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In seasonal estrus, it is well known that melatonin-regulated biorhythm
plays a key role. Some studies indicate that the adrenal gland plays an
important role in reproduction in mammals, but the molecular mechanism
is not clear. This study used an artificially controlled light photoperiod
model, combined with RNA-seq technology and bioinformatics analysis, to
analyze the messenger RNA (mRNA) and microRNA (miRNA) of ewe (Sunite)
adrenal glands under different photoperiod treatments. After identification,
the key candidate genes GRHL2, CENPF, FGF16 and SLC25A30 that
photoperiod affects reproduction were confirmed. The miRNAs (oar-miR-
544-3p, oar-miR-411b-5p, car-miR-376e-3p, oar-miR-376d, oar-miR-376b-
3p, car-miR-376a-3p) were specifically expressed in the adrenal gland. The
candidate mMRNA-miRNA pairs (e.g., SLC25A30 coagulated by novel miRNA554,
novel MiRNA555 and novel miRNA559) may affect seasonal estrus. In summary,
we constructed relation network of the mRNAs and miRNAs of sheep adrenal
glands using RNA sequencing and bioinformatics analysis, thereby, providing
a valuable genetic variation resource for sheep genome research, which will
contribute to the study of complex traits in sheep.

sheep, adrenal gland, photoperiod, reproduction, RNA-seq

Introduction

Low fecundity is the greatest limiting factor in the modern mutton sheep industry.
Many element affect fecundity, such as litter size, oestrus frequency, and embryo survival
rate. Because the most part area of China is located in the temperate zone, many animals
are in oestrus in autumn and winter and give birth in spring and summer to ensure the
survival of their offspring. Biologists are therefore divided into long-photoperiod breeds
(LPs) and short-photoperiod breeds (SPs) with seasonal variations (1, 2). For example,
the Chinese Sunite sheep is a typical SP breeder, which is specifically represented as estrus
from August to March of the next year and anestrus from April to July (3, 4).

Concerning reproduction, the unavoidable theme is the upstream control center,
such as the hypothalamus and pituitary gland. Studies have shown that light stimulates
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FIGURE 3

An example of the miRDeep?2 output. The figure illustrates the output for the miRNA of novel_555. The upper part of Figure 3 shows the read
count and the total count of each part. The predicted secondary structure of the hairpin is also depicted, with mature (red), star (purple) and
circular (yellow) sequences highlighted in different colors. The bottom of the map shows the results of miRNA alignment with predicted
precursor sequences on the genome (OBS line) and experimental sequences reported in miRBase (EXP line). For each sequence, the frequency
and mismatch with the genome sequence (mm sequence) are given. Mismatches are also highlighted in uppercase letters.

mRNA-miRNA co-expression network was then constructed,
where 4 DEGs were targeted by 16 novel miRNAs (Figure 6;
Supplementary Tables 8, 13).

Data validation

To evaluate the accuracy of sequencing, qQPCR was used to
verify the RNA-seq data. The results showed that the expression
pattern of miRNAs in sheep adrenal glands was similar to the

expression pattern of sequencing (Figure 7), which proved the
reliability of the data produced by RNA-seq.

Discussion

The transcriptome is space-time specific, but it is a powerful
means to mine key information in the process of animal genetic
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development. The purpose of this study was to establish an OVX
model and assist the light-controlled environment to identify the
key sheep miRNAs and differentially expressed genes affected
by light changes. Our previous studies successfully obtained the
miRNAome and mRNAome information of the hypothalamus
and pituitary through a similar experiment (17, 22). Therefore,
we selected an adrenal transcriptional group for detailed analysis
based on the close relationship between HPG and the HPA axis
and successfully identified new adrenal-specific miRNAs and
differentially expressed genes.

In this study, a total of 861 miRNA and 17,712 coding
protein genes were identified in the three comparison groups.
Among the miRNAs we identified, novel miRNAs accounted
for approximately 82.45% of the total number of miRNAs,
and known miRNAs accounted for only 17.54%. Among the
151 mature known miRNAs, we obtained only 106 stem-loop
sequences. Both the 5 p arm and 3 p arm of 47 stem-loop
sequences produced mature miRNA. Both arms of a miRNA
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FIGURE 4
Differentially expressed (DEM) microRNA and (DEG) mRNA analysis. Different color rectangles were used to represent the numbers of
upregulated (blue), downregulated (yellow) and total (green) differential genes.

precursor may give rise to functional levels of mature miRNA
(35, 36). The dominant products may change from species
to species and have different tissue expression preferences,
including normal vs. pathological tissue (37-43). At the same
time, when identifying three biological repetitive samples in each
treatment group, we found that except for SP42-1 and SP42-3,
all the other individuals identified 106 stem-loop sequences. The
stem-loop sequences that were not detected were oar-mir-654
(producing 3P mature miRNA) and oar-mir-1193 (producing
5p mature miRNA). mir-1193 has been found to inhibit the
proliferation and invasion of cancer cells by directly acting
on transmembrane 9 superfamily member 3 (TMISF3) and
insulin-like growth factor 2 mRNA binding protein 2 (IGF2BP2)
(44, 45). In a mouse study, overexpression of mir-1193-5p
was found to be able to increase the differentiation tendency
of oligodendrocyte progenitor cells (46). Similarly, previous
studies have found that mir-654 is significantly related to
the development of a variety of malignant tumors, including
lung cancer, rectal cancer, esophageal cancer and colon cancer
(47, 48). Since we only detected the above two miRNAs
in SP42-2 individuals, it is not possible to determine their
relationship with the photoperiod and adrenal gland, so we will
explore further.

Frontiersin Veterinary Science

09

After differential expression analysis, we initially identified
144, 454 and 506 DEGs and 48, 36 and 55 DE miRNAs
(LP42 vs. SPLP42, SP42 vs. LP42 and SP42 vs. SPLP42).
According to the grouping, the quantity distribution of DEGs
was more consistent with the expectation of the experiment;
that is, the number of differentially expressed genes in the
SP42 vs. LP42 and SP42 vs. SPLP42 comparison groups was
greater than the number of differentially expressed genes in
the LP42 vs. SPLP42 comparison group. However, the results
of miRNA analysis showed that there were the fewest DEMs
in the SP42 vs. LP42 comparison group. When studying
the data of the sheep pituitary transcriptome after different
photoperiod treatments, with the increase in long photoperiod
maintenance days, the number of differentially expressed genes
and differentially expressed IncRNAs were found to increase
significantly compared with the short photoperiod (22). What
causes the number of differential miRNAs to appear in the
small probability of the significant difference treatment group
needs further analysis. Similarly, during a miRNA study of
sheep hypothalamus, significant expression of the let-7 and
oar-miRNA-200 families was found (17), and some studies
also proved that those identified miRNAs were differentially
expressed in seasonal and non-seasonal sheep breeds (49).
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FIGURE 5

Functional enrichment analysis of DEGs. The upper part of the picture shows the enrichment results of GO and the lower part shows the

enrichment results of KEGG.

tissues. In addition, several miRNAs, such as miRNA-200 family

However, it is unfortunate that although the let-7 and oar-

members, were thought to be conserved in the hypothalamus of
mice (16, 50), rats (51), zebrafish (52), and sheep (17). However,

to sum up,

miRNA-200 families were detected in this study, there was no

differential expression in different comparison groups. In our

it may be conserved in the species, not in sheep breeds

known miRNA identification of sheep adrenal glands and Small

and the tissue; perhaps it is just the wrong time to monitor.

only six miRNAs (oar-miR-

)

17

(

5p, oar-miR-376e-3p,

Tail Han sheep hypothalamus

544-3p, oar-miR-411b-

All the DEGs were subjected to GO functional enrichment
and KEGG enrichment analysis according to the set comparison

iR-376d, oar-

-mi

oar

miR-376b-3p, oar-miR-376a-3p) were specifically expressed in

group. Because there were too many enrichment items in the
BP part and the MF part, we chose the top five terms that were

the adrenal gland, and one (oar-miR-1193-3p) was specifically

expressed in the hypothalamus. The rest can be detected in both
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TABLE 3 Functional enrichment analysis of target gene of DEMs.

Target gene of know miRNA
Term_name (LP42-SPLP42)  Accession FDR Type
DNA methylation on cytosine withina ~ GO:0010424 0.021  BP
CG sequence
Cerebellum vasculature morphogenesis  GO:0061301 0.021
Cellular response to lipid GO0:0071396 0.021
Progesterone secretion GO:0042701 0.021
Steroid hormone secretion GO:0035929 0.021
Cell surface GO0:0009986 0.047 CC
DNA-methyltransferase activity GO:0009008 0.008 MF
DNA (cytosine-5-)-methyltransferase ~ GO:0051718 0.008
activity, acting on CpG substrates
DNA (cytosine-5-)-methyltransferase ~ GO:0003886 0.008
activity
Unmethylated CpG binding GO:0045322 0.009
Whnt-activated receptor activity GO:0042813 0.035
Wnat-protein binding GO0:0017147 0.037
Cytokine binding G0:0019955 0.044

10.3389/fvets.2022.888207

Target gene of novel miRNA

Term_name (SP42-SPLP42)  Accession FDR Type
oligo-1,6-glucosidase activity GO0:0004574 0.001 MF
alpha-1,4-glucosidase activity GO0:0004558 0.003
alpha-glucosidase activity G0:0090599 0.006
hydrolase activity, hydrolyzing GO0:0004553 0.009
O-glycosyl compounds

hydrolase activity, acting on glycosyl GO0:0016798 0.015
bonds

glucosidase activity GO0:0015926 0.015
lysozyme activity G0:0003796 0.022
peptidoglycan muralytic activity GO0:0061783 0.033
rRNA (uridine-N3-)-methyltransferase ~ GO:0070042 0.039
activity

beta-fructofuranosidase activity GO0:0004564 0.039
UDP-N-acetylglucosamine-dolichyl- GO0:0003975 0.039
phosphate

N-

acetylglucosaminephosphotransferase

activity

sucrose alpha-glucosidase activity GO0:0004575 0.039
phospho-N-acetylmuramoyl - GO0:0008963 0.039

pentapeptide-transferase activity

The above GO term includes the significantly enriched term in the analysis results of all the comparison groups, except for the BP group in the known miRNA section, which ranks in the

top 5. The absence of the comparison group name indicates that the comparison group has no significant enrichment of term.

significantly enriched. In the BP section, we find that there are
coincident entries GO:0051239 and GO:0050793 in the SP42 vs.
LP42 and SP42 vs. SPLP42 comparison groups. The overlapping
genes GRHL2 (grainy head-like protein 2 homologs), CENPF
(centromere protein F) and FGFI16 (fibroblast growth factor
16) were found by further analysis of the above two terms.
GRHL2 is one of three mouse homologs of Drosophila
Grainyhead (53) and is expressed in diverse embryonic epithelial
tissues during development (53, 54). GRHL2 and its paralogue
Grhl3 play essential roles in neural tube closure in mice
(55-58). Data indicate that a conserved GRHL2-coordinated
gene network controls trophoblast branching morphogenesis,
thereby facilitating the development of the site of feto-maternal
exchange (59). Normal placental development is a key factor
in reproductive success, so whether screening this gene in
our different photoperiod comparison groups indicates that
placental development is affected by photoperiod is unknown.
Therefore, it is very important to explore its function in
the process of seasonal reproduction of sheep. Another key
gene, CENPE, related to early embryonic development was also
screened out. CENPF is a member of the centromere protein
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family that regulates chromosome segregation during mitosis
(60, 61). Zhou et al. used mice to study and indicated that
farnesylation plays a key role during CENPF degradation and
localization in early embryos. At the same time, a knockout test
of the CENPF gene showed that the gene is very important for
early embryos (62). The fibroblast growth factor 16 (FGFI6)
gene is correlated with oocyte quality (63). In summer, when
oocyte quality is low, the expression of FGF16 is low. Conversely,
in winter, when oocyte quality is high, the expression of FGFI16
is high. We found that the expression of the FGFI6 gene
was upregulated in the comparative group of SP42 vs. LP42,
indicating that in adrenal tissue, the expression of the FGFI16
gene under a long photoperiod was nearly 10 times lower than
that under short photoperiod.

Our experimental analysis results are not ideal, whether it is
the distribution of differential miRNAs in different comparison
groups or the functional enrichment analysis of GO and KEGG
of DEGs or the target genes of DEMs. However, the key
comparison group SP42 vs. LP42 we set up has only made
exciting discoveries in the process of GO enrichment analysis
of mRNA. All the significantly enriched KEGG items of DEGs

frontiersin.org
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or target genes of DEMs are shown in the results section,
but the SP42 vs. LP42 comparison group unexpectedly did
not have any significant entries. Therefore, we need to further
construct a miRNA-mRNA coexpression network to study
interaction regulation and mine gene expression regulation
patterns. We identified the overlapping core gene SLC25A30 in
the SP42 vs. LP42 and SP42 vs. SPLP42 comparison groups.
SLC25A30 is a member of the mitochondrial transporter family
(64). Mitochondrial transporters for inorganic anions/malate
(SLC25A30), thiamine pyrophosphate (TPP) (SLC25A19) and
iron (SLC25A28) are also considered conceptus-induced IFNT-
dependent endometrial DEGs and are increased in endometrial
epithelial cells by IFNT (65, 66). A study by Gorgoglione et al.
(67) suggests that SLC25A30 may have the function of exporting
sulfite and thiosulfate or transporting malate acid, which may
contribute to the flow of malate-aspartate acid in mitochondria.
Importantly, malic acid and malate dehydrogenase is present
in the intrauterine environment of cattle, and malic acid has
been shown to affect the early embryonic development of
hamsters (68-70). SLC25A30 gene expression has been reported

Frontiersin Veterinary Science

12

to be upregulated by cellular oxidative stress, and our study
may also be a sign of increased oxidative stress (71). Novel
miRNA554, novel miRNA555 and novel miRNA559 are the
common miRNAs that regulate the core gene in the two
comparison groups (SP42 vs. LP42 and SP42 vs. SPLP42). These
three miRNAs are located on chromosome 7 and belong to the
same miRNA cluster according to location analysis. However,
the specific functions need to be further analyzed.

These results suggest that several key DEGs and DEMs in the
adrenal gland are directly or indirectly involved in the process of
photoperiod-changing reproductive activity, and further study
of gene/miRNA knockout or overexpression is helpful for us to
understand their real function in female reproductive traits.

Conclusions

We successfully obtained the mRNA and small RNA
data of adrenal gland tissue samples of Sunite sheep under
different treatments by RNA

photoperiod sequencing
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FIGURE 7
Quantitative verification results of miRNA. The relative expressions of 4 miRNA randomly selected in different individuals and among comparison
groups were verified. Rectangles with different patterns represent RNA-seq (A) and gPCR (B) results, respectively.

and Dbioinformatics analysis. The key candidate genes Data avallablllty statement
of photoperiod affecting reproduction, such as GRHL2,

CENPF, FGF16 and SLC25A30, were confirmed. The miRNA The datasets presented in this study can be found in
(oar-miR-544-3p, oar-miR-411b-5p, oar-miR-376e-3p, oar- online repositories. The names of the repository/repositories
miR-376d, oar-miR-376b-3p, oar-miR-376a-3p) was specifically and accession number(s) can be found below: https://www.
expressed in adrenal tissue. The predicted mRNA-miRNA ncbinlm.nih.gov/sra/PRINA756142; https://www.ncbinlm.nih.

pairs (SLC25A30 regulated by Novel miRNA554, Novel gov/sra/PRINA811389.
miRNA555 and Novel miRNA559) showed significant

differences in SP42 vs. the other two groups, indicating that

the relationship may play an important role in the process Ethics statement
of different photoperiod affecting adrenal function. Our

results provide a new perspective for the study of sheep The animal study was reviewed and approved by the Animal
reproduction and help to deepen the understanding of Experimental Welfare Ethics Committee of the Institute of
ovine reproduction. Animal Sciences, Chinese Academy of Agricultural Sciences.
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