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Abstract
Abundant miRNAs have been identified in milk and mammary gland tissues of different spe-

cies. Typically, RNA in milk can be extracted from different fractions including fat, whey and

cells and the mRNA transcriptome of milk could serve as an indicator of the transcriptome of

mammary gland tissue. However, it has not been adequately validated if the miRNA tran-

scriptome of any milk fraction could be representative of that of mammary gland tissue. The

objectives of this study were to (1) characterize the miRNA expression spectra from three

milk fractions- fat, whey and cells; (2) compare miRNome profiles of milk fractions (fat, whey

and cells) with mammary gland tissue miRNome, and (3) determine which milk fraction miR-

Nome profile could be a better representative of the miRNome profile of mammary gland tis-

sue. Milk from four healthy Canadian Holstein cows in mid lactation was collected and

fractionated. Total RNA extracted from each fraction was used for library preparation fol-

lowed by small RNA sequencing. In addition, miRNA transcripts of mammary gland tissues

from twelve Holstein cows in our previous study were used to compare our data. We identi-

fied 210, 200 and 249 known miRNAs frommilk fat, whey and cells, respectively, with 188

universally expressed in the three fractions. In addition, 33, 31 and 36 novel miRNAs from

milk fat, whey and cells were identified, with 28 common in the three fractions. Among 20

most highly expressed miRNAs in each fraction, 14 were expressed in common and 11 were

further shared with mammary gland tissue. The three milk fractions demonstrated a clear

separation from each other using a hierarchical cluster analysis with milk fat and whey being

most closely related. The miRNome correlation between milk fat and mammary gland tissue

(rmean = 0.866) was significantly higher than the other two pairs (p < 0.01), whey/mammary

gland tissue (rmean = 0.755) and milk cell/mammary gland tissue (rmean = 0.75), suggesting

that milk fat could be an alternative non-invasive source of RNA in assessing miRNA activi-

ties in bovine mammary gland. Predicted target genes (1802) of 14 highly expressed miR-

NAs in milk fractions were enriched in fundamental cellular functions, infection, organ and

tissue development. Furthermore, somemiRNAs were highly enriched (FDR <0.05) in milk

whey (3), cells (11) and mammary gland tissue (14) suggesting specific regulatory functions

in the various fractions. In conclusion, we have obtained a comprehensive miRNA profile of
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the different milk fractions using high throughput sequencing. Our comparative analysis

showed that miRNAs frommilk fat accurately portrayed the miRNome of mammary gland tis-

sue. Functional annotation of the top expressed miRNAs in milk confirmed their critical regu-

latory roles in mammary gland functions and potentially to milk recipients.

Introduction
Cow milk is produced to promote the growth and developmental needs of young calves by
nature as is for other mammalian species. Cow milk is a good resource of numerous essential
nutrients including proteins, lipids, and amino acids as well as other bioactive components
including hormones and cytokines. Due to its nutritious significance, cow milk has been com-
mercialized and routinely consumed by humans for growth and health benefits. In addition to
these nutritional components, milk from cows [1–4] and other species [5–9] are also rich in
microRNAs (miRNAs) which play important roles in posttranscriptional regulation of gene
expression [10].

Milk can be fractionated into three parts including fat, whey and somatic cells through low
and high speed centrifugations [11–13]. Low speed centrifugation will separate milk into three
visible layers including a fat layer (mainly fat globules) at the top, a middle fluid phase and cell
pellets at the bottom. Milk fat globules are secreted by mammary epithelial cells (MECs) via a
budding mechanism which envelopes a crescent of the MEC cytoplasm in plasma membrane
[14]. With further high speed centrifugation and microfiltration, the fat residues and protein
micelles in the fluid phase can be removed, resulting in a homogenous whey phase. This defat-
ted and cell-free whey fraction contains exosomes, which are secreted into milk by MECs in
the form of small (10–100 nm diameter) membrane vesicles containing mRNA and miRNA
[2,8,11]. The milk cells are heterogeneous, predominated by leucocytes with a small proportion
of exfoliated mammary epithelial cells.

MiRNA from milk whey exist mainly in the exosomes which can prevent miRNA from deg-
radation under harsh conditions of low pH and RNase treatment [3]. To date, a number of
studies have explored the miRNome of milk whey fraction with a large number of whey miR-
NAs identified in cattle [11,15], pig [7], rat [8], wallaby [9] and human [6]. Additionally, six
miRNAs in milk exosomes were found to be differentially expressed in response to bacterial
infection of bovine mammary gland [16]. MiRNAs are also present in milk fat globules of
humans [12] and bovine [17], and have been profiled using next generation sequencing tech-
nology [18]. Although miRNAs are found to be expressed in human somatic cells [12], the
overall miRNA spectrum in milk somatic cells of cattle and other farm animal species remains
unclear.

MiRNA expression in bovine milk is not merely for the benefit of mammary gland pro-
cesses/functions. Compelling evidence has shown that milk derived miRNAs may have poten-
tial regulatory roles in modulating the immune system or metabolic processes of milk
recipients [1,19–21]. Studies have shown that miRNAs could be absorbed by humans in biolog-
ically meaningful amounts which could affect related gene expression in peripheral blood
mononuclear cells [22]. Another study has further confirmed that whey exosomes containing
miRNAs and mRNA could be absorbed by human macrophages [15], implying a possible func-
tion of these miRNAs in the human body. In addition, milk miRNAs can be resistant enough
to be detected in raw and commercial milk and other dairy products [23], in spite of losses dur-
ing processing and storage [24]. Considering the high consumption of bovine milk and dairy
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products by humans, a comprehensive study of the miRNome profile of milk is a critical step
towards investigation of the regulatory roles of cow miRNAs in humans.

The understanding of the miRNome profile of the different milk fractions will also help to
determine which milk fraction could be used as a source of RNA for the study of mammary
gland functions. Sampling of mammary gland tissue through the biopsy approach has been the
standard source of RNA used to investigate the transcriptome activities of lactating mammary
epithelial cells. However, the biopsy approach to collect mammary gland tissue is costly, inva-
sive, and usually leads to infection of the mammary gland, which prevents a repeat sampling as
required by many experiments. At the mRNA expression level, studies have found that RNA
from milk fat globules and somatic cells are good representation of mammary gland tissue
[25–28] and thus can be used as a non-invasive source of mRNA for the study of mammary
gland biology. However, miRNAs are small regulatory molecules (around 22nt) which are
much shorter than mRNA and have distinct biogenesis from mRNA [29]. So far, it has not
been systematically verified whether the miRNome of milk fat globules or somatic cells could
serve as a good representation of that of mammary gland tissue. Besides, no study has com-
pared the similarity of milk whey, fat and somatic cells transcriptomes with that of mammary
gland tissues at the miRNA level. Therefore, a comprehensive comparison of the miRNome
profile of the different milk fractions would help to determine which fraction could best repre-
sent the miRNome profile of mammary gland tissues. Additionally, knowledge of the miR-
Nome profile of the different fractions of milk and mammary gland tissue will aid in informed
decisions in choosing a particular milk fraction as a non-invasive source of miRNA to answer
specific questions regarding mammary gland biology.

In order to obtain a comprehensive profile of milk miRNAs, we examined the miRNome of
milk fat globules, whey and somatic cells of the same cows, and compared with that of mam-
mary gland tissues. Our study would determine the best alternative and non-invasive sampling
method to study the miRNA expression in bovine mammary gland. Furthermore, a compre-
hensive discovery of miRNAs in milk would be of great value for exploring their regulatory
functions in further studies.

Materials and Methods

Ethics statement
All the experimental procedures were according to the national codes of practice for the care
and handling of farm animals (http://www.nfacc.ca/codes-of-practice) and approved by the
Animal Care and Ethics Committee of Agriculture and Agri-Food Canada. Animals were
cared for following standard management procedures and were allowed ad libitum access to
feed and water. Cows were fed with a diet consisting of a total mixed ration of corn and grass
silages (50:50) and concentrates.

Milk collection and fractionation
Four healthy Canadian Holstein cows in mid lactation (130–160 days in milk) were chosen for
milk collection. Fresh milk samples were collected three hours after the morning milking. A
volume of 50 mL milk was collected from the back quarters of each cow and immediately
placed on ice, transferred to laboratory and processed to reduce potential RNA degradation.

Milk was mixed well before centrifugation at 1,900g for 15 min. The fat in the upper phase,
whey in the middle phase as well as the cells at the bottom of the tube were each transferred to
a new 50 mL RNase free falcon tube. Each fraction was homogenized before RNA isolation fol-
lowing different methods. About 7.5 mL Qiazol lysis reagent (Qiagen Inc., USA) was added to
the fat, vigorously mixed by vortexing until the fat was well dispersed. Milk cells were washed
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twice with cold PBS and then homogenized with 1 mL of Qiazol lysis reagent. Milk whey was
homogenized following a protocol by Izumi [11] with modifications. Briefly, milk whey was
centrifuged twice at 21,500 g for 1 h at 4°C to remove caseins and residual fat. The clear whey
supernatant was passed through 0.80, 0.45 and 0.22 μm (in that order) filters (Sterlitech Corpo-
ration, USA) to remove residual cell debris. In order to increase the yield of whey RNA, whey
samples were lyophilized. Two 5 mL aliquots of each whey sample were each placed in a 50 mL
RNase free falcon tube and lyophilized for 3 hours at 0°C followed by 10 hours at 4°C using a
Virtis Genesis 25XL Lyophilizer (SP Scientific, USA). Finally, the lyophilized milk whey was
homogenized with Qiazol lysis solution (1:2, e.g. 5 mL Qiazol lysis solution: 10 mL milk whey).
All the homogenates (milk fat, cells and whey) were stored at -80°C until used.

Total RNA extraction
Total RNA was extracted using miRVana miRNA isolation kit (Life Technologies, USA) fol-
lowing manufacturer’s instructions. Briefly, 1/10 volume of miRNA Homogenate Additive was
added respectively to homogenates from the fractionation step (5 mL fat homogenate, 5 mL
whey homogenate and 1 mL cell homogenate) and mixed well. Then, one volume of acid-phe-
nol:chloroform (equal to the homogenate before adding miRNA Homogenate Additive) was
added to the homogenate and thoroughly mixed. The resulting aqueous phase was mixed with
1.25 volumes of room temperature 100% ethanol and then passed through a filter cartridge
(Life Technologies Corporation, USA). Next, the filter cartridge was washed with the supplied
wash solution before eluting RNA with pre-heated (95°C) elution solution. RNA was then
digested with Turbo DNase (Ambion Inc., USA) to remove genomic DNA contaminant.
Finally, the digested RNA was purified using Zymo RNA clean & concentrator-25 (Zymo
Research, USA). The quantity of RNA was measured using NanoDrop 1000 (NanoDrop Tech-
nologies, USA). RNA integrity was further determined on an Agilent 2100 Bioanalyzer using
an RNA 6000 Pico kit (both from Agilent Technologies, USA).

Library preparation and small RNA sequencing
Twelve libraries for the three fractions of milk (fat, cell and whey) of 4 cows were prepared and
barcoded for sequencing according to Vigneault et al. [30] with minor modifications reported
in Li et al.[17]. Briefly, total RNA was first ligated to a 3’ adaptor and then annealed to a reverse
transcription primer to prevent undesirable dimerization of 3’ and 5’ adaptors in the following
step. Before reverse transcription, the 5’ adaptor was ligated to the 5’end of the RNA. This
RNA:DNA hybrid was then reversely transcribed into cDNA using a Superscript III kit (Life
Technologies, USA). Each library was barcoded by PCR with a unique barcode in the reverse
primer using NEBNext high-fidelity 2× PCR master mix (New England Biolabs, Canada). The
PCR products corresponding to small RNA were selected using polyacrylamide gel electropho-
resis. The concentration of the purified libraries was evaluated by a Picogreen assay (Life Tech-
nologies) on a Nanodrop 3300 fluorescent spectrophotometer (Thermo Scientific, USA).

The 12 libraries were multiplexed and subjected to 50bp single end sequencing on one lane
using an Illumina HiSeq 2000 system (Illumina Inc., USA) by McGill University and Genome
Quebec Innovation Centre (Montreal, QC, Canada). Raw fastq files of the sequence data have
been submitted to NCBI Sequence Read Archive database with accession number
SRX1603675.

Small RNA sequencing data analysis
The fastq files (raw sequence data) were checked for sequencing quality with the FastQC pro-
gram version 0.10.1 (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The
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Cutadapt v1.2.2 (http://code.google.com/p/cutadapt/) program was used to trim 3’ adaptor
sequences and to remove reads which were shorter than 18 nucleotides after trimming or had a
low Phred score of less than 20 for at least 50% of the bases. Clean reads were mapped to the
bovine genome (UMD3.1) using bowtie 1.0.0 [31]. Reads that mapped to more than five posi-
tions were discarded. Furthermore, reads that mapped to bovine rRNA, tRNA, snRNA and
snoRNA in the Rfam RNA family database (http://rfam.sanger.ac.uk/) were also removed.

Identification of known miRNA and discovery of novel miRNA were performed using miR-
Deep2 v2.0.0.7 [32] with miRBase release 21 as reference. Reads from all the libraries were
pooled together for novel miRNA prediction using the miRDeep2 core module which outputs
a scored list of known and novel miRNAs with log-odds score to help determine false positives.
In this study, only miRNAs with at least 10 CPM (count per million) in at least 2 libraries of
any milk fraction (there were four libraries per milk fraction) were considered as true known
miRNAs. With respect to novel miRNA identification, only those with a miRDeep2 score
higher than five and at least 10 CPM in two libraries of any milk fraction were retained as true
novel miRNAs. The Quantifier module was used to quantify miRNA expression level in each
library. The R (v3.0.1) package DESeq2 [33] was used to normalize read counts to account for
compositional bias in sequenced libraries and library size and used for miRNA differential
expression (DE) analysis.

We further compared the milk miRNome with that of bovine mammary gland tissue.
Twelve miRNA sequence datasets of mammary gland tissue that we used for comparison
belonged to twelve healthy Canadian Holstein cows fed a total mixed ration of corn and grass
silages and concentrates (control diet) from our previous study [17]. The library preparation
protocol, sequencing platform (Hiseq 2000) and small RNA sequencing data analysis pipeline
were the same as described in this study.

Significantly enriched miRNAs in milk fractions were determined as follows: significantly
highly expressed in one milk fraction over the other two fractions (log2 fold change> 2,
FDR< 0.05) and with an average expression level of at least 200 CPM in the enriched milk
fraction. Significantly enriched miRNAs in mammary gland tissue were determined to be those
with a significantly higher expression in mammary gland tissue than in all the three milk frac-
tions (log2 fold change> 2, FDR< 0.05) and with an average expression level of at least 200
CPM in mammary gland tissue.

The target genes of top expressed miRNAs as well as enriched miRNAs in milk fractions
were predicted using Ingenuity Pathway Analysis (IPA) software (Ingenuity Systems Inc.,
USA). MiRNA target prediction information in IPA database is very comprehensive as it
includes not only bioinformatics predictions using TargetScan (www.targetscan.org), but also
from experimentally validated information on gene-miRNA interactions from TarBase data-
base (http://www.microrna.gr/tarbase) and miRecords (http://mirecords.biolead.org/). The
miRNA target filter function of IPA enabled us to focus on the target genes that were experi-
mentally observed or predicted with high confidence. Predicted gene targets of miRNAs were
then subjected to function and pathway analysis using IPA core analysis function.

Real time quantitative PCR (qPCR)
Total RNA from the same sample used in miRNA-sequencing was reverse transcribed using
Universal cDNA Synthesis Kit II from Exiqon (Exiqon Inc., USA). The cDNA was then diluted
in 9 volumes of nuclease-free water and subjected to quantitative qPCR on a Stepone Plus Sys-
tem (Applied Biosystems, USA) using an ExiLENT SYBR1 Green Master Mix Kit (Exiqon,
USA) and the miRCURY LNA™ Assay (Exiqon, USA) according to the manufacturer’s instruc-
tions. The comparative Ct (ΔΔCt) method was used to determine the expression level of
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miRNA. The geometric mean of bta-miR-103 and bta-miR-25 was used as endogenous
control.

Results

Total RNA extraction
The total RNA concentration in milk fat was 173.4 ± 50.1 ng/mL milk (mean ± SD) which was
similar with that of milk cells (183.0 ± 58.4 ng/mL milk) while the RNA concentration of milk
whey was much lower (86.3 ± 42.3 ng/mL milk). Our extraction protocol achieved a good
purity of extracted RNA with 260/280 ratios ranging from 2.03 ± 0.11 in whey to 2.12 ± 0.03 in
fat and cells (Table 1).

We further investigated the RNA integrity (RIN) of the total RNA from the different milk
fractions (Table 1, Fig 1). The RIN value of total RNA from milk fat was 2.63 ± 0.51, containing
a large amount of low molecular weight fragments apart from the ribosomal RNA fragments
which undermined the RIN value. Total RNA from milk whey demonstrated a RIN value of
2.67 ± 0.06, very low amounts of 18S and 28S rRNA on the electropherogram and a sharp peak
between 25 nt and 200 nt (Fig 1). Milk cells yielded the highest RIN value of 7.58 ± 0.72.

MiRNA expression in milk fractions
The twelve libraries yielded a total of 164.5 million reads of which 159.5 million clean reads
were retained with high quality (S1 Table). Sixty-one million reads with length ranging from
18 to 30 nt were retained for miRNA analysis of which 38.7 million reads were uniquely
mapped to the bovine genome. Read length distribution showed that majority of the mapped
reads was around 22 nt (Fig 2A). The proportion of reads belonging to other small RNA cate-
gories (rRNA, tRNA, snRNA and snoRNA) were respectively 36.1%, 34.5% and 18.3% in fat,
whey and cells (Fig 2B). tRNAs were in the majority in all the fractions (fat, whey and cells).
Furthermore, the proportion of each small RNA species varied among the three fractions with
whey containing the largest ratio of tRNA and cells containing the largest percentage of unclas-
sified small RNA, rRNA, snRNA and snoRNA.

We identified 210, 200 and 249 known miRNAs in milk fat, whey and cells, respectively (S2
Table). Most of the miRNAs (188) were shared among all three fractions, while 36 miRNAs
were specific to cells and only one and two miRNAs were specific to fat and whey respectively
(Fig 3A). MiRdeep2 score of 5 was chosen for novel miRNA prediction, as it yielded a novel
miRNA true positive rate of 87±4% to 89±4% and a false positive rate of 6±2 to 11±4 as well as
an estimated signal-to noise ratio of 18.2 to 22.8 in the three milk fractions (S3 Table). Based
on our stringent criteria, we identified 33, 31 and 36 novel miRNAs in milk fat, whey and cells,
respectively (Fig 3B, S4 and S5 Tables). Twenty-eight novel miRNAs were shared by the three
fractions while five were unique to cells, two to fat and one to whey.

Correlations of the milk miRNomes
Transcriptome from different milk fractions might differ in homogeneity due to the differences
and number of the cell types in the milk fractions. Thus we examined the miRNome similarity
of every possible pair of samples within each milk fraction using a Spearman’s correlation (Fig
4A). The results showed that samples within each milk fraction were highly correlated with
each other. MiRNomes from milk whey were most highly correlated with each other (rmean =
0.965) and with highest consistency followed by milk fat with a slightly lower correlation
(mean = 0.959). In contrast, the correlation of the transcriptomes from milk cells was lower
(mean = 0.938) than those derived from milk fat (p< 0.05) or milk whey (p = 0.07). It was also
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evident that transcriptomes of milk whey samples showed high consistency whereas those of
milk cells showed a higher heterogeneity.

We next examined the similarities among the three milk fractions. The correlation between
milk fat and whey (fat/whey = 0.917) was significantly higher (p< 0.05) than the other two
pairs (fat/cell = 0.835; whey/cell = 0.765) (Fig 4B). Whey/cell demonstrated the lowest correla-
tion (mean = 0.765) compared with the other two pairs (fat/whey, fat/cell). The similarities
between the three milk fractions were further analyzed using hierarchical cluster analysis.
Results indicated a clear separation of the three fractions into three distinct clusters (Fig 5A).

Table 1. Concentration and purity of total RNA extracted frommilk fat, whey and somatic cells.

Cow number Concentration (ng/ml) OD260/280 OD260/230 RNA integrity number

Milk fat 12 242.3 2.1 2.1 2.2

16 173.5 2.1 2.1 2.5

710 125 2.2 2.3 NA

7134 152.8 2.1 2.1 3.2

Milk whey 12 147.5 2 1.6 2.7

16 73.1 2 0.7 2.6

710 49.9 1.9 1.1 NA

7134 74.8 1.9 1.3 2.7

Milk cell 12 145.2 2.1 1.8 7.3

16 136 2.2 1.9 8.3

710 264.2 2.1 1.9 8

7134 186.6 2.1 2 6.7

Note: NA = Not available (not determined by Bioanalyzer 2100).

doi:10.1371/journal.pone.0154129.t001

Fig 1. Total RNA capillary electrophoresis electropherograms frommilk fractions on Bioanalyzer 2100 (cow No.12). (A) milk fat; (B) milk whey; and
(C) milk cells.

doi:10.1371/journal.pone.0154129.g001
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Fat and whey samples were more closely clustered than cell samples, which clustered distinctly
from the other two fractions. Bootstrap analysis (1000 times) using Pvclust showed that our
hierarchical cluster analysis was with high reliability (Fig 5B).

Similarity of the milk fraction miRNomes with those of mammary gland
tissues
When the milk fraction miRNomes were compared with that of mammary gland tissue, 168
miRNAs were shared among the four parts comprising 80%, 84%, 97.5% and 52.3% of the fat,
whey, cells and mammary gland tissue miRNomes (Fig 6A). Furthermore, 20 miRNAs were
shared by the three milk fractions, 18 were shared by milk cells and mammary gland tissue
while 18 and 39 were unique to milk cells and mammary gland tissue, respectively. The top 20
expressed miRNAs in each milk fraction (milk fat, whey, cells) and mammary gland tissue
accounted for 84.4%, 87.5%, 78.5% and 82.3% of the total read counts respectively, implying
essential regulatory roles of these top expressed miRNAs. Further comparison showed that 11

Fig 2. Small RNA length distribution (A) and small RNA species (B). RNA species with a proportion lower than 1%were not labeled in B.

doi:10.1371/journal.pone.0154129.g002

Fig 3. Venn diagrams showing the number of known (A) and novel miRNAs (B) identified in milk fractions as well as miRNAs unique to each
fraction or common to two or all three fractions.

doi:10.1371/journal.pone.0154129.g003
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top expressed miRNAs (bta-miR-148a, miR-26a, miR-30a-5p, let-7a-5p, miR-99a-5p, miR-21-
5p, miR-30d, miR-200a, miR-191, miR-186, miR-24-3p) were shared among the three milk
fractions and mammary gland tissue, three (bta-let-7b, miR-92a, miR-200c) were shared by the
three milk fractions while 3 (bta-miR-423-5p, miR-151-5p and miR-320a), 3 (bta-miR-142-5p,
miR-23a and miR-26b) and 4 miRNAs (bta-miR-125b, miR-145, miR-10b, miR-143) were
unique to milk whey, cells and mammary gland tissue, respectively (Figs 6B and 7).

We then explored which milk fraction miRNome profile was closer to that of mammary
gland tissue using Spearman’s correlation (Fig 4C). MiRNome of milk fat showed the highest
similarity with mammary gland tissue (rmean = 0.866) while milk whey and cells showed a
lower similarity (rmean = 0.755, 0.757 respectively, p< 0.01) with mammary gland tissue. The
highest heterogeneity was between milk cells and mammary gland tissue.

Fig 4. MiRNome homogeneity within milk fractions (A), miRNome similarity amongmilk fractions (B) andmiRNome similarity of milk fractions with
mammary gland tissue (C) using Spearman’s correlations. Fat: milk fat; Cell: milk somatic cells; MGT: mammary gland tissue.

doi:10.1371/journal.pone.0154129.g004

Fig 5. Clustering of milk samples using Hierarchical clustering (Spearman’s rank correlation) (6A) and Pvclust with bootstrap analysis (1000
times) (6B). Normal bootstrap resampling values are represented in the Fig by green letters "bp", for "bootstrap probability". The multi-scale bootstrap
resampling probabilities are represented by red letters "au", for "approximately unbiased", and are generally preferred over the "bp" bootstrap probabilities.

doi:10.1371/journal.pone.0154129.g005
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Function of highly expressed milk miRNAs in milk fractions
The fourteen miRNAs that were highly expressed in the three milk fractions (Fig 7) were
imported into IPA software to explore their potential biological functions. The fourteen

Fig 6. Overlapping of all detected knownmiRNAs (A) and top 20 expressed miRNAs in milk fractions (fat, whey and cells) andmammary gland
tissue (MGT) (B).

doi:10.1371/journal.pone.0154129.g006

Fig 7. Most highly expressedmiRNAs in cowmilk fat, whey, cells andmammary gland tissues expressed in count per million (CPM). Red color
represents the most highly expressed miRNAs while green color represents relatively lowly expressed miRNAs with lighter color intensities as intermediate
highly expressed miRNAs. Underlined CPM numbers indicate that the corresponding miRNAs are among the top 20 expressed miRNAs in the corresponding
milk fraction or mammary gland tissue. Four miRNAs that were only among the top 20 expressedmiRNAs in mammary gland tissue are not shown.

doi:10.1371/journal.pone.0154129.g007
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miRNAs were predicted to target 1802 mRNAs with high confidence using IPA target filter.
The target genes were enriched in 22 molecular functions including cellular related functions
(cellular growth and proliferation, cell death and survival, cellular movement, cellular develop-
ment, etc.), protein synthesis and metabolism of carbohydrate and lipid (Table 2). When prob-
ing into functions related to physiological system development (Table 3), 18 out of the 25
identified functions were associated with organ/tissue/embryonic development or the develop-
ment and function of hematological system, cardiovascular system, skeletal and muscular sys-
tem, etc. Functions related with immune cell trafficking and cell-mediated immune response
were also enriched. The enriched functions in the category of disease agreed with the category
of physiological system development, showing that most diseases (17/22) were associated with
developmental disorders (Table 4). Top canonical pathways of the 14 miRNAs included axonal
guidance signaling, protein kinase A signaling, cardiac hypertrophy signaling, glucocorticoid
receptor signaling and breast cancer regulation by stathmin1 (S6 Table).

Milk and mammary gland tissue enriched miRNAs
Apart from the high similarity between milk fractions, we further explored the relationship
between highly expressed miRNAs in each milk fraction and mammary gland tissue. Our anal-
ysis revealed that three miRNAs were highly enriched (high expression level, log2 fold
change> 2, FDR< 0.05) in whey and 11 in milk cells (Table 5). In contrast, no miRNA were
specifically enriched in milk fat. Another 14 miRNAs demonstrated a high enrichment in
mammary gland tissues and low/no expression in the three milk fractions. Interestingly, bta-
miR-221/miR-222, and bta-miR-143/145 which were abundantly expressed in milk cells are
located close to one another, within one chromosomal cluster on chromosome X. Furthermore,

Table 2. Significantly enrichedmolecular functions by the target genes (1802) of 14 highly expressed
miRNAs in milk fractions.

Category p-value #Molecules

Cellular growth and proliferation 1.26E-195–6.91E-29 1004

Cell death and survival 1.3E-170–3.17E-28 907

Cellular Movement 1.1E-145–2.08E-29 678

Cellular Development 2.95E-136–2.27E-28 917

Cell Morphology 5.63E-119–2.07E-28 685

Gene expression 2.87E-114–3.73E-41 689

Cellular function and maintenance 2.74E-101–2.07E-28 700

Cell cycle 4.14E-84–2.97E-29 424

Cellular assembly and organization 2.53E-78–2.07E-28 480

Post-translational modification 2.03E-76–9.19E-29 402

Carbohydrate metabolism 1.84E-57–6.34E-30 356

DNA replication, recombination, and repair 1.08E-53–1.08E-53 162

Lipid metabolism 1.55E-52–1.38E-44 352

Molecular transport 1.55E-52–6.38E-29 567

Small molecule biochemistry 1.55E-52–6.53E-35 470

Cell signaling 1.97E-50–6.38E-29 432

Cell-to-cell signaling and interaction 1.97E-44–1.61E-28 599

Free radical scavenging 5.12E-43–5.29E-30 166

Amino acid metabolism 5.07E-41–5.07E-41 99

Protein synthesis 1.63E-40–1.11E-33 376

Vitamin and mineral metabolism 6.38E-29–6.38E-29 117

doi:10.1371/journal.pone.0154129.t002
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bta-miR-199a-5p and miR-199b which are from the same miRNA family are enriched in mam-
mary gland tissue. These results suggest that the specifically enriched miRNAs might be co-
expressed and co-secreted. Some of the specifically enriched miRNAs were further verified
using real-time quantitative PCR.

The whey, cell and mammary gland enriched miRNAs were predicted to target 1894, 3314
and 5775 genes respectively using IPA miRNA target filter. These targets genes were further
subjected to the IPA core analysis to explore their potential related biological functions. The
majority of the significantly enriched molecular functions, physiological and development
functions, and diseases were shared among the milk fractions and mammary gland tissue (S2–
S4 Figs, S7 Table). Most exclusive functions were found in whey (cellular compromise, drug
metabolism, lipid metabolism, immune cell trafficking, organismal functions, auditory and ves-
tibular system development and function, dermatological diseases and conditions, inflamma-
tory disease, metabolic disease). In contrast, cell fraction had two exclusively enriched
functions (humoral immune response and nutritional disease) while mammary gland tissue
had none except for functions shared with milk fraction.

Validation of miRNA expression by qPCR
Real time qPCR was used to validate the expression of two top expressed miRNAs as well as
eight highly enriched miRNAs in milk fractions and mammary gland tissue (Fig 8). qPCR

Table 3. Significantly enriched functions related with physiological system development by target
genes (1802) of the 14 highly expressedmiRNAs in milk fractions.

Category p-value #Molecules

Organismal development 6.33E-104–3.56E-28 949

Tissue development 5.69E-63–3.56E-28 841

Organismal survival 1.15E-181–9.25E-41 803

Embryonic development 6.33E-104–3.56E-28 690

Tissue morphology 1.3E-108–1.37E-28 680

Organ development 5.69E-63–3.56E-28 620

Hematological system development and function 3.4E-63–2.01E-30 513

Cardiovascular system development and function 1.11E-122–1.36E-29 479

Skeletal and muscular system development and function 5.69E-63–1.62E-29 464

Connective tissue development and function 2.27E-60–6.97E-30 451

Behavior 3.24E-86–8.65E-30 375

Organ morphology 1.07E-56–1.36E-29 365

Reproductive system development and function 4.31E-56–9.73E-38 313

Digestive system development and function 1.55E-50–1.98E-33 300

Lymphoid tissue structure and development 4.38E-60–3.56E-28 293

Hematopoiesis 4.38E-60–2.01E-30 287

Immune cell trafficking 1.06E-50–3.42E-38 251

Hair and skin development and function 2.88E-43–2.27E-28 246

Nervous system development and function 6.05E-45–1.37E-39 199

Respiratory system development and function 1.17E-42–5.51E-35 169

Visual system development and function 3.57E-36–3.57E-36 148

Endocrine system development and function 5.25E-37–5.25E-37 137

Cell-mediated immune response 2.02E-45–9.18E-45 133

Renal and urological system development and function 2.66E-30–3.22E-29 102

Hepatic system development and function 3.38E-39–1.07E-38 90

doi:10.1371/journal.pone.0154129.t003
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results of the two top expressed miRNAs (bta-miR-148, miR-21-5p) were consistent with
results of miRNA-sequencing, demonstrating the highest level of expression in the correspond-
ing milk fraction and in mammary gland tissue. Bta-miR-423-5p which was found to be a
whey enriched miRNA by DE analysis showed the highest expression in whey (p< 0.05) while
the four cell enriched miRNAs (bta-miR-142-5p, miR-146a, miR-221, miR-223) were most
highly expressed in milk cells than in the other two milk fractions (p< 0.05). Statistically, bta-
miR-142-5p and miR-146a demonstrated a comparable expression level between milk cell and
mammary gland tissue. In addition, the expression of three mammary gland tissue enriched
miRNAs (bta-miR126-3p, miR-145-5p and miR-199a-5p) was significantly higher in mam-
mary gland tissue than in the three milk fractions (p< 0.05).

Discussion
In this study, we have successfully isolated total RNA from different milk fractions including
fat, whey and cells for small RNA-Seq library preparation. Our data showed differences/simi-
larities between the miRNomes of the milk fractions. The differences/similarities mainly stem
from the milk secretion process which decides the RNA origin of each fraction. Milk fat glob-
ules can trap cytoplasmic crescents of mammary epithelial cells during fat secretion by mam-
mary epithelial cells [14], which explains the high correlation between the miRNome of milk
fat and mammary gland tissue in this study. Milk somatic cells are more heterogeneous consist-
ing of both immune and exfoliated epithelial cells which are shed into milk from the udder epi-
thelium. In milk whey, there are exosomes which are released into milk by epithelial cells [2].
The epithelial cells which are shed into milk are usually dead cells and thus cannot fully depict

Table 4. Significantly related diseases of the gene targets (1802) of the 14 highly expressedmiRNAs
in milk fractions.

Category p-value #Molecules

Cancer 2.43E-84–3.79E-28 1668

Organismal injury and abnormalities 3.4E-73–3.79E-28 1677

Infectious diseases 7.99E-73–9.37E-29 374

Developmental disorder 1.5E-64–6.51E-33 590

Reproductive system disease 1.18E-62–4.22E-29 988

Skeletal and muscular disorders 8.46E-62–5.84E-30 694

Hematological disease 5.34E-59–1.39E-28 529

Tumor morphology 7.43E-58–2.18E-33 279

Metabolic disease 1.16E-55–3.55E-31 426

Inflammatory response 6.6E-53–1.03E-35 422

Gastrointestinal disease 1.74E-52–3.79E-28 1329

Neurological disease 6.11E-52–5.84E-30 564

Cardiovascular disease 3.54E-50–9.33E-31 287

Connective tissue disorders 4.49E-50–5.34E-42 402

Inflammatory disease 3.9E-44–7.21E-39 335

Endocrine system disorders 4.2E-43–5.67E-30 430

Immunological disease 1.7E-40–1.39E-28 482

Nutritional disease 3.21E-37–3.21E-37 150

Psychological disorders 6.16E-36–7.12E-29 354

Hepatic system disease 6.04E-34–3.79E-28 788

Respiratory disease 6.25E-34–5.25E-29 270

Hereditary disorder 6.89E-33–5.84E-30 287

doi:10.1371/journal.pone.0154129.t004
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the true metabolic state of MECs [34]. Instead, milk fat and whey contains RNA from secreting
MECs and might be a better source of mammary RNA [25].

Total RNA concentrations were higher in milk fat and somatic cells than in the whey frac-
tion as has been found in a previous study [12]. The RNA integrity of somatic cells was the
highest while those of milk fat and whey were much lower. The low RNA integrity in milk fat
could be due to its vulnerability to degradation [35] but is more likely a result of contaminant
from bacteria sequences [36] (RNA or low molecular weight fragments between 5S region and
18S region on electrophoretic electropherogram, Fig 1). However, the small RNAs from bacte-
ria range in length from 50 to 500 nt [37] which is out of the detection range of the small RNA
library preparation and sequencing method used. Nevertheless, when small RNAs were sepa-
rated from the total RNA, we could see a typical peak corresponding to the small RNA fraction,
an indication that this fraction was intact (S1 Fig), as have been observed in our previous RNA
extraction from tissue samples (data not shown). The low RNA integrity of milk whey, with a
sharp peak between 25nt and 200nt in the electropherogram is due to abundant amounts of
low weight molecules including 5S rRNA and small RNAs as compared to much lower

Table 5. Milk fractions andmammary gland tissue (MGT) highly enrichedmiRNAs (in bold face and underlined), expressed in CPM.

Milk fat Milk whey Milk cell MGT

Cow No. 12 16 710 7134 12 16 710 7134 12 16 710 7134

Milk whey bta-miR-423-5p 4691 2295 2637 1029 41438 41117 49571 65649 1404 3356 2143 1759 488

bta-miR-2478 63 110 80 52 490 166 1850 904 94 325 219 100 172

bta-miR-EIA10_2262 239 78 81 180 1955 1866 1830 1008 76 176 77 231 0

Milk cells bta-miR-142-5p 596 1789 3431 40 53 337 476 166 12001 30265 25009 3819 2384

bta-miR-10a 34 32 45 5 7 27 29 12 329 649 645 198 3359

bta-miR-146a 294 994 1790 36 23 96 63 26 5346 6086 5514 1518 1231

bta-miR-205 58 39 48 6 5 23 49 15 254 264 397 330 1463

bta-miR-223 125 341 653 3 9 21 16 10 6533 9801 11038 655 9

bta-miR-221 187 520 805 9 23 218 162 35 2175 2778 3240 977 256

bta-miR-150 22 28 160 11 15 10 49 25 3307 3888 4875 2143 145

bta-miR-222 139 359 622 12 11 62 130 32 2067 4580 3604 778 176

bta-miR-155 54 114 198 31 130 109 149 101 1211 1811 1694 404 109

bta-miR-224 20 14 54 4 9 13 36 10 226 170 245 319 257

bta-miR-31 91 31 42 10 3 13 5 1 206 171 241 676 1

MGT bta-miR-143 243 246 217 89 90 127 114 106 482 275 238 579 118288

bta-miR-10b 23 190 132 76 41 185 203 85 7 33 19 38 59944

bta-miR-145 58 63 68 14 14 51 43 37 126 127 72 100 11993

bta-miR-100 19 45 51 16 22 36 61 44 65 123 179 136 9156

bta-miR-199a-5p 0 0 0 0 2 3 5 1 1 1 4 0 7407

bta-miR-126-3p 3 2 3 4 3 1 4 2 3 3 3 9 7004

bta-miR-126-5p 0 0 0 0 0 0 0 0 0 0 0 0 5161

bta-miR-199b 0 0 0 0 2 0 0 1 23 1 10 0 3790

bta-miR-127 182 192 23 42 448 237 42 114 66 46 6 20 3780

bta-miR-96 1558 1379 1470 2725 1278 1629 1022 685 1245 692 773 2228 3549

bta-miR-199a-3p 4 3 2 2 0 2 2 1 67 1 17 2 3425

bta-miR-1468 124 191 173 109 261 217 389 388 179 213 209 93 1623

bta-miR-101 303 277 271 509 132 119 66 41 416 345 344 516 1427

bta-miR-195 0 0 0 0 1 1 1 1 8 9 11 28 635

doi:10.1371/journal.pone.0154129.t005

miRNomes of Bovine Milk Fat, Whey and Cells

PLOS ONE | DOI:10.1371/journal.pone.0154129 April 21, 2016 14 / 21



amounts of 18S and 28S rRNA (Fig 1C). This observation is supported by previous findings
[2,7,11,38] where a dominant small RNA proportion was found in milk whey.

The miRNA profile of bovine milk fat and whey as well as mammary gland tissue/mammary
epithelial cells has been determined using high throughput sequencing in several studies with
various number of miRNAs (novel and known) detected. For instance, Chen et al. [23] identi-
fied 245 miRNAs from milk plasma (whey); Jin et al. [39] reported 245 miRNAs in MAC-T
cells (a bovine mammary epithelial cell line) while Bu et al. [40] reported 388 known miRNAs
in a bovine mammary epithelial cell line of Chinese Holstein cattle origin. In our recent study
[17], 321 known miRNAs were identified in bovine mammary gland tissue. Although the num-
ber of identified miRNAs differed in these studies, many of the top expressed miRNAs in this
study are also amongst top highly expressed miRNAs in previous studies on bovine milk either
from whey [4], mammary epithelial cells [39], whey exosomes [16] or mammary gland tissue
[17,41,42] (Table 6). These highly, commonly expressed miRNAs observed in various studies
suggest that they may have critical regulatory roles in bovine mammary gland development/
productivity and possibly, to milk recipients (humans).

One of our primary aims was to determine whether milk sampling could be a non-invasive
replacement of biopsy sampling to study the miRNome of mammary gland tissue. The biopsy
approach is the method of choice to harvest mammary gland tissues for monitoring the miR-
Nome activities of mammary epithelial cells in vivo but it is invasive, expensive, technically
challenging and could predispose animals to disease pathogens. A non-invasive method is thus
much needed to enable easy collection of samples and repeat analysis with minimal damage to
cow health. mRNA isolated from milk fat and somatic cells generally demonstrated a similar
mRNA transcriptome with mammary gland tissue and appear to be the simplest way to assess
the transcriptomes of mammary gland [25,35]. We thus explored whether it would hold for
miRNA profiles. A distinct separation of miRNA expression among the three milk fractions
was observed using the hierarchical cluster analysis. All samples clustered together by milk
fractions instead of by cows, with fat and whey samples being closer. The majority of the
detected known and novel miRNAs were shared among the three milk fractions with 14 out of
20 top expressed miRNAs common to all three fractions. Also, milk fat miRNome showed the

Fig 8. qPCR validation of two top expressedmiRNAs as well as milk whey (one), cell (four) and
mammary gland tissue (MGT) (three) enrichedmiRNAs.

doi:10.1371/journal.pone.0154129.g008

miRNomes of Bovine Milk Fat, Whey and Cells

PLOS ONE | DOI:10.1371/journal.pone.0154129 April 21, 2016 15 / 21



highest similarity with that of mammary gland tissue followed by whey. The lowest similarity
was observed between milk cells and mammary gland tissue which agrees with the heterogene-
ity of somatic cells. The fat fraction appeared to be enriched with RNA mostly from mammary
epithelial cells [35]. Therefore, we proposed that milk fat could be the best alternative to mam-
mary gland tissue in assessing the transcriptomic activities of mammary epithelial cells at the
miRNA level. However, it should also be noted that the mammary gland tissue is complex and
heterogeneous with multiple cell types including mammary epithelial cells, myoepithelial, stro-
mal and immune cells [44] which explains the degree of observed correlation with milk fat
miRNome as compared to the other fractions and could potentially cause the miRNome differ-
ence of mammary gland with milk.

MiRNAs in milk, especially in fat and whey fractions are secreted by mammary epithelial
cells and thus support their involvement in mammary gland development and milk synthesis.
Increasing evidence has highlighted the essential roles of miRNAs in regulating mammary
gland development and milk synthesis [17,39,45,46]. As expected, functional analysis of the 14
commonly and highly expressed miRNAs in the milk fractions showed that many of the molec-
ular functions were related to milk synthesis, e.g. fatty acid metabolism, protein synthesis,
amino acid metabolism, in addition to housekeeping related functions like cellular functions
(Table 2). The IPA function analysis tools not only provided us the enriched molecular func-
tions but also enabled us to dig deeper into the cellular functions associated with physiological
system development and disease related functions. We found that the miRNA targets were
related with infections like cell-mediated immune response and immune cell trafficking

Table 6. Highly expressedmiRNAs in this study are also among abundantly expressedmiRNAs in previous studies on bovinemilk andmammary
gland tissue/epithelial cells.

Chen et al
(2010)[4]

Jin et al
(2014)[39]

Li et al
(2012)[43]

Le Guilou et al
(2014)[41]

Li et al
(2015)[42]

Sun et al
(2015)[16]

Tissue type milk whey MAC-T1 MGT2 MGT MGT Milk exosome

Total miRNA
number

245 231 298 167 321 242

bta-miR-148a
p3 p p p p p

bta-miR-26a ×4
p p p p p

bta-miR-30a-5p
p

×
p p p p

bta-let-7a-5p
p p p p p p

bta-miR-99a-5p
p

×
p p p

×

bta-miR-21-5p
p p p p p p

bta-let-7b
p

×
p p p

__
p5

bta-miR-30d
p

_
p

× _
p p p

bta-miR-200c
p

_
p p p p p

bta-miR-200a × × _
p p p p

bta-miR-191 ×
p

_
p

_
p p p

bta-miR-186 ×
p

_
p

_
p p p

bta-miR-92a
p p

_
p p p p

bta-miR-24-3p
p

× ×
p p

×

1MAC-T: a bovine mammary epithelial cell line,
2MGT: mammary gland tissue,
3p Indicate highly expressed miRNAs in those studies (Top 30).
4× Indicate lowly expressed miRNAs in those studies (>Top50);
5
_
p

indicate medium expressed miRNAs (Top30-50) in those studies.

doi:10.1371/journal.pone.0154129.t006
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(Table 3), which agrees with the related diseases of the targets of these miRNAs (infectious dis-
eases, inflammatory response and inflammatory disease) (Table 4).

Apart from the similarities in the miRNome profiles of milk and mammary gland tissue,
some miRNAs were highly enriched in two milk fractions (3 in whey and 11 in cells) and mam-
mary gland tissue (14). Highly enriched miRNAs might point to important regulatory func-
tions specific to milk fractions or mammary gland tissue. Since highly enriched miRNAs in
milk whey are packaged in exosomes, they could potentially exert modulatory functions in
infants [47] to other milk recipients. For example, highly enriched miR-423-5p in whey has
been previously found to be highly expressed in porcine whey exosomes and could be involved
in regulation of the IgA network and immunity of piglets [7]. Interestingly, one whey highly
enriched miRNA is a novel miRNA, bta-miR-EIA10_2262, which also belongs to the miR-423-
5p family with the same seed region (gaggggc) and thus is expected to target similar genes
(with similar functions) as miR-423-5p. Notably, the function enrichment analysis showed that
the highest number of exclusively enriched functions were found in whey, suggesting a poten-
tial whey miRNA delivery of regulatory mechanisms [38,48], for example through immune cell
trafficking, organismal functions, auditory and vestibular system development and function. In
mammary gland tissue, highly enriched miR-126-3p regulates lactation and mammary gland
development in mouse [49]. However, roles of most of the identified highly enriched miRNAs
need to be further elucidated.

Milk is not just food but might represent a sophisticated signaling system that delivers
maternal milk-derived messages to promote postnatal health [6,47,50]. Breast milk contains
large amounts of miRNAs which is higher than that of other body fluids like plasma [51].
Advances in recent years have shown that cow milk miRNA can be absorbed by humans in
meaningful amounts [15] and can affect gene expression in human peripheral blood mononu-
clear cells [22]. Most enriched physiological functions of gene targets of the top expressed
miRNA were related with organ and tissue development (18/25) in the physiological system
development category. Besides, they were also implicated in organ developmental disorders
within disease category, suggesting that these miRNAs could play important roles in neonatal
development. Milk miRNA could also have regulatory roles in many metabolic pathways and
in immune development [21]. Even though functions of most of the abundantly expressed
miRNAs remain to be verified, roles of several miRNAs have been confirmed in recent years.
miR-21-5p mediates suppression of target genes to enhance upstream and downstream
mTORC1 (mammalian target of rapamycin complex 1) signaling for postnatal growth [20]
while miR-26a can enhance insulin sensitivity and suppress lipogenesis and gluconeogenesis
[52]. Two abundantly expressed miRNAs of miR-30 family, miR-30a and miR-30d, have also
been considered as regulators in promoting insulin sensitivity [53]. In addition, miR-24-3p is
implicated in the development of innate immunity [54] while miR-200 family have roles in
promoting antigen-specific T-cell activation [55] and in regulating differentiation and prolifer-
ation of neurons [56]. Notably, miR-200c was one of the cow milk miRNAs which was detected
in human plasma after meaningful milk consumption [22].

In conclusion, we have presented a comprehensive profile of the miRNome of milk with
respect to three fractions-, fat, whey and cells, using high throughput sequencing. Within milk
fractions, fat and whey samples clustered closely and demonstrated the highest similarity. Fur-
thermore, the comparison between miRNome from milk fractions with that from mammary
gland tissue showed that milk fat would be a good alternative in evaluating the miRNome pro-
file of mammary gland tissue. Our data also showed that highly expressed miRNAs in the three
milk fractions could be important regulators of mammary gland function and potentially
infant development.
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RNA fraction and (F) small RNA fraction from trial sample 2. C shows that the small RNA
fraction is intact despite evidence of degradation or presence of contaminating bacterial
sequences (large peak from 200 to 900 nt in the electropherogram). Furthermore, improved
RIN value of long RNA fraction (B and E) depended on the RIN value of the starting material
(A and D).
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