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The development of powerful sequencing techniques has allowed, albeit with some
biases, the identification and inventory of complex microbial communities that inhabit
different body sites or body fluids, some of which were previously considered sterile.
Notably, milk is now considered to host a complex microbial community with great
diversity. Milk microbiota is now well documented in various hosts. Based on the growing
literature on this microbial community, we address here the question of what milk
microbiota is. We summarize and compare the microbial composition of milk in humans
and in ruminants and address the existence of a putative core milk microbiota. We
discuss the factors that contribute to shape the milk microbiota or affect its composition,
including host and environmental factors as well as methodological factors, such as the
sampling and sequencing techniques, which likely introduce distortion in milk microbiota
analysis. The roles that milk microbiota are likely to play in the mother and offspring
physiology and health are presented together with recent data on the hypothesis of
an enteromammary pathway. At last, this fascinating field raises a series of questions,
which are listed and commented here and which open new research avenues.

Keywords: milk microbiota, mammary gland, metagenomics, microbial community, enteromammary pathway,
offspring gastrointestinal microbiota

INTRODUCTION

The development of high-throughput sequencing techniques (including second- and third-
generation sequencing and combinations thereof) has dramatically reduced the cost and enhanced
the efficiency and the accuracy of DNA sequencing, enabling the rise of metagenomic or
metataxonomic investigations in numerous ecosystems. These techniques suggest the existence of
microbial communities in unexpected niches so far, including body sites and fluids that had long

Abbreviations: DCT, dry cow therapy; TTGE, temporal temperature gel electrophoresis.
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been considered sterile when healthy (i.e., not infected), such
as chick cecum in ovo (Kizerwetter-Świda and Binek, 2016),
meconium (Borghi et al., 2018), respiratory tract (Zeineldin M.
et al., 2017; Zeineldin M. M. et al., 2017), and milk.

Recent work indeed suggested that human milk, beyond
providing neonates with adequate nutrients, supplies microbes
to the newborn infants’ gastrointestinal tract (GIT) during their
early and critical period of development (Jeurink et al., 2013; Jost
et al., 2015; Rautava, 2016; Murphy et al., 2017; Pärnänen et al.,
2018). Over the last decade, reports of viable bacteria in milk
produced by healthy women introduced a debate on the (lack
of) sterility of human milk, apart from infection, and suggested
that bacteria present in human milk not only originate from the
skin or other environmental sources but are instead ubiquitously
present in milk produced by healthy women (Fernández et al.,
2013; Jeurink et al., 2013; Jost et al., 2014; Murphy et al., 2017).

This is also the case for bovine milk. At the time this
community is being explored, several questions and sometimes
controversies are raised concerning its origin, its role and even
its existence (Jost et al., 2015; Addis et al., 2016; Rainard, 2017;
Derakhshani et al., 2018a; Metzger et al., 2018b). It thus appeared
relevant to us to attempt to describe the research that has already
been done on the milk microbiota and what is exactly known.
What are the lessons from this first set of studies, and what
was the purpose of these studies? Which conclusions can be
drawn? What are the limitations we need to consider? In this
review, we will include research on the milk and the mammary
gland microbiota. Studies on both humans and ruminants are
included in a cross-species approach. We will end with future
prospects: which questions need further investigations? Which
opportunities does the existence of this milk microbiota offer to
address human and animal health issues?

MILK MICROBIOTA: CURRENT STUDIES
AND LIMITS

Prior to any discussion on milk microbiota, an overview on the
ways milk microbial community has been explored is necessary
to clarify what is exactly known so far and what the limits of
these studies are. In agreement with the definition proposed
by Marchesi and Ravel (2015), milk microbiota refers to the
assemblage of microorganisms present in milk. By extension,
microorganisms associated with the mammary gland or teat will
be included in this review.

The milk microbiota has been mostly investigated in women
(Hunt et al., 2011; Jost et al., 2013; Fitzstevens et al., 2016)
and in cows (Oikonomou et al., 2014; Addis et al., 2016;
Falentin et al., 2016); some studies were also conducted in other
mammals such as goats, sheep, donkeys, buffalo, water deer,
reindeer, or mice (Quigley et al., 2013; McInnis et al., 2015;
Treven et al., 2015; Catozzi et al., 2017; Li et al., 2017; Soto
Del Rio et al., 2017; Supplementary Table S1). Most studies
on milk microbiota have investigated milk collected by manual
expression, generally following thorough cleaning of nipples or
teats (Oikonomou et al., 2012; Jost et al., 2013; Boix-Amoròs
et al., 2016) (Figure 1). However, a recent study investigated

FIGURE 1 | Factors influencing milk and milk-associated microbiota and
technical biases.

the microbiota composition of human milk collected in a non-
aseptic environment, corresponding to “Breastfeeding-associated
microbiota of human milk” rather than human milk microbiota
(Simpson et al., 2018). Most studies on milk microbiota have used
mature milk, but few have investigated colostrum microbiota
in human and bovines (Aakko et al., 2017; Lima et al., 2017;
Toscano et al., 2017; Derakhshani et al., 2018c). Some studies
considered milk collected from only one nipple or teat, whereas
others considered pooled milk (Dolci et al., 2014; Chaves Lopez
et al., 2016). Bacteria have been shown to be present in milk in
a free-living, “planktonic” state, but they can also be associated
with immune cells. In most of the above-mentioned studies, milk
microbiota has been explored once milk has been expressed, or in
other words, outside of the mammary gland. Whether microbiota
can be associated with milk inside the mammary gland remains
to be determined. A recent study based on metataxonomics
reported the existence of microbiota associated with bovine milk
collected by direct sampling into the cistern using a needle and
vacuum tube, and this was observed for healthy quarters of
the mammary gland with low somatic cell counts (<100,000
cells/ml) (Metzger et al., 2018a). Its composition differed from
the microbiota associated with milk collected by conventional
septic techniques. However, all these cistern milk samples were
culture negative, suggesting that bacteria were either dead or
viable but non-cultivable in the growth conditions used. This
study was done on a limited number of samples, and further
research is required to clarify whether live microorganisms are
present in milk inside a healthy mammary gland. Apart from
milk, a limited number of studies have explored the microbiota
associated to the bovine teat skin or teat apex (Gill et al., 2006;
Braem et al., 2012; Verdier-Metz et al., 2012; Frétin et al., 2018), or
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the internal teat by sampling foremilk and swabbing the teat canal
(Falentin et al., 2016; Derakhshani et al., 2018c). Similarly, only
few reports are available about the microbiota associated with the
mammary gland tissues in human and mouse (Urbaniak et al.,
2014; Treven et al., 2015).

Milk microbiota exploration relies on both culture-dependent
and culture-independent approaches, including sequencing of
16S rRNA clone libraries (Gill et al., 2006; Verdier-Metz
et al., 2012) and, in the last 10 years, metataxonomics, based
on 16S rRNA gene amplicon sequencing (Supplementary
Tables S1–S4). Methods used to explore milk microbiota are
likely to introduce major bias in the taxonomic profile of the
milk microbial community. For example, culture-dependent
approaches only target cultivable bacteria. Isolates will strongly
depend on the media used, sample storage, and growth
conditions. On the contrary, molecular approaches such as
metataxonomics detect DNA from all the bacteria present in a
sample, alive or not. Considering this major bias of molecular
approaches, methods have been developed to selectively amplify
DNA of the intact fraction of the population, based on the
use of propidium monoazide (Erkus et al., 2016). Moreover,
even within these metataxonomics-based studies, several factors
will introduce some variability: the milk fraction used, the lysis
method (enzymatic, mechanical, or both), the purification kit, the
target gene (or region) used to generate amplicons, the number
of PCR cycles, PCR primers, and also the sequencing platform
(Tremblay et al., 2015; Fouhy et al., 2016; Knudsen et al., 2016;
Castelino et al., 2017; Rintala et al., 2017; Lima et al., 2018;
Metzger et al., 2018a; Supplementary Tables S1–S4). This results
in variation in overall coverage and in differential amplification
efficiencies between taxa as illustrated by in silico PCR on a 16S
rRNA gene database (Klindworth et al., 2013) and experimental
validation on mock communities (Tremblay et al., 2015; Fouhy
et al., 2016). It is also important to mention here that these
PCR-based approaches can amplify very low levels of DNA from
contaminants, and therefore, the inclusion of negative control
samples at each step is crucial (e.g., DNA extraction-negative and
PCR-negative control samples) (Avershina et al., 2018; Pollock
et al., 2018); this unfortunately was not the case for a proportion
of the published human or bovine milk microbiota studies.
Workflows used for data analysis are also likely to introduce
some variability in bacterial community (Escudié et al., 2018).
A major limitation of metataxonomic studies is also that these
approaches allow description of microbial communities mainly
at the genus level or higher taxonomic levels, thus precluding
diversity exploration at the species or even strain levels. A higher
taxonomic resolution of these communities can be achieved by
using shotgun metagenomic approaches. Few studies on milk
microbiota using shotgun metagenomic approaches are now
available (Bhatt et al., 2012; Jiménez et al., 2015; Pärnänen et al.,
2018; Hoque et al., 2019). These studies also allowed exploration
of archaeal, fungal, and viral communities in addition to bacterial
communities. Besides, they gave access to a functional profiling
of these microbial communities, including data on microbial
metabolism, virulence, or antibiotic resistance (Hoque et al.,
2019). Intermediate approaches between metataxonomic and
shotgun metagenomic approaches have also been undertaken,

based on reduced metagenomic sequencing, allowing a deeper
taxonomic characterization at the species and even strain levels
(Avershina et al., 2018).

Hence, although the presence of microorganisms in milk is
supported by a large set of investigations all over the world
in different hosts, one should keep in mind samplings and
methods that have been used and thus limits to conclusions
that can be drawn.

A CORE MILK MICROBIOTA
UNIVERSALLY SHARED BETWEEN
HOSTS?

A number of studies have characterized the milk microbiota
mainly in human and cows and mainly using culture-
independent approaches; all of them describe a complex and
diverse community (Cabrera-Rubio et al., 2012; Oikonomou
et al., 2014; Addis et al., 2016; Murphy et al., 2017; Derakhshani
et al., 2018c). As an illustration, Murphy et al. studied 10
mother–infant pairs and identified over 207 genera in human
milk microbiota. In this study, milk microbiota exhibited a
higher diversity compared to infant feces (Murphy et al., 2017).
On the contrary, Pärnänen et al. reported a lower diversity
in milk compared to infant feces as determined by shotgun
metagenomics (Pärnänen et al., 2018). The low microbial DNA
abundance and the lack of amplification step may account for
such discrepancy. As suggested by these authors, limitations in
the direct sequencing of milk microbial DNA may account for
a lower sequencing depth, making it more difficult to observe
low-abundance taxa (Pärnänen et al., 2018). Similarly, a complex
microbial community was reported in cow milk by Hoque et al.
(2019), with 146 bacterial strains identified in healthy milk by
shotgun metagenomic sequencing.

An overview of studies on milk microbiota clearly points out
common taxa between human and cow milk (Supplementary
Tables S1–S4 and Figure 2): Staphylococcus, Streptococcus,
Pseudomonas, Bifidobacterium, Propionibacterium, Bacteroides,
Corynebacterium, and Enterococcus are among the most cited
dominant taxa in studies on both human and bovine milk
microbiota (Oikonomou et al., 2014; Jiménez et al., 2015; Addis
et al., 2016; Boix-Amoròs et al., 2016; Urbaniak et al., 2016;
Murphy et al., 2017; Derakhshani et al., 2018a). On the other
hand, Metzger et al. (2018b) did suggest that the detection
of Pseudomonas could be attributed to contamination issues
as it was one of the genera they found to be abundant in
their negative control samples. Several metataxonomic studies
have proposed the existence of a core human milk microbiota
(Figure 2; Hunt et al., 2011; Murphy et al., 2017). Similar milk
bacterial profiles were obtained using a shotgun metagenomic
approach (Jiménez et al., 2015; Pärnänen et al., 2018). Such
approaches also allowed them to describe the presence of
fungal, protozoal, and viral DNA in the same milk samples.
Human milk microbiota diversity has also been supported
by culture-dependent approaches, which beyond the dominant
genera Staphylococcus, Streptococcus, and Propionibacterium
allowed the isolation of members of Bifidobacterium, Rothia,
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FIGURE 2 | Milk and milk-associated microbiota in humans and animals: sampling sites and major taxa. Figure based on Supplementary Tables S1–S4. Red and
orange taxa are shared between all human and animal species or present in three species out of five, respectively. For humans and bovines, taxa size reveals citation
frequency.

Enterococcus, Lactobacillus, or even obligate anaerobes such
as Veillonella (Perez et al., 2007; Jost et al., 2013). Milk
microbiota has also been investigated in other animals, including
donkey, goat, sheep, water deer, reindeer, and water buffalo,
although the number of studies is limited compared to that
of studies of human and cow milk (Supplementary Table S1),
showing some overlap with human and cow milk microbiota
(Figure 2; Castro et al., 2011; McInnis et al., 2015; Catozzi
et al., 2017; Li et al., 2017; Soto Del Rio et al., 2017;
Esteban-Blanco et al., 2019). Nevertheless, significant differences
have been reported in the milk bacterial communities of
different ruminants, such as water deer, reindeer, and goat,
suggesting host microbial adaptation, although influence of
environment and herd management should not be excluded
(Li et al., 2017).

In conclusion, this comparative analysis of milk microbiota
associated with different hosts points out common taxa,
including the Staphylococcus and Streptococcus genera
(Supplementary Tables S1–S4 and Figure 2). A systematic
review of the human milk microbiota had already identified
Staphylococcus and Streptococcus as universally predominant
in human milk (Fitzstevens et al., 2016). A comparison

between hosts invites us to consider the existence of a core milk
microbiota universally shared between hosts and opens questions
about its role. Nevertheless, additional investigations with better
harmonization of methods will be necessary to clearly address
this question; that may include a deeper characterization of taxa,
at the species level, and exploration of the functional profiles of
these microbial communities.

ORIGINS OF MILK MICROBIAL
COMMUNITY

The question regarding the genesis of the milk microbiota
remains largely unanswered. Bacteria present in expressed
milk are likely to come from contamination through bacterial
exposure of the breast (or udder) during and in between nursing
as well as from endogenous sources via a yet hypothetical
enteromammary pathway, as reviewed for human (Jost et al.,
2015) and bovine milk (Addis et al., 2016; Supplementary
Table S2). It has long been considered that the milk microbiota
resulted from external contamination by the mother’s skin or
the oral cavity of the baby. Similar observations were made
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regarding bovine milk and teat skin (Doyle et al., 2017). The
presence of members of the oral cavity in the milk microbiota
has been widely reported (Cabrera-Rubio et al., 2012; Murphy
et al., 2017). Some retrograde flow back into the mammary
ducts can occur during suckling or mechanical milking (Ramsay
et al., 2004). Williams et al. (2019) estimated the infant oral
microbiota contributed to milk microbiota to be ∼21% at day
2 and 66% at month 5. Of course, milk can also provide
bacteria to the oral cavity of the baby or the offspring. As
mentioned above, human milk contains species of genera such
as Propionibacterium sp., Staphylococcus sp., or Corynebacterium
sp., which are usual inhabitants of the adult skin ecosystem.
Beyond these common phylotypes, extensive differences are
reported between the compositions of milk and skin bacterial
communities (Hunt et al., 2011; Cabrera-Rubio et al., 2012). For
instance, human milk contains bifidobacteria and lactobacilli that
are not encountered in the breast skin microbiota (Martín et al.,
2009). For a given Enterococcus or Lactobacillus species in the
same host, the milk isolates are genotypically different from those
isolated from the host skin (Martín et al., 2003). In a recent study,
the milk, vaginal, and fecal microbiota were compared in women
just before and after giving birth, showing low redundancy in
terms of bacterial species (Avershina et al., 2018). Moreover, milk
samples were significantly more similar to either vaginal or fecal
samples from the same mother than among different mothers.
Such observation is in line with the translocation of maternal
microbiota to the milk (Avershina et al., 2018).

With milk now being regarded as an inoculum for the
infant GIT, the existence of an enteromammary route has been
explored. Although milk and maternal feces microbiota are
distinct, a strong correlation has been reported between them
(Williams et al., 2019). The isolation of a common strain of
the obligate anaerobe Bifidobacterium longum from maternal
and neonate feces as well as from milk supports the hypothesis
of an enteromammary route (Jost et al., 2014). Viable bacteria
are found in the mammary tissue of women who have never
breastfed, suggesting that the mammary gland itself may be a
source of bacteria for milk (Urbaniak et al., 2014). The possibility
of an active “sampling” and translocation of bacteria from
the lumen of the mother’s GIT to the mammary glands has
also been suggested (Perez et al., 2007; Donnet-Hughes et al.,
2010). This has been supported by a study carried out in a
lactating mouse model where, during pregnancy and lactation,
bacterial translocation from the GIT increases and dendritic
cells loaded with gastrointestinal bacteria are found in the
mammary tissue (Perez et al., 2007). In women, the analysis
of milk and peripheral blood samples aseptically collected from
healthy breastfeeding women and feces from mothers and
infants revealed common bacterial signatures as determined
by TTGE, suggesting that immune cells might be able to
transport intestinal bacteria or, at least, bacterial components
from the GIT to the mammary gland and infant GIT (Perez
et al., 2007). In lactating cows, indication of bacterial transfer
from the intestinal lumen to the mammary gland has also
recently been suggested (Young et al., 2015). Samples of blood
and milk leukocytes and feces were collected from healthy
lactating cows, and their bacterial composition was investigated

using a metataxonomic approach. Of note, in this study, a
catheter was used to collect milk and avoid any contamination
by bacteria of external source. A few bacterial operational
taxonomic units (OTUs) corresponding to Bifidobacterium and
Ruminococcus genera and the Peptostreptococcaceae family were
found common to the three sample types. However, whether
these common OTUs corresponded to the same strains and
whether these strains were viable were not established. Additional
investigations are required to address the possibility of transfer
of viable bacteria from the intestinal tract to milk in both
women and cows via an enteromammary route, all the more
since these intestinal bacteria would have to overcome several
immunological firewalls and unexpectedly deceive the immune
system after translocation in order to reach the mammary gland
(Rainard, 2017). Besides, while the disruption of the mammary
gland epithelium integrity, as observed during mastitis, may
facilitate translocation of bacteria through the epithelium
(Schwarz et al., 2018), translocation of intestinal bacteria through
an intact mammary gland epithelium remains to be established.
Nevertheless, these studies at least suggest the transfer to milk
and infants, through this enteromammary route, of bacterial
components that may contribute to programming the neonatal
immune system, allowing discrimination between pathogens and
commensal organisms (Perez et al., 2007).

FACTORS INFLUENCING MILK
MICROBIOTA COMPOSITION

Besides the biases introduced by sampling and methods, several
host and environmental factors have been reported to influence
milk microbiota composition in human and cows (Figure 1 and
Supplementary Table S3). Of note, most factors investigated
for human and bovines are not exactly the same and, as
expected, are in relation with management practices for cows
(see Derakhshani et al., 2018a, for a recent review of factors that
potentially influence bovine mammary microbiota). Among host
factors affecting milk microbiota, several studies have reported
a relation between milk microbiota and mother’s health, with
special attention to mammary gland infections. While mother’s
health could be seen, at first glance, as a factor influencing
milk microbiota composition, studies investigating links between
mammary gland health and milk microbiota suggest a more
complex relation far from a one-way one. This point will be
addressed in a specific part of this review dedicated to both
mother and infant health.

Host Factors
It has been shown that the composition of human milk changes
with time, between colostrum, transition, and mature milk with,
notably, an increase of genera commonly found in the oral cavity
(Cabrera-Rubio et al., 2012; Boix-Amoròs et al., 2016; Murphy
et al., 2017). The authors suggest that this evolution is notably
due to the individual crosstalk between mother and infant
through retrograde flow (Murphy et al., 2017; Moossavi et al.,
2019). Nevertheless, significant changes with time are somehow
difficult to detect, in relation to strong interindividual variations.
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Hence, Williams et al. (2017) suggested that the human milk
microbiota was relatively constant over time. Crosstalk between
cow and calf is very limited in dairy cows due to early separation
between both. Nevertheless, bovine milk microbiota was also
found to vary with time, with both the stage and the number of
lactations. Colostrum was recently shown to harbor a complex
and diverse microbiota, whose richness was significantly higher
in primiparous cows compared to multiparous cows (Lima
et al., 2017). Taxonomic profiles and alpha diversity were also
related to the stage of lactation and varied during the first
week of lactation (Derakhshani et al., 2018b). Differences were
also observed in clinically healthy Holstein dairy cows between
microbiota of the teat canal and mammary secretions (milk or
colostrum) at the time of drying off and immediately after calving
(Derakhshani et al., 2018c).

In addition, differences were found in human milk microbiota
in relation with the delivery mode (Cabrera-Rubio et al.,
2012; Khodayar-Pardo et al., 2014; Hermansson et al., 2019).
A greater bacterial diversity was found in milk from women who
delivered vaginally, compared to women who delivered through
C-section. Interestingly, this was not the case for emergency
C-section, which was similar to that of vaginal delivery (Cabrera-
Rubio et al., 2012). C-section could indeed affect the infant
microbiota and through this affect the milk one. On the other
hand, Urbaniak et al. (2016) found no evidence of statistically
significant differences between the microbiota profiles of milk
in preterm and term, C-section (elective and emergency), and
vaginal delivery, and even those in male and female infants.
Such studies are scarce in bovine herds although implications
for this in bovine medicine would be fascinating, namely, for
cattle that have a genetic predisposition to C-sections such as
certain beef breeds.

Human milk microbiota composition was also found to
be related to additional host factors such as the body mass
(Cabrera-Rubio et al., 2012; Williams et al., 2017). However,
contradictory results have been obtained on the relation between
the mother’s body mass index and milk microbiota diversity
(Davé et al., 2016). The authors suggested that these discrepancies
could be related to the pronounced differences in terms of
geographical location, socioeconomic status, diet, and ethnicity
between women enrolled in the different study groups. Results
obtained on 393 mother–infants dyads of the CHILD cohort
support the influence of the body mass index, parity, mode of
delivery, and breastfeeding practices (at breast versus pumped)
(Moossavi et al., 2019). In bovines, several host-associated factors
are likely to influence milk and mammary gland microbiota such
as physiological parameters and anatomical characteristics of the
teat and genetic traits (Derakhshani et al., 2018a).

Environmental Factors
Geography has been shown to play a role in microbiota
patterns. An important study on geographical influence on the
microbiota showed significant intercountry differences between
milk microbiota of Spanish, Finnish, South African, and Chinese
women (Kumar et al., 2016). However, these geographical
differences could be due to several factors, such as environment,
diet, or even genetics. In bovines, while the influence of

“geography” per se has not been studied, milk microbiota was
found to be related to the farm environment and management
practices (Doyle et al., 2017; Derakhshani et al., 2018a; Frétin
et al., 2018; Metzger et al., 2018a). Metzger et al. (2018a)
reported a relation between the bedding material and the bovine
milk microbiota profiles. Likewise, milking practices including
premilking teat preparation treatment were reported to affect
milk microbiota (Doyle et al., 2017).

Diet has also been reported to affect milk microbiota in both
humans and cows. The human milk bacterial community was
shown to correlate with specific fatty acid profiles, suggesting a
relationship between diet and milk composition (Kumar et al.,
2016). Such relation with maternal nutrient intake was also
reported by Williams et al. (2017), who observed a relation
between the intake of saturated and monounsaturated fatty acids,
carbohydrates, and proteins and the relative abundance of several
taxa in milk bacterial community. Likewise, in cows, Zhang
et al. (2015) also suggested a possible effect of diet on the
bovine milk microbiota. A high-concentrate diet in this study
was associated with higher abundance of some mastitis-causing
pathogens in milk.

Among factors that have been shown to influence microbiota
in general and be deleterious to microbiota diversity, antibiotics
play a particular role due to a direct impact on the microbial
community. The influence of antibiotics has been especially
documented for cow milk. Among common herd management
practices, antibiotics and teat sealant are currently administered
at the dry period (i.e., period between two lactations) in relation
to an increased risk of infections during this period, in order
to decrease or eliminate subclinical infections and to prevent
new infections at the next lactation (Bradley and Green, 2004).
Such DCT was suspected to affect and disturb the microbiota
of healthy mammary gland. Bonsaglia et al. (2017) evaluated
this hypothesis by determining the effect of DCT with teat
sealant alone or with antibiotics (ceftiofur hydrochloride) on
non-mastitic cows. They found that omitting antibiotics from
DCT has no effect on the milk microbiota at dry off and 7 days
postpartum in the subsequent lactation. The authors suggest that
bacterial communities are dynamic and that the antimicrobially
induced disturbance of milk microbiota is reversed by the time
that cows start a new lactation. Likewise, antimicrobial DCT
combining penicillin G and novobiocin in internal teat sealant
showed that a considerable number of bacterial genera, including
those commonly regarded as mastitis pathogens, were common
between the pre-DCT and postpartum microbiota, suggesting
a high resilience of the mammary microbiota after exposure to
antimicrobials during the dry period (Derakhshani et al., 2018c).
Another possible explanation of these findings could be that a
large proportion of what is described as the milk microbiota is
DNA from bacteria that are already dead and will therefore not
be affected by antibiotic therapy.

This overview of factors influencing the milk microbiota in
both humans and cows invites us to consider it as a dynamic
community which can be shaped by several factors, including
host factors such as mode of delivery, mother physiological
parameters, lactation stage and parity, genetic traits, and infant
mouth microbiota but also environmental factors such as
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diet, geography, management practices, milking hygiene, and
health management (antibiotic use). While some of the above-
mentioned factors may be used to drive microbiota toward
a targeted composition, others are inherent to the host and,
as such, have to be considered. A better understanding of
factors influencing milk microbiota composition, their relative
importance, their short- and long-term effects, and the resilience
of this microbiota to perturbations is undoubtedly a challenge
but also a prerequisite to further shape the microbiota toward
compositions beneficial to mother and infant health.

MILK MICROBIOTA: ROLE FOR MOTHER
AND INFANT HEALTH

Milk Microbiota and Mother’s Health
Milk microbiota composition has been associated with mother’s
health, especially mammary gland health. For instance, bacterial
dysbiosis has been described in lactating mothers suffering
from breast pain and/or mastitis (Jimenez et al., 2008; Jiménez
et al., 2015; Maldonado-Lobón et al., 2015; Mediano et al.,
2017). In mastitis cases, the milk microbiota reflects a loss of
bacterial diversity and a high increase in the abundance of the
sequences related to the presumptive etiological agents such as
Staphylococcus aureus and Staphylococcus epidermidis in acute
and subacute mastitis, respectively (Jiménez et al., 2015; Patel
et al., 2017). Likewise, in bovine, both clinical and subclinical
intramammary infections are associated with changes in milk
microbiota (Oikonomou et al., 2012, 2014; Kuehn et al., 2013;
Falentin et al., 2016; Lima et al., 2017). Some studies reported
a loss of diversity in unhealthy milk or teat (Braem et al., 2012;
Oikonomou et al., 2012; Falentin et al., 2016; Ganda et al.,
2017), whereas another observed a higher number of bacterial
strains in mastitic milk (Hoque et al., 2019). Most studies have
been carried out to better understand bacterial ecology at the
time of infection (Oikonomou et al., 2012; Kuehn et al., 2013).
This is of particular interest as pathogen(s) responsible for
mastitis is not identified by culture-dependent methods in 10–
40% of clinical mastitis cases (Makovec and Ruegg, 2003). In
a longitudinal study, Ganda et al. (2017) described the bovine
milk microbiota before, during, and after experimentally induced
mastitis with Escherichia coli. Interestingly, milk microbiota was
transiently affected by the E. coli infection but returned to the
initial composition prior to E. coli infection, in both quarters
treated with ceftiofur, a third-generation cephalosporin, and
untreated quarters, suggesting resilience of milk microbiota to
infection. While the above-mentioned studies explore changes in
bacterial communities at the time of infection, a few additional
studies have investigated the relationship between the milk or
the mammary gland microbiota and health prior to or following
an infectious episode (Falentin et al., 2016; Lima et al., 2017).
The teat microbiota was investigated in quarters with different
history of mastitis (Falentin et al., 2016). Healthy quarters showed
a higher diversity compared to those with a history of mastitis
in previous lactations and exhibited a different bacterial profile,
notably within Firmicutes. These microbiota alterations may have
resulted from the infection and or antibiotic use, or alteration

of microbiota may have been present prior to infection. In
agreement with this latest hypothesis, Lima et al. (2017) were
able to separate bacterial profiles of colostrum between quarters
that developed or did not develop mastitis in the first 30 days
postpartum. Interestingly, a lower diversity was observed in
the microbiota of primiparous quarters that developed clinical
mastitis in the first month of lactation, compared to quarters
with no clinical mastitis. Taxonomic markers of health status
could be defined in primiparous cows, but such discrimination
was not conserved in multiparous cows. Whether changes in
milk microbiota in relation to intramammary infections are just
a consequence of the infection or contributed to the onset of
infection is still a matter of debate. This is also the case for
several health disorders in both humans and animals as relation
of causality would require a kinetic exploration of microbiota
including time points prior to the onset of disorder.

Relations between milk microbiota and mother’s health have
also been reported in human for diseases targeting distant
anatomic sites. Microbiota was impacted in women suffering
from celiac disease (Olivares et al., 2014) and contained less
bifidobacteria, although this may be related to the disease
itself or the modified diet. Changes in human milk microbiota
composition associated with infections by viruses or with medical
treatments were also documented. Milk microbiota diversity was
impacted in HIV-infected women compared to healthy women
from the same area (González et al., 2013). Women following
chemotherapy also exhibited substantial modifications of their
milk microbiota.

Finally, milk microbiota can be influenced by mother’s
health in terms of transmission of pathogens. Vertical transfers
of viruses (dengue) or bacterial pathogens (Salmonella and
Streptococci B) through milk are reported in medical case
studies (Qutaishat et al., 2003; Wang et al., 2007; Cooke
et al., 2009; Barthel et al., 2013; Vilca et al., 2015) showing
that the mother’s health status can directly affect infant safety
through breastfeeding. Most of these studies did not investigate
milk microbiota, to confirm or refute a bacterial dysbiosis, as
seen in HIV-infected women. If direct transfers from mother
to infant independently on the milk microbiota are possible,
further research is warranted to evaluate the role of milk
microbiota dysbiosis for pathogen transfer according to the
mother’s health status.

The Milk Microbiota and Infant Health
Milk is more than a mere source of nutrients. Beyond its role in
nutrition, milk has several and complex roles in the development
of the offspring. It indeed contains non-nutritive biologically
active compounds such as immunoglobulins, oligosaccharides,
growth factors, epithelial and immune cells, inhibitory systems,
and DNA. It thus likely plays a role in the immunity of the
newborn and in the maturation of the digestive tract and of
the digestive immune system. It also contains bacteria, which
may serve as inoculum and play a role in the colonization and
homeostasis of the gastrointestinal microbiota.

The infant gastrointestinal microbiota colonization has long
been regarded as the sole result of environmental contributions,
resulting from the vaginal passage, the mother–child skin
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contacts, and newborn’s environment. Human milk microbiota is
now also considered as a reservoir of microbes for gastrointestinal
colonization in newborns (Jost et al., 2014; Williams et al.,
2019). This is supported by the significant overlap between
infant feces and mother milk bacterial compositions. Shared
genera between mother’s milk and infant feces accounted
for 70–88% of the relative abundance of fecal microbiota
(Murphy et al., 2017). Contribution of milk microbiota to infant
gastrointestinal microbiota was also pointed out by Williams
et al. (2019), who estimated a direct contribution of ∼4.9% and
suggested additional contribution through a probable effect on
the microbiota present in the stomach, small intestine, and upper
large intestine. Likewise, in a metagenomic study, Pärnänen
et al. (2018) reported that 76% of the species found in milk
were present in the infant’s GIT. Their results also pointed out
the similarity of antibiotic resistance genes and mobile genetic
elements between related mothers’ GIT and milk and infants’
GIT (Pärnänen et al., 2018). Bacteria commonly found in human
milk are part of the predominant taxa found in newborns during
the first weeks of life (Jost et al., 2012, 2013). Many studies
have demonstrated an early vertical transfer of both facultative
and strict anaerobes (Bifidobacterium species and potentially
others) from human milk to the infant GIT (Jost et al., 2014;
Duranti et al., 2017). In agreement with this vertical transfer from
mother’s milk to infant gut, overlap of bacterial composition was
observed between mother’s milk and infant’s mouth microbiota
(Biagi et al., 2017). Of note, we cannot exclude that milk
microbiota contributes to other infant’s microbiota such as the
upper respiratory tract through the oral cavity, but this will need
additional investigations.

Human milk microbes are part of the pioneer colonizers
initiating the gastrointestinal microbiota establishment and
structuring a unique microbial ecosystem responsible for GIT
health and key functions (Jost et al., 2014). As facultative
anaerobes, Staphylococcus, Streptococcus, and Lactobacillus
species are able to early colonize the GIT, reducing the local
environment by consuming O2 and contributing to the
generation of a complete anaerobic system favorable for a
subsequent implanting of strict anaerobes (Cerdó et al., 2018;
Nogacka et al., 2018). Transfer of anaerobic microbes such as
aerotolerant Bifidobacterium species was confirmed by multiple
studies (Duranti et al., 2017). Transfer of other strict anaerobes
including Bacteroides species or Veillonella species has been
suggested by molecular approaches but should be further
confirmed with culture methods.

Interestingly, most of human milk bacteria are involved in
lactate metabolism, for either lactate production (Staphylococcus,
Streptococcus, and Lactobacillus) or lactate utilization
(Propionibacterium and Veillonella). Presence of both functional
groups should contribute to the establishment of an effective
trophic chain avoiding lactate accumulation and any negative
impact such as acidosis and further toxicity for the brain in
infants (Kang et al., 2006; Pham et al., 2016, 2017). More
recently, the presence of fungi including Saccharomyces species
has been reported in human milk samples (Boix-Amorós
et al., 2017). Yeasts are therefore part of the lactate-utilizing
community of human milk and should further colonize

the infant intestine, contributing to lactate disappearance.
Lactobacillus and Bifidobacterium species are also known
to metabolize human milk oligosaccharides (HMO), thus
promoting their growth. Bifidobacteria from milk are genetically
adapted to HMO utilization (Duranti et al., 2017). Metabolic
cross-feeding interactions between commensal gastrointestinal
microbes during HMO metabolism is an important driver
of gastrointestinal health and immunity by promoting
gastrointestinal colonization by human milk microbiota
(Jost et al., 2015; Lewis et al., 2015). Those microbes can directly
interact with the immune system and contribute to its maturation
during the first month of life.

DISCUSSION: OPEN QUESTIONS AND
FUTURE DIRECTIONS

There are numerous questions that still need to be answered
before we can take actions for influencing the milk microbiota.

Does a Live Microbiota Exist in Milk?
One of the main arguments against the possible presence of
a complex healthy milk microbiota is that most studies on
milk microbiota rely on metataxonomics whereas only few
studies are based on culture-dependent approaches (Jost et al.,
2013). DNA amplification techniques may highlight the presence
of non-viable microorganisms including those that could be
present within phagocytes (Rainard, 2017). A comparison
between the total bacterial population as determined by
culture-dependent and culture-independent methods points out
significant discrepancies. Boix-Amorós et al. used qPCR in
order to quantify the bacterial load in milk samples obtained
from healthy mothers and reported a median bacterial load
of 106 bacterial cells/ml; a large proportion of these bacterial
cells were shown to exist in milk in a free-living state and
not to be associated with human cells (Boix-Amoròs et al.,
2016). Likewise, using qPCR, Falentin et al. (2016) reported a
bacterial load of the internal cow teat microbiota of between 104

and 105 bacterial cells/ml. Culture-dependent characterization
of human milk rather revealed a bacterial count between
102 and 104 bacterial cells/ml, suggesting that a part of the
milk microbiota, as determined by molecular approaches, may
correspond to non-viable (or non-cultivable) bacteria or that
only a fraction of this bacterial community has been isolated
so far (Jost et al., 2013). In agreement with this, structures of
milk bacterial communities differ between culture-dependent
and culture-independent methods. Jost et al. reported that 90%
of isolated strains corresponded to Staphylococcus, Streptococcus,
and Propionibacterium whereas their relative abundance using
pyrosequencing was 23.7%. Nevertheless, obligate anaerobes,
including Bifidobacterium and Veillonella, have also been
isolated, suggesting that the living part of milk microbiota
may not have been fully or properly explored so far. The
biodiversity of the milk microbiota (Kuehn et al., 2013) as
well as its resilience following infection or antibiotic treatment
(Ganda et al., 2016; Bonsaglia et al., 2017; Derakhshani et al.,
2018c) suggests that milk microbiota is not limited to non-viable
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bacteria that are associated or not to immune cells and invites
us to further address this issue using high-throughput culture-
dependent methods. Similar issues have been raised concerning
other microbiota associated with meconium, placenta, amniotic
fluid, and uterus as recently reviewed by Perez-Muñoz et al.
(2017). Discrepancies between culture-dependent and culture-
independent studies, the low bacterial population, and biases of
the molecular methods used question the existence of microbiota
within the healthy fetal milieu.

Beyond the questions regarding the evaluation of the viability
of milk bacteria, questions can be raised about a potential
role of non-viable bacteria for both infant’s and mother’s
health, especially on the infant GIT or mother mammary gland
immune system, in a similar way to inactivated probiotics
that have been shown to interact with host cells (Popović
et al., 2019). Regardless of whether bacteria are alive or
not, some bacterial antigens are present and can interact
with the host immune system as do inactivated vaccines
(Vinod et al., 2015).

The low bacterial counts in milk may justify the questioning
of their biological significance. Nevertheless, although their
total number in milk is low, bifidobacteria play a crucial role
in shaping the infant gastrointestinal microbiota (Jost et al.,
2012). Whether bacteria present inside the mammary gland
or in the teat/nipple or milk can interact with host cells and
influence mammary gland health remains to be evaluated. In vitro
experiments of interactions between bacteria (mainly pathogens)
and bovine mammary gland epithelial cells suggest that even very
low concentrations of bacteria above the cell monolayer (∼105

colony-forming units/ml) can induce immune response of cells
(Roussel et al., 2015).

Is It the Mere Result of Contamination?
Another argument against the existence of a milk microbiota
is that the DNA amplification techniques may amplify even
the tiniest amount of contamination. It is in fact necessary
to subject the DNA to several rounds of amplification before
being able to describe bacteria in healthy milk. In addition,
milk sampling carried out according to the NMC guidelines
is perfectly suitable for microbial culture, but it might not
be “clean” enough for metataxonomic and metagenomic
approaches. A recent study by Metzger et al. (2018a) evaluated
the influence of the sampling technique and did also evaluate
the impact of different bedding types on the milk microbiota.
Adding to conventional sampling, the authors collected
milk samples directly from the gland cistern by puncture.
Unexpectedly, amplification by PCR was even higher in
cisternal samples (83%) when compared to composite and
conventional samples (45 and 40%, respectively), strongly
suggesting that bacteria are indeed inside the mammary
gland and do not get in the milk as a result of external post-
contamination during conventional sampling. For cisternal
milk, however, the overall bacterial community differed
among bedding types, leaving the question open about the
environmental influence on the milk microbiota, which
somehow contrasts with the “resident resilience” hypothesis
(Ganda et al., 2017).

What About Non-bacterial Components
of Milk Microbiota and
Microbiota-Associated Functions?
Microbiota may comprise bacteria, viruses, fungi, and other
microorganisms. Until now, research has mainly focused on
the bacterial component of the milk microbiota. However, a
plethora of fungal (Iliev et al., 2012) and viral entities (Virgin
et al., 2009) might be present in association with bacteria, with
relevant physiological and pathological implications for their
host. Exploration of fungal communities as well as bifidophages
has just started in human milk (Boix-Amorós et al., 2017, 2019;
Duranti et al., 2017) and bovine milk (Derakhshani et al., 2018b).
Another aspect is linked to the functions exerted by the milk
microbiota. Shotgun metagenomic sequencing can give access
to the non-bacterial communities as well as to the functional
profiling of milk microbiota (Jiménez et al., 2015; Pärnänen
et al., 2018; Hoque et al., 2019). In many cases, the expressed
proteins and related biological functions may change although
the taxonomical profiles undergo relatively minor variation
(Huttenhower et al., 2012). The task of investigating protein
expression and microbial functions of the milk microbiota by
proteomics is hampered by the very high abundance of host
proteins in the milk compared to the microbial counterpart.
In addition, sequence information is not available for most of
the milk microbiota, creating further difficulties in terms of
database annotation and protein identification (Heyer et al.,
2017). Looking at the milk metabolome might also provide useful
information on microbial functions. However, such approaches
are still challenging even in well-characterized microbiota such
as in the human GIT (Smirnov et al., 2016).

How Does Host Genetics Influence the
Milk Microbiota?
Several host and environmental factors were reported to
influence milk microbiota such as the anatomical characteristics
of the teat, farm environment, and housing and management
practices including milking practices (Derakhshani et al., 2018a).
Few studies have also addressed the impact of host genetics
on the bovine milk microbiota. Curone et al. (2018) compared
several features of milk from two breeds, the cosmopolitan,
highly productive Holstein Friesian and the autochthonous, more
rustic Rendena. The study had the advantage of examining two
different breeds kept in the same farm and under the same
environmental conditions and diets. As a result, Rendena cows
showed a lower biodiversity in their milk microbiota than did
Holstein and a higher prevalence of Streptococcus thermophilus,
a thermophilic lactic acid bacterium with a prominent role in
dairy product fermentation (Quigley et al., 2013) and with a
potential role in protection against mammary pathogens (Nader-
Macias et al., 2008; Espeche et al., 2012; Rigobelo et al., 2015).
Further characterization of the microbiota composition of 117
healthy quarter milk samples of the two breeds during their
periparturient period showed a significantly lower bacterial
biodiversity and a more stable microbiota in Rendena milk,
while Holstein milk displayed more significant changes in their
milk bacterial composition (Cremonesi et al., 2018). Interesting
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differences in the predicted functional profiles were also detected.
The author findings suggest that breed, and therefore host
genetics, may have an influence on the milk microbiota
composition, with consequences on dairy product characteristics
but also on susceptibility to disease and resistance to bacterial
infection. In a preliminary, small-scale, genome-wide association
study, Huson et al. (2018) were able to identify regions in
the Holstein cow genome that were potentially associated with
the microbial profiles of milk. In a more targeted approach,
Derakhshani et al. (2018b) reported a relation between the bovine
major histocompatibility complex (BoLA) gene polymorphism
and colostrum microbial composition.

Does the Milk Microbiota Have an
Influence on the Calf Gastrointestinal
Microbiota?
As outlined above, a role for the milk microbiota in seeding
the infant microbiota has been suggested by several studies
carried out in women (Matsumiya et al., 2002; Martín et al.,
2003; Gueimonde et al., 2007; Makino et al., 2011; Rautava
et al., 2012; Fernández et al., 2013). Studies of vertical transfer
of microorganisms from ruminant milk to the offspring are
scarce. Indeed, it is common practice to separate dairy cow
and calf shortly after birth. In a recent study investigating
the relationships between maternal microbiota and the early
successional development of the calf GIT microbiome, the
colostrum microbiota was found to share approximately 10.6
and 9.6% of OTUs with luminal and mucosal microbiota of
the calves, respectively, suggesting colostrum contributed to the
makeup of the calf GIT (Yeoman et al., 2018). If a role for the
milk microbiota in the maturation of the calf gastrointestinal
microbiota is demonstrated, we might need to re-evaluate the
current calf management strategies in terms of removal from
the dam, colostrum and milk pasteurization, or feeding milk
replacer and waste milk to calves. Clearly, far more research
will be required for understanding this correlation, also when
considering the different physiology of the bovine mammary
gland and digestive tract when compared to humans.

Does Antibiotherapy Influence the Milk
Microbiota Resistome?
Routine cow management involves the administration of
intramammary antibiotics to cows at the beginning of the dry
period, aimed at preventing the establishment or persistence of
intramammary infection at the following lactation. The standard
practice has long been to treat all quarters from all cows (blanket
approach) (Smith et al., 1967). Several countries have now opted
for treatment only of quarters with previous risk for mastitis
in the new lactation (e.g., high somatic cell count or positivity
to culture) (Scherpenzeel et al., 2016). Concerns have been
raised for the possible impact of the blanket approach on the
selection of antibiotic resistance bacteria (Oliver and Murinda,
2012). In addition, intramammary antibiotics administered to
healthy quarters may have an influence on the microbiota
and increase the pool of antimicrobial resistance genes. The
availability of culture-independent metagenomic methods that

target genetic material recovered directly from samples will be
of help in understanding the role of non-cultivable bacteria
and in characterizing the resistome (Perry et al., 2014). In
line with this major concern, a functional profiling of bovine
milk microbiota has notably revealed several metabolic pathways
related to antibiotic and heavy metal resistance, which likely
resulted from a wide use of these compounds (Hoque et al.,
2019). The human milk resistome has also started to be explored,
suggesting a role in shaping infant gastrointestinal resistome
(Pärnänen et al., 2018). Additional functional traits that have
been shown to contribute to antibiotic resistance should also be
examined when considering the resistome, such as the ability to
form biofilms (Hall and Mah, 2017).

Can We Manipulate the Milk Microbiota
in Order to Improve Mammary Gland or
Offspring Health?
Studies in women suggest the existence of an enteromammary
route of microbial transfer, with possible applications of
maternal probiotic supplementation for modulating the offspring
gastrointestinal microbiota as well as mammary gland health.
Therefore, events that alter the gastrointestinal microbiota might
affect the milk microbiota as well. This was investigated in human
milk microbiota for antibiotic treatment, which was shown to
affect the content in bifidobacteria and lactobacilli (Soto et al.,
2014). The human milk microbiota was also found to be related
to nutrient intake including fatty acid, carbohydrate, or protein
intakes (Williams et al., 2017).

Studies in women support the protective role of the mammary
gland microbiota against infection. Arroyo et al. (2010) showed
that oral administration of lactobacilli isolated from the milk
of healthy women was more effective than antibiotic therapy
in treating mastitis. Moreover, bacteria in treated women
who had no lactobacilli in their milk before treatment were
colonized by the lactobacilli strains used in the trial, suggesting
that probiotic mastitis treatment approaches may be feasible
(Arroyo et al., 2010).

On the other hand, in a very recent study on women, Simpson
et al. (2018) investigated the effect of maternal supplementation
with Lactobacillus rhamnosus GG, Lactobacillus acidophilus La-
5, and Bifidobacterium animalis ssp. lactis Bb-12 on the milk
microbiota and on the infant gastrointestinal microbiota. As a
result, they concluded that breastfeeding was unlikely to be a
significant source of these probiotics for infants. In addition,
oral administration to the mothers did not significantly affect the
overall composition of the milk microbiota.

In bovines, intramammary infusion with lactococci has been
proposed to be as effective at eliminating chronic subclinical
infections as an antibiotic treatment (Klostermann et al., 2008).
However, rather than reconstituting the microbiota equilibrium,
some authors argue that this might be due to an immune
stimulation enabling a response of the mammary gland and
clearance of subclinical intramammary infection agents (Crispie
et al., 2008; Mignacca et al., 2017). In line with this concept,
Pellegrino et al. (2017) described that inoculation of lactic acid
bacteria in cows at dry-off period increased the amount of IgG
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isotypes in blood and milk and found that these antibodies were
able to recognize S. aureus epitopes. Lymphocyte proliferation
was significantly higher in the inoculated group at all time points
assayed, following lactic acid bacteria or S. aureus stimulation.
The results showed that probiotics could be a natural and
effective alternative in the prevention of bovine mastitis at dry-
off period and act as an immunomodulator stimulating local
and systemic defense lines (Pellegrino et al., 2017). On the
other hand, other studies suggest that intramammary probiotics
should be considered with caution, although teat apex probiotics
deserve further research (Rainard and Foucras, 2018). Clearly,
more research is needed for understanding the impact of
administration of probiotics on the cow milk microbiota as
well as on the offspring gastrointestinal microbiota and on their
respective health status.

CONCLUSION

The discovery of an unsuspected complex microbiota associated
with milk isolated from healthy hosts has considerably changed
our perception of this essential “fluid.” The existence of milk
microbiota has been largely substantiated, in both human and
cows, revealing a diversity higher than previously suspected.
Milk microbiota composition has been shown to be related
to several host and environmental factors. By using a cross-
species approach, this review allowed us to draw more robust
and universal conclusions. Despite a high variability between
studies, due to these factors as well as to some technical biases,
comparison of milk microbiota in different hosts points out that
several taxa, which are among dominant or most frequently cited
taxa, are shared between human and animals, inviting us to
consider the existence of a core milk microbiota. Whether the
existence of interspecies core milk microbiota makes sense and
implies a specific role of its members remains to be determined.
Nevertheless, this review clearly points out some limitations

of the past and present studies on milk microbiota. Much
more research is needed on the non-bacterial fraction of this
microbiota (i.e., archaeal, fungal, and viral communities) and
the interaction network between these different communities
as well as on the functional profiling of this microbiota. Many
questions need to be answered on viability, origin, and factors
driving its composition, before we can implement our findings
on the milk microbiota in strategies to address mother and infant
health issues or in dairy cow management practice. The potential
role of milk and milk-associated microbiota in both infant’s and
mother’s health has just started to be explored, supporting a
role of milk microbiota in infant gastrointestinal colonization
and suggesting a relation between mother’s health and milk
microbiota composition. Deciphering factors that shape milk
microbiota and relations between milk microbiota and health
at short and long terms will open avenues to new strategies for
human and animal health management.
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