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The concept of “probiotic” is generally attributed to Dr. llya Mechnikov, who hypothesized that longevity could be enhanced by manipulating
gastrointestinal microbes using naturally fermented foods. In 2001, a report of the FAO and WHO (2001 Oct, http://www.who.int/foodsafety/
publications/fs_-management/en/probiotics.pdf) proposed a more restrictive definition of probiotic, as follows: “a live micro-organism which, when
administered in adequate amounts, confers a health benefit on the host.” As such, answering the fundamental question posed here—"Is human
milk a probiotic?’—requires first grappling with the concept and meaning of the term probiotic. Nonetheless, one must also be convinced that
human milk contains bacteria. Indeed, there are scores of publications providing evidence of a paradigm shift in this regard. Variation in the human-
milk microbiome may be associated with maternal weight, mode of delivery, lactation state, gestation age, antibiotic use, and maternal health.
Milk constituents (e.g., fatty acids and complex carbohydrates) might also be related to the abundance of specific bacterial taxa in milk. Whether
these bacteria affect infant health is likely, but more studies are needed to test this hypothesis. In summary, a growing literature suggests that human
milk, like all other fluids produced by the body, indeed contains viable bacteria. As such, and recognizing the extensive literature relating
breastfeeding to optimal infant health, we propose that human milk should be considered a probiotic food. Determining factors that influence
which bacteria are present in milk and if and how they influence the mother's and/or the recipient infant's health remain basic science and public

health realms in which almost nothing is known. Adv Nutr 2015;6:112-123.
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Introduction

In 1908, the Nobel Prize in Physiology or Medicine was
awarded to Drs. Ilya Mechnikov (1845-1916) and Paul Ehr-
lich” (1854-1915) “in recognition of their work on immu-
nity” (1). Although generally known for his research
related to phagocytosis and often referred to as the “father
of natural immunity,” Mechnikov’s later years were largely

" This article is a review of the symposium "It's Alive: Microbes and Cells in Human Milk and
Their Potential Benefits to Mother and Infant" held 29 April 2014 at the ASN Scientific
Sessions and Annual Meeting at Experimental Biology 2014 in San Diego, CA. The
symposium was sponsored by the American Society for Nutrition (ASN), the ASN Lactation
Research Interest Section (RIS), and supported by an educational grant from Medela, Inc.

2 A summary of the symposium "It's Alive: Microbes and Cells in Human Milk and Their
Potential Benefits to Mother and Infant" was published in the September 2014 issue of
Advances in Nutrition.
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devoted to studying the relations between lactobacilli-rich
yogurts, gastrointestinal microbiota, and health (mainly lon-
gevity). Indeed, Mechnikov fervently advocated the con-
sumption of fermented dairy products, specifically the
health benefits of replacing indigenous gastrointestinal mi-
crobiota with those in these foods (2, 3). Because of this,
Mechnikov is often considered to be the originator of the
current concept that intentionally fermented (naturally mi-
crobe-containing; now considered “probiotic”) foods can
positively affect health. However, the word probiotic [a com-
posite of the Latin preposition pro (for) and the Greek adjec-
tive BuwTikép (biotic), the latter deriving from the noun
Brog (bios, “life”)] has undergone a substantial evolution
of meaning over the years (3). Nonetheless, probiotic foods
are generally thought to be those that contain live bacteria
that positively influence health.

In this article, we examine the overarching question “Is
human milk a probiotic food?” In other words, can the in-
gestion of bacteria found in human milk positively affect
the health of the recipient—in this case, a breastfed infant?
Although sufficient data do not currently exist to completely
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answer this question—indeed, the study of the human milk
microbiome is in its fledgling stage—the goal of this article is
to convince the perhaps skeptical reader of 3 somewhat
paradigm-shifting concepts: 1) milk produced by healthy
women contains live bacteria, 2) variability in these orga-
nisms might be responsive to environmental (host-related)
factors, and 3) milk (mammary) microbiota might poten-
tially offer health benefits to both the producer (the mother)
and the consumer (the infant). Once these concepts are ac-
cepted, deciding whether the term probiotic should be ap-
plied to human and/or other species’ milk will be left to
the judgment of each reader, because this conclusion must
be at least partially relegated to both forthcoming research
and scientific semantics.

Current Status of Knowledge

Defining “probiotic”—a historical perspective. Unless
foods have been sterilized via some sort of treatment (e.g.,
heat, irradiation), it is safe to say that they contain bacteria.
Indeed, the public all-too-well knows that food-borne bac-
teria can cause disease. However, the practice of purpose-
fully treating foods with live bacteria has long been used
as a form of food preservation; as such, these types of
food-borne bacteria and other types of microorganisms
(e.g., yeasts) used in food preservation are generally health
promoting, allowing the consumption of nutrient-rich
foods (e.g., yogurts, pickles, wine) long after their shelf lives
if they were unpreserved. However, the added health benefits
of consuming fermented, microbe-containing foods were
not scientifically recognized until the late 19th and early
20th centuries when Ilya Mechnikov, a Russian biologist,
made the observation that Bulgarian peasants who ingested
large amounts of “soured milks” lived longer than many
other populations in northern Europe. From this observation,
Mechnikov hypothesized that the consumption of naturally
fermented dairy products could result in a health-promoting
shift in the bacteria present in the large intestine (1-5).

In the English translation of his treatise entitled Essais
Optimistes (6) concerning aging, Mechnikov provided the
following, somewhat guarded, conclusion concerning natu-
rally fermented foods and health.

“If it be true that our precocious and unhappy old age is
due to poisoning of the tissues (the greater part of the poi-
soning coming from the large intestine inhabited by
numberless microbes), it is clear that agents which arrest
intestinal putrefaction must at the same time postpone
and ameliorate old age. This theoretical view is confirmed
by the collection of facts regarding races which live chiefly
on soured milk, and among which great ages are common.
However, in a question so important, the theory must be
tested by direct observations. For this purpose the numerous
infirmaries for old people should be taken advantage of, and
systematic investigations should be made on the relation of
intestinal microbes to precocious old age, and on the influ-
ence of diets which prevent intestinal putrefaction in pro-
longing life and maintaining the forces of the body. It can
only be in the future, near or remote, that we shall obtain

exact information upon what is one of the chief problems
of humanity” (pp. 182-3)

With this clear plea for further, well-designed scientific
study (especially related to the relation between fermented
foods and aging), Mechnikov secured his place as the right-
ful “father of probiotic theory,” launching the field of re-
search related to potential health-promoting effects of
fermented foods and microbe-containing supplements. It
is important to recognize that Mechnikov’s belief was that
“typical” gastrointestinal microbiota are generally harmful,
but their replacement with those found in fermented foods
(e.g., lactic acid bacteria) is beneficial to health. This and
other specific beliefs related to if and how fermented foods
affect health have undergone substantial shifts over the
past century. A brief timeline describing the evolution of
the concept and semantics related to probiotics and health
is provided in Figure 1 and described briefly here.

After Mechnikov’s death in 1916 and the proposition that
his “Bulgarian bacillus” (most likely what is now called Lac-
tobacillus delbrueckii subsp. bulgaricus) found in soured
dairy products may not survive gastric transit (and therefore
could not possibly affect health), researchers began instead
studying isolates of Lactobacillus acidophilus prepared as di-
etary supplements rather than delivered in naturally fer-
mented foods (7). In addition, scientists began to investigate
therapeutic outcomes of single-strain, bacteria-containing
supplements that were related to quality of life (e.g., constipa-
tion) instead of prolongation of life (8). Bacterial strains used
in these studies were often isolated from feces, not food. As
such, the concept of “probiotic” was broadened to include
acute health effects of consuming a single bacterial organism
that may or may not have been isolated from foods and that
was delivered via supplement.

Research related to the role of diet in modulating the gas-
trointestinal microbiota was fueled again in the 1950s with
the development of germ-free animals, a research technique
used first in 1895 by Nuttal and Thierfelder (9). But again,
the initial focus of many of these studies was based on the
belief that, in general, gastrointestinal microbiota were
harmful and that replacing them with selected strains would
promote health. However, during this period of scientific
endeavor, work (mostly in the agriculture sector) began to
show that oral administration of antibiotics to laboratory
production animals could result in increased morbidity
and mortality, helping shape the belief that some endoge-
nous taxa confer health benefits to the host (e.g., 10, 11).
Of course, evidence supporting the overarching hypothesis
that variation in gastrointestinal microbiota community
structure can predispose the host to either health or disease
has burgeoned in the late 20th and early 21st century, driv-
ing exponentially increasing numbers of studies including
the federally funded Human Microbiome Project (reviewed
in 12).

As with basic assumptions underlying the relations
among food, gastrointestinal microbiota, and health, the
use of the term probiotic has also evolved. Lilley and Stillwell
(13) actually coined the term probiotic in 1965 to describe
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FIGURE 1 A century of
concepts and definitions.
Selected timeline and evolution
of concepts and definitions
related to the relation between
fermented foods and the term
probiotic.

microbial growth.

microbial balance.”

Early 20 century (concept): Mechnikov proposed that consumption of microbe-containing foods
positively impacts health by displacing health-threatening bacteria in the large intestine.

1920-1930 (concept): Rettger revised/expanded Metchnikov’s theory beyond naturally-fermented foods
and mortality to single-strain supplements and morbidity.

1950 (concept): Research in the agriculture sector (often involving antibiotic treatment) provided
evidence of health-promoting aspects of endogenous, gastrointestinal (GI) microbiota.

1965 (definition): Lilley and Stillwell coined term probiotic (noun) as meaning “factors produced by
microorganisms that influence growth of other microorganisms.”

1971 (definition): Sperti redefined probiotic (noun) to describe tissue extracts that could promote
1974 (definition): Parker redefined probiotic (noun) as an “organism or substance which contributes to
1989 (definition): Fuller redefined prabiotic (noun) as “a live microbial feed supplement which

beneficially affects the host animal by improving its intestinal microbial balance.”

1995 (definition): Fuller again redefined probietic (noun) as “a preparation consisting of live

Focus on traditional,
fermented “whole” foods;
health outcomes not well
defined aside from
longevity.

microorganisms or microbial stimulants which affects the indigenous microflora of the recipient animal, v

plant or food in a beneficial way.”

factors produced by microorganisms that influence growth
of other microorganisms. In 1971, Sperti (14) used the
term to describe tissue extracts that could promote micro-
bial growth. In 1974, Parker (15) repainted the term
probiotic (noun) with a broad brush as “organisms and sub-
stances which contribute to intestinal microbial balance.”
Clearly, this usage of the term was expansive—arguably in-
cluding everything from fermented foods and microbe-
containing supplements to medications and other substances
(e.g., dietary fiber) that might directly or indirectly influence
gastrointestinal microbial community structure and diversity.
In 1989, Fuller (16) proposed the following, quite different,
definition of probiotic: “a live microbial feed supplement
which beneficially affects the host animal by improving its in-
testinal microbial balance.” This proposed definition returned
the focus back to consumption of live bacteria, but in this case
in the form of a food supplement rather than that found in
naturally fermented foods. This shift was likely because his fo-
cus was on agricultural animals rather than free-living hu-
mans. Recognizing the need for a less restrictive meaning,
Fuller (17) in 1995 proposed a new definition: “a probiotic
is a preparation consisting of live microorganisms or micro-
bial stimulants which affects the indigenous microflora of
the recipient animal, plant or food in a beneficial way.”
Note, however, that he specifically included the “traditional
fermented milks such as yogurt” in this definition for histor-
ical reasons.

Most recently, an even more restrictive definition of pro-
biotic was proposed in a report of a joint FAO and WHO
Consultation convened in 2001 to evaluate the health and
nutrition properties of probiotics in food. The publication
(18) resulting from the first meeting of this group defined
a probiotic (adjective) organism as a “live micro-organism
which, when administered in adequate amounts, confers a
health benefit on the host.” Although this report clearly
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Late 20" century/early 215 century (concept): Growing literature supports substantial (and
physiologically relevant) concept that certain Gl bacteria are beneficial and that dysbiosis causes
disease; recognition that dietary patterns (excluding and including microbe-containing foods) may
influence Gl bacterial communities; Human Microbiome Project launched.

2001 (definition): FAO/WHO Consultation redefined probiotic (adjective) organism as “live micro-
organism which, when administered in adequate amounts, confers a health benefit on the host.”

Because of restrictive use
of term and requirement
that dosage and health
benefits are rigorously
documented, focus shifts
to additives/supplements
and targeted health
outcomes.

states that “the opinions expressed in this report are those of
the participants at the Consultation and do not imply any
opinion on the part of FAO and WHOQO,” this definition is
generally said to be supported by these international
agencies and used globally to define the term and its use
in labeling and marketing. Because this definition refers to
both a dosage and a health benefit, both currently need to
be defined and scientifically supported for a food or supple-
ment to be deemed a proper “probiotic” product. As such,
the term is now considered more of a health claim than a
nutrient content claim.

In summary, and critical to being able to reconcile
whether human milk should be considered a probiotic
food, one must first consider which perturbation of the con-
cept/term probiotic to use. Should Mechnikov’s concept of a
microbe-containing food that helps “outcompete” disease-
promoting gastrointestinal microbiota be used? Should
one use Parker’s somewhat inclusive concept of organisms
and substances that contribute to intestinal microbial bal-
ance? Or should today’s widely held view requiring specific
strains, dosages, and demonstrable health benefits prevail?
This scientifically relevant, semantic dilemma will be revis-
ited in the concluding section of this article.

Paradigm shift: human milk is not sterile. Regardless of
the definition used, for milk to be considered a probiotic
food it must contain live bacteria or other microorganisms.
Historically, milk of all mammals was thought to be a sterile
fluid unless contaminated during collection or storage or
produced by a diseased gland, such as during mastitis.
This belief was largely due to both perspective and methodo-
logic limitations related to the selective use of culture-
dependent techniques to detect only bacteria known to be
pathogenic. These studies (e.g., 19-21) suggested that
most milk samples were sterile but that milk collected



from mastitic women contained primarily Staphylococcus
aureus and to a lesser extent streptococci. Nonetheless, cul-
turable bacteria were often not detected in milk samples col-
lected from mastitic women. Consequently, experts have
long questioned the prevailing dogma related to “infectious”
vs. “noninfectious” mastitis (i.e., bacterial vs. nonbacterial),
the precise role of bacteria in the etiology of breast inflam-
mation, and the implications this might have for or against
antibiotic use in affected women (e.g., 22-24).

More recently, the use of culture-independent techniques
that do not rely on taxa-specific growth media but instead
identify bacterial groups on the basis of variation in specific
DNA segments has led to a paradigm shift in this regard. In
other words, these studies using molecular techniques over-
whelmingly support the existence of a rich and diverse com-
munity of bacteria in milk, regardless of whether the milk
was produced by healthy women or those with mastitis. A
list of studies that used these molecular techniques (often
in combination with carefully conducted, culture-dependent
techniques) to investigate the microbiota in human milk are
provided in Table 1 and described briefly here. Although
these studies have provided unprecedented insights into
the full range of bacteria that are present in milk (in partic-
ular, anaerobic taxa that are exceptionally difficult to culture
but may play important roles in the colonization and health
of an infant’s gastrointestinal tract), it should be noted that
there are several limitations of using only culture-independent
approaches. For instance, the viability of bacteria cannot be
assessed, in most cases bacterial load is not determined and/
or its accuracy may be compromised by gene copy number,
and there is the possibility of DNA contamination from lab-
oratory personnel and molecular biology reagents. For these
reasons and others, marrying both culture-dependent and
culture-independent analyses will be important as the field
moves forward.

Characterizing the bacteria in human milk. Perhaps the
first (25) of the studies that used culture-independent
methods to study healthy human-milk microbiota was pub-
lished in 2003 by Dr. Juan Rodriguez and his research group.
This study in 8 healthy, breastfeeding Spanish mothers and
their infants tested the hypothesis that human milk is a source
of lactic acid bacteria® and combined targeted culture-
dependent and culture-independent methods. Lactobacillus
gasseri and Enterococcus faecium were isolated from the
milk, mammary areola/skin, the infant’s mouth, and the in-
fant’s feces. However, lactic acid bacteria types in the milk
differed from those found on the skin of the breast. The re-
searchers concluded that human milk can be an important

8 Lactic acid bacteria are gram-positive, non—spore-forming cocci, coccobacilli, or rods that
ferment glucose primarily to lactic acid, or to lactic acid, carbon dioxide, and ethanol. All
lactic acid bacteria grow anaerobically, but unlike most anaerobes, they can also grow
in the presence of oxygen. The term lactic acid bacteria is traditionally reserved for genera
in the order Lactobacillales, which includes Lactobacillus, Leuconostoc, Pediococcus,
Lactococcus, and Streptococcus, in addition to Carnobacterium, Enterococcus, Oenococcus,
Tetragenococcus, Vagococcus, and Weisella. Lactic acid bacteria are among the most
important groups of microorganisms used in food fermentations (27).

source of lactic acid bacteria to the infant, and that these
bacteria do not simply result from contamination from
the surrounding skin but instead likely have an endogenous
origin. Although the origin of milk microbiota is beyond the
scope of this article, the reader is directed to another article
in this issue related to this topic (26).

In a subsequent and systematic series of elegant studies
conducted in the decade after their first report (e.g., 28
and as reviewed in 29-31), Rodriguez and his group pro-
vided additional evidence that not only does human milk
contain viable lactic acid and other types of bacteria but
that oral provision of selected milk-derived bacteria to mas-
titic women results in the appearance of these bacteria in
their milk and is substantially more effective than antibiotic
therapy in reducing pain and risk of lactation cessation asso-
ciated with mastitis (32). These studies provide solid evi-
dence that bacteria residing in the mammary gland are
not necessarily harmful; instead, it is likely that there is a
dysbiosis of bacterial community structure that leads to ma-
ternal disease. Moreover, a rebalancing of this community
via oral administration of milk-derived bacteria can restore
health—a concept perfectly in line with that of Mechnikov a
century earlier. Interestingly, however, this application of
consumption of “probiotic” bacteria initially found in hu-
man milk involves a unique twist; that is, the health benefit
is bestowed on lactating women rather than on breastfed
infants.

Building on the work of Rodriguez and his team, several
other research groups provided additional evidence that
milk produced by healthy women contains bacteria. For in-
stance, utilizing 454-pyrosequencing and primers targeting
the V1-V2 hypervariable region of the bacterial 16S ribo-
somal RNA (rRNA) gene, our group characterized the diver-
sity and temporal stability of bacterial communities in 3
milk samples collected from each of 16 US women over a
4-wk period (33). Ecological analyses of the data at the genus
level suggest substantial richness and diversity of bacteria,
although only 9 genera were found in all samples. This
“core” bacterial community accounted for 52% of all oper-
ational taxonomic units and included Staphylococcus, Strep-
tococcus, Serratia, Pseudomonas, Corynebacterium, Ralstonia,
Propionibacterium, Sphingomonas, and Bradyrhizobium.
These milk samples were also subjected to the currently rec-
ommended, culture-dependent methods of the National
Mastitis Council’s Laboratory and Field Handbook on Bovine
Mastitis (34). Although all were found to have complex mi-
crobial community structures via pyrosequencing, 20% of
the samples were void of bacterial growth. A potential lim-
itation of this work is that viability and quantity of bacteria
could not be determined—only relative abundances of bac-
terial taxa. Nonetheless, these data provided the first ob-
tained by using next-generation sequencing techniques to
characterize the global bacterial community in human milk.

A similar study was also conducted by Cabrera-Rubio
etal. (35), who characterized the milk microbial community
at 3 different time points (colostrum and at 1 and 6 mo post-
partum) in 18 Finnish women. These investigators used
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both 454-pyrosequencing and qPCR, and primers targeted
the V1-V3 region of the 16S rRNA gene for taxonomic iden-
tification at the family and genus levels. Results indicated
relatively high amounts of lactic acid bacteria (especially in
colostrum) but also high amounts of Staphylococcus, Strepto-
coccus, Veillonella, Leptotrichia, and Prevotella in the milk
samples. These investigators did not determine, however,
whether there existed unique bacterial “fingerprints” within
women across time as was described by us (33). However,
they compared their data to our data and reported substan-
tial differences in microbial community make-up. Again,
why these differences exist are not known but likely are be-
cause of both (real) population and (confounding) meth-
odologic differences that will require additional research to
understand.

Jost et al. (36, 37) also published relatively extensive work
characterizing the human-milk microbiome using a combi-
nation of culture-dependent methods and culture-independent,
molecular techniques (454-pyrosequencing; primers target-
ing the V5-V6 region of the bacterial 16S rRNA gene). For
instance, they collected milk from 7 healthy, exclusively
breastfeeding Swiss women at 3 times during the first month
postpartum. Members of the Actinobacteria, Bacteroidetes,
Firmicutes, and Proteobacteria phyla were predominant,
with Staphylococcus, Streptococcus, Pseudomonas, Ralstonia,
Bifidobacterium, Blautia, and Bacteroides identified as the
most abundant genera. Members of the Enterococcus and
Lactobacillus genera were present in 9.5% and 15% of the
samples, respectively.

There exist several other recently published reports char-
acterizing the microbiome in milk collected from healthy
lactating women. These include a study conducted by
Ward et al. (38) who used Illumina next-generation se-
quencing technology to characterize all of the genetic mate-
rial (metagenome) of a single milk pool constituted from
10 milk samples collected from 10 breastfeeding women be-
tween 9 and 30 d postpartum. Bacteria in milk were classi-
fied at the phylum and genus levels. Milk community
structure was compared with that of maternal and infant fe-
cal samples at the phylum level; and potentially immunolog-
ically related bacterial-DNA motifs were searched for within
the pooled milk sample. More than 360 prokaryotic genera
were detected with the phyla Proteobacteria and Firmicutes
dominating. At the genus level, Pseudomonas and Staphylo-
coccus (both identified as “core” bacterial taxa in reference
33) together contributed the majority of the total commu-
nity membership, followed by 13 additional less-abundant
genera. The milk metagenome was found to be less diverse
at the phylum level than that of the feces, and milk contained
notable amounts of genetic material associated with nitro-
gen metabolism, membrane transport, stress response, and
immunomodulatory functions. Differences between the
findings of Hunt and colleagues (33) and those of Ward
et al. (38) are likely related to a constellation of variables, in-
cluding collection methods (e.g., cleaned vs. uncleaned breast),
extraction techniques (e.g., use of bead beating to rupture bac-
terial cell membranes), sequencing platforms (pyrosquencing

vs. llumina), and unexplored yet potentially important host-
specific, environmental differences (e.g., diet).

Khodayar-Pardo et al. (39) also characterized the micro-
bial community structure in 32 Spanish women. Using
qPCR, they identified Lactobacillus, Streptococcus, and Enter-
ococcus spp. as the predominant bacterial groups. Tusar et al.
(40) also reported a host of Lactobacillus, Enterococcus,
Staphylococcus, and Bifidobacterium species in milk collected
from 47 Slovenian women, and Gonzalez et al. (41) found
that the most frequent bacterial groups in milk collected
from Mozambique women were of the Staphylococcus, Strep-
tococcus, and Lactobacillus genera. In addition, Albesharat
etal. (42), using an elegant combination of culture-dependent
and culture-independent methods, identified a host of lactic
acid bacteria in milk produced by Syrian women.

In conclusion, there is now indisputable evidence that
human milk contains a diverse and viable bacterial commu-
nity, even when it is produced by healthy women with no
signs or symptoms of mastitis or other mammary disease.
Although bacterial community structure differs between
these studies, most suggest that milk contains Staphylococ-
cus, Streptococcus, and Lactobacillus genera. However, differ-
ences between studies warrant careful scrutiny to determine
if they are due to environmental, behavioral, or genetic dif-
ferences or are a consequence of methodologic variation.
Furthermore, although it is beyond the scope of this article
to review the related literature, strong evidence for the pres-
ence of bacteria in milk has been published for bovine,
ovine, and caprine taxa (e.g., 43—46), confirming that this
phenomenon is not unique to humans. As such, the time
has come to acknowledge a paradigm shift away from the
long-held dogma suggesting that milk is sterile toward rec-
ognition of a rich bacterial community in milk. This ac-
knowledgment is the first required step in considering
whether human milk should be considered a probiotic food.

Factors associated with variation in milk microbiota. As
described above, using both culture-dependent and culture-
independent methods, researchers have in recent years con-
sistently identified a variety of bacterial types in human
milk. However, great variation exists among published re-
ports. At this time, very little is known about what factors
are responsible for these differences, although it can be as-
sumed that some of them are due to confounding methodo-
logic issues that will need to be addressed coordinately by
researchers in this field. Nonetheless, there is some evidence
that demographic, environmental, and physiologic variables
might influence milk microbial community structure. These
variables include geographic location (which encompasses
myriad variables including genetics and dietary patterns),
time postpartum, delivery mode, maternal adiposity, mater-
nal health (e.g., celiac disease, HIV, mastitis), and medical
treatments (e.g., chemotherapy). In fact, as described by
Tusar et al. (40), microbial ecology may even differ between
breasts within the same woman.

Perhaps best documented are the potential influences
of time postpartum and delivery mode on microbial

Bacteria in human milk—probiotic? 119



community structure. For instance, Cabrera-Rubio et al.
(35) reported that, whereas Weisella, Leuconostoc, Staphylo-
coccus, Streptococcus, and Lactococcus are predominant gen-
era in colostrum of Finnish women, the typical inhabitants
of the oral cavity (e.g., Veillonella, Leptotrichia, and Prevo-
tella) become relatively more abundant in mature milk.
Milk produced by women who had undergone cesarean de-
livery (especially elective) was also different (e.g., greater
evenness, increased Acinetobacter) from that produced by
women who had vaginal delivery. They also found that
milk produced by obese mothers [BMI (kg/mz) =30] con-
tained a different mix of bacteria and was less diverse than
that collected from normal-weight women (BMI =25).
The lack of dietary records precludes making any conclu-
sions related to the effects of overall nutritional status
(e.g., energy balance, micronutrient status, etc.) in this regard.
However, because these samples were collected and analyzed
in a similar manner in the same laboratory, one can con-
clude that reported differences related to time postpartum,
delivery mode, and BMI are real and not related to collection
and laboratory methods. Instead, this variation is likely re-
lated to physiologic (e.g., hormonal) changes, use of antibi-
otics, stress, and other factors yet to be delineated.

In another longitudinal study designed to investigate the
potential relations among maternal adiposity, time postpar-
tum, and the milk microbiome, Collado et al. (47) collected
milk samples from 56 mothers (22 overweight and 34 nor-
mal weight) and their infants at 1-2 d, 1 mo, and 6 mo post-
partum. qPCR was used to detect various bacterial genera
and groups. They found higher amounts of Staphylococcus
group bacteria and lower amounts of Bifidobacterium group
bacteria in overweight mothers compared with normal-
weight ones. The prevalence of Akkermansia muciniphila—
type bacteria was also higher in overweight mothers, and
their numbers were related to the IL-6 concentration in co-
lostrum. The authors concluded that a dysbiosis of bacteria
in the milk of overweight women (and those who gain exces-
sive weight during pregnancy) may play a role in predispos-
ing their infants to unhealthy weight gain.

Recently, Soto et al. (48) demonstrated a lower occur-
rence of lactobacilli and bifidobacteria in milk from 160
German or Austrian women who received antibiotics during
pregnancy or lactation. Milk from women undergoing cesar-
ean delivery and/or who received anesthesia during delivery
tended to be less likely to contain lactobacilli. With the use
of PCR, of the most abundant Lactobacillus species, L. sali-
varius and L. fermentum were detected in >25% of the sam-
ples, whereas for Bifidobacteria, B. breve was found in ~15%
of the samples.

Khodayar-Pardo et al. (39) also reported differences in
milk microbes over lactation in 32 Spanish women: total
bacteria, Bifidobacterium, and Enterococcus spp. counts in-
creased during the first 3 wk postpartum. They also reported
that Bifidobacterium spp. concentration was consistently
higher in milk produced by women delivering at term (vs.
preterm), and higher bacteria concentration was present in
early milk in that produced by women who had undergone
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cesarean (vs. vaginal) deliveries. Bifidobacterium was also de-
tected more frequently in vaginal (vs. cesarean) deliveries.
These authors, however, were unable to look at more global
microbial changes, because they used targeted PCR analyses
rather than next-generation sequencing (e.g., pyrosequenc-
ing) as was done by Cabrera-Rubio et al. (35). Conversely, it
should be noted that the Finnish study focused on the 10
most-abundant bacterial taxa and therefore did not report
potential differences in less abundant groups (e.g., Bifido-
bacterium). For this reason, it is somewhat difficult to com-
pare results obtained by these high-quality studies.

Albesharat et al. (42) also provided convincing evidence
for “sharing” of bacteria species among local, fermented
foods, the maternal gastrointestinal tract, milk, and an infant’s
gastrointestinal tract. In this study, milk and fecal samples
were collected from 30 mother-infant dyads; and traditional
plant-, dairy-, and meat-based probiotic foods (e.g., kishk,
shanklish, and makdous) were sampled from the local market-
place. A combination of random amplified polymorphic
DNA (RAPD), 16S rRNA sequencing, and matrix-assisted
laser desorption ionization time-of-flight mass spectrometry
analysis was used to phenotype and genotype lactic acid bac-
teria in each sample matrix. Although there were bacterial
taxa that were unique to each sample type, Lactobacillus plan-
tarum, Lactobacillus fermentum, Pediococcus pentosaceus, and
Lactobacillus brevis were found in all of them, suggesting an
intimate microbial interplay among maternal diet, milk mi-
crobiota, and the gastrointestinal microbes in breastfed in-
fants and the importance of host factors in colonization
and personalization of microbes within a cultural setting.

Several research groups also reported differences in milk
microbial communities on the basis of maternal health sta-
tus. For example, Gonzdlez et al. (41) found higher bacterial
diversity and frequency of Lactobacillus spp. in HIV-positive
African women and lower frequency of Staphylococcus hom-
inis, and S. aureus in HIV-positive women. These differences
are likely not related to sampling or methodologic issues, al-
though one cannot infer causality (or directionality) from
these differences. It is possible that factors associated with
different microbial ecologies might influence susceptibility
to HIV, but it is equally possible that HIV infection can trig-
ger microbial community shifts. Prospective longitudinal
human studies coupled with animal models will likely be
needed to study this relation in more detail. Similarly, Oli-
vares et al. (49) reported in a cross-sectional study that
gene copies (numbers/mL) of Bifidobacterium spp. and
B. fragilis group were higher in milk produced by 12 self-
reported healthy Spanish mothers than that collected from
12 lactating Spanish women with celiac disease. This shift
was accompanied by lower concentrations of immunopro-
tective compounds (e.g., TGF-B1 and secretory immuno-
globulin A) in the milk. Groénlund et al. (50) also found
lower counts of Bifidobacterium in milk of allergic women
compared with their nonallergic counterparts. Whether
these differences are strictly due to the disease or other con-
founding factors (e.g., gluten in the diet or other “avoidance-
type” diets) will require additional research.



Chemotherapy has also been associated with alteration in
milk microbiome. Urbaniak et al. (51) used Ion Torrent (Life
Technologies) next generation sequencing technology to docu-
ment prospective, longitudinal global changes in milk micro-
biota in a single lactating woman undergoing chemotherapy
related to Hodgkin lymphoma. Data were compared with those
on milk produced by 8 healthy lactating women. Chemother-
apy was related to lower diversity and altered bacterial profiles:
decreased percentage abundances of Acinetobacter and Xantho-
monadaceae and decreased abundances of the members in
Bifidobacterium and Eubacterium genera.

In addition to the aforementioned environmental, phys-
iologic, and anthropometric variables that might be related
to milk bacterial communities, other milk components
might also affect or be influenced by these organisms. Per-
haps most obvious in this regard are the oligosaccharides,
which have long been touted as being “prebiotic” in terms
of encouraging growth of health-promoting bacteria in the
recipient infant’s gastrointestinal tract (as reviewed in 52).
Interestingly, Bode and his research group also showed
that milk oligosaccharide profiles (which are thought to
be, at least in part, driven by genetic variation) differ be-
tween HIV-infected and HIV-uninfected mothers and are
related to the incidence of necrotizing enterocolitis in their
preterm infants (53). In addition, in collaboration with the
Bode group, we provided in vitro evidence that human
milk oligosaccharides can interact with the bacterial com-
munities present in milk—specifically with regard to the
growth of Staphylococcus species (54). It is also well estab-
lished that various FAs common in milk (e.g., conjugated li-
noleic acid) can modify growth of common milk bacteria
(e.g., S. aureus) (55). Furthermore, microbe-microbe inter-
actions are possible in milk, as has been described by Heikkild
and Saris (56). To our knowledge, other relations between
milk constituents (including nutrients, hormones/growth
factors, immune cells, and cytokines) and milk bacterial
communities have yet to be examined.

In conclusion, there is limited evidence that demo-
graphic, physiologic, and environmental factors can influ-
ence the microbes present in a woman’s milk. As such, it
will likely be impossible to describe a single “normal” milk
microbiome, because its membership and distribution
probably are dependent on other important factors such
as environment, dietary habits, delivery mode and other
birth attributes, time postpartum, breastfeeding behaviors,
and even genetics. It is also conceivable that a microbial
community that confers optimal health to infants in one
population may differ from that in another population.
These differences should be understood and respected be-
fore suggesting that there exists a consistent, optimal hu-
man-milk microbiome worldwide. Clearly, what is a
“normal” milk microbiome is unlikely a one-size-fits-
all proposition, and manufacturers of microbe-containing
(probiotic?) infant foods should be aware that adding one
bacterial strain or a select cocktail of bacterial taxa to their
products is likely premature until we understand this con-
cept more thoroughly.

Next Steps—Exploring the Depths beneath the
Iceberg
There now exists little, if any, doubt that human milk con-
tains a complex bacterial community. However, what is
known about the microbial ecology of human milk and
how it affects maternal and infant health is in its preliminary
stages at best. As illustrated in Figure 2, there remain myriad
important discoveries to be made in this regard. These in-
clude the following:
e Understanding normal variation within a woman and between
women, communities, and populations
e Appreciating potential effects of environment, nutrition, time
postpartum, breastfeeding behaviors, genetics, health, etc., on
milk microbial ecology
e Exploring effects of variation in microbial community struc-
ture on acute and chronic mammary health (and vice versa)
Identifying effects of variation in microbial community struc-
ture on acute and chronic infant health (and vice versa)

These discoveries will require significant advances in and
standardization of methodologic approaches across research
groups, including coordinate culture-dependent and culture-
independent approaches; careful, prospective epidemiologic
studies in a variety of populations; and well-controlled animal
and human intervention trials. In terms of methods standard-
ization, it will be important to determine the best collection
techniques (e.g., how/if to clean the breast, manual vs.
pump collection, and whether a complete expression is
needed), from which milk fraction DNA should be extracted
(e.g., whole vs. skim vs. cell pellet, and which extraction
method to use), which primer or primers work best for
16S rRNA analysis, and what sort of bioinformatics pipeline
and computational approach yields the most consistent and
informative results. The speed, adequacy, and usefulness of
these studies will likely depend greatly on strategic, collabora-
tive, interdisciplinary research among lactation physiologists,
clinicians, milk chemists, nutritionists, microbiologists, an-
thropologists, and biostatisticians.

Conclusions
The overarching question posed in this article was “Is hu-
man milk a probiotic food?” Clearly, if one were to rely

Milk contains a diverse

KNOWN : !
o bacterial community

Normal variation
Effects of environment,
nutrition, time
postpartum,
breastfeeding behaviors,
genetics, health, etc.
* Impacts on acute and
chronic mammary health

Animal/clinical trials

Methodologic advances
Prospective epidmiologic studie:

FIGURE 2 The tip of the human-milk microbiome iceberg,
illustrating what is known and unknown concerning the human-
milk microbiome. Image credit: ©Fotosearch.com.
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solely on the current WHO/FAO definition of a probiotic
food, the answer would be “no.” This conclusion is based
on the reality that “dosages” of bacterial taxa present in
milk are currently unknown and undoubtedly variable. In
addition, health outcomes have not been clearly delineated
for the infant and in fact might also be relevant to the
mother. However, if one were to consider the original con-
cept proffered by Mechnikov, human milk would necessarily
be considered a probiotic food. Indeed, feeding this mi-
crobe-rich fluid to infants has been shown to substantially
improve both short- and long-term health as well as de-
crease mortality, especially in the most at-risk infants (57).
Until recently, however, the involvement of milk-borne mi-
crobes was not considered one of the possible mechanisms
for this effect because of the state of knowledge (or lack
thereof) in this regard.

In light of this paradigm shift, we propose that the more
“back-to-basics” approach be reconsidered in terms of using
the word probiotic to describe human milk. In fact, because
of the co-occurrence of both prebiotic compounds (oligo-
saccharides and growth-promoting FAs) and live bacteria,
human milk might even be considered a synbiotic food.
Now that the scientific community has begun to come to
terms with the concept that human milk contains myriad,
viable commensal and/or symbiotic bacteria, understanding
the nature of these bacteria and how they affect infant health
should provide fundamental information as to “optimal”
early bacterial exposure in various situations. Indeed, under-
standing the probiotic nature of mother’s milk (arguably the
only food uniquely designed to nourish humans) may be an
important step in understanding how all probiotic foods af-
fect health and disease throughout the life cycle. Indeed,
mother’s milk may turn out to be Mother Nature’s arche-
typal probiotic (and perhaps even synbiotic) food.
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