of
the extraction material. DNA extracts and the ining fecal les were subsequently stored at
80°C until they were prepared for sequencing.

Metagenomic libraries were prepared using an Illumina Nextera XT DNA library preparation kit
(llumina Inc., USA) in complete accordance with the manufacturer’s protocol (15031942; Illumina).
Library input DNA was normalized to 0.2 ng/pul using fluorometric quantification and Qubit system 2.0
(Thermo, Fisher). Library fragmentation and amplification were performed using a G-Storm GS1 thermal
cycler, with subsequent library purification achieved with AMPure magnetic beads (Beckman Coulter,
Inc.) at a DNA/AMPure ratio of 1:1.8. Confirmation of the sizes of the library fragments was carried out
on an Agilent 2100 Bioanalyzer system, with final assessment of library molar concentration (2 nM)
performed using a Roche LightCycler 480 instrument (Roche Applied Science) and a Kapa library
quantification kit (Kapa Biosystems). A total of 8 equimolar library pools of samples were made prior to
shipping of the pools on dry ice for sequencing on an Illumina Hiseq 2500 (chemistry V.4.0) sequencing
platform (Beckman Coulter, Inc.; Genomics Inc., Danvers, MA). High-throughput sequencing was per-
formed using the high-output run mode for 2 X 125-bp paired-end reads with the addition of a PhiX
library (1%) to estimate sequence quality. A sample of the whey protein used in the study and a sample
of an oat-based nutritional supplement used as a control were both processed in a manner identical to
that used with the fecal samples for the extraction of microbial DNA and preparation of metagenomic
libraries. Sequencing of the supplement libraries was performed using an Illumina MiSeq (chemistry
V.3.0) platform in high-output run mode for 2 X 300-bp paired-end reads (Teagasc sequencing facility).

Bioinformatic processing of microbial metagenomic sequencing. Processing of metagenomic
FASTQ sequence files proceeded with the removal of human-derived contaminant sequences with NCBI
Best Match Tagger (BMTagger) software, while trimming and removal of duplicate reads or of reads of
substandard quality were performed with Picard and SAM tools. Functional profiling of high-quality
processed reads was facilitated by use of the Human Microbiome Project (HMP) Unified Metabolic
Analysis Network (HUMANN2 V.0.99) pipeline (55). Models of microbial metabolic pathways produced by
HUMANN2 were derived from the MetaCyc database (56) and were the basis for analyses performed on
microbial metabolic profiling. Taxonomic profiling was facilitated by use of the Kraken taxonomy
assignment software tool (V.0.10.6) (57).

Metabolomi ple preparation. Samples were stored at —80°C prior to analysis. Urine samples
were subjected to vortex mixing and then centrifuged at 1,600 X g for 10 min to remove precipitated
proteins and particulates. For metabolic profiling analysis by reversed-phase (RP) and hydrophilic
interaction chromatography (HILIC) ultraperformance liquid chromatography-mass spectrometry (UPLC-
MS), samples were prepared as follows: 200 ul of supernatant was diluted (1:1) with high-purity
(ultraperformance liquid chromatography [HPLC]-grade) water, subjected to vortex mixing, centrifuged
at 2,700 X g for 20 min, and divided into aliquots for analysis. Quality control (QC) samples were
prepared by pooling 50-ul volumes of each sample. For 'H nuclear magnetic resonance ('H-NMR)
spectroscopy, each sample contained 540 | of urine mixed with 60 pl of phosphate buffer (pH 7.4; 80%
D,0) containing a 1 mM concentration of the internal standard, 3-(trimethylsilyl)-[2,2,3,3,-2H4]-propionic
acid (TSP)-2 mM sodium azide (Na*N), as described previously (58). During the analyses, samples were
maintained at 4°C in the autosampler.

Fecal samples underwent two freeze-thaw cycles. Following the freeze-thaw cycles, 100 mg of
homogenized sample was placed in a microtube containing 250 pl of 25% acetonitrile (ACN) (1:2
ACN/H,0), 2 mM sodium azide, and ~0.05 g 1-mm-diameter zirconia beads. Each microtube was
processed for 10 s in a Biospec bead beater. Samples were then centrifuged at 16,000 X g for 20 min.
The fecal-water supernatant was subsequently centrifuged through centrifuge tube filters (cellulose
acetate membrane; pore size, 0.22 1m) to remove any remaining particulate matter. The centrifuge tube
filters were washed three times with 25% acetonitrile prior to use. The resulting fecal water was prepared
for UPLC-MS profiling using HILIC by diluting 3:1 with acetonitrile and for bile acid profiling by diluting
1:1 with isopropanol. Samples were subjected to vortex mixing and incubated at —20°C for 1 h.
Following the incubation step, samples were centrifuged at 4°C at 16,000 X g for 1 h and divided into
aliquots for analysis. QC samples were prepared by pooling 20-j.| volumes of each fecal-water sample
followed by preparation as described above. For TH-NMR spectroscopy, 50 1l of the filtered fecal water
was added to a glass tube (Pyrex), which was placed under a nitrogen gas flow for 30 min or until all the
liquid had evaporated. The dried sample was reconstituted with 540 pl of D,O and 60 pl of phosphate
buffer solution as described above. The solution was mixed and sonicated for 5 min before undergoing
further centrifugation at 14,000 rpm for 10 min, and then 600 pl of the supernatant was transferred to
an NMR tube for TH-NMR spectral acquisition.

Metabolomic analysis. RP, HILIC, and bile acid UPLC-MS metabolic profiling experiments were
performed using a Waters Acquity Ultra Performance LC system (Waters, Milford, MA) coupled to a Xevo
G2 quadrupole-time of flight (Q-TOF) mass spectrometer (Waters, Milford, MA) with an electrospray
source. Samples were analyzed in randomized order, with QC analyzes performed every 10 samples. First,
urine samples were analyzed using UPLC-MS and an RP chromatographic method with both positive and
negative MS ionization modes. Second, to separate and detect the more polar molecules, a HILIC
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chromatographic stage was used with the positive MS ionization mode. Fecal-water samples underwent
analysis using HILIC and bile acid profiling chromatographic methods in positive and negative ionization
modes, respectively. HILIC, RP, and bile acid profiling liquid chromatographic separation procedures were
performed as previously described (59, 60). Mass spectrometry was performed with the following
settings. Capillary and cone voltages were set at 1.5 kV and 30 V, respectively. The desolvation gas level
was set at 1,000 liters/h at a temperature of 600°C. The cone gas level was set to 50 liters/h. The source
temperature was set to 120°C. To ensure the accuracy of the mass data, a lock-spray interface was used,
with leucine enkephalin {556.27741 Da ([M+H] +), 554.2615 Da ([M—H] —)} solution used as the lock mass
at a concentration of 2,000 ng/ml and a flow rate of 15 pl/min.

TH-NMR spectroscopy was performed on the aqueous-phase extracts at 300 K on a Bruker 600-MHz
spectrometer (Bruker Biospin, Germany) using a standard one-dimensional (1D) pulse sequence corre-
sponding to RD — g,; — 90° — t, —90° — t,, — g,, — 90°— ACQ (58), where the value of 90° represents
the applied 90° radio frequency pulse; the relaxation delay (RD) was set at 4 s, the interpulse delay (t,)
was set at 4 s, the mixing time (t,,) was set at 10 ms, the magnetic field gradients (g,, and g,,) were
applied for 1 ms, and the acquisition period (AQA) was 2.7 s. Water suppression was achieved through
irradiation of the water signal during RD and t,,. Urine sample spectra were acquired using 4 dummy
scans followed by 32 scans whereas fecal spectra were acquired using 256 scans and 4 dummy scans and
collected into 64 K data points. A spectral width of 12,000 Hz was used for all the samples. Prior to Fourier
transformation, the free induction decay (FID) values were multiplied by an exponential function
corresponding to a line broadening of 0.3 Hz.

Metabolomic data treatment. The raw mass spectrometric data acquired were preprocessed using
xcms in R. centWave peak picking methods were used to detect chromatographic peaks (61). The
xcms-centWave parameters were data set specific. Feature grouping across samples was performed
using the “nearest” method within xcms. Peak filling and MinFrac (0.5), and coefficient of variation (CV)
(0.3) filters were applied to the features. Data were normalized using median fold change normalization
to the median data set (62).

TH-NMR spectra were automatically corrected for phase and baseline distortions and referenced to
the TSP singlet at & 0.0 using TopSpin 3.1 software. Spectra were then digitized into 20 K data points at
a resolution of 0.0005 ppm using an in-house MatLab R2014a (MathWorks, Inc.) script. Subsequently,
spectral regions corresponding to the internal standard (6 —0.5 to 0.5) and water (5 4.6 to 5) peaks were
removed. In addition, urea spectra (5 5.4 to 6.3) were removed from the urinary spectra. Spectra were
normalized using median fold change normalization to the median spectrum (62). Combinations of
data-driven strategies, such as SubseT optimization by reference matching (STORM) (63) and Statistical
TOtal Correlation SpectroscopY (STOCSY) (64), and analytical identification strategies were used to
identify metabolites of interest from "H-NMR data sets. Specifically, a catalogue of 1D "H-NMR and 2D
NMR experiments was performed using techniques such as J-RESolved spectroscopy, 'H-'H TOtal
Correlation SpectroscopY (TOCSY), 'H-"H COrrelation SpectroscopY (COSY), 'H-1C Hetero-nuclear Single
Quantum Coherence (HSQC), and 'H-'*C Heteronuclear Multiple-Bond Correlation (HMBC) spectroscopy.
Finally, for those metabolites giving ambiguous data, e.g., TMAO, the metabolites were confirmed using
in situ spiking experiments and authentic chemical standards. Semiquantification data corresponding to
the identified metabolites were calculated through peak intensity measurements of the normalized
TH-NMR spectra using an in-house script. GC-MS data were processed using MassHunter Quantitative
Analysis (Agilent Technologies) software.

Quantification and statistical analysis. Statistical analysis was carried out using the Statistical
Package for the Social Sciences V.23 (SPSS, Inc., Chicago, lllinois) and the R statistical programing
environment (V.3.3.2). Due to the predominance of non-normally distributed data, nonparametric
analyses were performed to compare baseline clinical and demographic variables between groups.
Similarly, nonparametric statistical tests were employed in the analysis of microbiome and metabolomics
data. Clinical data are presented as medians and interquartile ranges (IQR), unless stated otherwise.
Between-group differences in baseline, follow-up, and postintervention changes (A) in clinical and
demographic data were compared using the Kruskal-Wallis test. For significantly different results, a
Mann-Whitney U test was performed to determine the groups between which this difference applied.
Where stated, the Wilcoxon signed-rank test was used to compare baseline and postintervention values
within intervention groups. A type | error rate of =0.05 was considered significant in all cases. Correction
of P values relating to microbiome and metabolomic analysis was performed using the Benjamini-
Hochberg false-discovery rate (FDR) (65) in the base stats package in R. Statistical assessment of
dissimilarity matrices (Bray-Curtis) derived from microbial data was facilitated with the adonis2 function
in the vegan R package (V.2.4-3) (66). Identification of statistically relevant taxonomic features was
performed with the analysis of composition of microbiomes (ANCOM) test as implemented in the R
package of the same name (V.1.1-3) (67). Detection of underlying features of metabolic pathways was
performed with unsupervised cross-validated partial-least-squares-discriminant analysis (PLS-DA) and
the KODAMA algorithm from the R package of the same name (V.1.4) (68). Measurements of alpha
diversity and calculations of relative abundances were also performed with the vegan package. Relative-
abundance data were generated separately for identified species within each phylogenetic domain (e.g.,
Bacteria).

For metabolomic analysis, the resulting "H-NMR and LC-MS data sets were imported into MatLab to
conduct multivariate statistical analysis. Data were centered and scaled to account for the repeated-
measures design and then modeled using partial-least-squares-discriminant analysis (PLS-DA) with
Monte Carlo cross-validation (MCCV) (69). The fit and predictability of the models obtained were
determined and expressed as R2 and Q2 values, respectively.
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Data availability. The microbial DNA sequences have been deposited in the European Nucleotide
Database (ENA) database under ID code PRJEB20054.
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ORIGINAL ARTICLE

Gut microbiota

The microbiome of professional athletes differs
from that of more sedentary subjects in composition
and particularly at the functional metabolic level

Wiley Barton, >3 Nicholas C Penney,*> Owen Cronin, " Isabel Garcia-Perez,’
Michael G Molloy, "> Elaine Holmes,* Fergus Shanahan,’* Paul D Cotter, '

Orla O'Sullivan'"*

ABSTRACT

Objective It is evident that the gut microbiota and
factors that influence its composition and activity effect
human metabolic, immunological and developmental
processes. We previously reported that extreme physical
activity with associated dietary adaptations, such as that
pursued by professional athletes, is associated with
changes in faecal microbial diversity and composition
relative to that of individuals with a more sedentary
lifestyle. Here we address the impact of these factors on
the functionality/metabolic activity of the microbiota
which reveals even greater separation between exercise
and a more sedentary state.

Design Metabolic phenotyping and functional
metagenomic analysis of the gut microbiome of
professional international rugby union players (n=40)
and controls (n=46) was carried out and results were
correlated with lifestyle parameters and clinical
measurements (eg, dietary habit and serum creatine
kinase, respectively).

Results Athletes had relative increases in pathways (eg,
amino acid and antibiotic biosynthesis and carbohydrate
metabolism) and faecal metabolites (eg, microbial
produced short-chain fatty acids (SCFAs) acetate,
propionate and butyrate) associated with enhanced
muscle turnover (fitness) and overall health when
compared with control groups.

Conclusions Differences in faecal microbiota between
athletes and sedentary controls show even greater
separation at the metagenomic and metabolomic than at
compositional levels and provide added insight into the
diet—exercise—gut microbiota paradigm.

INTRODUCTION

Regular exercise challenges systemic homeostasis
resulting in a breadth of multiorgan molecular and
physiological responses, including many that centre
on immunity, metabolism and the microbiome—
gut-brain axis.'” Exercise exhibits systemic and
end-organ anti-inflammatory effects as well as con-
tributing to more efficient carbohydrate metabol-
ism, in addition to trophic effects at the level of the
central nervous system.® 7 In fact, increasing phys-
ical activity offers an effective treatment and pre-
ventative strategy for many chronic conditions in
which the gut microbiome has been implicated.*
Conversely, a sedentary lifestyle is a major

Significance of this study

What is already known on this subject?

» Taxonomic and functional compositions of the
gut microbiome are emerging as hiomarkers of
human health and disease.

» Physical exercise and associated dietary
adaptation are linked with changes in the
composition of the gut microbiome.

» Metabolites such as short-chain fatty acids
(SCFAs) have an impact on a range of health
parameters including immunity, colonic
epithelial cell integrity and brain function.

What are the new findings?

» Our original observation of differences in gut
microbiota composition in elite athletes is
confirmed and the separation between athletes
and those with a more sedentary lifestyle is
even more evident at the functional or
metabolic level. Microbial-derived SCFAs are
enhanced within the athletes.

How might it impact on clinical practice

in the foreseeable future?

» The findings provide new evidence supporting
the link between exercise and metabolic health.
The findings provide a platform for the rational
design of diets for those engaged in vigorous
exercise. The identification of specific
alterations in the metabolic profile of subjects
engaged in high levels of exercise provides
insight necessary for future efforts towards
targeted manipulation of the microbiome.

contributing factor to morbidity in developed
Western society and is associated with heightened
risk of numerous diseases of affluence, such as
obesity, diabetes, asthma and cardiovascular
disease (CVD)."'™'* Recent evidence supports an
influential role for the gut microbiome in these
diseases. "%

The concept that regular exercise and sustained
levels of increased physical activity foster or assist
the maintenance of a preferential intestinal micro-
biome has recently gained momentum and
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Gut microbiota

interest.***? Previously, using 16S rRNA amplicon sequencing,
we demonstrated taxonomic differences in gut microbiota
between an elite athlete cohort of international-level rugby
players and a group of age-matched high (>28 kg/m”) and low
(<25 kg/m?) body mass index (BMI) controls.”® This analysis
illustrated a significantly greater intestinal microbial diversity
among the athletes compared with both control groups. This
taxonomic diversity significantly correlated with exercise and
dietary protein consumption. However, the possibility existed
that these differences did not equate to differences at a func-
tional level. Here, we re-examine the microbiome in these parti-
cipants by whole metagenome shotgun sequencing to provide
deeper insight into taxonomic composition and functional
potential and by complementary metabolic phenotyping ana-
lyses of host-derived and microbial-derived (urine and faecal,
respectively) metabolic profiles. This analysis shows that the dif-
ferences in the gut microbiota between athletes and controls is
even more pronounced at the functional metabolic level than at
the compositional level as previously reported and provides
further rationale for prospective controlled studies to unravel
the relationship between diet, exercise and the gut microbiome.

RESULTS

The study groups comprise professional male athletes (n=40)
and healthy controls (n=46).”° To better represent the variabil-
ity of BMI in the athletes, controls were classified as either low
BMI (n=22, BMI<25.2) or high BMI (n=24, BMI>26.5).
Participants made no report of GI distress or alterations of GI
transit time throughout the course of the initial study.

Functional structure of the enteric microbiome correlates
with athletic state

Functional metagenomic analysis of faecal samples allowed for
the prediction of the operational potential of each individual’s
microbiota. In total, 19300 taxonomically linked metabolic
pathways were identified in at least one individual. Comparison
of phylogenetic constructions derived from the 16S rRNA
amplicon data of our previous study and the functional data of

Figure 1 Comparison of phylogenetic
constructions from metagenomic and
165 rRNA gene sequencing sourced
from all participants. Phylogenetic
trees derived from (A) metagenomic
sequencing and (B) 165 rRNA
amplicon sequencing. Taxonomic levels
are assigned from centre out with
kingdom-level assignment in centre
and strain-level assignment in outer
most ring. Dark blue radial highlights
correspond to poorly identified
taxonomies (ie, ‘unknown’ and
‘unassigned’ database entries).
Number of assignments at each level
of phylogeny is displayed below the
respective graph. Taxonomic trees
derived from the two sequencing
approaches illustrate an advantage of
metagenomic sequencing in the
number of predictions of lower
taxonomic levels and the frequency of
full identification of taxa, while 165
rRNA sequencing grants greater insight
of high-level phylogenies within the
population.

Total 3 9
Poor ID
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this present report reveals a greater level of identification at
higher levels of taxonomy (eg, phylum) for 16S sequences,*
while the metagenomic data had greater fidelity and superior
resolution of lower levels of taxonomy (eg, species) (figure 1).
Consistent with previous results, the microbiota of the athletes
were significantly more diverse than that of both the low-BMI
and high-BMI control groups at the functional level (figure 2A).
Furthermore, our previous findings of an enrichment of
Akkermansia in athletes was corroborated by the presence of sig-
nificantly higher proportions of metabolic pathways associated
with this genus in athletes when compared with high-BMI con-
trols (p<0.001). Correlation analysis revealed that, of the total
19 300 pathways, 98 were significantly altered between the
three cohorts (p<0.05) (see online supplementary table S1).
Subsequently, large-scale functional dissimilarity between ath-
letes and controls was determined and distinct patterns of
pathway composition between groups were revealed (see online
supplementary figure S1A). This functional distinction remained
true whether applied to total pathway data or to the statistically
significant subset of pathways (see online supplementary figure
S1B). Correlation of pathways present in at least one member
from both cohorts further exemplified the uniformity of the ath-
letes and the division between the athletes and control groups
(see online supplementary figure S1C). Separation according to
group membership was further illustrated through principal
coordinate analysis (PCoA), with statistical support of the sig-
nificant separation between the athletes and both control groups
(p<0.05) (figure 2B). This was also the case for the statistically
significant subset of pathways (see online supplementary figure
S1D). Principal component analysis (PCA) supplemented with a
correspondence analysis and k-nearest neighbour semisupervised
learning approach cast further light (ie, visualisation of robustly
defined class associations of specific individuals within the
groups) on the clustering of participants within and between
cohorts (see online supplementary figure S1E).

Pathways exhibiting statistically significant variation between
the athletes and both control groups were organised accord-
ing to MetaCyc metabolic pathway hierarchy classification
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Figure 2 Group-wise comparison of microbial metagenomic and metabolomic profiles. (A) Shannon index of diversity for metabolic pathways from
all three groups. Pathway diversity is increased in the athlete group when compared with low-body mass index (BMI) and high-BMI controls.
Diversity measures are statistically significant between low-BMI and athlete groups (p<0.049), with statistical significance between all groups
(Kruskal-Wallis p<0.05). (B) Principle coordinate analysis of Bray-Curtis compiled distance matrix of all microbial metabolic pathway relative
abundances. Groups show significant variation from one another {(Adonis PERMANOVA p<0.05). Cross-validated orthogonal partial least squares
regression discriminant analysis (OPLS-DA) of full nuclear magnetic resonance ('H-NMR) spectra from urine (R*Y=0.86, Q*Y=0.60) (C) and faecal
water (R%Y=0.86, Q*Y=0.52) (D) samples. OPLS-DA displays robust separation between athletes and controls. Models comprise 1 predictive (tcv[1])

and 1 orthogonal (tocv[1]) principal component.

(34 metabolic categories), highlighting a number of differences
(figure 3A and online supplementary table S2). Distinct cluster-
ing patterns were observed within each cohort, with the
high-BMI control group having the lowest average abundance
scores across 31 metabolic pathway categories (the exceptions
being vitamin biosynthesis (VB), lipid biosynthesis (LB) and
amino acid biosynthesis (AAB) categories). The athlete group
had the highest mean abundance across 29 of the 34 metabolic
categories (eg, carbohydrate biosynthesis, cofactor biosynthesis
and energy metabolism) (see online supplementary table S2).
Numerous statistically significant (p<0.05) associations were
identified between pathway abundances and serum creatine
kinase (CK)—an enzymatic marker of muscle activity (IU/L),
total bilirubin (IU/L) and dietary macronutrient intake of
protein (g/day), fibre (g/day), carbohydrates (g/day), sugars
(g/day), starch (g/day), fatr (g/day) and total energy (KJ/day)
(figure 3B). Each group was represented by distinct association
profiles of the correlation between clinical measurements and
metagenomic pathways. Dietary factors, sugars and other carbo-
hydrates, as well as energy intake, provide the majority of the
correlations for the control groups, whereas the athlete group

was predominantly correlated with CK, total bilirubin and total
energy intake. Of the total number of metabolic pathways with
associations to the clinical data from all three groups (10 760;
data not shown), relevant pathways related to the production of
secondary metabolites, cofactors and short-chain fatty acids
(SCFAs) were identified (eg, biotin biosynthesis and pyruvate
fermentation to butanoate).

Distinct differences between host and microbial metabolites
in athletes and controls

A combination of multiplatform metabolic phenotyping and
multivariate analysis based on orthogonal partial least squares
discriminant analysis (OPLS-DA) was used to compare urine and
faecal samples from athletes and controls. The cross-validated
(CV) OPLS-DA models show strong differences between athletes
and controls in urine samples by proton nuclear magnetic reson-
ance ("H-NMR) analysis (R?Y=0.86, Q*Y=0.60, figure 2C),
hydrophilic interaction ultra-performance liquid chromatog-
raphy mass spectroscopy (HILIC UPLC-MS) positive mode ana-
lysis (R*Y=0.85, Q*Y=0.74, online supplementary figure S2A)
and reversed-phase UPLC-MS (RP UPLC-MS) in both positive

Barton W, et al. Gut 2017;0:1-9. doi:10.1136/gutjnl-2016-313627
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Figure 3  Group variation of microbial metabolic function and associations between pathways and clinical and dietary variables. (A) Mean relative
abundance values of statistically significant (Kruskal-Wallis p<0.05) metabolic pathways binned according to categories of metabolic function. (B)
Number of metabolic pathways significantly (Benjamini-Hochberg corrected p<0.05) correlated with dietary constituents and blood serum

metabolites. BMI, body mass index.

and negative mode analysis (R*Y=0.83, Q’Y=0.73 and
R?Y=0.83, Q*Y=0.67, online supplementary figure S$2B,C
respectively). Likewise, the CV-OPLS-DA models comparing
faecal samples, although weaker than the urine models, reveal
significant differences between athletes and controls by "H-NMR
analysis (R’Y=0.86, Q*Y=0.52, figure 2D) and HILIC
UPLC-MS positive mode analysis (R?Y=0.65, Q*Y=0.34, online
supplementary figure S2D).

The loadings of the pairwise OPLS-DA models were used to
identify metabolites discriminating between the two classes.
Athletes’ "H-NMR metabolic phenotypes were characterised by
higher levels of trimethylamine-N-oxide (TMAQ), L-carnitine,
dimethylglycine, O-acetyl carnitine, proline betaine, creatine,
acetoacetate, 3-hydroxy-isovaleric acid, acetone, N-methylnicotinate,
N-methylnicotinamide,  phenylacetylglutamine  (PAG) and
3-methylhistidine in urine samples and higher levels of
propionate, acetate, butyrate, trimethylamine (I'MA), lysine and
methylamine in faecal samples, relative to controls. Athletes were
further characterised by lower levels of glycerate, allantoin and
succinate and lower levels of glycine and tyrosine relative to
controls in urine and faecal samples, respectively (see online
supplementary table S3).

While numerous metabolites discriminated  significantly
between athletes and controls with RP UPLC-MS positive (490)

and negative (434) modes for urine, as well as with HILIC
UPLC-MS positive mode for urine (196) and faecal water (3),
key metabolites were structurally identified using the strategy
described below. UPLC-MS analyses revealed higher urinary
excretion of N-formylanthranilic acid, hydantoin-5-propionic
acid,  3-carboxy-4-methyl-5-propyl-2-furanpropionic  acid
(CMPF), CMPF glucuronide, trimetaphosphoric acid, acetyl-
carnitine (C2), propionylcarnitine (C3), isobutyrylcarnitine
(C4), 2-methylbutyroylcarnitine (C5), hexanoylcarnitine (C6),
C9:1-carnitine, L-valine, nicotinuric acid, 4-pyridoxic acid
and creatine in athletes relative to controls. Levels of glutamine,
7-methylxanthine, imidazoleacetic acid, isoquinoline/quinolone
were lower in athletes’ urinary samples relative to controls. In
addition, 16 unknown glucuronides were lower in the athlete
samples (see online supplementary table S4).

SCFA levels in faeces measured by targeted gas chromatography—
mass spectrometry (GC-MS) showed significantly higher levels of
acetate (p<0.001), propionate (p<0.001), butyrate (p<0.001) and
valerate (p=0.011) in athletes relative to controls. Isobutyrate and
isovalerate did not differ significantly between the groups
(figure 4B and online supplementary table S5). Furthermore,
concentrations of propionate strongly correlated to protein intake,
while butyrate was shown to have a strong association with intake
of dietary fibre (see online supplementary table S6).

4
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Figure 4 Athletes display a profile of short-chain fatty acids (SCFAs) that alters from that of the controls. (A) Heat map of bacterial taxa (family,
genus and species level) that correlate with faecal short-chain fatty acid levels using Spearman’s correlation. Cool colours represent positive
correlations; hot colours represent negative correlations (r). All taxa shown had a correlation p value<0.01. Those marked with * represent
correlations with a false discovery rate <0.01 after Benjamini-Hochberg multiple testing corrections. (B) Median concentrations of GC-MS-derived
faecal SCFA. Quantitative analysis of SCFAs in faecal samples shows significant increase in measured concentrations of acetate, propionate, butyrate
and valerate in athletes. Error bars represent 95% Cls. (C) Quantification of statistically relevant correlations of metabolic pathways to
GC-MS-derived faecal SCFA concentrations (uM). BMI, body mass index; GC-MS, gas chromatography—mass spectrometry.

Correlating metabonomic and metagenomic results
Correlation analysis between targeted measurements of SCFAs
and taxonomic data from 16S rRNA sequencing revealed a
number of correlations that remained significant following cor-
rection; Roseburia was positively correlated with acetate
(p=0.004) and butyrate (p=0.018) while Family XIII Incertae
Sedis was positively correlated with isobutyrate (p<0.001), iso-
valeric acid (p<0.001) and valeric acid (p=0.008) (figure 4A
and online supplementary table S7).

SCFAs were also correlated with pathway relative abundances,
with all SCFAs associating with considerably more pathways in
the athletes versus the controls (figure 4C). Multiple statistically
significant (7948) (p<0.05) correlations between the metabolic
pathways and SCFAs were identified (see online supplementary
table S8). Two distinct blocks of proportionately discriminant
correlations were observed with isobutyric and isovaleric acids,
which were more abundant in the athletes, while acetic and
butyric acids were proportionately more abundant in controls.
Correlations of the SCFA concentrations to pathways related to
fermentation, biosynthesis or modification of fatty acids were
identified among the numerous other associations (see online
supplementary table S8 for complete list). Additional correla-
tions of metabolic pathways against well-identified metabolites
detected from both faecal water (figure SA, C) and urine
(figure SB, D) presented numerous significant associations
(6186 and 13 412, respectively; data not shown) (p<0.05).

It was also observed that 16 genera correlated with 12 metabo-
lites (see online supplementary table S9).

DISCUSSION
The results confirm enhancement of microbial diversity in ath-
letes compared with controls. Supporting previous insights into
the beneficial influence of physical exercise and associated diet
on the compositional structure of the gut microbiota,® 2¢ 3¢
this study has extended the paradigm to include links between
physical fitness and the functional potential of the gut micro-
biota and its metabolites. It must be conceded that some ath-
letes, although fit, may not necessarily be more healthy.”’
Athletes have an increased abundance of pathways that—
given an equivalent amount of expression activity—could be
exploited by the host for potential health benefit, including bio-
synthesis of organic cofactors and antibiotics, as well as carbo-
hydrate degradation and secondary metabolite metabolism.*”
Furthermore, athletes have an enriched profile of SCFAs, previ-
ously associated with numerous health benefits and a lean
phenotype.®*** While interpretation of SCFA data can be diffi-
cult as levels represent a combination of SCFA production and
host-absorption rates, it is notable that, as previously presented,
the athletes’ diet maintained significantly higher quantities of
fibre intake.”® This along with an increased number of detected
SCFA pathways in the athletes would be conducive to an
enhanced rate of SCFA production®®

Barton W, et al. Gut 2017,0:1-9. doi:10.1136/qutjnl-2016-313627
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It was noted that athletes excreted proportionately higher
levels of the metabolite TMAO, an end product metabolite
of dietary protein degradation. Elevated TMAO has been
observed in patients with cardiovascular disease and atheroscler-
osis, highlighting a potential downside to increased protein
intake.'>~'7 22 37 However, TMAO is also found in high levels
in the urine of Japanese populations,®® who do not have high
risk for CVD. Similarly to these populations, the athletes’ diet
contained a significantly greater proportion of fish. Our current
understanding of the implications of this result remains limited
and requires elaboration in future studies. Furthermore,
pathway abundance in a metagenome merely reflects functional
potential and not necessarily increased expression in situ.

Variance of metagenomic composition between athletes and
controls was exemplified with unique pathway—pathway correla-
tions between the two groups. Analysis of categorically arranged
pathway abundances within the separate cohorts provided add-
itional insight into the previously described dichotomy between
the microbiota of athletes and high-BMI controls. The two
groups displayed distinct structures of functional capacity, separ-
ately oriented to operate under the different physiological
milieu of the two groups. Notably, from a functional perspec-
tive, the microbiota of the low-BMI group was more similar to
the athletes. The low-BMI controls were generally engaged in a
modestly active lifestyle, reflected by their leanness and
increased levels of CK. It is speculative but not implausible that
moderate improvements in physical activity for overweight and
obese individuals may confer the beneficial metabolic functions
observed within the athlete microbiome.

Dietary contributions to the functional composition of the
enteric microbial system are also evident in our study. The rela-
tive abundances of pathways related to fundamental metabolic
function—AAB, VB and LB—were higher on average within the
high-BMI control group when compared with the athlete group.
The mechanisms behind these differences are unclear and might
reflect chronic adaptation of the athlete gut microbiome; pos-
sibly due to a reduced reliance on the corresponding biosyn-
thetic capacities of their gut microbiota. On the contrary, the
athlete microbiome presents a functional capacity that is primed
for tissue repair and to harness energy from the diet with
increased capacity for carbohydrate, cell structure and nucleo-
tide biosynthesis, reflecting the significant energy demands and
high cell-turnover evident in elite sport.

Remarkably, our examination of pathway correlation to
dietary macronutrients and plasma CK, as a biomarker of exer-
cise,’ is suggestive of an impact of physical activity on the use
of dietary nutrients by the microbiota of the gut. Comparing
athletes to both high-BMI and low-BMI controls, a greater
number of pathways correlating to specific macronutrients with
the controls suggests a shift in the dynamics of these varied
metabolic functions. The impact of the athletes’ increased
protein intake compared with both control groups was evident
in the metabolomic phenotyping results. By-products of dietary
protein metabolism (mostly by microbes) including TMAQ,
carnitines, TMA, 3-CMPF and 3-hydroxy-isovaleric acid are all
clevated in the athlete cohort. Of particular interest is
3-hydroxy-isovaleric acid (potentially from egg consumption),
which has been demonstrated to have efficacy for inhibiting
muscle wasting when used in conjunction with physical
exercise.** *! The compound is also commonly used as a sup-
plement by athletes to increase exercise-induced gains in muscle
size, muscle strength and lean body mass, reduce
exercise-induced muscle damage and speed recovery from high-
intensity exercise.*’ Numerous metabolites associated with

muscle turnover, creatine, 3-methylhistidine and L-valine, and
host metabolism, carnitine, are elevated in the athlete groups.
Metabolites derived from vitamins and recovery supplements
common in professional sports, including glutamine, lysine, 4-
pyridoxic acid and nicotinamide, are also raised in the athlete
group. It is notable that PAG, a microbial conversion product of
phenylalanine, has been associated with a lean phenotype and is
increased in the athletes.*” Furthermore, PAG positively corre-
lates with the genus Erysipelotrichaceae incertae sedis, which we
have previously noted to be present in relatively higher propor-
tions in the athlete group compared with both control groups.
PAG is the strongest biomarker postbariatric surgery, where it is
associated with an increase in the relative proportions of
Proteobacteria as observed here in the athlete group. Within the
SCFAs, two distinct clusters were observed; acetic acid, propio-
nic acid and butyric acid correlate with dietary contributors
(fibre and protein), while isobutyric acid, isovaleric acid and
valeric acid correlate with microbial diversity. The same clusters
are observed when correlating with individual taxa, in support
of previously observed links between SCFAs and numerous
metabolic benefits and a lean phenotype.**=**

Our ongoing work in this area with non-athletes engaging in
a structured exercise regime looks to further explore compo-
nents of the exercise and diet-microbiome paradigm, which,
along with this study, may inform the design of exercise and
fitness programmes, including diet design in the context of opti-
mising microbiota functionality for both athletes and the
general population.

MATERIALS AND METHODS

Study population

Elite professional male athletes (n=40) and healthy controls
(n=46) matched for age and gender were enrolled in 2011 as
previously described in the study.”® Due to the range of physi-
ques within a rugby team (player position dictates need for a
variety of physical constitutions, ie, forward players tend to
have larger BMI values than backs, often in the overweight/
obese range) the recruited control cohort was subdivided into
two groups. To more completely include control participants,
the BMI parameter for group inclusion was adjusted to BMI
<25.2 and BMI >26.5 for the low-BMI and high-BMI groups,
respectively. Approval for this study was granted by the Cork
Clinical Research Ethics Committee.

Acquisition of clinical, exercise and dietary data

Self-reported dietary intake information was accommodated by
a research nutritionist within the parameters of a food frequency
questionnaire in conjunction with a photographic food atlas as
per the initial investigation.”® Fasting blood samples were col-
lected and analysed at the Mercy University Hospital clinical
laboratories, Cork. As the athletes were involved in a rigorous
training camp, we needed to assess the physical activity levels of
both control groups. To determine this, we used an adapted
version of the EPIC-Norfolk questionnaire.*’ Creatine kinase
levels were used as a proxy for level of physical activity across
all groups.

Preparation of metagenomic libraries

DNA derived from faecal samples was extracted and purified
using the QIAmp DNA Stool Mini Kit (cat. no 51 504) prior to
storage at —80°C. DNA libraries were prepared with the
Nextera XT DNA Library Kit (cat. no FC-131-1096) prior to
processing on the Illumina HiSeq 2500 sequencing platform
(see online supplementary methods for further detail).

Barton W, et al. Gut 2017;0:1-9. doi:10.1136/gutjnl-2016-313627
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Metagenomic statistical and bioinformatic analysis

Delivered raw FASTQ sequence files were quality checked as
follows: contaminating sequences of human origin were first
removed through the NCBI Best Match Tagger (BMTagger).
Poor-quality and duplicate read removal, as well as trimming
was implemented using a combination of SAM (sequence align-
ment map) and Picard tools. Processing of raw sequence data
produced a total of 2 803 449 392 filtered reads with a mean
read count of 32 598 248.74 (+10 639 447 SD) per each of the
86 samples. These refined reads were then subjected to func-
tional profiling by the most recent iteration of the Human
Microbiome Project Unified Metabolic Analysis Network
(HUMAnN2 V0.5.0) pipeline.** The functional profiling per-
formed by HUMAnN2 composed tabulated files of microbial
metabolic pathway abundance and coverage derived from the
Metacyc database.”* Microbial pathway data were statistically
analysed in the R software environment (V.3.2.2) (for further
details see online supplementary methods) (R Development
Core Team. R: A Language and Environment for Statistical
Computing (R Foundation for Statistical Computing, Vienna,
2012). 2015. htp:/www.R-project.org). All presented p values
were corrected for multiple comparisons using the
Benjamini-Hochberg false discovery rate (pFDR) method.**

Metabolic profiling

Urine and faecal samples were prepared for metabonomic ana-
lysis as previously described.*” ** Using established methods,
urine samples underwent "H-NMR, RP and HILIC chromatog-
raphy profiling experiments. Faecal samples underwent
'H-NMR, HILIC and bile acid UPLC-MS profiling experiments
and GC-MS-targeted SCFA analysis.**~*°

After data preprocessing,”’ the resulting 'H-NMR and
LC-MS data sets were imported into SIMCA 14.1 (Umetrics) to
conduct multivariate statistical analysis. PCA, followed by
OPLS-DA, was performed to examine the data sets and to
observe clustering in the results according to the predefined
classes. The OPLS-DA models in this study were established
based on one PLS component and one orthogonal component.
Unit variance scaling was applied to 'H-NMR data, Pareto
scaling was applied to MS data. The fit and predictability of the
models obtained were determined by the R*Y and QY values,
respectively. Significant metabolites were obtained from LC-MS
OPLS-DA models through division of the regression coefficients
by the jack-knife interval SE to give an estimate of the t-statistic.
Variables with a t-statistic >1.96 (z-score, corresponding to the
97.5 percentile) were considered significant. Significant metabo-
lites were obtained from 'H-NMR OPLS-DA models after inves-
tigating correlations with correlation coefficients values higher
than 0.4. Univariate statistical analysis (Mann-Whitney U test)
was used to examine the SCFA data set. p values were adjusted
for multiple testing using the pFDR method.

Confirmation of metabolite identities in the NMR data was
obtained using 1D "H NMR and 2D 'H-'H NMR and 'H-"*C
NMR experiments. In addition, statistical tools such as
SubseT Optimization by Reference Matching (STORM) and
Statistical TOtal Correlation SpectroscopY (STOCSY) were also
applied.’*> ** Confirmation of metabolites identities in the
LC-MS data was obtained using tandem MS (MS/MS) on
selected target ions.

Metabolite identification was characterised by a level of
assignment (LoA) score that describes how the identification
was made.”* The levels used were as follows: LoA 1: identified
compound, confirmed by comparison to an authentic chemical

reference. LoA 2: MS/MS precursor and product ions or 1D
+2D NMR chemical shifts and multiplicity match to a reference
database or literature to putatively annotate compound. LoA 3:
chemical shift (8) and multiplicity matches a reference database
to tentatively assign the compound (for further details see
online supplementary methods).

Twitter Follow Orla O'Sullivan @Orla0S
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The Metabolic Role of the Microbiota

Expansive cross-disciplinary investigations have high-
lighted the complex interaction between the human host
and its associated species-rich and highly variable popula-
tion of microorganisms (microbiota; Fig. 1. The human
gut microbiota has been established as having a particularly
important role in health and disease."*”® Significant
technological advances have facilitated the characterization
of key gut microbial populations, providing information
that can be harnessed in a variety of ways from the labora-
tory bench to the patient’s bedside. "> Indeed, clinicians
and investigators can noninvasively acquire clinically rele-
vant samples in the form of patient stool to access insightful
biometric data through the extraordinary advances in
high-throughput sequencing, nuclear magnetic resonance,
and mass spectroscopy platforms.*®71% Resulting from the
knowledge gained through these and other analyses, novel
interventions designed to improve health by changing the
gut microbiota (e.g., pre- and probiotics and fecal trans-
plantation) have attracted increasing attention."*”# Further-
more, the acquisition of additional knowledge of the gut
microbiota is expected to yield new strategies to address
disorders arising from microbiota dysfunction by means of
highly specific pharmaceuticals, alterations in diet and
perhaps even physical activity.'+1¢

Diversity of Clinical Relevance

The development of such therapies is highly desirable,
given that the gut microbiota has been considered an
important factor in a broad variety of disease patholo-
gies." >+ 1% mmplicated in various neuropsychological con-
ditions, probiotic administration has been shown to
alleviate symptoms of anxiety and depression, and normal-
ize levels of proinflammatory cytokines and cortisol.”
Enrichment of microbiota in colorectal tumor tissue has
illustrated a potential link between the microbiome and
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colorectal cancer.” Obesity is a condition with an apparently
important microbiota component, with respect to both the
onset and maintenance of the disease state.>*"*'® One
proposed link relates to the presence of microbiota with
limited diversity, leading to an overgrowth of key undesir-
able species that results in metabolic dysfunction.® Support-
ing this, various expressions of inimical dysbiosis have now
been associated with obesity®”'® Furthermore, metage-
nomic analysis of obese individuals indicates an inverse
connection between adiposity content and richness of both
enteric bacteria and, as would be expected, bacterial
genes. "' Conversely, robust health markers are reported to
coincide with greater diversity of the microbiome.” In the
context of obesity, an assessment of health-associated factors
alfected by compromised gene density has identified impair-
ment of both oxidative stress remediation and the produc-
tion of short-chain fatty acids (SCFAs)* as well as increased
fasting triglyceride serum levels and an altered inflammatory
profile.'®

Of particular interest, the human metabolome, that is, the
complete set of small-molecule chemicals generated as a
consequence of metabolism, is significantly affected by the
gut microbiome." **7 Indeed, our gut microbiota maintains
a collective repertoire of genes exceeding the native human
genome by 150-fold®* with metabolic contribution of a
similar scale.” Of the numerous factors affecting this intri-
cate network, diet has consistently been shown to influence
the basal metabolomic function of host and microbiota,”#1°
with subsequent de novo metabolic sources produced
through elaborate feedback schemes between the host and
various microbiota."*® Host behavior would also seem to
be part of this paradigm, as indicated by a positive correla-
tion between enteric microbiota diversity and physical exer-
cise. Such a relationship may be mediated by inflammatory
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Figure 1 Diagram illustrating a simplification of the gut microbiome-health circuit. External factors such as diet, lifestyle, environment, and pharmaceuticals
influence the gut microbiome and subsequently the health of the human host. Nutrients entering the circuit through the stomach stimulate activity in the liver and
intestine. The enteric microbiota is affected both by the introduction of dietary nutrients and primary bile acids. Secondary metabolites (e.g., ethanol, short-chain fatty
acids, and secondary bile acids) affect host health and contribute to communication between the liver and gut. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

markers such as interleukin 6 (IL6), and tumor necrosis fac-
tor a (TNF-a) being lower in active groups.” Complement-
ing this, aged persons with compromised health parameters
have been observed to have significantly higher levels of
TNF-a and IL6 than their healthier counterparts.” Various
microbial taxonomic groups and a wide number of clinically
relevant metabolites may be key in this regard. *>® For
instance, the SCFA butyrate and its associated producers
(e.g., Faecalibacterium praunsnitzii and Roseburia hominis) are
considered to mitigate some intestinal inflammatory disor-
ders.*®7 Of these, inflammatory bowel disease (IBD), ulcer-
ative colitis in particular, is accompanied by reduced levels
of SCFA and the gut microbes involved in SCFA synthesis
from dietary carbohydrate fermentation.*®” Intriguingly,
butyrate is reported to act as an energy source for colono-

cytes'*© and a stimulant of regulatory T cell differentia-

tion.® This, together with dietary promotion of butyrate-
producing species, * suggests the potential treatment of 1BD
with butyrate modulation.

Microbiota Influencing Liver Health

Intriguing insights regarding the impact of microbiota on
liver health are being made, including a potential role for
the microbiota in the pathogenesis of hepatic disease (Table
1). Microbial-derived ethanol has been shown to play a role
in the onset and exacerbation of various stages of non-
alcoholic fatty liver disease (NAFLD).® In addition, micro-
bial interception of dietary choline can lead to simulation of
diet-induced choline deficiency, a condition that contributes
to liver disease, including NAFLD and non-alcoholic
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TABLE 1 Enteric Microbiota Implicated in Liver Disease

Liver Implicated Potential Modulating
Condition Microbiota Factors References
NAFLD Firmicutes Microbial ethanol 7
Lactobacillus productionFiaf
Robinsoniella 1 inhibition leading to
Roseburia 1 liver accumulation of
Dorea 1 triglycerides
Oscillibacter |
NASH Bacteroidetes 1 Diet induced 7

Proteobacteria 1 dysbiosisHigh fat
intakeMicrobial
conversion of choline

intc methylamines

Liver Firmicutes | Diet induced 9
cancer  Proteobacteria dysbiosisAnimal based
Bilophila dietDCA
wadsworthia 1 overproduction
Cirrhosis ~ Firmicutes Stunted flow of 7
Lachnospiraceae | bileBacterial
Ruminccoccaceae | overgrowthDysbiosis

Clostridium Incertae
sedis XIV |
Lactobacillaceae 1
Proteobacteria
Enlerecbacleriaceae 1
Alcaligenaceae 1
Fusobacteria
Fusobacteriaceae T

This table illustrates examples of enteric microbiota implicated in various
liver conditions. General phyla and included specific taxonomic groups are
shown either reduced or increased in respect to the named conditions.
Potential modulating factors indicate characteristics and influences of and
upon the gut microbiome that contribute to the associated health
condition.

steatohepatitis (NASH).® With similar clinical relevance,
enterohepatic circulation is substantially influenced by the
microbiota.*® Bile acid reactions are modulated by enteric
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ORIGINAL PROGRAMMING

fdatish (format data 'ish)

#' Format data in a certain way

#

#' @param input R object or file - required

#' @param subject ID of individuals - one of: row/col position, NULL, or blank

#' @param group Group variable - one of: row/col position, NULL, or blank

#' @param VarOrient - are variables along rows or cols - one of: "row" or "col"

#' @return Llist containing numeric data, identification variables as factors, and
the two #' combined

@seealso N/A

@export

@examples
" fthis <- data_frame(
ids = letters[1:10],

grouping = rep(letters[1:2], 5),
sample(.1:10),
sample(.1:10),
sample(.1:10))

var_1

var_2

var_3

' fdatish(fthis)

wd <- getwd()

wd_file <- paste@(wd, "cool data.txt")
#' fdatish("wd_file")

#

#ADD OPTION FOR BASE/DATA/NAME ONLY

HOHF OH R OH O OF OB R R O OH O OB R

fdatish <- function(input, subject, group, VarOrient){
if(missing(input)==TRUE){

print("Huh, there isn't data supplied, we cannot proceed!

(Hint: input = “your_data.txt /your_data)")
stopifnot(missing(input)==FALSE)
}
if(is.matrix(input) == FALSE && is.data.frame(input) == FALSE){

446
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#DETECT AND DEFINE FILE TYPE WITH INPUT TITLE EG pizza.txt
print("the data supplied is NOT an object™)

sep.var <- readLines(input, n = 1)

if (grepl(",", sep.var)) {sep.var = ","}

if (grepl("\\;", sep.var)) {sep.var 5

if (grepl("\\t", sep.var)) {sep.var = "\t"}
if(missing(VarOrient)==TRUE){

print(sep.var)

fdat.tmp <- read.table(input, sep = sep.var)

rowvarP = @;colvarP = 0
if(ncol(fdat.tmp) == nrow(fdat.tmp)) {rowvarP = 0;colvarP = 0}
if(ncol(fdat.tmp) < nrow(fdat.tmp)) {rowvarP = 1} else {colvarP = 1}
if(length(levels(fdat.tmp[,1])) == nrow(fdat.tmp)) {rowvarP = rowvarP + 1}
print(rowvarP);print(colvarP)
if(rowvarP == colvarP) {print("Orientation could not be determined. Specify
'VarOrient'")}

if(rowvarP > colvarP) {

VarOrient = "row"

print("It was detected that your variable are along the rows. Congrats?")
} else if(rowvarP < colvarP){

VarOrient = "col"

print("It was detected that your variable are along the cols. Congrats?")

}

if(varOrient == "col"|VarOrient

= "cols"){

fdat.core <- as.matrix(read.table(input,

row.names
quote=NULL,

comment="",

NULL,

sep=sep.var,
stringsAsFactors=FALSE,
header=TRUE))
} else if(VarOrient == "row"|VarOrient == "rows"){
fdat.core <- t(as.matrix(read.table(input,
row.names = 1,
quote=NULL,
comment="",
sep=sep.var,
stringsAsFactors=FALSE,
header=FALSE)))
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} else {
fdat.core <- input
}
if(missing(subject) == TRUE) {
print("subject missing")
} else if(is.null(subject)) {
print("NULL SUBJECT")
} else if(missing(subject) == FALSE){
pos.ID <- subject
}
if(missing(group) == TRUE){
print("group missing")
} else if(is.null(group)) {
print("NULL GROUP")
} else if(missing(group) == FALSE){
pos.GRP <- group
}
if(exists("pos.GRP")==TRUE|exists("pos.ID")==TRUE){
print("G|I=T")
if(exists("pos.GRP")==TRUE&exists("pos.ID")==TRUE){
print("G&I=T")
pos.GRP <- as.numeric(pos.GRP)
pos.ID <- as.numeric(pos.ID)
if(pos.GRP < pos.ID){
fdat.names <- fdat.core[,c(pos.GRP,pos.ID)]
} else if(pos.GRP > pos.ID){
fdat.names <- fdat.core[,c(pos.ID,pos.GRP)]}
dimnames (fdat.names)[[2]][pos.GRP] <- "GRP.var"
dimnames (fdat.names)[[2]][pos.ID] <- "ID.var"
fdat.names <- as.data.frame(fdat.names)}
if(exists("pos.GRP")==TRUE&exists("pos.ID")==FALSE){
fdat.names <- fdat.core[,c(pos.GRP)]
dimnames (fdat.names)[[2]][pos.GRP] <- "GRP.var"
fdat.names <- as.data.frame(fdat.names)}
if(exists("pos.GRP")==FALSE&exists("pos.ID")==TRUE){
fdat.names <- fdat.core[,c(pos.ID)]
dimnames (fdat.names)[[2]][pos.ID] <- "ID.var"
fdat.names <- as.data.frame(fdat.names)}
#ADD OPT FOR METADATA

}
if((pos.GRP < length(fdat.core)|pos.ID < length(fdat.core))&(pos.GRP == 1|pos.I
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D == 1)){
fdat.data <- fdat.core[,-(1:1length(fdat.names))];print("Base table arranged:
name-data")
} else {
fdat.data <- fdat.core[,(1:(length(fdat.core)-length(fdat.names)))];

print("Base table arranged: data-name")
}
class(fdat.data) <- "numeric"
fdat.base <- cbind.data.frame(fdat.names, fdat.data)

fdat.out <- structure(list(base=fdat.base,data = fdat.data, names = fdat.names)

return(fdat.out)

fdis (format distance)

#' Format data in preparation for ordination

#

#' @param var.mat matrix of variables, preferably as fdatish object. e.g. taxa -

required

#' @param ID Classifier of subject subset e.g. group - one of: row/col position,

NULL, or blank

#' @param pair.ID Classifier of paired samples - factor Llist

#' @param nom.hi First Llist of classifiers defining variable subset e.g. d_bacter

ia - one of: list

#' @param nom.lo Final Llist of classifiers defining variable subset e.g. _species
- one of: object

#' @param nom.split Classifier of sample subsetting - factor List

#' @param rm.var Remove empty variables 1i.e. variables with sum = @ - one of: TRU

E or FALSE

#' @param rm.unpar Remove sites/subjects unpaired according to 'pair.ID' - one of
: TRUE or FALSE

#' @param opt.split Subset data according to grouping variable - one of: TRUE, FA

LSE or BOTH

#' @param opt.norm Perform normalisation on supplied data - one of: TRUE or FALSE

#' @param opt.comb Combine RA from separate subsets - one of: TRUE, FALSE or BOTH

#' @param opt.Mnorm Perform normalisation on subsets of variables - one of: TRUE

or FALSE

#' @param opt.dist Generate distance matrix for data - one of: TRUE or FALSE
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#' @param opt.comment Provide commentary on function processing - one of: TRUE or
FALSE

#' @param norm.meth Method of normalisation to be performed by vegan::decostand -
one of: "total", "max", "freq", "normalize", "range", "standardize"”, "pa"

#' @param dist.meth Ordination method - one of "PCOA" or "NMDS"

#'

#' @return List containing numeric data, identification variables as factors, and
the two combined

#' @seealso ampvis2

#' @export

#' @examples

#' fthisDat <- data_frame(

#' 1ds = letters[1:10],

grouping = rep(letters[1:2], 5),

" TimePoint = rep(1:2,5)

var_1 = sample(.1:10),

sample(.1:10),

sample(.1:10),

sample(.1:10),

sample(.1:10))

var_3

var_4

#
#
#
#' var_2
#
#
#

var_5

#' fdis_out <- fdis(var.mat = fthisDat[4:8], ID = fthisDat$ids, pair.ID = fthisDa
t$TimePoint,

#' nom.hi List("A","B","C"), nom.lLo = "D", nom.split,

rm.var = FALSE, rm.unpar = FALSE,

opt.split = FALSE, opt.norm = TRUE, opt.Mnorm = FALSE, opt.com

' norm.meth = "total", dist.meth = "NMDS")

#
#
b = FALSE, opt.dist = TRUE, opt.comment = FALSE,
#
#

#
# NEED TO IMPLEMENT METHOD FOR PATHWAY (/ and __S)
fdis <- function(var.mat, ID, pair.ID,
nom.hi, nom.lo, nom.split,
rm.var = FALSE, rm.unpar = FALSE,
opt.split = FALSE, opt.norm, opt.Mnorm, opt.comb, opt.dist, opt.
comment = FALSE, norm.meth, dist.meth){
#VARIABLE ASSESSMENT
if (opt.comment != TRUE && opt.comment != FALSE){
opt.comment = FALSE

}
if (missing(var.mat)==TRUE){
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if(opt.comment == TRUE){
print("Huh, data aren't supplied, we cannot proceed! (Hint: var.mat = “your_d
ata.txt /your_data)")
}
stopifnot(missing(var.mat)==FALSE)
}
if (is.matrix(var.mat) == FALSE && is.data.frame(var.mat) == FALSE | is.numeric

(var.mat) == FALSE){
if (opt.comment == TRUE){

print("'var.mat' is in unacceptable format, atempting to fix...")
}
if (is.numeric(var.mat) == FALSE){

if (missing(ID) == TRUE | missing(pair.ID) == TRUE | missing(nom.split) ==
TRUE){
ID.tmp <- var.mat[,sapply(var.mat, is.factor)]
}
var.mat <- as.matrix(var.mat[,sapply(var.mat, is.numeric)])
if (is.numeric(var.mat) == FALSE){
if (opt.comment == TRUE){
stop ( "Could not convert ‘'var.mat' to an acceptable format")
print("Could not convert 'var.mat' to an acceptable format")
}
} else {
if (opt.comment == TRUE){

print("'var.mat' successfully converted")

}
if (missing(ID) == TRUE){
if (opt.comment == TRUE){
print( "Huh, no identification variables are supplied, attempting to locate.w

e cannot proceed!

(Hint: ID = your_data$GROUP)")
}
if (exists("ID.tmp") == TRUE){
if (length(ID.tmp) == 1){
ID <- ID.tmp
if (opt.comment == TRUE){
print(paste("ID variable used:", colnames(ID.tmp)[1]))
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}
if (length(ID.tmp) > 1){
if (length(grep("G",colnames(ID.tmp), value = FALSE, ignore.case = TRUE))
> 0){
if (length(grep("G",colnames(ID.tmp), value = FALSE, ignore.case = TRUE
)) > 1)
if (length(grep("Group",colnames(ID.tmp), value = FALSE, ignore.case
= TRUE)) == 1){
if (opt.comment == TRUE){
print(paste("ID variable used:", colnames(ID.tmp)[grep("Group",co

1names (ID.tmp),

value = FALSE, ignore.case = TRUE)]))
}
ID <- ID.tmp[grep("Group", colnames(ID.tmp), value = TRUE, ignore.c
ase = TRUE)]
}
if (length(grep("G.p",colnames(ID.tmp), value = FALSE, ignore.case =
TRUE)) == 1){
if (opt.comment == TRUE){
print(paste("ID variable used:", colnames(ID.tmp)[grep("G.p",coln
ames (ID.tmp),

value = FALSE, ignore.case = TRUE)]))
}
ID <- ID.tmp[grep("G.p", colnames(ID.tmp), value = TRUE, ignore.cas
e = TRUE)]
}
} else {
if (length(grep("G",colnames(ID.tmp), value = FALSE, ignore.case = TR
UE)) == 1){
ID <- ID.tmp[grep("G", colnames(ID.tmp), value = TRUE, ignore.case
= TRUE)]
if (opt.comment == TRUE){
print(paste("ID variable used:", colnames(ID.tmp)[grep("G",colnam

es(ID.tmp),

value = FALSE, ignore.case = TRUE)]))
}
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}
if (length(grep("G",colnames(ID.tmp), value = FALSE, ignore.case = TRUE))
== 0){
for (i in 1 : length(ID.tmp)){
if (exists("ID") == FALSE){
if (length(levels(ID.tmp[[i]])) > 1){
ID <- ID.tmp[[i]]
if (opt.comment == TRUE){
print(paste("ID variable used:", colnames(ID.tmp)[[i]]))

}
if(is.factor(ID) == FALSE | is.character(ID) == TRUE){
if(opt.comment == TRUE){
print("'ID' is in an unacceptable format, atempting to fix...")
}
if(is.character(ID) == TRUE){
ID <- as.factor(ID)
}
if(is.factor(ID) == FALSE){
if(opt.comment == TRUE){

print("Fix unsuccessful, try suppling as factor!")

}

}
if(missing(nom.hi)== TRUE | is.null(nom.hi) == TRUE && missing(nom.lo) == TRUE

is.null(nom.lo) == TRUE){
if(opt.comment == TRUE){
print("Variable subsetting not applied")

}

nom.hi = NULL

nom.lo = NULL
} else {

if(missing(nom.hi)==TRUE){
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if(opt.comment == TRUE){
print("High level variable subsetting not applied")

}
nom.hi = NULL

}

if(is.list(nom.hi) == FALSE && is.character(nom.hi) == FALSE){
if(opt.comment == TRUE){

print("'nom.hi' is in an unacceptable format, atempting to fix...")

}

if(is.character(nom.hi) == TRUE){
nom.hi <- as.list(nom.hi)

}

if(is.list(nom.hi) == FALSE){
if(opt.comment == TRUE)({

print("Fix unsuccessful, try suppling as list!")

}

}
if(missing(nom.lo)==TRUE){
if(opt.comment == TRUE){
print("Low level variable subsetting not applied")

}

nom.lo = NULL

}

if(is.character(nom.lo) == FALSE){
if(opt.comment == TRUE){

print(

}
if(is.character(nom.lo) == FALSE){

nom.lo' is in an unacceptable format, atempting to fix...")

nom.lo <- as.character(nom.lo)
}
if(is.character(nom.lo) == FALSE){
if(opt.comment == TRUE){
print("Fix unsuccessful, try suppling as character!")

}

}

if(missing(opt.split) == TRUE | is.null(opt.split) | opt.split == FALSE){
if(opt.comment == TRUE){
print("Subjects will not be split")
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}
nom.split = NULL
opt.split = FALSE
}
if(opt.split == "Both" | opt.split == "both" | opt.split == "B" | opt.split ==
"0"){
opt.split = "BOTH"
}

if(missing(nom.split)==TRUE | is.null(nom.split) == TRUE && opt.split == TRUE |
opt.split == "BOTH"){
if(opt.comment == TRUE)({
print("Identification variable for split (nom.split) not found, using 'ID' va
riable")
}
nom.split <- ID
}
if(missing(rm.var)==TRUE){
if(opt.comment == TRUE){
print("Empty variables will not be removed")

}
rm.var = FALSE

}

if(missing(rm.unpar)==TRUE){
if(opt.comment == TRUE){
print("Unpaired subjects will not be removed")
}
rm.unpar = FALSE
stopifnot(missing(rm.unpar)==FALSE)

}

if(rm.unpar == TRUE && missing(pair.ID) == TRUE){
if(opt.comment == TRUE){

print("ID to match samples is missing, unpaired subjects will not be removed"

}
rm.unpar = FALSE
}
if(rm.unpar == TRUE && missing(pair.ID) == FALSE){
if(is.factor(pair.ID) == FALSE){
if(is.character(pair.ID) == FALSE){
if(opt.comment == TRUE){

print("'pair.ID' is in an unacceptable format, atempting to fix...")
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}
if(is.character(pair.ID) == TRUE){

pair.ID <- as.factor(pair.ID)
}
if(is.factor(pair.ID) == FALSE){
if(opt.comment == TRUE){
print("Fix unsuccessful, try suppling as factor!")
}
rm.unpar = FALSE
pair.ID = NULL

}
if(missing(opt.norm)==TRUE){
if(opt.comment == TRUE){
print("Data will not be normalised")
}
opt.norm = FALSE
}
if(missing(opt.Mnorm) == TRUE){
if(opt.norm == TRUE){
if(is.null(nom.hi) == FALSE){
if(opt.comment == TRUE){
print("Normalisation performed separately according to 'nom.hi")
}
opt.Mnorm = TRUE
} else {if(is.null(nom.hi) == TRUE){
if(opt.comment == TRUE){
print("Normalisation performed on full data set")

}
opt.Mnorm = FALSE

1}

}

if(missing(opt.comb)==TRUE){
if(opt.comment == TRUE){
print("Data will not be combined")

}
opt.comb = FALSE
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if(opt.comb == "Both" | opt.comb == "both" | opt.comb == "B" | opt.comb == "b")

opt.comb = "BOTH"
}
if(missing(opt.dist) == TRUE){
if(opt.comment == TRUE){
print("Distance matrix will not be generated")

}
opt.dist = FALSE

}

if(missing(norm.meth)==TRUE && missing(opt.norm)==TRUE | opt.norm == FALSE){
if(opt.comment == TRUE){
print("Data will definitely not be normalised")
}

}
if(missing(norm.meth)==TRUE && opt.norm == TRUE){

print("Default normalisation - total: divide by margin total")
norm.meth = "total"
}
if(missing(dist.meth)==TRUE && opt.dist == TRUE){
if(opt.comment == TRUE){
print("Default ordination - PCoA")

}
dist.meth = "PCOA"

x")

}
if(missing(dist.meth)==FALSE && opt.dist == TRUE){
if(dist.meth != "PCOA" && dist.meth != "NMDS"){
if(opt.comment == TRUE){
print("Ordination method not supplied as 'PCOA' or 'NMDS', attempting to fi
}
if(dist.meth == "pcoa" | dist.meth == "Pcoa" | dist.meth == "PCoA"){
if(opt.comment == TRUE){
print("Option determined: 'PCOA'")
}
dist.meth = "PCOA™
}
if(dist.meth == "nmds" | dist.meth == "Nmds" | dist.meth == "nMDS"){

if(opt.comment == TRUE){
print("Option determined: 'NMDS'")
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dist.meth = "NMDS"

}
if(dist.meth != "PCOA" && dist.meth != "NMDS"){

if(opt.comment == TRUE){
print("Could NOT determine ordination method. Default used: 'PCOA'")

dist.meth = "PCOA"}
}
if(missing(dist.meth)==TRUE && missing(opt.dist)==TRUE | opt.dist == FALSE){
if(opt.comment == TRUE){
print("Ordination data not generated")
}
}

# Remove unpaired samples
if(rm.unpar == TRUE && is.null(pair.ID) == FALSE){
var.mat <- var.mat[pair.ID %in% (pair.ID)[duplicated(pair.ID)==TRUE], ]
ID <- ID[pair.ID %in% pair.ID[duplicated(pair.ID)==TRUE]]
nom.split <- nom.split[pair.ID %in% pair.ID[duplicated(pair.ID)==TRUE]]
}
# SUBSET BY VARIABLE NAMES i.e. low Lvl extraction -- IMPLEMENT METHOD FOR 'PAT
HWAYS '
if(is.null(nom.hi) == FALSE | is.null(nom.lo) == FALSE){
fdis.VAR.sub <- list()
if(is.null(nom.hi) == FALSE){
for (j in 1: length(nom.hi)){
fdis.VAR.sub[[length(fdis.VAR.sub)+1]] <-
var.mat[,c(grep(nom.hi[[j]], colnames(var.mat)))]
if(is.null(nom.lo) == FALSE){
fdis.VAR.sub[[length(fdis.VAR.sub)]] <-
as.data.frame(fdis.VAR.sub[[length(fdis.VAR.sub)]][,c(grep(nom.lo, co
1names (fdis.VAR.sub[[length(fdis.VAR.sub)]])))]) #AS>DATA>FRAME ADDED
}
# str(fdis.VAR.sub)
if (exists("rm.var") == FALSE) {rm.var = FALSE}
if (rm.var == TRUE){
# i1f(fdis.VAR.sub[[length(fdis.VAR.sub)]])
fdis.VAR.sub[[length(fdis.VAR.sub)]] <-
fdis.VAR.sub[[length(fdis.VAR.sub)]][,c(which(colSums(fdis.VAR.sub[[1
ength(fdis.VAR.sub)]])!=0)), drop = FALSE] #ADDITION OF DROP

}
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}
if(is.null(nom.hi) == TRUE && is.null(nom.lo) == FALSE){
fdis.VAR.sub[[length(fdis.VAR.sub)+1]] <-
var.mat[,c(grep(nom.lo, colnames(var.mat)))]
if (exists("rm.var") == FALSE) {rm.var = FALSE}
if (rm.var == TRUE){
fdis.VAR.sub[[length(fdis.VAR.sub)]] <-
fdis.VAR.sub[[length(fdis.VAR.sub)]][,c(which(colSums(fdis.VAR.sub[[1len
gth(fdis.VAR.sub)]])!=8)), drop = FALSE]#ADDITION OF DROP
}

}
# Normalisation of multiple sets # POSSIBLE NEED FOR MARGIN.VAR
if(opt.norm == TRUE){
fdis.norm <- list()
if(exists("fdis.VAR.sub")){
if(opt.Mnorm == TRUE){
for (i in 1 : length(fdis.VAR.sub)){

fdis.norm[[length(fdis.norm) + 1]] <- decostand(fdis.VAR.sub[[i]], meth
od = norm.meth)

}
} else {
if(opt.Mnorm == FALSE){
if(length(fdis.VAR.sub) > 1){
for(i in 1 : length(fdis.VAR.sub)){

if(i == 1){
fdis.norm.tmp <- fdis.VAR.sub[[i]]
}
if(i > 1){
fdis.norm.tmp <- cbind(fdis.norm.tmp, fdis.VAR.sub[[i]])
}
}
fdis.norm <- decostand(fdis.norm.tmp, method = norm.meth)

}
if(length(fdis.VAR.sub) == 1){

fdis.norm <- decostand(fdis.VAR.sub, method = norm.meth)
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# Combine sets

# NOT ACCEPTING PATHWAY DATA WITH LOW LENGTH
if(opt.comb == TRUE | opt.comb == "BOTH"){
for (i in 1 : length(fdis.norm)){
if (1 ==1) {
fdis.norm.tmp <- fdis.norm[[i]]
} else {
if (i < length(fdis.norm)){
if (nrow(fdis.norm.tmp)==nrow(fdis.norm[[i]])){
fdis.norm.tmp <- cbind(fdis.norm.tmp, fdis.norm[[i]])

}

if (nrow(fdis.norm.tmp)!=nrow(fdis.norm[[i]]) && ncol(fdis.norm.tmp)=

=ncol(fdis.norm[[1]])){
fdis.norm.tmp <- rbind(fdis.norm.tmp, fdis.norm[[i]])

}
if (i == length(fdis.norm)){
if (nrow(fdis.norm[[i]])==nrow(fdis.norm[[i-1]])){
fdis.norm.tmp <- cbind(fdis.norm.tmp, fdis.norm[[i]])
}
if (nrow(fdis.norm[[1i]])!=nrow(fdis.norm[[i-1]]) && ncol(fdis.norm.tmp)

==ncol(fdis.norm[[i]])){

fdis.norm.tmp <- cbind(fdis.norm.tmp, fdis.norm[[i]])

}
fdis.Mnorm <- list()

fdis.Mnorm[[1]] <- fdis.norm.tmp
if(opt.comb == "BOTH"){
fdis.norm[[length(fdis.norm)+1]] <- fdis.Mnorm

fdis.Mnorm <- fdis.norm

}
# SUBSETTING DATA #!!!!!ADD DETAIL ON SPLIT COMMENT DYSFUNCTIONAL WITH INPUTS O

F 1 COLUMN!!!!
if(opt.split == TRUE | opt.split == "BOTH"){
fdis.split <- list()
for(i in 1 : length(fdis.norm)){
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fdis.split.tmp <- (split(data.frame(fdis.norm[[i]]), nom.split))
for(j in 1: length(levels(nom.split))){
fdis.split[[length(fdis.split) + 1]] <- fdis.split.tmp[[]]]
if(rm.var == TRUE){
if(opt.split == TRUE){
if(opt.comment == TRUE){
print(paste("Checking for empty variables following data subsetting

in: ",

levels(nom.split)[j]))
}
fdis.split[[length(fdis.split)]] <- fdis.split[[length(fdis.split)]][
,c(which(colSums (fdis.split[[length(fdis.split)]])!=0))]
#print(ncol (fdis.split[[length(fdis.split)]]))
#str(fdis.split)
if(is.null(ncol(fdis.split[[length(fdis.split)]])) == TRUE){
str(fdis.split[[length(fdis.split)]])
print(ncol(fdis.split[[length(fdis.split)]]))
if(opt.comment == TRUE){
print(paste(nom.hi[[i]],"-",levels(nom.split)[j],"-","All variabl

es removed

after subsetting"))

}

}

if(is.null(ncol(fdis.split[[length(fdis.split)]])) == FALSE){
if(ncol(fdis.split[[length(fdis.split)]]) != ncol(fdis.split.tmp[[]

1A
if(opt.comment == TRUE){
print("Empty variables removed after subsetting")
}
}
}
if(is.null(ncol(fdis.split[[length(fdis.split)]])) == FALSE){
if(ncol(fdis.split[[length(fdis.split)]]) == ncol(fdis.split.tmp[[j]]
A

if(opt.comment == TRUE){
print("No empty variables detected after subsetting")
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}
if(opt.split == "BOTH"){
for(i in 1 : length(fdis.norm)){
fdis.split[[length(fdis.split) + 1]] <- fdis.norm[[i]]
if(rm.var == TRUE){
if(opt.split == "BOTH"){
if(opt.comment == TRUE){
print(paste("Checking for empty variables following data subsetting i

levels(nom.split)[i]))
}
fdis.split[[length(fdis.split)]] <- fdis.split[[length(fdis.split)]][,c
(which(colSums(fdis.split[[length(fdis.split)]])!=0))]
if(ncol(fdis.split[[length(fdis.split)]]) != ncol(fdis.norm[[i]])){
if(opt.comment == TRUE){

print("Empty variables removed after subsetting")

}
if(ncol(fdis.split[[length(fdis.split)]]) == ncol(fdis.norm[[i]])){
if(opt.comment == TRUE){
print("No empty variables detected after subsetting")

}

# Distance matrix generation OPT for methods
# ADD OPT - POINT OR FULL WCMDSCALE ouT
if(opt.dist == TRUE){

print("467")

fdis.dist <- list()

fdis.eig <- 1list()

if(exists("fdis.split") == TRUE){

fdis.norm <- fdis.split
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if(dist.meth == "PCOA"){
for(i in 1: length(fdis.norm)){
fdis.dist[[length(fdis.dist) + 1]] <- vegdist(fdis.norm[[i]], method = "b
ray")
fdis.dist[[length(fdis.dist)]] <- wcmdscale(fdis.dist[[length(fdis.dist)]
1, k=2, w=rep(1, nrow(fdis.norm[[i]])), eig = TRUE)
fdis.eig[[length(fdis.eig) + 1]] <- eigenvals(fdis.dist[[length(fdis.dist
1D
fdis.eig[[length(fdis.eig)]] <- (fdis.eig[[length(fdis.eig)]]/sum(fdis.ei
g[[length(fdis.eig)]]))
fdis.dist[[length(fdis.dist)]] <- data.frame(fdis.dist[[length(fdis.dist)
11$points)
}
}
if(dist.meth == "NMDS"){
for(i in 1: length(fdis.norm)){
fdis.dist[[length(fdis.dist) + 1]] <- metaMDS(fdis.norm[[i]], k = 2)

}
# COMPLETE STRATEGY FOR APPLICATION OF SUBJECT DETAILS TO OUTPUT

# 1if(opt.ID.out == TRUE)

ID.out.tmp <- as.data.frame(cbind(as.character(ID), nom.split))

colnames (ID.out.tmp) <- c("GRP.var", "nom.split")

ID.out.tmp <- split(ID.out.tmp, ID.out.tmp$nom.split)

ID.out <- list()

for(i in 1 : (length(levels(ID))/length(levels(nom.split)))){

for(j in 1 : length(levels(nom.split))){

ID.out[[length(ID.out) + 1]] <- ID.out.tmp[[]j]]
ID.out[[length(ID.out)]]$Variable.ID <- nom.hi[[i]]

}
# print(str(fdis.norm))

if(opt.dist == TRUE){
for(i in 1 : length(fdis.dist)){
fdis.dist[[i]] <- cbind(ID.out[[i]], fdis.dist[[i]])
}
}
if(opt.norm == TRUE && opt.dist == TRUE){
fdis.out <- structure(list(RA = fdis.norm, Distance = fdis.dist, eigan = fdis

-eig))
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}
if(opt.norm == TRUE && opt.dist == FALSE){
fdis.out <- structure(list(RA = fdis.norm))
}
if(opt.norm == FALSE && opt.dist == TRUE){
fdis.out <- structure(list(Data = fdis.norm, Distance = fdis.dist, eigan = fd
is.eig))

}

return(fdis.out)

geom.insec Generate intersection points of a given value (e.g. median) to close geoms in GGPlot2

geom.insec <- function(gg.dat, group.var, x.var, y.var, cross.var){
out.tmp <- NULL
for(i in 1 : length(unique(group.var))){
input.tmp <- gg.dat[group.var == levels(group.var)[i],]
X.tmp <- as.numeric(x.var[group.var == levels(group.var)[i]])
y.tmp <- y.var[group.var == levels(group.var)[i]]
cord.tmp <- as.data.frame(cbind(x.tmp, y.tmp))
grp.tmp <- do.call("rbind",
sapply(1:(length(group.var[which(group.var == group.var[i]
)]) - 1), function(j){
regres <- Im(x.tmp ~ y.tmp, cord.tmp[j:(j+1),])
if (regres$qr$rank < 2) return(NULL)
mSec <- predict(regres, newdata = data.frame(y.tmp = uni
que(cross.var[group.var == levels(group.var)[i]])))
if (x.tmp[j] < mSec & mSec < x.tmp[j+1])
return(data.frame(x = mSec, y = unique(cross.var[group

.var ==

levels(group.var)[i]])))
else return(NULL)

)
merge.tmp <- input.tmp[1l:(nrow(grp.tmp)),]

for (k in 1 : (ncol(input.tmp))){
if (identical(as.numeric(x.tmp), as.numeric(as.character(input.tmp[1:(nrow(
input.tmp)),k]))) == TRUE |
identical(as.numeric(y.tmp), as.numeric((input.tmp[,k]))) == TRUE) {

if (identical(as.numeric(x.tmp), as.numeric(as.character(input.tmp[1:(nro
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w(input.tmp)),k]))) == TRUE){
merge.tmp[k] <- grp.tmp$x
}
if (identical(as.numeric(y.tmp), as.numeric((input.tmp[,k]))) == TRUE){
merge.tmp[k] <- grp.tmp$y

}
}
}
out.tmp = rbind(out.tmp, merge.tmp)
}
return(out.tmp)

GG.data.mSec <- geom.insec(gg.dat = GG.data.in.form,
group.var = GG.data.1in.form$group.ID,
x.var = GG.data.1in.form$TP,
y.var = GG.data.1in. formgmulti.sites.raw,

cross.var = GG.data.in.form$multi.sites.mean)

falph (Normalise and generate alpha diversity on data)

falph <- function(site.mat, site.ID, group.ID,
div.meth = "shannon", norm.meth = "total", margin.var = 1,
opt.comment = FALSE, output.opt) {
falph.in <- site.mat
if (is.list(falph.in) == TRUE) {falph.tmp <- list()}
if (is.list(falph.in) == FALSE) {falph.tmp = NULL}
if (is.list(falph.in) == TRUE) {
for (i in 1:length(falph.in)) {
multi.sites = NULL
if (is.null(norm.meth) == FALSE) {
if (norm.meth == "wisconsin") {
names.tmp <- falph.in[[i]][21:(sum(sapply(falph.in[[i]], is.factor)))]
data.tmp <- falph.in[[i]][

(sum(sapply(falph.in[[i]], is.factor)) + 1) : ncol(falph.in[[i]])]
data.tmp <- wisconsin(data.tmp)
falph.in[[i]] <- cbind(names.tmp, data.tmp)
}
if (norm.meth != "wisconsin") {
names.tmp <- falph.in[[i]][1:(sum(sapply(falph.in[[i]], is.factor)))]
data.tmp <- falph.in[[i]][
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(sum(sapply(falph.in[[i]], is.factor)) + 1) : ncol(falph.in[[i]])]
data.tmp <- decostand(data.tmp, method = norm.meth, MARGIN = margin.var

falph.in[[i]] <- cbind(names.tmp, data.tmp)

}
for (j in 1:length(site.ID)) {

site.tmp <- diversity(falph.in[[i]][], (sum(sapply(falph.in[[i]], is.facto
r))+1) : ncol(falph.in[[i]])], index = div.meth)
multi.sites <- rbind(multi.sites, site.tmp)
}
# ID.tmp <- cbind(as.character(site.ID), as.character(group.ID))
ID.tmp <- as.data.frame(cbind(as.character(site.ID), as.character(group.ID)
))
colnames(ID.tmp) <- c("site.ID", "group.ID")
if (exists("pwy.opt") == FALSE) {pwy.opt = FALSE}
if (pwy.opt == FALSE){
ID.tmp$taxa = nom.hi[[i]]
}
ID.tmp$Diversity = div.meth
multi.sites <- cbind(ID.tmp, multi.sites)

falph.tmp[[length(falph.tmp) + 1]] <- multi.sites

}
if (output.opt == "short") {falph.out <- falph.tmp}

if (output.opt == "long") {
if (is.list(falph.tmp) == TRUE) {
melt.tmp = NULL
for (i in 1:length(falph.tmp)) {
melt.tmp = rbind(melt.tmp, falph.tmp[[i]])
melt.tmp$taxa = as.factor(melt.tmp$taxa)

}
falph.out = melt.tmp

}
return(falph.out)

BD.PCoA.GG (Wrapper function to generate GGplot2 ordination plots)
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BD.PCoA.gg <- function(gg.Kin){
plot.out.PCoA <-

{

if (exists("col.fill") == FALSE | exists("grouping.var.main") == FALSE){
if (exists("grouping.var.main")==FALSE){
print("Bummer! 'grouping.var.main' was not set, attempting to guess wha

t you want...

'GG.data.in$grp/GRP.var/Group' being used")
if ("grp"%in%names(GG.data.in) == FALSE & "GRP.var"%in%names(GG.data.in
) == FALSE &

"Group"%in%names (GG.data.in) == FALSE){
print("Oh shit, the grouping variable wasn't detected in the GG.data.

in object!!

GGplot cannot proceed.
Check the status of the variables!")
} else {
if("grp"%in%names(GG.data.in) == TRUE){
grouping.var.main = GG.data.in$grp; print("GG.data.in$grp used to d
efine groups")}
if("GRP.var"%in%names(GG.data.in) == TRUE){
grouping.var.main = GG.data.in$GRP.var; print("GG.data.in$GRP.var u

sed to define

groups")}
if("Group"%in%names(GG.data.in) == TRUE){
grouping.var.main = GG.data.in$Group; print("GG.data.in$Group used
to define groups")}
}
if (exists("col.fill") == FALSE) {
col.fill <- distinctColorPalette(k = length(levels(grouping.var.main)

))
print(c("Palette Generated: ", col.fill))

}
if (exists("axis.data.X") == FALSE) {

if ("V1"%in%names(GG.data.in) == TRUE) {
axis.data.X <- GG.data.in$Vvi
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print("Using GG.data.in$Vl as X variable")}
else if ("Diml"%in%names(GG.data.in) == TRUE) {
axis.data.X <- GG.data.in$Diml
print("Using GG.data.in$Diml as X variable")}
else if ("V1"%in%names(GG.data.in) == FALSE & "Diml"%in%names(GG.data.in)
== FALSE)

{axis.data.X <- GG.data.in[1]
print("X axis variable not supplied, using GG.data.in[1]")}
}
if (exists("axis.data.Y") == FALSE) {
if ("V2"%in%names(GG.data.in) == TRUE) {
axis.data.Y <- GG.data.in$v2
print("Using GG.data.in$Vv2 as Y variable")}
else if ("Dim2"%in%names(GG.data.in) == TRUE) {
axis.data.Y <- GG.data.in$Dim2
print("Using GG.data.in$Dim2 as Y variable")}
else if ("V2"%in%names(GG.data.in) == FALSE & "Dim2"%in%names(GG.data.in)
== FALSE)

{axis.data.Y <- GG.data.in[2]
print("Y axis variable not supplied, using GG.data.in[2]")}
}
if (exists("alpha.col.var") == FALSE) {alpha.col.var <- 1.0}
if (exists("alpha.fil.var") == FALSE) {alpha.fil.var <- 1.0}
if (exists("lab.var") == FALSE) {lab.var <- levels(grouping.var.main)}
if (exists("siz.dot.opt") == FALSE) {siz.dot.opt <- 2}
if (exists("guide.var") == FALSE) {
guide.var <-
guides(alpha = FALSE,
size = FALSE,
color = guide_legend(override.aes = list(size = 5)),

fill = guide_legend(keywidth = 3, keyheight = 2)

}
if (exists("theme.var") == FALSE) {

theme.var <-
theme(plot.title = element_text(hjust = 0.5),
plot.margin = margin(1e,10,10,10, "pt"),
element_text(size = rel(1.9), face = "bold"),

axis.text.x

axis.title.x = element_text(size = rel(1.0), face = "bold",
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margin = margin(10,10,10,10, "pt")),
axis.text.y = element_text(size = rel(1.0), face = "bold"),

axis.title.y = element_text(size = rel(1.0), face = "bold",

margin = margin(10,10,10,10, "pt")),

legend.text = element_text(size = rel(0.8), colour = "black",

angle = @, face = "bold"),

strip.text.x = element_text(size

rel(1.0), face = "bold",

margin = margin(1.5,1.5,1.5,1.5, "pt")),
axis.ticks.length = unit(5, "pt"),

axis.ticks.y = element_line(size = rel(.8)),

rel(.8)),

axis.ticks.x = element_line(size

panel.grid.minor = element_blank(),

panel.grid.major

element_line(size = rel(.3)),
legend.background = element_rect(color = "black"),

unit(2, "cm"),

legend.key.size

legend.position
legend.margin = margin(-10.0,10.0,10.0,10.0))}
if (is.list(guide.var) == FALSE){
if (guide.var == "blank") {

"right",

guide.var = NULL

theme.var + theme(legend.position = "none"

if (exists("themeBW.var") == FALSE) {themeBW.var <-
theme_bw(base_size = 18,
if (Sys.info()[ 'sysname']=="Windows"){loadfonts(device = "win"
);base_family = "sans"
else {base_family = "Helvetica"})
}
if (exists("hex.mode.on")==FALSE) {hex.mode.on = FALSE}
if (hex.mode.on == TRUE) {
ggplot(NULL, aes(axis.data.X, axis.data.Y))
} else {

ggplot()

} o+

themeBW.var +
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theme.var +

{
if (exists("elip.opt") == FALSE) {elip.opt =

if (hex.mode.on == FALSE & elip.opt == TRUE) {

if (exists("sub.scale.opt") == FALSE) {sub.scale.opt = FALSE}

elip.pout <- list()

elip.pout[[1]] <- stat_ellipse(aes(axis.data.X, axis.data.Y, fill = eli

p.fill.var), show.legend = FALSE,

type = "t", level

"polygon"
)

= elip.fill.CI, geom

elip.pout[[2]] <- stat_ellipse(level = elip.fill.CI,

#1f (identical(elip.fill.var,elip.colo.

ar) ==TRUE){}

if (sub.scale.opt == TRUE){

aes(axis.data.X, axis.data.y, fill =

lip.colo.var)
} else {

aes(axis.data.X, axis.data.Y, color

elip.colo.var)

})
elip.pout
}
} o+
geom_vline(xintercept = 0) +
geom_hline(yintercept = 0) +

{

if (exists("hex.mode.dot") == FALSE) {hex.mode.dot

= TRUE}

if (exists("dot.outline.opt") == FALSE) {dot.outline.opt = FALSE}

if (hex.mode.dot == TRUE){
if (dot.outline.opt == TRUE) {
geom_point(data = GG.data.in,
aes(axis.data.X, axis.data.Y,
color = "black"),

size = siz.dot.opt+1)

}

P+ A
if (hex.mode.dot == TRUE){
geom_point(data = GG.data.in,

aes(axis.data.X, axis.data.Y,
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color = grouping.var.main),

size = siz.dot.opt)

if (exists("hex.mode.on") == FALSE) {hex.mode.on = FALSE} # NEEDDS WORK!!
if (hex.mode.on == TRUE){
hex.mode.pout <- list()
for (h in 1 : 3){#length(hex.mode.dat)){
hex.mode.pout[[h]] <- stat_binhex(data = hex.mode.dat[[h]],

bins = hex.mode.bin, position = "id
entity",
aes(
x = hex.mode.dat[[h]]$Dim1,
y = hex.mode.dat[[h]]$Dim2,
alpha = ..count..), fill = hex.mo
de.col[h])
}
hex.mode.pout
}
P+ A

if(exists("sub.ID.opt") == FALSE) {sub.ID.opt = FALSE}
if(sub.ID.opt == TRUE) {
if (sub.ID.all == TRUE) {
data.tmp = GG.data.in}
else if (sub.ID.all == FALSE) {
data.tmp = sub.ID.repel}
geom_label repel(
data

data.tmp,

size = rel(5),

fontface = "bold",

force = 2,

segment.alpha = 0.5,

box.padding = unit(.5, "lines"),

color = "black",

if (sub.ID.all == TRUE) {
aes(axis.data.X, axis.data.Y,

label = sub.ID.var)}
else {

aes(axis.data.X, axis.data.Y,
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fill = factor(sub.ID.repel$grp), #NEEDS WORK
label = sub.ID.var)}

)}
P+ Ao
if(exists("tit.var") == FALSE) {tit.var =
if(exists("Xax.var") == FALSE) {Xax.var = ""}
if(exists("Yax.var") == FALSE) {Yax.var = ""}

"Woah, such graph!"}

if(exists("tit.var")==TRUE&exists("Xax.var")==TRUE&exists("Yax.var")==TRU

E){
labs(title = tit.var,x = Xax.var,y = Yax.var)
}
P+ A
if(exists("annote.opt") == FALSE) annote.opt = FALSE

if(annote.opt)annote.obj

P+ A

if(exists("elip.fill.leg") == FALSE) {elip.fill.leg = "legend"}

if(hex.mode.on == FALSE) {
scale_fill_manual(
name = "",
labels = c(lab.var),
guide = elip.fill.leg,
values = alpha(c(col.fill),alpha.fil.var))
}
P+ A
if (exists("sub.scale.opt") == FALSE) {sub.scale.opt =
if (sub.scale.opt == TRUE) {

FALSE}

scale_color_viridis(aes(axis.data.X, axis.data.Y, color =

), option = "D", alpha = 1, discrete = sub.scale.dis)
} else {
scale_colour_manual(
name = "",
guide = "legend",

labels

c(lab.var),

values = alpha(c(col.fill),alpha.col.var))

}
# STRESS LABEL - ADD OPT. FOR LOCATION + COLLISION DETECTION

if (exists("stress.opt") == FALSE) {stress.opt = FALSE}
if (stress.opt == TRUE) {

sub.scale.var

range.x <- ggplot_build(plot.out.PCoA)$layout$panel ranges[[1]]$x.range
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range.y <- ggplot_build(plot.out.PCoA)$layout$panel ranges[[1]]$y.range
sts.anot <- list()
sts.anot[[1]] <- annotate("label",

X

min(range.x),

y = max(range.y),
hjust = 0.1,

alpha = .4,
fontface = "bold",
fill = "white",

label = paste@("Stress = ", stress.var))

plot.out.PCoA <- plot.out.PCoA + sts.anot
}
#LIMIT EXTRACTION FOR DENSITY PLOT CONFIGURATION
#DENSITY PLOTS
if (exists("axis.density.opt") == FALSE) {axis.density.opt = FALSE}
if (axis.density.opt == TRUE){
range.x <- ggplot_build(plot.out.PCoA)$layout$panel ranges[[1]]$x.range
range.y <- ggplot_build(plot.out.PCoA)$layout$panel ranges[[1]]$y.range
if (exists("axis.density.grp") == FALSE) {axis.density.grp <- grouping.var.ma
in}
if (exists("axis.density.col") == FALSE) {axis.density.col <- col.fill}
if (exists("axis.density.X") == FALSE) {axis.density.X <- axis.data.X}
if (exists("axis.density.Y") == FALSE) {axis.density.Y <- axis.data.Y}
xdensity <- ggplot(GG.data.in, aes(axis.density.X, y = ..scaled.., fill = axi
s.density.grp)) +
geom_density(alpha=.5) +
scale_fill_manual(values = axis.density.col) +
scale_x_continuous(limits = range.x, expand = c(0,0)) + themeBW.var + theme

.var +

scale_y_continuous(breaks

labels

c(0,0.5,1.0),
c(II II’II @.5"’" 1.0")) +

theme(legend.position = "none",
axis.text.x = element_blank(),
axis.title.y = element_text(size = rel(0.8)),
panel.grid.minor = element_blank(), panel.grid.major = element_line(s
ize = rel(.5))) +
labs(x = NULL, y = "Density")
ydensity <- ggplot(GG.data.in, aes(axis.density.Y, y = ..scaled.., fill = axi
s.density.grp)) +
geom_density(alpha=.5) +

scale_fill manual(values = c(axis.density.col)) +
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scale_x_continuous(limits range.y, expand = c(9,0)) + themeBW.var + theme

.var +

c(0.0,0.5,1.0),
(o ) L AT RN e

scale_y_continuous(breaks
labels
labs(x = NULL, y = "Density") +

theme(legend.position = "none",
#TMP
axis.text.y = element_blank(),
axis.title.x = element_text(size = rel(0.8)),
panel.grid.minor = element_blank(), panel.grid.major = element_line(s
ize = rel(.5))) +
coord_flip()
blankPlot <- ggplot()+geom_blank(aes(1,1))+
theme(plot.background = element_blank(),
panel.grid.major = element_blank(),
panel.grid.minor = element_blank(),
panel.border = element_blank(),
panel.background = element_blank(),
element_blank(),
element_blank(),
element_blank(),
element_blank(),

axis.title.x

axis.title.y

axis.text.x

axis.text.y
axis.ticks = element_blank(),
axis.line = element_blank())
if (is.list(guide.var) == TRUE){
if (is.null(guide.var) == FALSE){
main.legend <- get_legend(plot.out.PCoA)

}

main.plot <- plot.out.PCoA + theme(legend.position = "none"

main.title <- ggdraw() + draw_label(tit.var, fontface = "bold", size = rel(20

))
if (exists("fig.config") == FALSE){fig.config <- "traditional"}
if (fig.config == "traditional”) {
panels.internal <- plot_grid(ncol = 2,
nrow = 2,
main.plot + theme(plot.title = element_blank()
)>

ydensity, xdensity, NULL, rel_heights = c(1,0.
25,1), rel widths = ¢(1,0.25,1))
if (is.list(guide.var) == FALSE){
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if (is.null(guide.var) == TRUE) {

panels.external <- panels.internal

}
if (is.list(guide.var) == TRUE){
if (is.null(guide.var) == FALSE) {
panels.external <- plot_grid(main.legend, panels.internal, rel widths =
c(.1,1))
}

}
if (fig.config == "neat") {
if (is.list(guide.var) == FALSE){
if (is.null(guide.var) == TRUE) {

panels.internal <- plot_grid(ncol = 2,
nrow = 2,
xdensity,
blankPlot,

main.plot + theme(plot.title = element_bla
nk()),

ydensity,

rel_heights = ¢(0.9,0.2), rel_widths = c(@
.9,0.2),

scale = ¢(1,1,1,20))

panels.external <- panels.internal

}
if (is.list(guide.var) == TRUE) {
if (is.null(guide.var) == FALSE) {

panels.internal <- plot_grid(ncol

2,

nrow = 2,

xdensity + theme(plot.margin = unit(c(0.5,

0,0,0),"lines")),

main.legend,

main.plot + theme(plot.title = element_bla

nk(),

plot.margin = unit(c(0,0
,@,@),"Cm")),

ydensity + theme(plot.margin = unit(c(0,0.
5,0,0),"lines")),
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rel _heights = c(0.2,1.0), rel widths = c(1
.0,0.2), scale = ¢(1,1,1,1))

panels.external <- panels.internal

}
}
}
plot.out.d <- plot_grid(main.title, panels.external, ncol = 1, rel heights =
c(0.1, 1))
plot.out.PCoA <- plot.out.d

}
return(plot.out.PCoA)

}fdatish



