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ABSTRACT

Human milk contains a number of nutritional and bioactive molecules including 
microorganisms that constitute the so-called “Human Milk Microbiota (HMM)”. Recent 
studies have shown that not only bacterial but also viral, fungal, and archaeal components are 
present in the HMM. Previous research has established, a “core” microbiome, consisting of 
Firmicutes (i.e., Streptococcus, Staphylococcus), Proteobacteria (i.e., Serratia, Pseudomonas, Ralstonia, 
Sphingomonas, Bradyrhizobium), and Actinobacteria (i.e., Propionibacterium, Corynebacterium). This 
review aims to summarize the main characteristics of HMM and the role it plays in shaping 
a child’s health. We reviewed the most recent literature on the topic (2019-2021), using the 
PubMed database. The main sources of HMM origin were identified as the retrograde flow 
and the entero-mammary pathway. Several factors can influence its composition, such as 
maternal body mass index and diet, use of antibiotics, time and type of delivery, and mode of 
breastfeeding. The COVID-19 pandemic, by altering the mother-infant dyad and modifying 
many of our previous habits, has emerged as a new risk factor for the modification of HMM.
HMM is an important contributor to gastrointestinal colonization in children and therefore, 
it is fundamental to avoid any form of perturbation in the HMM that can alter the microbial 
equilibrium, especially in the first 100 days of life. Microbial dysbiosis can be a trigger point 
for the development of necrotizing enterocolitis, especially in preterm infants, and for onset 
of chronic diseases, such as asthma and obesity, later in life.

Keywords: Milk human, microbiota; Dysbiosis; Microbiota; Necrotizing enterocolitis; 
Asthma; Obesity

INTRODUCTION

For a long time, human milk has been thought to be sterile, but recent studies have 
demonstrated that it is a rich source of microbes, that have the potential to influence a child’s 
health. Currently, the retrograde flow and the entero-mammary pathway are accepted as 
the two primary sources of origin of milk microbiota [1]. The former is the consequence 
of transmission of microbes from the infant’s oral cavity into the mammary duct during 
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suckling [1], while the latter results from the translocation of maternal gut bacteria through 
the intestinal epithelial barrier to reach the mammary gland via the lymphatic circulation [1].

Several factors can influence the composition of the human milk microbiota (HMM), 
including the stage of lactation, maternal body mass index (BMI), age and diet [1], parity, 
geographical location, socioeconomic status, use of antibiotics or probiotics during 
pregnancy, and type of delivery [1,2].

Breast milk provides the infant with its own microbiota, as well as prebiotic, immunological, 
and other microbiota-shaping compounds that can indirectly alter colonization patterns 
in the baby [3]. Therefore, early microbial colonization of mucosal tissues is fundamental 
for the development, maintenance, and control of the immune system, with the bacterial 
diversity playing a pivotal role in the maintenance of a healthy immune balance [4]. HMM is 
responsible for shaping the composition of gut and respiratory microbiota in children [3,5,6] 
by supplying nutrients for bacterial growth as well as dictating the production of metabolites 
[3]. Microbiota of the respiratory and gastrointestinal (GI) tracts maintains human health 
through the so-called “gut-lung axis” [4]. It is quite clear that there is a cross-dialogue 
between the intestine and the lungs, which is vital for educating the host’s immune system, 
even if the mechanisms through which the gut impacts pulmonary health or disease and vice 
versa are only partially discovered [7].

Early intestinal microbial dysbiosis, as that occurring during pregnancy, can affect the 
composition of the newborn’s pioneer bacterial communities [8], and this can act as a risk 
factor for development of diseases such as obesity and asthma in the future [9], as well as for 
pathologies such as necrotizing enterocolitis (NEC) in the first few months of life, especially 
in preterm infants [10].

In recent years, bacterial culture techniques have been used to analyze HMM composition using 
standard morphological and biochemical characteristics of species identification [1]. These 
methods have limited accuracy as they are able to reveal only those bacteria that can survive 
the sampling procedures and grow under laboratory conditions [1]. For this reason, culture-
independent methods, such as sequencing of 16S ribosomal RNA (16S rRNA), clone libraries 
and metataxonomics have been developed [1]. These analytical methods allow a more accurate 
identification of microbial communities that may dictate health or disease in humans [7].

The aim of this review is to summarize the latest knowledge regarding HMM with particular 
focus on its composition, changes, and impact on children’s health.

HUMAN MILK MICROBIOTA COMPOSITION

The term “microbiota” refers to a population of microorganisms that exists within a niche in the 
human body, with a mutualistic relationship with the host [11] and includes bacteria, viruses, 
fungi, parasites and archaea. The term “microbiome” refers to the collection of genomes from 
all these microorganisms [11]. In a recent review [12], it was found that the human breast milk 
microbiota is quite diverse, with more than 800 bacterial species, the most prevalent being 
facultative anaerobic or strictly aerobic groups. In general, the presence of anaerobic microbiota 
in breast milk is known to influence the infant’s health [13]. Taxonomic classification [14] of the 
major bacterial phyla and their predominant genera in the HMM is shown in Fig. 1.
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Staphylococcus, Streptococcus, Serratia, Pseudomonas, Corynebacterium, Ralstonia, Propionibacterium, 
Sphingomonas and Bradyrhizobium are the nine genera that constitute the “core” bacteriome of 
the HMM. They represent approximately half of the microbial milk community, although 
their abundance can vary across milk samples [14,15]. HMM is the second integral source 
of microbes for infants after the birth canal (during vaginal delivery) [13]; the mammary 
glands, periareolar skin, and infant’s mouth may influence its composition [11]. Every day, a 
breastfed infant ingests between 1×105 and 1×107 bacteria, which means that almost 30% of 
the infant’s bacteria are acquired through breast milk [16]. Although the actual mechanism 
of HMM formation is not yet known, two main patterns of origin have been hypothesized: 
the entero-mammary pattern and retrograde flow. In the entero-mammary mechanism [11], 
a specific homing system composed of dendritic cells and macrophages is responsible for 
transporting bacteria from the mother’s mucosal tissues to the lactating breast, along the 
mucosal-associated lymphoid tissues. On the other hand, the retrograde flow hypothesis 
states that there is an exchange of microorganisms between the breast and the mouth of the 
infant, with mutual sharing of microbes [1,11]. This could explain how bacteria commonly 
found in the infant’s oral cavity (i.e., Veillonella, Prevotella) or human vagina (i.e., Lactobacillus) 
can also be found in human milk [1,9]. In particular, vaginal bacteria acquired by the infant 
during natural delivery can be transferred to the human milk through retrograde flow [1]. At 
the same time, the presence of bacterial communities in colostrum collected before the first 
infant suckling demonstrates the existence of the entero-mammary pathway [9,13] and that 
human milk is not a sterile fluid [9]. Although several studies have demonstrated a difference 
in the bacterial compositions of colostrum and transitional milk as a direct consequence of 
the interaction with the infant’s oral microbiota during the first 1-6 months after birth, other 
studies have found no such difference [1]. In addition, bacteria present in the pre-colostrum 
might have an important role in the initial establishment of the infant oral microbiota [17].

Bacterial, viral, fungal and archaeal components
Several bacterial components are present in HMM, and among these, Bifidobacterium and 
Lactobacillus species (spp.) are known to have important potential probiotic roles [12]. 
Researchers have isolated three potentially probiotic Lactobacillus strains from milk: 
Lactobacillus gasseri, Lactobacillus salivarius and Lactobacillus fermentum. These microbes induce 
interleukin (IL)-10 production by increasing the IgA concentration in feces. In a recent 
study, Rajoka et al. [18] isolated seven Lactobacillus rhamnosus strains from breast milk that 
had excellent antioxidant and anticancer activities [13]. Another strain isolated from human 
milk with a potential probiotic role was L. gasseri MA-4 [13]. Bifidobacterium spp. represent 
a large proportion of the species specifically found in the breast milk microbiota and not 
in other human secretions [12]. Arboleya et al. [19] and Solís et al. [20] isolated three 
Bifidobacterium breve and longum strains from human milk that demonstrated adherence to the 
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Fig. 1. Human milk microbiota: Taxonomic classification of the major bacterial phyla and their predominant genera.
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intestinal mucosa. In a recent cohort study [17], a distinct strain of B. breve was identified 
in the maternal rectum, human milk, and in the stool of a cesarean section (C-section) 
delivered child, thus supporting the entero-mammary pathway of HMM formation. In 
particular, it constituted 28% of the maternal milk sample microbiome and 68% of the infant 
gut microbiome [17]. On the other hand, Staphylococcus aureus and Streptococcus agalactiae are 
commonly isolated from infected breast milk, but they are also the most frequent species 
found in healthy controls, thereby challenging the Koch’s postulates. This may be attributed 
to the differences in the virulence of distinct strains and the modifications of these microbes 
during immunological changes [12]. Recent studies [21,22] have also demonstrated the 
importance of the viral microbiota (virome) for a child’s health, where members of the 
Myoviridae, Siphoviridae and Podoviridae families were revealed to be dominant members 
of normal human microbiome [23]. It is believed that the newborn is first colonized by 
bacteriophages, induced by the bacteria constituting the primitive microbiota [21], followed 
by replication of these viruses in the infant’s intestine, which modulate and regulate bacterial 
growth and, consequently, the infant GI microbiota [21,23]. It has been demonstrated 
that, in breastfed infants, there is a reduction in the quantity and pathogenicity of these 
viruses. Recently, it has been shown [21] that human milk viruses are also transmitted from 
the mother to the child via breastfeeding, with a vertical transmission of bacteriophages. 
Accordingly, we can hypothesize that the mammary gland provides both the bacterial and 
viral parts of the microbiome [21], and that human breast milk favors the transmission 
of “good” viral particles, hindering the transmission and replication of pathogenic viral 
strains [21]. Non-phage viral sequences have also been found in human milk samples 
(Papillomaviridae, Retroviridae and Herpesviridae families) [23]. HMM of a healthy mother also 
contains a fungal fraction, known as “mycobiome”, with a conserved vertical transmission 
from the mother to the child [23,24]; its load has been estimated to be 105 cells/mL [16], with 
the major part being Saccharomyces, Malassezia, Alternaria, Rhodotorula and Candida spp. [14,16]. 
Malassezia and Davidiella spp. are known to constitute the “core” mycobiome; in particular, 
Malassezia globosa is detected in all healthy human milk samples, but it is absent from all 
mastitis-associated samples, demonstrating that mastitis can create a fungal dysbiosis 
[23]. Among yeasts, Debaryomyces hansenii is the dominant species during breastfeeding 
[16], whereas Saccharomyces cerevisiae becomes the dominant species during weaning [16]. In 
addition, some protozoal elements have also been isolated (Giardia intestinalis and Toxoplasma 
gondii) in the HMM [23]. Archaea are considered to one of the potential sources of microbes 
in the human milk [16]. Two metagenomic studies in the past have revealed the presence 
of archaeal DNA in human milk, with the presence of halophilic archaea (i.e., Haloarcula 
marismortui) [23]. Togo et al. [25] have shown that Methanobrevibacter smithii is the dominant 
human gut-associated archaeon, and is a critical commensal for human health, by playing 
a vital role in weight regulation. In particular, they demonstrated the presence of this 
microorganism in human colostrum and milk, with an essential role in seeding the infant’s 
future gut microbiota [25].

Factors influencing human milk microbiota composition
In recent years, researchers have focused their attention on the different factors that could 
influence HMM composition and, consequently, a child’s health [13]. Microbes present in 
human milk have an important role in the regulation of cytokine production in the enteric 
nervous system and maintenance of mucosal immune functions [15]. One of the variable 
factors that can influence microbiota composition of milk is maternal BMI. In obese 
mothers, there is a predominance of Lactobacillus spp. in the colostrum and Staphylococcus and 
Akkermansia spp. in the mature milk [1], with a concordant reduction of genera belonging 
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to Bacteroidetes, Proteobacteria and Firmicutes phyla. Moreover, maternal diet, by altering the 
maternal gut microbiota could influence the microbes in human milk, and consequently 
their vertical transfer to the child [1]. In particular, vitamin C is associated with an increase 
in the bacteria of Staphylococcus genus, whereas the consumption of polyunsaturated fatty 
acids and linoleic acid leads to a rise in the number of bacteria of the Bifidobacterium genus. 
In addition, the consumption of B1, B2, and B9 vitamins can also influence breast milk 
microbiota composition [16]. High consumption of a calorie-rich diet in pregnant women 
has been shown to cause an increase in the number of organisms of Firmicutes phylum 
[14]. Few confirmatory studies have been conducted on the influence of consumption 
of antibiotics and/or probiotics during pregnancy on HMM composition [26]. Although 
studies have shown that antibiotic therapy can alter the balance between microorganisms, 
with a reduction in Bifidobacterium and Lactobacillus spp., none of these provide conclusive 
results [2]. In a recent analysis [27], it was found that bacteria of Bifidobacterium spp. were 
present only in the breast milk samples of mothers who did not receive intrapartum 
antibiotic administration [14]. This is an important observation since a reduction in 
Bifidobacteria in early infancy may be associated with a higher risk of atopy and obesity 
[14]. The time and type of delivery are also important in determining the composition of 
milk microbiota [2]. Studies have demonstrated a lower level of Bifidobacterium spp. in the 
preterm pregnancy group than in the term pregnancy group at all stages of lactation [13]. 
It has been suggested that labor influences the HMM composition by increasing intestinal 
permeability and facilitating the entero-mammary pathway. In particular, it has been 
observed in C-section deliveries that there is a higher relative abundance of Proteobacteria, 
with a reciprocal reduction of Firmicutes (i.e., Bifidobacterium and Lactobacillus) in the HMM 
[2]. It has been proven that emergency C-section milk samples have a microbial profile 
similar to that of vaginal deliveries, while samples from non-emergency C-sections have 
a microbial profile similar to that of the skin and oral microbial communities [16]. The 
infant’s mode of breastfeeding also plays an important role in shaping the HMM. Many 
studies have shown the relative abundance of Bifidobacteria in the feces of human milk-fed 
infants, whereas Enterococci and Clostridia are most prevalent in formula-fed infants [15]. 
In particular, numerous studies affirm that direct breastfeeding favors the acquisition of 
bacterial microbiota from the child’s mouth, whereas indirect breastfeeding (pumped-milk) 
increases acquisition of environmental bacteria [28]. In directly breast-fed infants, there is a 
relatively high prevalence of Bifidobacterium spp. On the contrary in infants fed with pumped-
milk, there is an abundance of potential pathogens. Furthermore, the sex of the baby is also 
believed to play a pivotal role in determining HMM composition; the milk microbiota is 
partially derived from the infant’s oral cavity and while the host is always female (mother), 
there are differences between male and female infants in terms of contribution to the 
HMM (retrograde inoculation hypothesis) [9]. Additionally, the potential role of parity in 
influencing the HMM composition cannot be overlooked. Staphylococcus and Haemophilus are 
probably more abundant in the bacterial samples of multiparous mothers than in those of 
primiparous mothers [2]. Maternal psychosocial distress is also related to lower bacterial 
diversity in human milk three months postpartum, underlining the relationship between 
maternal psychosocial distress and milk microbiota [14]. It has been proven that there exists 
a difference in the HMM composition between populations of rural and urban countries, 
with a higher bacterial diversity being displayed in the rural milk samples [23]. In addition, 
a different microbial composition has been found in the milk samples from women with 
lactational acute mastitis [16]. All the factors that may influence the HMM have been 
systematically summarized by Zimmermann and Curtis [29].
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Bacterial extracellular vesicles: what is known
Human milk contains abundant quantities of extracellular vesicles (EVs) that may originate 
from multiple cellular sources and contain different bioactive molecules [2]. These are 
generally classified into three subcategories based mainly on their size as follows: exosomes, 
microvesicles (also called microparticles), and apoptotic bodies [29]. It is well known that 
all bacteria can release EVs, and these have been designated as bacterial membrane vesicles 
produced by gram positive bacteria and outer membrane vesicles produced by gram negative 
bacteria [2]. In a study conducted by Kim and Yi [2], the dominant bacterial EVs in human 
breast milk belonged to the Bacteroides, Acinetobacter and Lactobacillus genera; in contrast, 
Streptococcus and Staphylococcus were predominant in bacterial samples. These results indicate 
that the bacteria releasing EVs do not necessarily match with the bacteria present in human 
breast milk and are not evenly distributed [2]. Moreover, this study suggests that EVs 
may contribute to the vertical transfer of commensal microbiota from mothers to infants 
and, since these vesicles are rich in microRNAs, they can influence mucosal immunity 
and increase the intestinal microbiome diversity of children [30]. Moreover, in a recent 
study by Wang et al. [31], a peptidomic analysis of human milk exosomes was performed 
by comparing the milk of term pregnancies to that of preterm pregnancies. The authors 
discovered that the preterm and term milk exosomes had comparatively different peptide 
compositions [32]. Based on these findings, we hypothesized that there could also be a 
difference in the composition of bacterial EVs in the human milk that might influence the 
future health related outcomes of a child.

COVID-19 and milk microbiota: what has changed
The recent coronavirus disease (COVID-19) pandemic has affected people’s health, economy, 
and society as a whole by changing a large part of our habits. A survey of mothers in European 
countries highlighted the significant stress and anxiety experienced by mothers during the 
pandemic [33]. In fact, at the beginning of the pandemic, there were several uncertainties 
regarding medical protocols and, in the presence of a COVID-19 positive mother, early 
direct breastfeeding and skin-to-skin contact were not followed in clinical settings, despite 
the recommendations of the World Health Organization [33,34]. It is well known that, for 
SARS-CoV-2, the detection of viral RNA in human milk is uncommon, and transmission 
along human milk has not been recorded [33]. Even if transmission of COVID-19 through 
breastfeeding appears unlikely, the infection could affect HMM, with breast milk being 
an expression of connection between mother and child [35]. During pregnancy, intestinal 
dysbiosis associated with COVID-19 inflammation could affect the composition of a 
newborn’s pioneer bacterial communities [8]. It was observed that greater the severity of the 
disease, greater was the intestinal dysbiosis. In affected patients, symbiotic bacteria were 
significantly reduced, with a corresponding enrichment of opportunistic flora [35]. Zuo et 
al. [36] have shown that in the context of Firmicutes phylum, there was a reduction in some 
bacterial genera and an increase in other genera (i.e., Coprobacillus spp.) [36]. Yeoh et al. 
[37], in their research, revealed a reduction in bacteria belonging to the Actinobacteria and an 
increase in those belonging to the Bacteroidetes and Verrucomicrobia phyla [37,38]. Interestingly, 
dysbiosis continues even after recovery from SARS-CoV-2 infection [35]. Moreover, the 
reduction of Ruminococcus and Lachnospira spp. (butyrate-producing bacteria) with a dramatic 
increase in Streptococcus spp. in COVID-19 affected patients is positively correlated with 
the levels of C-reactive protein and D-dimer [35]. Zhao et al. [39] demonstrated a change 
in proteomics and metabolomics in human milk samples of COVID-19 positive mothers; 
three primary pathways were thought to be involved: complement activation, platelet 
degranulation, and macrophage function [40]. To date, HMM has not been investigated 
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in pregnant COVID-19 affected women, and therefore, we can only examine the existing 
studies that have been carried out in adults [35]. We can hypothesize that the above findings 
might be partially applicable to COVID-19 affected pregnant women, and since it is supposed 
that composition of the breast milk impacts the infant’s intestine, further studies on the 
changes in the microbiota of pregnant women affected by COVID-19 are necessary [35]. 
What is certain is that the pandemic has influenced HMM composition in several phases, 
both directly and indirectly, which can be substantiated by the fact that the placentas of 
women affected by severe acute respiratory syndrome have increased rates of vascular 
malperfusion features that can alter normal bacterial exchange between the mother and child 
[8]. Moreover, the presence of respiratory infection, enhances the probability of a C-section 
delivery, with a consequential reduction in maternal transfer of vaginal microbes to newborns 
[8]. Finally, increased hygiene and sanitization are the other two factors contributing to the 
minimization of transmission of maternal skin flora to the infant [8].

MICROBIAL DYSBIOSIS: A “TRIGGER POINT” FOR 
CHILDREN’S HEALTH
HMM composition can influence a child’s health in two main ways: by promoting intestinal 
immune homeostasis and facilitating digestive processes [16]. Bacterial diversity plays a 
pivotal role in the maintenance of immune balance in humans [4]. In particular, human milk 
bacteria provide early antigenic stimuli that promote intestinal immune system maturation; 
they also encourage a Th1/Th2 balanced response, promoting immune homeostasis [16]. 
Microbes produce short-chain fatty acids (SCFAs) through the fermentation of human milk 
oligosaccharides (HMOs) [16], which are the most extensively studied metabolites because 
of their immunomodulatory effects on several aspects of host physiology [7]. In vitro studies 
have demonstrated that some bacterial components of HMM (i.e., Lactobacillus spp.) can 
maintain an active immunological balance by inhibiting the proliferation of pathogenic 
microorganisms [4,16]. Several factors such as diet, ethnicity, medication use or geographic 
location can impart variability to the milk microbiota and can be a source of “stress” for it. 
Following a challenge, the microbiota of a healthy individual is able to return to baseline 
(resilience); however; if it does not happen, a new equilibrium is established with a drift 
towards dysbiosis [41]. Resilience can be used as a surrogate marker of healthy ecosystem 
as the microbiota of a healthy person resists changes under stress and fully recovers from 
perturbations [41]. As HMM is a fundamental contributor to GI colonization in children [15], 
establishing a healthy profile of intestinal bacteria is important for preventing or correcting 
dysbiosis and minimizing its impact on health [41]. In fact, the presence of dysbiosis can 
alter the balance between pathogens and commensal organisms, with a consequential 
life-threatening effect on the host [11]. In preterm infants, NEC results from an amplified 
and destructive inflammatory response to intestinal dysbiosis, with consequent tissue 
damage and loss of intestinal barrier integrity [42]. In fact, when the immature intestine of 
these neonates, which is accustomed to residing in the intrauterine environment where few 
microorganisms are available for interaction, encounters trillions of colonizing bacteria, 
excessive inflammation ensues, leading to NEC [10]. Dysbiosis in the microbiota can be a 
starter point for the development of some diseases not only in the first few months of life but 
also later during childhood; in particular, both GI and respiratory tract dysbiosis may have 
a causative role in the development of respiratory diseases such as asthma [4]. According 
to the latest studies a “gut-lung axis” exists in human beings [7], which is responsible for 
the systemic dissemination of bacterial-derived components and metabolic degradation 
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products [43]. During intestinal dysbiosis, these bioactive compounds secreted by microbes 
and absorbed into the circulation can directly alter lung function [7], and each molecular 
pattern that is created (endotype) corresponds to a phenotype of asthma [44]. Dysbiosis 
of the intestinal microbiota is also associated with the onset of obesity in childhood and 
is characterized by alterations in gut microbiota diversity, with a relative abundance of 
certain microbial genera. The metabolites generated by microbes translocated from a 
disrupted intestinal barrier can influence several organs, contributing to systemic metabolic 
inflammation [45]. Therefore, both neonatal pathologies, such as NEC, and chronic diseases 
with a later onset in childhood, such as asthma and obesity, are clinical manifestations of an 
early dysbiosis of microbiota [9] (Fig. 2).

Role in NEC onset
NEC is an intestinal disease with an unknown etiology that primarily affects preterm infants 
(approximately 10%) and is associated with an increased risk of morbidity (i.e., short-
bowel syndrome, liver failure) and mortality (up to 40%) [42,46]. However, the precise 
pathogenesis of NEC remains unclear. It might be caused by a specific dysbiosis of the infant 
gut microbiota leading to an inflammatory state that alters the equilibrium of the intestinal 
immune system [10], with the consequent loss of bacterial diversity and increased abundance 
of pathogens [46]. Several factors that are able to induce enterocyte injury can contribute 
to the onset of NEC [47]. Among these, proton pump inhibitors and prenatal and postnatal 
antibiotic use can be risk factors for changes in the mother’s microbiota and, subsequently, 
in HMM composition [42,48]. It has been demonstrated that human milk from mothers of 
preterm infants is different from that of full-term infants, with higher levels of protein, fat, 
free amino acids, and sodium, which tend to decrease over time [49,50]. Moreover, bioactive 
components such as HMOs and lactoferrin are higher in preterm milk and colostrum [47]. 
Staphylococcus spp. are predominant in the milk samples of preterm mothers, which may 
be due to the higher abundance of this bacterial genus in the hospital environment and in 
the skin of hospitalized preterm infants [48]. Preterm neonates are indirectly breastfed 
using pumped-milk, often stored in a refrigerator or freezer in plastic containers and 
administered to the child via a nasogastric tube that ‘passes’ through the oral cavity. This 
further influences the HMM composition, with a reduction in Streptococcus spp., which are 
common bacteria in the oral cavity [47]. Stenotrophomonas and Acinetobacter spp. are known 
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to be prevalent later in lactation [47,48]. It has been demonstrated that the gut microbiota 
of infants who develop NEC has reduced diversity and stability, with an overabundance of 
Proteobacteria (i.e., Pseudomonas) and a paucity of obligate anaerobic species, which are markers 
of healthy microbiota [42,47]. The same changes are present during the days immediately 
preceding NEC diagnosis [47,48]. In a recent study, Gopalakrishna et al. [51] discovered 
that preterm babies, who were exclusively formula-fed had a very low level of IgA-associated 
intestinal bacteria, and children with NEC had higher levels of IgA-unbound Enterobacter spp. 
compared to the healthy age-matched controls. It is probable that human milk, by developing 
a commensal infant gut microbiome, can decrease the risk of NEC [46]. The influence of 
mother’s own breastmilk on gut microbiome composition and the decreased risk of NEC is 
dose-dependent [46]. In particular, according to recent literature [10,47], the combination of 
expressed breast milk and a probiotic is the optimum approach to prevent NEC in premature 
infants. Milk from mothers who deliver prematurely has increased amounts of immune 
mediated and anti-inflammatory factors [10]. Moreover, it also contains bacteria translocated 
from the mother’s intestine that stimulate infant’s “pioneer” bacteria (i.e., Bifidobacterium 
infantis and Bacteroides fragilis) to produce metabolites with an anti-inflammatory role. 
Probiotics that interact with human milk can amplify this process [10,52].

Role in asthma development
Asthma is one of the most widespread chronic respiratory diseases in childhood, especially 
under the age of five years. Its development is correlated with many factors, including 
genetic predisposition, environmental exposures, infections, nutritional factors, and the 
gut microbiome [53]. Gut microbiota are transferred from the mother to the child during 
breastfeeding [53] and an early-life microbial dysbiosis has been linked to an increased 
risk of asthma and allergic diseases in early childhood [4,53,54]. In particular, during the 
first few years of life, the microbiota composition changes dynamically, and a “window of 
opportunity” can be created to determine future health or disease [55]. A recent longitudinal 
study revealed that children at risk of asthma exhibited transient intestinal microbial 
dysbiosis during the first 100 days of life [56] and that the development of a healthy 
microbiome depends significantly on the first bacterial colonization. For a long time, the 
lung was believed to be sterile; however, several studies have demonstrated that it harbors 
its own microbiota [4]. Although the intestine and lungs are anatomically distinct, they 
can potentially communicate through the pharynx, and the complex pathways involving 
their microbiota have reinforced the existence of a “gut-lung” axis [4]. It can shape the 
immune response and interfere with the course of respiratory diseases, but the underlying 
mechanisms are not fully understood [3,4]. Maternal BMI, atopy and stress, delivery mode, 
and antibiotic exposure are important modifiers of the infant gut microbiota that contribute 
to the onset of asthma. An important risk factor from this point of view is the mother’s 
diet; for example, a high-fat maternal diet during pregnancy has been associated with lower 
levels of Bacteroidetes phyla in the offspring gut microbiota, which can be a predisposing 
factor for the development of asthma [53]. In the initial years of a child’s life, recurrent viral 
infections and asthma onset would be correlated to a dysbiotic nasopharyngeal microbiome; 
meanwhile, early colonization with a non-pathogenic and varied bacterial community may 
be protective for the lung microbiota [4]. With regard to the respiratory microorganisms 
that enter the oral cavity and arrive at the lung, the fluctuation of the mucous film that 
covers the upper respiratory tract (URT) and the airflow determine an equilibrium between 
microbial immigration and elimination. The main source of lower airway colonization is 
the microbiome residing in the upper airways, along with microaspiration and/or direct 
inhalation of oropharyngeal secretions [4]. A recent culture-independent method of 
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analysis has revealed differences in the microbial communities of the healthy respiratory 
tract compared to those of patients with asthma. Firmicutes (i.e., Staphylococcus, Streptococcus, 
Veillonella), Proteobacteria (i.e., Moraxella, Haemophilus), Actinobacteria (i.e., Propionibacterium), and 
Bacteroidetes (i.e., Prevotella) are some of the principal phyla present in healthy URT. In the low 
respiratory tract there are six dominant bacterial phyla: Firmicutes, Bacteroidetes (i.e., Prevotella), 
Proteobacteria, Fusobacteria, Acidobacteria and Actinobacteria [55]. Along the entire respiratory 
tract, viral and fungal components are also present, but these form only a minor portion 
of the respiratory microbiome [55]. Although Firmicutes, Proteobacteria and Actinobacteria are 
abundant in asthmatic individuals too, there might be a shift towards certain genera within 
these phyla that could generate dysbiosis [4]. Therefore, regardless of the composition of 
the microbiota, dysbiosis can trigger asthma in genetically predisposed subjects. In the 
first few years of life, gut dysbiosis is characterized by a reduction in individual diversity in 
the microbial ecosystem, with colonization by opportunistic pathogens (i.e., Enterococcus 
spp.) [57]. Early colonization of the URT in children by Moraxella genus is associated with 
respiratory tract infections; nasal secretion samples from asthmatic children of ages 6 to 17 
years showed a significant activation of eosinophils, especially by Moraxella catarrhalis [4,58]. 
Moreover, colonization by Clostridium difficile at 1 month of age correlates with the occurrence 
of wheezing and asthma in the first 6 years of life [4,57,59]. In infants at risk of developing 
asthma, there is usually a relative decline in the genera Lachnospira, Veillonella, Faecalibacterium 
and Rothia in the first 100 days of life, as well as a relative reduction in Clostridium neonatale 
in the first 3 months of life [4]. Finally, a role of the intestinal archaeal component in the 
dysbiosis-asthma paradigm has also been suggested [55,60], although further studies are 
necessary in this area.

Role in obesity development
Obesity is one of the most prevalent non-communicable diseases worldwide as well as in 
pediatric patients. Therefore, it is important to understand the potential causes to reduce 
the prevalence and associated morbidities [61]. In this regard, the mode of delivery, maternal 
health, antibiotic exposure, and breastfeeding are considered as factors that play a pivotal 
role in altering the infant gut microbiota and, subsequently, the probability of obesity onset 
in children [61]. It has been demonstrated that breastfed infants have a lower incidence 
and risk of obesity than formula-fed infants. This may be due to maturation and immune 
tolerance conferred by commensal bacteria present in the HMM [23]. In particular, a recent 
cohort study demonstrated that obese mothers provide their infants with less breast milk 
at 6 and 12 months postpartum than normal-weight mothers, perhaps due to physical, 
physiological, and psychological obstacles. A shorter breastfeeding period is associated with 
minor diversity in the gut microbiota of children, which could be a risk factor for obesity 
onset [61]. It is well known the human gut microbiota is characterized by the presence 
of Firmicutes and Bacteroidetes phyla, as well as Proteobacteria, Fusobacteria, Verrucomicrobia and 
Actinobacteria. At the compositional level, obesity seems to be the consequence of a change 
in the Firmicutes/Bacteroidetes ratio (F/B), especially the reduction in the relative abundance 
of the latter [62], with a higher proportion of Actinobacteria [63]. Nevertheless, there are still 
several controversies, especially concerning childhood [62] and it is not clear which bacteria 
are necessary and/or sufficient to assemble a healthy gut microbiota [61,64]. For example, 
a recent study by Bai et al. [65] highlighted a positive correlation between high Bifidobacteria 
levels and elevated BMI [62], detaching itself from the most commonly cited information 
in the literature, stating that Bifidobacteria spp. are more abundant in normal weight children 
[62,65]. A specific marker of the human milk lipid component, called alkylglycerol-type 
(AKG-type), is able to reduce weight by maintaining beige adipose tissue (BeAT) and avoiding 
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its transformation into lipid-storing white adipose tissue, using the IL-6/STAT (Signal 
Transducer and Activator of Transcription) pathway [66]. There exists a negative correlation 
between BeAT content and obesity and a lack of AKG intake may lead to a premature loss 
of BeAT, leading to risk of developing obesity [66]. Another mechanism by which AKG aids 
in controlling obesity is the increase in Lactobacillus proliferation with the establishment of 
healthy intestinal microbiota [66]. It is likely that metabolic activity, and not gut microbiota 
composition, is more relevant in obesity onset [61]. A recent systematic review conducted 
by Kim et al. [67] showed that obese patients had higher levels of acetate, propionate, 
and butyrate SCFAs than lean controls [63,67]. The increased F/B ratio could be a result of 
dysbiosis in obese children, arising from adaptation to this long-term metabolic dysfunction 
[62]. For pediatric patients, no definitive data are available to date.

METHODS OF STUDYING MICROBIOTA COMPOSITION

HMM exploration relies on both culture-dependent and culture-independent approaches, 
including sequencing of 16S rRNA clone libraries and metataxonomics. The latter is based 
on 16S rRNA gene amplicon sequencing and has emerged as a useful tool for bacterial 
identification in the last 10 years [6]. Metataxonomics is one of the applications of next 
generation sequencing, which involves the shotgun sequencing of the entire metagenome, 
typing of the microbial genome, and sequencing of the entire microbial genome.

Culture-dependent methods
Traditional culture methods report on the presence of lactic acid bacteria such 
as Lactobacillus, Lactococcus, Bifidobacterium [16], Streptococcus, Propionibacterium and 
Staphylococcus spp. These methods have the advantage of allowing the detection of viable 
bacteria, providing data on cell viability, and paving the way for strain-level genomic 
analyses [23,68,69]; however, they can fail to detect fastidious bacteria, leading to an 
underestimation of the diversity within a sample [23,69]. These methods can only detect 
cultivable bacteria, and the results are strictly dependent on the media used, sample 
storage conditions, and growth conditions [6]. It is important to emphasize that a culture-
dependent method can reveal a bacterial count between 102 and 104 bacterial cells/mL, 
whereas using a culture-independent method, can reveal a bacterial load of between 104 
and 105 bacterial cells/mL in human milk, suggesting that a part of the milk microbiota 
corresponds to non-viable and non-cultivable bacteria [6].

Culture-independent methods
A recent culture-independent method has been able to demonstrate a complex and variable 
microbial composition in human milk [16,69]. This method can detect a broad range of 
microbes, including anaerobes (i.e., Clostridium spp.), which are not detected by traditional 
culture methods [23]. The extracted DNA from collected samples is amplified and then 
sequenced through a genome sequencer instrument (Illumina MiSeq) or through a technique 
known as pyrosequencing [11]. The results are then analyzed with a computer program that 
provides data on distinct operational taxonomic units (OTUs) [11]. Every OTU represents 
the number of distinct clusters of genetic sequences that meet 97% similarity in pairs of 
hypervariable regions [1,11]. Amplicon sequencing is a simple and inexpensive method; 
however, it has an important limitation of being unable to differentiate living microbes from 
dead ones or from cell-free DNA. For this reason, viability dyes are used, such as propidium 
monoazide [11,23]. The milk fraction used for the analysis, lysis method [6], purification 
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kit, target gene used for amplicons, number of polymerase chain reaction cycles, and 
sequencing platform could be the factors that might introduce variability in the results of 
amplicon sequencing [6]. Another limitation is the impossibility of producing quantitative 
results with this method and only semi-quantitative data can be obtained at best. Recently, 
the whole-genome shotgun sequencing approach has been used, with superior resolution 
and the possibility of detecting all portions of HMM (bacterial, viral, fungal, and archaeal 
components) [11,23], and it is still considered the gold standard of microbiome research 
[1]. With this latest sequencing mode, 10 most frequent bacterial genera found in HMM 
include Staphylococcus, Streptococcus, Lactobacillus, Pseudomonas, Bifidobacterium, Corynebacterium, 
Enterococcus, Acinetobacter, Rothia and Cutibacterium spp. [1,69]. Nevertheless, this is a DNA-
based method; therefore, it cannot demonstrate transcriptional activity or cell viability. 
Moreover, because of the high level of human DNA in the HMM, this method may limit the 
sequencing depth of microbial DNA. A human DNA depletion step is required in this type 
of analysis [23]. To date, only a few studies have been conducted on milk microbiota using 
shotgun metagenomic approaches [6].

FUTURE PERSPECTIVES AND CONCLUSIONS

Some human milk-derived bacterial strains can be considered as potential probiotics [14]; for 
example, Lactobacillus reuteri, which is found in gut and breast milk, has an anti-inflammatory 
role that is exerted by reduction of proinflammatory cytokines and microbial translocation 
across the intestinal epithelium [14]. Therefore, its supplementation could be an attractive 
preventive and/or therapeutic strategy against inflammatory diseases [14]. The same organism 
can attenuate overweight, hypertriglyceridemia, and hypercholesterolemia. On the other hand, 
L. fermentum can be used for prophylaxis against community-acquired infections. Another 
microbe that could be used as a potentially safe probiotic is Enterococcus faecium, which is always 
isolated from breast milk [14]. It has been shown that the use of a combination of Lactobacillus 
and Bifidobacterium spp. in preterm infants, reduces the relative risk for NEC, even if the time 
and dose of administration are not well defined at present. More studies are necessary to 
evaluate the beneficial effects of this strategy [42]. Formula-fed infants have markedly different 
GI microbiomes and health outcomes than their breastfed counterparts; therefore, it may be 
possible to identify keystone microbial species present in human milk that are fundamental for 
children’s health (i.e., Bifidobacterium spp.) and to selectively fortify infant formula with them, 
making the formula more similar to human milk [23]. The European Commission [70] recently 
evaluated the possibility of using probiotics in infant formulas. Bifidobacterium animalis subsp., 
Lactis INL-1 and Lactobacillus plantarum 73a have been isolated from human milk and tested as 
complementary strategies to prevent non-communicable diseases such as obesity [5,71,72]. To 
modulate HMM and early life GI colonization of the infant, some studies have been conducted 
in lactating mothers who were administered oral probiotics to prevent or treat mastitis [23]. 
A future perspective is to use topical probiotics to shape the maternal skin microbiota, and 
consequently, HMM [23]. At the same time, phage therapy may be utilized, and in bovines, a 
range of phages against S. aureus and Escherichia coli-related mastitis have been demonstrated 
[23]. The composition of HMM is a topic that has garnered a lot of interest from many 
researchers in recent years. It has been demonstrated that not only a bacterial component but 
also viral, fungal, and archaeal components are present in HMM. It is fundamental to define 
a healthy microbiota and to prevent microbial dysbiosis that could be correlated to NEC onset 
in the initial months of a child’s life as well as to chronic diseases, such as asthma and obesity, 
later in the childhood. However, the real relationship between HMM composition and these 
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pathologies is largely unknown at present. Therefore, it is necessary to conduct future studies in 
human lactation settings with emphasis on transcriptional activity of HMM.
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