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Characterization of rumen, fecal, 
and milk microbiota in lactating 
dairy cows
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Targeting the gastrointestinal microbiome for improvement of feed efficiency 

and reduction of production costs is a potential promising strategy. However 

little progress has been made in manipulation of the gut microbiomes in 

dairy cattle to improve milk yield and milk quality. Even less understood is 

the milk microbiome. Understanding the milk microbiome may provide 

insight into how the microbiota correlate with milk yield and milk quality. 

The objective of this study was to characterize similarities between rumen, 

fecal, and milk microbiota simultaneously, and to investigate associations 

between microbiota, milk somatic cell count (SCC), and milk yield. A total of 

51 mid-lactation, multiparous Holstein dairy cattle were chosen for sampling 

of ruminal, fecal, and milk contents that were processed for microbial DNA 

extraction and sequencing. Cows were categorized based on low, medium, 

and high SCC; as well as low, medium, and high milk yield. Beta diversity 

indicated that ruminal, fecal, and milk populations were distinct (p < 0.001). 

Additionally, the Shannon index demonstrated that ruminal microbial 

populations were more diverse (p < 0.05) than were fecal and milk populations, 

and milk microbiota was the least diverse of all sample types (p < 0.001). 

While diversity indices were not linked (p > 0.1) with milk yield, milk microbial 

populations from cows with low SCC demonstrated a more evenly distributed 

microbiome in comparison to cows with high SCC values (p = 0.053). These 

data demonstrate the complexity of host microbiomes both in the gut and 

mammary gland. Further, we conclude that there is a significant relationship 

between mammary health (i.e., SCC) and the milk microbiome. Whether this 

microbiome could be utilized in efforts to protect the mammary gland remains 

unclear, but should be explored in future studies.
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Introduction

Studying the microbiome allows us to understand which microbes live in or on animals, 
and the two most studied ecosystems in cattle are the ruminal and fecal microbiomes 
(Dowd et al., 2008). Cattle rely on their rumen for fermentation of feedstuffs into nutrients 
and energy (Matthews et al., 2019), which is the largest compartment of the gastrointestinal 
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tract (GIT) and is home to an extensive microbial population that 
degrades feedstuffs via fermentation. Ruminal fermentation is 
performed by bacteria, archaea, protozoa, and fungi, which can 
be  manipulated through diet supplementation to reduce 
production costs, promote feed efficiency, and improve animal 
health (Lourenco et al., 2020). There is a clear association between 
rumen and fecal microbiota and feed efficiency in cattle (Shabat 
et al., 2016), which translates into reduced feed costs as the animal 
maintains a more adequate body weight but consumes less feed 
(Schären et al., 2018; Lourenco et al., 2020; Welch et al., 2020). 
Additionally, microbiome populations are also correlated with 
and/or contribute to health and disease, such as metabolic 
disorders, cow fertility, GIT dysfunctions, and inflammation 
(Matthews et al., 2019; O’Hara et al., 2020; Xu et al., 2021).

Despite the volume of information on the GIT microbial 
population, little remains known about how milk yield and milk 
quality can be impacted by manipulation of the gut microbiota in 
dairy cattle. Aside from limited assessments of feed efficiency and 
milk production variables such as lactation stage and milk 
composition (Schären et  al., 2018; Xue et  al., 2018, 2022; 
Buitenhuis et al., 2019; Hagey et al., 2019), much of the dairy cattle 
microbiome research has focused on mitigating GIT inflammation 
or reducing greenhouse gas emissions (Sanz-Fernandez et  al., 
2020; John et al., 2022). Few studies have evaluated the associations 
between the rumen microbiome and milk yield or quality (Xue 
et al., 2018; Buitenhuis et al., 2019; Hagey et al., 2019). Even fewer 
studies have investigated the fecal microbiome of dairy cattle; 
however, reports suggested potential differences in the rumen and 
fecal populations that may explain differences between 
low-producing vs. high-producing dairy cattle (Mu et al., 2019). 
Yet, there is still another microbial environment to be explored in 
dairy cattle that may be more important to milk production than 
the GIT populations.

For decades, milk was assumed to be  sterile unless 
contaminated or infected, such as during intramammary 
infections (IMI) caused by mastitis pathogens. However, Next-
Generation Sequencing techniques have revealed that even 
when the mammary gland is free from culturable pathogens, 
milk has its own resident microbial population, with the vast 
majority of these organisms not associated with mastitis (Addis 
et  al., 2016; Derakhshani et  al., 2018). Understanding the 
normal composition of milk microbiome may reveal how these 
microbial communities are related to both milk yield (low vs 
high) and milk quality. Milk quality can be measured through 
a variety of assessments; however, the most common parameter 
utilized is somatic cell counts (SCC; Alhussien and Dang, 2018). 
The SCC of milk is directly related to milk quality; when SCC 
values are high (typically associated with IMI), the composition 
of milk is negatively impacted (Ballou et al., 1995). A healthy 
mammary gland should have a SCC < 200,000 cells/ml, while 
the presence of IMI typically causes SCC values to rise above 
500,000 cells/ml, potentially resulting in the need for antibiotic 
treatment to recover mammary health. Identification of a milk 
microbiome that is associated with desirable production values 

such as high milk yield and low SCC, along with conferring 
protection against infectious mammary pathogens would 
be  pivotal in minimizing antibiotic usage on dairy farms. 
Distinct populations of the milk microbiome are expected, as 
milk is an aerobic environment with different nutrients available 
for microbial growth and little competition in comparison to 
the anaerobic GIT environment (Hungate, 1966). In addition, 
to further understand how the milk microbiome may 
be  established. There are several possibilities of biological 
pathways/methods of transfer in forming the milk microbiota, 
including: (a) an entero-mammary pathway where bacteria may 
be  translocated from the GIT to the mammary gland by 
immune cells (Rodríguez, 2014; Ma et al., 2018; Hu et al., 2022), 
(b) the milk or mammary gland is inoculated with feces or other 
environmental sources (Doyle et al., 2016), or (c) the oral cavity 
of the calf contributes to milk microbiota formation of the 
lactating dam (Williams et al., 2019; Oikonomou et al., 2020). 
Therefore, the objective of the present study was to characterize 
rumen, fecal, and milk microbiota simultaneously, and identify 
relationships between microbial communities, milk SCC, and 
milk yield.

Materials and methods

All procedures involving live animals were verified and 
approved by the University of Georgia’s Office of Animal Care and 
Use (AUP #A2021 07-029-Y1-A0). The dairy cattle used in this 
study were located at the University of Georgia Teaching Dairy in 
Winterville, GA (33°54′32.9″N 83°14′50.9″W).

Animal selection and collection

A total of 51 Holstein dairy cattle were selected from the UGA 
Teaching Dairy. Animals chosen were clinically healthy, in their 
2nd or greater lactation (multiparous), and within 30–305 days in 
milk. Cows outside these requirements may be more metabolically 
stressed and experiencing greater immunological challenges that 
could influence the microbiome (De Haas et al., 2002; Alhussien 
and Dang, 2018), and therefore were not included in the study. 
Cows were housed in a free stall barn using sand bedding that is 
rebedded every 1–2 weeks and milked twice daily. Ration 
composition is available in Supplementary Tables 1, 2.

Rumen fluid (n = 51) was collected from all cows 2–4 h post 
feeding following procedures described by Lourenco et al. (2019). 
The first 200 ml of ruminal fluid obtained was discarded to avoid 
saliva contamination. Following, approximately 300 ml of ruminal 
fluid was collected from each animal by esophageal tubing using 
an electric vacuum pump and weighted perforated metal probe, 
which was sanitized between animals to avoid contamination. 
Immediately after, a subsample of 40 ml was transferred to a sterile 
50 ml conical vial and placed immediately on ice. Samples were 
transported to a −20°C freezer for long-term storage until 
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deoxyribonucleic acid (DNA) extraction could be  performed 
~3 months later.

Fecal samples (n = 51) were collected by digital palpation from 
all cows as described previously by Lourenco et al. (2020). Cows 
were rectally palpated to collect fecal material that was then 
transferred to a sterile 50 ml conical vial and placed immediately 
on ice. Samples were transported to a −20°C freezer for long-term 
storage as described above.

Milk from mammary quarters of cows (n = 47) were 
aseptically collected into sterile 50 ml conical vials. Each teat of 
the mammary gland was wiped with a gloved hand to remove 
loose dirt and debris and 3–5 streams of milk were stripped 
from each quarter. Any abnormalities in the milk or teat/
mammary gland were noted, if any present. Each teat was then 
dipped in a germicidal dip containing 1% iodine. After 30 s, the 
germicidal dip was wiped completely from the teats and teat 
ends, and teat ends were then scrubbed vigorously with a cotton 
ball soaked in 70% isopropyl alcohol. Approximately 12 ml of 
milk from each quarter was expressed to create a composite 
sample. Samples were vortexed and immediately placed on ice 
for transport to a −20°C freezer for long-term storage as 
described above. In addition to the milk samples collected in 
50 ml conical vials, another composite sample was collected into 
a sterile tube and immediately placed on ice. These tubes were 
transported to the UGA Mastitis Lab the same day as collection 
for SCC enumeration. The additional sample was taken to avoid 
contamination of the prior sample for DNA extraction, as 
contamination of samples with low biomass can dominate the 
majority of sequences observed in a microbiome analysis (Salter 
et al., 2014; Kim et al., 2017). The SCC of the composite sample 
was determined using a DeLaval Direct Cell Counter (DeLaval; 
Tumba, Sweden) and SCC was recorded for all samples. Cows 
were categorized based on milk SCC into three SCC groups for 
comparison with milk microbiota: low = SCC ≤ 200,000 cells/ml, 
medium = 201,000 cells/ml < SCC < 800,000 cells/ml, 
high = SCC ≥ 800,000 cells/ml. Additionally, the average daily 
milk yield was collected for each cow from the day prior to 
sample collection. Cows were categorized based on daily milk 
yield (lbs/day) into one of three production levels: low = ≤65 lbs, 
medium = 65 lbs < x < 90 lbs, high = ≥90 lbs.

DNA extraction of rumen, fecal, and milk 
contents

Microbial DNA from the ruminal, fecal, and milk samples was 
extracted following the procedures previously described by Welch 
et al. (2020) with modifications. Briefly, 350 μl of rumen sample, 
0.35 g of fecal sample, or 1,000 μl of milk sample were placed in 
2-ml Lysing Matrix E tubes (MP Biomedicals LLC, Irvine, CA, 
United States), which are homogenized using a QIAGEN vortex 
adapter (QIAGEN, Venlo, Netherlands) to disrupt the cells. 
Enzymatic inhibition was achieved by using InhibitEX Buffer 
(QIAGEN, Venlo, Netherlands), and DNA elution and purification 

were carried out using a spin column and a series of specialized 
buffers according to manufacturer’s specifications (QIAamp Fast 
DNA Stool Mini Kit; QIAGEN, Venlo, Netherlands). Calculation 
of DNA concentration and purity in the resulting eluate was 
performed spectrophotometrically using the Synergy LX Multi-
Mode Microplate Reader in conjunction with the Take3 Micro-
Volume Plate (BioTek Instruments Inc; Winooski, VT, 
United States). Samples with a minimum volume of 90 μl and 
10 ng/μl of DNA were stored at −80°C until the following day. 
Samples that failed to meet these requirements were rejected and 
subjected to a new DNA extraction cycle.

DNA extraction of milk contents

Due to the lack of identifiable DNA in some milk samples 
using the previous QIAGEN kit, another DNA kit was used that 
was more appropriate for samples of low biomass. This procedure 
uses 1,000 μl of sample placed in 2-mL PowerBead Tubes 
(QIAGEN, Venlo, Netherlands), which are heated in a water bath 
and then homogenized using a QIAGEN vortex adapter 
(QIAGEN, Venlo, Netherlands) to disrupt the cells. The samples 
were then centrifuged at 10,000 × g for 1 min to remove debris and 
PowerBeads from the supernatant before Solution IRS (QIAGEN, 
Venlo, Netherlands) was used to remove all inhibitors from the 
sample. Using an MB Spin Column and a series of specialized 
buffers according to manufacturer’s specifications (QIAamp 
BiOstic Bacteremia DNA Kit; QIAGEN, Venlo, Netherlands), 
genomic DNA was eluted and purified. The concentration and 
purity of DNA in the resulting eluate was determined 
spectrophotometrically, using the Synergy LX Multi-Mode 
Microplate Reader in conjunction with the Take3 Micro-Volume 
Plate (BioTek Instruments Inc; Winooski, VT, United  States). 
Samples with a minimum volume of 90 μl and 10 ng/μl of DNA 
were stored at −80°C until the following day, per recommendation 
by the manufacturer (QIAGEN, Venlo, Netherlands) as the final 
solution does not contain EDTA that prevents the degradation of 
DNA. Any samples that failed to meet these requirements were 
rejected and the DNA extraction cycle was repeated.

DNA data sequencing analysis

Following DNA extraction, samples were shipped overnight 
on dry ice to LC Sciences (Houston, TX, United States; https://
lcsciences.com/services/dna-sequencing/microbial-sequencing/) 
for library preparation and 16S ribosomal ribonucleic acid (rRNA) 
gene sequencing. The library preparation step included 
polymerase chain reaction (PCR) replications using the forward: 
S-D-Bact-0341-b-S-17 (5′-CCTACGGGNGGCWGCAG-3′) and 
reverse: S-D-Bact-0785-a-A-21 (5′-GACTACHVGGGTATCTA 
ATCC-3′) primer pairs (Klindworth et al., 2013), followed by a 
PCR clean-up using AMPure XP beads (Beckman Coulter Life 
Sciences, Indianapolis, IN, United States). A second PCR step was 
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then carried out to attach Illumina’s indices and sequencing 
adapters (Nextera XT Index Kit; Illumina Inc., San Diego, CA, 
United  States), followed by another PCR clean-up step using 
AMPure XP beads. Following this final library clean up, the 
library was quantified using qPCR, and the nucleotides were 
sequenced using an Illumina NovaSeq instrument and a NovaSeq 
v2 reagent kit (Illumina Inc., San Diego, CA, United States). A 
well-characterized bacteriophage PhiX genome (PhiX Control v3 
Library; Illumina Inc., San Diego, CA, United States) was used as 
a control for the sequencing runs.

Sequencing data were first demultiplexed before being 
converted into FASTQ files, and the paired-end sequences 
imported into QIIME 2 (Bolyen et al., 2019). The non-biological 
nucleotides were then removed, and sequences were denoised, 
dereplicated, and chimera-filtered using DADA2 (Callahan et al., 
2016). Taxonomies were assigned to the sequences by using a 
pre-trained Naive Bayes classifier trained on the SILVA 138 SSU 
database (Quast et al., 2013), and reads were classified by taxon 
using the fitted classifier (Pedregosa et  al., 2011). For further 
analysis, the sequencing depth was set at 27,230 sequences per 
sample. The following alpha-diversity indices were computed for 
each sample: Shannon Diversity Index, Faith’s Phylogenetic 
Diversity Index, Pileou’s Evenness Index, and number of amplicon 
sequence variants (ASVs). For beta diversity, we present results 
only from the unweighted UniFrac distance matrix. Additionally, 
relative bacterial abundances were quantified at the phylum and 
genus levels.

Statistical analysis

Statistical analyses were performed using the software 
Minitab® v21 (Minitab LLC, State College, PA) with all models 
corrected for the DNA kit used. The alpha diversity indices in 
rumen, fecal, and milk samples were analyzed using the 
non-parametric Kruskal-Wallis test with milk SCC and milk yield 
as factors. Analyses of relative bacterial abundances at the phylum 
and genus levels in rumen, fecal, and milk samples were carried 
out by Kruskal-Wallis using milk SCC and milk yield as factors. 
The differences in beta-diversity were assessed using two-sample 
t-tests. All p-values were corrected by Bonferroni’s method for 
multiple comparisons. For all the statistical tests used, results were 
considered significant at p ≤ 0.05 and were treated as trends when 
0.05 < p < 0.10.

Results and discussion

Microbial diversity

After all the quality-filtering steps were applied, the resulting 
number of sequences in all samples ranged from 27,233 to 104,655 
and were rarefied to a sequencing depth of 27,230 sequences per 
sample. A total of 40 phyla, 320 families, 733 genera, and 377 

species were identified, with a number of other species not being 
identified by our classifier. The rumen, fecal, and milk microbiotas 
of the dairy cattle were very different (1,414, 987, 607 observed 
ASVs, respectively). Beta diversity between all pairs of samples 
was calculated using unweighted UniFrac distances. Rumen, fecal, 
and milk samples were all significantly diverse from each other 
(p < 0.001; Figure  1). Milk samples were not as clustered in 
comparison to rumen and fecal samples, indicating that the 
diversity between milk samples is more spread out than in ruminal 
or fecal samples. A box-and-whisker plot of the unweighted 
UniFrac distances revealed that the rumen population was farther 
in distance from the milk population in comparison to the fecal 
population (Figure 2), Supplementary Table 3 suggesting the fecal 
and milk populations may be more related than the milk and 
rumen populations. Shannon index (Figure 3) was similar to the 
beta-diversity findings and further demonstrated that the ruminal, 
fecal, and milk microbiotas were significantly distinct. This index 
revealed that microbial diversity was greatest (p < 0.001) in 
ruminal microbiota compared with the fecal microbiota and milk 
microbiota of dairy cows, reiterating how complex the rumen 
environment is. A greater ruminal microbial diversity compared 
to the feces was reported and suggested to be due to nutrient 
availability in the rumen, where most nutrients in feedstuffs are 
absorbed before they reach the large intestine (Siciliano-Jones and 
Murphy, 1989; Lourenco et al., 2020). It is not surprising that milk 
microbiota samples were the least diverse, as milk contains far less 
bacterial DNA than rumen or fecal samples (Dill-McFarland 
et al., 2017).

Table  1 summarizes the microbial richness and diversity 
metrics calculated for milk samples collected based on SCC values 
enumerated at the time of collection. Supplementary Table  4 
summarizes the metrics based on daily milk yield. There were no 
differences in milk samples when the diversity metrics were 
calculated based on milk yield. However, when looking at SCC, 
the Shannon index was lower in cows with a high SCC in 
comparison to those with medium or low SCC values (p < 0.001). 
Milk samples from cows that had low SCC values were more 
evenly distributed in comparison to samples from cows with high 
SCC values (p = 0.053). The greater evenness observed in the milk 
microbiome of cows with low SCC values may be indicative that 
high SCC values contribute to a reduction in microbial evenness 
potentially due to (a) the influx of white blood cells that 
non-specifically kill and digest bacteria or (b) presence of infecting 
pathogens that either directly modify the microbiota through 
competitive means or indirectly through depletion of nutrients 
utilized by host microbiota, generating important differences 
between the microbiota of mastitic and non-mastitic cows. 
Differences could be due to pathogen abundance being increased 
in mastitic milk populations, how the infecting pathogen affects 
the abundance of non-pathogenic bacteria in normal milk 
populations (direct competition or predation), or how pathogens 
change the nutritional composition of the milk (e.g., competition 
for iron). It was suggested that pathogens may suppress regrowth 
of commensal bacteria, resulting in detrimental effects on udder 
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homeostasis (Derakhshani et al., 2018). Cows identified to have a 
low SCC had more observed ASVs than cows with medium and 
high SCC values, although the difference was not significant. 
Rodrigues et al. (2017) found that bulk tank milk diversity was 
negatively correlated with bacterial richness, suggesting that the 
milk microbiomes from cattle with a high bacterial load are 
dominated by narrow groups of bacterial taxa. Furthermore, 
healthy quarters with a low milk SCC demonstrated a more 
diverse milk microbiome population than quarters with mastitis 
(Kuehn et al., 2013; Oikonomou et al., 2014; Metzger et al., 2018b). 
Present results demonstrated a lower (p < 0.001) Shannon diversity 
level as SCC levels increased, in agreement with previous studies.

In contrast to milk, rumen samples revealed no differences 
(p > 0.05) for any diversity metrics calculated based on SCC 
(Table 2). Thus, although there were differences in milk microbiota 
based on SCC range, this is not reflected in the ruminal samples 
of the dairy cattle. Past research found a significant shift in rumen 
microbiota associated with inflammation and immune responses 
during mastitis, and a decrease in diversity of rumen microbiota 
in cows with mastitis when compared to healthy cows (Wang 
et al., 2021). While an association of SCC and rumen microbiota 
may not be present in the current study, further investigation of 
differing SCC and IMI status with rumen diversity is necessary. 

Similar to milk samples, ruminal samples revealed no differences 
for these diversity metrics when calculated based on milk yield 
(Supplementary Table 5).

Fecal samples demonstrated that high SCC cows had a more 
evenly distributed fecal microbiota in comparison to low and 
medium SCC cows (p = 0.016; Table 3). In addition, there was a 
trend towards high SCC cows also having a more diverse fecal 
microbiome in comparison to medium and low SCC cows 
(p = 0.087). This was the opposite of what observed in milk 
samples and suggests while the milk microbiota became less 
diverse and had lower evenness during IMI or immune cell 
influx, the hindgut microbiota was more diverse and more 
evenly distributed. Though conjecture, perhaps the local 
immune response at the mucosal surface of the mammary gland 
reduces the mucosal immune response in the hindgut, allowing 
proliferation of different populations of commensal bacteria 
that are normally restricted in proliferation. Just as in both milk 
and rumen samples, there was no differences in fecal sample 
diversity indices when calculated based on milk yield 
(Supplementary Table 6).

In the rumen, more efficient animals have lower bacterial 
diversity and richness, while the opposite occurred in the large 
intestinal environment, with a higher bacterial richness and 

FIGURE 1

Principal coordinate analysis plot of beta diversity of rumen (n = 51), fecal (n = 51), and milk (n = 47) microbial populations of Holstein dairy cattle 
using the unweighted UniFrac distance matrix. Value of p indicates a difference in beta diversity between sample types.
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diversity correlated with a higher feed efficiency (De Oliveira 
et al., 2013; Shabat et al., 2016; Welch et al., 2020). With further 
investigation, use of these same diversity metrics to predict if cows 
are at a greater risk for developing IMI is possible (Metzger et al., 
2018a,b,c). It was suggested that the incidence of mastitis is 
associated with altered composition and decreased diversity of 

intramammary microbiota, although whether this is a cause or 
effect is still to be  determined (Oikonomou et  al., 2014; 
Derakhshani et al., 2018). Currently, few studies have investigated 
milk microbiome richness and diversity in association with 
individual cow factors such as SCC (Metzger et al., 2018a,b,c; 
Scarsella et al., 2021) that did not solely involve bulk tank milk 

FIGURE 2

Box-and-whisker plot of unweighted UniFrac distances between milk samples (n = 47) and rumen (n = 51), and fecal (n = 51) samples. Whiskers 
express the maximum and minimum values. Value of p indicates a difference in diversity between sample types.

FIGURE 3

Comparison of Shannon diversity indices between rumen, fecal, and milk microbiota from Holstein dairy cattle. Sample types were significantly 
different (p ≤ 0.05) according to Bonferroni’s multiple comparisons.
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sampling. Scarsella et al. (2021) investigated the association of the 
udder IMI status with fecal and blood microbiomes, but similar 
to the current study lacking associations between SCC and rumen 
microbiomes, diversity of these populations was not associated 
with SCC levels. However, Scarsella et al. (2021) also did not find 
associations between SCC and fecal microbiota, in contrast to the 
current finding of high SCC cows demonstrating more evenly 
distributed fecal microbiota.

Bacterial abundance at the phylum level

Of the eight main phyla comprising the microbiota of dairy 
cattle, four had significantly different (p < 0.05; Figure  4) 
abundances between the rumen, feces, and milk: Bacteroidota, 
Patescibacteria, Proteobacteria, and Spirochaetota. In the rumen, 
Fibrobacterota was detected at a higher abundance (p < 0.001) 
when compared to fecal and milk samples, whereas Firmicutes 
were found at greater abundance (p < 0.001) in feces when 
compared to rumen and milk samples. In previous studies 
investigating ruminal microbiota, Bacteroidota was the most 
prevalent phylum, followed by Firmicutes in several studies 

involving Angus beef calves (Lourenco et al., 2020), Brahman 
bulls (McCann et  al., 2014), and a Brazilian Nelore steer (De 
Oliveira et al., 2013). In contrast, Firmicutes composed a greater 
amount of the microbial population in the feces, and was followed 
by Bacteroidota (De Oliveira et  al., 2013). Members of the 
Bacteroidota phylum have many functions in the GIT, including 
degradation of carbohydrates such as complex plant cell walls and 
production of butyrate, a significant player in energy metabolism 
in the rumen (Thomas et al., 2011; Miguel et al., 2019). Members 
of the Firmicutes phylum serve an important role in the 
degradation of fiber and starch, and many produce butyrate, 
which is linked with gut health (Kim et al., 2011). Firmicutes has 
been denoted as a critical component for the milk microbiota, and 
it was the most predominant phyla in milk in the current study. 
While their specific role still has not been determined, Gram-
positive Firmicutes were previously considered as contagious 
mastitis pathogens (Bhatt et al., 2012; Oikonomou et al., 2014; 
Rodrigues et al., 2017), though it is unclear whether this is the case 
in the present work. In contrast, some members of the phyla 
Firmicutes family, such as Lactobacillus are lauded as important 
dairy-related microbes, especially in fermented dairy products like 
yogurt (Widyastuti et al., 2021), and are considered beneficial 
probiotics. While the ratio of phyla Firmicutes to Bacteroidota in 
the rumen has been correlated to milk fat yield (Jami et al., 2014), 
little is known about the role of Bacteroidota in the milk 
microbiome. Bacteroidota was in much smaller abundance in the 
milk microbiome and did not compose any of the top 3 most 
abundant phyla in milk, which were Firmicutes, Actinobacteriota, 
and Proteobacteria. Proteobacteria consists of a wide variety of 
Gram-negative species that are considered environmental mastitis 
pathogens (Hogan et al., 1999; Bhatt et al., 2012), although the 
diversity within this phylum is large and includes non-pathogenic 
bacteria as well. Actinobacteriota includes Gram-positive bacteria 
that are regularly found in the rumen, although more investigation 
is needed on the ecology of this phylum in the rumen and how it 
may influence IMI in dairy cattle (Šuľák et al., 2012). Interestingly, 
another well-known pro-biotic Bifidobacterium is a member of 
phyla Actinobacteriota. Phylum Actinobacteriota was present in 
milk microbiota at a greater abundance (p < 0.05) than rumen and 
fecal microbiota. Chloroflexi contains bacteria with a diversity of 
roles, including aerobic thermophiles who use oxygen for growth 
and anoxygenic phototrophs who use light for photosynthesis 
(Ward et  al., 2018), but the roles these members play in the 
gastrointestinal and milk microbiota remain unknown. Phylum 
Cyanobacteria was present in all three sample types, but no 
differences between populations were found (p > 0.05). 
Cyanobacteria consists of Gram-negative bacteria that share 
similarities to eukaryotic algae and includes toxin-producing 
bacteria that may cause disease in livestock, such as blue-green 
algae toxicosis (Puschner et  al., 1998; McGorum et  al., 2015). 
More investigation is needed to determine the impacts of this 
phylum on animal welfare in terms of production. Both 
Cyanobacteria and Chloroflexi have been identified before in milk 
samples but in low levels (Verdier-Metz et al., 2012; Ganda et al., 

TABLE 1 Alpha-diversity indices calculated for the milk samples of 
Holstein dairy cattle with different somatic cell count (SCC) ranges at 
time of collection: low, medium, or high.

Item SCC range1

Low Medium High Value of p

OBS_features2 581.37 571.27 490.92 0.061

Faith’s PD3 50.08 49.00 52.39 1

Shannon 

index*

7.809a 7.335b 5.909c <0.001

Evenness* 0.8574a 0.8214b 0.6657c <0.001

a–cSuperscripts indicate difference (p ≤ 0.05) using Bonferroni’s pairwise comparisons. 
1Low: SCC ≤ 200,000 cells/ml. Medium: 200,000 cells/ml < SCC < 800,000 cells/ml. High: 
SCC ≥ 800,000 cells/mL.
2Observed features.
3Faith’s Phylogenetic Diversity.
*Means within row differed (p ≤ 0.05) according to Bonferroni’s multiple comparisons.

TABLE 2 Alpha-diversity indices calculated for the rumen samples of 
Holstein dairy cattle with different somatic cell count (SCC) ranges at 
time of collection: low, medium, or high.

Item SCC range1

Low Medium High Value of p

OBS_features2 1371.57 1522.45 1413.08 1

Faith’s PD3 60.47 64.88 61.58 0.756

Shannon index 9.365 9.628 9.364 1

Evenness 0.9005 0.9113 0.8958 1

1Low: SCC ≤ 200,000 cells/ml. Medium: 200,000 cells/ml < SCC < 800,000 cells/ml. High: 
SCC ≥ 800,000 cells/ml.
2Observed features.
3Faith’s Phylogenetic Diversity. None of the means within each row were significantly 
different (p ≤ 0.05) according to Bonferroni’s multiple comparisons.
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2016; Rodrigues et al., 2017). Phylum Chloroflexi was only present 
in milk microbiota, while Fibrobacterota was the only phylum 
present in rumen that was not identified in milk or fecal 
microbiota. Fibrobacterota has been previously identified as a core 
rumen bacterial taxon in dairy cows and suggested to be due to a 
higher forage-to-concentrate ratio (Xue et  al., 2018), similarly 
used on the current study’s farm. Fecal microbiota did not have 
any phyla in abundance that were not found in rumen or milk 

populations suggesting that crosstalk exists between the rumen 
and fecal compartments, and potentially between the fecal and 
milk microbial populations.

Rumen and milk populations both had presence of phyla 
Proteobacteria and Patescibacteria that were not identified in the 
fecal microbiota potentially supporting the entero-mammary 
theory of how rumen microbiota is identified in milk (Rodríguez, 
2014; Hu et  al., 2022). Patescibacteria have been found to 
be prevalent in groundwater, sediment, and a variety of anoxic 
environments, but this phylum has not been well characterized in 
cattle microbiomes (Tian et al., 2020; Park et al., 2021). Overall, it 
is unsurprising to find some similarities in phyla identified in 
rumen, fecal, and milk communities, as bacteria from the rumen 
end up in the feces, on the exterior of the animal, and in the 
surrounding environment the animal is housed in Taponen 
et al. (2019).

Firmicutes, Proteobacteria, Bacteroidota, and 
Actinobacteriota have been identified as the most abundant phyla 
in milk (Verdier-Metz et al., 2012; Quigley et al., 2013; Ganda 
et  al., 2016; Bonsaglia et  al., 2017; Rodrigues et  al., 2017; 
Derakhshani et  al., 2018; Mary et  al., 2022). Although, 
Cyanobacteria has also been identified as one of the most 
prevalent phyla present in milk samples over populations of 
Actinobacteriota and Bacteroidota (Bhatt et al., 2012; Rodrigues 

TABLE 3 Alpha-diversity indices calculated for the fecal samples of 
Holstein dairy cattle with different somatic cell count ranges (SCC) at 
time of collection: low, medium, or high.

Item SCC range1

Low Medium High Value of p

OBS_features2 985.68 962.09 1,012 1

Faith’s PD3 39.77 39.20 40.59 1

Shannon index 8.753 8.749 8.970 0.087

Evenness* 0.8809b 0.8835b 0.9019a 0.016

a–cSuperscripts indicate difference (p ≤ 0.05) using Bonferroni’s pairwise comparisons. 
1Low: SCC ≤ 200,000 cells/ml. Medium: 200,000 cells/ml < SCC < 800,000 cells/ml. High: 
SCC ≥ 800,000 cells/ml.
2Observed features.
3Faith’s Phylogenetic Diversity.
*Means within row differed (p ≤ 0.05) according to Bonferroni’s multiple comparisons;

FIGURE 4

Relative bacterial abundance at the phylum level for Holstein dairy cattle in rumen (n = 51), fecal (n = 51), and milk samples (n = 47): phyla with relative 
abundance ≥1% in one of the sample groups. *Samples within a phylum differ (p ≤ 0.05) according to Bonferroni’s multiple comparisons.
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et al., 2017). Previous studies have indicated that the composition 
of bacterial communities in milk samples can differ between cows 
kept on different beddings and in different geographical locations, 
even with the milk is collected directly from the gland cistern, 
which may explain differences in microbiome populations of cows 
housed in different environments (Derakhshani et  al., 2018; 
Metzger et al., 2018a,b,c; Taponen et al., 2019). Most importantly, 
the technique of collection from the mammary gland produces 
different microbiota results. For example, researchers have 
investigated collection of microbiome samples directly from the 
milk, using teat canal swabs, and on the teat apex (skin), and 
found that each location has their own bacterial taxa exclusive to 
their environment, as well as differing diversities and abundances 
(Andrews et  al., 2019; Derakhshani et  al., 2020). The results 
presented herein represent the milk microbiota, but potentially in 
addition the teat canal, mammary gland, and teat apex microbiota, 
as we  cannot confirm all contaminants were removed with 
sanitizing steps. Moreover, environmental contamination cannot 
be ruled out. Comparison with other results must be performed 
carefully as the milk microbiota alone may not reflect the entirety 
of the bacterial population in the mammary gland.

Bacterial abundance at the genus level

The top 10 most abundant genera for rumen, fecal, and milk 
populations of Holstein dairy cattle are shown in Figure 5. Rumen 
and fecal populations shared one genus amongst the 10 most 
abundant, Muribaculaceae, which was present in similar levels 
(2.85% vs 2.86%) in both environments. Muribaculaceae, formerly 
known as S24-7, is commonly found in the mammalian GIT 
(Lagkouvardos et  al., 2019), and has been correlated with 
increased feed efficiency and increased intramuscular marbling in 
beef cattle (Krause et al., 2020; Welch et al., 2021), but its role in 
the milk microbiota is still unknown. Fecal and milk populations 
shared the genera UCG-005 and UCG-010, both which were 
present in higher abundance in the fecal microbiota. UCG-005 
and UCG-010 are from the Ruminococcaceae family under 
phylum Firmicutes and are obligate anaerobes that have been 
previously isolated in beef cattle with increased residual-feed 
intake (Welch et  al., 2021). Interestingly, none of the most 
abundant genera were shared between the rumen and milk 
microbiotas. The presence of genera in milk samples that are 
usually found in fecal microbial populations and the absence of 
similar genera shared between ruminal and milk microbiomes 
suggest that the fecal microbiota may inform the milk population 
more than the ruminal microbiota.

The most prevalent genera previously identified in both milk 
samples and on the teat apex that were identified from milk 
samples in the present study include Corynebacterium, 
Acinetobacter, Staphylococcus, and Streptococcus (Vacheyrou et al., 
2011; Bhatt et al., 2012; Braem et al., 2012; Verdier-Metz et al., 
2012; Kuehn et al., 2013; Oikonomou et al., 2014; Ganda et al., 
2016; Bonsaglia et al., 2017; Rodrigues et al., 2017; Derakhshani 

et al., 2018). Corynebacterium, identified as the most prevalent 
genera in milk in the present study, is frequently detected within 
cow’s milk and can assist in development of cheese flavor and 
aroma (Duthoit et al., 2003; Quigley et al., 2013; Oikonomou et al., 
2014). However, one species of this genus, Corynebacterium bovis, 
is a well-known mastitis pathogen associated with decreased milk 
production (Watts et  al., 2000). Acinetobacter is an important 
spoilage bacteria and can adapt to a variety of environmental 
conditions, but pathogens from this genus have been reported 
(Gurung et  al., 2013; Rodrigues et  al., 2017). While genera 
Acinetobacter and Staphylococcus have been frequently detected in 
raw milk from healthy cows, species from these genera can 
be involved with development of IMI in dairy cattle if favorable 
conditions for pathogen growth persist (Braem et  al., 2011; 
Gonçalves et al., 2016; Bonsaglia et al., 2017). Streptococcus has 
been identified in both healthy and mastitic milk samples, and 
while many of these species are considered pathogenic in terms of 
IMI, some are frequently isolated in milk and are used as starter 
cultures in the manufacture of dairy products (Randazzo et al., 
2002; Duthoit et al., 2003; Santarelli et al., 2008; Quigley et al., 
2013; Oikonomou et  al., 2014). Halomonas comprises Gram-
negative aerobic bacteria under phylum Proteobacteria and is an 
abundant genus found in both milk and cheese (Coton et al., 2012; 
Pang et al., 2018), but the impact of these bacteria in terms of 
disease, if any, is still under investigation (Kim et  al., 2013). 
Trueperella pyogenes is a common summer mastitis pathogen 
(Ishiyama et al., 2017), and was present in a single sample at high 
abundance, indicating a potential subclinical 
IMI. Ornithinimicrobium has been detected previously in milk and 
bedding microbiome samples (Dean et al., 2021; Li et al., 2021), 
and was linked to be  significantly higher in sand bedding in 
comparison to other beddings (Ray et al., 2022), which is the type 
of bedding used in the present study.

Comparing differing levels of milk yield 
with milk microbiota at the phylum level

The bacterial phyla detected in the milk samples of dairy cattle 
that were associated with milk yield are listed in Table  4. No 
bacterial phyla detected in rumen or fecal samples of dairy cattle 
were significantly associated with milk yield (data not shown). As 
correlations between hindgut microbiota and milk yield have been 
previously discovered (Xue et  al., 2018), a link between these 
populations with milk production variables was expected. 
However, the present study indicates that the milk microbiota 
population may be more critical in terms of milk production than 
the hindgut populations. When examining the milk samples, cows 
with low and medium milk yield had higher levels of phylum 
Bacteroidota present in comparison to cows with high milk yield 
(p = 0.017). In addition, low milk yield cows had a trending 
abundance of phylum Elusimicrobiota in comparison to cows 
with medium and high milk yield (p = 0.076). Elusimicrobiota has 
been previously identified in the rumen of cattle, and while its role 
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in animal health is still poorly understood, this phylum has been 
linked to dissemination of antimicrobial resistance genes (López-
Catalina et al., 2021). More investigation is required to determine 

if these phyla in milk directly impact milk production, or if their 
changes in abundance in cows with different levels of milk 
production are due to a dilution/concentration effect.

Cows with medium milk yield had higher levels of phyla 
Abditibacteriota, Fibrobacterota, and Synergistota present in 
their milk samples in comparison to cows with low and high 
milk yield (p < 0.05). Abditibacteriota, formerly phylum FBP, 
has one member that has been isolated from soil samples 
suggesting that environmental exposure contributed to its 
presence (Tahon et al., 2018). Synergistota has been isolated 
from rumen samples of cows previously (Glendinning et al., 
2021), and in humans, members of Synergistota are suggested 
to have both a functional role in microflora as a commensal as 
well as act as opportunistic pathogens (Marchandin et  al., 
2010). Both medium and high milk yield cows had higher 
levels of phyla Campilobacterota, Deinococcota, and 
Fusobacteriota when compared to cows with low milk yield 
(p < 0.05). Phylum Campilobacterota includes sulfur-oxidizing 
bacteria that are commensals of livestock, but also includes the 
most common foodborne pathogenic bacteria, Campylobacter 
spp., that cause human enteritis (Wesley et  al., 2000). 
Deinococcota members have been isolated from animal feces 
and milk products before (Yu et al., 2017), but no literature is 
available on the role of this phylum in cattle health. 
Fusobacteriota contains Gram-negative bacteria that are 
normal microflorae in the rumen of cattle that assist in 

A B

C

FIGURE 5

Top 10 most abundant bacterial genera detected in the (A) rumen (n = 51), (B) fecal (n = 51) and (C) milk (n = 47) samples of Holstein dairy cattle.

TABLE 4 Bacterial phyla relative abundance (ppm) in the milk samples 
of Holstein dairy cattle associated with different milk yield ranges at 
time of collection: low, medium, and high.

Phyla Milk yield range1

Low Medium High Value of p

Abditibacteriota 53b 242a 0b 0.019

Bacteroidota 95,112a 91,862a 75,482b 0.017

Campilobacterota 241b 879a 710a,b 0.008

Deinococcota 2,864b 6,894a 5,762a 0.016

Elusimicrobiota 390 0 7 0.076

Fibrobacterota 52b 678a 121b <0.001

Fusobacteriota 643b 1,881a 2,022a <0.001

Gemmatimonadota 1,224 2,908 2,271 0.059

Halobacterota 16 0 241 0.067

Myxococcota 77c 605b 1,072a 0.004

Synergistota 30b 308a 104b <0.001

Verrucomicrobiota 3,352a,b 3,069b 4,121a 0.036

a–cSuperscripts indicate difference (p ≤ 0.05) using Bonferroni’s pairwise comparisons. 
1Low: Yield ≤ 65 lbs/day. Medium: 65 lbs < Yield < 90 lbs. High: Yield ≥ 90 lbs/day. 
Means within each row differed (p ≤ 0.05) according to Bonferroni’s multiple 
comparisons.
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metabolizing lactic acid (Tadepalli et al., 2009). Furthermore, 
Fusobacterium necrophorum has an important role in 
development of liver abscesses and foot rot in beef cattle 
(Nagaraja et al., 2005).

Milk samples from high milk yield cows had higher levels 
of phyla Myxococcota and Verrucomicrobiota compared with 
samples from low and medium milk yield cows (p < 0.05). 
Additionally, high milk yield cows had a trending abundance 
of phylum Halobacterota in comparison to the other two 
groups (p = 0.067). Myxococcota members are commonly 
found in soil and sediments, and are among the least 
investigated groups of bacteria, especially in the context of 
host-associated environments (Jingjing et  al., 2022). 
Verrucomicrobiota, mostly free-living bacteria found in water, 
soil, and mammalian gut environments, was previously 
identified to be in lower proportion in rumen samples from 
high milk yield cows (Zhang G. et al., 2019). The phylum 
Halobacterota includes many methanogens that generate 
methane as the final product of metabolism (Lyu et al., 2018). 
A positive correlation between milk yield and methane 
emission has been reported before (Garnsworthy et al., 2012), 
which may explain the trending abundance of Halobacterota 
in milk samples from cows with high milk yield.

Comparing differing levels of SCC with 
milk microbiota at the phylum level

The bacterial phyla detected in the milk of dairy cattle that 
were associated with SCC are listed in Table 5. No bacterial phyla 
detected in rumen or fecal samples of dairy cattle were associated 
with SCC. Previously, the relative abundance of phyla 
Actinobacteria and SR1 in the rumen were different among cows 
with different SCC levels; however, the predominant bacterial 
groups in the rumen did not vary (Zhong et al., 2018). While the 
gut microbiota likely play a role in the development of mastitis 
(Hu et al., 2022), these populations may not have a direct impact 
on mammary health indicators like SCC.

Interestingly, while high milk yield cows had higher levels of 
phylum Myxococcota in their milk samples compared to low and 
medium milk yield cows, high SCC cows had a trending 
abundance of this phylum in comparison to lower SCC groups 
(p = 0.08). Another notable finding was the abundance of phylum 
Proteobacteria in medium SCC cows in comparison to low and 
high SCC cows (p < 0.001). Since many species of this phylum are 
associated with IMI, abundance would also be expected in high 
SCC cows. This finding could indicate that some cows enrolled in 
the medium SCC group may have had subclinical IMI at the time 
of collection, potentially more than those enrolled in the high SCC 
group. Though some groups define subclinical IMI as SCC more 
than 200,000 cells/ml, which our medium SCC group would fall 
into, without positive culture results, an official subclinical 
diagnosis cannot be made. However, Proteobacteria was also more 
abundant in samples from low SCC cows than high SCC cows, 

suggesting that members of this phylum have a bigger role in 
promotion of mammary health, potentially greater than the 
negative effect caused by the opportunistic pathogens that belong 
to this group.

Cows with low and medium SCC values at the time of 
collection had higher levels of phyla Deinococcota and 
Patescibacteria present in their milk samples in comparison to 
cows with high SCC values (p < 0.05). While Patescibacteria has 
been previously identified in high abundance in rumen and fecal 
samples of dairy cattle (Sun et al., 2019; Zhao et al., 2022), little 
information about the role of this phylum in these microbiomes 
is available. Similarly, information on Deinococcota is absent in 
milk microbiome studies. However, in the current study 
Deinococcota abundance was linked to both low SCC cows and 
high milk yield cows, the two most desirable production and 
quality metrics in a dairy herd.

Cows with low SCC values at the time of collection had 
significantly higher levels of phyla Abditibacteriota, 
Chloroflexi, and Spirochaetota present in their samples in 
comparison to cows with medium and high SCC values 
(p < 0.05). More investigation is required to determine if 
these phyla in milk directly impact the immune response or 
basal levels of SCC, or if their changes in abundance in cows 
with different levels of SCC are due to a dilution/
concentration effect. The presence of Chloroflexi in high 
abundance in low SCC cows may suggest members of this 
phylum can be beneficial to host health, immune responses, 
or basal SCC in the mammary gland. Spirochaetota has 
members that cause prevalent diseases in mammals 
(Collighan and Woodward, 1997). While a high prevalence 
of this phylum has been reported in bulk tank milk samples 
before (Rodrigues et al., 2017), no study has focused on its 
role in mammary health. The higher abundance of 
Spirochaetota in low SCC cows should be  investigated  
further.

TABLE 5 Bacterial phyla relative abundance (ppm) in the milk samples 
of Holstein dairy cattle associated with different somatic cell count 
(SCC) ranges at time of collection: low, medium, and high.

Phyla SCC range1

Low Medium High Value  
of p

Abditibacteriota 221a 0b 15b 0.007

Bacteroidota 96,482 78,302 77,826 0.090

Chloroflexi 18,197a 12,183b 14,384b 0.029

Deinococcota 6,324a 6,445a 3,000b 0.007

Myxococcota 528 247 1,144 0.080

Patescibacteria 29,519a 32,565a 15,414b 0.006

Proteobacteria 149,794b 201,157a 99,111c <0.001

Spirochaetota 5,930a 2,021b 3,737b 0.010

a–cSuperscripts indicate difference (p ≤ 0.05) using Bonferroni’s pairwise comparisons. 
1Low: SCC ≤ 200,000 cells/ml. Medium: 200,000 cells/ml < SCC < 800,000 cells/ml. High: 
SCC ≥ 800,000 cells/ml. Means within each row differed (p ≤ 0.05) according to 
Bonferroni’s multiple comparisons.
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Comparing differing levels of milk yield 
with milk microbiota at the genus level

The bacterial genera detected in the milk of dairy cattle that 
were associated with milk yield are listed in Table 6. No bacterial 
genera detected in rumen or fecal samples of dairy cattle were 
significantly associated with milk yield, similar to the hindgut 
microbiota at the phyla level. Milk samples from cows that had 
high milk yield at the time of collection had higher amounts of 
bacteria genera Escherichia-Shigella, Hymenobacter, and 
Sphingobacterium present in their milk samples compared to 
cows that had medium and low milk yield (p < 0.05). Some 
members of genus Escherichia-Shigella are pathogenic, such as 
Escherichia coli, a common mastitis pathogen that can affect 
high producing cows in dairy herds and in severe cases result in 
death (Burvenich et al., 2003; Yu et al., 2021). It is interesting 
that cows with high milk yield had significantly higher 
abundance of this genus, as it is expected that pathogenic 
bacteria in this genus would negatively impact milk production 
(Heikkilä et al., 2018), but results demonstrate it may be more 
complicated than previously thought. It could be that instead of 
a negative impact on milk production, that high-producing 
cows are more susceptible to infections by pathogens like E. coli. 
Hymenobacter, under phylum Actinobacteria, has been 
previously identified in the teat canal microbiota (Falentin et al., 
2016). Additionally, Sphingobacterium prevalence in bovine 
milk was associated with increased SCC; however, a single 
sample with a high prevalence is what resulted in this positive 
correlation (Oikonomou et al., 2014). In contrast, Wang et al. 
(2020) found Sphingobacterium presence in milk samples to 
be negatively correlated with SCC, whereas in the current study, 
no significant association was found between Sphingobacterium 
and SCC.

Milk samples from cows with both medium and high 
milk yield at the time of collection had higher levels of 
genera Acinetobacter, Actinomyces, Fusobacterium, and 
Peptostreptococcus (p < 0.05). Acinetobacter may be important 
for the health status of cows (Pang et al., 2018), and potentially 
play a role in milk production levels. Actinomyces consists of 
Gram-positive, anaerobic bacteria that are inhabitants of the 
bovine mouth, and can cause the disease actinomycosis 
(lumpy jaw) in cattle (Gillespie et al., 2017). It is possible that 
suckling either by a calf after calving or from herd mates early 
in life contributed to the introduction of Actinomyces, one of 
the theories as to how the milk microbiome is established. The 
genus Fusobacterium also consists of species that have been 
linked with disease in cattle, but only when displaced from 
their normal ruminal environment where they assist in 
metabolizing lactic acid and degrading feed (Tadepalli et al., 
2009). Peptostreptococcus identified in milk samples was 
suggested to have a potential role in the development of 
mastitis (Schwaiger et al., 2012), but information is limited on 
other roles this genus may have.

Milk samples from cows that had low milk yield at the time of 
collection had higher amounts of bacteria genera Bifidobacterium 
and UCG-005 present in their samples in comparison to milk 
samples from cows that had medium and high milk yield 
(p < 0.05). More investigation is warranted on UCG-005, as it was 
the third most abundant genera present in milk samples and was 
significantly associated with low milk yield. Bifidobacterium is one 
of the major genera that make up the GIT of mammals and have 
been utilized as cattle probiotics to improve health (Gavini et al., 
2006; Lin et al., 2020). It is surprising to find an abundance of this 
genus in milk to be associated with cows with low milk yield, as it 
has been demonstrated in other work that Bifidobacterium 
presence in milk samples was positively correlated with milk yield 
(Wang et al., 2020).

Comparing differing levels of SCC with 
milk microbiota at the genus level

The bacterial genera detected in the milk of dairy cattle that 
were associated with SCC are listed in Table 7. No bacterial genera 
detected in rumen or fecal samples of dairy cattle were significantly 
associated with SCC, similar to the phyla level. Cows with high 
SCC values at the time of collection had significantly higher levels 
of genus Staphylococcus present in milk samples in comparison to 
cows with low and medium SCC values (p = 0.002). It is 
understood that species of this genus are associated with IMI, and 
it is not without possibility that cows enrolled with high SCC 
values may have had subclinical IMI at the time of collection 
caused by species of this genus, such as Staphylococcus aureus. 
Marinobacter and Thiopseudomonas were identified to 
be associated with cows with medium SCC values at the time of 
collection, but information on these genera is limited in bovine 
microbiome research.

TABLE 6 Bacterial genera relative abundance (ppm) in the milk 
samples of Holstein dairy cattle associated with different milk yield 
ranges at time of collection: low, medium, and high.

Genera Milk yield range1

Low Medium High Value 
of p

Acinetobacter 5,387c 17,445a 13,080b <0.001

Actinomyces 546c 1,629a 988b <0.001

Bifidobacterium 13,543a 4,585c 8,267b 0.003

Escherichia-Shigella 1,918b 1,345b 6,376a <0.001

Fusobacterium 433b 1,261a 1,313a 0.001

Hymenobacter 92b 0c 212a 0.030

Peptostreptococcus 246b 887a 1,077a 0.043

Sphingobacterium 313b 335b 1,760a <0.001

UCG-005 65,865a 39,699b 40,177b 0.008

a–cSuperscripts indicate difference (p ≤ 0.05) using Bonferroni’s pairwise comparisons. 
1Low: Yield ≤ 65 lbs/day. Medium: 65 lbs < Yield < 90 lbs. High: Yield ≥ 90 lbs/day. 
Means within each row differed (p ≤ 0.05) according to Bonferroni’s multiple 
comparisons.
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Milk samples from cows identified as having low and medium 
SCC values at the time of collection had higher levels of bacteria 
genera Acholeplasma, Aeromicrobium, Atopostipes, Facklamia, 
Halomonas, Nocardioides, Pseudomonas, and Tissierella in 
comparison to milk samples from cows identified as having high 
SCC values (p < 0.05). Species of the Acholeplasma genus are 
common nonpathogenic contaminants found in milk, however, 
have been previously isolated in mastitic milk as well 
(Boonyayatra et al., 2011). Researchers have identified a negative 
correlation between Aeromicrobium abundance in bovine milk 
and SCC (Wang et al., 2020); the current study further reiterates 
these findings. While the Gram-positive members of Atopostipes 
have been identified in cattle microbiomes in past studies as well, 
they have not been linked to mammary gland health (Pang et al., 
2018). Little is known about the Gram-positive species of 
Facklamia, but these species can be  rare etiological agents of 
human infection and have been identified in a urine sample from 
a lactating cow and a bulk tank raw milk sample (Takamatsu 
et  al., 2006; Rahmati et  al., 2017; Doll et  al., 2021). While 
Nocardioides has been discovered in bovine milk samples before 
(Delbès et  al., 2007), little information is available on their 
association with mammary health. In contrast, genus 
Pseudomonas is a known taxon in the dairy industry, as certain 
species are causative pathogens of bovine IMI and potentially 
increase SCC levels as a result of infection (Park et al., 2014). The 
association with low and medium SCC values in the current 

study is surprising, although previous studies have demonstrated 
that Pseudomonas aeruginosa IMI resulted in the lowest SCC 
levels in comparison to Staph. aureus, E. coli, and other pathogens 
(Sumon et al., 2020). Lastly, Tissierella is not well studied in cattle 
health, but the Gram-negative species of this genus can cause 
infections in humans and have been identified in bovine digital 
dermatitis legions along with Fusobacterium spp. (Caméléna 
et al., 2016; Khalil et al., 2022).

Potentially more importantly, cows with low SCC at the 
time of collection had significantly higher levels of 
Alloprevotella, Anaerosporobacter, and Ruminococcus present 
in their milk samples in comparison to cows with medium and 
high SCC values (p < 0.05), and higher levels of genus 
Treponema present when only compared to cows with medium 
SCC values (p = 0.013). Alloprevotella still remains 
uninvestigated in terms of the bovine microbiomes but has 
been identified in the mouse GIT and human oral cavity 
(Downes et  al., 2013; Liu et  al., 2021). Anaerosporobacter 
presence in bovine rumen and fecal contents was negatively 
related to cow age (Zhang T. et al., 2019). Ruminococcus is a 
well-known ruminal bacterial group in cattle, which serve to 
degrade complex carbohydrates such as forage (La Reau and 
Suen, 2018). Ruminococcus presence in the rumen is negatively 
correlated with milk production (Jami et al., 2014; Chuang 
et al., 2020), although the current study found no association 
between milk production and Ruminococcus abundance in 
milk. Treponema, falling under phylum Spirochaetota, 
includes bacteria associated with bovine digital dermatitis 
(Klitgaard et al., 2014; Khalil et al., 2022). Low SCC cows also 
had higher levels of genus Ornithinimicrobium and 
Alloiococcus present in comparison to high SCC cows, but 
little is known about the role of this genera in cattle.

Conclusion

Collectively, our results demonstrated that the ruminal, 
fecal, and milk microbiotas of dairy cows were very distinct. 
Alpha and beta-diversities, and the individual microbial 
compositions at the phylum level agreed that the ruminal, fecal, 
and milk environments were dissimilar. However, some 
bacterial taxa were present in all the environments, suggesting 
that there may be some relationship or nexus between these 
compartments and potentially influencing how the milk 
microbiome is established. Many of the bacteria identified to 
be linked with SCC and milk yield have various roles, and their 
functions may differ depending on the compartment they reside 
in. Moreover, milk samples associated with higher SCC values 
decreased the evenness of the microbial population. 
Investigation of mastitis pathogens in association with the milk 
microbiome should be done to determine if pathogens directly 
or indirectly alter the milk microbiota. Additionally, further 
research is required to investigate the presence of a biological 
pathway between the rumen and fecal microbiota and the 

TABLE 7 Bacterial genera relative abundance (ppm) in the milk 
samples of Holstein dairy cattle associated with different somatic cell 
count (SCC) ranges at time of collection: low, medium, and high.

Genera SCC range1

Low Medium High Value of p

Acholeplasma 2,905a 3,032a 188b 0.005

Aeromicrobium 2,064a 1,441a 317b 0.001

Alloiococcus 8,151a 5,322a,b 3,089b 0.013

Alloprevotella 2,275a 908b 715b 0.010

Anaerosporobacter 3,248a 1,150b 1,616b <0.001

Atopostipes 2,546a 2,560a 467b <0.001

Facklamia 10,710a 13,178a 2,866b 0.028

Halomonas 14,340a 17,290a 5,897b 0.010

Marinobacter 11,917b 18,718a 4,675c <0.001

Nocardioides 5,841a 4,671b 2,730c <0.001

Ornithinimicrobium 31,974a 27,555a 15,594b 0.014

Pseudomonas 8,640a 10,711a 3,265b 0.032

Ruminococcus 6,263a 2,522b 2,009b 0.004

Staphylococcus 16,682b 33,581b 181,994a 0.002

Thiopseudomonas 2,480b 7,520a 307c <0.001

Tissierella 1,778b 3,646a 200c <0.001

Treponema 5,273a 1,410b 3,568a,b 0.013

a–cSuperscripts indicate difference (p ≤ 0.05) using Bonferroni’s pairwise comparisons. 
1Low: SCC ≤ 200,000 cells/ml. Medium: 200,000 cells/ml < SCC < 800,000 cells/ml. High: 
SCC ≥ 800,000 cells/ml. Means within each row differed (p ≤ 0.05) according to 
Bonferroni’s multiple comparisons.
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resident milk microbiota to determine if the milk microbiome 
is established through the GIT microbiomes.
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