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Summary
Recent work using 16s rRNA sequencing has led to the understanding that milk microbiota is complex,
harboring great multifunctional diversity. An important question is if milk in the mammary gland is
sterile and bacteria come from the external environment or if there are endogenous bacteria present in
milk. In the present study, we performed a preliminary metagenome analysis of bovine milk by
sequencing the V1–V2 hypervariable regions of 16S rRNA gene. Milk samples were collected from the
same cow at 3 different stages of lactation (15, 90, 120 dim), with and without using a cannula.
Microbial DNA was extracted from two tissues, somatic cells and fat. Our findings showed: 1) The
microbiota structure of the two tissues was completely different (adonis R2 = 0.68, p-value=0.001). Fat
samples present a uniform profile composed of three highly abundant bacterial genera:
Janthinobacterium, Acinetobacter and Pseudomonas. Microbiota from somatic cells presents
significantly higher diversity and more variability in the taxonomic profile. 2) Most of the taxonomic
divergences among lactation days were found in fat samples obtained with no cannula. 3) Comparing
milk fat samples from mastitic and healthy quarters, taxonomic profiles of healthy quarters were more
homogeneous then affected quarters. This observation could be linked to the so called, Anna Karenina
Principle, that states that dysbiotic samples vary more in microbial community composition than healthy
samples (Zaneveld et al. Nat. Micro 2017).
The focus of this study was to develop the sampling and analytical methodology to assess milk
microbiota in somatic cells and fat tissues. Although a larger number of samples are needed to support
some of our observations, we feel examining milk microbiota in these two tissues will prove to be
scientifically insightful.
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Introduction
Milk is a complex fluid that provides nourishment and well-being to growing mammals. In
addition to proteins, lipids, sugars, vitamins, minerals, immunoglobulins and numerous other
biologically active components, milk contains a complex and varied community of bacteria. Only a few
studies have examined the bacterial environment of milk (Addis et al. (2016)) and many questions exist
as to their role in health and disease.
In order to develop an approach to study the milk microbial environment, we performed a
preliminary metagenome analysis of bovine milk by sequencing the V1–V2 hypervariable regions of
16S rRNA as a means of differentiating bacterial genera. We approached the study by examining the
longitudinal composition of bacterial populations in the same cows during specific days in milk (dim) in
lactation (15, 90 and 120 dim) and by collecting milk samples, with and without a cannula, to harvest
endogenous milk vs. milk exposed to the teat external environment. We chose to isolate microbial DNA
from somatic cells (SC) and milk fat (MF) tissues, as these are tissues that we have used extensively
(Wickramasinghe et al. (2014)) for global gene expression analysis of the mammary gland during
lactation and that may provide an approach to study the milk microbial metatranscriptome (Medrano et
al (2014)). A detailed protocol is provided on the sampling and analysis of the milk microbiota using
16s rRNA gene sequencing.

Materials and Methods
Sample collection.
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Milk collection from cows was done at the UC Davis dairy facility following a protocol approved by the
UC Davis Institutional Animal Care and Use Committee (IACUC). All the cows in this project were
Holstein in their 2nd lactation. Milk samples were collected on the same 4 cows at 15, 90 and 120 dim,
and on the same 3 cows at 90 and 120 dim. Milk samples were collected 3 hours after the morning
milking to obtain the highest percentage of viable epithelial cells (Wickramasinghe et al. 2012). Using
examination gloves, the cow’s teat was cleaned with a gauze damped in 70% isopropanol, and milk was
collected by hand milking directly into sterile 50 ml Falcon tubes (labelled as no cannula), or using a 3cm plastic cannula (Genesis Industries Inc., Elmwood, WI) to collect samples from the inside of the teat
canal (labelled as Cannula). Milk was kept on ice until processing.
Milk processing
Falcon tubes containing approximately 50ml of milk were kept on ice and centrifuged at 2000 rpm in a
Sorvall RT6000B refrigerated centrifuge at 4°C for 10min. The layer of fat at the top was collected in a
50 ml Falcon tube and kept frozen at -70°C for later processing. The milk liquid from the Falcon tube
was decanted out and discarded. The pellet containing the milk somatic cells was resuspended in 10 ml
of cold PBS buffer solution and centrifuged at 2000 rpm for 10 min in the refrigerated Sorvall
centrifuge. The buffer was decanted and the remaining cell pellet resuspended in lysis buffer warmed
at 55°C. Microbial DNA extraction was followed using a kit and protocol from MO BIO Laboratories.
Microbial DNA isolation from milk somatic cells
The PowerFood Microbial DNA isolation kit (MO BIO Laboratories, Inc. cat no. 21000) was used to
isolate genomic DNA from the milk somatic cells pellet. The resuspended pellet in the lysis buffer was
heated at 70°C for 10 min to increase yield and vortexed at maximum speed for 10 min in a Vortex
Genie 2 and continued with the manufacturer’s suggested protocol until final elution of the DNA in
50µl of elution buffer. DNA was quantified in a Nanodrop 2000 (Thermo Fisher). Fat samples gave
very low DNA recovery using the PowerFood Isolation kit, so DNA was extracted by performing a
phenol/chloroform extraction.
Microbial DNA isolation from fat
Fat stored in the -70°C freezer was partially thawed and 500 µl pipetted to a 2 ml Eppendorf tube
containing 500 µl of cell lysis buffer. The fat suspension was incubated with 5 µl of lysozyme for 1h at
37°C, followed by an overnight incubation with 5 µl of proteinase K (20 mg/ml) at 55°C. The
following day, the fat was centrifuged at 12,000 rpm for 10 min and the supernatant transferred to a
clean tube to perform a phenol/chloroform/isoamyl alcohol extraction. After ethanol precipitation of
the DNA, the DNA was resuspended in 30µl of 10 mM Tris pH 8.0 and quantified in a Nanodrop 2000.
Milk collection in cows with mastitis
Milk collection in cows with mastitis was done as described above, utilizing a cannula in all samples. A
milk sample was collected from a healthy quarter (h) and from the quarter with mastitis (m). Usually
the healthy quarter was in the opposite position to the mastitis quarter.
PCR amplification and massive sequencing
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V1-V2 regions of 16S rRNA gene were amplified using the widely used primer pair F27 (5’AGAGTTTGATCCTGGCTCAG-3’) and R338 (5’-TGCTGCCTCCCGTAGGAGT-3’). Both primers
included sequencing adaptors at the 5′ end and forward primers were tagged with different barcodes to
pool samples in the same sequencing reaction. PCR mixture (25 μl) contained 2 µl of DNA template, 5
μl of 5x Phusion® High Fidelity Buffer, 2.5 μL of dNTPs (2 mM), 0.2 μM of each primer and 0.5 U of
Phusion® Hot Start II Taq Polymerase (Thermo Scientific). The PCR thermal profile consisted of an
initial denaturation of 30 sec at 98 °C, followed by 30 cycles of 15 sec at 98 °C, 15 sec at 55 °C, 20 sec
at 72 °C and a final step of 7 min at 72 °C. To assess possible reagent contamination, each PCR reaction
included a no template control (NTC) sample. Quality and quantity of each amplicon was assessed using
Agilent Bioanalyzer 2100 and QubitTM fluorometer, respectively. Samples were sequenced on an Ion
Torrent Personal Genome Machine (PGM) with the Ion 318 Chip Kit v2 and the Ion PGM™
Sequencing 400 Kit under manufacturer’s conditions.
Quality control of the reads and OTU picking
Raw sequencing reads were demultiplexed and quality-filtered using QIIME 1.9.1 (Caporaso et al.,
2010). Reads included presented: a length greater than 300 bp; a mean quality score above 25 in sliding
window of 50 nucleotides; no mismatches on the primer; and default values for other quality
parameters. After that, quality-filtered reads were processed in vsearch v1.1 (Rognes et al., 2016) with a
first de-replication step, followed by clustering into operational taxonomic units (OTUs) at 97%
similarity with a de novo approach and chimera checking with uchime (Edgar et al., 2011) de novo.
Again using QIIME 1.9.1, taxonomic assignment of representative OTUs was performed using the
Ribosomal Database Project (RDP) Classifier (Wang et al., 2007) against Greengenes v13.8 database
(DeSantis et al., 2006). Alignment of sequences was performed using PyNast (Caporaso et al., 2009).
We sequentially applied extra filtering steps in aligned and taxonomy-assigned OTU table to filter out: i)
sequences that belonged to Chloroplasts class; ii) sequences representing less than 0.005% of total
OTUs); iii) sequences that belonged to Shewanellaceae, Halomonadaceae, Coriobacteriaceae families
and Afipia genus, which were highly represented in the NTC and probably come from the reagents.
Downstream bioinformatics analyses
Downstream analyses were performed using QIIME 1.9.1 (Caporaso et al., 2010). To standardize
samples with unequal sequencing depths, analyses were performed using random subsets of 4,500,
3,400 and 1,500 sequences per sample on samples obtained with cannula, samples obtained with no
cannula, and mastitis samples, respectively. In alpha diversity we used two different metrics: observed
species to assess richness and Shannon index to assess evenness. Statistical significant differences
among groups were assessed with 999 permutations using the non-parametric Monte Carlo permutation
test and we corrected the p-value through false discovery rate. In beta diversity we used two different
distance metrics: Unweighted and Weighted UniFrac (Lozupone et al., 2005). Unweighted UniFrac
considers phylogeny and taxa, whereas Weighted UniFrac also considers relative abundances. The
resulting distance matrices were used to create PCoA plots. Adonis statistical method was applied to
assess statistical significance of the grouping. Linear Discriminant Analysis (LDA) Effect Size (LEfSe)
(Segata et al., 2011) was used to compare groups and to identify taxa whose abundance is differentially
abundant between groups (α=0.05 and with an LDA score > 3.0).

Results and Discussion
Milk microbiota: somatic cells vs fat
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Milk samples were obtained from healthy 2nd lactation cows at several time points during lactation (15,
90 and 120 dim). Samples were collected using a cannula to access endogenous milk inside the teat
canal, and by direct hand milking with no cannula. For each milk sample, fat and milk somatic cells
were isolated and were processed in parallel to extract microbial DNA.
When comparing the microbiota between fat and somatic cells samples, the microbiota structure of the
two tissues was completely different (adonis R2 = 0.68, p-value=0.001). If also considering the fact that
the samples were collected with and without cannula, the percentage of variability explained by this
grouping increased (adonis R2 = 0.70, p-value= 0.001, Figure 1A). Alpha diversity results follow the
same trend: somatic cells microbiota is significantly more diverse than fat microbiota. Fat samples
obtained with no cannula present a higher diversity than those obtained with cannula (Figure 1B).
As expected from diversity results, taxonomic profiles of somatic cells and fat samples are completely
different (Figure 1C). On one hand, fat samples present a uniform profile composed by three highly
abundant bacterial genera: Janthinobacterium, Acinetobacter and Pseudomonas. On the other hand,
milk microbiota from somatic cells presents significantly higher diversity (Figure 1B) and more
variability in the taxonomic profile (Figure 1C). Genera both widely distributed and abundant among
the somatic cells microbiota samples are: Corynebacterium (mean value = 14%), followed by others
with lower abundances such as bacteria from the families Ruminococcaceae and Intrasporangiaceae,
Acinetobacter, Lactococcus, Arthobacter, and 5-7N15 among others.
In previous bovine microbiota studies, the supernatant was discarded when centrifuging the milk,
probably losing most of the milk fat portion. Therefore, microbiota profiles of bovine milk described
until now likely came almost exclusively from the somatic cells portion of milk (Zhang et al., 2014;
Oikonomou et al., 2014). This fact could explain why Janthinobacterium, Acinetobacter and
Pseudomonas have not been detected before as abundant genera on milk microbiota despite the fact that
we found them as the most abundant genera on the fat portion. The taxonomic bacterial profile
identified here in the somatic cells fraction is similar to that published in a recent study with
Corynebacterium, Acinetobacter, Arthrobacter and 5–7N15 as some of the most abundant genera on
milk microbiota (Bonsaglia et al., 2017).
Milk microbiota, through 15, 90 and 120 days of lactation (dim).
We examined whether collecting samples of the same cow at different days during lactation was
significantly explaining some variation in beta diversity metrics. The analysis was done in sample
subsets sorted by tissue and sampling method. Four parallel analyses were performed: i) fat samples
obtained with cannula; ii) somatic cells obtained with cannula; iii) fat samples obtained with no cannula;
and iv) somatic cells obtained with no cannula. The grouping by lactation days was significant in
samples obtained with no cannula in fat samples (Unweighted UniFrac: adonis R2= 0.215; Weighted
UniFrac: adonis R2= 0.369) and somatic cells (Unweighted UniFrac: adonis R2= 0.198).

A.

B.
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Figure 1: Milk microbiota comparing fat and somatic cells samples. (A) Weighted UniFrac PCoA plot
colored by milk fraction and method of extraction (SC, somatic cells, c_ with cannula, nc_ no cannula);
(B) Alpha rarefaction curves of Shannon Index values grouped by milk fraction and method of
extraction; (C) Bar plot representing those genera with an abundance >5% of total composition in
samples obtained with cannula, from left to right: fat samples, somatic cells samples and the mean of
each milk fraction.
Thus, focusing on samples obtained with no cannula and using LefSe, we found taxonomic differences
in both fat and somatic cells. When considering just the most abundant taxa (>5% of total abundance)
we found that Acinetobacter was overrepresented in milk at 15 dim, both when using somatic cells and
fat. The other genera were only overrepresented when using fat samples: Janthinobacterium at 15 dim;
and Arthrobacter, Janibacter and Paludibacter at 120 dim (Figure 2).
Milk microbiota, comparison of healthy and mastitic quarters
We also examined the milk microbiota profile on healthy and mastitis quarters using three animals (a
total of 7 quarters for fat samples and 5 quarters for somatic cells). Again, fat samples gave more
insights than somatic cells. In fat samples, taxonomic profiles of healthy quarters were more
homogeneous when compared to affected quarters (Figure 3A). This observation could be linked to the
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Anna Karenina Principle recently applied in animal microbiomes that states that dysbiotic samples vary
more in microbial community composition than healthy samples (Zaneveld et al., 2017). However, it is
clear that a larger number of samples need to be examined to confirm this hypothesis in bovine mastitis.

Figure 2: Bovine milk microbiota profile through lactation. Bar plot representing those genera with an
abundance >5% of total composition, considering only those samples obtained with no cannula.
Asterisks indicate those taxa that are overrepresented in that specific temporal point within fat or
somatic cells (LDA-score > 3, p-value < 0.05).
The taxonomic profile of healthy quarters was in line with what we observed in healthy milk fat samples
collected at different days of lactation, which was dominated by Janthinobacterium, Acinetobacter and
Pseudomonas. Moreover, using linear discriminant analysis with LefSe in milk fat microbiota samples,
some taxa were over- or under- represented (Figure 3B). On mastitic samples, we found a significant
overrepresentation of Staphylococcus (together with all its upper taxonomic assignments). This result
coincides with many classical culture-based studies that found Staphylococcus as one of the most
commonly isolated bacteria from bovine mastitis (Nickerson, 2009; Sampimon et al., 2009).
Despite our observations not being statistically significant, Lactococcus was highly represented in both
affected quarters of cow H_id1 (Figure 3A). Also, both affected quarters of cow H_id3 presented high
proportions of Streptococcus. When blasting the sequences of these OTUs against 16S ribosomal RNA
sequences, they were identified as Lactococcus garvieae and Streptococcus uberis. S. uberis has been
largely regarded as a causative microorganism of bovine mastitis (Leigh 1999). Recently, Lactococcus
has also been suggested as a potential emerging mastitis pathogen (Plumed-Ferrer et al., 2013;
Rodrigues MX et al., 2016).
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Figure 3: Milk microbiota on bovine mastitis using fat samples. A) Bar plots with the microbial
taxonomic profile up to genus level of Mastitis cohort. Samples have been rarefied at 1,500 sequences
per sample to include all of them. B) Histogram of linear discriminant analysis (LDA) effect size scores
for differentially abundant taxa (α = 0.05, LDA score >3) when considering the health status.

Conclusions
- The focus of this study was to develop the sampling and analytical methodology to assess milk
microbiota in somatic cells and fat tissues. Although, there is a need for larger number of samples to
support some of our observations, we feel examining milk microbiota in somatic cells and fat is a
sound approach that will allow correlating microbial results with gene expression profiles in the
mammary gland.
- Milk collected from the endogenous environment of the udder, using a cannula, has a large microbial
diversity and it is not sterile as was originally believed.
- Somatic cells and fat are very distinct tissues in microbial affinity, as well as in the procedures for
DNA extraction. Both tissues need to be analyzed independently as they contain different microbial
profiles.
- Although somatic cells presented a more diverse microbiota, fat samples were more homogeneous and
gave more insights in detecting significant differences between biological groups (cannula vs no
cannula, mastitis vs healthy).
- Milk fat from bovine mastitis presented a different bacterial profile, with high abundances of some
previously linked or isolated taxa.
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