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Abstract
Mammalian milk including microRNAs (miRNAs) as a novel class of noncoding RNAs, 
that can be transferred to infants and it plays on a critical role in biological functions such 
as immune regulation and development. However, the origin and functional importance of 
milk-derived miRNAs are still undetermined. This study applied RNA sequencing to explore 
the featured profiles of miRNA expression in colostrum and mature milk-originated exosomes 
from human, bovine, and caprine milk. These dietary exosome-derived miRNAs are highly 
conserved in human, bovine and caprine milk. Interestingly, abundant miRNAs expressed 
in human milk are similarly conserved across species. In addition, we confirmed that im-
mune-related miRNAs (miR-30a-5p, miR-22-3p, and miR-26a) are commonly observed in 
the colostrum and mature milk of cows and caprines as well as humans. Our results provide 
new insights and resources for investigating the functionality of immune-associated miRNAs 
and evaluating physiological and biological condition in human, bovine and caprine milk as 
biomarkers.
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INTRODUCTION
Milk is a major nutritional source for infants, and breastfeeding is one of the most valuable 
participants to infant health [1]. In addition, breastfeeding reduces the risk of acute infant-related 
diseases by providing an infant with a developmental program and protection against infection 
[2–4]. The components of breast milk can contribute the immune response of newborns, and they 
influence on the development of infant and children’s immune systems. However, the mechanisms of 
immune modulation by breast milk are still unclear and might predicted from the role of biological 
macromolecules existed in breast milk including antibodies, growth factors, and nucleic acids [5]. An 
additional unique bioactive component of breast milk recently discovered is microRNA (miRNA) 
[6,7].
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Since 1993 discovered on their importance, it has been well-established that miRNAs composed 
with 18–22 nucleotides in length as a small class of noncoding RNAs (ncRNAs), principally 
contribute as post-transcriptional regulators of target gene expression by RNA interference [8]. 
In particular, they have served as key players of gene regulation at the post-transcriptional level in 
humans, animals and plants [9–11]. In addition, a variety of miRNAs are present in body fluidic 
system contacting tears, saliva, plasma, and urine as well as commonly in breast milk [12]. Exosomes 
are membrane-bound extracellular vesicles (EVs) with a diameter of 40 to 100 nm that are released 
from the cells into the extracellular space after being formed within multivesicular bodies in the 
endosome system [13]. The exosomal cargo is genetic material including DNA, mRNA, miRNA, 
proteins and lipids [14]. In particular, they are abundant in various type of RNA including coding 
RNA and ncRNA [8]. Interestingly, previous studies indicated that exosomes are rich in breast 
milk and contains miRNAs related to the immune system as well as the nutrition of newborns 
[8,15,16]. Exosomes are continuously secreted into mammary fluidic system (e.g., mature milk and 
colostrum), and they act a key player for intracellular communication by carrying their contents (e.g., 
miRNA) to target cells [17,18]. Initially, existence of milk-derived exosomes were reported from 
human breast milk [19] and later in milk and colostrum from animals such as cows [20], caprines 
[21], and pigs [15]. Previous studies have characterized and investigated on a number of miRNAs 
that originated from milk exosomes of various mammals [6,8,22]. However, less information is 
available on the identification of miRNAs in exosomes derived from milk components present in 
various mammals. Identification of miRNAs in exosomes isolated from colostrum and mature milk 
from various mammals can be useful for exploring biological functionality related to the newborn’s 
immune system. The purpose of this study was to identify profiling of miRNAs and characterize 
their genetic diversities in exosomes derived from the colostrum and mature milk of three different 
species of mammals.

MATERIALS AND METHODS
Milk samples
Bovine colostrum and mature milk samples were collected from 6 healthy Holstein cows (for 
colostrum, it was taken from the cows within 3 days postpartum, n = 3; for mature milk, it was 
taken from cows at 30 days postpartum, n = 3). In the same manner, caprine colostrum and mature 
milk samples were also obtained from the Saanen breed for colostrum (n = 3) and mature milk (n 
= 3). Moreover, human breast milk samples were collected from two volunteers ( Jeonju, Jeollabuk-
do, Korea). Human breast colostrum and mature milk samples were collected from healthy mothers 
during the first 3 days and 30 days after delivery, respectively. Each milk sample was collected, and 
then the collected samples totaling 50–100 mL were put into storage bags. All milk samples were 
frozen immediately after collection and were kept at −80℃ until use. All procedures in this study 
were approved by the Investigational Review Board (IRB) of Jeonju University (jjIRB-2020-1205).

Isolation of dietary exosome from the milk samples
Isolation of exosomes from the milk was performed using established methods in previous studies 
with minor modifications [23]. Briefly, the milk samples were centrifuged at 1,500×g and 4℃ for 
30 min to remove fat, cells, and debris. The supernatant was defatted at 16,500×g for 1 h at 4℃ 
to remove the casein. The casein-removed supernatant (whey) was then passed through 0.45- and 
0.22-μm filters to remove residual cell debris. The clear supernatant was carefully collected to avoid 
contamination of the pelletized exosomes. The pelletized exosomes were resuspended in phosphate-
buffered saline (PBS), followed by ultracentrifugation for washing (100,000×g, 4℃, 90 min). After 
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washing twice with additional ultracentrifugation (135,000×g, 4℃, 90 min), the exosomes were 
reconstituted in PBS.

Extraction of miRNA and small RNA-sequencing
Extraction of miRNA from the milk exosomes was performed using established methods in 
previous studies with minor modifications [24]. Briefly, miRNA was extracted from milk exosomes 
using combined phenol and column methods: phenol methods using Qiazol® (Qiagen, Hilden, 
Germany) and column methods using the miRNeasy® Mini kit (miRNeasy I, Qiagen). All 
methods were employed according to the manufacturer’s instruction. The miRNAs extracted were 
re-suspended with 50 μL of nuclease-free water. The integrity of the miRNAs as well as quality and 
quantity were determined on an Agilent 2100 Bioanalyzer using an RNA 6000 Pico Kit (Agilent 
Technologies, Santa Clara, CA, USA) according to the manufacturer’s manual. The sequencing 
service and library preparation were provided by Macrogen, Korea. All libraries were sequenced 
using the HiSeq platform (Illumina).

Bioinformatics analysis
Low quality reads were removed from the raw data, high quality reads were then subjected to 
sRNAbench for adapter sequence trimming and length distribution analysis read. The sequences 
with read length larger than 15 nt were aligned against human, bovine, and caprine miRNA 
database (miRBase, release ver. 22) [25] with the default parameters to identify known miRNAs 
using sRNAbench and did not allow any discrepancies. Each library was processed separately, and 
the expression level of miRNA was estimated by sRNAbench, which normalized the number of 
reads for each miRNA RPM. The miRNA unique sequences were applied to investigate the level of 
the miRNA expression based on the normalized read count.

Statistical analysis
All data are expressed as the means ± SD. Statistical analysis was performed by one-way analysis of 
variance (ANOVA). A value of p < 0.05 was considered statistically significant.

RESULTS AND DISCUSSION
Comparison of miRNAs in exosomes from human breast colostrum and mature milk
Initially, human breast milk was profiled for miRNA using a small RNA sequencing method to 
compare colostrum collected within 3 days after delivery and mature milk collected 30 days after 
delivery. The comparison of expression between the exosomes of human colostrum and mature milk 
was performed mainly on read count, and similar to cow milk, it was confirmed that the majority of 
the increased miRNAs had 2–4 times increased expression (Fig. 1A). In particular, it was confirmed 
that there were many miRNAs with increased expression of 2 to 4 times or less in the exosomes 
of human colostrum and that there were many miRNAs with increased expression of 4 times or 
more in the exosomes of mature human milk. The top 50 miRNAs most abundant in each exo-
some of human colostrum and mature milk are plotted in Fig. 1B. As a result, 37 out of 50 (58.7% 
of each sample) were found in common, among which the top 6 miRNAs in exosomes of human 
colostrum were included. When comparing the ratios of the top 10 common miRNAs in exosomes 
of human colostrum and mature milk, it was confirmed that they existed at different ratios (Fig. 
1C). In the case of exosomes of human colostrum, it was confirmed that hsa-miR-22-3p was the 
most abundant, and in the case of exosomes of mature milk, it was confirmed that hsa-miR-141-
3p was the most abundant. The identified miRNAs existed abundantly in human milk previous 
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studies is consistent with results from previous studies [26,27]. Of the unique miRNAs most highly 
expressed in several studies [26,27], 9 miRNAs (except hsa-miR-27b-3p) were also found in the 
top 10 group in our study. This small but notable difference can be attributed to different ranking 
approaches, but it also implies a human-specific difference in the relative abundance of human milk 
exosome miRNAs. Additionally, based on results described previously [26–29], immune-related 
miRNAs were compared with those identified in our study. Among the top 50 miRNAs, 29 (58%) 
and 25 (50%) immune-related miRNAs were present in colostrum and mature milk, respectively. 
In particular, there were 23 (62.16%) immune-related miRNAs in abundant miRNAs common to 
both colostrum and mature milk. These characterized miRNAs reinforce the idea that immune-as-
sociated miRNAs are abundant in breast milk exosomes, suggesting that more of these miRNAs 
could be detected.

Comparison of miRNAs in exosomes from bovine colostrum and mature milk
After collecting the colostrum and mature milk, it was quickly frozen at −20℃ and quickly trans-
ferred to the laboratory, and then exosomes were isolated and stored at −80℃. The miRNAs were 
isolated from exosomes isolated from bovine colostrum and mature milk. In the comparison of ex-
pression, miRNAs with 2- to 4-fold increased expression were the most abundant (Fig. 2A). In the 
exosomes of bovine colostrum, bta-miR-221 showed up to 48-fold expression compared to bovine 
mature milk, and in the exosomes of bovine mature milk, bta-miR-375 showed up to a 23-fold 
increase in expression. These miRNAs are thought to be some of the miRNAs showing functional 
differences between bovine colostrum and mature milk. The top 50 miRNAs, most abundantly 
present in bovine colostrum and mature milk exosomes, respectively, are plotted in Fig. 2B using 

Fig. 1. MicroRNAs expressed in exosomes derived from human breast colostrum and mature milk. (A) Expression patterns of miRNAs expressed in 
human colostrum and mature milk. (B) Venn diagram depicting miRNAs expressed in human colostrum and mature milk. (C) Abundance profile of miRNAs in 
percentage (%) for each miRNA of colostrum and mature milk in the top 10 miRNAs read (indicated with red) by next generation sequencing (NGS).
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a Venn diagram. When comparing the top miRNAs in the bovine colostrum and mature milk 
exosomes, there were around 40 miRNAs (66.7% of each sample) in common, among which all 
of the top 10 miRNAs in the colostrum were included. In mature milk exosomes, 9 of them were 
included in the top 10. Colostrum-specific and mature milk-specific miRNAs were present in each 
of the 10 samples, and the corresponding lists are shown in Fig. 1B. The proportions in each sam-
ple of the top 10 miRNAs were different (Fig. 2C), indicating that there is potential for functional 
differences between bovine colostrum and mature milk. The overall ratio of the top 10 miRNAs 
was approximately 73% in bovine colostrum and approximately 75% in mature milk. There were 
4 immune-related miRNAs (bta-miR-26a, bta-181a, bta-let-7a-5p, bta-miR-191, and bta-miR-
27b) in the top 10 miRNAs among the common abundant miRNAs in colostrum and mature 
milk-derived exosomes [15,30]. In addition, among the many miRNAs common to colostrum and 
mature exosomes, bta-miR-26a, the most abundant miRNA in colostrum, and bta-let-7a-5p, the 
most abundant miRNA in mature milk, are immune-related miRNAs. Among the common top 10 
miRNAs, 7 miRNAs (bta-miR-26a, bta-miR-181a, bta-let-7a-5p, bta-miR-191, bta-miR-148a, 
bta-let-7f, and bta-miR-27b) were abundant in milk, as shown in previous studies [15,30,31]. The 
shared 7 miRNAs might be associated with fundamental functions of bovine milk.

Comparison of miRNAs in exosomes from caprine colostrum and mature milk
Caprine milk was also profiled for miRNA using a small RNA sequencing method to compare 
colostrum collected within 3 days after delivery and mature milk collected 1 month after delivery. 
As a result of comparing the miRNA expression of caprine colostrum and mature milk exosomes, 
miRNAs with increased expression 2 to 4 times similar to cow and human milk exosomes 

Fig. 2. MicroRNA expressed in exosomes from bovine colostrum and mature milk. (A) Expression patterns of miRNAs expressed in bovine colostrum 
and mature milk. (B) Venn diagram depicting miRNAs expressed in bovine colostrum and mature milk. (C) Abundance profile of miRNAs in percentage (%) for 
each miRNA of colostrum and mature milk in the top 10 miRNAs read (indicated with red) by next generation sequencing (NGS).
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accounted for the majority (Fig. 3A). The top 50 miRNAs, which are most abundant in caprine 
colostrum and mature milk exosomes, are plotted in a Venn diagram (Fig. 3B). As a result, among 
the top 50 miRNAs, 41 (69.5% of each sample) were common, and among them, all of the top 
10 miRNAs in the exosomes of caprine mature milk were included. When comparing the ratio of 
each sample of the top 10 miRNAs, it was confirmed that 3 (chi-miR-148a-3p, chi-miR-30a-5p 
and chi-miR-378-3p) of the top 10 miRNAs were more abundant in colostrum, and the remaining 
7 were more abundant in mature milk (Fig. 3C). Of the top 10 miRNAs most highly expressed in 
caprine milk in previous studies [5,32], six miRNAs (chi-miR-21-5p, chi-miR-92a-3p, chi-miR-
92b, chi-miR148a-3p, chi-miR-146b-5p, and chi-miR-30a-5p) were included in the top 10 groups 
in our study. In addition, miR-148a is reported to be one of the most highly expressed miRNAs in 
caprine milk before and after pasteurization [5], and this study also found high levels of miR-148a. 
Interestingly, three of the four miRNAs (chi-miR-27b, chi-miR-103, and chi-miR-200a) reported 
to be involved in milk fat synthesis during caprine lactation were included in colostrum and mature 
milk [33]. In addition, two of the five miRNAs (chi-miR-146 and chi-miR-223) reported as 
immune-related miRNAs in caprine milk were identified in this study [34].

Comparative analysis of miRNAs from human, bovine and caprine mature and 
colostrum milk-derived exosomes
The top 10 miRNAs abundant in milk exosome-derived miRNAs for each species were 
investigated (Fig. 4). First, in colostrum exosome-derived miRNAs, a total of 4 miRNAs were 
common in humans, bovines and caprines (Fig. 4A). In addition, humans and bovines had a total 
of 8 miRNAs in common, and humans and caprines had 6 miRNAs in common. However, in the 

Fig. 3. MicroRNA expressed in exosomes from caprine colostrum and mature milk. (A) Expression patterns of miRNAs expressed in caprine colostrum 
and mature milk. (B) Venn diagram depicting miRNAs expressed in human colostrum and mature milk. (C) Abundance profile of miRNAs in percentage (%) for 
each miRNA of colostrum and mature milk in the top 10 miRNAs read (indicated with red) by next generation sequencing (NGS).
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case of bovines and caprines, only four miRNAs existed in common with humans. In the case of 
mature milk, a total of 4 miRNAs were common in humans, bovines and caprines, similar to the 
colostrum-derived miRNAs (Fig. 4B). Humans and bovines, humans and caprines, and bovines and 
caprines each had 5 common miRNAs. Next, in miRNAs derived from both colostrum and mature 
milk, a total of 3 miRNAs existed in common from humans, bovines, and caprines. Interestingly, 
we found that milk-derived exosomes of bovines and humans have the most miRNAs (8 miRNAs) 
in common. These results propose that miRNAs in human and bovine milk are more similar than 
those in caprine milk.

Bovine and caprine milk are most widely applied as dietary dairy products, and it is important 

Fig. 4. Comparative analysis of exosome-derived microRNA in human, bovine and caprine colostrum 
and mature milk. (A) Venn diagram depicting the top 10 miRNAs expressed in human, bovine and caprine 
colostrum and mature milk. (B) Venn diagram depicting the top 10 miRNAs expressed in mature milk of humans, 
bovines and caprines. (C) Venn diagram depicting the top 10 miRNAs expressed in common in colostrum and 
mature milk from humans, bovines and caprines.
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to determine their levels of miRNA expression, as it is a major component of infant formula [5]. 
Milk exosomal miRNAs are transferred from humans to humans as well as from livestock milk 
to influence on the expression of essential genes in target cells and tissues [35,36]. We showed in 
this study that highly expressed milk-derived miRNAs are primarily immune-related miRNAs 
[5,15,26–30,32]. In human colostrum, 6 miRNAs (miR-26a, miR-181a, let-7a-5p, miR-30a-
5p, miR-22-3p, and miR-141) of the top 10 miRNAs are related to immunity, and 2 of them are 
common to cow and caprine colostrum. In human mature milk, 5 miRNAs (miR-141-3p, miR-
181a, miR-30a-5p, miR-22-3p, and miR-26a) in the top 10 were related to immunity, and 3 of 
them were common to cow and caprine milk. Interestingly, let-7a-5p, a miRNA that was relatively 
less expressed in human milk, was more abundant in cows and there was more miR-146b-5p in 
caprines. Among the miRNAs that are commonly expressed in human colostrum and mature milk, 
7 miRNAs (including miR-22-3p, miR-30a-5p, and miR-26a-5p) of the top 10 miRNAs were 
associated with immunity, and 3 of them were identified as common between cattle and caprines. 
Interestingly, we indicated that the miRNAs that are highly expressed in human milk are similarly 
conserved across species. Milk is an abundant source of exosomal miRNAs that are evolutionarily 
conserved among mammals. Therefore, functional studies of other species of highly conserved 
exosomal miRNAs can be used to a variety of mammalian milk samples. 

Taken together, we found that miR-30a-5p, miR-22-3p, and miR-26a are highly conserved in 
colostrum and mature milk in cows, caprines, and humans, suggesting their possible importance 
in neonatal growth. Our results provide new insights and resources for discovering the noble 
functionality of immune-associated miRNAs from dietary exosome [37] and for developing infant 
formulas taking into account the differences on miRNA expression in human, bovine and caprine 
milk as well as evaluating biological features as diagnostic biomarkers.
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