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Symbiosis, |

Relationships of microorganisms with other microorganisms or with
macroorganisms —prolonged and intimate relationships

Symbiosis, a word that means “living together”

Parasites are microorganisms that benefit at some expense to the host
Pathogens actually cause a disease in the host

Commensals have no discernible effect on the host

Mutualists are beneficial to the host

Mutualistic microorganisms as intimate evolutionary partners that influence both the
evolution and physiology of their hosts

Origins many millions of years ago and have evolved to benefit the physiology of
both partners, a process called coevolution —> obligate symbiosis



Symbiosis, Il

Stephens, 2022

Trends in Ecology & Evolution
e Many hosts, both plants and animals, have evolved specialized structures to filter and house beneficial microbes
e Symbiotic organs share some core features linked to the evolutionary maintenance of beneficial symbiosis

e ‘Joint phenotypes’ have developed given the various selection pressures on symbiotic organs, including fitness feedbacks
and conflicts between interacting genomes



Evolution of bacterial variants by
acquisition and loss of genetic information

Genome structure reflects bacterial lifestyle

Genome reduction is common in intracellular Common bacterial ancestor
bacteria (obligate intracellular pathogens, f
endosymbionts) contributes to the evolution of
strictly host-dependent bacterial variants —>
bacteria rely on host cell to compensate for the

gene functions that are lost /
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different species is common in extracellular bacteria
(facultative pathogens, symbionts), which involves
mobile genetic elements, such as plasmids,
genomic islands (GEIs) and bacteriophages—>
increases versatility and adaptability of the
recipient —> allows bacteria to adapt to a new or
changing environment

Point mutations and genetic rearrangements
constantly contribute to evolution of new gene
variants in all types of bacteria. HGT, horizontal
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Intracellular bacterium, Extracellular bacterium, All lifestyles
gene transfer obligate intracellular pathogen, facultative pathogen,
endosymbiont symbiont

5 Dobrindt et al., 2004



Obbligate symbionts

Streamlined genomes: retain only genes required for host fithess and
essential molecular processes, such as translation, replication, and
transcription

Genome reduction implies that the symbionts are reliant on the host
for many functions no longer encoded in the symbiont genome

Primary symbionts vs. disease-causing bacteria (pathogens): primary
symbionts tend to lose genes encoding proteins required in
catabolic pathways, pathogenic bacteria typically retain these,
but lose genes for anabolic pathways

Differing relationships with their hosts; the insect symbiont provides
the host with essential biosynthetic nutrients while the pathogen
obtains important biosynthetic nutrients from the host



TRANS-KINDOM SYMBIOSIS

e Trans-kingdom symbiosis,
microbiota cooperate with their

animal hosts

Regulation the development and
function of the immune,

metabolic and nervous systems

Dynamic bidirectional
communication along the ‘gut—

brain axis’

HPA axis
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VERY OLD SYMBIOSIS

Deep evolutionary past ’ ‘ Recent human evolution
* Self-replicating molecules Immune system Divergence from Anatomically * Agriculture
* Asymmetric cell division development chimpanzee modern humans = Urbanization
Population
expansion and
* Bipedalism Neanderthal migration;
* Increased brain size Out-of-Africa | | and Denisovan modern
Multicellularity Placentation * Gene duplications bottleneck introgression environments

* Genetic disease Cancer Pre-eclampsia * Schizophrenia Decreased genetic * Chronic kidney
* Ageing * Autism spectrum disorder | | diversity in non-Africans disease
e Epithelial cancers * Obesity
* Pathogen response * Type 2 diabetes
¢ Autoimmune diseases * HIV-1/AIDS
* Sickle cell disease * Allergies * Ulcerative colitis
* Asthma * Neuropsychiatric disorders || ® Coeliac disease

A timeline of evolutionary events in the deep evolutionary past and on the
human lineage and associated microbes
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ADb Initio

Prior 1983, knowledge based on culturable gut bacteria only and
gut was considered as pretty axenic place

Major questions:
Do individuals share a core human microbiome?

Is there a correlation between the composition of microbiota colonizing a body site
and host genotype?

Do differences in human microbiome correlate with human health?

Are differences in the relative abundance of specific bacterial populations important to
either health or disease?

What is a ‘healthy’ microbiome?

Now we now:

Microbial community (1) competes for and generates nutrients, (2)
influences and is shaped by the host innate and adaptive systems, and (3)
protects against pathogens and also triggers acute and chronic disease
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What is a human being?

Bacterial Microbiota: Fungal Microbiota:
1013_1014 1012_1013
(Bacteriome) (Mycobiome)

e Complex ecosystem

e Cross-Domain and Viral Interactions

Human Microbiota
and Macrobiota

Helminths: Viral Mlcrob1i;>ta:
0-10% 10'4-10
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Main Taxonomic Groups of the Human Gut
Microbiome and the Domain/Kingdom Level

Bacteria:
10* cfu g faeces,
27% of stool dry mass,
~4x10" (~0.2 kg) total §§
~93% of total DNA,
(Sender et al., 2016)

Shkoporov & Hill, 2019 o « Humans are mi_crobial Z00S |
« Humans and microbes are interconnected for life
O
10° - 10 cfu g faeces,
(Wampach et al., 2017)
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Human-microbes association

Microbiome: functional collection of different microbial genes/DNA in a particular
environmental system

Skin
Left and right
retroauricular crease

Human microbiome formed by different microbiota (i.e. organisms living in a specific
environment)

,, Airways
"\ Anterior nares

Human holobiont and found an approximate ratio of only 1:1 of bacterial to human cells
(Senders et al., 2016)

Oral

Total number of gut bacteria of today’s human population is between 3 x 1023 and 5 x 1023,
dental plaque: 8 x 1021 cells, skin:1 x 1021 cells

Tongue dorsum
Buccal mucosa

Supragingival plaque
Subgingival plaque
Saliva

Skin
Left and right
antecubital fossa

Gut
Feces

Gastrointestinal

Vagina
Posterior fornix

Mid vagina
Vaginal introitus

PC2 (4.4%)

Madigan et al. 2018

What about viruses?

PC1 (13%)

The Human Microbiome Project Consortium, 2012 12



Human Virome

Gut bacteria: Gut phages:
* 90% are members of * Mostly double-stranded and
the Firmicutes and single-stranded DNA phages
Bacteroidetes phyla Ratio of bacteria | ® Myoviridae, Podoviridae, Siphoviridae
. * Remaining members belong | to phage particles | and Microviridae
The human QUt 1S home to dense to Proteobacteria, P 91;2 * Infect members of the Firmicutes,
- : Actinobacteria, Bacteroidetes, Proteobacteria and
bacterial and phage popu lations Fusobacteria and Actinobacteria
that are involved in regulating Verrucomicrobia phyla * Mostly integrated as prophages

human health

Phages regulate bacterial
abundance, diversity and
metabolism

Despite high bacterial abundance
and metabolism, the majority of
described phages in the gut are
integrated within their bacterial
hosts

Nl Sl Wil Vit Sl Bnmasil) Wil Wil Mot Ssaasth

Nature Reviews | Microbiology

13 Khan Mirzaei & Maurice, 2017


https://www.nature.com/articles/nrmicro.2017.30#auth-1

Virome role

Different bacteria—phage interactions
occur depending on the health status
and development stage of the human
host

The approximately 1015 phages that
inhabit the human intestine are
predominantly dsDNA viruses in

the Myoviridae, Podoviridae,

and Siphoviridae families of the
order Caudovirales and ssDNA
viruses of the family Microviridae,
constituting an estimated 1,200 viral
genotypes

Roles of the viral fraction
of the human microbiota (virome)

o

& * Genetic engineers

« Infection control . Ecosys}:m modulators
e

pathogenesis

*Not actual scale
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Lopez et al. 2019

Virome challenges

1) No universal gene exists, WGS required

VirA

S WE

«Viruses are polyphyletic
» High rate of Horizontal Gene Transfer

+ No universal gene (like the 165 in Bacteria
* No Common Ancestor

WGS Metagenomics

« Uneven genome sampling
« Commonly assembly-dependent

/-.A

Bacteriophage Infection

« Viruses may switch to a lysogenic cycle

and integrate its genome into the host’

chromosome

« Bias towards abundant species
- Short contigs are non-informative

> GG

Prophage Integration

« Contigs mistaken for bacteria
s « Not the target of regular protocols
« Not active, until Iytic cycle is triggered

4) RNA/DNA from t

« Viruses have small genomes
- 1.8 kbp-25Mbp
« Most commonly <200kbp

\Q |

« Human's 22 chromosomes, X, Y, and

he host and bacteria

Bacteria commonly
have 0.5 - 10 Mbp
genomes

— \fwuses

= Bacteria

— Human

mtDNA sum ~3.6 Gbp

« DNA in 1 cell is equivalent to half a million of some viruses

(& YaY

I W Metagenomic datasets

*Not scaled

commonly have very
few viruses

« Many viruses have no suitable

« Most viral sequences are from

2) Viromics require
DNA+RNA protocols

DNA 3
Viruses A8 > }%‘
v

- Sequencing can be GTTTCGT
carried after extraction ?(T}CGI;‘\ATI_L?
- Alternatively, vural_ CGGATC
sequences are enriched CCTGAC

24

A

RNA a8 5 \[\/%

4
Viruses

« DNase/RNase treatment
removes unencapsidated v
exogenous DNA/RNA \[\J << 2

E ( [ <

3 v

O

8 GTTTCGT

3~ ATCATTG

3 ) TGGATAT

3 CGGATC
CCTGAC

5) Uncharacterized
viruses

+ Reference sequences
in available databases

specific viruses

reference sequence

non-culturable experiments
and have not been identified

Pathogens

3) Experimental bias
of enrichment methods

~ DNA copies
—

« DNA enrichment methods
preferentially amplifies
small cirular genomes

« SISPA, used for cDNA
amplification of RNA
viruses, generates
sequence artifacts

DNA Enrichment

are often biased towards

& Particle Enrichment

6) Complex
Taxonomy

« Assignation of all levels
in the taxonomy of viruses
Is not obligatory

« Classes and phyla are
normally not assigned

« Even the genus may be
missing for some viruses

« Historically, taxonomy
was assigned due to
morphology or host

15



Human-microbes an ecosystem
within ecosystems

e Microbial population based on cultured-dependent methods differ from culture-

independent methods

Skin
B Propionibacterium
| Staphylococcus
I Corynebacterium
Anaerococcus
I Streptococcus

\ ' Other

e 16S rRNA gene: species cluster with > 97% sequence similarity,

Saliva
B streptococcus

I Pasteurellaceae

P Prevotella
Veillonella

I Fusobacterium

" Neisseria
B Actinomyces

I Forphyromonas
. Other

Urogenital tract
B Lactobacillus

" Prevotella
I Gardnerella
Atopobium

[ Sneathia

| Bifidobacterium

B Megasphaera
B Anaerococcus
| Other

culture-independent method

Gastrointestinal tract
I Bacteroidetes

" Firmicutes
I Lentisphaerae
Proteobacteria
I Tenericutes
" Verrucomicrobia

. Other

Madigan et al. 2018



Human-microbes interactions

e Many programs to study Prok-Euk interaction in the human ecosystems

. (7 i e
(A) bacterial cell (specifically, E. coli: V= 1 “mg;L ~1 pm; t=1 hour) (C) mammalian cell (specifically, HeLa: V= 3000 um?; L = 20 um; t= 1 day)

memprane o
wate(‘ prot/eln inorgariic Ilplld .
\ ion protein *
‘ R /
5% 10° &{wg 5x107
m 3x 10° 9 2x10° 8 3x10%bp
2x10% /2x10% SxIwbR 108
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¢
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6x10% 3. 00 2

fanann 10'°

TS

mRNA ribosome DNA

TABLE 24.1 Major human microbiome research programs

Research program Participating countries Programmatic objectives

MetaGenoPolis France Demonstrate the impact of the human gut microbiota on health and disease using
metagenomics technology

International Human Microbiome Standards European Commission Optimize methods for the assessment of the effects of the gut microbiome on
human health through the standardization of procedures and protocols

Korean Twin Cohort Project Korea Characterize microbiota associated with epithelial tissue in a twin cohort study
group, with the goal of identifying targets for early disease diagnosis and
prevention

NIH Human Microbiome Project (HMP) USA Characterize the microbes that live in and on the human body, and assess the
ability to demonstrate correlations of changes of the human microbiome with
health

Canadian Human Microbiome Initiative Canada Characterize the microorganisms colonizing the human body. Evaluate their

relationship to health and examine compositional changes associated with
chronic disease

NIH Jumpstart Program USA Generate the complete genome sequences of 200 bacterial strains isolated from
the human body; recruit donors for securing samples from five body regions,
and perform 16S rRNA and metagenomic sequence analysis of the sampled
body regions

Integrative Human Microbiome Project USA Crowdsourcing model to secure fecal samples for 16S rRNA sequence analysis

17 Madigan et al. 2018
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HMP 1 & HMP 2

HMP1 (=—Nasal

0ol Community Microbial Host genome
composition pathways sequences
. Gut
Vagina £ Skin \ o,. —ﬁ—?— 1
- & O
Healthy cohort study ' S
, 7 e Characterize microbiomes
. -~ ® / ¢ Correlate with phenotype
%
Demonstration projects
"
Demonstration projects
HMP2 Community Microbial Virome
composition pathways profiles
% - — -
® ® | /
“ ., Qe

Host genomes

;::\"4 (f‘ LOﬂg'tUdlnal ‘v"";t «« '-Y/Ey,'”//\;”‘\”‘” /
=l sampling
) 4 > - N
- Meta)transcriptomics
Inflammatory (Meta) p

bowel diseases

-

2,

Epigenome profiles
X

(Meta)proteomics

Microbial isolate

genomes

Pl ot [

Antibody
profiles

Cytokine profiles

Q &
s ¢%%
IL-4 L2

Metabolomics
. @
o D
@)

* Characterize the host and microbiome

Pre-diabetes

iHMP, 2019 18

¢ Follow dynamics over time

HMP DCC
Data, tools,
protocols

-

_

Cytokine: substances, such
as interferon, interleukin, and
growth factors, which are
secreted by certain cells of
the immune system and have
an effect on other cells



Exploring international microbiomes

The body-wide human microbiome plays a
role in health, but its full diversity remains
uncharacterized, particularly outside of the
gut and in international population

Most characterization of these ecosystems
is still focused on microbes that are easily
cultivable, particularly when those with
sequenced isolate genomes are considered

Culture-independent genomic approaches
that are scalable to large cohorts have
facilitated access to an expanded set of
isolation-recalcitrant members of the
microbiome, but they also suggested the
presence of a large fraction of still
unexplored diversity

Non-Westernized populations harbor a
large fraction of the newly discovered
species

\

=

" A
(Metagenomlc assembly
- Single-sample assembly
- Validation and strict QC
- Clustering into species-level
L genome bins (SGBs)

r9,428 metagenomes

- 32 countries, multiple lifestyles

- 4 bodysites, all ages

- 7 non-Westernized datasets

s (inc. newly added Madagascar) U

154,723 microbial genomes from metagenomes
uSGB kSGB uSGB

New species without Known oral species New species associated New oral species associated

known isolates I with non-Westernized lifestyles with Westernized lifestyles
= == = Genome from a Westernized population

=nunns Genome from a non-Westernized population
= Available and annotated reference genome (usually from isolate sequencing)

uSGB

19 Pasolli et al., 2019


https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/microbiome
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/microorganism

Wang & Jia, 2016

Metagenome-wide association

a Choice of cohort b Sampling

=

1

f Identify associations with disease g Validation

studies

d Annotation and quantification e Co-abundance binning
¢ Metagenomic shotgun

. Reference gene catalogue
sequencing

PEm—— ¢

Genes (or contigs)
1:.2.3 45 6.7 .8

Genes (or contigs)
1 49 2 6 8 357

DNA extraction IS @ <X 1 -...-....
W = X T T 2 ...
e ||
Taxa Functional 4
pathways 5
Library preparatlon 6
3 7
A = S 8
(7]
9
/\ N 1 10l
C 1

Abundance
Low ™ Medium M High

1 2 3
Strain-level gene clusters

Gene Disease classifier Additional datasets Experimental validation
- Validation Multiomics
, 4ﬁ cohort

M~ . MFMF
: J'“‘“'\ NI /“6

Taxon Function 2 =
= Y :
Ck i

A B g >

E 0 /

% -.—_I—- = A ( :

C OH S

False-positive rate

Sufficient, extensive, sequence data

High-resolution investigation of association human microbiome and several complex diseases,
including type 2 diabetes, obesity, liver cirrhosis, colorectal cancer and rheumatoid arthritis

Dysbiosis: Imbalance of the microbiota at a body site that is caused by an overgrowth of pathogenic
microorganisms or a lack of commensal microorganisms —> disease
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Microbiome for individual
medicine

Translating microbiome research into
the clinic requires, in part, a mechanistic
and predictive understanding of

L. Guthrie, L. Kelly / EBioMedicine 44 (2019) 708-715

1 M H H a . T . . _
microbiome-drug interactions \ Diet Antibiotics ~ Drugs  Environmental toxins /

Human metabolism and individual
variation in drug response

Microbiome chemical mechanisms
shape drug metabolism

Microbiome modulation of drug
metabolism enzymes

Therapeutic drug influences on the gut
microbiome

Activation, Silencing and Toxicity

What is a ‘healthy’ microbiome?

21

Oxidation

Reduction

Hydrolysis
Conjugation

Altered expression and activity

Liver-gut-microbiome axis

Gut microbiome

'
Microbiota derived:

Uremic toxins

Deconjugated 1° BAs

2° BAs

Bilirubin metabolites

Steroid hormone metabolites

Reduction
Hydrolysis
Dehydroxylation
Demethylation
Dealkylation
Decarboxylation
Acetylation

Guthrie & Kelly, 2019



The healthy microbiome

a Measures of Microbial markers associated with Measures of
host health overall health microbiome health

1 Serum

.  C-reactive protein
’U e Cholesterol

e Glucose
Q& °IL-6

Bact2 enterotype CSTIV Resilience Resistance %\H

Diversity Functional redundancy

Dynamics O

Gene richness Akkermansia spp.

Blood pressure Bifidobacterium spp. SCFAs

Body mass index

Joos et al., 2024

b
Biomarker of disease Biomarker of future health and disease
e o o e © o Case-control ) . ) : 'w ) ftgl:]lgaliit:(;\i;]seﬁale cohorts
L REapee— $00 ame FHE | RO s
-— ] Y s s = . e Definition of health emerges from data
e o o ® o o disease or condition of interest Iw B e
w w w 'w w 'n‘ . s S e Biomarkers of future health and disease
L ) Tt
Healthy Disease Large population Health defined

no ‘healthy’ criteria through time

- Identification of features of healthy microbial communities that best facilitate the health of the host
* Need to combine independent measures of both the host and the microbial community health

« These measures represent the cumulative impact of genetic and environmental factors determining the overall health
of the host and/or the microbiota, such as_nutrition, medication or lifestyle choices (e.g., smoking, alcohol, sport..)




The healthy microbiome

strategic plan

Joos et al., 2024
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Defining health Health determinants Cross-cohort comparisons Biomarker identification Large control cohort
Health emerges from Can capture determinants Can be compared with Can help identify predictive Smaller satellite studies
population cohort with of microbiome composition other cohorts globally biomarkers of health and can access large bank of
working definitions of and host health disease controls and match for
host and microbiome confounders

health refined over time

« The development and maintenance of longitudinal population-scale cohorts represent the optimal
- strategy for future microbiome research
- These baseline longitudinal ‘core’ cohorts would consist of representative populations with no exclusion

criteria and inclusion restricted only by logistic or geographical factors 03



Influences of environmental factors on histone
acetylation and methylation via microbiome

Microbiota
(choline-consuming)

g

Hypoxia ‘, Methylatlon

aKG A
Dietary glutamine 0 Dietary methionine
Calorie restriction ] . Unmodified &

Dietary folate
Ketones | —— HDAcs’ 'm Acetyl-CoA @
o
g B
Ketogenic diet n

J 4 A Dietary fat
Acetylatlon

h r N

Butyrate Propionate Acetate V
LS o 0e |= Alcohol |
) ¢ ®e ! 9

Exercise

h

Dietary fibre : Microbiota
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Dai et al., 2020

S-adenosylmethionine (SAM) and
acetyl-CoA, that are used by
histone methyltransferases (HMTs)
and histone acetyltransferases
(HATS)

The activity of histone
demethylases (HDMSs) is
supported by a-ketoglutarate
(aKG), which can be derived
from dietary glutamine, and is
inhibited by the limited oxygen
availability during hypoxia

Ketone bodies and short-chain
fatty acids (SCFAs) such as
acetate, propionate and
butyrate can provide acyl-CoA
precursors for histone acylation,
while also directly inhibiting the
activity of histone deacetylases
(HDACSs)




Sanchez-Romero & Casadesus, 2020

Box 1| The epigenomes of eukaryotes and bacteria

» In eukaryotes, epigenetic modification of the genome involves DNA methylation’
and histone modification®. Bacteria lack histones, and epigenetic control relies on
DNA methylation only”.

* In eukaryotes, de novo and maintenance forms of DNA methylation are performed
by separate enzymes’. Bacterial DNA methyltransferases have both de novo and
maintenance activities’’.

* In eukaryotes, two main mechanisms exist to erase DNA methylation marks: active
demethylation by dedicated proteins (Tet enzymes), and passive demethylation by
the hindrance of DNA methylase activity upon DNA replication®. In bacteria, DNA
demethylation is usually passive®, and the relevance of active demethylation by
DNA repair remains to be evaluated®.

* In both bacteria and eukaryotes, transcriptional repression by DNA methylation is
common™®, Transcriptional activation of bacterial genes under DNA methylation
control often involves demethylation (partial or complete, single- or double-stranded)
of promoters or regulatory regions®’/##%90:54158,

* The methylated base typically involved in the control of eukaryotic transcription is
C>-methyl-cytosine’, whereas in bacteria it is often N°-methyl-adenine’'*. However,
direct control of bacterial transcription by C*>-methyl-cytosine has been demonstrated
recently'’®. Transcriptional control by N*-methyl-cytosine may also exist'*".

* |n multicellular eukaryotes, the DNA methylation pattern of the genome is
reprogrammed during gametogenesis and during early embryonic development”’.
In bacteria, reprogramming does not occur, and the DNA methylation pattern can be
transmitted unaltered across generations. However, the acquisition and loss of DNA
methyltransferase genes®' and recombinational shuffling of DNA methyltransferase
domains’”**'*’ can produce novel methylation patterns in bacterial genomes.

* In both bacteria and eukaryotes, DNA methylation controls the formation of phenotypic
variants of genetically identical cells. However, DNA methylation-dependent formation
of bacterial cell lineages can show programmed reversion (phase variation)>"*****,
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Factor shaping microbial gut community

@@i

Antibiotics Llfestyle

PR /S
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Hygiene

:}I—ygenmmumty p E Immunodeficiency |
||_:1 2 - H Altered intestinal microbiota | <~ | NOD2
TNF Y )
/ Chronic Metabolic =~ <=5
( mﬂammatlon dysfunction /

| \ \\ J\J
Lf \':}) Ckij \ ff)

 Environmental factors: antibiotics, lifestyle, diet and hygiene preferences
e Host’s genetic disposition has a role in influencing gut microbiota composition

e Hyperimmunity (owing to over-representation of pro-inflammatory mediators such as interleukin-6 (IL-6), IL-12 or
tumour necrosis factor (TNF))

 Immunodeficiency (owing to mutations in regulatory immune proteins such as NOD2 (nucleotide-binding
oligomerization domain protein 2) or IL-10)

e Dysbiosis affects levels of immune mediators and induces both chronic inflammation and metabolic dysfunction

26 Sommer & Biackhed, 2013



Contribution of gut microbiota to
human ecosystem functioning

TABLE 24.2 Biochemical/metabolic contributions of
intestinal microorganisms

Process Product or enzyme

Vitamin synthesis Thiamine, riboflavin, pyridoxine, B, K

Amino acid synthesis® Asparagine, glutamate, methionine,
tryptophan, lysine, and others

Gas production CO,, CHy, H,

Odor production H,S, NHs, amines, indole, skatole, butyric acid

Organic acid production Acetic, propionic, butyric acids

Glycosidase reactions B-Glucuronidase, B-galactosidase,

B-glucosidase, a-glucosidase,
a-galactosidase

Steroid metabolism Esterified, dehydroxylated, oxidized,
(bile acids) or reduced steroids

4Capacity for amino acid biosynthesis inferred from the identification of biochemical pathways encoded
in gut metagenomic sequences (@@ Sections 9.8 and 19.8).

Madigan et al. 2018 27



Secondary metabolite production by
gut microbiota association in human
ecosystem functioning

TABLE 24.3 Small bioactive molecules produced by bacteria in the large intestine

Compound Example producer
RiPP? (lantibiotic) Ruminococcin A Ruminococcus gnavus Antibiotic
RiPP? (bacteriocin) Ruminococcin C Ruminococcus gnavus Antibiotic
Amino acid metabolite Indolepropionic acid Clostridium sporogenes Protective anti-oxidant
Amino acid metabolite 4-Ethylphenylsulfate Undefined Neuromodulatory
Amino acid metabolite Tryptamine Ruminococcus gnavus Neurotransmitter
Volatile fatty acid Propionic acid Bacteroides spp. Immunomodulatory®
Oligosaccharide Polysaccharide A B. fraqgilis Immunomodulatory®

“Ribosomally synthesized and post-translationally modified peptides.
These small molecules promote colonization by normal microbiota.

Gut as a second brain

Madigan et al. 2018 28



Microbes and Immune System

Immune system does not properly develop in the absence of microbial stimulation
and that early life exposure to a variety of microorganisms is essential for developing
tolerance to beneficial microorganisms and recognizing pathogens as foreign

Window of opportunity for interactions in order to train the immune system

Thymic development of gut-microbiota-specific T cells

Antigen-specific recognition of intestinal microorganisms by T cells

Local environment shapes the differentiation of effector cells —> unclear how microbiota-
specific T cells are educated in the thymus.

Intestinal colonization in early life leads to the trafficking of microbial antigens
from the intestine to the thymus by intestinal dendritic cells, which then induce the
expansion of microbiota-specific T cells. Once in the periphery, microbiota-specific
T cells have pathogenic potential or can protect against related pathogens

In this way, the developing microbiota shapes and expands the thymic and
peripheral T cell repertoire, allowing for enhanced recognition of intestinal

microorganisms and pathogens
29



Dysbiosis

e Changes of interactions among microbes due to changes in communities

o Dysbiosis (altered microbial community) of the gut microbiome has been implicated in multiple

diseases:

% Inflammatory bowel disease (IBD)

* Necrotizing enterocolitis (in premature infants)

* Type 2 diabetes mellitus (T2DM)

Host .
genetics
Antibiotics

Gut mlcroblome /

Actinobacteria
Proteobacteria
Archaea
e Flrmlcutes

Bacteroidetes ZRanNag

Evolutionary history
(gut architecture)

Diet
Lifestyle

Hall et al. 2017

B Healthy control Patient

- . .

b Necrotizing

enterocolitis
B Firmicutes B Bacteroidetes Fusobacteria
B Actinobacteria Verrucomicrobia [ Proteobacteria

c T2DM




Gut-microbes association

Changing in space and time
Ever-changing microbial

Changing with age host .
communities and abundance

Changing with food ingested and drugs

Major bacteria present * Organ Major physiological
et = processes
Prevotella Esophagus
Streptococcus
Veillonella
~ Secretion of acid (HCI)

';’fé’;;%%i%tt‘:rr i Stomach Digestion of
Bacteroidetes macromolecules
Actinobacteria prl2
Fusobacteria =
Firmicutes Duodenum
Enterococei Continued digestion
Lactobacilli Jejunum Absorption of

. (10%-10* cells/g) monosaccharides,
Bacteroides — Small amino acids, fatty
Bifidobacterium intestine  acids, water
Clostridium pH 4-5
Enterobacteria
Enterococcus lleum
Escherichia (108 cells/g)
Eubacterium -
Klebsiella Coloi
Lactobacillus (10'1-1012 Absorption of bile
Methanobrevibacter cells/q) _Large_ acids, vitamin By

(Archaea) intestine pH7

Peptococcus
Peptostreptococcus
Proteus
Ruminococcus
Staphylococcus Madigan et al. 2018
Streptococcus

31



Gut microbiome enhances dietary energy harvest

Small intestine Colon
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Undigested carbohydrates are the principal fuel for microbial fermentation, from which the gut
microbiome generates the short-chain fatty acids (SCFAs) acetate, butyrate and propionate

SCFAs enhance 1. gut barrier function by increasing mucus secretion and decreasing luminal pH,
thereby protecting the intestinal lining from damage and preventing the entry of harmful pathogens
into the bloodstream; 2. have antinflammatory and immunomodulatory effects, contributing to

overall gut health and reducing the risk of gastrointestinal diseases
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Gut microbiome enhances dietary energy harvest
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Macronutrients available for breakdown by host enzymes are digested in the small intestine

Small intestinal macronutrient absorption supplies the host with energy predictable by biochemistry (carbohydrate,
~4 kcal g-1; protein, ~4 kcal g-1; fat, ~9 kcal g-1)

Dietary fat is readily absorbed in the proximal small intestine —> fat digestion canonically depends exclusively on
host enzymes, but there are evidence of gut microbiome contributions to small intestinal lipid absorption

Microorganisms augment carbohydrate and protein digestion

The fractions of carbohydrate and protein digested in the small intestine vary with macronutrient structural form (for
example, higher for sugar versus fibre), meal composition (for example, higher for fibre-poor versus fibre-rich meals),
thermal processing (for example, higher for cooked foods) and physical processing (for example, higher for smaller
particle sizes)

Nutrients that escape small intestinal digestion undergo fermentation by the colonic gut microbiota,
producing an array of metabolites with energetic implications

The gut microbiome produces branched-chain fatty acids (BCFAs) from dietary valine, leucine and isoleucine, plus
other organic acids such as lactate and succinate 33



Gut microbiome enhances dietary energy harvest
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SCFAs are absorbed by the host and contribute to energy metabolism in diverse tissues, with acetate supporting
muscle and brain, butyrate supplying up to 60—70% of the energetic needs of the colonic epithelium and propionate
used in hepatic gluconeogenesis

Energy returns from SCFAs have been estimated at ~1.5kcalg-1 < than half the rate for carbohydrates digested in the
small intestine

More energy is harvested by the host when nutrients are digested directly versus fermented

SCFAs account for ~5—10% of daily energy requirements in industrialized populations and almost certainly a >>
fraction in populations with minimally processed and/or fibre-rich diets

SCFAs were long appreciated primarily as vehicles for energy salvage and have potent signalling functions
that modulate energy intake, energy utilization and inflammation

Host metabolites, including bile acids and immune factors , also interact bidirectionally with the gut
microbiome and influence its contributions to energy balance —> the metabolism of dietary fibre by
gut microbiota leads to a cascade of beneficial effects on human health, including improved
insulin sensitivity and fatty acid oxidation, and reduced inflammation 34



Mechanisms of gut microbial influence on host energy status

Impacts on development

e Modulation of tissue growth

* Promotion of immune development
e Calibration of inflammatory tone

Mediation of hunger and satiety

» Production of SCFA
-Ac: crosses BBB, anorectic effect
-Bu/Pr: stimulates GLP1/PYY secretion

¢ Production of neurotransmitters

¢ Modulation of host neurotransmitter
production

¢ Production of hormone mimics

e Influence on food reward pathways?

Interactions with low-grade inflammation

» Source of pro-inflammatory compounds
(for example, LPS, flagellin)

« Modulation of mucosal barrier thickness

e Encroachment towards epithelial cells

« Translocation of microorganisms and
products

Influences on gut barrier integrity

e Production of SCFA
-Bu: primary metabolic fuel for colonocytes
-Bu/Pr: promotes intestinal gluconeogenesis

* Modulation of tight junction expression

¢ Mucin foraging

» Stimulation of host mucin production

e Source of pro-inflammatory compounds
(for example, LPS, flagellin)

Manipulation of liver metabolism
e Production of SCFA
-Ac: reduces hepatic lipogenesis
-Ac: limits hepatic fat accumulation
-Pr: substrate for hepatic gluconeogenesis
« Inhibition of primary bile acid synthesis via
FXR
¢ Deconjugation of primary bile acids
e Production of secondary bile acids

Carmody & Bisanz, 2023

Modulation of energy allocation

X ¢ Promotion of triglyceride storage via FIAF
4 | Production of SCFA
- -Ac/Pr: inhibits lipolysis in WAT Enhancement of dietary energy harvest
1 / -Ac/Pr: promotes fat accumulation in WAT ¢ Fermentation of indigestible nutrients

» Production of SCFA
-Ac: used by muscle and brain
-Bu: promotes fatty acid oxidation in WAT -Bu: primary metabolic fuel for colonocytes
-Bu: promotes thermogenesis in BAT ‘ \ ‘ -Bu/Pr: promotes intestinal gluconeogenesis
¢ Production of secondary bile acids that { | | ‘ -Pr: substrate for hepatic gluconeogenesis
induce thermogenesis in both WAT and BAT

-Ac: promotes WAT browning
-Bu: promotes lipolysis in WAT

Ac, acetate; BAT, brown adipose tissue; BBB, blood—brain barriér' Bu butyrate; FIAF, fasting-induced adipocyte factor; FXR,
farnesoid X receptor; GLP1, glucagon-like peptide 1; LPS, I|popolysacchar|de Pr, propionate; PYY, peptide YY; SCFA, short-
chain fatty acid; WAT, white adipose tissue 4ar T 35



Ross et al., 2024

Interplay between diet and the gut

microbiome

Mediterranean diet

|

Faecalibacterium spp. 1
Roseburia spp. 1
Collinsella spp. ¥
Ruminococcus spp. ¥

High-fibre diet

|

Prevotella spp. 1
Bifidobacterium spp. 1
Lactobacillus spp. 1
Faecalibacterium spp. 1

Plant-based diet

|

Prevotella spp. T
Bifidobacterium spp. 1
Lactobacillus spp.
Bacteroides spp. T
Akkermansia spp. 1

36

High-protein diet

l

Bacteroides spp. 1
Bacillus spp.
Clostridium spp. 1
Propionibacterium spp. T
Fusobacterium spp. ™

1 Short peptides,
free amino acids

Ketogenic diet

l

Bifidobacterium spp. ¥
Actinobacteria ¥
Firmicutes ¢
Bacteroides spp.t

1 B-Hydroxybutyrate
ketone levels

Western diet

|

Bacteroides spp. T
Bilophila spp.
Alistipes spp.
Blautia spp. ™
Ruminococcus spp. T

|

4 SCFA production

Vv Secondary bile acid
production

» Endotoxins
 TMA, TMAO




Ross et al., 2024

Y

1 Secondary bile acids

1 SCFA fermentation
pathway

1 Dietary fibre
degradation, pectin
degradation, mannan
degradation pathway

1 SCFA production

A
1 Lipid profile

J Colon transit time

{ Inflammatory markers
1™ SCFA production

y

1 Polyphenols and, thus,
antimicrobial property
against pathogens

7 SCFA production

B Lipids

B Carbohydrates

Proteins

Alcohol

A 4

M Short peptides,
free amino acids

A 4

™ SCFA, BCFA
production, indoles,
phenolic compounds

A J
1 B-Hydroxybutyrate
ketone levels

Y

 Intestinal T,17 cells
J SCFA production

l

4 SCFA production

I Secondary bile acid
production

4 Endotoxins
™ TMA, TMAO

l

1 Chronic inflammation

1 Increased oxidative
stress

1 Immune dysregulation

M Risk of metabolic
disorders

Each column represents a specific whole diet: Mediterranean diet, high-fibre diet, plant-based diet, high-protein
diet, ketogenic diet and Western diet.

Pie charts detail the distribution of macronutrients (lipids, carbohydrates and proteins) and alcohol content for

each diet.

The figure illustrates the alterations of bacterial taxa associated with each diet and the consequent effects on
metabolite production.

Upward arrows refer to an increase in bacterial taxa or metabolites, whereas downward arrows denote a

reduction in bacterial taxa or metabolites.

This comprehensive depiction elucidates how different dietary compositions can modulate the gut
microbiota, providing insights into their potential implications for overall health and well-being. TH17, T
helper 17 cells; TMA, trimethylamine; TMAQ, trimethylamine N-oxide.
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Ross et al., 2024

We are what we eat, |

Mediterranean diet

Faecalibacterium spp.
Roseburia spp. M
Collinsella spp. ¥
Ruminococcus spp. ¥

1 Secondary bile acids

1 SCFA fermentation
pathway

1 Dietary fibre
degradation, pectin
degradation, mannan
degradation pathway

1 SCFA production

High-fibre diet

Prevotella spp. ™
Bifidobacterium spp. 1
Lactobacillus spp.
Faecalibacterium spp. 1

1 Lipid profile

4 Colon transit time

V Inflammatory markers
1 SCFA production

Plant-based diet

Prevotella spp.
Bifidobacterium spp.
Lactobacillus spp. 1
Bacteroides spp. 1
Akkermansia spp.

A

1 Polyphenols and, thus,

antimicrobial property
against pathogens
1 SCFA production
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The Mediterranean diet is associated
with increased Faecalibacterium spp.
and is associated with short-chain
fatty acids (SCFAs) and production of
anti-inflammatory molecules

The high-fibre diet is associated with
enriched Prevotella and
Faecalibacterium species, which are
associated with enriched SCFA
production and also a decrease in
colon transit time

A plant-based diet is associated with
increased abundance of Prevotella and
Akkermansia species, together with an
enrichment in polyphenols and
SCFA production



Ross et al., 2024

We are what we eat, Il

High-protein diet

Bacteroides spp. ™
Bacillus spp. 1
Clostridium spp. 1
Propionibacterium spp.
Fusobacterium spp.

M Short peptides,
free amino acids

y

1 SCFA, BCFA
production, indoles,
phenolic compounds

Ketogenic diet

Bifidobacterium spp. ¥
Actinobacteria
Firmicutes ¥
Bacteroides spp.t

A

M B-Hydroxybutyrate
ketone levels

A

{ Intebtinal T,17 cells
¥ SCFA production

Western diet

Bacteroides spp. 1t
Bilophila spp.
Alistipes spp. M
Blautia spp. 1
Ruminococcus spp. 1t

l

{4 SCFA production

¥ Secondary bile acid
production

1 Endotoxins

™ TMA, TMAO

l

1 Chronic inflammation

1 Increased oxidative
stress

1 Immune dysregulation

1 Risk of metabolic
disorders
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A high-protein diet is associated with enriched
Bacteroidetes and Fusobacterium species,
with higher production of branched-chain
fatty acids (BCFAs), indoles and short
peptides

The ketogenic diet is linked to decreased
Firmicutes and Actinobacteria species and
shows high ketone levels

A Western diet is associated with increased
abundance of Blautia spp., Bacteroides spp.
and Ruminococcus spp., which is in turn linked
to increased risk of metabolic disorders
and chronic inflammation



Dysbiosis and Obesity

e Heritable species are partially responsible for the
altered microbiome composition in obesity

e QObesity is associated with differential abundance
of specific microbial species and metabolism

e Christensenella minuta, Akkermansia muciniphila,

Methanobrevibacter smithii are under-represented in
obesity

e PBlautia, over-represented in obesity

Lean mice - \. Obese mice‘ L >=~.§
AN A S P A\ A
BV [Em \.{(&1\»‘4«
S \ -K\ @ Methanogens - I ® -KA o

N < Loy e XA
KRN TV NS A
’s <o N T Pe Ve

Food Fermeiw:\at\ioiI - d ’!"2 Food mm— FermIt:tion —,iz

fermenz'c;f:oear:. I il ;glyrvn:ritzfc?or?\?tes

VFAs and nutrients
for host

Madigan et al. 2018

VFAs and nutrients
for host
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CHg4

Healthy Obese

Wang & Jia, 2016

Heritable microbiota species

() C. minuta @® M. smithii
@ A. muciniphila

@m® Blautia

> Other microbes




Dysbiosis and type 2 diabetes

Healthy individuals: gut microbiome enriched for taxa with increased capacity for short-chain fatty acids (SCFASs)
production—> intestinal integrity, energy homeostasis, signalling through host receptors to induce
regulatory T cells, which restricts inflammation may even promote tissue repair

SCFAs stimulate secretion of glucagon-like peptide 1 (GLP1), peptide YY by intestinal L cells to control glucose
homeostasis and regulate food intake

Type 2 diabetes: increase production of hydrogen sulfide and lipopolysaccharide (LPS) could stimulate
inflammation and production of BCAA (branched-chain amino acid)

Gut microbiomes of individuals with type 2 diabetes who were treated with anti-diabetic drug metformin showed a
decrease of Intestinibacter spp. an increase of Enterobacteriaceae family, such as E. coli

a Healthy gut microbiome b Type 2 diabetes microbiome
Food intake | e T
Blood glucose : : 7
 Metformin ;
B s e _A_A___.,A__.____A_AAAA__AA_.,,_AA_AAAAAAA_.A_._._A% -2 ®:
Taxa Functions Taxa Functions | » Intestinibacter spp. 4 '
« SCFA-producing || * Bacterial chemotaxis it » C. hathewayi | |* Membrane transport of sugars | '« E. coliT '
bacteria * Flagellar assembly ™ © Vitamins 7 e C.ramosum | |® BCAAtransport | ~----mm--em-----
* Clostridiales sp. || * Butyrate o rTOLP1 » C.symbiosum | | * Degradation and metabolism
$S3/4 biosynthesis *>@5CFAs  Peotide YY T « E. lenta of xenobiotics
» F. prausnitzii * Metabolism of SRlce » Biosynthesis of hydrogen
* R.intestinalis cofactors and sulfide bime
* R. inulinivorans vitamins * Resistance to oxidative stress
vy
HS LPS
= Mucus \ ~
- @’ e o .5 = — - = - °
[ ==} ’ L
—. ~o o — ° ey e o - - \ — \ O — ==
© [==J -
= Lo ° =
o
(3]
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S
o3
o
&
= - C.= Clostridium
N T Epithelial cell Inﬂammat:on
= | Tissue repair?
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Dysbiosis and IBD

...........................................................................................................................................................
.

: Microbiome

(1) Roseburia & . b . R
L Faecalibacterium ® J,Subdoligraloulum <T Lachnoclostridium... ° Inﬂammatory bowel diseases
o W ol L - (IBD), including Crohn’s disease
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Dysbiosis and
colorectal cancer

Some bacterial species that are usually of low abundance in
the gut

Abundance shift in response to lifestyle or dietary changes,
such as an increase in the consumption of red meat and a
decrease in the consumption of fruits, vegetables and fibre

Some bacterial species that are most commonly described as
anaerobic oral bacteria, such as Fusobacterium spp. and
Parvimonas micra may play a role

Functional changes in the gut microbiome might involve an
increase in the production of carcinogens through processes
such as amino acid fermentation and the metabolism of bile
acids

By contrast, bacterial species that produce the metabolites
butyrate and lactate, which facilitate the maintenance of the
colonic epithelium, can be depleted in the gut microbiomes of
individuals with colorectal cancer

Dysbiosis of the gut microbiota can result in an impairment of
gut barrier function, which increases the exposure of the gut

epithelium to microorganisms and their metabolites
mutagens that might promote carcinogenesis
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Dysibiosis and pregnancy In
preterm birth

As pregnancy progresses, with predictable changes in systemic oestradiol levels, the uterine and vaginal environments
undergo various changes

The uterus switches from an early pro-inflammatory condition to an anti-inflammatory condition in the second trimester, and then
back to a pro-inflammatory condition before the onset of labour

Specific changes in the microbiome of the vaginal lumen can be associated with preterm birth, possibly through mechanisms involving
microorganisms traveling from the vagina to the uterus

N N N N,
First trimester /;;' Second trimester \ Third trimester /"/ Post partum /j>
¢
| &
Oestradiol ;| 3
o
Proinflammatory stage Anti-inflammatory stage Proinflammatory stage
early in pregnancy (T 2-type environment (necessary for onset
i during fetal growth) of labour) c
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birth : / , mediated @
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i A ™ any labour
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& ¢ Proinflammatory cytokines ‘3:
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The maternal microbiome modulates
fetal neurodevelopment in mice

‘Dysbiosis’ of the maternal gut microbiome, in response to challenges such as

infection, altered diet and stress during pregnancy, has been increasingly associated
with abnormalities in brain function and behaviour of the offspring

Manipulation of the maternal microbiome and microbial metabolites during pregnancy
yielded adult o spring with altered tactile sensitivity in two aversive somatosensory
behavioural tasks

- PIxna3
- Semadf

ABX

o
=1 =2

Row Z-score
10

SPF: specific-pathogen-free

SPF

|
2

Genes that are differentially expressed in E14.5 brains from offspring of SPF and ABX dams 45 VUong et al .y 2020



Factors shaping the
neonatal microbiome

: Infant Toddler
Birth
(<1 year) (1~3 years)

Vaginal Cesarean Milk Solid food Full adult
delivery delivery consumption introduction diet
Bifidobacterium 2 :

. Staphylococcus ; Bacteroides Adult-like

R ACRagils Propionibacterium Lavc;l%gia’g;;.laus Clostridiales microbiota
Y 2 Fia)
\‘ ¢ ﬁ Q . o
S — 2 — 739:'0
N\ & e

\ Familial transmission

Bifidobacterium Environmental exposure
Microbiota  Lactobacillus
/ depletion / Christensenellaceae \

VN I

) )

Marina Corral Spence/Nature Publishing Group
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Subgingival plaque Supragingival plaque Keratinized gingiva
Streptococcus Streptococcus Streptococcus
Prevotella Corynebacterium Granulicatella

Capnocytophaga Actinomyces Haemophilus - -
Corynebacterium Capnocytophaga Veillonella

Neisseria Neisseria Gemella

Methanobrevibacter Fusobacterium Neisseria

Trichomonas Candida

~axis in health and disease

Kunath et al., 2024
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The oral-gut microbiome axis In
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health and disease

Physical barriers, including an epithelial squamous stratified
epithelium and saliva (containing a mixture of water, proteins and
salts), prevent haematogenous transfer in the oral cavity. Lysozymes
and secretory immunoglobulin A (SIgA) as well as lymphoid cells, T
cells and dendritic cells further prevent microbial transfer and are
crucial for immune homeostasis.

A low pH, typically around pH 2, is deleterious to most
microorganisms, as it promotes the hydrolysis of lipids in
microbial cell walls or disrupts the proton potential.

Pepsin, an aspartate protease, degrades food-borne proteins
into peptides and has antimicrobial effects.

Bile salts disrupt bacterial membranes, denature proteins and
chelate iron and calcium, thereby destroying microbial cells.

Epithelial cells form a single cell layer and a mucus layer, resulting
from the secretion of mucin by goblet cells. In the gut this is present
on the luminal side instead of saliva. M cells are specialized in
sampling macromolecules (antigens and pathogens) and transport
these macromolecules from the luminal surface to the sub-epithelium
where they are processed by immune cells



Representative studies linking human conditions to the microbiome

Condition or
disease

Obesity

Type 2 diabetes

Inflammatory
bowel disease

Irritable bowel
syndrome

Colorectal cancer

Cardiovascular
disease

Cognitive function,
behaviour and

mood

Microbiome alteration

Greater abundance of pathobionts and
Firmicutes

As for obesity, with signals related to

Prevotella copri and Akkermansia muciniphila

Reduced abundance of Christensenellaceae,
Coriobacteriaceae, Faecalibacterium
prausnitzii; higher abundance of

Actinomyces, Veillonella, Escherichia coli

Ruminococcus gnavus and Lachnospiraceae

are more abundant, Barnesiella
intestinihominis and Coprococcus catus
depleted

Presence of Fusobacterium nucleatum and
other oral biofilm-forming pathobionts is a

feature of tumour microbiome

Bacterial taxa capable of generating
trimethylamine from carnitine, choline and
glycine betaine

Diverse observations and metabolites
reported but a catalogue of gene products

with neuroactive potential identified

Gosh et al., 2022

Potential or known mechanism

Calorie harvesting, inflammation,
modulating satiety, regulating adipogenesis

Unclear; liver signalling, branched-chain
amino acids?

Products of colonic inflammation stimulate
anaerobic respiration, driving microbiome
further towards a pro-inflammatory type

Pathophysiology may involve a reduction of
luminal pH by excessive fermentation and
sensitization of the enteric nervous system
by inflammation

Inflammation, DNA breakage, mutagenesis

Trimethylamine is a substrate for liver
production of trimethylamine oxide, an
atherogenic metabolite

Effects on neurodevelopment,
neuroplasticity, degree of myelination,
peptide binding to immune cells and vagus
nerve endings, other brain signalling effects
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Comments

Controversial microbial links to complex, that is,

multifactorial, disease

Initial success with faecal microbiota

transplantation not maintained in later studies

Meta-analysis concedes lack of a unifying taxon

signature for inflammatory bowel disease; once
inflammation is triggered, the microbiome may

be irrelevant for treating inflammatory bowel
disease

Not all patients with irritable bowel syndrome

have an altered microbiome; disruption of the
diet-microbiome-metabolome connectivity is a
feature of those who do

Microbiome alterations linked to colon cancer

relate to known risk factors such as diet and
inflammation; microbiome also influences the

responsiveness of cancers to checkpoint
immunotherapy

Initial controversy due to inverse relationship
between choline intake and cardiovascular
disease but prospects for druggable targets

Plausible leads but a paucity of compelling
human studies
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Gut-Brain Axis

“Healthy” dietary patterns,
characterized by an abundance of
vegetables, fruits, cereals, nuts,
seeds, and pulses, as well as
moderate amounts of dairy, eggs,
and fish and unsaturated fats,
including the Mediterranean diet,
Japanese diet, and Norwegian diet

“Western” dietary pattern,
consisting of sweet and fatty
foods, refined grains, fried and
processed foods, red meat,
high-fat dairy products, and low
fruit and vegetable intake, is
associated with higher depression
incidence

Food molecules influence brain
via gut-brain axis

Food
choices

Vitamins/minerals

Depression/anxiety

Omega 3

Phytochemicals

&\ Anti-inflammatory
foods

Inflammatory

Dieta ry foods
pattern P

Metabolites
Vagus nerve
Inflammation

Gut permeability

Autonomic
nervous system

Neurotransmitters

Inflammation

Fibre/gut motility
Omega 3
Macronutrient ratios
Food additives
Phytochemicals
Prebiotics

Gut
microbiota
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Microbiota and microbial-derived molecules modulate
host behaviour and nervous system function

Culture and uncultured based-approach

Microbiota-derived
molecules, metabolites and
Gut microorganism neuroactive molecules Nervous system and behavioural changes
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Microbiota and microbial-derived molecules modulate
host behaviour and nervous system function

Microbiota-derived
molecules, metabolites and

Gut microorganism neuroactive molecules Nervous system and behavioural changes
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TABLE1 Examples of published literature evidence (from in vitro, animal, and human studies) of components within dietary patterns related to depression in humans or emotional behaviors in
animals, which directly affect the host but also interact with the gut microbiota’

Dietary component Effect Summary Subject Ref.
Phytochemicals
Cocoa polyphenols Affected mood In an RCT in adults, 500 mg supplement for 30 d increased self-rated calmness and Human Pase et al. (183)
contentedness compared with placebo.
Altered microbial growth A 6-wk diet with 10% cocoa in rats caused a decrease in Bacteroides, Clostridium, and Animal Massot-Cladera et al.
Staphylococcus genera in feces. (184)
In vitro digestion with 1 g cocoa powder/60 mL water. 38.6% of phenols were solubilized, and In vitro Fogliano et al. (185)
an increase in Bifidobacteria, Lactobacilli, and butyrate was found.
Altered immune function A 6-wk diet with 10% cocoa in rats caused an altered toll-like receptor pattern and increased Animal Massot-Cladera et al.
gastrointestinal immunoglobin A secretion. (184)
Blueberry extract Affected mood and cognition In a BCT, in children and young adults, a single drink containing 253 mg anthocyanins Human Khalid et al. (186)
(anthocyanins) increased positive but did not change negative affect scores using the “Positive and
Negative Affect Scale” compared with a placebo drink.
A 5% blueberry drink given to rats for 8 wk protected against cognitive impairment during Animal Guoetal. (187)
chronic mild stress.
Altered host metabolites Decreased plasma norepinephrine and dopamine concentrations, and brain concentrations of ~ Animal Guo et al. (187)
antioxidant compounds due to 8 wk of chronic mild stress were attenuated by a 5%
blueberry drink.
Fiber (prebiotic)
GOS, PDX, and FOS Attenuated stress-induced Male rats were fed diets containing GOS + PDX for 4 wk and then underwent inescapable Animal Mika et al. (188)
behaviors and mood, and stressors. The prebiotic reduced stress-induced exaggerated freezing and deficit in escape
gene expression in the brain latency, and attenuated c-fos mRNA in parts of the brain.
Male and female rats underwent early-life stress (maternal separation model). Prebiotic Animal McVey Neufeld et al.
supplementation of GOS + FOS for 5 wk after the stress attenuated stress-induced deficits (189)
in spatial memory and locomotion, but not anxiety-like behaviors.
RCT, patients with depression: 8 wk supplementation with 5 g GOS resulted in decreases in Human Kazemi et al. (190)
scores on the Beck Depression Inventory compared with placebo.
Healthy volunteers given either FOS or GOS daily for 3 wk. Salivary cortisol awakening Human Schmidt et al. (191)
response and emotional bias (attention to negative information) were decreased after GOS
but not FOS.
Altered the gut microbiota Prebiotic diet of GOS + FOS increased Lactobacillus rhamnosus and also Lactobacillus spp. Animal Mika et al. (188)
44 elderly subjects, given 5.5 g/d GOS or placebo for 10 wk in a double-blind, Human Vulevic et al. (192)
placebo-controlled, crossover study. Increase in Bifidobacterium spp., Lactobacillus
Enterococcus spp., Clostridium coccoides—Eubacterium rectale, and a decrease in Bacteroides
spp., Clostridium histolyticum group, Escherichia coli, and Desulfovibrio spp.
Altered immune function Increases in immune function, including reduced proinflammatory cytokines and increased Human Vulevic et al. (192)
anti-inflammatory cytokines, phagocytosis, and NK cell activity.
Wheat arabinoxylan May counteract effects of In pigs fed a 4-wk Western-type diet, added soluble fiber (wheat arabinoxylan) increased Animal Williams et al. (193)

high-protein diet on the gut
microbiota

carbohydrate fermentation and reduced protein fermentation and fermentation products

such as ammonia.
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Dietary component Effect Summary Subject Ref.
Vitamins/minerals
Vitamin D Regulated gut physiological Vitamin D receptors in the gut regulate processes including epithelial barrier function and Review Barbachano et al. (194)
processes immune processes.
Associated with changes in the Plasma 25-hydroxyvitamin D and vitamin D supplementation in women in their 36th week of Human Talsness et al. (182)
gut microbiota pregnancy were measured, and compared with fecal samples in their 1-mo-old infants.
Increased concentrations of both were associated with decreased Bifidobacterium spp. and
Clostridium difficile and increased B. fragilis.
Magnesium Dietary deficiency altered 30 mice fed a magnesium-restricted diet for 6 wk had increased immobility in the forced swim Animal Winther et al. (179)
behavior test and increased hippocampal IL-6 compared with mice fed a normal diet.
Associated with changes in the The cecal gut microbiota was also altered, with cluster analysis showing significant differences
gut microbiota between the diets.
Vitamin A Associated with changes in the A vitamin A-deficient diet in rats increased total bacteria, decreased Lactobacillus spp., and Animal Amit-Romach et al. (195)
gut microbiota and the gut increased Escherichia coli. Mucin-producing goblet cells were altered and expression of
mucosal barrier toll-like receptors was increased.
Vitamin A deficiency in children aged 1-12 mo with persistent diarrhea showed significantly Human Lv et al. (196)
different gut microbiota than in those with normal serum vitamin A concentrations.
Macronutrients
w-3 fatty acids Immunomodulatory The metabolic and inflammatory effects in wild-type mice fed a diet with a high ratio of w-6 to Animal Kaliannan et al. (176)
-3 were able to be prevented with antibiotic treatment, or by cohousing mice with Fat-1
transgenic mice, which endogencusly produce w-3 fatty acids.
Increased endogenous Fat-1 mice were found to produce increased intestinal alkaline phosphatase, an endogenous Animal Kaliannan et al. (176)
antimicrobial defenses antimicrobial compound, which reduced gut permeability and LPS production.
Restored gut dysbiosis Fat-1transgenic mice were found to be protected against gut dysbiosis and obesity caused by Animal Kaliannan et al. (197)
a Western-style diet after early-life antibiotic exposure.
Supplementation of 100-250 mg/d -3 FA (80% EPA, 20% DHA) for 12 wk to female rats Animal Pusceddu et al. (177)
reversed stress-induced gut dysbiosis.
Increased gut microbial An 8-wk open label trial using an EPA/DHA supplement drink or capsule in adult males and Human Watson et al. (198)
metabolites (SCFAs) females reversibly increased SCFA-producing bacteria including Bifidobacterium, Roseburia,
and Lactobacillus.
Deficiency affected mood as An w-3 FA-deficient diet in pregnant mice and their male offspring resulted in an elevated Animal Robertson et al. (178)

well as the gut microbiota

ratio of Firmicutes to Bacteroidetes in the offspring, along with altered behavior and immune
function.

Increased depressive behavior (immobility in forced swim test), decreased sociability (three
chamber test), isolation-induced ultrasonic vocalizations in adulthood, and decreased
memory (novel object recognition test) in both adolescence and adulthood. Increased
contextual fear conditioning.
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Dietary component Effect Summary Subject Ref.
High fat, particularly Altered microbiota A high-fat diet in mice decreased Ruminococcaceae and increased Rikenellaceae compared Animal Daniel et al. (199)
saturated fat composition with a carbohydrate diet.
Increase in Firmicutes, particularly the family Erysipelotrichaceae, and decrease in Bacteroidetes Animal Fleissner et al. (200)
in mice fed a high-fat diet.
Mice fed a low-fat diet who switched to a high-fat diet had a significant shift in microbiome Animal Turnbaugh et al. (201)

High-fat, high-sugar diet

High-sugar diet

Red meat

Food additives
Emulsifiers CMC and P80

Altered anxiety-like behavior

Altered microbiota
composition

Positive change in behavior
when the gut microbiota
was not altered

Modified gut microbiota
composition

Microbial metabolism of
heme-rich meat increases

oxidative compounds

Altered gut microbiota
composition

Altered anxiety-like behavior

composition within 1 d. Increased Firmicutes, particularly the Erysipelotrichi class, Bacilli, and
decreased Bacteroidetes.

BALB/c mice fed a high-fat diet showed alterations in the gut microbiota including an increase Animal
in Firmicutes, particularly in the families Rumunococcaceae and Lachnospiraceae, a decrease
in the Bacteroidetes phylum, and a resulting decrease in the ratio of Bacteroidetes to
Firmicutes.

Mice fed a high-fat diet displayed less burrowing (anxiety-like) behavior, and displayed Animal
reduced memory in the Morris water maze test compared with mice fed a control diet. The
diets were not isocaloric, and the high-fat diet mice also gained more weight.

A Western-style diet in humanized mice resulted in increased Erysipelotrichi class (mainly Animal
Clostridium innocuum, Eubacterium dolichum, and Catenibacterium mitsuokai genera) and
Bacilli class (mainly Enterococcus spp. genera). The microbial shift occurred after only a single
day.

A high-sucrose diet did not alter the gut microbiota in BALB/c mice compared with a control Animal
diet and did alter some behaviors, butin a positive direction (increased latency to
immobility in the forced swim test, less goal-orientated burrowing, and less anxiety-like
behavior in the triple test).

A comparison between a diet rich in red meat or whole grains (10-wk crossover trial) showed Human
that increased red meat consumption increased the genera Clostridium spp. from the
phylum Firmicutes.

Comparison of meat types varying in heme content (beef, pork, chicken) in an in vitro In vitro
digestion model showed that heme-rich meat caused higher concentrations of the
nitrosoxide compound-derived DNA adduct O%-carboxymethylguanine.

C57BI/6J mice were given either CMC or P80 emulsifiers at 1% in their drinking water from Animal
weaning until 3 mo old. The gut microbiota was altered by the treatment. Interestingly the
outcomes differed between males and females. In males, Firmicutes phylum and Oscillospria,
Coprococcus, and rc4_4 genera were reduced, as well as reduced Dorea with P80, and
reduced Bacteroides, Burkholderia, Clostridium, and Veillonella with CMC. In females,
Bacteroides, Sphingomonadales, Sphingomonas, and Ruminococcus were reduced, and there
was an increase in Anaeroplasma with P80, and the Proteobacteria phylum and Clostridium
and Burkholderia genera with CMC.

Treatment with emulsifiers decreased sociability in the 3-chamber test in females only, and
increased locomotion in the Elevated Plus Maze in males only. No difference found in forced
swim test or light-dark box.

Pyndt Jgrgensen et al.
(202)

Pyndt Jgrgensen et al.
(202)

Turnbaugh et al. (201)

Pyndt Jgrgensen et al.
(202)

Foerster et al. (203)

Vanden Bussche et al.
(204)

Holder et al. (205)

'BCT, blinded crossover trial; CMC, carboxylmethylcellulose; FOS, fructooligosaccharide; GABA, y-aminobutyric acid; GOS, galactooligosaccharide; PDX, polydextrose; P80, polysorbate 80; RCT, randomized controlled trial.
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Neurodegenertive disease

Neurodegenerative diseases (NDDs): Brain regions, genetics, and aggregating proteins
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a heterogeneous
group of neurological
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affecting the lives of
millions of people
worldwide and entalil
the progressive loss
of neurons in

the central nervous

system (CNS)
or peripheral nervous

system (PNS)

Characteristic aggregating proteins, genes
linked to and affected brain regions in
NDDs
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Gut microbial molecules in behavioural
and neurodegenerative conditions
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Fig. 4 | Brain cell-specific effects of microbial metabolites. Some microbial metabolites have known cellular targets in the brain. The beneficial

and detrimental effects of these interactions are summarized. BBB, blood-brain barrier; MAMPs, microorganism-associated molecular patterns;
SCFAs, short-chain fatty acids.
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Modulation of gut microbiota by therapeutic microbial
interventions

Probiotics Fecal Microbiota Synbiotics Postbiotic Prebiotics
Bifidobacterium bifidum transplantation
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Gut microbes shape athletic motivation
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Certain gut bacteria in mice produce molecules called fatty
acid amides (FAA), which bind to the cannabinoid 1
receptor (CB1) and thereby activate sensory neurons in
the gut that express the protein TRPV1

These neurons connect to the brain through the spinal cord

Activation of these neurons results in decreased
expression of the enzyme monoamine oxidase (MAO) in
the striatum region of the brain; this enzyme can degrade
dopamine and other neurotransmitter molecules

Dopamine-producing neurons induce an exercise-
dependent surge of the molecule, which then activates
neurons in the striatum that have dopamine receptors

This triggering of neuronal activity in the striatum aids
the motivation for exercise

In the absence of gut bacteria, the sensory neurons in the
gut are not excited. The level of MAO then remains high,
which blunts dopamine signalling in the striatum and results
in a premature termination of physical exercise.

Dohnalova et al., 2022



Fecal transplant

Finding that thousands of bacterial species, viruses and fungi live in people, and are
an integral part of human biology, has challenged medicine’s view of microorganisms
solely as agents of infectious disease

The discovery that dietary fibre stimulates the particular groups of bacteria that
produce key host-signalling molecules (such as short-chain fatty acids) is leading to
the development of nutrition-based approaches to treating and restoring people’s
microbiomes —> PROBIOTIC a “live microorganism which, when administered
in adequate amounts, confer a health benefit on the host & PREBIOTIC
APPROACH promotes the ingestion of certain plant compounds (e.qg.
carbohydrate for good fermenters in colon) as microbial growth stimulants
with the idea that they will nurture healthy gut bacteria

Transplantation has been found to be more than 90% effective in the treatment of
recurring Clostridium difficile infections (current care standard is repeated doses of
antibiotics)

Some cancer treatments activate the immune system —> new approach to these has
emerged with the discovery that efficacy is related to specific members of the
patient’s gut microbiome
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The gut microbiome as a modulator of healthy aging

Increasing age

Comparative analysis of microbiome profiles

Microbiome changes with respect to

ageing in general
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Gosh et al., 2022
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Increased with age
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Comparative analysis of microbiome profiles
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e Group 1 taxa decreased with
age and were associated with
healthy aging

e Group 2 consisted of the
pathobionts that increased
with age and were associated
with unhealthy aging

e Group 3 increased with age
but were observed to be
depleted in unhealthy aging

CKD, chronic kidney disease;
CVD, cardiovascular disease; ILI,
influenza-like illness; MetS,
metabolic syndrome



Microorganism-host signalling as a contributor to
healthy or unhealthy ageing

Healthy ageing

:

Unhealthy ageing
l
Pathobionts
Microbiome
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Gosh et al., 2022
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Functional implications of microbiome alterations on host physiology in aging
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Physiological, social and disease-related influences
on the microbiome of older people

Individual age-related changes and the gut microbiome

Altered nutrient
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Microbiome alterations in ageing (and unhealthy

ageing)

Pathobionts can
cause or promote
disease only when
specific genetic or
environmental
conditions are altered
In the host

Conditions under
which pathobionts
exhibit virulence
iInclude impaired host
Immune defenses and
altered microbiota
composition
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* Streptococcus

* C. difficile

e gi_bphﬂq :

* Actinomyces

* Desulfovibrio

* Campylobacter

* Atopobiaceae

* Veillonella

* Enterococcus

* Enterobacteriaceae
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Reciprocal influences between the gut microbiome and key
lifestyle and clinical approaches for weight management
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Common weight-modulating interventions
(blue) such as diet, exercise, drugs and
surgery impact gut microbial structure and
function, and these changes in the gut
microbiome in turn alter intervention
efficacy

Gut microbial contributions to weight
management are targeted by emerging
microbiome-directed therapies (green),
including foods engineered to support the
engraftment or growth of beneficial
microorganisms, autologous faecal
microbiota transplantation after weight loss
and next-generation probiotics
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