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Profound bioactivities of raw breastmilk include beneﬁts attributed to the dense and diverse
natural microbiota, termed natural microbiota hereafter. Infants beneﬁt from breastfeeding not
just nutritionally, but by both ‘seeding and feeding’ the infant gut , providing microbes that seed
the naïve gastrointestinal (GI or gut) ecosystem and nutritive components that feed both infant
and microbial cells.
breastmilk microbiota
benefitârisk
colonization resistance

1. Introduction
Many studies in the past decade have characterized both the natural microbiota of mammalian
milks, including human breastmilk, and the beneﬁts that the natural microbiota of milks provide to
developing gut, immune, respiratory, and neural systems [1][2]. The âmicrobial seeding and
feedingâ of the natural microbiota of milks in mammalian gut systems is now understood to
contribute to âcompletenessâ of the natural microbiota of the gut essential to both stimulating
balanced development of the immune system and providing âoptimized colonization resistanceâ,
suppression of enteropathogen growth and infection, with enhancement of clearance of
enteropathogens, by the natural microbiota of healthy breastfed infantsâ gastrointestinal systems
[3].

Preterm and low birthweight infants appear to suﬀer higher risk of failure to thrive and morbidity
and mortality from infections than full term infants, as discussed more fully in Section 3 and
Section 4. One of the leading causes of infant mortality, severe inﬂammatory necrotizing
enterocolitis (NEC), appears to be a disease of dysbiosis rather than associated with infection by a
speciﬁc enteropathogen

[4][5]

. Thus, a uniquely vulnerable niche may exist in the dysbiotic gut

ecosystem of preterm infants who lack a protective natural microbiota of the gut and may ingest
pasteurized donor milk, lacking or depleted of the natural microbiota of the motherâs own milk or
raw breastmilk from donors.
Formal methodologies for microbial risk assessment and beneﬁtârisk assessment are ideal for
developing evidence-based policies for pasteurizing human donor milk. However, no beneﬁtârisk
assessments or risk assessments for bacterial pathogens were identiﬁed that compared
pasteurized and raw milks from humans. Regarding global risk management for donor breastmilk,
Japan and Norway

[6][7]

choose to provide raw donor breastmilk to NICU infants. All human donor

milk banks in Norway (See https://europeanmilkbanking.com/country/norway/, accessed on 29
December 2020) and some in Germany (See https://europeanmilkbanking.com/country/germany/,
accessed on 29 December 2020) screen and provide raw donor breastmilk, as documented on the
European Milk Bank Association website.
Fear and dread of microbes as germs that will kill us may factor strongly into a policy that is
becoming more controversial with expanding knowledge of the natural microbiota of milks from omics studies in this decade: the decision to require pasteurization of breastmilk from donors in
most human milk banks around the world

[8][9][10][11][12].

The fear of microbes as germs may

entrench well-meaning scientists and regulators in misconceptions of 20th century science, and
wall them oﬀ from full consideration of the tremendous advances in knowledge about the natural
microbiota of milks, particularly the rich body of evidence for both beneﬁts and risks of raw
breastmilk. In addition, germophobia may be fueled by misinformation about formula milk to
families around the world that discourages breastfeeding, despite the signiﬁcant loss of beneﬁts
associated with infant formula compared to breastfeeding

[13].

Regarding risk management for

breastmilk and formula, a companion manuscript submitted to this special collection

[14]

addresses relevant issues of âmanaging our microbesâ and raises concerns about potential
tradeoﬀs between economic motivations of the global infant formula industry and health beneﬁts
of raw breastmilk to infants and families.
No formal quantitative beneﬁtârisk assessment or risk assessment was identiﬁed to date that
assessed raw breastmilk and pasteurized donor breastmilk or the conditions when risks of
pasteurized donor breastmilk might outweigh the beneﬁts of raw breastmilk with its natural
microbiota intact.

2. Might Scientiﬁc
Paradigms?
Dietert and Silbergeld

[15]

Revolutions

Be

Shifting

Our

pointed out the need to insert the microbiota into our frameworks for

assessing safety and risk to human superorganisms, holobionts of Homo sapiens, and microbial
partners in health

[16].

The evidence map for the breastmilk ecosystem generated herein (Figure

1) illustrates the major shifts in methods, concepts, and knowledge base [17] that microbiologist
and physician Martin Blaser

[18]

described as the âmicrobiome revolutionâ. The advances of the

âmicrobiome revolutionâ are deﬁning a ânew normal scienceâ regarding the structures and
functions of the dense and diverse microbes in our bodies and in milks as our partners in health, a
new paradigm diverging from the 20th century paradigm of microbes as germs that could kill us.

Figure 1. Evidence Map for Raw Breastmilk Ecosystem. B-RA = BeneﬁtâRisk Assessment; QMRA
= Quantitative Microbial Risk Assessment; CS = human cohort study; MA = meta-analysis; R =
review; RT = randomized trial; SR = systematic review; and NEC = necrotizing enterocolitis.
Referencing within this ﬁgure lists ﬁrst author and date for those references cited in the text and
subsequently with reference numbers: Meltzer et al., 2016 [19]; Meltzer et al., 2013 [20]; Miller et
al., 2018

[21];

Villamor-Martinez et al., 2018 [22]; Sun et al., 2019 [23]; Ford et al., 2019 [24];

Bapistella et al., 2019
[26];

[25]

; American Academy of Pediatrics, 2017 [8]; Gribble and Hausman, 2012

Schanler et al., 2011 [27]; GrÃ¸vslien and GrÃ¸nn, 2009 [6]; GrÃ¸vslien, 2020

[28].

For

Supplemental Studies on Mechanisms, ﬁrst or ﬁrst and second author(s) and year are listed within
the ﬁgure, and full references provided in Supplementary Materials.
Consistent with Thomas Kuhnâs book, The Structure of Scientiﬁc Revolutions

[29]

, this âchange in

paradigmâ (fundamental change in basic concepts and experimental practices, theories, models,
or patterns of a scientiﬁc discipline) for raw breastmilk is supported by an extensive body of
evidence on beneﬁts and risks of human milk that, from our perspective, strongly challenges the
validity of many outdated societal notions about interactions between the microbiota of milks and
the host systems, particularly the immune system. For example, the notion that the presence of
potential pathogens in raw milks certainly pose too high a health risk to permit even healthy
infants, as well as pre-term or sick infants, to consume raw milks appears invalid. A paradigm shift
may be necessary to incorporate advancing knowledge of milk ecosystems to develop policies
that appropriately balance the beneﬁts and risks of the raw milk microbiota for the 21st century.
Brief perspectives are oﬀered below, highlighting key studies that illustrate the urgency for
updating the âstate of the scienceâ and uncertainties in order to begin new journeys on the
diﬃcult terrain of a shifting paradigm for considering the evidence for beneﬁts and risks of
pasteurizing donor breastmilk. Without a paradigm shift, development of evidence-based decision
support for raw breastmilk and pasteurized donor milks seems impossible. Key updates are oﬀered
from 21st century perspectives of the natural microbiota of the breastmilk ecosystem, particularly
microbiologic cross-talk with cells of innate and adaptive

2. Updating Earlier Notions from Science, Medicine, and
Risk Analysis
The body of evidence for factors inﬂuencing the microbiota of milks related to the âenvironmentâ
aspect of the traditional âdisease triangleâ (e.g., air quality and pollution; diet; supplements and
pharmaceuticals; behavior/lifestyle/environment including farm and non-farm environments, built
and natural environments, dust, soil; and water) is extensive and relevant to modeling
doseâresponse relationships for pathogens amidst the natural microbiota of raw breastmilk and GI
systems

[30].

the following

Some notable recent studies relevant for future dialogue with stakeholders include
[31][32][33]

.

The 20th century notion that the microbiota of milks are simply contaminants posing high risk to
human health appears invalid. Perceptions of bacteria as germs to be eradicated are gradually
being replaced by deeper awareness of symbiotic (commensal and mutualistic) microbiota as our
partners in health

[3][16][34]

.

As humans are now recognized as a majority-microbial superorganism rather than simply a singlespecies type of mammal, analysis of beneﬁts and risks needs to be directed toward the whole
human, the superorganism. To enable this, old 20th century scientiﬁc dogmas concerning human
health and safety as pertains to the immune system, microbes, human development, and safety
evaluation must be discarded, and new paradigms established that align with 21st century science
[34]

.

Dietert and Dietert

[34]

recently detailed seven 20th century dogmas that unduly aﬀect science

policy even though they are based on now-disproven science. The authors contend that these
outdated scientiﬁc dogmas are impeding a progression toward much-needed sustainable
healthcare. At least three of these outdated dogmas impact the consideration of beneﬁtârisk for
milk microbiomes: (1) the incorrect notion that the newbornâs immune system is completely
balanced and fully functional at birth (signiﬁcant immune maturation must happen in the infant to
avoid predictable diseases); (2) the idea that all microbes are dangerous (most microbes are safe
and many are needed); and (3) the idea that it is suﬃcient for safety assessment to focus on the
human mammal (to the exclusion of safety for the human microbiome). This last outdated dogma
resulted in existing approved drugs that present signiﬁcant health risks for humans as they
damage the human microbiome, such as proton pump inhibitors

[34][35]

.

Knowledge about the microbiota of milks is contributing to a dramatic transformation of roles, not
just of medical professionals, but also of parents and regulators, as âmicrobial managersâ of
healthy microbiomes, to reduce susceptibility to or prevent disease and actively promote health
[14]

. This microbial management strategy is consistent with a need to shift emphasis from the

epidemiologic disease triangle to a health triangle featuring the microbiota
others

[30]

, as endorsed by

[36][37].

3. Updating Preconceived Notions
Ecosystem Structure and Function

on

Breastmilk

Clearly, raw milks are not sterile [38][39][1][40][41][2], nor are the microbes present simply
contaminants originating from feces or the environment. Rather, raw breastmilk is said to contain
an âinimitable plethora of bioactive factorsâ that act âsynergistically, making it diﬃcult to
delineate the speciﬁc functions of a given milk componentâ in isolation from the plethora of other
factors

present [42]. Despite substantial bodies of evidence linking beneﬁcial eﬀects to raw

breastmilk (Figure

1;

Supplemental

Table

S1),

plausible

mechanisms

are

incompletely

characterized to date, largely due to the complexity of the functional networks of interactions
within and between natural microbiota and other bioactive components

[25][43][44]

.

The body of evidence documented herein provides strong support for the milk microbiota as
beneﬁcial for oﬀspring development and maturation of GI, immune, neural, and respiratory
systems in oﬀspring. Further, evidence supports multiple origins of the microbes present. Recent
reviews cite studies providing evidence regarding potential origins (niches, sources) of the natural
microbiota of milks

[39][1][40][41][2]

. Thorough discussions of the evidence for breastmilk microbiota

were provided by Zimmerman and Curtis
colleagues

[1]

[40]

and Boudry and colleagues

[2]

, and Oikonomou and

considered evidence on origins of milk microbiota across mammals.

Multiple lines of evidence support the plausible transfer of microbes from the infant oral (bucchal)
and the maternal skin microbiomes, as well as an entero-mammary pathway for transfer of
microbes or their DNA from the maternal GI tract to mammary tissue and subsequently to milk
and the oral cavity and GI tract of breastfeeding infants

[40][2][45]

. Zimmerman and Curtis [40]

document transfer of these gut bacterial genera to breastmilk: Bacteroides, Biﬁdobacterium,
Blautia,

Clostridium,

Collinsella,

Cutibacterium,

Enterococcus,

Parabacteroides, Pediococcus, Staphylococcus, Streptococcus,
Zimmerman and Curtis, additional reviews

[46][47]

Escherichia,

Lactobacillus,

and Veillonella. Consistent with

conclude that the predominance of available

scientiﬁc evidence supports the entero-mammary pathway of transferring maternal GI microbes to
breastmilk and breastfeeding infants. In multiple studies, probiotic strains administered during
pregnancy were detected in the breastmilk ecosystem
colleagues

[1]

[40]

. The review by Oikonomou and

cites some of this evidence, and concludes that the body of evidence suggests

transfer of microbes from milk to infants via an entero-mammary route, though mechanistic
details are not fully understood

[2].

4. Including Beneﬁts of Microbiota-Mediated Colonization
Resistance
Given the natural microbiota of milks described above, competition within and between microbes
in breastmilk is likely, and networks of microbes are linked by diﬀerential functional activities by
direct and indirect competitive and cooperative relationships

[43]

. Similarly, direct and indirect

microbial competition of the breastmilk microbiota with potential enteropathogens provide a
primary disease prevention strategy with opportunities for more holistic, ecological approaches to
âoptimized colonization resistanceâ in neonatology

[3]

. The importance of including evidence on

dose- and time-dependent colonization resistance in microbial beneﬁt and risk assessments was
emphasized in recent studies

[14][30]

.

Extensive data are now available that characterize plausible mechanisms driving infectious and
inﬂammatory disease, including colonization resistance by direct and indirect competition of the
microbiota in foods and the gut (Figure 1; Table 1; Supplemental Table S1). Colonization
resistance likely enhances the health of superorganisms by multiple mechanisms simultaneously,
including: (i) outcompeting pathogens for resources in the intestinal lumen; (ii) reducing likelihood
of pathogen attachment along mucosal surfaces of the gut; (iii) up-shifting pathogen load
requirements for disease (enhancing innate resistance against low pathogen doses); (iv)
strengthening mucosal barriers against pathogenesis; and (v) optimizing immune homeostasis,
balancing inﬂammatory processes linked with allergies, asthma, and infectious disease

[3][48]

.

Table 1. Plausible mechanisms for colonization resistance (derived from Kim et al. [48]; Dietert
Direct Mechanisms of Microbiota-Medicated
Colonization Resistance

[3]

).

Indirect Mechanisms of MicrobiotaMedicated Colonization Resistance:

Outcompete enteropathogens for:

Stimulating innate immune cells via

Nutrients, vitamins, co-factors, and minerals;

receptors;

Niches (function of species in a habitat or

Stimulating host cells to produce

environment; interactions of species and abiotic

antimicrobial compounds (e.g.,

factors of a habitat which supports a community;

defensins);

Attachment or invasion sites (e.g., mucin, target

Enhancing the toxicity of bile acids for

host cell receptors).

pathogens;
Activating host immune cells to more

Antagonize or kill enteropathogens by directly
producing:

eﬀectively clear pathogens (e.g.,

Antimicrobials (e.g., bacteriocins such as Nisin

inﬂammasome pathway activation);

and Plantaricin 423);
Maintaining and protecting the mucin
Type IV secretion compounds (e.g., VirB/D4

layer and underlying gut barrier

proteins).

integrity from damage by pathogens.

Application of next generation microbial ecology and combinations of in vitro, in vivo, and
microcosm experiments may support evidence-based policies for donor breastmilk that more
eﬀectively establishes a healthy gut microbiota and restores colonization resistance against
nosocomial

[49][50]

and food-borne pathogens

[48][51][52]

in NICU infants in the future.

5. Updating Earlier Notions from Decision Science
The assumption that pasteurized donor milks are more beneﬁcial and less risky to NICU infants is
not

supported

by

deﬁnitive

evidence,

particularly

from

microbiologic

and

immunologic

perspectives (Figure 1). One could argue that the body of evidence is consistent with decreased
health beneﬁts with pasteurization, with the recent exception of a study documenting reduced
risk for short-term pasteurization and CMV rates [25]. For some clinical outcomes, pasteurization
may actually increase health risks to infants as evidenced in multiple clinical studies
[21][22][24][20][23]

.

For nearly 80 years, Norway has documented no adverse eﬀects or extra risk associated with its
policy of screening and delivering raw breastmilk with non-detectable pathogens to mothers who
are unable to breastfeed their infants, and pathogen-positive donor milk is destroyed rather than
pasteurized. Including the full body of evidence, both supporting and attenuating, is important to

expand deliberations around the world. Further, future deliberations should include evidence for
potential pathogens representing high risk to infant health that merit screening in donor milk, not
only to protect infant health, but also to maximize beneﬁts to infant health.
Decisions by human donor milk banks to pasteurize all donor milk suggest that implicit barriers
are preventing these organizations from considering the 21st century evidence for the breastmilk
microbiota that might inform future evidence-based policies that account for both beneﬁts and
risks. It is possible that one of these implicit barriers is belief in the 20th century paradigm of
germ theory based on fear that presence of potential pathogens alone causes high risk. The needs
for deliberation of the evidence and analysis of both beneﬁts and risks are urgent to optimize
beneﬁts and risks to NICU infants.
At present, the loss of the well-established beneﬁts for raw breastmilk for many signiﬁcant
endpoints in neonatology by pasteurization

[21][22][24][20][23]

appears inconsistent with the âstate

of the scienceâ and uncertainties for infant health, and pasteurization appears associated with
increased risk to NICU infants around the world. International deliberation of the evidence
documented in Figure 1 is essential to development of evidence-based policies. The more holistic
21st century perspectives of the complexity and resilience of raw milk ecosystems documented
herein and healthy gut ecosystems

[14]

may well beneﬁt human health into childhood and

adulthood, and outweigh acute infectious disease risks to NICU infants.
The authors propose the evidence map for the breastmilk ecosystem (Figure 1) as a starting
point for an international workshop on the beneﬁts and risks of pasteurization. Raw breastmilk and
other foods containing a natural microbiota appear to contribute to GI, immune, neural, and
respiratory system health for infants and adults. The workshop could launch a series of exercises
of an analytic-deliberative process

[53][54]

to build shared understanding between experts and

stakeholders in support of evidence-based risk management decisions on donor milk and other
foods.
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