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Introduction: The preservation of locally endangered breeds is essential for 
maintaining ecosystem services that benefit both society and the environment. 
Reproductive fitness becomes a crucial consideration in this context. MicroRNAs 
(miRNAs) are small non-coding RNA molecules that play a key role in post-
transcriptional regulation. Typically, they function within the tissues where they 
are produced. However, when they are released into extracellular fluid, they are 
referred to as circulating miRNAs (c-miRNAs). C-miRNAs may serve as potential 
biomarkers, whose profile changes under different physiological states. The 
purpose of this study is to establish a connection between distinctive variations 
in the expression of c-miRNAs and specific estrus cycle phases in Frabosana-
Roaschina sheep, an endangered Piedmontese breed.

Methods: Two trials, each involving 20 ewes with different reproductive 
efficiencies (nulliparous in the first trial and pluriparous in the second trial), were 
sampled on alternate days after synchronization for blood, saliva, and feces. 
Ultrasound scans were performed during the induced estrus cycle. The animals’ 
behaviors were assessed through video recordings.

Results: In the first trial, play behaviors were detected without sexual behaviors, 
whereas in the second trial, sexual behaviors were observed without play behaviors. 
Based on plasma trends of 17β-estradiol and progesterone and ultrasound images, 
two moments were identified for miRNAs analyses: the beginning of the follicular 
phase (day 2) and the beginning of the luteal phase (day 11). C-miRNAs of six 
representative animals from the second trial were sequenced. Analyses of the 
sequencing data have identified 12 c-miRNAs that were differentially expressed (DE) 
when comparing day 11 with day 2: five miRNAs were found to be upregulated, 
whereas seven miRNAs were downregulated. An enrichment analysis, based on 
predicted targets, using the Kyoto Encyclopedia of Genes and Genomes (KEGG) 
and Gene Ontology (GO) databases was performed. Many of these genes regulate 
reproductive pathways with the possible involvement of miRNAs. Finally, qRT-
PCR was conducted to validate the DE miRNAs in all ewes. Differences in gene 
expression between the two sampling points and the two trials were observed, in 
line with existing literature.

Discussion: Investigating the role of these miRNAs in regulating estrus could 
improve the reproductive performance and welfare of Frabosana-Roaschina ewes.
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1 Introduction

The sheep (Ovis aries) is the second most bred mammal in the 
world, after cattle, with approximately 1.2 billion sheep (1). Due to its 
adaptability, gentle temperament, modest size, hardiness, and ability 
to use low-nutrient forage, sheep has adapted to different climatic 
zones and altitudes (2). Moreover, its productivity has increased in 
recent years (3, 4). However, both intrinsic factors, such as breed (5), 
and environmental and management factors, such as heat stress (6), 
can affect reproductive performance in sheep, highlighting the 
ongoing importance of reproductive efficiency and welfare issues 
throughout the production chain. These reproductive issues not only 
result in economic losses but also have a negative impact on 
animal welfare.

MicroRNAs (miRNAs) are small (~22 nucleotides), non-coding 
RNA molecules that have an important role in post-transcriptional 
regulation of a wide range of cellular processes, including homeostasis, 
immune response, and development. They are expressed at the tissue 
level, but when released into extracellular fluids, they are referred to 
as circulating miRNAs (c-miRNAs) (7). C-miRNAs may potentially 
serve as minimally invasive biomarkers of changes in physiological, 
pathological, and psychological conditions (8). To date, opportunities 
to comprehend the intricate physiological mechanisms driving sheep 
reproduction and welfare are on the rise due to recent developments 
in the study of circulating miRNAs. In sheep, circulating miRNAs 
have been shown to be associated with the reproductive sphere, such 
as fertility and reproductive success (9, 10). For example, Hitit et al. 
(11) have found variations in the expression of miRNAs in the plasma 
of early pregnant ewes, suggesting their potential as biomarkers for 
early pregnancy diagnosis.

Furthermore, miRNAs have been linked to welfare state in 
livestock animals, including stress and infectious diseases (12–14). 
The identification of miRNAs associated with stress could provide 
valuable insights into the physiological responses of sheep to 
environmental and management factors, ultimately giving strategies 
to improve their reproductive performance and, more generally, 
their welfare.

In addition to their value in livestock production systems, sheep 
also play a key role in preserving rural heritage and biodiversity (15). 
Rustic breeds, in particular, are an essential part of this heritage and 
are often well adapted to local conditions, requiring minimal inputs 
and producing high-quality meat, milk, or wool (16, 17). However, 
many rustic breeds are facing extinction due to the increasing 
popularity of high-yielding commercial breeds and the decline of 
traditional farming practices (18). The preservation of rustic breeds is 
also crucial for providing essential ecosystem services, such as 
conserving genetic resources, water flow regulation, pollination, 
climate regulation, landscape maintenance, recreation and ecotourism, 
and cultural heritage (19, 20). Moreover, better characterization of 
locally adapted breeds will be a key for adaptation breeding to address 
current challenges, such as climate change (21). From this perspective, 
the study of the reproductive lives of these breeds can be useful for 
their management, thus optimizing productivity and welfare.

In this study, we  investigated how the signature of circulating 
miRNAs changed during the reproductive cycle of Frabosana-
Roaschina, an Italian-endangered sheep breed of the Piedmont region. 
The study aimed to identify differentially expressed (DE) miRNAs that 
could serve as putative biomarkers to better understand the regulation 

of the reproductive process, thereby helping to improve the 
reproductive efficiency of this breed.

2 Materials and methods

The study approval was granted by the Italian Ministry of 
Health, authorization number 494/2020-PR. All methods were 
carried out following relevant guidelines and regulations. Informed 
consent is not required as no human subjects were involved in 
the study.

2.1 Ewes

The study consisted of two trials with two groups of ewes of the 
Frabosana-Roaschina breed. In the first trial, nulliparous ewes 
(10–12 months old) were recruited; in the second trial, pluriparous 
ewes (4–6 years old) were recruited. All ewes were moved to the 
sheepfold of the Department of Veterinary Sciences of Turin 
University. The two flocks were housed separately, away from other 
animals, and managed according to the breeder’s instructions. After 2 
weeks of acclimatization, the sheep were synchronized with 
progesterone sponges for 14 days using a standard protocol (22). After 
the 2-week synchronization period, a ram of the same breed from the 
same farm was introduced into the flock. Subsequently, sample 
collection was carried out for 1 month (January 2020 for the first trial; 
February 2022 for the second trial) early in the morning and before 
feeding times on alternate days.

2.2 Ultrasound scans

On the sampling days, sheep were subjected to an ultrasound 
examination (Draminski Ultrasound scanner BLUE VET, linear rectal 
probe for sheep and goat 4,9 MHz, Poland) to assess the cyclic 
reproductive activity and the possible onset of pregnancy. For each 
ewe in the study, ultrasound images were collected every sampling day 
and the presence or absence of follicles and corpora lutea 
was evaluated.

2.3 Behavioral assessment

Ewes were recorded continuously using three wireless cameras 
(EZVIZ C3W Pro, Hangzhou Hikvision Digital Technology Co., Ltd., 
Hangzhou, China), located inside and outside the sheepfold, managed 
using a network video recorder (NVR) system (EZVIZ X5C, Hangzhou 
Hikvision Digital Technology Co., Ltd., Hangzhou, China). For the 
video analyses, a species-specific ethogram was drafted based on 
previous literature (Supplementary Table S1) (23). Continuous 
sampling of 14 days, before and during the estrous cycle of the first trial, 
was performed to score all behaviors expressed and identify the most 
commonly expressed behaviors. Subsequently, 30 min of each hour in 
the time slots 01–02, 10–11, and 18–19 in 3 days of three phases of the 
estrus cycle (first follicular phase, luteal phase, and second follicular 
phase) were analyzed alternately in continuous sampling. For analyses, 
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both states and events behaviors from only “Aggressive,” “Social,” “Play” 
and “Sexual” categories of ethogram were considered.

2.4 Blood collection

Blood was collected from the jugular vein of animals using 10-mL 
VACUETTE® Tubes K3E K3EDTA with a VACUETTE® Multiple Use 
Drawing Needle 20Gx1½” (Greiner Bio-One GmbH, Kremsmünster, 
Austria). The plasma was separated by centrifugation at 3,500 rpm for 
10 min at 5°C. Then, it was aliquoted and centrifuged again at 
3,500 rpm for 10 min at 5°C to discard all cell residues. Aliquots of 
1.3 mL were frozen at −80°C until processing.

2.5 Saliva and feces collection

Saliva samples were collected using a polyethylene pad (Salivette®, 
Sarstedt AG & Co., Nümbrecht, Germany). The swab was inserted into 
the animals’ mouths with a clamp for 3 min to allow the sheep to chew 
it. The saliva was collected from the swab after sampling by 
centrifugation at 3,500 rpm for 10 min at 5°C and stored at −20°C 
until processing (24–26).

Feces were collected from the rectal ampoule and stored in labeled 
plastic frost bags. The samples were then frozen at −20°C until processing.

2.6 Extraction and estimation of hormones

The quantification of plasma estradiol and progesterone 
concentration was performed using commercial ELISA kits (DetectX® 
17β-Estradiol ELISA Kit and DetectX® Progesterone ELISA Kit; 
Arbor Assays®, USA) to detect ewes’ estrus cycle. Hormones were 
extracted from the plasma using diethyl ether, following the Steroid 
Liquid Sample Extraction Protocol for DetectX® Immunoassay Kits 
(Arbor Assays®, USA).

Cortisol concentration was determined from both saliva and fecal 
samples of all ewes.

To extract cortisol from the feces, these were left to dry on a stove 
at 65°C for 2 days. Then, dried feces were powdered and an aliquot of 
250 mg was weighed. For extraction, 3 mL of diethyl ether was added 
to each aliquot and vortexed for 3 min. After 1 h at −20°C to freeze 
the solid component, the ether was collected in glass extraction tubes. 
The tubes were left overnight in a fume hood until complete 
evaporation of diethyl ether. When estimating cortisol levels, the 
samples were resuspended in 1 mL of ethanol, and subsequently, 1 mL 
of PBS was added.

For both salivary and fecal cortisol quantification, an ELISA 
sandwich immunoassay has been performed using a commercial 
ELISA cortisol kit (DetectX® Cortisol ELISA Kit; Arbor Assays®, 
USA) according to the manufacturer’s protocol.

2.7 Extraction and quantification of plasma 
microRNAs

The extraction process was performed starting from 500 μL of 
centrifuged plasma using the Maxwell® RSC miRNA Plasma or Serum 

kit (Promega, Madison, Wisconsin, USA) according to the 
manufacturer’s protocol. During the extraction process, 1 μL of 
UniSp2,4,5 spike-in (Qiagen, Hilden, Germany) was added to each 
sample as a quality control measure.

miRNA quantification was performed using a Quantus™ 
Fluorometer (Invitrogen, Thermo Fisher Scientific Inc., Waltham, 
Massachusetts, USA) and a Qubit™ microRNA Assay Kit, following 
the manufacturer’s guidelines. The miRNA samples were then stored 
at −80°C.

2.8 Sequencing

Six ewes were randomly chosen, and for each animal, two time 
points were selected (day 2 and day 11 after the end of synchronization). 
Therefore, a total of 12 RNA samples were selected and quality tested 
using the Agilent 2100 Bioanalyzer RNA assay (Agilent Technologies, 
Santa Clara, California, USA). Then, they were sent for sequencing 
using an external service (IGA Technology Services, Udine, Italy).

For the preparation of libraries, the QIAseq miRNA Library Kit 
(Qiagen, Hilden, Germany) was used following the manufacturer’s 
instructions. The final libraries were checked using both Qubit 2.0 
Fluorometer (Invitrogen, Carlsbad, California, USA) and Agilent 
Bioanalyzer DNA assay or using the Caliper LabChip GX 
(PerkinElmer, Waltham, Massachusetts, USA). The libraries were then 
prepared for sequencing and sequenced on single-end 150-bp mode 
on NextSeq 500/NovaSeq 6000 (Illumina, San Diego, California, USA).

Both raw read counts and normalized reads (per million of the 
total number of reads in the analysis) were provided.

2.9 cDNA synthesis and quantitative 
real-time qPCR

Immediately after extraction and quantification, 0.8 μL of miRNA 
samples were reverse transcribed in cDNA using a miRCURY LNA™ 
RT Kit (Qiagen, Hilden, Germany) in a final volume of 10 μL 
according to the manufacturer’s instructions. At this stage, 0.5μL of 
UniSp6 spike-in (Qiagen, Hilden, Germany) was added to each 
sample as quality control for reverse transcription.

The cDNA samples were stored at −20°C until analysis.
Before RT-qPCR, the cDNA was diluted 30-fold before use, and 

amplification was carried out using a miRCURY LNA™ SYBR Green 
PCR Kit according to the manufacturer’s protocol (Qiagen, Hilden, 
Germany). The PCR cycling conditions consisted of an initial heat 
activation at 95°C for 2 min, followed by a two-step cycling for 40 
times: denaturation at 95°C for 10 s and combined annealing and 
extension at 56°C for 60 s. Melting curve analyses were performed 
between 60 and 95°C.

All primers of miRNAs used in RT-qPCR are miRCURY LNA 
miRNA PCR Assay (Qiagen, Hilden, Germany). The references of the 
analyzed miRNAs are given in Table 1.

2.10 Statistical analyses

Differentially expressed (DE) miRNAs were identified from next-
generation sequencing data using edgeR (version 4.2.0). Subsequent 
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functional analysis was conducted with clusterProfiler (version 4.8.3), 
DOSE (version 3.26.2), org.Bt.eg.db (version 3.17.0), and org.Hs.eg.
db (version 3.17.0) packages in R (version 4.3.3) within the RStudio 
(release 2023.06.1) environment.

Since there is no archive for Ovis aries, orthologous miRNAs were 
identified using miRBase1 for Homo sapiens and Bos Taurus. Genes 
and transcripts putatively regulated by DE miRNAs were selected 
using the TargetScan Release 8.0 databases. Only those with at least 
one conserved 8mer site were included.

An enrichment analysis was then carried out on these genes using 
databases such as Gene Ontology (GO) and Kyoto Encyclopedia of 
Genes and Genomes (KEGG).

From the RT-qPCR results, stable miRNA normalizers were 
identified using qbase+ software (Biogazelle, Zwijnaarde, Belgium2) 
(27), and their geometric mean was calculated. For statistical analyses 
of the RT-qPCR data, ∆Cq was used, defined as the difference between 
the Cq of the miRNA target and the geometric mean of normalizers’ Cq.

To validate the differentially expressed miRNAs across all sampled 
animals, we performed Wilcoxon and Mann–Whitney tests, as well as 
paired-and independent-samples Student’s t-tests. Normality 
assumptions were verified using the Shapiro–Wilk and Kolmogorov–
Smirnov normality tests for each sampled time point, in both trials, 
using GraphPad Prism version 9.0.0 for Windows (GraphPad 
Software, Boston, Massachusetts, USA3).

1 https://www.mirbase.org/

2 www.qbaseplus.com

3 www.graphpad.com

3 Results

3.1 Reproductive status

According to hormonal patterns (estradiol and progesterone) 
during the sampling period, the expected cyclicity was displayed. 
During the estrus cycle in both trials, average estradiol value 
concentrations ranged between 0.96 and 4.79 pg/mL, whereas 
progesterone ranged between 0.26 and 9.11 ng/mL. Different phases 
of the estrus cycle were identified (Figure 1A and Figure 2A). In 
both trials, the luteal phase was clearly evident: progesterone 
peaked on the 12th day of the cycle, maintained a plateau until the 
15th day, and then dropped back to the baseline levels on the 21st 
day. Peaks of estradiol, associated with follicular waves, appeared 
after the progesterone peak: on the 17th and 23rd day in the first 
trial and on the 17th and the 21st day in the second trial between 
the two cycles. Additionally, a significant increase in estradiol 
(p < 0.01) was observed on day 9, prior to the luteal phase, in the 
second trial. These data show that the estrus cycle of Frabosana-
Roaschina ewes lasted approximately 18 days.

Additionally, the animals’ ovarian cyclicity was validated by 
ultrasound scan images. Follicular growth was detected during the 
follicular phase, which was identified based on hormone plasma 
concentration. Corpora lutea were detected after the peak of 
progesterone plasma concentration (Figures 1B–E, 2B–E).

When comparing behaviors, differences were evident between the 
two trials. Ewes in the first trial showed only several play behaviors but 
no sexual behaviors, such as clear manifestations of estrus (Table 2). 
During the second trial, however, sexual behaviors were displayed by 
ewes and no play behaviors were registered (Table 3).

Based on hormonal trends, ultrasound images, and behavioral 
assessments, it can be assumed that the ewes in the first trial exhibited 
silent ovulation.

Finally, during the same experimental period, salivary cortisol 
levels ranged from 0.64 to 2.01 ng/mL, whereas fecal cortisol ranged 
from 8.64 to 19.66 ng/g. No statistical significance was highlighted 
in the cortisol values between the follicular phase and the luteal 
phase. The statistical analyses did not reveal any significant 
differences in the cortisol trends during the sampling period in 
either matrix.

3.2 Sequencing data show DE miRNA and 
related downstream pathways

Based on the hormonal patterns of estradiol and progesterone 
and on ultrasound scan images, two sampling points were chosen: 
day 2 after the end of synchronization, and day 11, immediately 
before the progesterone rise. The two sampling points therefore 
correspond to the beginning of the follicular phase and the beginning 
of the luteal phase respectively, coherently with the ovaries’ 
ultrasound scans. Plasma miRNAs were extracted from six selected 
animals from the second trial at both time points and sequenced. For 
sequencing, animals from the second trial were chosen for their 
reproductive competence compared to animals in the first trial, in 
order to investigate any possible changes linked to ovarian cyclicity 
in the expression patterns of the circulating microRNAs.

TABLE 1 Designation of microRNAs.

miRNA name Primer ID Qiagen GeneGlobe 
ID

miR-221 cfa-miR-221 YP02104713

miR-26b hsa-miR-26b-5p YP00204172

miR-103 oar-miR-103 YP02110471

miR-432 hsa-miR-432-5p YP00204776

let-7c hsa-let-7c-5p YP00204767

miR-493-3p hsa-miR-493-3p YP00204557

miR-376b-3p oar-miR-376b-3p YP02100887

miR-143 hsa-miR-143-3p YP00205992

miR-22-3p oar-miR-22-3p YP02114472

miR-10b oar-miR-10b YP02102190

miR-23a oar-miR-23a YP02103289

miR-150 hsa-miR-150-5p YP00204660

miR-133 dme-miR-133-3p YP00205954

miR-16b oar-miR-16b YP02115941

miR-665-3p oar-miR-665-3p YP02114331

miR-369-3p hsa-miR-369-3p YP00206028

miR-30a-5p oar-miR-30a-5p YP02106730

miR-27a hsa-miR-27a-3p YP00206038

miR-494-3p rno-miR-494-3p YP02112391

miR-1185-3p oar-miR-1185-3p YP02116317
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FIGURE 1

First trial: (A) average of estradiol and progesterone concentrations (±SD) of ewes (n  =  20) and ultrasound scan images of a representative ewe: 
(B) growing follicles at day 2; (C) dominant follicle at day 9; (D) early corpus luteum at day 11; (E) corpus luteum at day 15.
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FIGURE 2

Second trial: (A) average of estradiol and progesterone concentrations (±SD) of ewes (n  =  20) and ultrasound scan images of a representative ewe: 
(B) growing follicles at day 2; (C) dominant follicle at day 9; (D) early corpus luteum at day 11; (E) corpus luteum at day 15.
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3.2.1 Most expressed microRNAs
Once data were normalized (reads per million, RPM) for each 

sequenced sample, we chose the 10 miRNAs with the highest read 
count. In all samples, a subset of seven miRNAs (oar-miR-16b, −191, 
oar-let-7a, −7b, −7f, −7g, and –7i) was shared as highly expressed, at 
all sampling points. Seven out of the 12 samples also shared a subset 
of three miRNAs (oar-miR-26b, −29a, and −103) among the 
most expressed.

3.2.2 Differentially expressed (DE) microRNAs 
during estrus

Data analysis revealed that 12 miRNAs were differentially 
expressed (nominal p-value <0.01) between the two sampling points. 
Only miRNAs expressed in at least two-thirds of the sequenced 
samples, with average and maximum read values exceeding 10, were 
considered. Comparing day 11 with day 2, five miRNAs were 
upregulated (oar-miR-103, −376b-3p, −432, −493-3p, and oar-let-7c), 
and seven were downregulated (oar-miR-10b, −22-3p, −23a, −27a, 

−133, −143, and −150). Then, a list of highly stable miRNAs in all 
samples was compiled, and the two least variables (mir-26b and −221) 
were selected as housekeeping miRNAs for subsequent gene 
expression analysis through qPCR.

3.2.3 Enrichment analysis
Putative targets of these DE miRNAs identified using 

TargetScan were subjected to an enrichment analysis. The functional 
analysis showed a wide variety of pathways (Supplementary  
Figures S1A,B, S2A–C). Among these pathways, we have identified 
several that were related to reproductive activity and stress response 
(with the number of genes involved in each pathway indicated in 
parentheses). When analyzing Bos taurus putative targets after 
querying with downregulated miRNA orthologs, we  found 
differences in the following biological processes (BP) from the GO 
database: rhythmic process (12), response to hormone (20), 
response to endogenous stimulus (35), and insulin receptor 
signaling pathway (6). For the KEGG database, the affected 
pathways included insulin signaling pathway (24), insulin resistance 
(20), prolactin signaling pathway (15), estrogen signaling pathway 
(23), circadian rhythm (9), endocrine resistance (17), oxytocin 
signaling pathway (24), and MAPK signaling pathway (49). In the 
Homo sapiens database, we isolated cellular response to endogenous 
stimulus (178), behavior (87), regulation of circadian rhythm (60), 
rhythmic process (47), mammary gland development and 
morphogenesis (40), regulation of MAPK cascade (92), cellular 
response to hormone stimulus (176), miRNA metabolic process 
(18), miRNA transcription (15), positive regulation of miRNA 
metabolic process (12), cellular response to stress (189), positive 
regulation of miRNA transcription (11), activin receptor signaling 
pathway (10), hormone-mediated signaling pathway (27), cellular 
response to steroid hormone stimulus (29), and behavioral fear 
response (9) as pathways emerged when querying with 
downregulated miRNAs human orthologs. Cellular response to 
stress (138), regulation of cellular response to stress, regulation of 
translational initiation in response to stress, and integrated stress 
response signaling (62) emerged when querying with upregulated 
miRNAs human orthologs in biological processes (BP) in the GO 
database. Interesting downregulated human miRNA orthologs 
resulted in putatively affecting molecular functions (MF) in the GO 
database, such as nuclear steroid receptor activity (9), nuclear 
glucocorticoid receptor binding (11), activin binding (4), and 
nuclear estrogen receptor binding (9). Circadian rhythm (9), insulin 
resistance (30), GnRH signaling pathway (10), and MAPK signaling 
pathway (40) were found with the same query in the KEGG database.

3.3 Gene expression analysis of circulating 
miRNAs

To expand on the DE miRNA analysis, we  performed a gene 
expression analysis through qPCR on all 40 animals (20 of the first 
trial and 20 of the second trial), statistically comparing the expression 
profiles of miRNAs between the two selected sampling points (day 2 
and day 11). In addition to the differentially expressed miRNAs that 
emerged from sequencing, oar-miR-16b, the most expressed, was also 
analyzed. Moreover, 3 miRNAs (oar-miR-30a-5p, −369-3p, and 

TABLE 2 List of behaviors recorded during first trial. Several play 
behaviors, in addition to aggressive and affiliative behaviors, but no 
sexual behaviors were registered.

Aggressive and 
threatening 
behaviors

Social and 
affiliative 
behaviors

Play behaviors

Butt Pushing Gambole

Head clash Displacing from 

resources

Chasing

Blocking Nudging Reciprocal butt

Threaten Sniffing Jumping

Horn threat (jerk) Nose Frontal butt (one-way butt)

Threat kick Grooming Side/rear butt (one-way butt)

Horn and shoulder 

pushing

Licking Racing

Mount

Kick

TABLE 3 List of behaviors recorded during the second trial. In addition to 
aggressive and social or affiliate behaviors, sexual behaviors were 
recorded.

Aggressive and 
threatening 
behaviors

Social and 
affiliative 
behaviors

Sexual female 
behaviors

Butt Pushing Squat/crouch

Blocking Displacing from resources Head turning

Threaten Nudging Standing mount

Horn threat (jerk) Sniffing Following/migration

Threat kick Nose

Grooming

Licking

Mount

Kick
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−665-3p) from the literature were included in the analysis for their 
possible involvement in reproduction and stress pathways.

For every miRNA considered, amplification data from RT-qPCR 
were normalized using the geometric mean of oar-miR-26b, −221, the 
two miRNAs that, from sequencing data analysis, showed the least 
variation in their expression across samples, and UniSp6, a control 
spike-in (in parentheses, p-value, and fold change of every miRNA). 
In the first trial, oar-miR-10b (p < 0.05; 1.38), −23a (p < 0.01; 1.37), 
−27a (p < 0.01; 1.99), −30a-5p (p < 0.01; 1.82), and −150 (p < 0.01; 
1.35) resulted significantly upregulated at day 11 (Figure 3A). In the 
second trial, we  found that at day 11 there was a significant 
upregulation of oar-let-7c (p < 0.01; 1.66), oar-miR-16b (p < 0.01; 1.78), 
−22-3p (p < 0.01; 1.30), −103 (p < 0.01; 2.33), and -376b-3p (p = 0.017; 
1.59), whereas oar-miR-10b (p = 0.037; 0.83), −27a (p = 0.013; 0.84), 
and − 150 (p < 0.01; 0.72) were downregulated (Figure  3B). When 
comparing the same sampling point between the two trials, a 
statistically significant difference for several miRNAs was found. 
When comparing the expression of miRNAs between the two trials on 
day 2 (second vs. first), we  found that oar-let-7c (p < 0.01; 0.59), 
oar-miR-23a (p < 0.01; 0.75), −103 (p < 0.01; 0.45), −143 (p < 0.01; 
0.62), −150 (p = 0.018; 0.71), −369-3p (p < 0.01; 0.62), −376b-3p 
(p < 0.01; 0.3), −432 (p < 0.01; 0.49), and −493-3p (p < 0.01; 0.39) were 
downregulated, whereas oar-miR-27a (p < 0.01; 1.51) was upregulated 
(Figure  3C). When comparing the second time point, day 11, 
we found the following miRNAs were downregulated in the second 
trial: oar-miR-10b (p = 0.013; 0.69), −23a (p < 0.01; 0.57), −27a 
(p < 0.01; 0.64), −133 (p < 0.01; 0.33), −143 (p < 0.01; 0.49), −150 
(p < 0.01; 0.38), −369-3p (p < 0.01; 0.54), −376b-3p (p < 0.01; 0.46), 
−432 (p = 0.015; 0.5), and 665-3p (p < 0.01; 0.44). In contrast, 

oar-miR-16b (p < 0.01; 2.17) was the only miRNA that was resulted 
upregulated (Figure 3D).

Hence, when confronting the two trials, the only two miRNAs 
upregulated on day 2 and day 11 were, respectively, oar-miR-27a and 
oar-miR-16b, whereas oar-miR-23a, −143, −150, −369-3p, −376b-3p, 
and −432 were downregulated for both days in the second trial.

When considering the second trial, which provided the samples 
that underwent sequencing, six miRNAs (oar-let-7c, oar-miR-10b, 
−27a, −103, −150, and -376b-3p) showed variations in expression 
that were concordant with the fold changes reported in the analysis of 
the sequencing data, one miRNA (oar-miR-22-3p) showed an 
opposite trend compared to the sequencing data analysis, whereas five 
miRNAs (oar-miR-23a, −133, −143, −432, and − 493-3p) were found 
to be not differentially expressed.

4 Discussion

4.1 Nulliparous 10–12-month ewes of the 
Frabosana-Roaschina breed showing 
reproductive immaturity

Frabosana-Roaschina is an endangered sheep breed of the North 
Western Alps, specifically the Piedmont region. It is an autochthonous 
breed of medium size, rustic and frugal, with a typically snub profile 
and flattened horns, spiraled in the males and facing backward in the 
females, which has a marked aptitude for milk production. The 
breeding system is mostly transhumant, with summer alpine pasture 
and winter housing (28). We synchronized them to ensure that every 

FIGURE 3

Fold change of miRNAs expression comparing (A) day 11 with day 2 in the first trial; (B) day 11 with day 2 in the second trial; (C) day 2 of the second trial 
with the day 2 of the first trial; (D) day 11 of the second trial with day 11 of the first trial. * Indicates statistically significant differences in miRNA 
expression between trials or days. Individual p-values are reported in the main text.
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ewe was in the same phase at the same time, and based on hormone 
patterns and ultrasound images, we considered that the ewes had an 
estrus cycle of approximately 18 days. The length of the cycle is 
similar to that of the other sheep breeds and coherent with what has 
been reported in the literature (29). According to the protocols of 
synchronization with progesterone sponges, in sheep, the estrus 
should begin approximately 48 h after device removal (30). In our 
study, through hormonal trends and ultrasound images, we found 
that ovulation occurred later than expected. From the data obtained, 
we can identify a follicular phase up to day 9, and a luteal phase from 
day 10 to day 19. Wildeus (22) observed that estrus response and 
fertility vary greatly when intravaginal sponges are applied, 
dependent on species, breed, co-treatment, management, and 
mating system. This may be due to gonadotropic insufficiency and 
low ovarian response of the rustic breed (31). In the second trial, 
prior to the increase and plateau of progesterone, we observed a 
significant peak of estradiol that was not present in the first trial. 
This might be because the nulliparous ewes that were considered in 
the first trial were not reproductively competent yet, unlike the ewes 
recruited in the second trial. We have selected the sampling points 
(day 2 and day 11) based on hormonal data and ultrasound images, 
that confirmed ovarian status. We selected day 2, when we observed 
multiple smaller follicles in the ovary, as the beginning of the 
follicular phase. Considering that we  detected the peak of 
progesterone on day 13 following sponge removal, and observed 
dominant follicles on ultrasound images at day 9 and a corpus 
luteum at day 15, we chose day 11 as the sampling point to mark the 
beginning of the luteal phase.

Moreover, it was observed that the ewes in the first trial ovulated 
without exhibiting estrus (“silent ovulations”), despite the treatment 
with progesterone sponges for 14 days, which is adequate to trigger the 
estrus (22). The fact that no reproductive behavior was seen in the first 
trial provides evidence of this. Quirke (32) revealed that during the 
typical onset of the breeding season, the incidence of silent ovulations 
is higher in lambs than in adult ewes. It is also possible that this feature 
was impacted by the fact that nulliparous ewes were housed separately, 
in a group, and distant from more mature sheep, which may have 
limited their experience and prevented them from learning from adult 
sheep (33). In addition, Santos-Jimenez et al. (34) and Ungerfeld et al. 
(35) reported that nulliparous sheep failed to develop estrous behavior 
after progesterone removal. Therefore, our data confirm that the 
reproductive response of yearling lambs is not fully developed 
compared to that of mature ewes.

Regarding the cortisol patterns in saliva and feces, no statistically 
significant variations were seen in either of the two trials, even though 
in literature, several studies report changes in cortisol levels in saliva 
and feces following acute and chronic stressors (36–39).

4.2 Enrichment analysis shows pathways 
generally related to the reproductive 
sphere

When enrichment analyses were performed, putative targets of 
downregulated miRNAs were involved in several pathways shared 
between Bos taurus and Homo sapiens. Some of these were more 

general, but fit with the scope of our hypothesis: response to 
hormones, response to endogenous stimulus, rhythmic process, and 
circadian rhythm. Other shared pathways were more closely related 
to hormonal processes that we  considered, such as estrogen and 
steroid hormones signaling and response, insulin signaling pathway 
and resistance, and MAPK (mitogen-activated protein kinase) 
regulation and signaling pathway. Jansen et al. (40) found that the 
expression of ERβ (estrogen receptor beta) mRNA over granulosa 
cells declined with increasing follicle size in sheep. From ultrasound 
images, we detected growing follicles between day 2 and day 11. In 
light of this, the changes in estrogen-related pathways that 
we highlighted are in accordance with evidence from the literature. 
Insulin is a peptide hormone whose antagonist is cortisol, among 
others, and is also involved in stress response. Hormones that, to a 
lesser extent, stimulate insulin secretion are estrogens, which, in turn, 
stimulate the synthesis of transcortin, a protein that binds and 
inhibits cortisol (41, 42). Freitas-de-Melo et al. (43) observed that, in 
sheep, the physiological and behavioral responses changed according 
to the phase of the estrous cycle. They report that serum total protein, 
globulin, and plasma glucose concentrations were greater during the 
follicular phase when compared to the luteal one. Insulin has 
regulatory effects on glucose and globulins, such as sex hormone-
binding globulin (SHBG) (44). The results of these studies are 
coherent with the putative-affected pathways that emerged from our 
enrichment analyses.

The pathways that emerged from the putative targets of miRNAs 
that were downregulated only in Bos taurus include prolactin and 
oxytocin signaling pathways. The fact that their signaling pathways 
were significantly affected by downregulated miRNAs between the 
two phases of the ovarian cycle is consistent with their 
physiological function.

In the Homo sapiens database, several pathways related to the 
regulation and transcription of miRNAs are of interest. Other 
pathways relate to hormones, such as activin and GnRH, which are 
involved in ovulation. A downregulation of activin could lead to a 
decrease in SMAD2 activity. This agrees with the upregulation that 
resulted between day 2 and day 11 of miR-16b, which reduces SMAD 
protein levels in sheep (45).

Behavior and behavioral fear response are two pathways that 
emerged from the enrichment analysis when we examined the Homo 
sapiens orthologs. Such evidence might be  important in trying to 
understand how c-miRNAs might be involved in changes in behaviors 
like the ones we observed between the two trials, specifically in play 
and sexual behaviors.

Finally, there are two pathways for Homo sapiens orthologs 
that are associated with significantly upregulated miRNAs: cellular 
stress response and regulation of cellular response to stress, 
regulation of translational initiation in response to stress, and 
integrated stress response signaling. It is fascinating that cellular 
stress response has also emerged among pathways linked to 
downregulated miRNAs. These data highlight the multiplicity of 
genes involved and the complexity in the miRNAs regulation of 
pathways related to stress, even though we  could not detect 
significant differences in cortisol concentrations in both 
analyzed matrices.

As we find consistency between the differences detected in our 
research and the pathways that emerged from the expression analysis 
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of miRNAs, we can speculate that differentially expressed miRNAs can 
directly regulate these pathways.

4.3 Gene expression analysis of circulating 
miRNAs

The validation of DE miRNAs using RT-qPCR confirmed the 
trends of sequencing analysis for most miRNAs.

Oar-let-7c belongs to a family of highly conserved miRNAs across 
species (46, 47). Let-7 is the miRNA cluster that is most expressed in 
ovary (48). De Los Reyes et al. (49) found miR-let-7c is downregulated 
during the estrus phase in dogs, when an increased expression of ESR2, 
the gene coding estrogen receptor beta (ERβ), which is a putative target 
of miR-let-7c, is evident. These data agree with the presence of 
miR-let-7c in the ovine (50) and caprine (51) granulosa cells (GCs). In 
our study, we detected a significant upregulation at day 11 of oar-let-7c 
in the second trial. Considering hormonal trends, this increase of 
miRNA is consistent with literature data.

The effects of the miR-10 family, which includes miR-10a and 
miR-10b, on the proliferation and apoptosis of granulosa cells in humans, 
rats, and mice are highly conserved (52, 53). Here, we  found that 
oar-miR-10b is significantly lower on day 2 in the first trial. This agrees 
with the results of Peng et al. (54), who found that, in goat, miR-10b 
inhibits granulosa cell proliferation by targeting BDNF (brain-derived 
neurotrophic factor). Similar results were obtained by Li et al. (55) in 
porcine species, where miR-10b inhibits the CYP19A1 gene, required for 
estradiol synthesis and prevention of cell apoptosis in porcine GCs. In 
the second trial, we observed a trend opposite to that of the first trial, 
with a downregulation between the two selected points. Further studies 
will be needed to clarify the role of this miRNA, probably associated with 
the estrus cycle and, more broadly, reproductive efficacy.

Oar-miR-16b is the most expressed miRNA in all our 12 samples, 
and in the literature, it is linked to granulosa cell proliferation in 
polycystic ovarian syndrome in humans (56) and related to stress 
response in sheep (12). The interesting evidence is that, in porcine 
species, Gad et  al. (57) found miR-16b among the top  10 highly 
abundant miRNAs in porcine oocytes.

Another miRNA upregulated at day 11, in the second trial, is 
oar-miR-22-3p. In sheep, this miRNA is found more expressed in the 
oviduct and ovaries during the luteal phase when compared to the 
follicular phase (58, 59). Moreover, its overexpression leads to a 
reduction in the ERα levels (60). This is in line with our qPCR results, 
in which we observed an increase in the expression of miR-22 at the 
approach of the luteal phase.

We also identified oar-miR-23a upregulated at day 11 of the first 
trial and downregulated at both time points when comparing the 
second trial to the first. In the literature, miR-23a is associated with 
apoptosis of granulosa cells in humans (61–63) and in yaks (64), it is 
also heavily involved in the hormonal reproductive axis by modulating 
ER-α and ER-β expression, estradiol and progesterone concentrations. 
Other studies performed on dogs (65) and horses (66) link this 
miRNA to age reproductive competence.

miR-27a belongs to the same cluster of miR-23a. In our study, 
we found two opposite trends between the first and the second trial: 
upregulated in the first one and downregulated in the second at day 11. 
In the literature, several mechanisms of action are reported for this 
miRNA. In humans, it promotes apoptosis in granulosa cells (62), and it 

is upregulated in the luteal phase in sheep (58). These data appear to 
agree better with the trend we found in the first trial. In other studies, it 
is found downregulated in the luteal compared to follicular ovaries of 
sheep (59) and downregulated in large follicles compared to small 
follicles in sheep (67). These data, on the contrary, match our trend in the 
second trial. Such difference might be due to the specific breeds analyzed.

Oar-miR-103 is one of the miRNAs upregulated at day 11 in the 
second trial. It has been studied for its involvement in buffalo 
progesterone-mediated oocyte maturation and pregnancy (68). 
Moreover, miR-103 has been shown by Sirotkin et al. (53) to influence 
estradiol and progesterone secretion in human ovarian cells.

Oar-miR-143 was downregulated in the second trial vs. the first one 
at both time points. In the literature, miR-143 has been reported as a 
negative regulator of the FSH signaling pathway and to reduce estradiol 
secretion in mice (69). It is upregulated in monotocous sheep during the 
luteal phase affecting GnRH release (70), it inhibits steroidogenesis and 
induces apoptosis in porcine granulosa cells (71) and it affects both the 
synthesis of progesterone and the secretion of estradiol, reducing it in the 
bovine species (72). The variations we  observed in this c-miRNA 
concentration, noted only when comparing the two trials, may suggest a 
role in the synthesis and regulation of progesterone and estradiol 
associated with the development of reproductive competence, rather 
than modulating the estrus cycle.

Oar-miR-150 is significantly downregulated on day 11 of the 
second trial and at both sampling points when comparing the second 
trial with the first one. Zhang et  al. (73) described miR-150 as a 
possible regulator of synaptic plasticity of the hippocampus that plays 
a significant role in stress-induced anxiety-like behavior in adult mice. 
It is interesting its increase in sheep ovaries during the follicular phase 
compared to luteal, targeting the STAR gene and, subsequently, acting 
on steroidogenesis (74). This is consistent with the trends we observed 
in the second trial. Moreover, Geng et al. (75) found that miR-150 is a 
negative control of the production of sex-steroid precursor, regulating 
negatively the expression of STAR protein and steroidogenesis. We can 
hypothesize that the downregulation of this miRNA, which acts by 
reducing the precursors of sex steroids, removes a repressive stimulus 
on the synthesis of sexual hormones in pluriparous adult animals.

In our study, oar-miR-376b-3p was found upregulated at day 11 in 
the second trial and downregulated on both day 2 and day 11 when 
comparing the second trial with the first one. Data about miR-376b 
linked to stress and reproduction are scarce, but it is specifically 
expressed in adrenal tissue in sheep under different photoperiod 
treatments, consequently influencing the regulation of estrus (76). 
Song et  al. (59) found miR-376c (a member of the same family) 
upregulated in the luteal phase compared to follicular one. This agrees 
with the trend we detected in the second trial.

Finally, we noticed a downregulation for both sampling points in 
the second trial compared to the first one for oar-miR-432. This 
miRNA is expressed in the ovaries of Hanper sheep (77) and may 
be related to the release of GnRH hormone, thereby affecting the 
reproductive performance of sheep (78). Additionally, it downregulates 
RPS6KA1 expression, a gene that regulates ovarian development in 
the small-tail Han sheep (79).

After analyzing the DE miRNAs based on sequencing data, 
we included three more miRNAs from the literature. Oar-miR-30a-5p 
was significantly upregulated on day 11 in the first trial. It appears to 
be related to inhibition of granulosa cell death in chickens (80), and 
is also involved in heat stress response (81, 82) and depression 
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vulnerability (83). This miRNA may be more involved in regulating 
stress response, rather than directly affecting reproduction-related 
pathways. Oar-miR-369-3p is downregulated for both day 2 and day 
11  in the second trial compared to the first. Oar-miR-665-3p is 
downregulated only for day 11  in the second trial. According to 
recent studies, miR-369 is linked to progesterone levels (84) and 
inhibits progesterone production in the bovine species (85). miR-665 
is highly expressed in the luteal tissues of buffalo (86), regulates luteal 
function, and is a positive regulator of the lifespan of the corpus 
luteum in small ruminants (87). The fact that we find it lower in the 
second trial may be the effect of animal reproductive efficiency.

In conclusion, we wanted to describe and study the changes in 
c-miRNAs associated with specific phases of the reproductive cycle of 
a rustic endangered breed of sheep through the use of different 
resources. Several studies, in addition to those mentioned in this 
article, have investigated the identification and expression of 
circulating and tissue miRNAs related to reproductive performance in 
sheep (88–90). By comparing the two trials, during which ewes of the 
same breed were at different stages of their reproductive lives, 
we aimed to provide insights that could be useful in the management 
of the breed, thus optimizing its productivity and welfare.

Among miRNAs that emerged from this study, oar-miR-432 was 
also found in sheep ovaries related to reproductive traits, such as 
GnRH release (70), fertility (88), prolificity (90), and estrus during the 
non-breeding season (91). For this reason, it could be a promising 
biomarker of reproductive competence and health in sheep. Other 
interesting miRNAs involved in sheep estrus are oar-miR-143 (10, 70, 
92), −103 (88, 91), −376b-3p (89, 91), and -493-3p (89, 91). Finally, 
oar-miR-10b has been reported as the most expressed by some authors 
(90, 91), whereas others reported it as differentially expressed (10, 88, 
92). It is clear that these miRNAs still need further study to better 
define their role in the reproduction of sheep and, more specifically, 
in the Frabosana-Roaschina breed. When considering the significant 
differences in the expression of selected circulating miRNAs and the 
putative pathways that they might regulate, the overall picture shows 
interesting ties to the hormonal reproductive axis. In the literature, 
there are numerous reports that support the idea that the miRNAs that 
we identified might affect the functions of different endocrine glands 
of the HPO axis. A specific plasma c-miRNA signature might 
be associated with a complex regulatory network and might contribute 
to coordinating the sequence of the phases of the reproductive cycle.

Finally, we believe that this study may be important in a changing 
livestock breeding landscape, where the improvement of local breeds 
and the enhancement of local products for the better welfare of the 
entire production chain is increasingly gaining the spotlight.
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