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Functional Analysis

As a functional analysis of the gut microbiome, this report is intended for educational purposes only and
should not be used for diagnostic purposes. Microbiome research is still in its infancy, so we encourage
you to think of this report as a piece of the puzzle, rather than an answer sheet.

Microbiome Index Score

The Gut Microbiome Index My Gut Microbiome Index (out of 40): 22.07
: I 4444400099 .
(GMI) is an overall score for o m 20 w0 w0

gut microbiome health. A score above a 30 is considered excellent. It is calculated by assessing four key
indicators of microbiome health for your gut microbiome and comparing them to the typical healthy gut
microbiome. The four key indicators include Alpha Diversity (species richness), Beta Diversity
(composition), Pathogen Occurrence (population of pathogens) and Resistome Occurrence (population of
antibiotic resistance genes). This score should be used as a quick interpretation of overall gut health and
can be used to track the changes between tests taken at different timepoints.

AI p h a -d ive rSity Alpha Diversity Index = 3.58

Il O e
In ecology, alpha diversity refers to the average diversity, or the 2 £ ? g 2 n
richness of species, in a particular ecosystem. This marker is D Hoathy US [ My Sample
looking at your own personal richness and diversity within your =
gut microbiome. The Y axis in the alpha-diversity chart is an alpha 2004
diversity index, which is a normalized value for species richness
that factors in the distribution of taxa. Low alpha-diversity - -
suggests that your gut microbiome was recently damaged by 100- o

antibiotics, environmental toxins, stress, diet, or other factors.'?

50
See the results of Section 9 to learn how to increase your
protective keystone bacteria and improve your health. R vz
Beta Diversity Index = 9 Beta_d ive rsity
HE B o
0 2 4 6 8 10 Beta-diversity is the variation of species when comparing two

separate ecosystems. This marker takes the composition of your gut
microbiome and compares it to healthy populations in order to
illustrate notable differences. The green dot represents your sample
and shows how close your microbiome is to a healthy population. If
the red dot does not fall within the clusters of grey dots (healthy), this
indicates a low Beta-Diversity Index and suggests that your gut
microbiome composition is trending away from a healthy gut to an
imbalanced, dysbiotic gut.>* See the results of Section 9 to learn how
to increase your protective keystone bacteria and get your health

back on track.



Stability and Richness Index

Microbes occupying the same ecosystem compete with each other, in part through a competitive
repertoire of natural antimicrobials and genes that confer microbial resilience.® This section explores
the richness and stability of your gut microbiome by Reslstame: Ooeatmence Intes 294

comparing the resilience of your gut microbiome to Bl C B

e | —— — | —— |

healthy populations. A low index suggests that you have 0 2 4 6 8 10
. - . AMR index indicates the distance between

low richness and resilience in your gut. w sample and the average Healthy microbiome
AMR Index e

A stronger and more diverse gut microbiome will be .

more resilient against gut-damaging factors, but low 0.8

resilience can indicate an increased risk for

antibiotic-resistant infections. Consult your doctor on —

appropriate antibiotic usage. Avoid overusing strong 0.4

antibacterial household cleaners, consuming foods that —
0.2

contain antibiotics like low-quality meat and dairy, and

drinking poorly purified water.®® 0

My Sample
Probiotics containing Bacillus endospores, specifically B. subtilis, can help to support a healthy gut
environment through competitive exclusion. Competitive exclusion is the process by which powerful
protective bacteria, like Bacillus spores, can restore a favorable balance to the microbiome. Some
strains of Bacillus subtilis, for example, can produce over 12 natural antimicrobials to support a more
stable and resilient microbiome.®

Pathogen Control Index

Low levels of pathogens are characteristic of a healthy, diverse gut microbiome. An increased level of
pathogens could indicate that a pathogen is playing a role in symptoms. A higher score on the Pathogen

Control Index indicates that the gut microbiome is
Pathogen Control Index = 6.57

well-balanced and has sufficient control of potential —
pathogens. See the following section for specific

pathogen occurrence and recommendations.

Pathogen Occurrence

This section evaluates the abundance of specific
pathogens present in the gut. If the level of pathobiome
is elevated, this section may provide clarity as to which
pathogens could be contributing to symptoms.




Dysbiosis Ratios

The major phyla of the gut microbiome include
Firmicutes, Bacteroidetes, Proteobacteria, and
Actinobacteria. In order to understand how they
relate to each other, it's important to understand
the role and players within each phylum.

Firmicutes: This phylum is composed of genera
such as Lactobacillus, Bacillus, Clostridium,
Enterococcus, and Ruminicoccus.” Clostridium
genera represent 95% of the Firmicutes phylum.
Harmful strains of bacteria from this phylum can
become overgrown due to excess saturated fat
intake, which negatively affects microbial
diversity.™? Contrarily, colonies of
Faecalibacterium prausnitzii, which represents a
small but highly beneficial strain of the Firmicutes
phylum, are boosted with increased fiber and
carbohydrate intake.” While many of the bacteria
in this phylum promote health, disproportionately
high levels are associated with weight gain and
mood imbalances."" Furthermore, rich diversity
within the Firmicutes phylum is positively
associated with sleep efficiency.”®

Bacteroidetes: Bacteroidetes are generally
considered beneficial for the gut microbiome and
consist of predominant genera such as
Bacteroides and Prevotella.® Bacteroidetes
perform various functions for the human body
including iron homeostasis, digestion of
non-glucose sugars, and folate metabolism."
These gram-negative bacteria also ferment fiber
and other polysaccharides to produce the
short-chain fatty acids (SCFAs) propionate and
acetate that support intestinal health.™
Additionally, Bacteroidetes diversity has been
linked to improved sleep efficiency and sleep
quality.’® Bacteroidetes are negatively affected by
excess fat and animal proteins, but their
abundance can be increased with fiber and
carbohydrate intake.

Proteobacteria: Proteobacteria is typically found in
low abundance in the human gut.” Increased
abundance of Proteobacteria is a hallmark sign of
imbalance within the gut microbiome.”™® This
group of bacteria thrives on saturated fat and

[T 5] as

sugar and contains many opportunistic
pathogens. Western diets are known to increase
the abundance of the Proteobacteria phylum.™”

Actinobacteria: Actinobacteria are proportionally
less abundant and mainly represented by the
Bifidobacterium genus, which functions as a
strong butyrate producer.”® Butyrate is a
short-chain fatty acid that supports healthy
intestinal barrier function. Actinobacteria are
among the first microbes to colonize the infant
gut during vaginal birth, and they are positively
correlated with breastfeeding and proper
immune system development.” Actinobacteria
also produces gamma- Aminobutyric acid
(GABA), an inhibitory neurotransmitter that
promotes sleep, and thus Actinobacteria
diversity and richness are negatively associated
with sleep disturbances.® Actinobacteria have
an extensive secondary metabolism and
produce a large amount of naturally derived
antibiotics, as well as compounds that support a
healthy balance of parasites and commensal
fungus in the gut.?° Sufficient levels of
Actinobacteria, specifically Bifidobacteria, have
been associated with healthier digestion and
intestines.?' Furthermore, certain members of
Actinobacteria phylum are associated with
improved cognition, memory and social skills, as
well as a reduction in fear response.?? Increasing
Actinobacteria can be accomplished by boosting
fiber and prebiotic intake, specifically
oligosaccharides like galactooligosaccharide
and xylooligosaccharide.?



How They Compare

Firmicutes:Bacteroidetes @B Firmicutes ([l Bacteroidetes
In adults, Bacteroidetes and Firmicutes are two

of the most prevalent phyla present in the

gut. Low Firmicutes:Bacteroidetes ratio in gut

is generally associated with a healthier 084

metabolism, while increased ratios of 0.6- 0.64 0.68
Firmicutes:Bacteroidetes are associated with

unwanted weight gain.?® This ratio is low in 0.4

infants, increases as we grow up, and 0.2 Do 0.3
decreases again as we enter our elderly years. 5 .

US Healthy Your Sample

Proteobacteria:Actinobacteria

The average adult gut is comprised of 2-3%

Actinobacteria and no more than 4.5% @ Proteobacteria [l Actinobacteria
Proteobacteria.” Individuals with metabolic

imbalances and impaired cell turnover have up 0.08

to 15% Proteobacteria.” Proteobacteria: 0.07 1

Actinobacteria ratios below 1.0 are associated 0.06

with healthier metabolism and cell turnover.” 0.05- 0.04

Increasing Actinobacteria may also benefit 04

mood and brain health.?* Increasing gﬁ:

actinobacteria can be accomplished by 0,014 0.03
consuming plant-derived carbohydrate starch 0- : 0.005
and polysaccharides, such as FOS, GOS, XOS, US Healthy Your Sample

inulin or arabinoxilan.?®

Prevotella:Bacteroides

High Prevotella:Bacteroides ratios are @ Prevotella [l Bacteroides

associated with lower BMI and healthy weight

maintenance.”® Low Prevotella:Bacteroides 0.6
ratios are associated with metabolic 0.5-
imbalances and are positively correlated with 0.4
high intake of protein and animal fat, as part of

a typical Western diet."*?® Higher abundance of s
Prevotella is observed in individuals that o=
consume diets rich in carbohydrates and fiber. 0.1 -

Bacteroides are increased due to sugar and -
saturated fat intake, while Prevotella generally US Healthy Your Sample
thrives on fiber rich foods, like fruit, vegetables,

beans and whole grains.




Phylum and Family Level Composition

PHYLUM LEVEL
The Donut Charts depict the most abundant

Phiylum Level US Healthy Phylum Level My Sampla

I Baciermories (B Raniermosies.

L

bacterial phyla in your gut. The Percentile Chart i s

compares the relative abundance (RA) for each
bacterial phylum between your gut microbiome and

the microbiomes typical for healthy populations.
Percentile values between around 25% — 75% are
typical, low values for a certain phylum suggest that
in your case relative abundances are on the low
side, high values suggest that your abundances are
on the high side.

FAMILY LEVEL

The Donut Charts depict the most abundant
bacterial genera in your gut. The Percentile Chart
below compares the relative abundance (RA) for

each bacterial genera between your gut

microbiome and the microbiomes typical for healthy populations. Percentile values between around 25%
— 75% are typical, low values for a certain phylum suggest that in your case relative abundances are on
the low side, high values suggest that your abundances are on the high side. The Table includes all
Families that typically occur in the healthy microbiome at a RA > 0.35% plus below the green line those
Families that typically occur at lower abundances but appear in your gut at a RA of 0.5% or greater.

How Microbes Are Classified




Functions of the Gut Microbiome

Biologically important bacteria can perform a variety of functions in the gut from the production of
short-chain fatty acids (SCFAs) to hormones and neurotransmitters to pro-inflammatory compounds. Gut
bacteria feed primarily on non-digestible carbohydrates, but some microorganisms can also utilize amino
acids and fatty acids for survival.?’ Fibers and amino acids can reach the gut microbiome by avoiding
digestion and absorption. Many fibers are not digestible by the human Gl tract and can thus feed the gut
microbiome by design, but maldigestion and malabsorption can also allow carbohydrates and proteins
to enter the gut microbiome and act as substrates for bacterial fermentation. Gut microbes can produce
some protease enzymes to help promote protein digestion and fermentation in the gut, but amino acid
fermentation requires more interconversion and expends more energy than carbohydrate fermentation,
SO amino acids are not generally considered to be as efficient of an energy source for the human gut
microbiome.?®2° When it comes to nutrients that bypass digestion and absorption in the digestive tract,
gut bacteria preferentially choose carbohydrates over protein and protein over fat. Balance is key with
any diet, but nondigestible fibers are crucial for an efficient, highly functioning gut microbiome.
Furthermore, salt intake appears to have a negative effect on SCFA production. In fact, a recent study
found that adults who reduced their sodium intake to the recommended 2300 mg/day experienced a
sharp increase in all forms of SCFAs.*° These effects were noted in both men and women, but the results
were significantly more significant in women.

SACCHAROLYTIC VS. PROTEOLYTIC

i
. FERMENTATION

SACCHAROLYTIC FERMENTATION

Gut bacteria prefer saccharolytic (carbohydrate) fermentation over proteolytic (protein) fermentation.*
Important keystone species, such as Ruminococcus bromii, Lactobacillus spp, Bifidobacteria spp, and
many others, thrive on dietary carbohydrates, specifically resistant starches and dietary fiber. There is a
wide range of fibers that each feed a specific group of gut bacteria. These fibers include soluble fiber,
insoluble fiber, resistant starches, inulin, oligosaccharides, and more. Saccharolytic fermentation is also
associated with improved metabolism and enhanced gut acidity, which can deter unfavorable
microbes.?? Saccharolytic fermentation primarily yields short-chain fatty acids (SCFAs), at ratios of
approximately 20% butyrate, 20% propionate, and 60% acetate. Both diet and gut microbial composition
dictate the quantity of each SCFA produced, highlighting a complex cross-feeding relationship among
gut bacteria. Furthermore, the addition of specific fibers into the diet can have a wide range of effects on
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SACCHAROLYTIC FERMENTATION

microbial composition, depending on the baseline composition within an individual’s gut microbiome.
While this makes it difficult to accurately assess the real-life impact of each fiber, there is still a great deal
of information to be gleaned from existing literature. Some examples of prebiotic fibers, their respective
food sources, and bacteria responsible for their fermentation are highlighted in the brief list below:*

Resistant Starch: Food sources include
plantains, green bananas, beans, peas, lentils,
whole grain oat, whole grain barley, rice that
has been cooked then cooled. Ruminococcus
bromii and Bifidobacterium adolescentis are
primary degraders of resistant starch.

Inulin: Food sources include leeks, asparagus,
onions, wheat, garlic, chicory, oats, soybeans,
and Jerusalem artichokes. Primary degraders of
inulin include numerous Bifidobacterium spp.

Beta-glucan: Food sources include barley fiber,
oats, whole grains, reishi, maitake and shiitake
mushrooms, seaweed, and algae. This prebiotic
fiber is fermented by Enterococcus faecium,
Streptococcus, Bacteroides, and Clostridium
strains among others.

SHORT-CHAIN FATTY ACIDS (SCFA)

Butyrate

Fructo-oligosaccharides (FOS): Food sources
include chicory, onions, asparagus, wheat,
tomatoes and other fruits, vegetables, and
grains. This fiber is fermented predominantly by
Lactobacillus spp and Bifidobacteria spp, as
well as members of Bacteroidetes, Firmicutes,
and Actinobacteria phyla.

Galacto-oligosaccharides (GOS): Food sources
include milk (including human breast milk fed to
infants) and yogurt. Fermented by members of
Bifidobacteriaceae and Bacteroidaceae.

Xylo-oligosaccharides (XOS): Food sources
include bamboo shoots, fruits, vegetables, milk,
and honey. This fiber is fermented by
Lactobacillus spp and Bifidobacteria spp.

is used as an energy source by intestinal epithelial cells, but it also serves numerous other functions,

such as improving gut barrier function, scavenging ammonia, regulating the immune system, reducing

oxidative stress, balancing blood glucose levels, and much more.®* Butyrate production is most

commonly associated with fiber fermentation. However, butyrate formation can occur through

fermentation of amino acids such as glutamate, lysine, histidine, cysteine, serine, and alanine.?® Amino

acid fermentation typically occurs in less acidic conditions, and while it may result in some SCFA

formation, it can also form potentially damaging metabolites such as phenols and ammonia.® Gut pH also

directly impacts butyrate production. Mildly acidic environments stunt the growth of Bacteroides, but not

Firmicutes or Actinobacteria. This has the effect of limiting propionate formation and boosting butyrate

formation, particularly at pH of 5.5, compared to a more neutral pH of 6.5-6.8.%¢ Lactobacillus species

may indirectly boost butyrate production by increasing the acidity of the gut.

A healthy carbohydrate diet (HCD) rich in cereal fibre, arabinoxylan, and resistant starch enhances

Bifidobacteria and butyrate production, while diets high in refined grains can decrease the production of

butyrate.?” Reducing sugar intake is recommended to increase butyrate production, as it is a signaling

molecule for blood sugar control.®® Studies show that high-fat and high-sodium diets reduce butyrate

concentrations. Lower fat, high carbohydrate diets, with plenty of resistant starch, boosts butyrate

production and enhances abundance of Faecalibacterium and Blautia.®®



Butyrate

Eubacterium spp., Roseburia spp., Faecalibacterium prausnitzii, and Clostridium cluster XIVa and |V, are
primary producers of butyrate.?® Roseburia inulinivorans and Coprococcus catus, switch between
butyrate and propionate production depending on the fermentation substrates. It is also worth noting
that F. prausnitzii can convert acetate into butyrate, which may contribute to its anti-inflammatory
reputation.

Propionate is produced primarily by Bacteroidetes via the succinate pathway and some Firmicutes
through the lactate and succinate pathways.*® However, it can also be produced by Lactobacillus
plantarum, Bacteroides thetaiotaomicron, Ruminococcus obeum, Coprococcus catus, Bacteroides
vulgatus, Akkermansia muciniphila, and Veillonella parvula.*' Propionate is also known to have a strong,
positive impact on the immune system.*?** For example, it affects T helper 2 cells in the airways as well
as macrophage and dendritic cells in the bone marrow, resulting in improved lung health and enhanced
resistance to infection.*? Propionate is typically converted to glucose in the liver or used as energy by
colonocytes and hepatocytes. Additionally, propionate may also prevent some of the lipogenic effects of
acetate.*

Acetate

Acetate comprises 60% of SCFA production in the gut. Acetate can be converted to acetyl-CoA and
subsequently used in the tricarboxylic acid (TCA) cycle, and it also acts as a substrate for fatty acid and
cholesterol synthesis.®? In addition, acetate can be converted to butyrate by gut bacteria.?? While acetate
can be supplied through dietary sources, such as vinegar, the gut supplies the largest amount of acetate
to the human body through fermentation of fibers, particularly galactooligosaccharides and inulin.3® In
fact, gut-derived acetate may improve insulin resistance in obese individuals.** Akkermansia muciniphila,
Bifidobacterium spp, Bacteroides thetaiotaomicron, Ruminococcus bromii, and B. hydrogenotrophica
are primary producers of acetate.®® Acetate can be utilized and converted to butyrate by F. prausnitzii,
Roseburia spp, Eubacterium spp, and others.*® Acetate producers and acetate utilizers must be
balanced. An an overproduction of this SCFA may contribute to weight gain and inflammation by feeding
Methanogens, while insufficient acetate can negatively impact metabolism.*

HYDROXY FATTY ACIDS

Lactate is an intermediate of carbohydrate metabolism, produced from pyruvate during lactic acid
fermentation.*® Lactate also plays important roles in immunomodaulation and inflammatory modulation.*®
Primary lactate producers in the gut include species of Lactobacillus, Streptococcus, and
Bifidobacterium.*® Lactate utilizers include Eulonchus halli, Anaerostipes caccae, Veillonella,
Propionibacterium, Roseburia, Eubacterium, and members of Clostridia cluster XIVa.**° These species
use lactate as a substrate for SCFA production.

However, if there is an overabundance of lactate producers paired with low abundance of lactate
utilizers (i.e. SCFA producers), this will cause a surge of lactate in the gut which can be toxic and harmful
to host tissues. Excess lactate production is implicated in numerous diseases such as IBD, intestinal
ischemia, and short bowel syndrome.°

Reducing lactate production can be accomplished through reducing intake of simple carbohydrates
(glucose, lactose, maltose, sucrose) and increasing consumption of resistant starches and
galacto-oligosaccharides (GOS).5"%2 Low levels of lactate producers may indicate the need to increase
intake of fermented foods such as yogurt, kimchi, or kefir, as well as prebiotic foods such as asparagus,

onion, apple, bananas, whole grains, or garlic.
10



PROTEOLYTIC FERMENTATION

Proteolytic fermentation occurs mostly in the distal colon under less-acidic conditions than saccharolytic
fermentation. Proteolytic fermentation in the gut is generally thought of as less favorable than
saccharolytic fermentation, as it yields compounds that are toxic to humans, including amines, phenols,
and sulfurous compounds. However, proteolysis also results in SCFA production; therefore, researchers
speculate that many subtleties exist in regards to the health implications of proteolytic fermentation.?’
For example, the amount of fiber and protein supplied in the diet as well as gut microbial composition
contribute greatly to the byproducts of proteolytic fermentation. Low dietary fiber increases proteolytic
fermentation due to the insufficient amount of fermentable carbohydrates in the colon. Such shifts
toward increased proteolytic fermentation can alter the relative abundance of microbial species in the
gut and generate bioactive, potentially damaging metabolic products.

Research suggests that gut bacteria preferentially metabolize peptides over amino acids, a process
which is more energetically efficient.>* Deamination is the first step of the proteolytic fermentation, a
process which generates ammonia and keto-acids. Ammonia can then be used as a nitrogen source for
de novo protein synthesis, or converted to urease in the kidneys and excreted. Keto acids can be used
to generate SCFAs including butyrate, acetate, propionate, lactate, succinate, and formate. Interestingly,
butyrate is produced through catabolism of glutamate and lysine by bacterial species, including the
potentially harmful Fusobacterium spp. Sulfur is also liberated from amino acids during these processes,
which can be incorporated into various compounds, including the inflammatory hydrogen sulfide.?’

Though more research is needed to better understand the different impacts of proteolytic and
saccharolytic fermentation, the latest research suggests that proteolytic fermentation is more likely to
yield toxic, inflammatory byproducts when overall protein fermentation activity is increased or when
specific pathways are targeted.?” This means that the overconsumption of protein may increase the risk
of producing more inflammatory compounds faster than they can be excreted from the system. This is
not to say that protein is inherently inflammatory. In fact, when resistant starches and dietary fibers are
available to the gut microbiome, the majority of proteolytic fermentation byproducts are SCFAs. Rather,
these findings simply highlight the need for macronutrient balance in the diet and the vital importance of
fiber for the gut microbiome.

Some amino acids and their respective end-products after microbial fermentation are listed below:%’

TRYPTOPHAN PHENYLALANINE GLUTAMATE GLYCINE ALANINE HISTIDINE PROLINE
¢ O 0
i v v ‘

INDOLE SEROTONIN TYROSINE GABA GLUTATHIONE RSt H H H

? * ‘ i ;

v : : i :

: .
MELATONIN PROPIONATE
TRYPTAMINE GLUTAMINE

BUTYRATE ACETATE D ACETATE BUTYRATE ACETATE

1"




Proteolytic fermentation can also yield potentially damaging molecules, such as amines, phenols,
and ammonia:

b
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AMINES

Putrescine and Spermidine

Putrescine is a polyamine (PA) produced via the decarboxylation of the amino acid, ornithine, a byproduct
of arginine metabolism. Putrescine can then be converted to sperimidine, another PA, via
S-adenosyl-methionine decarboxylase.®® In the upper intestine, the majority of PAs are derived from food.
In fact, almost all foods contain PAs; however, they are particularly abundant in foods such as soybeans,
mushrooms, wheat germ, beef, pork, chicken livers, oranges, and green tea leaves.® In the lower
intestine, the gut microbiota produce PAs through proteolytic fermentation, and they can be
subsequently absorbed into the bloodstream via colonic mucosa.®® Polyamine production can be a
double-edged sword. On the one hand, PAs are associated with healthy metabolism, free radical
scavenging, mucosal function, and longevity. On the other hand, overproduction of PAs can be cytotoxic
and is associated with overconsumption of protein and high abundance of protein-degrading organisms,
such as Bacteroides. Several factors impact PA production, including gut microbial composition and
diet.>®

Putrescine is essential for the proliferation of intestinal epithelial cells, and spermidine is able to relieve
oxidative stress and promote cellular longevity through autophagy stimulation.?” Putrescine and
spermidine improve the integrity of the gut by increasing the expression of tight junction proteins,
promoting gut restoration, and increasing intestinal mucus secretion.”®° PAs are produced by a variety of
gut bacteria. Specifically, spermidine is produced many species of Bacteroides, Fusobacterium,
Bifidobacterium, Pediococcus and Streptococcus, as well as Lactobacillus fermentum, Lactobacillus
salivarius and Lactobacillus vaginalis.5*5%° Putrescine is produced by different bacteria from collective
biosynthetic pathways depending on a complex exchange of metabolites. Overall, PA production is
dependent on diet and microbial composition.
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Cadaverine

Cadaverine is another PA that can be produced by
the decarboxylation of lysine. Cadaverine is a
poorly studied metabolite, but it can be toxic in
high amounts.®® Cadaverine has been shown to
increase histamine toxicity and higher
concentrations have been associated with
ulcerative colitis (UC).%%? Cadaverine needs more
research to fully understand its impact on the gut
microbiome, but for now it appears to have
damaging effects on the gut in high amounts.
Although these specific pathways cannot be
individually controlled, overall PA production
appears to be dependent on diet and overall
microbial composition.

HISTAMINE

Certain microbes are able to metabolize the amino
acid histidine into histamine. Histamine produced
in the gut may elicit an immune response in other
areas of the body, as histamine can enter the
bloodstream through a weakened gut barrier.?’
Overproduction of histamine paired with leaky gut
is therefore correlated to histamine intolerance
and allergies.®® Clostridium perfringens,
Escherichia coli, Klebsiella pneumonia,
Enterococcus spp, Citrobacter freundii,
Enterobacteriaceae, Geotrichum candidum, and
Morganella morganii have been shown to
produce histamine.®%”

Several species of beneficial bacteria, such as
Bifidobacterium spp and Lactobacillus spp are
also known to increase histamine production.”

If these species are overgrown, especially in the
small bowel, this could lead to excessive
gut-derived histamine production. Furthermore, in
the presence of other biogenic amines, such as
cadaverine, putrescine, and spermidine,
histamine production tends to dramatically
increase.®®

Histamine degradation

Diamine oxidase (DAQO), aka histaminase, is the
main enzyme the body uses to metabolize
ingested histamines. Vitamin B6, vitamin C, and
copper are cofactors necessary for the proper
function of DAO. Histamine can be supplied from
dietary sources such as alcohol, fermented foods,
dried fruit, avocados, eggplant, spinach,
processed/smoked meats, and shellfish. Microbial
analysis of people with histamine intolerance
shows an increase in Roseburia species and a
decrease in Bifidobacterium species.®°
Interestingly, many species have the ability to
both produce and degrade histamine. For
example, a recent study found that some strains
of E. coli, Clostridium perfringens, and K.
pneumoniae also reduced histamine levels.®©
However, it appears that the majority of histamine
is degraded by the human host. Genetic testing to
assess dysfunction in DAO production may be
warranted, however it is also important to
consider that consistent inflammatory insults to
enterocytes may disturb their ability to produce
DAO.”? Reducing potentially inflammatory foods
and increasing butyrate production may offer
reprieve from histamine overproduction.”
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PHENOLS

Phenol and P-Cresol

Phenols, including phenol and p-cresol, are
aromatic compounds that result from the microbial
fermentation of aromatic amino acids, such as
tryptophan and tyrosine.”® These compounds are
cytotoxic and may cause damage to the gut, skin,
vascular system, kidneys, and more.”>’® Tyrosine
tends to be metabolized to phenol by Escherichia
coli, Proteus spp., and Streptococcus faecalis,
whereas it tends to be metabolized to p-cresol by
strictly anaerobic gut bacteria such as Bacteroides
fragilis, Fusobacterium spp., and Clostridium spp.”

Tryptophan is abundant in foods such as cheese,
poultry, red meat, egg whites, and seeds; and
therefore, these foods can increase phenol
production in the gut.”” Similarly, tyrosine is also
present in protein-rich foods including beef, pork,
chicken, fish, chicken, tofu, milk, cheese, beans,
seeds, nuts, and whole grains. When paired with a
diet low in fermentable fibers, these foods have
the potential to dramatically increase phenol and
p-cresol production, as gut microbes are forced to
use amino acids for energy. Increasing gut acidity
through the intake of resistant starches,
galactooligosaccharides, and
fructooligosaccharides may reduce the production
of these toxic metabolites.””’®

AMMONIA

Ammonia is a normal by-product of the microbial
fermentation of amino acids, namely glutamine.
This metabolic process is carried out by
commensal species, such as Clostridia,
Enterobacteria, Bacillus spp, E. coli,
Staphylococcus, and Fusobacterium.”®®° In
Gram-negative gut bacteria, ammonia is required
for nitrogen anabolism. Nitrogen is an essential
component necessary for the production of amino
acids, NAD, pyrimidines, purines, and amino
sugars. Bacterial-derived ammonia production is
associated with three enzymes: glutamine
synthetase (GS), glutamate synthase (GOGAT),
and glutamate dehydrogenase (GDH).#'!

Glutamine synthase is also expressed in human
tissue, such as skeletal muscles, the brain, and
the liver. This enzyme synthesizes glutamine from
glutamate and ammonia, which effectively
detoxifies excess ammonia from the body.
Furthermore, ammonia produced in the gut is
sent to the liver, converted to urea, and excreted
through the urine. These two primary processes
of liver detoxification, the urea cycle and
glutamine synthase activity, rely on a healthy gut
composition of microbiota, a well-functioning liver,
and a balanced diet. Ammonia detoxification via
glutamine synthase is seen in microbial species
such as H. pylori, however it is unclear how much
ammonia detoxification is completed by gut
microbes.®' What is known is that an overgrowth
of ammonia-producing bacteria, paired with
excessive protein intake and liver or kidney
dysfunction, may lead to a toxic surge of ammonia
in the blood. Hyperammonemia is detrimental to
the brain and the liver.®? The bacterial strains that
lack urease activity reduce ammonia
concentrations in the gut by crowding out
ammonia-producing bacteria.®® Lactulose is also
an effective method of reducing ammonia in the
gut and circulation.

Lactulose is a disaccharide that can be fermented
by gut bacteria to produce monosaccharides,
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AMMONIA

volatile fatty acids, hydrogen, and methane.®* This
treatment reduces ammonia production and
absorption in three ways:

1. The metabolism of lactulose has a laxative
effect, thereby increasing the excretion of
ammonia.

2. Lactulose increases gut acidity, promoting
ammonia uptake by gut bacteria, which is then
utilized as a nitrogen source for protein
synthesis. An acidic gut environment favors the
conversion of ammonia (NH3) produced by the
gut bacteria, to ammonium (NH4+), a molecule
which is unable to cross the gut barrier and thus
is unable to be absorbed into the bloodstream.

3. Lactulose also causes a reduction in intestinal
production of ammonia. The acidic pH destroys
urease-producing bacteria involved in the
production of ammonia. The unabsorbed
disaccharide also inhibits intestinal glutaminase
activity, which blocks the intestinal uptake of
glutamine, and its metabolism to ammonia.

Mechanisms of lactulose highlight the importance
of transit time, intestinal pH, and methane
production in preventing hyperammonemia.

Prebiotic fibers have similar effects as they
promote SCFA production, which also reduce
intestinal pH and improve transit time. In fact,
butyrate is a known ammonia scavenger, and
interventions that improve SCFA production
appear to be highly beneficial for controlling
excessive ammonia production.® The inability to
clear ammonia can result in hyperammonemia,
which contributes to hepatic encephalopathy.
Interestingly, a recent study found that B. subtilis
HU58 reduces blood ammonia and is considered a
safe and effective strategy for patients with hepatic
encephalopathy.®® Additionally, Lactobacillus casei
and L. plantarum have also been shown to
significantly reduce blood ammonia levels when
administered with fermentable fibers.®® Since
excessive ammonia in the gut can be inflammatory
to the gut, therapies that reduce intestinal

inflammation (EPA fish oil, curcumin, etc) may also
be beneficial for those with elevated ammonia
production pathways.

Restricting glutamine, the substrate for ammonia
synthesis may also be beneficial in reducing the
abundance of ammonia-producers in the gut.
Glutamine-containing foods include beef, pork,
poultry, milk, yogurt, ricotta cheese, cottage
cheese, raw spinach, raw parsley, and cabbage.
Lastly, a gradual increase in the consumption of
resistant starches and cellulose may also promote
ammonia utilization helping to detoxify ammonia.
When adding fibers to the diet, it is advised to
increase consumption gradually for the greatest
impact. Foods such as plantains, green bananas,
beans, peas, lentils, whole grains, bran, nuts, roots
vegetables, and apple skins are great sources of
these fibers.

SULFIDES

Hydrogen sulfide (H,S) is a byproduct of dietary
sulfur and hydrogen gas. The bacteria that
produce H,S are known as hydrogen sulfide
producers or sulfate-reducing bacteria (SRB). H,S
can be produced by numerous bacterial species of
the Proteobacteria and Firmicutes phylum,
including genera such as Clostridium, Escherichia,
Salmonella, Klebsiella, Streptococcus,
Desulfovibrio, and Enterobacter.t58” High-protein
diets are believed to increase H,S by supplying
the sulfide-rich amino acid, cysteine, which can be
easily converted to H,S. Additionally, cruciferous
vegetables (cabbage, cauliflower, kale, broccoli,
etc) and durian fruit can directly release H,S during
digestion.®” At low concentrations, hydrogen
sulfide is protective for the gut barrier. However,
too much hydrogen sulfide leads to a disruption in
ATP synthesis within mitochondria, which can
destabilize the gut mucosal layer and promote
inflammation.

Interestingly, sulfate reduction, acetogenesis, and
methanogenesis compete for H2, which is
produced by hydrogenotrophic microbes. The
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end-product is dependent on substrate
availability, hydrogenotrophic microbes. The
end-product is dependent on substrate
availability, thermodynamics, and pH. The human
gut environment favors methanogenesis, due to
the neutral pH of stool and low sulfate levels in
diet.2® However, if consuming high amounts of
dietary sulfate (i.e. bread, beer, wine) with low
stomach acid, sulfate reduction may overtake
methanogenesis.® As with many things in the
human body, balance is key.

Overproduction of hydrogen sulfide is
detrimental to intestinal health. Reducing H,S
production can be accomplished by limiting
cysteine and homocysteine in diet, which are
sulfur containing amino acids.®” Increasing H,S
production can be accomplished through amino
acid supplementation and cruciferous vegetable
intake.

GASES

Methane gas is a fermentation byproduct of both
saccharolytic and proteolytic fermentation.
Methane can be produced by both anaerobic
archaea, including Methanobrevibacter smithii,
M. luminyensis and M. stadtmanae, as well as
bacteria belonging to the Methanogenium,
Methanobacterium, and Methanosarcina
genera.®%° These microbes produce energy from
the biosynthesis of methane. Methanogens are
present in 30—62% of humans, where they can
utilize resistant starches, cellulose, acetate,
trimethylamine, and ammonia in order to produce
methane gas as a result.®’ Methanogens are also
known to compete with acetogens for H2, but
due to a significantly higher hydrogen
concentration threshold, acetogens cannot
out-compete methanogens for precursors.%?
Because methane cannot be utilized by human
cells, it may accumulate in the intestines, causing
excess gas and bloating that is linked to many
digestive disorders.®® In addition to detrimental
physical effects, it has also been speculated that

methane belongs to a novel family of
endogenous gaseous transmitters, termed
“gasotransmitters”, with chemical and biological
effects.®

Unlike hydrogen, there are no known
mechanisms for depleting methane in the human
intestinal tract, although methanotrophic bacteria
that metabolize methane exist in a variety of
water and soil environments.®® Instead, some
methane is excreted from the colon, most is
absorbed into the bloodstream and expelled
from the lungs through exhalation, and in rare
circumstances, some methane can get trapped
inside submucosal cysts of the intestinal lining.%®
For this reason, methane production can be
measured more directly using stool samples and
indirectly with breath tests. However, it is worth
noting that an undetectable concentration of
breath methane does not indicate an absence of
methanogens, as methane can be passed
through or trapped within the colon.

Methanogens may contribute to weight gain by
slowing intestinal transit and impairing gut
motility, thereby increasing calorie uptake from
foods in the digestive tract, which can
exaggerate weight gain and other digestive
issues like constipation.®” While methanogens
appears to be elevated in obese populations, M.
smithii populations appear to be even higher in
individuals that suffer from anorexia nervosa than
obese individuals.®® Interestingly, the gut
microbiome of anorexic patients appears to
adapt to severely low caloric intakes by
increasing methanogens to slow down Gl transit,
buying more time for additional caloric extraction.
Constipation is also associated with an increased
production of methane and a greater abundance
of methanogens in the gut.®® Increased
methanogens in the oral microbiome have also
been observed in patients with periodontitis,
suggesting that methanogens are a complex
group of archaea and bacteria that warrant
further investigation.'®

Furthermore, methane producers compete
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with butyrate and acetate producers for substrate utilization, which is why methanogens are indirectly
related to inflammatory gut conditions.®” If methanogens are elevated, this could indicate an
overabundance of TMA, acetate, or ammonia in the gut. If the diet is rich in simple and complex
carbohydrates, then restricting simple sugars and consuming other prebiotic fibers like non-digestible
oligosaccharides could help to improve diversity of keystone species without overfeeding methanogens.
If the diet is rich in protein, consider first whether or not protein digestion is adequate, as protein
maldigestion and overconsumption can both result in greater proteolytic fermentation. If protein in the
form of red meat is being overconsumed, consider diversifying the intake of various proteins and
balancing protein intake until symptoms improve. In some cases, moderate consumption of saturated
fats like coconut oil and grass-fed butter have been associated with reduced levels of methanogens.'
However, this should not be confused with high-fat diets, as high-fat diets have been shown to increase
the abundance of Methanobrevibacter smithii, which has been associated with weight gain. Additionally,
some animal studies suggest that saturated fats may have an inflammatory effect on the gut if the gut
lining is hyperpermeable, but more human research is needed to fully understand the various effects
that saturated fats can have on the human gut microbiome.® In many cases, the best way to counteract
methane production is to stimulate gut motility with ingredients like ginger root, dandelion root, licorice
polyphenols, artichoke leaf extract, and berberine to name a few.

PATHWAYS OF GUT INFLAMMATION
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HORMONES AND
NEUROTRANSMITTERS
PSYCHOBIOME

Gamma-Aminobutyric Acid (GABA)

The amino acid glutamate is metabolized by
certain gut bacteria to produce gamma-
Aminobutyric acid (GABA), a neurotransmitter that
blocks specific signals in the central nervous
system in order to slow down brain waves."*® This
elicits a calming effect on the brain and may
improve mood and sleep. Bacillus subtilis,
Escherichia coli, Lactobacillus rhamnosus (JB-1),
Bifidobacterium dentium, as well as several
species of Bacteroides can produce GABA within
the gut.'°3%4 |n rodent studies, high-fat diets are
shown to reduce GABA levels in the prefrontal
cortex by 40%.'°* This outcome was associated
with reduced levels of Bacteroides and a
depressive-like behavior, but more human clinicals
are necessary to better understand the relationship
with high-fat diets and the human gut microbiome.
If GABA producers are low, research suggests that
the consumption of fermented dairy products,
moderation of foods that are rich in fat, and the
supplementation of probiotics containing Bacillus
subtilis, Lactobacillus rhamnosus (JB-1), or
Bifidobacterium dentium may support adequate
GABA production in the gut.

Glutathione

Glutathione is the most powerful antioxidant in the
human body. It is found in nearly every cell in the
body and is the primary agent of detoxification in
the liver. Glutathione can also act as a hormone,
regulating the release of GABA and dopamine.
Glutathione is produced from three amino acids
glutamate, cysteine, and glycine which are
obtained from food or supplementation.'®
Deficiency in glutathione may lead to the
production of free radicals and oxidative damage
throughout the body. Recent evidence suggests
that the gut microbiome dictates the levels of
glutathione in the body. For example, a recent
murine study found that bacteria residing in the
small bowel may consume glycine for energy,
thereby depleting resources for glutathione
production.’®® Because of this observation, it may

be beneficial to consider microbial composition of
the small intestine and large intestine to predict
gut-derived glutathione production.’” Lactic acid
bacteria like L. fermentum, S. thermophilus, E.
faecalis, S. agalactiae, Lactococcus lactis, L.
salivarius, as well as Listeria monocytogenes, are
known to produce glutathione directly.'08™°
Additionally, supplements containing glutamate,
cysteine, or glycine may also encourage
glutathione production in the gut. In fact, whey
protein, likely due to its higher cysteine content,
has specifically been shown to increase glutathione
production.™

METABOLISM AND GUT HEALTH

Indole

Indole is a byproduct of the microbial degradation
of tryptophan via the enzyme tryptophanase. There
are a multitude of bacteria that can produce
tryptophanase, including members of Bacteroides
and Enterobacteriaceae.”'?¢ Indole plays an
important role in host defense and fortifies the
intestinal barrier by increasing tight junction protein
expression and downregulating the expression of
pro-inflammatory cytokines.™ Indole can also
induce glucagon-like peptide-1 (GLP-1) secretion,
which can promote satiety by inhibiting gastric
secretion and motility.””” Furthermore, indole is a
signalling molecule for bacteria, used to influence
motility, biofilm formation, antibiotic resistance, and
virulence, and it is shown to have antimicrobial
effects against gut pathogens like Salmonella
enterica.”® However, the overproduction of indole
can increase its transport to the liver, where it can
be sulfated to 3-indoxyl sulfate, a known kidney
toxin.”® Tryptophan is abundant in foods such as
cheese, poultry, red meat, egg white and seeds;
and therefore, these foods can increase indole
production in the gut. Furthermore, indole’s ability
to act as a signalling molecule for both intestinal
cells and bacteria is dose dependent, so high
concentrations can render it ineffective.” Other
indole metabolites like indole-3-lactate,
indole-3-acetate, and indole-3-propionate can also
play beneficial roles in intestinal barrier function
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Indole

and reduce high-fat diet induced endotoxemia.'?® Producers of indole include: Bacteroides
thetaiotaomicron, Bacteroides ovatus, Clostridium limosum, Clostridium malenomenatum, Clostridium
lentoputrescens, Clostridium tetani, Clostridium tetanomorphum, Clostridium ghoni, Clostridium sordellii,
Desulfovibrio vulgaris, Enterococcus faecalis, Escherichia coli, Fusobacterium nucleatum, Haemophilus
influenzae, and more.
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SEX HORMONES

Estrobolome (Estrogen Recycling)

The estrobolome is a network of over 60 genera of bacteria whose enzymes and other by-products are
capable of deconjugating and recycling excreted estrogens. The main forms of endogenous estrogens
are estradiol (most abundant in nonpregnant women prior to menopause), estrone (most abundant after
menopause), and estriol (most abundant during pregnancy). This deconjugation process is handled by
gut bacteria with B-glucuronidase and 3-glucosidase activity.™® Circulating estrogens in the bloodstream
can be conjugated by the liver and transported into the intestinal tract for elimination. When the
estrobolome is within healthy range, the body is able to effectively excrete conjugated estrogens into
the feces. However, when the estrobolome is too high, estrogens that are marked for excretion can be
repackaged and recycled - sent back to the liver and into circulation. In this way, an overabundant
estrobolome can therefore support estrogen dominance, bypassing the body’s normal mechanism for
estrogen excretion. According to recent research, increased 3-glucuronidase activity has been directly
associated with high-fat, high-protein diets and increased circulating levels of estrogen.®* Alternatively,
high-fiber diets appear to be associated with decreased 3-glucuronidase activity, but more research is
needed to better understand the direct impact of diet on this complex bacterial network.”™ In general,
hormonal imbalances seem to be associated with an overabundance of bacteria with high
B-glucuronidase activity (Clostridium, Proteobacteria, E. coli, Salmonella, Pseudomonas, Bacteroides,
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Estrobolome (Estrogen Recycling)

Shigella, and Streptococcus) and a decreased abundance of SCFA-producing and gut-barrier-protecting

bacteria (Akkermansia muciniphila, Lachnospiraceae).3135%3¢ Studies also suggest that increasing the
abundance of Bifidobacterium and suppressing Clostridiaceae may improve estrogen balance in the body.™

; ; ESTROBOLOME WITH ;
Intestinal Reabsorption of Fecal Excretion of
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VITAMIN SYNTHESIS

A balanced and healthy gut microbiome is
necessary for the proper digestion of food and the
production of essential nutrients. Gut bacteria
synthesize vitamin K2 and many of the B vitamins
including biotin, cobalamin, folates, nicotinic acid,
pantothenic acid, pyridoxine, riboflavin, and
thiamine."*? Bacteroidetes synthesize the majority
of B vitamins, however Fusobacteria,
Proteobacteria, Firmicutes, and Actinobacteria are
also capable of completing this task.*? Vitamin K2
is produced by many members of gut bacteria
including Bacillus subtilis, E. coli, certain species of
Lactobacillus, and others.

It appears that the most important factor in a
well-rounded vitamin synthesis microbial network
is the diversity of microbial species. For example,
antibiotic usage is linked to poor vitamin K status,
yet during periods of low vitamin K intake, a
diverse and balanced gut microbiome can make up
for dietary insufficiencies. In addition, vitamin
synthesis requires a complex cross-feeding
relationship among various bacterial species,
underscoring the importance of diversity for
vitamin production.

Generally speaking, Bacteroidetes produce the
greatest number of B vitamins. Riboflavin and
biotin are produced by nearly all members of
Bacteroidetes, Fusobacteria, and Proteobacteria,
while Firmicutes and Actinobacteria produce very
little. Fusobacteria produces the greatest amount
of vitamin B12. These biologically important
bacteria can help you understand your unique
vitamin needs based on the status of your gut
microbiome.

Vit B1: Thiamin

Thiamine is necessary to convert carbohydrates
into energy. Thiamine can come from dietary
sources, such as meat, eggs, cereal sprouts, rice
bran, and beans, and must be metabolized before
it is able to be absorbed. However, thiamine can
also be produced by gut bacteria which does not
require further metabolism by the human body.
Gut-derived thiamine is rapidly absorbed and used
for energy generation within the gut. Bacteroides
fragilis, Prevotella copri, Clostridium difficile, some
Lactobacillus spp., Ruminococcus lactaris,
Bifidobacterium spp, and Fusobacterium varium
are vitamin B1 producers.™® Lactobacillus casei and
B. bifidum produce thiamine during the production
of fermented milk drinks. However,
Faecalibacterium spp. (Firmicutes) lack a vitamin B1
synthesis pathway even though they require
vitamin B1 for their growth, which means they must
acquire this nutrient from other bacteria or from
dietary thiamine."® This suggests that there is
competition for vitamin B1 between the host and
certain intestinal bacteria.

Vit B2: Riboflavin

Vitamin B2 (riboflavin) is a cofactor for the TCA
cycle and fatty acid beta-oxidation. Therefore, it
helps with extracting energy from nutrients. In
addition, research suggests that vitamin B2 is
associated with the differentiation and function of
immune cells through the regulation of fatty acid
beta-oxidation."*® Bacteroides fragilis and
Prevotella copri (Bacteroidetes); Clostridium
difficile, Lactobacillus plantarum, L. fermentum,
and Ruminococcus lactaris (Firmicutes) express
factors essential for vitamin B2 synthesis,
suggesting that these bacteria are an important
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Vit B2: Riboflavin

source of vitamin B2 in the large intestine.
Bacteroides fragilis, Prevotella copri, Clostridium
difficile, Lactobacillus plantarum, L. fermentum,
and Ruminococcus lactaris are considered
essential for vitamin B2 synthesis."®

Vit B5: Pantothenic Acid

Pantothenic acid is a precursor of coenzyme A
(CoA), an essential cofactor for the TCA cycle and
fatty acid beta-oxidation. Vitamin B5 is thus
essential for gaining energy from food as well as
generating energy for immune cells. Vitamin B5 is
found in foods such as liver, eggs, chicken, and
fermented soybeans. Vitamin B5 derived from gut
bacteria exists as free pantothenic acid, which is
directly absorbed in the large intestine, converted
to CoA, and distributed in the same way as dietary
vitamin B5."® Bacteroides fragilis, Prevotella copri,
Ruminococcus lactaris, Ruminococcus torques,
Salmonella enterica, and Helicobacter pylori
produce vitamin B5 endogenously. In contrast,
most Fusobacterium, Bifidobacterium spp.,
Faecalibacterium spp., Lactobacillus spp., and
some strains of Clostridium difficile are not able to
produce B5, yet they need it for their growth,
suggesting that these bacteria compete with the
host for vitamin B5 utilization."®

Vit B6: Pyridoxine

Vitamin B6 is an incredibly versatile nutrient that
supports immunity, brain function, and protein
metabolism. It is also a necessary, rate limiting
cofactor for neurotransmitter production, including
dopamine, serotonin, gamma-aminobutyric acid
(GABA), noradrenaline, and the hormone
melatonin.” This nutrient is found abundantly in
foods, particularly fish, chicken, tofu, sweet potato,
and avocado. B6 can also be produced by
commensal gut species including Bacteroides
fragilis, Prevotella copri, Bacillus clausii,
Corynebacterium glutamicum, Listeria
monocytogenes, Streptococcus mutans,
Bifidobacterium longum, Collinsella aerofaciens,
and Helicobacter pylori.*? Human gut microflora
contribute up to 86% of the daily recommended
intake of B6."8

Vitamin Biosynthesis
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Vit B7: Biotin

Biotin is a water soluble vitamin necessary for
growth, development, and energy production and
may support healthy hair, skin, and nails. Biotin also
acts as a cofactor for 5 carboxylases and plays an
important role in balancing immune responses.
Biotin is synthesized from tryptophan by intestinal
bacteria and can also be found in foods such as
meat, beans, milk, and cereal grains. Interestingly,
when the human body is deficient in biotin,
intestinal cells can actually increase the biotin
uptake process, allowing the human host to feed
off of biotin produced by the gut microbiome."?
Bacteroides fragilis, Prevotella copri, and several
members of the Proteobacteria phylum possess a
vitamin B7 biosynthesis pathway. In contrast,
species belonging to Prevotella, Bifidobacterium,
Clostridium, Ruminococcus, Faecalibacterium, and
Lactobacillus are unable to produce biotin yet need
it for survival, suggesting that these bacteria may
compete with the host for biotin utilization146 Free
biotin in the gut can change the composition of the
gut microbiome and is linked to the overgrowth of
Lactobacillus murinus and unfavorable outcomes.
Furthermore, Bifidobacterium longum produces a
B7 precursor that enhances vitamin B7 production
by other intestinal bacteria. Gut bacteria only
contribute about 5% of the daily recommended
intake of B7 for adults, so it is important to ensure
adequate biotin intake from the diet and/or
supplementation.™®

Vit BO: Folate

Vitamin B9 (folate/tetrahydrofolate) is essential for
healthy blood cells. It also promotes immune
homeostasis and is a cofactor in several metabolic
reactions, including DNA and amino acid
synthesis."2"? Vitamin B9 can be found in foods

such as beef liver, green leafy vegetables, and
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asparagus. Vitamin B9 produced by intestinal bacteria is directly absorbed into the colon, contributing up
to 37% of the daily recommended intake for B9."*8 Vitamin B9 producers include Bacteroides fragilis,
Prevotella copri, Clostridium difficile, Lactobacillus plantarum, L. reuteri, Streptococcus thermophilus,
some species of Bifidobacterium spp, Fusobacteria, and Salmonella enterica.'*

Vit B12: Cobalamin

Vitamin B12 (cobalamin) is a cobalt-containing vitamin that catalyzes the synthesis of the amino acid
methionine. B12 is also crucial for healthy red blood cells, brain and nervous system function, DNA
regulation, and metabolism. B12 can be found in animal products, such as meat and eggs, but it can also
be produced by gut bacteria and rapidly absorbed into the intestines."? In fact, gut-derived B12 production
contributes up to 31% of the daily recommended intake for this nutrient.™® Bacterial vitamin B12 is
synthesized by Pseudomonas denitrificans, Bacillus megaterium, Propionibacterium freudenreichii,
Bacteroides fragilis, Prevotella copri, Clostridium difficile, Faecalibacterium prausnitzii, Ruminococcus
lactaris, Bifidobacterium animalis, B. infantis, B.longum, and Fusobacterium varium. Furthermore,
Lactobacillus plantarum and L. coryniformis isolated from fermented food produce vitamin B12, and
Bifidobacterium animalis synthesizes vitamin B12 during milk fermentation."¢

Vit K2: Menaquinone-7

Vitamin K2 is a fat-soluble vitamin necessary for calcium metabolism that essentially guides calcium out of
arteries and soft tissue into bones and teeth where it belongs. K2 is critical for the health of teeth, bones,
nerves, and the cardiovascular system. K2 can only be produced by bacteria, thus fermented foods are the
primary dietary sources of this nutrient.™®"® Gut bacteria including Escherichia coli, Bacteroides vulgatus,
Bacillus subtilis, and Bacteroides fragilis can also produce K2 endogenously.™” K2 appears to be poorly
absorbed into the bloodstream by itself, whether it comes from endogenous or exogenous sources.

However, minerals like zinc and magnesium can increase the absorption of vitamin K2 in the gut.
Additionally, microbially derived K2 can be found in the ileum,

where it plays a protective role against oxidative tissue damage.™ Resistant
Polysaccharides

« Green Banana Flour
« Potato Starch

Keystone Species - Inulin

Keystone species are beneficial bacteria that have a
disproportionately large effect on both their habitat and the status
of other microbial communities of the gut. These protective

1° Degraders

- Bifidobacterium spp.
« Ruminococcus bromii

bacteria produce molecules that act as food for other bacterial + Ruminococcus flavefaciens

species and also control the acidity and inflammatory tone of the

gut. For example, primary degraders like Bifidobacterium and Intermediate Products
Ruminococcus ferment complex fibers like resistant starches and . Acetate
cellulose into oligosaccharides. Secondary degraders like + Lactate

. . . . ) » Mono/Oligosaccharides
Akkermansia, Faecalibacterium, Eubacterium, and Roseburia can

break down these oligosaccharides and convert them into
Butyrate producers

- Akkermansia muciniphila

- Faecalibacterium prausnitzii
« Eubacterium rectale

« Roseburia intestinalis

beneficial short-chain fatty acids like butyrate.

Keystone species create an environment of healthy balance
within the gut. The abundance of keystone species may be

relatively large or small, yet without them, the gut microbial
community cannot prosper. Butyrate
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