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Abstract

Hybridization is important for both animal breeders attempting to fix new phenotypic traits and

researchers trying to unravel the mechanism of reproductive barriers in hybrid species and the

process of speciation. In interspecies animal hybrids, gains made in terms of adaptation to

environmental conditions and hybrid vigor may be offset by reduced fertility or sterility. Bovine

hybrids exhibit remarkable hybrid vigor compared to their parents. However, the F1 male hybrid

exhibits sterility, whereas the female is fertile. This male-biased sterility is consistent with the

Haldane rule where heterogametic sex is preferentially rare, absent, or sterile in the progeny of

two different species. The obstacle of fixing favorable traits and passing them to subsequent

generations due to the male sterility is a major setback in improving the reproductive potential

of bovines through hybridization. Multiperspective approaches such as molecular genetics, pro-

teomics, transcriptomics, physiology, and endocrinology have been used by several researchers

over the past decade in an attempt to unravel the potential mechanisms underlying male hybrid

sterility. However, the mechanism of sterility in the hybrid male is still not completely unravelled.

This review seeks to provide an update of the mechanisms of the sterility in the cattle-yak and other

bovines.

Summary sentence

Bovine hybrids exhibit obvious hybrid vigor over either parent but while the F1 female is fertile,

the male exhibits sterility. This prohibits the utilization of the hybrid vigor hence poses a challenge

to the improvement of local species through hybridization.
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Introduction

Crossbreeding is practiced in an attempt to fix desirable traits in sub-
sequent generations. Hybridization in bovines such as cattle-yak (Bos
taurus × yak), cattalo (domestic cattle × American bison), Yakalo
(Tibetan yak × buffalo), Zubron (European bison × domestic cattle)
is practiced by farmers with the sole aim of improving the repro-
ductive performance. Crossbreeding is used to improve the perfor-
mance of animals especially under harsh conditions [1]. In the cold,
and hypoxic high altitude Qinghai–Tibetan plateau of China, the

hybridization is usually done between the yak and the domestic cattle
(Bos taurus) to harness the positive traits of the two species without
compromising the resistance to the harsh environment. Yak females
crossed with bulls of local cattle is regarded as the normal hybridiza-
tion and the F1 hybrid is called “true Pian Niu” [2] or cattle-yak in
English, whereas the reciprocal cross between yak bull and female
cattle is considered as “counter-hybridization” and the F1 progeny
are called “false Pian Niu.”Although hybridization in bovines results
in heterosis, the male hybrids are often partially or completely sterile,
whereas the females are fertile. Practically, backcrossing upgrading
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systems have been practiced between fertile hybrid females and the
fertile male parents over generations to dilute the sterility in the
males. However, even though sometimes successful, the adaptability
of the offspring declines and hybrid vigor disappears with increasing
hybridization generation. Members of the subfamily Bovinae (Bison
bison, Bison bonasus, Bubalis bubalis, Bos taurus, and Bos indicus)
diverged many years ago but have a similar diploid number of
chromosomes (2n = 60), consisting 58 acrocentric autosomes except
for sex chromosomes where subtle differences in morphology exist
[3, 4]. Therefore, hybridization in these species is possible, but as
indicated, the hybrid is often sterile. This is a setback in attempts to
fix desirable features in these animals through hybridization, hence
poses a challenge in improvement of the purebreds. The objective of
this review is to provide an update and significant insight into the
mechanism underlying the male hybrid sterility in the cattle-yak and
some other bovine hybrids. This will give readers a current update
on research on bovine hybrid sterility and help identify knowledge
gaps for future research purposes geared toward addressing the
phenomenon.

Heterosis in bovine hybrids

Hybridization among bovine species occurs either in the wild (natu-
ral) or in a controlled environment under captivity, and the hybrids
often exhibit obvious hybrid vigor over either parent (Table 1). For
instance, the Bos taurus and yak hybrid retain the characteristics of
both parents by inheriting the adaptability to the harsh high-altitude
environments from the yak and high productivity from the Bos
taurus [5]. However, the male hybrid is most often sterile, making the
passing of the desirable traits to subsequent generations impossible.
In the cattle-yak, although the male hybrids have normal external
genitalia, libido, and mating behavior, matured sperm is absent in
the seminal fluid. Also, the hybrids and backcross generations are
less adapted to the harsh conditions such as high altitudes and cold
temperatures, whereas others have reduced heterosis and require
improved management to survive [2, 6]. Hence, the male hybrids are
slaughtered for meat or used as teaser bulls, making hybridization,
and backcrossing commercially unattractive.

Causes of male hybrid sterility

Hybrid male sterility (HMS) is a postzygotic reproductive isolation
mechanism that prevents the successful formation of fertile offspring
after fertilization between different species [7]. This phenomenon
occurs during the early stages of speciation, which restricts gene
flow between closely related, sexually reproducing organisms. HMS
is a universal phenomenon observed in many interspecies hybrids of
eukaryotes, ranging from yeast, plants, insects, birds to mammals
[10, 11]. Interspecific hybridization may either result in total or
partial sterility of the hybrids, hybrid inviability, or a reduction in
viability or fertility in backcrosses either in one or both sexes. In
mammals, HMS affects heterogametic sex (males) but not homoga-
metic sex (females), consistent with the Haldane rule [12]. Although
studies are still on-going to unravelled the cause of HMS, numerical
and structural differences in chromosomes resulting in incompati-
ble interaction between parental genes loci, aberrations in meiosis,
defective expression of testis-specific coding, and noncoding genes,
and transcriptional regulation have been implicated. The common
consequence of these causes is a disruption in spermatogenesis in F1
hybrids, characterized by reduced testis size, spermatogenic arrest,

reduced germ cell numbers, and absence of matured spermatozoa
and [13]. Chromosomal and genic incompatibility are the two
common causes of postzygote isolation, but incompatibilities due
to deleterious interactions among genes are considered the primary
cause of hybrid inviability and sterility in most animals [10, 14,
15]. This has become known as the Dobzhansky–Muller model,
which proposes the functional divergence between interacting loci
in different lineages yields incompatible interactions in their hybrids
resulting in sterility. In bovine hybrids such as the F1 progeny of
European Bison and domestic cattle, the HMS was attributed to
abnormal conjugation resulting from lack of a sufficient homology
between chromosomes from the parents or due to disturbances in the
divisional spindle formation in spermatocytes [16]. This suggestion
is consistent with observations by Peters [17] who observed the pres-
ence of univalents at meiotic metaphase cells in hybrids, suggesting
chromosomal incompatibility. The disproportionately large contri-
bution of the X chromosome to hybrid male sterility, referred to as
the “Large X effect,” with the upregulation of X chromosome tran-
scripts in testes of sterile hybrids relative to that of the autosomes has
also been implicated [18–20]. Two mechanisms have been proposed
to cause the large X effect. First is the “Dominance theory,” premised
on the exposure of recessive epistatic X-linked incompatibilities in
hemizygous males [21]. Also, the “Faster-male theory” proposes
that male-limited reproductive traits accumulate faster than female-
limited traits, either due to sexual selection or the high sensitivity
of spermatogenesis to molecular disturbances [22]. Furthermore, the
failure of meiotic sex chromosome inactivation (MSCI) where genes
on sex chromosomes are inactivated during meiosis contributes to
HMS [23]. Cells with defective MSCI cause meiotic arrest and these
defective cells are eliminated by late pachytene resulting in complete
sterility [24, 25]. In a cross between Mus musculus musculus and M.
m. domesticus, a large number of X-linked genes were overexpressed
in the testes of the sterile F1 males [26, 27]. This suggests that MSCI
is defective in the X chromosome of the sterile male hybrid; hence
the expression of genes would have otherwise been silenced. Other
studies attribute the HMS in the F1 male to X–Y or X-autosome
incompatibilities, or a combination of both. In dwarf hamsters, the
HMS was as a result of the dissociation between the X and Y
chromosomes, resulting in X–Y asynapsis and meiotic arrest [28, 29]
The meiotic arrest of the cells with X–Y dissociation could be a result
of meiotic silencing of unsynapsed chromatin (MSUC) spreading to
the pseudoautosomal region (PAR) resulting in the inactivation of
genes essential for spermatogenesis. Also, the lack of homology at the
PAR due to the divergence between parental species correlates with
X–Y dissociation [30, 31]. The PAR shows a higher rate of evolution
than autosomal or X chromosome-specific genes [32, 33]. In the
cattle-yak, meiotic arrest at early prophase I is reported to be the
cause of the HMS, which triggers germ cell apoptosis at pachytene
stage resulting in absence of matured spermatozoa in the epididymis
[34]. In hybrids from European bison × cattle, chromosome pairing
abnormalities leads cessation of spermatogenesis at spermatogonial
or primary spermatocyte stage [8, 16]. American bison × cattle
hybrids also showed a considerable percentage of cells with an
abnormal number of bivalents [35]. Because of these abnormalities,
F1 hybrids usually exhibit meiotic arrest, and the defective meiocytes
eliminated via apoptosis, resulting in azoospermia and severe degen-
eration of the seminiferous tubules. Even though the male hybrids
are sterile, they exhibit normal secondary sexual traits like testis
development, libido, and ability to mating. However, MCSI, MSUC,
and the large X effect are yet to be determine in bovine hybrids, hence
will be focus for future studies. Also, marking of the distribution
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Table 1. Hybrid vigor of some selected bovine hybrids.

Hybrid Parents Sex afflicted by sterility Advantage(s) Reference

Sire ( ) Dam ( )

Cattle-yak (2n = 60) Cattle Yak Male Taller body frame, robust, faster growth
rate, drought-tolerant, more resistant to
diseases, high production of milk and
meat, easy to tame

[2, 6, 95, 96]

Yakalo (2n = 60) Tibetan yak buffalo Male Ability to tolerate harsh winter
conditions

[97, 98]

Cattalo (2n = 60) Domestic cattle Buffalo Male (rarely fertile) More docile, tolerant to cold and heat,
nonselective grazers, better calf feed to
gain ratio. Meat is more tender and
nutritious

[98–100]

Zubron (2n = 60) European Bison Domestic cattle Male High nutritive value and quality of the
meat, Hardier and heavier, more
resistant to diseases and pest

[8, 9, 98, 101]

Yattle (2n = 60) Yak Domestic cattle Male Larger body frame, hardy, more robust,
require no additional supplements better
survivability, high production of milk
and meat with low fat and cholesterol

[102, 103]

recombination hotspot and positions of the double-strand breaks
(DSBs) by PRDM9, the generation of DSBs by Spo11, synapsis, and
recombination in the cattle-yak male hybrid has not been determined
yet. Studies in these areas would help determine if the root cause of
HMS in bovines hybrids is a failure of pairing and synapsis and their
secondary effects on fertility.

Histological analysis of testis of bovine hybrids

and backcrosses

Abnormalities with gene expression and regulation usually manifest
in changes in histology and cellular constitution of the tissue affected.
Histological analysis of bovine hybrid testis revealed phenotypes
similar to that of other mammalian interspecies hybrids such as
equines, murine, and felines. In the cattle-yak, the seminiferous
tubules consist of spermatogonia and a few spermatocytes but are
devoid of late-stage germ cells unlike the male parents, which had
all types of germ cells ranging from spermatogonia to spermatozoa
[36–39]. Figure 1 shows a comparison of the histological sections
of domestic cattle, yak, and cattle-yak from our on-going research.
In the F1 progeny of European bison and domestic cattle, only
spermatogonia and Sertoli cells were observed in the tubules of F1
hybrids between, with the seminiferous tubules of the F1 hybrid
being loosely arranged and neighboring tubules are not in contact
through their basement membranes [8]. The membranes of the
tubules and walls of the blood vessels were also thickened. This
ultimately results in absence of germ cells beyond the spermatocyte
stage, possibly due to their depletion via apoptosis. However, the
situation seems to improve in backcross generations. The male
hybrid cattle-yak in B3 generation could produce sperm, and the
tubule structure, interstitial tissue thickness, and blood vessel density
improved [2, 40]. Życzyński et al. [9] also found completed sper-
matogenesis in B2 and B3 backcross generations with all stages of
spermatogenesis detected with a greater percentage of cattle genes in
the backcrosses. In the cross between European bison and domestic

cattle, some B2 and all B3 generations had complete spermato-
genesis, but the B1 and some B2 backcrosses had many cases of
degeneration of interstitial tissue, hypertrophy of connective tissue,
and arrested spermatogenesis [8, 16]. The B2 generations either
continues to its normal termination or ceases at the spermatogonia
stage, but the thickening of the walls of capillary vessels observed
in many F1 and B1 hybrids did not occur at all in B2 and B3
generations. The depletion of the germ cells often results in reduced
testis weight, decreased tubule surface area, thinning of the germinal
epithelium, and widening of the tubule lumen area. A reduction
in testis weight, thinning of the germinal epithelium, and widening
of the tubule lumen area caused by depletion of germ cells was
observed in the cattle-yak tubule section [38] and our study. The
hybrid (Holstein–Friesian × Tharparkar) had a wider seminiferous
tubule area and significantly lower Sertoli cells to spermatogenic
cells ratio compared to Holstein–Friesian purebred [41]. Taken
together, tubules of hybrid bovines lack late stage germ cells such as
spermatids and spermatozoa, possibly because of their depletion via
apoptosis triggered by arrest in meiosis, but this phenotype improves
with increasing backcross generations.

Backcrossing with successive generations

dilutes the hybrid sterility

Backcrossing of fertile hybrid females with either of the fertile
parental lines has been practiced in an attempt to establish fertile
males. There was a gradual recovery of sperm production capacities
in the male hybrid with an increased in backcross generations
(3rd or 4th) with a recovery of normal homologous chromosome
pairing during meiosis [2, 5, 42]. This suggests that the loss of
homologous pairing and other related processes is the cause for the
lack of sperm in the hybrids. There was also gradual improvement
in the development of testis tissue and a reduction in the death
rate of spermatogonia in the offspring. The backcross generations
(B2 and B3) between hybrid European bison × cattle females to
either of the fertile males resulted in complete spermatogenesis in
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Figure 1. H&E staining of testicular samples of cattle-yak and its parents. A: Yak B: Cattle C: Cattle-yak. MyC-Myoid cell, SG-Spermatogonia, PS-Primary

spermatocyte, SP-Secondary spermatocyte, RS-Round spermatid, EPs-Elongating Spermatid, Sz-Spermatozoa, Author’s own data.

the backcross, even though progeny were not obtained from these
males from natural mating [8, 16]. All stages of spermatogenesis
were frequently detected with a greater percentage of cattle genes
in the backcrosses. It was possible to obtain several fertile males
in B2 backcross generation of American bison and domestic cattle
when F1 females were backcrossed with the fertile males [35].
Taken together, sterility in the male hybrids becomes diluted with
increasing consecutive backcrossing due to correction of meiotic
processes, which appeared defective in the hybrids. However, the
backcrosses exhibit no heterosis and have a low adaptation to the
harsh environmental conditions, hence have little agricultural value
and not worth investing time and resources.

Studies on the mechanism of male hybrid

sterility in bovines

Studies have attributed the HMS to failure to properly execute sper-
matogenesis. Several studies use multiperspective approaches such
as cytogenetics, histology, endocrinology, and molecular genetics to
understand the mechanism of hybrid male sterility in bovines.

Morphological and numerical differences in

chromosomes

The sterility of male hybrids was initially sought on the chromoso-
mal level because differences in chromosome number and structure
between interspecific hybrids inherited from both parents often
result in sterility. A variation in parental chromosome structure
often results in asynapsis/incomplete synapsis, and subsequent aber-
rant meiotic recombination resulting in meiotic arrest and gamete
failure [43]. The yak, domestic cattle, and their hybrids have the

same diploid number of chromosomes (2n = 60), consisting of
29 acrocentric autosomes and the X chromosome being submeta-
centric, whereas the Y chromosome in the yak and the hybrid
is submetacentric and metacentric in the ox [5, 44–46]. Also, no
remarkable difference was observed in G- and C-banding as well as
in relative chromosomal length. In the bison (Bison bonasus L.), all
the autosomes and the X-chromosome were similar to corresponding
chromosomes of Bos taurus, whereas the Y-chromosome is acrocen-
tric. Hybrids between the bison (Bison bison) and the domestic cattle
(Bos taurus) and between Bos banteng and B. taurus not only have
the same diploid number (2n = 60) but also have an indistinguishable
G-banding pattern with the parents [47], yet the F1 hybrids are
sterile. A comparison of the Y chromosome morphology of some
bovine species containing 2n = 60 (Bison bison, Bison bonasus, Bos
taurus, and Bos indicus) revealed insufficient structural differences
between Y chromosomes of these species to explain the sterility of
male hybrids [16]. As stated earlier, there is a gradual restoration
in the male hybrids when the fertile females are backcrossed with
males of either parental line. This suggests that interspecific bovine
hybrids exhibit sterility despite inheriting morphologically identical
sets of chromosomes from both parents. Thus, the morphological
and numerical difference in chromosomes from the parental lines is
not the cause for the failure to complete spermatogenesis accurately,
the cause of the sterility in the cattle-yak.

Endocrine and hormonal factors

Gonadal hormones (follicle-stimulating hormone (FSH) and luteiniz-
ing hormone (LH) play pivotal roles in regulating gametogenesis and
other aspects of the male reproductive system. Therefore, abnormal-
ities in the production or level of production of these hormones
may impact fertility negatively. A study observed the distal part
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of the anterior pituitary of the male cattle-yak and yak revealed
an expansion in FSH cell of the cattle-yak, a malformation of the
cell nucleus, the entering of plasma into the nucleus, as well as
the presence of little secretory granule compared to the yak [48].
This resulted in reduced production of FSH in the hybrids and was
initially thought as the reason for the male sterility in the cattle-
yak. However, shortly this finding, two studies [49, 50] revealed that
the F1 male cattle-yak pituitary secretion and blood levels of FSH
and LH were normal and consistent with that of the parents. Thus,
refutes the earlier claim of variation in hormone production as the
direct cause of the male cattle-yak sterility. Also, frequently intra-
venously injecting well-fed crossbred calves with FSH and LH did
not result in sperm production after 12 months, except an increase
in libido [51]. Fedyk and Krasińsk [16] also observed degeneration
and overgrowth of the interstitial cells with connective tissue, which
is certainly related to the lack of stimulatory activity of hormones.
These findings suggest that abnormal hormone secretion may not be
the mechanism underlying the sterility in the male cattle-yak.

Genetic and epigenetic factors

Since the species in the subfamily Bovinae have similar chromosome
number and structure, the sterility may come from, mutation, inacti-
vation, or misexpression of some genes involved in spermatogenesis.
Several studies focused on the comparative expression of candidate
genes and their methylation levels in the testis of the hybrids and
their male parents. These selected genes have been identified in other
organisms to be involved in spermatogenesis, germ cell development,
and sterility.

Expression of genes involved in spermatogenesis

Spermatogenesis is a highly ordered and genetically coordinated pro-
cess involving numerous coding and their protein products as well
as noncoding genes. The events occurring during spermatogenesis
are controlled by well-synchronized gene regulation at the transcrip-
tional, posttranscriptional, and epigenetic levels [52, 53]. Central
to spermatogenesis is the key step of meiosis and defects in genes
that control various stages of meiosis often lead to male infertility
or sterility. Aberrations in the expression of these genes and their
protein products result in sterility. The genes involved in spermatoge-
nesis whose mutations or deficiency have been called into play in the
pathogenesis of the male sterility are shown in Table 2. Some of the
genes play crucial roles in spermatogenesis, such as cell proliferation,
differentiation, apoptosis, cell transformation, meiosis (DSB process-
ing, synapsis, pairing, DSB repair, recombination, and cross-over for-
mation), whereas others play in (CDC2, CDC25A, DAZ, BOULE,
DMC1, SNRPN, DMRT7, DDX4, SYCP1, SYCP2, SYCP3, FK506,
and MEI1). Also, some of the genes function in ensuring genome
stability by regulating transposon (PIWIL1), whereas others regulate
apoptosis and protect the germ cells during stress (HSP 27, 70& 90,
p53). As expected, the expression of protamine (PRM1 and PRM2)
and LDHC, which are expressed in spermatids and spermatozoa,
respectively, was low in the hybrid male, possibly due to the inability
of spermatogenesis in the cattle-yak to reach these advanced stages.

The low mRNA expression in some of the genes was attributed
to the higher methylation level of their promoter region in the cattle-
yak. For instance, high methylation was found in b-SYCP3 (yak,
81.58% vs. cattle-yak 86.84%; p > 0.05), FKBP6 (yak, 60% vs.
cattle-yak, 85%; p < 0.01), and DAZL (cattle-yak (85.6%), cattle
69.8%, and yaks 71.4%). DNA methylation is one of the important

epigenetic modifications, which play a role in genomic imprinting,
transposon silencing, X-chromosome inactivation, and regulating
tissue-specific gene expression during mammalian development [54].
Because of its influence on chromatin structure and DNA confor-
mation, it regulates gene expression and affects protein function.
Hence, hyper- or hypo-methylation of important genes involved
in spermatogenesis affects fertility by repressing their expression,
suggesting that the high methylation of some genes affects their
transcription, hence the low mRNA expression observed.

Expression of histone methyltransferases

Before the generation of double breaks to initiate meiosis recombi-
nation in mammals, PRDM9 (PR domain containing 9) plays a key
role in recombination hotspot specification and directs the positions
of the DSBs events that initiate meiotic in both humans and mice
[55, 56]. PRDM9 is a zinc finger protein that binds DNA at specific
locations in the genome where it tri-methylate histone H3 at lysine
4 (H3K4me3) and 36 (H3K36me3) at surrounding nucleosomes
[57]. PRDM9 is expressed exclusively in germ cells of both males
and females and plays a role in histone methylation, resulting in
the aberrant expression of several interacting genes in sterile hybrid
males [56, 58]. There was a significant decrease in PRDM9 mRNA
expression levels in the testis of the male cattle-yak and sexually
immature yak calves compared to the adult yaks [40, 59]. In mice, the
deficiency of PRDM9 resulted in meiotic-arrest at mid-prophase I is
manifested by defective DSB repair as well as incomplete synapsis of
homologous chromosome [58, 60]. This suggests that the low mRNA
expression of PRDM9 could decrease its histone methyltransferase
activity essential for meiotic DNA DSB formation at its binding sites
resulting in insufficient generation of DSBs at the onset of meiosis,
leading to the aberrant marking of the position of the DSBs. Male
(PWD × B6)F1PWD/B6 mouse hybrids showed complete sterility
characterized by failures to sire pups, form sex body, and synap-
sis [61]. However, these defects were completely rescued and the
sterility reversed in (PWD × B6)F1PWD/H hybrids, which inherited an
engineered humanized ZF-array showing an increase in symmetric
binding, restoration of proper synapsis, and fertility. This finding
suggests that the ZF domain of PRDM9 and likely the PRDM9
protein DNA-binding properties underlies the role of PRDM9 in
hybrid sterility. The formation, distribution, and the protein DNA-
binding properties of PRDM9 have not been studied in the cattle-
yak. In cattle, the number and sequence of PRDM9 zinc finger
exhibit great variations among different cattle breeds and within the
cattle family and is associated with recombination rates [62, 63].
Histone modification, such as methylation, is essential for normal
spermatogenesis, as it regulates timely and cell-specific expression
of genes, whereas the methylation of some histones (H3K4me1/2/3,
H4K20me1, and H4K20me2) is associated with enhancer region and
transcription activation, some (H3K9/27 and H4K20me3) label gene
repression [64–67]. A recent study revealed that the morphology of
gonocytes was normal and was capable of entering meiosis in yak
and cattle-yak [59]. However, H3K27me3 and H4K20me3, which
are involved in gene repression, were enriched in the gonocytes of
cattle-yak, suggesting that although the gonocyte population was
established in cattle-yak, epigenetic programs directing gene expres-
sion were aberrant in gonocytes and could indirectly cause defects
in meiosis of spermatocytes. Also, H3K4me3 was depleted, whereas
H3K27me3 and H4K20me3 were enriched in Sertoli cells. The
authors concluded that gene activation machinery was repressed,
whereas gene silencing program was enhanced in Sertoli cells of
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Table 2. Candidate genes and their mRNA expression and methylation levels.

Gene category/function Gene symbol Expression level Methylation level Reference

DAZ family of genes (regulate the
translation and transport of key
transcripts in germ cells)

DAZL Not detected n/a [104]

BOULE Down Hypermethylated [34, 105]
DAZL Down Hypermethylated [37, 106]

Synaptonemal complex genes (lateral and
central element

SYCP2 Down n/a [107]

SYCP3 Down Higher [108, 109]
FKBP6 Down Hypermethylated [110, 111]

Genes regulating germ cell division
cycle/development

CDC2 and CDC25A Down n/a [112]

DDX4 Down Hypermethylated [113]
DM domain family of gene (function in
histone modifications that maintains
transcriptional silencing of the sex
chromosomes)

DMRT7 Down n/a [39, 114]

Recombinases (strand exchange, DSB
repair and Meiotic recombination)

RAD51 Down n/a Niayale et al.
(Unpublished)

DMC1 Down n/a [115]
MEI1 Down Hypermethylated [116]

Pre-mRNA processing e.g. tissue-specific
alternative splicing events

SNRPN Down Hypermethylated [117]

Transposon regulator (suppress
retrotransposons and protects the
integrity of the genome of germ cells

PIWIL1 Down Hypermethylated [118]

Imprinted genes IGF2 Down Hypermethylated
(ns)

[119]

H19 Up Hypo-methylated [69]
Histone methyltransferases EHMT2 Up n/a [59]

MLL5 up n/a [59]
SUV420H1 Down n/a [59]
PRDM9 Down n/a [40] [59]

Genes expressed in spermatid/sperm
(DNA compaction and sperm energy
generation)

PRM1 and PRM2 Down n/a [120]

LDHC Down n/a [121]
Y-transitional/Y-ampliconic region genes TSPY-T2, HSPY, ZNF280BY

PRAMEY-T2
Down n/a [122]

Molecular chaperones (help in protecting
cells during stress and maintenance of
cellular integrity and viability)

HSP70/90 Hsp70 down,
Hsp90 up

n/a [72]

HSP27/P53 Hsp27 down, p53
up

n/a [73]

n/a = not available; ns = not significant.

cattle-yak. Since Sertoli cells support the differentiation of spermato-
gonia, meiosis progression, and spermiogenesis [68], the authors
surmised that the dysregulation of gene expression in Sertoli cells
probably led to the formation of an environment not conducive
for meiosis hence caused massive germ cell loss and sterility in the
cattle-yak. Also, at 2 years, relative concentrations of MLL5 and
SUV420H1 increased, whereas PRDM9 and EHMT2 decreased in
cattle-yaks compared to those of yak testes (Figure 2).

Expression of imprinted genes (IGF2 and H19)

Insulin growth factor (IGF2) is a paternally expressed and mater-
nally imprinted gene involved in cell proliferation, differentiation,

and apoptosis, whose expression depends on the methylation status
of H19. The expression of IGF2 in the testes of cattle yaks was
significantly lower than the parents with a highly methylated DMR
in the cattle-yak, yaks, and cattle (Figure 2). In the paternal allele,
the ICR of H19 is methylated, which prevents CCCTC-binding
factor from binding and disrupts insulator function, hence allow
the downstream enhancers to activate paternal IGF2 expression
but silence H19 expression. The methylation level of the CTCF-
binding sites in H19 ICR was significantly lower in cattle-yak than
both parents (70, 59.10, and 48.82% in cattle, yak, and cattle-
yak, respectively), resulting in significantly higher expression H19
mRNA in cattle-yak [69]. H19 gene is controlled by the methylation
status of its ICR [70]. The hypo-methylation of H19 suggests that
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Figure 2. Comparative mRNA expression of methyl transferases and imprinted genes. A: relative expression levels MLL5, PRDM9, EHMT2 and SUV420H1

transcripts in testes of 2 year old yak and cattle-yak testes. Adopted and modified from [59]. B: Relative Prdm9 mRNA levels in testes of adult yak, yak calf and

cattle-yak (Adopted and modified from [40]. C: relative expression levels of the H19 gene in testes of cattle, yak and cattle-yak. Adopted and modified from

[119]. D: Comparisons of relative IGF2 mRNA levels in testes of adult yak, yak calf and cattle-yak. Adopted and modified from [69]. Different letters represent a

significant difference (p<0.05), ∗∗p<0.001.

CTCF was allowed to bind to downstream enhancers to deactivate
paternal IGF2 expression and enhanced H19 expression, resulting in
disruption of germ cell proliferation, differentiation, and increased
depletion of germ cells via apoptosis as seen in the hybrids. A
knowledge gap identified here is to determine imprinting problems
such as fetal and placental growth in cattle-yak and other bovine
hybrids since imprinting generally relates to fetal and maternal
conflict and defects in imprinting affects the growth regulation of
the embryo and the placenta. This would be considered for future
study.

Expression of molecular chaperones (heat shock

proteins)

Molecular chaperones such as heat shock proteins (HSPs) play a
role in gametogenesis by protecting testicular development and sper-
matogenesis [71], especially under stressful conditions. They regulate
germ cell apoptosis when the cell is subjected to stressful conditions
such as heat and hypoxia (conditions that pertain in the cattle-yak’s
habitat). The mRNA expression of HSP 27 and 70 was found to
be low, whereas the mRNA and protein expression of HSP90 and
p53 were found to be higher in the cattle-yak compared to the

yak [72, 73]. The HSP70/90 proteins were located in the epithelial,
spermatogenic, and mesenchymal cells. The authors hypothesized
that the high expression of HSP90 coupled with p53 causes the
blockage of spermatocyte development by enhancing germ cell apop-
tosis in the cattle-yak testis. Previous studies in mice indicated that
inhibiting HSP90 expression and a decrease in p53 expression could
protect and restore the damaged reproductive function by reducing
apoptosis [74, 75], suggesting that p53 plays a role in regulating the
effect of HSP90 on the testis.

Testis transcriptome analysis cattle-yak and its

male parents

Transcriptome analysis of testicular tissue is used to discover differ-
entially expressed genes between hybrids and their parental species,
which may give insight into the possible cause of the hybrid sterility.
These studies help to reveal the upregulation and downregulation of
genes that regulate spermatogenesis.

The differential expression of genes in the cattle-yak is shown
in Figure 3. In the cattle-yak, synaptonemal complex (SC)-related
genes (FKBP6, SYCE3, and DMRT7), genes involved in DSBs and

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/104/3/495/5980946 by guest on 17 M

arch 2021



20000- 

Vs 15000- 

17,784 
f3 4000- 

3000 - 

200- 

2,960 
. 

.c 10000

O 	

- 

.6 	5000- 

E 
Z 	0 	 

5000 4089 

.c 2000-
CD 
0 
+.6 1000- 

z 

697(23.5%) 

2281(77%) 

150- 
w 
O 

2 100 

50- 

0 

+06 	+06 

je4 
two 

JQ 	
t'” •C` 

600- 

	 may 	 ~y 
O 

ry 

184 

 

143 150 

I 

_4-
06 ea 

c°
0 
	40 

J9 	4(s 

way 

168 

A 	 Up-regulated MI Down-regulated 

os 	
oFo 

 
+sc' 

300 

    

552 

° 400-
.E 

206(37.3%) 
"e, • 200- 

' 
Z • 0 

 

 

256 

   

10 

. 200 

    

346(62 7) 

    

68(65.6%) 

    

.E 

a w 100- 

  

88(34.3%) 

 

E 

    

Z 0- 	

   

    

,so yea 	++.06 
,.,
,
„'Z' 	, 
iv AG-- 

JC'' 	* cp 

ae
a 	

++.06 

434 

502 R. Niayale et al., 2021, Vol. 104, No. 3

Figure 3. Differential expression genes and proteins in the cattle-yak. A: Number of DEGs in the cattle-yak compared to the yak Adopted and modified from [92].

B: Number of DEGs in the cattle-yak compared to the yak (Adopted and modified from [76]). C: Number of DEP of 10 months vs. 12 months and 10 months vs. 14

months cattle-yaks (Adopted and modified from [83]. D: Total, upregulated, down-regulated proteins in the cattle-yak testis (Adopted and modified from [123].

E: Total, up-regulated, down-regulated proteins in the cattle-yak testis (Adopted and modified from [124].

homologous repair processes (Spo11 and Dmc1), and pro-apoptosis
genes (BAX, CAS-3, 6 &7, p53, TNF-A, TRAIL, and BMP8B) were
among the upregulated genes, whereas anti-apoptosis genes such
as BCL-2 and Survivin were downregulated. This finding suggests
that the downregulation of these genes may lead to the impaired
SC assembly, aberrant homologous pairing, and synapsis, as well as
increased apoptosis observed in the cattle-yak resulting in the HMS.
Cai et al. [36] reported the upregulation of STRA8 and NLRP14
may be involved in the accumulation of undifferentiated spermato-
gonia and severe cell death in the cattle-yak. Also, genes associated
with cell cycle progression and genome integrity of spermatogo-
nia (PIWIL1 and SPP1) and genes involved in meiosis (SPIN2B,
CDKN2C, CYP26A1, TSSK1B, GGN, MAK, INSL6, RNF212,
TSSK2, OVOL1, and TSSK6) were downregulated. In summary, they
hypothesized that the arrest in spermatogenesis in the cattle-yak
possibly occurred at the stage of spermatogonial differentiation and
gets intensified during meiosis, which led to a remarkably reduced
number of sperms with morphological abnormalities exhibiting an
inability to fertilize eggs. This requires further studies on single-cell
RNA sequencing to reveal which gene is expressed in which cell type
and at what stage to understand the stage of germ arrest in the cattle-
yak.

Analysis of testis proteomes of cattle-yak and its

male parents

Proteomics approach identifies all the proteins expressed in an
organism, organ tissue, or cell under different physiological contexts
and is used to complement transcriptomic techniques. The result of
testis proteome of cattle-yak is shown in Figure 3. Most of the down-
regulated proteins in cattle-yak are involved in defects in various
metabolic pathways and cellular processes during spermatogenesis
such as extracellular matrix organization, germ cell development,
and response to stimulus.

Expression of noncoding RNAs in the testis of

cattle-yak

Noncoding RNAs (∼19–24 nt in length) including microRNAs
(miRNAs), small interfering RNAs, PIWI-interacting RNAs, and
long noncoding RNAs (LncRNAs) are essentially involved in the
posttranscriptional regulations of gene expression during spermato-
genesis [76, 77]. The differential expression of noncoding RNAs in
yak and cattle-yak is shown in Figure 4. The results revealed that
the expression of all the six known miRNAs (bta-miRNA-449a/b,
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Figure 4. Comparative expression of non-coding RNAs in the cattle-yak compared to its parents A: Differential expression of LncRNAs between the cattle-yak

and yak (Adopted and modified from [125]. B: Differential expression of miRNAs between the cattle-yak and yak. Adopted and modified from [79]. C: Differential

expression of miRNAs between the cattle-yak and cattle. Adopted and modified from [126].

bta-miRNA-135, bta-miRNA-19b, bta-miRNA-378 and bta-
miRNA-184) and two novel miRNAs (bta-novel 10 and bta-
novel 11) were downregulated in cattle-yak [78]. Considering
the function of these miRNAs, the downregulation of (bta-miR-
135a, bta-miR-378, and bta-miR-184) may cause a reduction in the
population of spermatogenic stem cells (SSCs) and cause aberrations
in spermatogenesis. Also, the downregulation of bta-miR-34b/c and
bta-miR-449 clusters could repress the expression of NANOS3,
SYCP3, and STRA8, resulting in mitosis-to-meiosis transition failure
and contribute to the spermatogenic arrest observed in the cattle-yak.
LncRNAs moderate the transcriptional status of individual mRNA
genes or the entire chromosome [79]. Some of the LncRNA-mediated
target genes (IGF2, PTGDS, GLIS3, MEST, NTOCH2, HOXA10,
and HOXA11) were associated with male infertility cattle-yak. In
conclusion, the downregulated noncoding RNAs may contribute to
the silencing of key genes that play crucial roles in spermatogenesis
resulting in sterility in the hybrid.

Integrating the molecular genetics and

histological data

Spermatogenesis is a unique process that results in halving of the
DNA content the generation of terminally differentiated spermato-
zoa capable of delivering the genome of the male parent to the oocyte
for subsequent development to yield an offspring. Because of HMS
in interspecific hybrids, several studies investigated the mechanisms
underlying the phenomenon. Comparative studies of the number
and morphology of the karyotype, expression of genes associated
with meiosis between the bovine hybrids and their parents as well
as the impact of these on the testicular histological have been done.
In the subfamily Bovinae, the chromosome number (2n = 60) and
morphology were found to be similar [3–5, 44, 46], hence insufficient
to cause pairing abnormalities to lead to HMS. Therefore, focus
then shifted to molecular mechanisms that cause hybrid sterility.
The process of spermatogenesis is under stringent genetic control
involving numerous coding and noncoding genes and their protein
products; hence their inactivation (via DNA methylation), mutation,
or misexpression often results in hybrid sterility in one or both
sexes. Since gene expression shapes the phenotypes, understanding
transcriptomic and proteomic differences between hybrids and their
parents would help unravel the biological difference that result

in the HMS. Using reverse transcription-quantitative polymerase
chain reaction (RT-qPCR), transcriptomic and proteomics, several
studies compared the level of gene expression in male sterile hybrid
cattle-yak to the fertile parental species. The results showed that
the expression of many of the genes involved in the process of
spermatogenesis such as cell proliferation and differentiation, germ
cell development, and meiosis (pairing and synapsis of homologs,
DSB repair, homologous recombination, and crossover formation)
is significantly low in the hybrid compared to either parent. The
low expression of several of the genes was attributed to DNA
methylation of their gene promoter regions, hence affects their
mRNA transcription and expression. DNA methylation affects gene
expression by directly interfering with the binding of transcription
factors to promoters, direct binding of specific transcriptional repres-
sors, or altering chromatin structure [80, 81]. The transcriptomic
and proteomic analysis also revealed that most of the differentially
expressed genes, proteins, and noncoding RNAs that play key roles
in spermatogenesis were downregulated (in the hybrids compared to
the parents). For instance, Xu et al. [78] reported that the downregu-
lation miRNAs such as of bta-miR-135a, bta-miR-378, and bta-miR-
184 lead to the reduction in SSCs population and affect the process
of in spermatogenesis, whereas the downregulation of bta-miR-34b/c
and bta-miR-449 could repress the expression of genes (NANOS3,
SYCP3, and STRA8) involved in mitosis-to-meiosis transition fail-
ure and spermatogenic arrest in the cattle-yak. Genes involved in
the accumulation of undifferentiated spermatogonia and severe cell
death (STRA8 and NLRP14) were also upregulated in the hybrid.
This could be the reason for the presence of few germ cells composed
primarily of spermatogonia and Sertoli cells in the seminiferous
tubules of bovine hybrids, whereas the parental lines contained
abundant germ cells at all stages from the histological data [8, 16,
39, 75, 82]. This reveals that the germ cells did not advance further in
the meiotic process. In mammals, deficiency, knock-out, or mutations
in genes that regulate these processes leads to arrest in meiosis and
the elimination of these defective germ cells via apoptosis [83, 84].
This is the reason for the significantly elevated levels of apoptotic
cells (36.197 ± 2.95 vs. yak, 6.907 ± 1.72; p < 0.001) found
in the cattle-yak testis using TUNEL labeling [39, 40]. Eukaryotic
organisms have surveillance mechanisms that monitor the integrity
of the genome. The intricate processes involved in meiosis are prone
to errors; thus most organisms have evolved surveillance systems
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(meiotic checkpoints) to ensure that these processes are devoid of
errors. Fundamental aspects of the checkpoint machinery involve
sensors to detect errors/damage, signal transducers to transmit the
signal, and the eliciting of effector proteins to trigger a suitable
biological response. Thus, meiotic checkpoints prevent the genera-
tion of defective gametes by either repairing abnormal meiocytes or
causing them to self-destruct via apoptosis to eliminate them [85]. It
is reported that DNA damage, chromosome asynapsis, unrepaired
meiotic DSBs and lack of XY body induce cell-cycle arrest, and
the pachytene checkpoint activated so that repair proteins will fix
the damage, or the defective cells eliminated via apoptosis path-
way [86–88]. At metaphase too, lack of chiasmata, dissociation of
homologous autosomes, and XY chromosomes [89, 90] triggers the
spindle checkpoint, and the spermatocytes are eventually eliminated
by apoptosis. This suggests that the checkpoints monitor the process
of meiosis in at least three stages (premeiotic, zygotene-to-pachytene
of prophase I, metaphase I), such that a checkpoint is activated to
eliminate the defective germ cells at any point they are detected. Thus,
the meiotic checkpoints are monitoring systems used by organisms
to sense meiotic errors and transduce signals to trigger apoptosis
to eliminate the defective to prevent the production of defective
gametes, hence play a crucial role in the process of hybrid sterility.
The lack of pachytene checkpoint in plants is the reason for the
high incidence of unreduced gametes or polyploids among plants
compared to animals. Our data (Figure 5; Unpublished) using RT-
PCR and 1% agarose gel electrophoresis reaction products revealed
that HOXA4 and HST1 (a mid-pachynema makers) and CDC25C
(a late-pachynema maker) expression was detected in cattle and yak
testes, but not in the cattle-yak testis, indicating that meiotic arrest
before or at mid-pachytene stage. To confirm that the germ cells are
eliminated via apoptosis, transcripts of pro-apoptotic genes (BAX,
CAS-3, 6 &7, P53, TNF-A, TRAIL, and BMP8B) were found to
upregulated, whereas anti-apoptosis (BCL-2 and SURVIVIN) were
downregulated [91]. This suggests that either a process activating
apoptosis is potentiated or a process inhibiting apoptosis is com-
promised in the meiocytes. For instance, the failure of MSCI leads
to the falling apart of the sex chromosomes and elimination of the
late-pachytene cells by activating the apoptosis cell death pathway
[92, 93]. However, MSCI in the cattle-yak has not been studied
yet. Taken together, the molecular and histological data suggest that
there is dysregulation of important genes that play various roles in
spermatogenesis, and their aberrant expression leads to arrest of
meiosis and these defective germ cells are subsequently eliminated via
apoptosis resulting in lack of postmeiotic germ cells in the tubules of
the hybrids. The data reviewed in this work also reveals the polygenic
nature of HMS in bovine hybrids involving misexpression of genes
with both big and small influence [21, 94].

Conclusion and future perspectives

A major knowledge gap is to determine the root cause of HMS in the
cattle-yak. This calls for a comprehensive, multifaceted and targeted
approach to address this mystery, which has eluded researchers over
the years. Since Peters [17] showed a high degree of asynapsis in
cattle/bison hybrids, there is the need to determine if same is true
in the cattle-yak and determine the reason for the asynapsis. This
will reveal whether the asynapsis is due to aberrations in marking
and distribution of recombination hotspots, failure to form DSBs or
recognize homologs. We therefore suggest the use of ChIP-Seq single-
stranded DNA sequencing on adult testes to determine the distri-
bution of PRDM9, H3K4me3, and H3K36me3 methyltransferases

Figure 5. Expression of meiotic arrest marker genes. Agarose gels of HoxA4

and Hst1 (mid-pachynema markers) and Cdc25c (late-pachynema marker) in

cattle, yak, and cattle-yak testes. Author’s own data.

in the hybrid spermatogonia and early spermatocytes to establish if
the hotspots are formed normally, and if the individual hotspots in
these hybrids are symmetric or asymmetric. If asymmetric binding of
PRDM9 alleles to the paternal/maternal genome is found to be the
cause, then re-engineering PRDM9 by replacing the zinc fingers of
this gene in bovine hybrids with a human equivalent will be sufficient
to restore the symmetrical hotspot formation, hence restore fertility
in the male cattle-yak as Davies et al. [61] reported in mice. Also,
SPO11 sequencing is needed to determine whether DSBs are formed
normally in the paternal, maternal, and hybrid alongside antibody
staining to look at DSB formation, pairing, synapsis, MSCI, normal
sex body, and crossover formation in the offspring of fertile female
hybrids. This would reveal whether there are any particular regions
of the chromosomes that are more or less able to pair, synapse, and
undergo recombination. We also suggest studies on targeted single-
cell RNA sequencing to identify which genes are dysregulated in
which cell type to understand the stage the defects in spermatogenesis
possibly started in the cattle-yak. Repeated backcrossing of fertile
female hybrids to either of the parent species over several generations
while selecting for traits like survivability and sustained heterosis
may result in establish a fertile male hybrid with intact heterosis.
Addressing this problem will enable farmers and yak breeders to take
advantage of the hybrid vigor exhibited by the male cattle-yak hybrid
and improve the domestic yak to enhance its productivity.

References

1. Menéndez-Buxadera A, Palacios-Espinosa A, Espinosa-Villavicencio JL,
Guerra-Iglesias D. Genotype environment interactions for milk produc-
tion traits in Holstein and crossbred Holstein-Zebu cattle populations
estimated by a character state multibreed model. Livest Sci 2016;
191:108–116.

2. Zhang RC. Interspecies hybridization between yak, Bos taurus and
Bos indicus and reproduction of the hybrids. Recent Advances in Yak

D
ow

nloaded from
 https://academ

ic.oup.com
/biolreprod/article/104/3/495/5980946 by guest on 17 M

arch 2021



Male hybrid sterility in bovines, 2021, Vol. 104, No. 3 505

Reproduction. International Veterinary Information Services, Ithaca,
New York. www.ivis.org. Accessed 8 August 2019.

3. Fedyk S, Sysa P. Chromosomes of European bison, domestic cattle and
their hybrids. Acta Theriol 1971; 16:26–34.

4. Wurster DH, Benirschke K. Chromosome studies in the superfamily
Bovidea. Chromosoma 1968; 25:152–171.

5. Takase H, Tumennasan K, Hiratsuka K, Chandley AC, Hotta Y. Fertility
investigation in f1 hybrid and backcross progeny of cattle (Bos taurus)
and yak (B. grunniens) in Mongolia: ii. little variation in gene products
studied in male-sterile and fertile animals. Niigata J Health Welfare
2002; 2:42–52.

6. Wiener G, Han JL, Long RJ. The Yak, 2nd ed. Bangkok, Thailand:
Regional Office for Asia and the Pacific Food and Agriculture Orga-
nization of the United Nations; 2003: 5–190.

7. Palopoli MF. Wu CI. Genetics of hybrid male sterility between
drosophila sibling species: a complex web of epistasis is revealed in
interspecific studies. Genetics 1994; 138:329–341.
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