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Sperm miRNAs— potential mediators of
bull age and early embryo development
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Abstract

Background:Sperm miRNAs were reported to regulate spermatogenesis and early embryonic development in
some mammals including bovine. The dairy cattle breeding industry now tends to collect semen from younger
bulls under high selection pressure at a time when semen quality may be suboptimal compared to adult bulls.
Whether the patterns of spermatic miRNAs are affected by paternal age and/or impact early embryogenesis is not
clear. Hence, we generated small non-coding RNA libraries of sperm collected from same bulls at 10, 12, and 16
months of age, using 16 months as control for differential expression and functional analysis.

Results:We firstly excluded all miRNAs present in measurable quantity in oocytes according to the literature. Of
the remaining miRNAs, ten sperm-borne miRNAs were significantly differentially expressed in younger bulls (four in
the 10 vs 16 months contrast and six in the 12 vs 16 months contrast). Targets of miRNAs were identified and
compared to the transcriptomic database of two-cell embryos, to genes related to two-cell competence, and to the
transcriptomic database of blastocysts. Ingenuity pathway analysis of the targets of these miRNAs suggested
potential influence on the developmental competence of two-cell embryos and on metabolism and protein
synthesis in blastocysts.

Conclusions:The results showed that miRNA patterns in sperm are affected by the age of the bull and may
mediate the effects of paternal age on early embryonic development.
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Background
With genomic selection technologies, dairy cattle breeding
companies can now use bulls for reproductive purpose at
early pubertal stages with high reliability [1]. Compared
to waiting until five years of age for progeny testing,
this practice dramatically increases the speed of genetic
gain by reducing generation intervals.

Puberty in bulls, which is initiated by systemic informa-
tion of the neuroendocrine system, is defined as the age
when the first ejaculation containing over 50 × 106 million

spermatozoa with at least 10% progressive motility is ob-
served [2]. It is thus predictable that semen collected from
younger bulls has lower sperm count, lower motility, and
results in lower IVF rates compared to sperm collected
from mature bulls [3]. A lack of functional mitochondria
in sperm of prepubertal bulls was also observed which
may explain the reduced motility of sperm at this age [3].
It would be interesting to identify factors that could
potentially be affected by paternal age in order to better
understand the effects of using younger bulls on embryo
and offspring development.

During fertilization, sperm transfer not only the pater-
nal genome, but also a variety of epigenetic information,
including DNA methylation, histone retention and mod-
ifications, as well as small non-coding RNAs (sncRNAs)
[4]. In contrast to genetic information which is relatively

© The Author(s). 2020Open AccessThis article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visithttp://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.

* Correspondence:Marc-Andre.Sirard@fsaa.ulaval.ca
1Centre de Recherche en Reproduction, Développement et Santé
Intergénérationnelle (CRDSI), Département des Sciences Animales, Faculté
des Sciences de l’Agriculture et de l’Alimentation, Université Laval, Québec,
Québec, Canada
Full list of author information is available at the end of the article

Wu et al. BMC Genomics         (2020) 21:798 
https://doi.org/10.1186/s12864-020-07206-5

http://crossmark.crossref.org/dialog/?doi=10.1186/s12864-020-07206-5&domain=pdf


stable, epigenetic factors conveyed by male gametes are
more vulnerable to environmental and physiological
changes and are able to affect offspring health transge-
nerationally [5, 6]. Increasing evidence suggests that
DNA methylation patterns, miRNAs, and modifications
of retained histones are related to bull fertility status [7–10].
Moreover, differentially methylated regions (DMRs) were
observed in sperm of bulls at different pubertal stages [3, 11,
12]. However, following DNA methylation reprogramming
during embryogenesis, only a few DMRs were retained [11],
suggesting that other epigenetic factors, such as sncRNAs,
may potentially function as paternal transgenerational inher-
itance factors.

Sperm sncRNAs were initially regarded as residues of
spermatogenesis. However, recent studies discovered
that sncRNAs, such as miRNAs and tsRNAs, are
sensitive to environmental, metabolic, and psychological
stresses [6, 13, 14]. Such programming could then trans-
generationally impact preimplantation embryos [15] and
even offspring development [16]. Sperm cells carrying
different miRNA and/or endo-siRNA deficiencies in
Dicer and Drosha conditional knockout mice could still
fertilize oocytes but the developmental potential of the
resulting embryos was significantly reduced [17]. Indi-
vidual miRNA studies also concluded that sperm-borne
miR-34c is required for the first cell division in mouse
embryos via targeting of the Bcl-2 mRNA [18]. In bovine
spermatozoa, the microRNA pattern was demonstrated
by deep sequencing [19]. However, whether the expres-
sion pattern of sperm-borne sncRNAs varies during the
sexual maturation of young bulls is not clear and their
functions in early embryonic development have not been
described yet.

The objective of this study was to assess the potential
differences between small non-coding RNAs in semen of
bulls collected at 10, 12, and 16 months of age (pre-,
peri-, and post-pubertal stages, respectively). More than
a thousand bovine miRNAs were identified, and ten
sperm-borne miRNAs were significantly differentially
expressed in younger bulls. These miRNA targets are as-
sociated with developmental and metabolic pathways
such as TGF-� , PI3K/AKT, oxidative phosphorylation
and mitochondrial dysfunction in pre-implantation em-
bryos, thus may mediate paternal age effects on early
embryonic development.

Results
Bovine sperm small RNA purification
Semen was collected from the same four bulls at the ages
of 10, 12, and 16 months, representing the pre-, peri- and
post-pubertal stages, respectively. Semen quality was
analyzed, bulls of 10 months old ejaculated significantly less
sperm (p-value < 0.01) and had a tendency of lower con-
centration (p-value = 0.19) and lower post-thaw progressive

motility rate compared to 12 and 16 months old (p-value =
0.21), while no difference was observed in total motility
among three ages (Supplementary Material, Fig.S1).

An average of 87 ng total RNA with RIN of 2.45 ±
0.015 was extracted from five straws for each age group
(Supplementary Material, TableS1). Bovine spermatozoa
from semen collected at different pubertal stages dis-
played similar overall RNA profiles. The RNA profile of
bull #06622 at 10 months old is shown as an example:
most fragments were shorter than 200 nt illustrating the
sperm specific short-length RNA pattern (Fig.1a and b).
During library construction, sperm total RNA was li-
gated to adapters 125 nt long and reverse transcribed.
Following amplification, the cDNA libraries were puri-
fied by TBE gel, and fragments between 145 and 400 nt,
which represented small non-coding RNAs, were cut for
sequencing (Fig.1c).

Small non-coding RNA patterns in spermatozoa from
bulls at different pubertal stages
A total of 4625 and 4615 unique sequences were
identified in the 10 vs 16 months and the 12 vs 16
months contrasts, respectively, including 1080 miR-
NAs and 60 tsRNAs for the former as well as 1075
miRNAs and 60 tsRNAs for the latter group, which
were mapped to the bovine database (Fig.2a and b).
Differential expression analysis for the four bulls com-
pared to themselves at a different age resulted in two
miRNAs significantly overexpressed and four miRNAs
underexpressed in spermatozoa of bulls at 10 months
compared to 16 months of age. Similarly, three miR-
NAs and one tsRNA were upregulated while five
miRNAs were down regulated at 12 months compared
to 16 months of age. After filtering out the small
non-coding RNAs known to be present in maternal
gametes [20, 21], ten differentially expressed miRNAs
were selected from the two contrasts for further func-
tional analysis (Table1, and Supplementary Material,
Table S2).

Paternal age effects on two-cell embryos
The predicted target genes of these miRNAs were ob-
tained from TargetScan (release 7.2) [22] to explore
the potential paternal age effects on early embryo de-
velopment. Ingenuity pathway analysis (IPA) of target
genes expressed in two-cell embryos according to our
previous study [23] indicated that the top five canon-
ical pathways affected by paternal age were mainly re-
lated to metabolic and developmental pathways
(Table 2). For example, TGF-� signaling and Rho
family GTPase signaling were activated in the 10 vs
16 months group, while PI3K/AKT signaling, Insulin
receptor signaling, and AMPK signaling were acti-
vated and PTEN signaling was inhibited in the 12 vs
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16 months group. Insulin-like growth factor� 1 signal-
ing activation was included in the top five list for
each contrast. Thus, miRNAs from sperm of younger
bulls may potentially impact the metabolism and de-
velopment of two-cell embryos.

Paternal age effects on developmental competence of
two-cell embryos
Early embryonic cleavage kinetics is one of the most im-
portant indicators of developmental competence with em-
bryos cleaving sooner following fertilization possessing

Fig. 1 RNA patterns of sperm from bull #06622 at 10 months old.a, b: Bioanalyzer results of total RNA extracted from sperm.c: Small RNA
libraries with adapters of 125 nt (small noncoding RNAs as well as miRNAs were cut and purified for sequencing). HRL: High Resolution Ladder.
CRL: Custom RNA Ladder. Summary of all RNA patterns of sperm was shown in Supplementary Material (Fig.S2)

Fig. 2 Pie charts of RNA distribution in sperm.a: The distribution of RNAs that are expressed in sperm from bulls at 10 vs 16 months.b: The
distribution of RNAs that are expressed in sperm from bulls at 12 vs 16 months
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higher developmental capacity [24, 25]. A data set was
previously obtained by comparing the mRNA content of
two-cell embryos that had divided shortly after
fertilization (competent) to later dividing embryos (less
competent). Transcripts present at the two-cell stage are
either translated rapidly between the two- and eight-cell
stages, or simply degraded by the eight-cell stage, there-
fore creating a two to three-day window for being targeted
by sperm-borne or other miRNAs [26–28]. In our previ-
ous study, we identified 1368 gene transcripts that were
differentially expressed in fast- vs slow-cleaving two-cell
embryos [23]. In the present study, 424 and 332 of these
2-cell developmental competence related genes were tar-
gets of differentially expressed miRNAs in sperm from
bulls at 10 vs 16 months, and 12 vs 16 months of age, re-
spectively. Furthermore, IPA revealed that the top five
canonical pathways of candidate genes targeted by
differentially expressed miRNAs in the 10 vs 16
months group were related to embryonic stem cell
pluripotency, biosyntheticprocess, and thrombin sig-
naling (Table 3). Meanwhile, in the 12 vs 16 months
group, the top five canonical pathways activated by
the differentially expressed miRNAs were PI3K signal-
ing, iCOS-iCOSL signaling, inhibition of angiogenesis
by TSP1, non-small cell lung cancer signaling, and
telomerase signaling (Table3). In this case, spermato-
zoa ejaculated from younger bulls could influence the
metabolism, pluripotency, and immune response re-
lated pathways to impact the developmental capacity
of the two-cell embryos immediately or between the
two- and eight-cell stages.

Paternal age effects on blastocysts
Due to the relative short half-life of miRNAs, a direct ef-
fect of sperm-borne miRNAs at the blastocyst stage is
questionable. However, it is possible that the miRNA
targets will transmit the paternal age effects to later
stages or create a context that will have an impact a few
cell cycles later at the blastocyst stage. To explore these
possibilities, we used the transcriptomic data of blasto-
cysts produced in vitro from sperm of younger bulls
[29]. In that study, we used IPA to predict the upstream
regulators of the differentially expressed genes (DEGs) in
blastocysts from younger bulls in a very similar age de-
sign as the present study. Among the upstream regula-
tors previously identified, three were targets of miRNAs
that were differentially expressed at 10 vs 16 months,
and four were targets of miRNAs differentially expressed
at 12 vs 16 months (Table4). Interestingly, two of the
upstream regulators (RICTOR and KDM5A) were com-
mon to the two groups. IPA of the downstream targets
of these common regulators demonstrated that four of
the top five canonical pathways were common to the
two contrasts, e.g. oxidative phosphorylation, mitochon-
drial dysfunction, EIF2 signaling, and sirtuin signaling
pathway (Table5). These pathways were all closely re-
lated to the metabolism of blastocysts.

Discussion
Function of sperm miRNA in early embryo development
The function of sperm-borne miRNAs was ignored for a
long time as they were thought to simply be remnants
or byproducts of spermatogenesis. Recently, promising

Table 1 Differentially expressed sperm-borne miRNAs in two contrasts

10 vs 16 months 12 vs 16 months

Candidate miRNA Fold Change p-value Candidate miRNA Fold Change p-value

bta-mir-19b 2.20 0.0029 bta-mir-759 4.99 0.0008

bta-mir-133a 1.89 0.0354 bta-mir-2284z 4.44 0.0213

bta-mir-2285b � 3.45 0.0273 bta-mir-34b 2.14 0.0227

bta-mir-2405 � 1.52 0.0436 bta-miR-2334 � 4.35 0.0230

bta-mir-2285e � 2.44 0.0105

bta-mir-302a � 2.38 0.0401

Table 2 Top five canonical pathways assembled from targets of differentially expressed sperm-borne miRNAs in two-cell embryos

10 VS 16 months 12 VS 16 months

Canonical Pathways -log(p-value) z-score Canonical Pathways -log(p-value) z-score

TGF-� Signaling 11.4 4.95 PI3K/AKT Signaling 10.1 2.402

Signaling by Rho Family GTPases 10.8 6.565 PTEN Signaling 7.39 � 3.43

Huntington’s Disease Signaling 10.1 2.333 Insulin Receptor Signaling 6.67 2

IGF-1 Signaling 9.59 4.226 IGF-1 Signaling 6.31 3.266

Cardiac Hypertrophy Signaling 9.13 5.515 AMPK Signaling 6.21 2.596

Note: A Z-score� 2 means predicted activation, while a z-score� Š 2 predicts inhibition
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results were obtained regarding the regulation of sperm-
borne miRNAs in early embryonic development [17, 18,
30]. One of the six miRNAs (miR-34c) expressed in
sperm and zygotes, but not in oocytes and preimplanta-
tion embryos, was required for the first cell division
in vitro [18]. However, in vivo research using miR-34b/c
and miR-449 double knockout (miR-dKO) mice demon-
strated that the two miRNA clusters were indispensable
for spermatogenesis and fertility, but not for fertilization
or preimplantation development [30]. The conflicting
results were mainly due to the off-target effects of the
inhibitor of miR-34c used in the former study, indicating
that other sperm-borne miRNAs might be involved in
early embryonic development. This assumption was
further verified by germline-specific Dicer and Drosha
conditional knockout in mice, which resulted in failure
of zygotic genome activation and embryonic develop-
ment [17]. One member of this miRNA family, miR-34b,
was differentially expressed in the sperm of young bulls;
however, the blastocyst rates were not significantly af-
fected [29], indicating that this miRNA does not have a le-
thal influence on bovine embryos. Molecular and cellular
function analysis using IPA predicts that the differentially
expressed sperm-borne miRNAs from young bulls will po-
tentially influence the gene expression, cellular assembly
and organization, and cellular function and maintenance
at 2-cell stage, while later at blastocysts stage, these miR-
NAs will be likely to affect RNA damage and repair, pro-
tein synthesis, and small molecule biochemistry (Fig.3).
As in other species, it is therefore quite possible that the
dominant biofunctions of these miRNAs is to carry pater-
nal epigenetic effects.

sncRNAs as epigenetic inheritance factors
Epigenetic factors, including DNA methylation, non-
coding RNAs, histone modification, and others, are more
sensitive to environmental conditions compared to gen-
etic information. Epigenetic information in sperm was
proven to translate the environmental experiences of the
father who could then transfer these acquired traits to
his progeny [31]. In a previous study from our lab,
sperm from prepubertal bulls were characterized to bear
a different DNA methylation pattern compared to sperm
from post-pubertal bulls [11]. Moreover, in the mouse,
the global reprogramming during early embryonic devel-
opment does not erase all methylation marks from the
sperm, leaving a few regions for inter or transgenera-
tional inheritance [32]. In our study mentioned above,
there were over 2600 differentially methylated regions
between sperm of bulls at 10 and 16 months of age, in-
cluding one of them located on an imprinted gene [11].
Recently, contradictory evidence cast some doubts on
whether sperm DNA methylation is either the primary
or the persistent epigenetic carrier of paternally acquired
traits [33, 34]. Hence, other epigenetic factors such as
sperm-borne sncRNAs are gaining more and more at-
tention as transgenerational inheritance factors from the
paternal side. The direct causal relationship between
sperm RNAs and paternally inherited characteristics was
first reported in a study in which total sperm RNA from
traumatized mice was injected into wild type zygotes
resulting in offspring with altered behavior and metabol-
ism [14]. Catenin � 1 (Ctnnb1), which is involved in
stress pathways, was validated as a target of miR-375
which was differentially expressed in mentally stressed

Table 3 Top five canonical pathways assembled from targets of differentially expressed sperm-borne miRNAs correlated with two-
cell embryo competence

10 VS 16 months 12 VS 16 months

Canonical Pathways -log(p-value) z-score Canonical Pathways -log(p-value) z-score

Mouse Embryonic Stem Cell Pluripotency 4.81 2.111 PI3K Signaling in B Lymphocytes 3.62 3

Superpathway of Inositol Phosphate Compounds 3.63 3.207 iCOS-iCOSL Signaling in T Helper Cells 3.22 2.646

Role of NANOG in Mammalian Embryonic Stem
Cell Pluripotency

3.61 2.646 Inhibition of Angiogenesis by TSP1 2.79 2

Thrombin Signaling 3.41 2.714 Non-Small Cell Lung Cancer Signaling 2.68 2.236

3-phosphoinositide Biosynthesis 3.21 2.887 Telomerase Signaling 2.61 2.449

Note: A Z-score� 2 means predicted activation, while a z-score� Š 2 predicts inhibition

Table 4 Upstream regulators of the blastocyst transcriptome that are targets of sperm borne miRNAs

Upstream regulators
in 10 vs 16 months

Downstream targets Upstream regulators
in 12 vs 16 months

Downstream targets

RICTOR ATP5MF, ATP6V0A4, ATP6V1D, etc. 24 genes RICTOR ATP5PD, ATP6V0D2, COX7A2L, etc. 18 genes

KDM5A ACTC1, ATP6V1D, ATP6V1F, etc. 15 genes STK11 ATIC, AVIL, CCNA2, etc. 14 genes

CREB1 CHRNA1, CNN1, CSRP2, etc. 21 genes KDM5A COQ7, MCM3, MYL4, etc. 7 genes

AREG CCNA2, CENPF, PRC1, etc. 5 genes
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