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Abstract
Significant advances in culture-independent microbial technologies and the de-
velopment of bioinformatics have provided new insights into the complex commu-
nity of milk microbiota, revealing that milk microbial communities exhibit rich
diversity and multifaceted biological functions, can directly reflect the metabolic
status of dairy cows, and influence the nutritional metabolism and health of new-
born calves. Therefore, this review summarizes the latest research advances on
dairy cow milk microbiota, with emphasis on the endogenous pathway hypoth-
esis of milk microorganisms, discusses their crucial roles in bovine mammary
health and calf gastrointestinal development, and outlines the application of
techniques including 16S genomics and metagenomics in milk microbiome re-
search.
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Abstract: Recent advances in culture-independent techniques and bioinfor-
matics technologies have provided new insights into milk microbiota, revealing
it as a complex community with rich diversity and multifaceted biological func-
tions that can directly reflect the metabolic status of dairy cows and influence

chinarxiv.org/items/chinaxiv-201812.00167 Machine Translation

https://chinarxiv.org/items/chinaxiv-201812.00167
https://chinarxiv.org/items/chinaxiv-201812.00167


the nutritional metabolism and health of newborn calves. This review summa-
rizes current research findings on milk microbial communities, focusing on the
endogenous pathway hypothesis of milk microorganisms, discussing their impor-
tant roles in mammary gland health and calf gastrointestinal development, and
outlining the applications of 16S genomics and metagenomics in milk microbiota
research.

Keywords: dairy cow mammary gland health; microbial community; milk; calf;
gastrointestinal tract

Milk contains a complex microbial flora that has attracted increasing attention
in recent years. The development of advanced omics technologies enables more
detailed understanding of milk microbiota, triggering extensive research inter-
est. Existing studies have revealed that due to the complexity and interactivity
of microorganisms within dairy cows, diverse microbial communities exist and
play important roles in bovine biology, significantly impacting cow health sta-
tus [1]. Research has demonstrated complex and close associations within the
gastrointestinal microbiota of dairy cows [2]. In recent years, milk microbial
communities have been isolated and identified from various anatomical sites,
from obvious locations such as skin and urogenital tract to less obvious ones
like the respiratory tract, and even from previously considered sterile regions
such as the placenta [3].

Early studies considered the mammary gland and its milk sterile, with milk mi-
croorganisms viewed as external contaminants. However, this perspective has
been challenged by culture-independent techniques and more precise molecular
methods, leading to the proposal of an endogenous pathway hypothesis for milk
microorganisms [4]. This review aims to summarize the sources, composition,
and detection methods of milk microbiota, as well as their important effects on
mammary gland health and calf growth and development, providing a theoreti-
cal foundation for understanding the relationship between milk microorganisms
and dairy cow health.

1. Sources of Milk Microbial Community
Milk microorganisms have traditionally been considered external contaminants,
primarily introduced through environmental microbes accessing the mammary
gland via teat skin or oral cavity [5]. Recent research has confirmed an endoge-
nous pathway, demonstrating that microorganisms from various physiological
sites can interact and potentially access the mammary gland through specific
routes [6].

1.1 Exogenous Pathogen Invasion

Exogenous pathogen invasion represents a major factor inducing bovine masti-
tis. Mor et al. [7] identified Corynebacterium bovis, Streptococcus agalactiae,
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and coagulase-negative Staphylococcus as primary exogenous pathogens causing
subclinical mastitis. Mastitis-causing pathogens can be categorized into two
groups based on transmission characteristics: contagious pathogens that colo-
nize the mammary gland and spread through milking, including Streptococcus
agalactiae, Streptococcus dysgalactiae, Staphylococcus aureus, and Mycoplasma;
and environmental pathogens including Escherichia coli, Klebsiella pneumoniae,
Enterobacter aerogenes, Serratia, Proteus, and Pseudomonas [8].

Bacteriocins and antimicrobial molecules released by specific milk components
may suppress potential pathogen outbreaks, preventing intramammary infec-
tions [9]. Quigley et al. [10] demonstrated that bovine microbial communities
exhibit host dependency, suggesting their composition may influence mastitis
susceptibility. Studies on mammary gland infections and microbe-induced mas-
titis revealed that gut microbiota may serve as a potential microbial reservoir
for mastitis [11]. Human milk oligosaccharides (HMO) can modulate gut mi-
crobiota, and bovine milk contains structurally similar oligosaccharides called
bovine milk oligosaccharides (BMO). Therefore, BMO may also influence mam-
mary microbial communities [12]. Interestingly, BMO reflects blood type char-
acteristics and is controlled by genetic factors [13]. Research confirmed that
Staphylococcus, a primary mastitis pathogen, binds only to specific BMO types,
indicating that mastitis susceptibility can be determined not only by milk mi-
crobial composition or specific pathogen exposure but also by genetic makeup
and corresponding BMO types [14].

1.2 Endogenous Pathway Hypothesis

The presence of microorganisms in milk has long been attributed to external
contamination from teat skin or offspring’s oral cavity. However, recent studies
challenge this view, showing that bacteria in milk differ genetically from the
same species found on skin of the same host, indicating that teat skin and streak
canal are not the sole sources of milk microbiota [15]. Additionally, strictly
anaerobic bacteria such as bifidobacteria make skin an unlikely transmission
vector, supporting the endogenous pathway hypothesis [16].

Host microbial communities do not constitute independent environments but
are interconnected and continuously interacting. Therefore, microorganisms
from other anatomical sites could access the mammary gland through various
pathways [17]. The “gut-mammary pathway”has been described based on the
ability of microbes to leave the intestinal lumen, traverse mesenteric lymph
nodes, and reach the mammary gland [Figure 1: see original paper] [18].

The endogenous origin hypothesis has been validated through mouse studies [19].
While mechanisms for microbial translocation across intestinal barriers remain
unclear, research suggests involvement of immune cells, particularly dendritic
cells (DCs) [20]. DCs can sample intestinal contents by opening tight junctions
between enterocytes and extending dendrites into the lumen without compromis-
ing epithelial barrier integrity. These cells can carry live commensal bacteria to
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mesenteric lymph nodes, where bacteria can survive for days and disseminate to
distant mucosal surfaces, including the mammary gland, via mucosal-associated
lymphoid system. During lactation, gut-associated lymphoid tissue cells can be
transported to the mammary gland through lymphatic vessels and peripheral
blood circulation [21]. Yozwiak et al. [22] demonstrated that human peripheral
blood mononuclear cells and milk cells contain bacteria and their genetic ma-
terial during lactation. Reports of viable lactic acid bacteria in human blood
further suggest that some gut microbiota members can travel to extraintestinal
sites in viable form [23]. Studies also found increased bacterial translocation fre-
quency in mouse intestines during pregnancy and lactation, with DCs serving
as carriers when bacteria are present in lactating mammary tissue [23].

Beyond transporting gut microbiota, this mechanism guides offspring immune
system recognition and initiation of appropriate responses to symbiotic micro-
bial molecular patterns [24]. This translocation may occur selectively—certain
bacteria may be recognized and transported into milk, while others may not, or
immune cells may uptake all microbes but only those escaping death can reach
the mammary gland [24-25]. Garcia-Garcera et al. [26] reported research sup-
porting endogenous gut-mammary pathway in ruminants by investigating mi-
crobial composition and diversity in feces, milk, and blood leukocytes of healthy
lactating cows using pyrosequencing of barcoded 16S rDNA amplicons. The
study found Rhodococcus, Bifidobacterium, and Peptostreptococcaceae coexisting
in all three sample types from the same cow. To avoid external contamination
and prevent teat canal stretching or damage, milk was collected via catheter
using gravity into sterile containers. This coexistence strongly supports micro-
bial migration between mammary gland and gut via leukocyte circulation [27].
However, the specific cell types responsible for transporting microbiota from
mesenteric lymph nodes to milk remain to be determined, requiring further
research to dissect mechanisms of gut-to-mammary microbial transport in ru-
minants, which could have important implications for ruminant, offspring, and
human consumer health.

2. Composition of Milk Microbial Community
Milk contains complex and diverse microbial communities, reaching several
colony-forming units per milliliter [28]. Abundant microbial communities ex-
ist even in milk from healthy cows and mammary glands [29]. Recent research
has focused on milk microbiota to understand its physiological and health roles
in cows and offspring, and how microbial communities change when milk is
consumed directly or processed into dairy products [30].

TABLE:1 Composition of healthy milk microbial community [30]

Types Genus of microbial community
Colostrum Streptococcus lactis, Lactobacillus, etc.

chinarxiv.org/items/chinaxiv-201812.00167 Machine Translation

https://chinarxiv.org/items/chinaxiv-201812.00167


Types Genus of microbial community
Fresh milk Hemolytic streptococcus, Streptococcus pyogenes, Brucella,

Streptococcus mutans, Salmonella, Shigella, proteolytic
bacteria, fat decomposition bacteria, acid bacteria,
Escherichia coli, Rhodes bacteria, Pseudomonas,
Sphingomonas sp., Oligospora, aerobic bacteria, slow rhizobia,
Aeromonas, Staphylococcus, etc.

Pasteurized
milk

Thermophilic bacteria, Bacillus, heat-resistant bacteria, etc.

Masoud et al. [31] studied milk microbial composition in healthy dairy cows,
finding Streptococcus and Staphylococcus as the most abundant genera. Other
studies showed higher numbers of lactic acid bacteria, followed by streptococci
and staphylococci [32]. Montel et al. [33] identified higher levels of bacterial
sequences from phyla Firmicutes, Proteobacteria, and Bacteroidetes in milk
macrophages. The same study found that the core microbiota of healthy milk
includes staphylococci and streptococci, with high inter-individual variability ob-
served among healthy cows. Another study on milk microbial mutants showed
Proteobacteria (65%), Firmicutes (34%), Pseudomonas (61.1%), and Staphylo-
coccus (33.4%) as predominant groups [34]. All these differences correlate with
geography, genetics, or diet and warrant further investigation. Valles-Colomer
et al. [35] used pyrosequencing of bacterial 16S rDNA genes to assess bacterial
DNA diversity in milk samples from 10 different cows, comparing microbial pop-
ulations from milk samples obtained from healthy udders of the same cow. Re-
sults showed significant differences in microbial species among different healthy
milk samples, with the most abundant genera being Pseudomonas syringae,
Pseudomonas, Sphingomonas sp., Stenotrophomonas maltophilia, Bradyrhizo-
bium, Corynebacterium, Pelomonas, and Staphylococcus. In milk samples from
a single healthy udder, Pseudomonas and Pseudomonas sp. abundance was
significantly higher than Lactobacillus [35]. In a recent study, Tveit et al. [36]
described microbial diversity in milk samples with low somatic cell counts (SCC)
and uninfected mammary glands. Uncultured Lachnospiraceae and propionibac-
teria were present in all samples from healthy quarters and could be considered
core microbiota of healthy milk. Other commonly found microbial genera in
most very low SCC milk samples included Bacteroides, Staphylococcus, Strepto-
coccus, anaerobic bacteria, Lactobacillus, Porphyromonas, Komo genus, Freun-
della spp., and Enterococcus. Certain bacterial genera such as Lactobacillus and
Paenibacillus are associated with mammary gland health.

3. Detection Methods for Milk Microbial Community
Traditional bacterial classification and identification primarily relied on mor-
phological characteristics, physiological and biochemical reactions, ecological
features, and serological reactions, such as plate colony counting and Gram
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staining. However, these conventional methods suffer from long detection peri-
ods, cumbersome operations, and difficulty distinguishing closely related bacte-
ria [37]. With molecular biology advances, characterization of entire microbial
genomes and metagenomes can be accomplished through targeted 16S rDNA
sequences or extensive metagenomic sequencing. The former method relies on
PCR amplification and sequencing of 16S rDNA gene fragments (16S genomics),
enabling characterization of bacterial components within microbial communities
[38].

In 16S rDNA sequencing studies, a pair of “universal”primers is designed to
bind conserved regions and amplify variable regions containing taxonomic in-
formation [39]. Sequencing the amplified 16S rDNA fragment library allows
accurate assignment of each read to its specific taxonomic unit, enabling esti-
mation of relative abundance for each taxonomic group [40]. Hettich et al. [41]
used 16S rDNA sequencing to study 20 healthy milk samples with low SCC, find-
ing almost no clonal bacterial sequences. Although Porphyromonas sequences
were detected, their prevalence was lower compared to mastitic milk samples,
suggesting some anaerobes may only act as opportunistic pathogens. However,
amplicon-based metagenomics has several limitations, including diversity loss
due to PCR bias and variability in diversity estimation [42].

Shotgun metagenomics extracts entire metagenomic DNA without amplifying
specific target sites, fragments it, and sequences it, generating large numbers
of genomic sequences that can be aligned to genomic positions across all DNA
genomes in the community [43]. Muth et al. [44] analyzed hybrid dairy cow
milk microbial structure using shotgun metagenomics, generating 63 genes, 11
loci, and 780,000 base pairs (Mb) across 79,856,114 sequences. Results revealed
dominance of Enterobacteriaceae members in milk microbiota, followed by Pseu-
domonas, Bacillales, and Lactobacillales. Metabolic analysis indicated multiple
antibiotic resistance potential in microorganisms after antibiotic administra-
tion, including sequences for Staphylococcus aureus, Klebsiella pneumoniae, and
Staphylococcus epidermidis.

4. Milk Microbial Quantity, Composition, and Mammary
Gland Health
According to national standard GB 19301-2010, raw milk quality and safety are
compromised when total bacterial count reaches 2×10� CFU/g (or CFU/mL).
Raw milk samples exceeding this limit cannot be used as raw material for dairy
processing. Moreover, extremely high bacterial loads in raw milk indicate ex-
tensive microbial colonization within the mammary gland, potentially including
pathogenic microorganisms threatening mammary health [45]. Beyond quan-
tity, microbial composition significantly affects mammary health. Invasion by
exogenous pathogens (e.g., Staphylococcus aureus, Streptococcus uberis) disrupts
normal microbial development, triggers mammary inflammation, and leads to
elevated milk SCC and decreased milk production. Conversely, probiotic colo-
nization (e.g., lactic acid bacteria, bifidobacteria) benefits mammary health and
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milk quality.

Liu Yanyan [46] used fluorescent quantitative PCR to determine total micro-
bial counts in 100 raw milk samples, finding 37 samples with cycle threshold
(CT) values below 29.81, indicating bacterial loads exceeding 2×10� CFU/mL.
Health examination of cows producing these 37 samples revealed 16 with clini-
cal mastitis and 21 with subclinical mastitis symptoms detected by California
Mastitis Test (CMT). Hettich et al. [47] found that inoculating cows with Lac-
tobacillus lactis subspecies isolated from milk increased immunoglobulin isotype
levels and memory cell proliferation in blood and milk. Tanca et al. [48] showed
that stimulating bovine mammary gland lymphocytes with lactic acid bacte-
ria and bifidobacteria in vitro prevented reaction with Staphylococcus aureus
surface antigens, suggesting probiotics could serve as natural antibiotic alterna-
tives during dry periods and act as immunomodulators stimulating local and
systemic defense mechanisms. Winter et al. [49] detected approximately 56
different species with varying abundances in milk from cows with subclinical
mastitis using metagenomics, with E. coli being most predominant, followed
by Pseudomonas aeruginosa, Pseudomonas pseudomonas, and Bacillus cereus.
Interestingly, staphylococcal phages were also present. Tang [50] investigated
effects of dietary selenium-enriched probiotics (Se-Pro) on bovine mastitis and
milk SCC. Compared to the control group, Se-Pro group (supplemented with
108.2 g/head/day) showed significantly increased blood selenium levels and 35%
reduction in mastitis-positive quarter rates. Increased blood selenium helps re-
duce SCC, decrease mastitis incidence, and enhance neutrophil function. These
findings demonstrate that milk microbial quantity and composition are key indi-
cators of mammary health, with certain probiotics promoting mammary gland
health.

5. Impact of Milk Microbiota on Calf Gastrointestinal Mi-
crobial Colonization
Milk contains immune cells and various bioactive molecules, including sug-
ars, nucleotides, lipids, immunoglobulins, antimicrobial proteins, cytokines, and
other immunomodulatory factors [51]. Maternal milk significantly impacts off-
spring development, particularly by transmitting microorganisms to the devel-
oping gastrointestinal tract [52].

5.1 Maternal Delivery

Morrow et al. [53] found that delivery mode significantly affects milk micro-
biota. Using 16S rDNA gene amplicon pyrosequencing, they compared micro-
bial diversity in milk from vaginally delivered versus cesarean-delivered cows.
Milk from vaginally delivered cows showed higher microbial diversity, while
cesarean-delivered cows’milk had higher relative abundances of staphylococci
and bifidobacteria but lower streptococci content. Delivery mode also affects
newborn calf gut microbiota composition [54]. Compared to vaginally deliv-
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ered calves, cesarean-delivered calves showed significantly reduced similarity to
maternal microbiota and lower microbial diversity [54-55].

Microbial colonization in birthing mammals provides crucial stimuli for immune
maturation in newborn offspring. Offspring microbial community formation is
influenced by prenatal and postnatal factors, including genetic and environmen-
tal variables (gestational age, delivery mode, nursing, and nutrition) [56]. Based
on these findings, we hypothesize that perinatal factors can affect newborn calf
health through microbial transfer in milk, suggesting that microbial transfer
during perinatal periods could provide new targets for dietary strategies to re-
duce non-infectious diseases [57]. These data may help guide improvements
in reproductive management practices with significant impacts on dairy cow
health.

Milk microbiota affects other health factors, including Lactobacillus, Bacteroides,
and Clostridium, which influence mucin production, enhance mucosal permeabil-
ity, maintain T-cell balance, and reduce mucosal inflammation [58]. Studies in
germ-free mice demonstrate that early microbial colonization is essential for
complete immune system development [59]. Milk microorganisms are crucial
for bovine immune functions against pathogens and symbiotic bacteria. Off-
spring gut microbiota and immunity evolve through movement and colonization
of milk microorganisms from maternal mammary channels, with synchronized
development during nursing through interconnection between maternal mam-
mary gland and calf oral microbiota [60].

Abreu et al. [61] demonstrated that milk microbial communities change through-
out lactation, further suggesting their role in shaping offspring gut microbiota.
Dairy cows harbor another complex microbial community—the rumen micro-
biota—which plays a key role in digesting plant material and converting indi-
gestible compounds into useful substances. Rumen microbial colonization occurs
continuously, and recent studies have demonstrated mature microbial functions
in calves. Using pyrosequencing, cellulolytic bacteria were shown to be present
in newborn calf rumen on day 1 after birth, increasing by day 3. Vankerck-
hoven et al. [62] proved that key rumen bacteria were present from day 1 of life
when calves were only fed colostrum, before feed intake. These early gastroin-
testinal microbial communities in newborn calves likely originate from maternal
transmission through skin, birth canal, milk, or saliva.

5.2 Calf Feeding

Current dairy management practices create barriers to interaction between cow
and offspring microbial communities. Jost et al. [63] surveyed 149 newborn
calves fed colostrum, pooled colostrum, or colostrum replacers, disrupting
mother-offspring microbial transmission and potentially losing associated
functions in offspring gut microbiota evolution. Dairy farm management
should consider the quality of colostrum and milk, recognizing that healthy,
nutritionally balanced milk with microorganisms is essential for offspring im-
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mune system development. Under stress conditions, such as intensive housing
systems, calves likely experience gut microbiota imbalance, including decreased
lactobacilli and bifidobacteria and increased pathogenic microorganisms [63].
Maldonado et al. [64] found increased proportions of lactic acid bacteria and
E. coli in calf intestines when fed whole milk, further demonstrating milk’s
complex effects on calf gut microbial populations.

High-quality colostrum should be provided to newborn calves within 6 hours
after birth. However, many farms use unsaleable waste milk for calf feeding.
Waste milk is milk unfit for human consumption, typically from cows with high
SCC or treated with antibiotics [65]. Feeding waste milk to calves is common
practice; Collado et al. [66] reported that 87.2% of US dairy farms fed waste milk
to calves in 2002. Most farms consider waste milk use economically beneficial
and safe, particularly after pasteurization. However, antibiotic residues and
potential pathogen contaminants in waste milk can significantly damage healthy
gut microbial colonies in calves. Akyol et al. [67] evaluated effects of waste milk
feeding on calf fecal microbiota diversity, finding that microbial diversity in calf
feces increased with age, including Salmonella and Treponema pallidum, while
important beneficial bacteria like eosinophils decreased.

More dangerous factors in waste milk include antibiotic residues and poten-
tial enrichment of antibiotic resistance genes (ARGs) that could transfer to
pathogens [68]. Continuous antibiotic pressure may increase ARG transfer op-
portunities. Liu et al. [69] fed antibiotic-contaminated milk to newborn mice,
then administered ampicillin and tetracycline via oral and intravenous routes.
Oral administration increased ampicillin resistance gene copy numbers 4-fold,
while intravenous administration increased tetracycline resistance gene copy
numbers 2-fold, possibly because intravenous ampicillin was cleared through
urine without interacting with gut microbiota. Baldassarre et al. [70] assessed
effects of antibiotic-contaminated milk on calf fecal microbiota using Illumina
MiSeq sequencing of microbial 16S rDNA genes. Results showed that drug
residues in milk affected fecal microbiota composition, suggesting even trace
antibiotics could exert selective pressure on microbial competition. Antibiotic
residues can selectively pressure immature microbiota with low or no ARG con-
tent, allowing exogenous microorganisms to colonize, mutate, and gradually
evolve into characteristic calf microbiota, disrupting normal gut microbial de-
velopment and function.

Another practice disrupting milk microbial balance is intramammary antibiotic
treatment during dry or lactating periods [71]. This practice is considered more
effective than selective treatment for preventing infections during dry periods.
Intramammary antibiotic therapy is the most common treatment for mild and
moderate mastitis cases, often used without knowing the infecting bacterial type
[72]. However, due to concerns about antibiotic resistance selection, this practice
has not been implemented in Nordic countries for decades and is increasingly
abandoned in the Netherlands. The impact of this practice on milk microbiota
and potential selection for ARGs warrants further investigation.
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6. Summary and Outlook
Molecular biology advances have enabled breakthroughs in microbial community
research, revealing the diversity and complexity of microorganisms inhabiting or-
ganisms and their mutual associations with hosts. Milk microbial communities,
like somatic cell counts and biomarkers (expressed proteins, blood factors), serve
as important biological indicators reflecting physiological health of cows and off-
spring and dairy product quality. The existence of the bovine “gut-mammary
pathway”demonstrates the importance of maternal microbial communities in
influencing calf gastrointestinal development and health, while waste milk use
severely disrupts calf gut microbial community structure and function. These
issues may cause significant economic impacts on dairy cow health and indus-
try development. Therefore, further in-depth research on milk microbiota will
contribute to comprehensive understanding of mammary gland physiology and
milk quality safety, including mechanisms of subclinical and hidden mastitis,
effects of farm management on mammary and offspring health, the role of gut
as a reservoir for mastitis pathogens, and strategies for controlling antibiotic
resistance.
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