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Abstract 

MicroRNA (miRNA) is a type of endogenous non-coding small RNA, which is abundant in living organisms. miRNAs 
play an important role in regulating gene expression and myriad cellular processes by binding to target messenger 
RNAs through complementary base pairing, and cross-species regulation mammalian cells by plant-derived xeno-
miRNAs has been described. Here, we examined the miRNA species in two alfalfa (Medicago sativa, lucerne) cultivars 
commonly grown in Ningxia, China: cv. Zhongmu 1 and cv. Xinyan 52. Both cultivars have good salt and drought 
resistance. We found that the miRNA profiles were similar between the cultivars, with a slightly higher number of miR-
NAs present in the newer cv. Xinyan 52, which may contribute to its improved salt and drought tolerance. miRNAs 
were stable during drying, and some miRNAs were increased in dry versus fresh alfalfa, suggesting some miRNAs 
may be upregulated during drying. Alfalfa-derived miRNAs could be detected in exosomes from serum and whey 
collected from dairy cows, confirming the ability of the exogenous miRNAs (xeno-miRNAs) to enter the circulation 
and reach the mammary epithelium. In vitro studies confirmed that overexpression of mtr-miR156a could downregu-
late expression of Phosphatase 2 Regulatory Subunit B’gamma ( PPP2R5D) and Phosphoinositide-3-kinase Regulatory 
Subunit 2 (PIK3R2). Overexpression of mtr-miR156a also modulated PI3K–AKT–mTOR signaling as well as the casein 
content of milk produced by bovine mammary epithelial cells. Based on the known roles of PPP2R5D and PIK3R2 
in regulating the PI3K–AKT–mTOR pathway as well as the effect of PI3K–AKT–mTOR on milk protein content, our find-
ings implicate alfalfa-derived miR156a as a new cross-species regulator of milk quality in dairy cows.
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Introduction
MicroRNA (miRNA) is a type of endogenous non-coding 
small RNA, which is abundant in living organisms. miR-
NAs play an important role in regulating gene expres-
sion and myriad cellular processes such as differentiation, 

proliferation, and apoptosis by binding to target messen-
ger RNAs (mRNAs) through complementary base pair-
ing [1–3]. miRNAs were first identified in Caenorhabditis 
elegans and have now been detected in a variety of ani-
mals, plants[4–6].

The first plant miRNAs were discovered in 2002 [6] 
and, since then, many plant-derived miRNAs have been 
detected in human and animal serum, plant-derived miR-
NAs are stable during preparation and digestion, which 
can cross the biological barrier, resist digestion in the 
digestive tract and enter other tissues, where they are 
termed exogenous miRNAs, or xeno-miRNAs[7] Plant-
based miRNAs have also been found in mammalian milk. 
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For example, Lukasik et  al. detected five plant-derived 
miRNAs, including the common miR156, miR166, and 
miR168, in human milk samples from healthy volun-
teers[8] and Chen et  al. found 151 plant-derived miR-
NAs in human breast milk. The proportion of breast 
milk-specific miRNAs was 66%[9]. These findings suggest 
that plant-derived miRNAs can not only be transported 
in the blood, but also in the whole body fluid circulation 
system, reaching the mammary epithelial cells. However, 
whether plant-derived miRNAs have a regulatory effect 
on dairy cows mammary epithelial cells remains unclear.

Alfalfa is rich in macro- and micro-nutrients and 
other unknown growth-promoting factors that improve 
milk quality such as a variety of proteins, amino acids, 
vitamins, and flavonoids[10, 11]. Alfalfa was added to 
the diet.Compared with control group, alfalfa graz-
ing increased the concentration of C18:1 trans-11 and 
decreased those of C16:0 and C17:0 in milk fat.[12]. 
Alfalfa-derived miR162 has also been shown to regulate 
epithelial milk protein synthesis in dairy cows through 
the PI3K–AKT–mTOR signaling pathway [13]. These 
findings indicate that miRNAs in alfalfa can regulate 
bovine milk protein content, but whether different alfalfa 
varieties may have some of the same miRNAs, ensuring 
that different varieties of alfalfa provide relatively stable 
regulation of milk protein in dairy cows is not known.

In this study, we evaluated the effect of two alfalfas 
(Medicago sativa, lucerne) cultivars commonly grown in 
Ningxia, China on dairy cows milk quality and mammary 
epithelial cell regulation: cv. Zhongmu 1, a salt-tolerant 
cultivar bred by the Chinese Academy of Agricultural 
Sciences, and cv. Xinyan 52, a newer salt-tolerant culti-
var bred by the School of Agriculture, Ningxia University. 
We found similar miRNA profiles between the two culti-
vars, which is consistent with reports that miRNAs can 
confer drought resistance in alfalfa [14–17], and we dem-
onstrated that miRNAs were stable in alfalfa after dry-
ing. Further characterization of plant-derived miRNAs 
previously detected in the blood of cattle, miR-168, miR-
166, and miR156 [7], were performed and confirmed the 
presence of alfalfa-derived miRNAs in exosomes isolated 
from serum and whey of dairy cows. We found that mtr-
miR156a was highly expressed two alfalfa varieties and in 
serum exosomes of dairy cows, so we hypothesized that 
mtr-miR156a may play a role in regulating milk quality, 
which will lay the foundation for exogenous miRNA reg-
ulation of milk quality.

Materials and methods
Materials and sampling
For fresh samples, alfalfa cv. Zhongmu 1 and cv. Xinyan 
52 were collected from the Modern Science and Tech-
nology Park in Ningxia, China, frozen in liquid nitrogen, 

transported to the laboratory, and stored at − 80 °C until 
further processing. For dried samples, whole alfalfa 
plants were air dried, crushed, and passed through a 
0.425-mm mesh sieve. Three dried and three fresh sam-
ples of each species were processed.

Cows from Helanshan Dairy Farm of Ningxia Agricul-
tural Reclamation, and blood and milk samples were col-
lected from them. The parity, estrus, estrus interval and 
lactation days of these cows were simila..High-yieleing 
cows produce more than 30  kg of milk per day, low-
yielding cows produce 20 to 25  kg per day. Blood was 
collected from the tail vein into vacuum blood collection 
tubes containing anticoagulant and stored at − 20 °C until 
being analyzed. Milk was stored at − 80  °C until being 
analyzed. Whey and serum were extracted by high-speed 
centrifugation.

Bovine mammary epithelial cells (BMECs) and HEK-
293 T cells were obtained from the Ningxia Key Labora-
tory of Molecular Cell Breeding in Ruminants, Ningxia 
University.The number of passages is three times. HEK-
293  T cells and BMECs were cultured in DMEM high 
glucose (Hyclone, LA, USA) with 10% fetal bovine serum 
(FBS) (BI, Jerusalem, Israel) at 37 °C in 5% CO2 and satu-
rated humidity.

RNA extraction and transcriptome sequencing
RNA samples were extracted from alfalfa and BMECs 
with Trizol Reagent (Takara, Kyoto, Japan) and RNA 
quality was assessed using 1% agarose gel electrophore-
sis. RNA sequencing (RNA-seq) was performed by Bio-
marker Technologies (Beijing, China) using the Illumina 
platform.

Oxidation experiment
The extracted RNA sample was mixed with 90 μL of 
10  mM sodium periodate for oxidation reaction for 
40  min. The precipitate was resuspended with 1  mL 
anhydrous ethanol and allowed to stand at 4℃ for 
15 min. After standing at 4℃, 12000 × g centrifuged for 
15  min, discard the supernatant. The precipitate was 
re-suspended by adding 1  mL of 75% anhydrous etha-
nol and allowed to stand at 4℃ for 15 min. After stand-
ing, centrifuged at 4 ℃, 12,000 × g for 15 min, sucked up 
the residual liquid, and added an appropriate amount of 
DEPC water to dissolve the RNA.The alfalfa-derived mtr-
miR156a and bovine-derived bta-miR-16a in the oxidized 
RNA solution were quantified using RT-qPCR and the 
plant-derived miRNAs were verified.

Identification of miRNAs and prediction of novel miRNAs
Bowtie software was used to compare the clean reads 
to sequences in the Silva, GtRNAdb, Rfam, and Rep-
Base databases. To obtain unannotated reads containing 
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miRNAs, non-coding RNAs (ncRNAs) such as ribosomal 
RNA (rRNA), transfer RNA (tRNA), small nuclear RNA 
(snRNA) and repeated sequences were filtered.

Known miRNAs were identified by comparing the 
mature sequences of the known miRNAs in the miRBase 
(V22) database with the reads of the reference genome 
ranging from 2 nt upstream and 5 nt downstream of the 
sequence. To predict the novel plant miRNAs, miRd-
eep2 software with adjusted parameters and scoring sys-
tem was used. Prediction of the new miRNA sequences 
was based on the distribution of reads of the precursor 
sequences and the structural energy of the precursors, as 
determined by RNAfold. Finally, a Bayesian model was 
used to score and predict the new miRNAs.

The sequencing reads of miRNAs in each sample were 
counted, and the expression was normalized to tran-
scripts per million (TPM) using the formula:

Read count indicates the number of reads compared to 
a certain miRNA, and mapped reads indicates the num-
ber of reads compared to all miRNAs.

Differential expression analysis
Differential expression analysis of two conditions/groups 
was performed using the DESeq2 R package (1.10.1). 
DESeq2 uses statistical routines to determine differen-
tial expression in digital miRNA expression data using a 
model based on the negative binomial distribution. The 
resulting P values were adjusted using the Benjamini–
Hochberg method for controlling the false discovery rate. 
miRNAs with |log2(FC)|≥ 1.00 and false discovery rate 

TPM =

Readcount ⋆ 1, 000, 000

MappedReads

(FDR) ≤ 0.01 using DESeq2 were defined as differentially 
expressed.

Exosome isolation
Blood and milk collected from cows were centrifuged 
at 500  g for 5  min and the supernatant was transferred 
to a new polycarbonate tube. The supernatant was then 
centrifuged at 2,000  g for 10  min and then at 10,000  g 
for 30  min, and the supernatant was collected and 
transferred to a new polycarbonate tube after each cen-
trifugation. Next, the supernatant was filtered through 
a 0.22-μm membrane filter and centrifuged again at 
100,000  g for 2  h. For RNA isolation, the exosome pel-
let was washed once with 1 × PBS (WILBER, LanZhou, 
China) and the previous centrifugation steps were 
repeated. Exosomes were resuspended in 1 × PBS and 
stored at − 80  °C.The micro-structure of exosomes was 
characterized using transmission electron microscopy 
(TEM, Tecnai G2 Spirit 120 kV).

Alfalfa‑derived miRNA detection in dairy cows
Serum and whey were obtained from dairy cows to test 
for the presence of miRNAs from alfalfa. The miRNAs 
were extracted from the samples and the expression lev-
els of alfalfa-derived miR156a, miR166e, and miR168c 
were determined by RT–qPCR. miRNA primer informa-
tion is shown in Table 1.

Cell culture and transfection
miRNA mimics and miRNA negative control (NC) were 
purchased from Guangzhou RiboBio Co., Ltd. (Ribo-
Bio, Guangzhou, China). The sequence of the mtr-
miR156a mimic is: TGA​CAG​AAG​AGA​GAG​AGC​ACA.

Table 1  mtr-miR168c、mtr-miR156a、mtr-miR166e primer sequences

F Forward primer, R Reverse primer, FR Reverse transcription primer

miRNA Primer sequence (5’ − 3’)

U6 F: GCT​TCG​GCA​GCA​CAT​ATA​CTA​AAA​T
R: CGC​TTC​ACG​AAT​TTG​CGT​GTCAT​

mtr-miR168c F: CAT​AGA​CCC​GCC​TTG​CAT​C
R: AGT​GCA​GGG​TCC​GAG​GTA​TT
RT: GTC​GTA​TCC​AGT​GCA​GGG​TCC​GAG​GTA​TTC​GCA​CTG​
GAT​ACG​ACA​TTC​AGT​

mtr-miR156a F: TCC​CGT​GAC​AGA​AGA​GAG​AG
R: GGG​TCC​GAG​GTA​TTC​GCA​CT
RT:GTC​GTA​TCC​AGT​GCA​GGG​TCC​GAG​GTA​TTC​GCA​CTG​GAT​ACG​ACT​GTG​CT

mtr-miR166e F: CAC​AGT​TCG​GAC​CAG​GCT​T
R: AGT​GCA​GGG​TCC​GAG​GTA​TT
RT: GTC​GTA​TCC​AGT​GCA​GGG​TCC​GAG​GTA​TTC​GCACT​
GGA​TAC​GAC​GGG​GAATG​

bta-miR-16a F: GCC​CGT​AGC​AGC​ACG​TAA​AT
R: TGT​CGT​GGA​GTC​GGC​AAT​
RT: CTC​AAC​TGG​TGT​CGT​GGA​GTC​GGC​AAT​TCA​GTT​GAG​CAC​CAA​
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The si-PPP2R5D, si-PIK3R2 and si-NC were purchased 
from Jintuosi Biotechnology Co., Ltd. (Wu Han, China). 
The sequences of si-PPP2R5D is: 5′-GCC​AAA​CAU​AGC​
CAA​AGA​AATT-3′ and antisense 5′-UUU​CUU​GGC​
UAU​GUU​UGG​CTT-3′. The sequences of si-PIK3R2 is: 
5′- GGA​UCA​AGA​ACG​AGA​CUG​ATT-3′ and antisense 
5′-UCA​GUC​UCG​UUC​UUG​AUC​CTT-3′. Cells were 
transfected with 50  nM mtr-miR156a mimics, 50  nM 
NC,80 nM si-PPP2R5D,si-PIK3R2, or 80 nM si-NC using 
lipofectamine 3000 (Invitrogen, CA, USA) transfection 
reagent for 48 h at 37 °C. Cells were used for studies after 
48 h of transfection.

Ethynyl‑2’‑deoxyuridine (EdU) staining
Proliferation of BMECs was measured using the Beyo-
ClickTM EdU-555 Cell Proliferation Kit (C0075L, Beyo-
time, China) according to the manufacturer’s protocol. 
BMECs were transfected with mtr-miR156a mimics 
and NC, si-PPP2R5D and si-PIK3R2 for 48  h, and then 
washed twice with PBS.. Next, EdU working solution 
(10  μM) was added to the cells followed by incubation 
in the dark for 2  h. After 2  h, prepared Click reaction 
solution was added and the cells were incubated in the 
dark for 30  min for cytoplasmic staining. After 30  min, 
the Click reaction solution was discarded, then nuclear 
staining was performed using DAPI. Treated cells were 
observed and photographed with a fluorescence micro-
scope (Olympus Corporation, Japan). Cytoplasm of 
newly proliferated cells was identified by red fluores-
cence, and the nucleus of all cells was identified by blue 
fluorescence.

CCK‑8 assay
The BMECs with good growth and fusion degree of 
about 90% in the cell culture dish were washed with 
PBS, trypsinized and centrifuged to prepare cell suspen-
sion. The prepared cell suspension was evenly inoculated 
into a 96-well cell culture plate at 100 μL per well. When 
the cell fusion degree reached about 60%-70%, Lipo-
fectamine 3000 transfection reagent was used to trans-
fect mtr-miR156a mimic and NC mimic respectively. 
After 48  h of culture in the incubator, 10μL of CCK-8 
solution(Meilunbio, Dalian, China) was added to each 
well. After mixing well, the absorbance at 450  nm was 
detected and the activity of BMECs was calculated.

Cell viability = [(As-Ab)/(Ac-Ab)] × 100%
Note: As: Experimental group, Ab: control group, Ac: 

blank group.

Cell apoptosis
Apoptosis was detected by flow cytometry using the 
Annexin V-FITC apoptosis detection kit (C1062M, Beyo-
time, China) according to the manufacturers’ protocol. 

Cells were digested with trypsin (WILBER, LanZhou, 
China) and then culture medium was added to stop 
digestion. Cells were collected in 1.5-mL centrifuge tubes 
and centrifuged at 1,000 g for 5 min, then the superna-
tant was removed and the pellet was resuspended in 
1 mL PBS. Next, cells were incubated in a water bath at 
50 ℃ for 2  min to stimulate apoptosis. Cells were col-
lected by centrifugation and discarding the supernatant 
as aforementioned, and 195 µL Annexin V-FITC bind-
ing solution, 5 µL Annexin V-FITC, and 10 µ propidium 
iodide (PI) were added to the cell pellet. After incubation 
at room temperature for 20  min in the dark, cells were 
analyzed by flow cytometry (BD Accuri C6 Plus Flow 
Cytometer, US).

Gene expression
Total RNA was extracted from BMECs transfected 
with mtr-miR156a mimics and NC, si-PPP2R5D and si-
PIK3R2, and the expression level of genes involved in cell 
proliferation and associated with determining milk pro-
tein characteristics were quantified by RT–qPCR. The 
primer sequences to detect proliferation-related and milk 
protein-related genes are listed in Table 2.

Dual‑luciferase reporter assays
The bovine target gene of miR156a was predicted using 
the TargetScan database (https://​www.​targe​tscan.​org/), 
which predicted target genes based on the free bind-
ing energy value of miRNAs with genes. Dual-luciferase 
reporter constructs were generated by cloning wild type 
(WT) or mutant (MUT) 3′ UTR sequences to PPP2R5D 
and PIK3R2 (Sheng Gong; Shanghai, China) and ligat-
ing into the Psi-check II vector (Promega, Madison, 
WI, USA) at the NotI and XhoI (Promega, Madison, WI, 
USA) restriction sites. HEK-293  T cells were grown in 
6-well plates and transfected at 80% confluence using 
Lipofectamine 3000 transfection reagent. The miRNA 
sequence-containing and luciferase-containing vec-
tors were co-transfected into HEK-293 T cells and gene 
expression and luciferase activity was detected after 48 h 
by fluorescence activity detection, respectively.

Enzyme‑linked immunosorbent assay (ELISA)
After overexpression of mtr-miR156a mimic and NC in 
BMECs for 48 h, the cell culture supernatants were pro-
cessed for ELISA using Bovine caseinizin-linked immu-
nosorbent assay kit (ZCIBIO, Shanghai, China) assay 
according to the manufacturer’s protocol. Then, absorb-
ance was measured at 450  nm using a multifunctional 
enzyme marker, and a standard curve was plotted to 
determine the casein content in the supernatants.

https://www.targetscan.org/


Page 5 of 16Shaojin et al. BMC Genomics          (2024) 25:882 	

Statistical analysis
At least three biological and three technical replicates 
were used for each experiment. Relative gene expres-
sion was calculated using the 2−ΔΔct method. Test results 

were analyzed using GraphPad Prism8 software, P < 0.05 
and P < 0.01 were used as levels indicating statistical sig-
nificance. Statistical signifiscance between two groups 
was determined using Student’s t-test, and for more than 
two groups, statistical significance was determined using 
two-way analysis of variance (ANOVA).

Results
miRNA profiles in drought‑tolerant alfalfa cultivars
To characterize miRNAs in alfalfa, we performed 
RNA-seq on fresh and dried samples of cv. Zhongmu 
1 (MsZM1) and cv. Xinyan No. 52 (MsXY52). Clean 
sequences were detected in both fresh and dried samples 
of both cultivars, which were mapped to the reference 
genome (Medicago-truncatula. Mt4.0v1) to determine 
the percentage of clean reads. Subsequently, analysis 
using the miRbase (v22) database revealed 771 miRNAs 
among the clean reads, including 548 previously reported 
miRNAs and 223 newly predicted miRNAs (Table  3). 
Thus, we successfully detected miRNAs in alfalfa and 
demonstrated that most miRNAs are not degraded dur-
ing desiccation. The RNA-seq data also provided infor-
mation regarding length and base preference of miRNAs.

Differentially expressed miRNAs in dried and fresh alfalfa
To investigate whether miRNAs differ between dried and 
fresh alfalfa samples, we performed differential expres-
sion analysis on miRNA reads between the two sam-
ple types for both cultivars. For ease of analysis, highly 
homologous miRNAs with low expression (TPM > 1,000 
reads) and consistent trends in read abundance were 
combined. We detected 20 differentially expressed miR-
NAs in dried and fresh samples of MsXY52, including 
nine upregulated miRNAs and 11 downregulated miR-
NAs in dried compared with fresh samples (Table  4). 
In MsZM1, we detected nine upregulated miRNAs 
and eight downregulated miRNAs in dried versus fresh 
samples (Table  5).  Then, we compared the expression 
of miRNAs between the two cultivars and generated a 
heatmap using hierarchical clustering analysis. This 12 
major miRNA groups demonstrated that miRNAs were 
generally expressed at higher levels in dried samples than 
in fresh samples (Fig.  1). The above results suggest that 
miRNAs levels differ between dried and fresh samples 
of alfalfa, indicating that miRNAs do not degrade during 
drying and suggesting that the drying process may upreg-
ulate expression of some miRNAs.

Validation of RNA‑seq results
The expression of three well-characterized alfalfa miR-
NAs: miR156a, miR166e, and miR168c were evaluated. 
Expression levels of these miRNAs were significantly 

Table 2  Primer sequences to detect expression of proliferation-
related and milk protein-related genes

Gene name Primer sequence (5’-3’)

PPP2R5D F: GAG​CGT​GCC​CTC​TAT​TAC​TG
R: TCA​GCC​CGT​GGA​TTG​TCT​

PIK3R2 F: GGA​GGA​GGT​AAA​CGA​GAA​ACTG​
R: GGA​GGA​GGT​AAA​CGA​GAA​ACTG​

AKT1 F: GAG​GAG​ATG​GAG​GTG​TCG​CT
R: GCT​GTG​GCC​TTC​TCC​TTC​AC

TSC2 F: GCC​TCC​TTG​GAG​GAT​GTG​AA
R: TGG​CTG​ACC​AGC​ATC​TCA​TA

CSN1S1 F: ATG​TGC​CCT​CTG​AGC​GTT​AC
R: AGG​CAC​CAG​ATG​GAT​AGG​C

CSN1S2 F: TGC​TGT​TCC​CAT​TAC​TCC​C
R: TCT​GGT​AAC​GCT​GGC​TGA​

CSN2 F: GAG​GAA​TCT​ATT​ACA​CGC​ATCA​
R: TTT​GTG​GGA​GGC​TGT​TAT​

CSN3 F: GCC​CAG​GAG​CAA​AAC​CAA​GA
R: GGA​CTT​GGC​AGG​CAC​AGT​AT

RHEB F: ACA​GCT​GGG​CAG​GAT​GAA​TA
R: GAC​TCT​GCT​AAC​GCT​TTC​CCT​

mTOR F: AAA​GGC​ATG​TTC​GAG​GTG​CT
R: GCT​GCT​TGG​AGA​TTC​GTC​TG

eIF4EBP1 F: CAC​TAG​CCC​TAC​AGG​CGA​T
R: GCT​GGT​GTC​CAC​GAA​GAA​GA

RPS6 F: GAA​CAT​CTC​TTT​CCC​GGC​CA
R: AGG​GGC​TTT​CGC​ACA​ACA​TA

eIF4E F: AAC​GAG​GAG​GAC​GAT​GGC​TA
R: AGC​CGC​TCT​TAG​TAG​CTG​TG

eIF4B F: GTA​GAA​GAG​CGG​CTA​CAG​A
R: GTT​CCC​GTT​CCT​GAG​TTT​

PDK1 F: TGG​TGG​AAA​AGG​CAA​AGG​A
R: TGT​GAT​AGA​GGT​GGG​ATG​GTA​

S6K1 F: CAC​CTG​TTG​ACA​GCC​CAG​AT
R: CGA​GGG​GAT​CGG​ATT​TTT​GG

GAPDH F: GGC​ATC​GTG​GAG​GGA​CTT​ATG​
R: GCC​AGT​GAG​CTT​CCC​GTT​GAG​

CDK4 F: GTG​ACA​AGT​GGT​GGG​ACA​GT
R: GAT​ACA​GCC​AAC​GCT​CCA​CA

Cyclin D1 F: CAT​GAA​CTA​CCT​GGA​CCG​CT
R: TCT​TGG​AGA​GGA​AGT​GCT​CG

Cyclin D2 F: CAC​CGA​TGT​GGA​TTG​CCT​CA
R: TCC​AGC​TCA​TCC​TCC​GAC​TT

PCNA F: TCC​AGA​ACA​AGA​GTA​TAG​C
R: TAC​AAC​AGC​ATC​TCC​AAT​

Caspase 3 F:AAG​ATT​TAG​TGC​CGA​TGC​
R:GAC​CAC​CAA​GTT​CTA​GGA​TA

Caspase 9 F:CCT​GCC​TTA​CCA​TTC​ACC​
R:GCA​TTC​TGC​TCC​TCC​TCC​

BAX F:GCA​AAC​TGG​TGC​TCA​AGG​
R:GCA​CTC​CAG​CCA​CAA​AGA​

BAD F:TCA​GCA​AGC​ACT​GGC​TAA​CA
R:TGA​AAC​TCG​TCG​CTC​ATC​CT



Page 6 of 16Shaojin et al. BMC Genomics          (2024) 25:882 

lower in MsZM1G compared with MsZM1F both when 
comparing the TPM-normalized as well as comparing 
RT-qPCR (Fig.  2a, 2b; P < 0.05). All three miRNAs were 
also significantly higher in MsXY52G compared with 
MsXY52F samples using the aforementioned compari-
sons (Fig. 2c, 2d; P < 0.05).

Alfalfa‑derived miRNAs detected in exosomes isolated 
from dairy cow serum and whey
Exosomes from dairy cow serum and whey were isolated 
by low temperature, high speed centrifugation and mem-
brane filtration. The presence of exosomes in both liquids 
was confirmed by TEM, which showed a typical saucer-
like structure of exosomes between 30–150 nm in diam-
eter, with a bright ring around the edge and a dark center 

(Fig. 3 a-f ). To determine whether miRNAs from alfalfa 
could be detected in exosomes from dairy cows, we then 
extracted RNA from the exosomes and determined the 
levels of miR156a, miR166e, and miR168c by RT–qPCR. 
All three miRNAs were detected in exosomes from 
serum and whey, and miR156a levels were significantly 
higher in exosomes from serum compared with whey 
(P < 0.01; Fig. 3g).Therefore, mtr-miR156a was chosed as 
the research object.

Due to the 2’-O-methylation modification at the 3’ end 
of plant miRNA, plant miRNA has antioxidant activ-
ity and also provides protection against oxidant sodium 
periodate, while animal miRNA does not have this 
characteristic[18]. Therefore, in order to confirm that 
the xeno-miR156a detected in bovine serum is indeed 

Table 3  Expression profile of MsZm1vs MsXY52

Sample Clean reads Number of reads mapped to 
reference genome

Known-miRNAs Novel-miRNAs Total miRNAs

MsZm1F 18,619,197 3,507,055(25.44%) 421 222 643

MsZm1D 20,981,902 1,835,315(17.29%) 411 223 634

MsXY52F 22,020,880 3,550,429(26.27%) 461 207 669

MsXY52D 24,378,571 2,502,439(22.32%) 395 207 602

Total - - 548 223 771

Table 4  Differential expression of miRNAs family in dried and fresh samples of MsXY52

serial number miRNA family MsXY52F
Average expression

MsXY52G
Average expression

MsXY52G vs. MsXY52F
Differential expression

1 mtr-miR396(a,b,c) 327,258.58 118,608.73 down_regulated

2 mtr-miR2643(a,b) 60,591.14 37,898.78 down_regulated

3 mtr-miR162 18,497.66 16,683.97 down _regulated

4 mtr-miR156(a,b,c,d,e,f,g,h,i,j) 8367.16 54,451.07 up_regulated

5 mtr-miR166(a,b,c,d,e,f,g) 4727.13 37,396.08 up_regulated

6 mtr-miR172(a,b,c,d) 2045.05 7707.48 up_regulated

7 mtr-miR168(a,b,c) 1222.59 8347.65 up_regulated

8 mtr-miR2592(a,b,c,d,e,f,g,h,i,j,etc.) 295.59 3786.11 up_regulated

9 novel_miR_137 60,291.63 37,209.78 down_regulated

10 novel_miR_82 19,887.09 9423.83 down_regulated

11 novel_miR_65 19,887.09 9423.83 down_regulated

12 novel_miR_60 19,887.09 9423.83 down_regulated

13 novel_miR_101 19,887.09 9423.83 down_regulated

14 novel_miR_174 19,887.09 9423.83 down_regulated

15 novel_miR_192 19,633.37 9004.19 down_regulated

16 novel_miR_19 19,633.37 9004.19 down_regulated

17 novel_miR_85 525.00 2632.60 up_regulated

18 novel_miR_49 363.43 1956.92 up_regulated

19 novel_miR_18 230.31 1111.89 up_regulated

20 novel_miR_146 161.83 1016.85 up_regulated
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derived from plants, we conducted oxidation tests. The 
results showed that the expression of xeno-miR156a in 
bovine blood decreased by about 59% after oxidation 
compared with unoxidized, while the expression of bta-
miR16 decreased by about 95% after oxidation (Fig. 3h). 
This indicates that the miR156a comes from plants but 
not Bos taurus.

mtr‑miR156a regulates proliferation and apoptosis 
in BMECs
On the basis of its differential expression in colostrum 
and milk and in high-versus low-yielding dairy cows, we 
prioritized mtr-miR156a for functional studies to deter-
mine whether it may regulate BMECs. Overexpression of 
mtr-miR156a in BMECs (Fig.  4a) significantly inhibited 
viability (Fig.  4b), proliferation (Fig.  4c), and expression 
of genes related to proliferation (Fig. 4d) as well as signifi-
cantly increased the number of apoptotic cells (Fig.  4e, 
f ) compared with cells transfected with a control vector 
(NC), and significantly increased the expression of apop-
totic genes.(P < 0.05 for all comparisons). Therefore, miR-
NAs from alfalfa can affect survival and proliferation of 
BMECs, which supports the notion that circulating miR-
NAs from alfalfa may affect milk quality in dairy cows.

mtr‑miR156a target gene screening
To determine how mtr-miR156a regulates BMECs via-
bility and proliferation, we performed bioinformatics 
analysis to predict target genes for mtr-miR156a in dairy 
cows. A Kyoto Encyclopedia of Genes and Genomes 

(KEGG) functional enrichment analysis of the predicted 
target genes revealed that the putative target genes were 
significantly enriched in signaling pathways regulating 
fatty acid degradation and RAS, with the highest num-
ber of target genes in the RAS signaling pathway (35 
genes), followed by the MAPK signaling pathway (50 
genes), which plays a role regulating protein metabo-
lism. The PI3K–AKT–mTOR signaling pathway, which 
also regulates protein metabolism, was also significantly 
enriched (Fig. 5). Then, we used the RNAhybrid website 
to screen target genes on the basis of the free binding 
energy values of mtr-miR156a with the putative target 
genes. This showed that Phosphatase 2 Regulatory Subu-
nit B’gamma(PPP2R5D) and Phosphoinositide-3-kinase 
Regulatory Subunit 2 (PIK3R2) bound to all of the bases 
in the seed region of mtr-miR156a and had the high free 
binding energy values (Table 6), suggesting mtr-miR156a 
may regulate expression of PPP2R5D and PIK3R2.

mtr‑miR156a regulates expression of PPP2R5D and PIK3R2 
genes in BMECs
To functionally validate whether mtr-miR156a regulates 
expression of PPP2R5D and PIK3R2, we constructed a 
3’ UTR-psiCHECKTM-2 recombinant dual luciferase 
reporter gene vector (Fig.  6). The vector expressing the 
target gene was co-transfected into HEK-293 T cells with 
mtr-miR156a mimics or NC, and luciferase activity was 
measured 48  h later. Compared with NC, mtr-miR156a 
significantly reduced luciferase activity of PPP2R5D and 
PIK3R2 in the presence of the WT -3′ UTR (P < 0.01), 

Table 5  Differential expression miRNAs family in dried and fresh samples of MsZM1

serial number miRNA family MsZm1F
Average expression

MsZm1G Average 
expression

MsZm1G vs. MsZm1F
Differential expression

1 mtr-miR396(a,b,c) 288,614.5732 141,154.3 down_regulated

2 mtr-miR156(a,b,c,d,e,f,h,i,j) 12,054.03671 11,304.93 up_regulated

3 mtr-miR166(a,b,c,d,e,f,g) 2905.617584 28,105.97 up_regulated

4 mtr-miR390 2346.332086 2865.266 up_regulated

5 mtr-miR172(a,b,c,d) 2191.434155 10,331.62 up_regulated

6 mtr-miR168(a,b,c) 1507.55018 10,998.01 up_regulated

7 novel_miR137 30,408.67 20,578.63 down_regulated

8 novel_miR82 15,671.26 6701.34 down_regulated

9 novel_miR65 15,671.26 6701.34 down_regulated

10 novel_miR_60 15,671.26 6701.34 down_regulated

11 novel_miR101 15,671.26 6701.34 down_regulated

12 novel_miR174 15,671.26 6701.34 down_regulated

13 novel_miR192 15,571.74 6381.35 down_regulated

14 novel_miR85 748.45 3516.34 up_regulated

15 novel_miR49 276.36 1453.77 up_regulated

16 novel_miR57 1633.99 1405.89 up_regulated

17 novel_miR12 1603.87 1390.42 up_regulated



Page 8 of 16Shaojin et al. BMC Genomics          (2024) 25:882 

but luciferase activity was similar between mtr-miR156a-
treated and NC-treated cells when the vector contained 
a MUT -3′ UTR (Fig.  7a, b). We repeated this experi-
ment in BMECs, and again we found that mtr-miR156a 
significantly reduced luciferase activity of both genes in 
the presence of the WT-3′ UTR (P < 0.01) (Fig. 7c). Our 
results indicate that mtr-miR156a from alfalfa can regu-
late expression of PPP2R5D and PIK3R2 in mammalian 
cells, including in BMECs.

mtr‑miR156a regulates the expression of protein 
synthesis‑related genes
The putative target genes were also enriched in the PI3K–
AKT–mTOR pathway, and on the basis of the docu-
mented role for PI3K–AKT–mTOR in regulating milk 

protein content, we examined whether overexpression 
of mtr-miR156a in BMECs affected expression of genes 
in this signaling cascade (Fig.  8),. Compared with NC, 
overexpression of mtr-miR156a significantly reduced 
expression of Pyruvate dehydrogenase kinase 1(PDK1), 
Ribosomal Protein S6 Kinase 1(S6K1), Eukaryotic trans-
lation initiation factor 4B(EIF4B), Ribosomal protein 
S6(RPS6), TSC complex subunit 2(TSC2), Mechanis-
tic target of rapamycin kinase(mTOR), and Eukaryotic 
translation initiation factor 4E(eIF4E) (P < 0.01) as well as 
significantly increased expression of AKT serine/threo-
nine kinase 1(AKT1) (P < 0.01; Fig.  9a), which those are 
all located in PI3K–AKT–mTOR signalling pathway, 
so it indicates that mtr-miR156a would target and bind 

Fig. 1  Hierarchical clustering of differential expression of miRNAs. Note: F means fresh sample and G means dry sample, the same as blowe
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PPP2R5D and PIK3R2 genes and regulate PI3K/AKT-
mTOR signaling pathway-related genes.

Next, we evaluated the effect of mtr-miR156a on genes 
related to casein synthesis by RT–qPCR. Compared 
with NC, overexpression of mtr-miR156a significantly 

upregulated the expression of Casein alpha s1(CSN1S1), 
which encodes αS1-casein; Casein alpha-S2(CSN1S2), 
which encodes αS2-casein, Casein beta(CSN2), which 
encodes β-casein; and Casein kappa(CSN3), which 
encodes κ-casein (P < 0.01 for all comparisons; Fig.  9b). 
Furthermore, and in agreement with the RT–qPCR 
results, after overexpression of mtr-miR156a, ELISA 
analysis showed that the supernatants from the BMECs 
cultures contained significantly higher levels of α-casein 
(P < 0.05), β-casein (P < 0.05), and κ-casein (P < 0.01) 
(Fig. 9c). These data support the ability of alfalfa miRNAs 
to regulate milk quality in BMECs.

Silencing PPP2R5D and PIK3R2 inhibited BMEC 
proliferation and promoted apoptosis and inhibited 
signaling pathway genes.
In order to study the effects of PPP2R5D and PIK3R2 on 
cell proliferation, si-NC, si-PPP2R5D and si-PIK3R2 were 
transfected when BMEC reached about 60% -70% con-
fluence. EdU analysis showed that silencing of PPP2R5D 
and PIK3R2 significantly inhibited cell proliferation. In 
addition, CCK-8 analysis showed that the silencing of 
PPP2R5D and PIK3R2 significantly reduced cell viabil-
ity compared with the control group(P < 0.01). Accord-
ingly, RT-qPCR analysis showed that compared with 

Fig. 2  Analysis of mtr-miR156a, mtr-miR166e and mtr-miR168c expression in alfalfa cultivars. a: TPM values of miRNAs in MsZm1. b: Relative 
expression of miRNAs in MsZm1. c: TPM values of miRNAs in MsXY52. d: Relative expression of miRNAs in MsXY52

Table 6  Binding energy values of mtr-miR156 to putative target 
genes in PI3K-Akt signaling pathway

Gene Binding site Binding 
energy (kcal/
mol)

PRKAA1 5′- TTT​GTC​AC -3′
3′- GAA​CAC​AGT -5′

21.3

PPP2R5C 5′- TTT TCG GTCT -3′
3′- AGA​AGA​CAGT -5′

21.8

HSP90AB1 5′- TTTC T GTCC -3′
3′- AGA​AGA​CAGT -5′

20.2

FGFR2 5′- CTTT TTT​TAA​C -3′
3′- GAA​GAC​AGT -5′

26.8

IL4R 5′- CTT​GCT​GA -3′
3′- GAA​GAC​AGT -5′

20.3

PIK3R2 5′- AGT​TCT​GTCT -3′
3′- AAG​ACA​GT -5′

24.6

PPP2R5D 5′- AGTTC GTCAA -3′
3′- AGAAG ACA GT -5′

20.9
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Fig. 3  a–c: Electron microscopy of serum exosomes at different magnifications. d–f: Electron microscopy of whey exosomes at different 
magnifications. g: Relative expression of miR156a, miR166e, and miR168c in dairy cow serum and whey determined by RT–qPCR. h: Levels 
of mtr-miR156a and endogenous bta-miR-16a in bovine blood before and after oxidation

Fig. 4  Effect of mtr-miR156a on BEMCs. a: Overexpression level of mtr-miR156a in BMECs normalized to cells expressing NC. b: Effect 
of overexpression of mtr-miR156a on viability c: proliferation (EdU assay) d: expression of genes involved in cell proliferation e:apoptosis 
was detected by flow cytometry.f:the expression of apoptotic genes was detected by RT-qPCR
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si-NC transfected cells, the relative expression of pro-
liferation marker genes in si-PPP2R5D and si-PIK3R2 
transfected cells decreased significantly (Fig.  10e), and 
the expression of apoptosis marker genes increased 
significantly(Fig. 10f ). At the same time, the transfection 
of the two also inhibited the expression of signaling path-
way genes(P < 0.05 for all comparisons)(Fig. 10g).

Discussion
Both cv. Zhongmu 1 and cv. Xinyan 52 have good salt 
and drought resistance, and many studies suggest that 
miRNAs can confer drought resistance in alfalfa [14–17] 
Accordingly, in this study, we determined that the miR-
NAs profiles of cv. Zhongmu 1 and cv. Xinyan 52 were 
similar. Our finding of more diverse miRNA species 
in the newer cultivar Xinyan 52 may contribute to its 

Fig. 5  KEGG functional enrichment analysis of predicted mtr-miR156a target genes in dairy cows

Fig. 6  Dual-luciferase reporter gene vector expressing PPP2R5D or PIK3R2 with WT or MUT 3′ UTR sequences
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improved salt and drought tolerance compared with cv. 
Xinyan 52.

These alfalfa cultivars are usually preserved as hay, and 
we therefore examined the miRNA profiles of dry and 
fresh samples. Zhongmu No.1 (ZM1) is a registered Chi-
nese national forage variety, which has been widely used 
to feed the dairy cows in southern China. And Xinyan 
No.52 alfalfa (XY52) is a new strain, which has excellent 
potential for development and use in Ningxia. A total of 

421 and 461 known miRs were identified in Zhongmu 
No.1 and Xinyan No.52, respectively, with the number 
of newly predicted miRs being 223 and 207, respectively. 
The high abundance of mtr-miR156 in the two alfalfa 
varieties was similar, and the findings of this study mir-
rored those of Wang YiChun[19], who found that the 
miR156 family accounted for 9% of the total miRs in 
alfalfa with a high expression abundance. There is likely 
no significant difference in the expression of mtr-miR156 

Fig. 7  Regulation of PPP2R5D and PIK3R2 expression by mtr-miR156a in HEK-293 T cells (a, b) and BMECs (c)

Fig. 8  Possible regulatory pathways of PPP2R5D and PIK3R2 in PI3K/AKT-mTOR signaling pathway
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across different alfalfa varieties, and the sequence infor-
mation of miR-156a in different varieties is consistent, 
so the alfalfa varieties utilized may not influence the 
regulatory function of mtr-miR156a.Chowdhury et  al.
found that alfalfa-based low-protein diets can improve 
the nitrogen utilization rate of dairy cows [20]. In addi-
tion, a study showed that feeding fresh alfalfa samples 
increased the concentration of phytoestrogen in heifers 
and destroyed their reproductive function, whereas feed-
ing alfalfa hay did not, but this result needs to be further 
verified [21]. Therefore, our study and others suggest that 
feeding alfalfa hay and fresh grass may have different 
effects on milk quality.

Alfalfa miR156, miR166, and miR168 were previously 
reported to affect milk production in dairy cows, and 
we found that all were expressed in both fresh and dried 
samples of cv. Zhongmu 1 and cv. Xinyan 52. This sug-
gests that both cultivars should have relatively stable 
regulatory effects on dairy milk quality. Here, we showed 
that mtr-miR156, mtr-miR166, and mtr-miR168 were 
detected in exosomes isolated from serum and whey of 
dairy cows, confirming alfalfa-derived miRNAs can enter 
the circulation of cows after feeding. We also found that, 

among these three miRNAs, mtr-miR156a levels were 
significantly higher in exosomes from serum compared 
with exosomes from whey.This means that mtr-miR156a 
may enter the breast tissue through blood transportation, 
and finally enter the whey to play a regulatory role.

The mammary gland is generally divided into paren-
chyma and mesenchyme, with the parenchyma consist-
ing mainly of mammary epithelial cells with synthetic, 
secretory, and lactogenic functions. Mammary epithelial 
cells proliferate throughout mammary gland develop-
ment and lactation, and research has shown that milk 
production in cows depends on the number of mammary 
epithelial cells, the secretory capacity and viability of the 
cells [22]. We found that overexpressing mtr-miR156a 
significantly inhibited the viability of BMECs, suppressed 
cell proliferation, inhibited the expression of proliferation 
marker genes, and promoted apoptosis. Consistently, 
other studies showed that high expression of endoge-
nous bta-miR-139 in cows inhibited the proliferation of 
mammary epithelial cells and reduced milk content of 
β-casein, and that bta-miR-221 and bta-miR-15a inhib-
ited cell proliferation and viability and reduced lactation 
[23, 24] Similarly, overexpressing mtr-miR168b inhibited 

Fig. 9  mtr-miR156a regulates genes in the PI3K–AKT–mTOR pathway and casein production. a: Effect of mtr-miR156a overexpression on expression 
of genes in the PI3K–AKT–mTOR signaling pathway in BMECs determined by RT–qPCR. b: Effect of mtr-miR156a overexpression on expression 
of genes involved in casein synthesis determined by RT–qPCR c: Effect of mtr-miR156a overexpression on casein content in BMEC culture 
supernatant detected by ELISA
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proliferation and promoted apoptosis in BMECs as well 
as reduced milk fat content [25] and mtr-miR162 inhib-
ited proliferation, promoted apoptosis, and reduced milk 
protein content in BMECs [13]. These miRNAs have reg-
ulatory effects similar to those we describe here for mtr-
miR156a, underscoring the importance of xeno-miRNAs 
in milk production and milk quality.

We identified many genes whose expression is regu-
lated by mtr-miR156a in mammalian cells. We confirmed 
direct binding between mtr-miR156a and PPP2R5D and 
PIK3R2, resulting in decreased expression of both genes 
in BMECs. PPP2R5D has been shown to regulate PI3K–
AKT–mTOR signaling, and PIK3R2 encodes a regulatory 
subunit of PI3K. This suggests that our findings reflect 
a pathway by which mtr-miR156a affects milk quality 
through a PPP2R5D/PIK3R2–PI3K–AKT–mTOR axis.

The mTOR signaling pathway is an important signal-
ing pathway for milk protein synthesis. Both PDK1 and 
TSC2 affect the mTORC complex in a certain way. PDK1 
is the upstream target of AKT1, which enhances the 
activity of AKT1, but does not affect the total synthesis 
of AKT1. When the expression of PDK1 decreases, the 
activity of AKT1 decreases. In order to meet the needs of 
organisms, the expression of AKT1 may increase, while 
AKT1 will inhibit the synthesis of TSC2, resulting in the 
decrease of TSC2 expression [26, 27]. The decrease of 

these signaling pathway genes may affect the expression 
of mTOR.The regulatory network of milk protein synthe-
sis is complex and has not been thoroughly studied. Fur-
ther research is needed to prove the relationship between 
regulatory networks.

Moreover, we showed that overexpression of mtr-
miR156a promoted the expression of αS1-casein, αS2-
casein, β-casein, and κ-casein at the gene and protein 
levels in BMECs, and evidence suggests an important 
regulatory role for the PI3K–AKT–mTOR pathway 
in casein synthesis. Taken together, this suggests that 
PPP2R5D and PIK3R2 expression are regulated by mtr-
miR156a, which modulates casein production through 
the PI3K–AKT–mTOR pathway.

Conclusion
Our study confirms the presence of similar miRNA 
expression profiles between two drought- and salt-tol-
erant cultivars of alfalfa. Alfalfa-derived miRNAs were 
detected in serum, colostrum, and milk of dairy cows, 
demonstrating the potential for cross-species regula-
tion of milk production by alfalfa-derived miRNAs. Our 
experiments identified mtr-miR156a as an alfalfa-derived 
miRNA that can reduce viability and proliferation and 
promote apoptosis in BMECs as well as increase the lev-
els of α-casein, β-casein, and κ-casein in BMECs. Indeed, 

Fig. 10  Silencing of PPP2R5D and PIK3R2 promotes BMECs proliferation and migration. a Transfection efficiency of interference fragments (b, c) 
Cell proliferation ( EdU binding). d Cell viability was detected by CCK-8; (e–g) RT-qPCR was used to detect cell proliferation / apoptosis and signal 
pathway gene expression
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overexpression of miR156a downregulated expression 
of PPP2R5D and PIK3R2 via direct binding as well as 
modulated PI3K–AKT–mTOR signaling and the casein 
content of milk produced by bovine mammary epithelial 
cells. Altogether, our findings implicate alfalfa-derived 
miR156a as a new cross-species regulator of milk quality 
in dairy cows.

Limitations of the study
The target genes were not studied in depth in this study, 
and the signaling pathways of the target genes are still 
unknown.
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