
Mr. James Kinross FRCS PhD
Associate Professor of surgery, Imperial College London
j.Kinross@imperial.ac.uk
www.dark-matter.org.uk

Microbes, milk, and the making of a 
human: Rethinking early life through 
the gut

mailto:j.Kinross@imperial.ac.uk


We are living 
longer: We 

are not living 
happier



A microbiome

Characterisation of an 
entire habitat including all 
microbes, their genomes, 

and surrounding 
environmental conditions
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The tree of life
Is dominated by single 

celled organisms 
(prokaryotes)

DENNIS KUNKEL MICROSCOPY/ SPL

Phyla
92 Bacteria
26 Archaea
5 Eukaryote

YOU



23,000
genes
code
you

232 million microbial genes

We are 0.001% human at genomic
 level: YOU are a superorganism

DARK 
MATTER



23`,000
Genes`
code
you

23,000
genes
code
you

The human microbiome is 
MASSIVE and UNMAPED

1Kg of microbes in the gut

100 trillion bacteria

Same number of microbes as 
cells in the human body



The meta hypothesis: Gene-environment-
microbiome (GEM) interactions

Long-lived individuals show a 
unique aging pattern of the gut 
microbiome

https://doi.org/10.1038/s43587-023-00389-y

centenarians displayed youth-associated 
features in the gut microbiome 
characterized by an over-representation 
of a Bacteroides-dominated enterotype



Challenging dogma in human colonisation

DOI:https://doi.org/10.1016/j.cell.2021.04.039

• Fetal organs show 
diverse bacterial 
genera that can be 
cultured and 
propagated

https://doi.org/10.1016/j.cell.2021.04.039
https://doi.org/10.1016/j.cell.2021.04.039


MONET MOUTRIE

Maternal 
microbial 

metabolites
 protect the infant 

against obesity
NCDs and 

emotional 
development 

Placenta does not develop normally 
without a healthy microbiome

Antibiotics No antibiotics 

Gut 2022;71:1332-1339.

Maternal obesity and 
dietary-microbiome 

interactions shape CRC risk 
in offspring



Inflammation 

Our immune system is not a cold war 
defense system. It is a collective memory 
educated by the microbiome. 



Orchestral 
signaling

The symphony our 
children listen to is 

changing



The male and 
female 

microbiome is 
different at all 

body sites for our 
whole lives

https://doi.org/10.1038/s41467-023-39931-2



A high fat diet in mothers influences intestinal 
microbiome and gut function in offspring

Number of neurons per ganglia in the fundus (left), corpus 
(middle) and duodenum (right). PGP-IR neurons per ganglia were 

significant decreased by 4 weeks of age in the fundus and 
duodenum, and by 6 weeks of age in the corpus. 

• Dietary fat shapes commensal microbial 
communities in primates 

• A high-fat maternal or postnatal diet, 
but not obesity per se, structures the 
offspring’s intestinal microbiome

• This in turn modifies intestinal motility 
in the baby because it modifies the 
development of the second brain



The 
“oestrobolome” 

regulates the 
amount of free 

oestrogen in our 
bodies



BUGS!
BUGS!

BUGS!

BUGS!

BUGS!

The Diversity of Gut Microbiota 
at Weaning Is Altered by 
Prolactin

doi: 10.3390/nu15
153447

https://doi.org/10.3390/nu15153447
https://doi.org/10.3390/nu15153447


Magical Milk – what we know (it does a lot)

Milk Component Key Functions Main Targets / Pathways

HMOs (Human Milk Oligosaccharides)
Feed Bifidobacterium; block pathogens; modulate immunity 
& gut barrier

Microbiota, immunity; NF-κB, TLR, MAPK, SCFA & tryptophan–
serotonin pathways

Lipids & Fatty Acids (incl. DHA, ARA) Neurodevelopment; immune regulation; metabolic signaling
Neurodevelopment, immunity; PPAR-γ, NF-κB; intracellular lipid-
signaling pathways

Bioactive Peptides (lactoferrin, casein 
peptides, α-lactalbumin)

Antimicrobial defense; iron regulation; gut/immune 
modulation; serotonin production

Immunity, gut signaling; LRP1, TLR4, TGF-β, opioid receptors; 
serotonin pathways

MFGM Components
Support brain development; shape microbiota; block 
pathogens

Neurodevelopment, microbiota; PPAR-γ, NF-κB; EGFR/MAPK, 
Wnt/β-catenin

Immunoglobulins (IgA, IgG, IgM) Passive immunity; coat commensals; reduce inflammation Immune cells; TGF-β & JAK/STAT pathways

MicroRNAs Regulate gene expression; metabolic programming Immune & epithelial cells; RNA interference; PI3K/Akt, mTOR

Hormones & Growth Factors (Leptin, 
Adiponectin, EGF, IGF-1)

Appetite & energy regulation; intestinal maturation; tissue 
growth

Metabolic & endocrine systems; JAK/STAT, AMPK, EGFR/MAPK, 
IGF-1–PI3K/Akt

Polyamines Enhance intestinal growth & homeostasis Cellular growth pathways (polyamine biosynthesis)

Microbial Metabolism of Bile Acids Lipid digestion; energy metabolism; microbiota diversity Microbiota & metabolic regulation; FXR & TGR5 pathways



10³–10⁶ CFU / 

mL

of healthy milk

.

New born

babies

ingest 10⁵–109 

bacteria/day https://doi.org/10.1038/s43705-023-00325-6

Breast milk is a 
living tissue with 
its own 
microbiome
• Probiotic
• Prebiotic
• Postbiotic



3.5 × 105 cells/ml, 
of fungi

of healthy milk

.

Malassezia, 
Candida and

Saccharomyces
https://doi.org/10.1038/s41598-017-13270-x



https://doi.org/10.1186/s12967-025-06967-5

Home sterilization of collection kits may minimize 
changes to the HM microbiota during expression.



It’s a universal observation that breast 
feeding alters diversity in the infant gut

https://doi.org/10.1038/s41467-018-06473-x

1825 stool samples from 684 infants

In the first 6 months of life, gut bacterial diversity, microbiota age, relative abundances of Bacteroidetes and Firmicutes, and predicted microbial 
pathways related to carbohydrate metabolism are consistently higher in non-EBF than in EBF infants, whereas relative abundances of pathways related 
to lipid metabolism, vitamin metabolism, and detoxification are lower



PHASE 1
(Months 3–14)

PHASE 2
(Months 15-30)

PHASE 3
(Months 31-46)

The Environmental Determinants of 
Diabetes in the Young (TEDDY) 
study

• Breastfeeding  associated 
with higher levels 
of Bifidobacterium species 
(B. breve and B. bifidum)

• Cessation of breast milk 
resulted in faster maturation 
of the gut microbiome

Subtle associations between 
microbial taxonomy and the 

development of islet 
autoimmunity or type 1 

diabetes

N= 903
https://doi.org/10.1038/s41586-018-0617-x https://doi.org/10.1186/s12866-018-1358-6

Bifs stay in the gut for a long 
time, but not in all



• Hospital versus at-
home delivery impacts 
infant microbiota 
transmission

• Human milk is a key 
modulator of infant 
microbiota during the 
first year

• Species transmissibility 
varies across delivery 
modes and places, 
except Bifidobacteria

https://doi.org/10.1016/j.chom.20
24.05.005



Vaginal microbiome changes during 
pregnancy 



Global urban microbiome

DOI: 10.1126/science.aaw9255

Antimicrobial 
Resistance
Abundance

2022.10.011

https://https://doi.org/10.1016/j.cell.2022.10.011cell.

Distinct 
Bifidobacterium 
longum clade 
expands with 
introduction of 
solid foods and 
harbours 
enzymes for 
utilizing both 
breast milk and 
solid food 
substrates in 
Bangladeshi 
children

https://doi.org/10.1126/science.aaw9255


https://doi.org/10.1038/s41586-024-08222-1
1,787 adults within 18 isolated villages in Honduras

Real world social networks 
shape our microbiome



Virome: Even 
bacteria catch a 
cold

https://youtu.be/V73nEGXUeBY?si=v_3xqNHNM2P174HU

https://doi.org/10.3389/fmicb.2018.01162

Transmission of milk phages to the infant GI tract shapes the infant GI microbiome

Early after birth, pioneer bacteria colonize the infant gut and by one month prophage induced 
from these bacteria provide the predominant population of virus-like particles. By four months of 
life, identifiable viruses that replicate in human cells become more prominent.

10.1038/s41586-020-2192-1

https://doi.org/10.3389/fmicb.2018.01162
https://doi.org/10.1038/s41586-020-2192-1
https://doi.org/10.1038/s41586-020-2192-1
https://doi.org/10.1038/s41586-020-2192-1
https://doi.org/10.1038/s41586-020-2192-1
https://doi.org/10.1038/s41586-020-2192-1
https://doi.org/10.1038/s41586-020-2192-1
https://doi.org/10.1038/s41586-020-2192-1


Multiple human viruses are more abundant in 
stool samples from babies exclusively fed 

formula versus those fed partially or fully on 
breast milk

10.1038/s41586-020-2192-1

Breastfed infants have higher levels of beneficial bacteria 
such as Bifidobacterium and Lactobacillus, while 

Formula infants have a higher prevalence of potentially 
pathogenic bacteria, including Clostridia and 

Enterobacteriaceae.

https://doi.org/10.1038/s41586-020-2192-1
https://doi.org/10.1038/s41586-020-2192-1
https://doi.org/10.1038/s41586-020-2192-1
https://doi.org/10.1038/s41586-020-2192-1
https://doi.org/10.1038/s41586-020-2192-1
https://doi.org/10.1038/s41586-020-2192-1
https://doi.org/10.1038/s41586-020-2192-1


Breast milk antibodies 

recognize

and segregate 

commensals from the gut

epithelium

IgG-mediated protection 

against

infection versus IgA-

mediated tolerization

IgA instructs Treg cells 

to delay pathogen 

clearance during 

development2

1. https://doi.org/10.1016/j.cell.2021.02.031
2. 10.1016/j.cell.2020.05.030
3. 10.1016/j.cell.2023.12.019

Breast milk immunoglobulins shape the infant immune system

Complement in milk 
selectively culls certain 
gram-positive microbes 
in the infant gut3

IgG interacts with gut bacteria and antibody-sensing
systems in young mice to dampen subsequent immune 
responses to gut microbial and dietary antigens 
encountered during weaning

https://doi.org/10.1016/j.cell.2021.02.031
https://doi.org/10.1016/j.cell.2021.02.031
https://doi.org/10.1016/j.cell.2020.05.030
https://doi.org/10.1016/j.cell.2023.12.019


Think of your 
gut like a 

barrier reef

https://doi.org/10.1016/j.cell.2021.05.030
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Tryptophan metabolism

Kyurenine 
metabolites

Serotonin (5-HT), N-
acetylserotonin and  

Melatonin

MicrobiotaIntestinal cells

Tp
H

1

Bifidobacteria spp
Lactobacillus spp

AhR ligands
(Indoles) 

Human milk ligand
Xenobiotic ligand 

Dietary tryptophan

1. Humberg et al., 2020
2. Battersby et al., 2018
3. Walsh et al., 2017



Breast feeding
Superbloom

Breast milk is a 
‘pacemaker’ indirectly 

protecting against 
asthma by

regulating nasal and gut 
microbiome

development during the 
first year of life

https://doi.org/10.1186/s40168-023-01735-3

Breast feeding shapes the infant 
microbiome (n=100, CHILD study)

Ruminococcus gnavus and tryptophan biosynthesis 
drives asthma risk 

https://doi.org/10.1016/j.cell.2024.07.022



Mycobiome also 
defines metabolic 

health

Candida dubliniensis

“If the developmental window is missed (e.g. in germ-
free mice) or if the microbiota are disrupted during the 
developmental window, there is reduced beta cell 
development and compromised metabolic function 
reverberates throughout the life of the animal”

DOI: 10.1126/science.adn0953

https://doi.org/10.1126/science.adn0953


Stool samples from dog-exposed infants 
were microbially more diverse (p = .041) 

through age 18 months with enhanced 
diversity most apparent between 3 and 

6 months of age.



Gestational
age,
Birth route

Milk
type

Caregivers
Siblings
Pets,
Weaning

Preschool
Dietary
variation

School, peer 
network

Puberty 
and hormones

Antibiotics and medicines
Gastroenterology 2021;160:495–506
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Our second brain 
has its own immune 

system

Bacteria shape our 
sensitivity to pain and gut 

motility in a sex dependent 
manner 

https://doi.org/10.1016/j.cell.2017.11.042

https://doi.org/10.1016/j.cell.2017.11.042


Microbes talk to us through hormones

• Enterochromaffin cells only make up 1% of the gut, 
but these cells produce >90% of the body's serotonin

• They literally “taste” the world around us and they 
are hard wired into our nervous system



“Faecal microbiome 
transplant of autistic 
children can lead to 

autistic-like behaviours, 
different microbial 

community structures, and 
altered tryptophan and 

serotonin metabolism in 
mice.” 

DOI 10.1128/mSystems.01343-20

The consequence of a 
misassembled microbiome 

is an unhappy brain

In early-life stable and unique maternal milk 
may influences long-term neurodevelopment 

by dynamically modulating IGM and SCFAs

https://doi.org/10.1128/msystems.01343-20
https://doi.org/10.1128/msystems.01343-20
https://doi.org/10.1128/msystems.01343-20


Microbes influence our risk of depression 
in a sex dependent manner

Premenopausal females with 
depression have Kebsiella 
aerogenes in their faeces 

Mice given this strain 
experience estradiol decline 
and depression-like 
behaviors

DOI:https://doi.org/10.1016/j.cmet.2023.02.017

Mycobacterium neoaurum in 
male patients with 
depression degrades 
testosterone
When these bacteria are 
transplanted into rats – the 
bacteria lowers testosterone 
and induces depression

https://doi.org/10.1038/s41579-022-00703-2

https://doi.org/10.1016/j.cmet.2023.02.017
https://doi.org/10.1016/j.cmet.2023.02.017


Margaret Jennings
(1904-1994)

Louis Pasteur 1822-1895 Robert Koch 1843-1910 Eli Metchnikoff
1844-1916 

Alexander Fleming
1881-1955 

Joseph lister 1827-1912

The war on bugs



266 milk samples collected from 208 mothers at 3 
weeks and 3 months postpartum from the 
Growing Up in Singapore Toward healthy 
Outcomes (GUSTO) study. 

10.1128/msystems.00677-25

Intra-partum antibiotics 
changes the breast milk 
microbiome 



The Skin’s immune system has set 
points that are defined by the dual 
action of sex hormones and the 
microbiota.

Sex hormones control the strength 
of local immunity and microbiota 
calibrate its tone

Mastitis 

doi: 10.775
9/cureus.6
2717

https://doi.org/10.7759/cureus.62717
https://doi.org/10.7759/cureus.62717
https://doi.org/10.7759/cureus.62717


Antibiotics have 
profoundly 

reshaped the 
infant 

microbiome
We take 34.8 billion daily doses of antibiotics 

each year

Antibiotic use in a child during breastfeeding 
weakens the beneficial effects of long breastfeeding 

duration and increases the risk of obesity 

doi:10.1001/jamapediatrics.2016.0585



Antibiotics cause 
weight gain 



Faecal microbiota transplant (FMT)

Pictures kindly provided by Prof. Cyriel Ponsioen – Turn 2 PI! 

“Crapsule”



Milk microbes can be transplanted too! 

• Mother’s own milk microbiome can be successfully transplanted into donor human milk.
• Recolonization is equally successful in UV-C-treated and Holder-pasteurized milk.
• Recolonization time should be restricted due to rapid bacterial growth



Substrate dependent
luminal microbiome
(Adenoma formation) 

Globalised diet, alcohol, 
low fibre, UPFs

Metabolism

Chronic 
inflammation
PROMOTION 

Exposome (e.g. 
microplastics,

smoking)

HIT 2

Antibiotics
OR = 1.48, 95% CI = 1.01-2.17, P = .046) and 
adenomas (OR = 1.40, 95% CI = 1.17-1.68, P 
< .001 doi: 10.1002/ijc.34648

Passenger microbes
(e.g. Fusobacterium nucleatum)

HIT 3

Bowel cancer 

Cancer

Obesity, Atopy, autoimmune dx, 
etc..

1.49 (95% CI 1.07, 2.07), p = 0·018; ≥50 years 
doi.org/10.1038/s41416-021-01665-7

Antibiotics

46

Neonatal 
microbiome

Maternal microbiome

BREAST FEEDING
incomplete
microbiome

assembly INITIATION

HIT 1

Antibiotics
HR 4.40 (95% CI 1.63, 11.88) for long-
acting sulfonamides. doi: 
10.1093/ije/dyad004. Cancer risk varies with the resilience of the microbiome



We are experiencing an internal climate crisis



Microbiome
Theory

21st century

Germ
Theory

19th century

A healthy maternal 
microbiome should be a 

human right



Conclusions 

• The parental microbiome influences infant health from the 
moment of conception

• The gut-breast axis defines the immunological potential of 
human breast milk

• There is no substitute for breast milk, because it is 
PERSONALISED

• Breast feeding seeds the microbiome in the infant gut with life 
long consequences for their risk of non-communicable disease

• We are only just begining to understand this 



Thankyou! 

www.dark-matter.org.uk
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