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Abstract

Somatic cell nuclear transfer (SCNT) is a powerful reproductive biotechnology with wide-ranging applications in livestock breeding,
biodiversity conservation, regenerative medicine, and developmental biology. Despite remarkable progress in mammalian cloning, the
efficiency of SCNT remains low, particularly in wild ruminants, as only a small proportion of reconstructed embryos develop to terms. There
is growing evidence that incomplete epigenetic reprogramming, including aberrant DNA methylation, histone modifications, and
dysregulated embryonic gene expression, is a key factor in developmental failure and postnatal abnormalities. This review provides a
comprehensive overview of recent advances in SCNT in domestic and wild ruminants, covering donor cell selection, oocyte competence,
nuclear reprogramming, embryonic development, placental abnormalities, pregnancy loss, and offspring health. It also summarizes current
strategies aimed at improving cloning efficiency through epigenetic modulation and the optimization of SCNT protocols. Special attention
is given to the challenges associated with applying SCNT to wild ruminant species, where limited access to high-quality gametes and donor
cells, combined with species-specific reproductive limitations, further compromise the success of cloning. Finally, the technical and
biological challenges that still limit the routine application of SCNT were analyzed, and the importance of future research on characterizing
donor cells, cell cycle synchronization, and epigenetic reprogramming was highlighted.
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1. Introduction

In the realm of reproductive biotechnologies,
various methods such as artificial insemination (Al),
in vitro fertilization (IVF), embryo transfer (ET), and
animal cloning have emerged (Ciptadi, 2007; Zhu et
al, 2025; de Aguiar et al, 2026). Cloning,
specifically, entails the asexual reproduction process
resulting in genetically identical copies of an
organism, whether animal or plant. While this

biotechnology signifies a significant technological
leap, it remains an experimental technique
necessitating further refinement for widespread
adoption in agricultural and social settings
(Tajuddin et al., 2015). Cloning via somatic cell
nuclear transfer (SCNT) is based on the principles of
nuclear equivalence preservation of the genome
during cell differentiation and cell plasticity a cell's
ability to be reprogrammed and have its
differentiation redirected (Smith & Murphy, 2004).
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SCNT is of particular importance in the conservation
of threatened wildlife and the preservation of
species' genetic resources (Gu et al, 2026).
Allowing, in addition to obtaining descendants, the
understanding of the physiological and embryonic
aspects of reproduction and the obtaining of
descendants of genetically valuable animals (Fatira
et al., 2019; Hajian et al., 2017; Holt et al., 2004). The
concept of SCNT was initially proposed by Speman
(1938) and later demonstrated by Briggs and King
(1952) in amphibians. Gurdon's in 1962 revealed the
possibility of reversing the differentiated state of a
vertebrate cell through factors present in the
ooplasm, introducing the concept of nuclear
reprogramming, as well as Gurdon and Uehlinger
(1966) in African clawed frog showing the potential
for reprogramming of differentiated cells using
adult animals.

In - mammals, a SCNT was described in rabbits in
1975 (Brombhall, 1975), with subsequent studies in
ruminant species such as sheep (Willadsen, 1986)
and cattle (Prather et al., 1987), where clones were
produced using blastomeres as donor sources of
core. As the technique evolved, it became evident
that fully differentiated cells could be used in
nuclear transfer programs.

The birth of Dolly the sheep (Wilmut et al., 1997)
demonstrated that the genome of a fully differenti-
ated mammalian cell could be restored to complete
totipotency, marking a significant advancement in
cell reprogramming. Then, several mammalian
species were successfully cloned from different cell
types, albeit with low efficiency, through SCNT.
Since then, numerous animals have been cloned
using this technology across various species,
including cattle (Cibelli et al., 1998; Kato et al., 1998),
goats (Baguisi et al., 1999), gaur (Lanza et al., 2000),
buffaloes (Shi et al., 2007), cervids (Berg et al., 2007;
Magalhdes et al., 2020; Melo et al., 2022; Venegas
et al,, 2006), and camelids (Wani et al., 2018; Wani
et al, 2017; Wani et al., 2010) as well as in other
species, and more recently, second-generation
sheep clones have been produced from amniotic
cells derived from first-generation gene-edited
animals (Zhu et al., 2025). Despite its successes and
use of interspecies somatic cell nuclear transfer
(iSCNT) as an alternative, it once uses oocytes from
different species (Lanza et al., 2000; Galli & Lazzari,
2008; Wani et al., 2017), as recently illustrated by the
establishment  of interspecies  SCNT-derived,
transgene-free induced pluripotent stem cells for
the conservation of the wild boar germplasm
resource (Gao et al., 2025). The main argument for
the application of iISCNT is the rapid decrease in the
number of species.
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The technique involves several stages such as:
obtaining nucleus donor cells, including alternative
and previously underused sources such as seminal
somatic cells (Ferreira et al, 2025), recipient
oocytes, chromatin removal (enucleation), cell cycle
synchronization ~ between  donor cells and
cytoplasm, electrofusion between donor cells and
oocytes, activation of the reconstituted oocyte, in
vitro culture, inovulation and development of the
embryos (Saini et al., 2015) on the processes in the
production of clone animals by SCNT (Figure 1). The
SCNT faces technical obstacles limiting its practical
application. These challenges include low cloning
efficiency and  abnormalities  observed in
extraembryonic tissues such as the placenta of
cloned embryos (Ogura et al., 2013). Furthermore,
abnormalities may persist in cloned animals’ post-
birth, including  obesity, —immunodeficiency,
respiratory defects, and premature death (Loi et al,,
2016; Ogura et al, 2013), although these
phenotypes are not passed on to offspring (Fulka Jr
et al,, 2004; Wakayama et al., 2013).

Efforts to enhance cloning efficiency have been hin-
dered by limited understanding of reprogramming
barriers. Recent analyses of transcriptome and
epigenetic changes during reprogramming in SCNT
have shed light on molecular defects, offering
insights to overcome critical barriers to epigenetic
reprogramming (Liu et al., 2016; Matoba et al., 2014;
Matoba et al., 2018), including the modulation of
histone deacetylase activity, such as HDAC3
inhibition, to improve epigenetic reprogramming
and early development of cloned embryos (Song et
al., 2026), and the derivation of extra-embryonic
endoderm stem cell lines from SCNT-derived
blastocysts, which provides a further in vitro model
for studying reprogramming outcomes across
embryonic and extraembryonic lineages (Li et al.,
2026).This review provides an overview of the
progress and challenges associated with SCNT in
domestic and wild ruminant species. It also covers
obstacles at different stages of the technique, from
donor cell selection to placental abnormalities and
health problems, offering insights into future
research directions and potential improvements.
For this review, a wild ruminant includes any
artiodactyl (member of the mammalian order
Artiodactyla) possessing a rumen, reticulum,
omasum, or isthmus homologous to the omasum,
and abomasum. Ruminants also possess certain
skeletal features, such as loss of upper incisors, the
presence of incisiform lower canines, and fusion of
the cubiod and navicular bones in the tarsus, that
are useful in fossil identification (Gentry, 2000) but
that are not of primary consideration here.
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Figure 1. Schematic illustration of the production process of domestic and wild ruminants cloned by somatic cell nuclear transfer (SCNT).

2. Deficiencies and improvements in SCNT
protocols

Despite the production of embryos through cloning
in the 1980s, obtaining viable cloned animals re-
mained a distant dream, and most researchers were
ambivalent until the successful cloning of Dolly the
sheep in 1996 (Wilmut et al., 1997). This historic and
revolutionary achievement marked the first suc-
cessful production of a cloned animal and garnered
attention sparking a new wave of research in the
field. Based on the knowledge gained from this pi-
oneering technique, scientists have been able to
apply cloning methods to achieve various genetic
advancements. This has led to the cloning of many
different animals, including chimeric animals (Cibelli
et al., 1998). However, despite these advancements,
the SCNT protocols still present several deficiencies
and areas for improvement.

There are multiple factors related to cloning effi-
ciency, with oocyte availability being very important
for maturation and in vitro culture and therefore
critical to the success of SCNT cell reprogramming
(Galli & Lazzari, 2008). The events required for
nuclear reprogramming to occur are varied and
complex, and verification of their occurrence is
highly rigorous as development progresses from
oocyte activation to embryo development (Oback,
2008).

The reduced efficiency may be due to the failure of
the oocyte to restore the totipotent state of the
transferred nucleus through the nuclear repro-
gramming process (Meissner & Jaenisch, 2006).
Thus, a minority of cloned embryos achieve com-
plete reprogramming compatible with full-term
development, while a large proportion of them
show epigenetic dysregulation and abnormal gene
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expression in the pre- and post-implantation
phases (Sawai, 2009). Some, several attempts have
been made to improve the outcomes of SCNT with
limited effects, except for the use of some
chromatin remodeling agents, such as TSA (Luo et
al., 2013), or the use of embryonic stem cells as a
donor nucleus (Xie et al, 2014) (Figure 2).
Kawamura et al. (2009) performed a study on
induced pluripotent stem (iPS) cells, indicating an
essential role of the tumor suppressor gene p53 in
nuclear reprogramming.

Another problem with SCNT is the incompatibility
between mitochondrial DNA (mtDNA), which is
responsible for encoding some of the subunits of
the electron transfer chain responsible for ATP
production. Furthermore, proper coordination
between mtDNA and genomic DNA is essential for
embryo development, since some factors are
required for the replication, transcription, and
translation of mtDNA encoded by nuclear DNA (Loi
et al., 2011). Some mtDNA haplotypes strengthen
embryonic development, proving the importance
of compatibility between nuclear and mitochondrial
DNA for embryonic development (Loi et al., 2011).
Thus, some closely related species have already
been successfully produced, such as cattle/guinea
pig (Lanza et al., 2000) and sheep/mouflon (Loi et
al., 2001).

After fertilization, the newly established genome
starts to become transcriptionally active at different
embryonic stages, depending on the species. Ma-
ternally expressed transcription factors, accumu-
lated and stored in the cytoplasm of the oocyte, are
responsible for activating the embryonic genome
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(Hu et al, 2010). Initial experiments with iSCNT
between different species (bovine/pig and ovine/
pig) showed that the transferred genome was not
transcribed correctly in the host cytoplasm, leading
to a halt in embryonic development (Fulka et al.,
2008). However, more recent studies on the
activation of the embryonic genome have proven
to be very useful for iSCNT. As long as if the
complete sequences of the main genes involved are
identified, these genes can be microinjected into
the donor nucleus to promote the maternal/zygotic
transition in embryos originating from iSCNT (Loi et
al., 201).

Another factor is the availability of females to be
used as recipients within the population of an
endangered species, which is certainly limited. The
genetics of the embryo recipient can be an even
more important obstacle than the incompatibility
between mitochondrial and genomic DNA or even
the activation of the embryonic genome. Therefore,
narrowing the boundaries between species before
embryo transfer is a fundamental requirement for
the successful multiplication of endangered
genotypes (Loi et al., 2011).

To date, few studies have been successfully
performed in extinct species. In this regard, the first
animal derived from an extinct subspecies was ob-
tained using fibroblasts from skin biopsies collected
before death from the last female Capra pyrenaica
pyrenaica. After one year of cryopreservation, these
cells were used as karyoplasts when fused with the
cytoplasts of a domestic goat to reconstruct
embryos.

- -0-0-C

Pre-implantation embryonic

Fusion Oocyte reconstructed

development

Figure 2. Limitations and Improvements in SCNT.
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The results showed 5 pregnancies after transfer, of
which only one reached term, which, shortly after
birth, the animal died of pulmonary complications
(Folch et al., 2009). In 2007, Li et al., found that the
use of fibroblasts and cumulus cells from wild yak
(Bros grunniens) of iSCNT.

3. Factors interfering in the success of SCNT/iSCNT
Despite the production of embryos through cloning
in the 1980s, obtaining viable cloned animals re-
mained a distant dream, and most researchers were
ambivalent until the successful cloning of Dolly the
sheep in 1996 (Wilmut et al., 1997). This historic and
revolutionary achievement marked the first suc-
cessful production of a cloned animal and garnered
attention sparking a new wave of research in the
field. Based on the knowledge gained from this pi-
oneering technique, scientists have been able to
apply cloning methods to achieve various genetic
advancements. This has led to the cloning of many
different animals, including chimeric animals (Cibelli
et al., 1998). However, despite these advancements,
the SCNT protocols still present several deficiencies
and areas for improvement. Therefore, it is neces-
sary to take into account certain points to improve
the SCNT, as seen in Figure 3.

3.1. Donor cell

There is a vast array of scientific literature docu-
menting diverse success rates in animal cloning,
with the belief that the efficacy of SCNT may hinge
on numerous biological factors related to the cell
serving as the nucleus donor. These factors include
age, cell origin, cell cycle phase, number of pas-
sages, telomere length, telomerase activity, or the
capacity to differentiate into various tissue types
(Rakha, 2015). Furthermore, challenges such as oo-
cyte incompetence (poor cytoplasmic maturation),
mitochondrial incompatibility, and oocyte trauma

©
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due to micromanipulation may also impact success
rates. However, arguably the most crucial factor is
the nucleus of the donor cell. This is not only be-
cause the cloned animal will essentially be a genetic
replica of the donor's genome but also because the
epigenetic state of the donor cell influences its re-
programmability by the cytoplasm of the enucle-
ated metaphase Il (MIl) oocyte. Since the landmark
achievement of the first successful cloning in an an-
imal using differentiated adult somatic cells (Wilmut
et al,, 1997), various sources of somatic cells have
been explored to enhance success rates in gener-
ating pre-implantation and post-implantation em-
bryos, as well as pre- and post-natal development,
ultimately leading to the birth of healthy offspring
(Kato et al., 2000).

To date, abundant evidence suggests that somatic
cells from diverse origins and various tissues can
serve as nucleus donors (karyoplasts) for SCNT in
both domestic and wild ruminants (Table 1). These
tissues include mammary gland cells (Wilmut et al.,
1997), fetal fibroblasts (Cibelli et al, 1998), adult
animal fibroblasts (Lee et al., 2003; Saini et al., 2015;
White et al., 1999), leukocytes (Galli et al., 1999),
cumulus cells (Kato et al., 2000; Pan et al., 2014),
oviductal cells, liver cells, muscle cells, kidney cells,
heart cells (Kato et al., 2000), granulosa cells (Loi et
al., 2007), semen-derived somatic cells (Nel-
Themaat et al., 2008), testicular spermatic cord cells
(Hoshino et al., 2009), epithelial cells (Saini et al.,
2015), urine cells (Madheshiya et al, 2015), bone
marrow mesenchymal stem cells (Kato et al., 2004;
Kwong et al, 2014), adipose tissue-derived
mesenchymal stem cells (Da Silva et al., 2016; Savy
et al., 2021), amniotic fluid mesenchymal stem cells
(Da Silva et al., 2016), skin-derived precursor cells
(Xiao et al., 2016), muscle-derived satellite cells (Li
et al,, 2022), among others.

-Aphidicolin -Rapamycin
@ -NaCr -Among others
Somatic cells as donors of nuclei
~ /ef"x

-Adult and feltal fibroblasts __/',-f — q ﬁ
-Male and female fibroblasts o fe'

. ©
-Cumulus cells -

-Testicular spermatic cord cells

-Adipose tissue-derived mesenchymal stem cells
-Amniotic fluid mesenchymal stem cells
-Among others

Pre-implantation embryonic

Somatic Cells
development

Synchrony of the cell
cycle of donor cell
-Serum deprivation
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Figure 3. Key points to increase the production of clone embryos through somatic cell nuclear transfer (SCNT). A) Somatic cells as donors
of nuclei, B) synchrony of the cell cycle, C) chemical compounds used to synchronize the cycle.
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Table 1

Summary of some successful species on domestic and wild ruminants by SCNT

Laines-Arcce et al

Domestic ruminants

Species
Nucleus donor QOocyte donor Results Authors
Sheep Mammary gland cells Sheep Nascimento da ovelha Dolly (Wilmut et al., 1997)
Goat Fetal transgenic cell line Goat 3 pups were born (Baguisi et al.,, 1999)
Fetal fibroblast Bovine 3 transgenic calves (Cibelli et al., 1998)
) 8 calves
A Cumulus cells Bovine 4 died at birth (Kato et al,, 1998)
Bovine 5 pregnancies and 4 cloned calves
Thawed testicular cells Bovine Preg (Hoshino et al.,, 2009)
developed to term
Fetal fibroblast Bovine 10 healthy calves born (Su et al,, 2025)
Buffalo Fetal fibroblast Buffalo 3 animals born (Shi et al,, 2007)
Cumulus cells Dromedary 1 calf born (Wani et al., 2010)
F\broblastscslld cumulus Dromedary A total of 9 calves born (Wani & Hong, 2018)
DI T Fibroblast cells Bovine 4 Full term calf delivered (Wani et al,, 2018)
Adult fibroblasts Dromedary 7 clones were born (Moulavi et al, 2020)
Fibroblast cells Dromedary 11 live births (Son et al,, 2022)
Bactrian Fibroblast cells Dromedary 1 calf, died on day 7 postpartum (Wani et al,, 2017)
Fibroblast cells Dromedary 2 calf, died on day 7 postpartum (Mansour et al,, 2023)
3 second-generation cloned sheep
Sheep Amniotic cells Sheep produced by re-cloning; all 3 survived to (Zhu et al,, 2025)
date with normal vital signs
Wild ruminants
Species
Results Auth
Nucleus donor QOocyte donor esu Lnors
Ovis ammon-fibroblast cells Sheep 2 pregnancies that were lost on day 59 (White et al,, 1999)
Ovis ammon-fibroblast cells Sheep (22.1%) blastocyst (Pan et al, 2014)
Ovis canadensis mexicana- o (Herméndez Martinez et al,,
Sheep fibroblast cells Sheep 143% blastocyst 2020)
Ovis canadensis mexicana- o (Vazquez-Avendafio et al,,
fbroblast cells Sheep 16% blastocyst 2017)
Mouflon-granulosa cells Sheep 1lamb, apparently normal (Loi et al., 20071)
Esfahan mosjlinfﬁbroblast Sheep 2 lambs, both died shortly after birth (Hajian et al.,, 2011)
Goat Capra ibex-ibroblast cells Goat (11%) blastocyst (Wang et al,, 2007)
Pyrenean ibex-adult Goat 1born, died shortly after birth (Folch et al., 2009)
fibroblast
Gaur-adult fibroblast Bovine 25% pregnancies, none term (Lanza et al,, 2000)
Gaur ) Goat, Bovine, blastocyst: gaur-bovine (12.10%), gaur- .
Fibroblast cels Buffalo buffalo (5.10%) and gaur-goat (3.21%). (rest 22 el
) ) Aggregated blastocyst: Yak-bovine (40.38 .
Yak Adult fibroblasts Bovine %), blastocyst: Yak-bovine (25.34 %) (Yauri et al.,, 2026)
Adult fibroblast Bovine 2 calves, 1survived long term (Janssen et al., 2003)
B t O/ 0, 0y 1
anteng Adult male and female Bovine (15%-28%) blastocysts 17% pregnancies, (Sansinena et al, 2005)
fibroblasts none term
Fibroblastic and epithelial o L
Wild buffalo cols Buffalo (50.6 vs 20.5%) blastocyst (Saini et al,, 2015)
Fibroblast cells Buffalo (38.7%) blastocyst (Priya et al, 2014)
Tragelaphus
eurycerus Fibroblast cells Bovine 24% blastocyst (Lee et al,, 2003)
isaaci
Takin Fibroblast cells Bovine 5% blastocyst (Li et al., 2006)
Tibetan Fibroblast cells Goat (11%-25%) morula, (0%~11.1%) blastocyst (Zhao et al., 2007)
antelope
Elande semen-derived somatic cells Bovine 21% Morula and blastocyst (Nel-Themaat et al., 2008)
Arjrk;ljn Fibroblast cells Bovine 9.23% blastocyst (Ammari et al., 2022)
Fibroblast cells Deer 1 calf born (Westhusin, 2003)
Fibroblast cell Bovine 4% blastocyst (Venegas et al., 2006)
) ) Morula-goat/goat:40%, Deer/goat:50% u
D H
eer Fibroblast cells Bovine, goat B (Magalhées et al., 2020)
— % Oy .
Fibroblast cells Bovine Blastocyst-cattle/cattle:11.3% Deer/cattle: (Melo et al, 2022)

5.9%
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All these cell types demonstrated development up
to the morula and blastocyst stage, but only a few
managed to generate viable offspring after transfer.
Conversely, Saini et al. (2015) demonstrated that
fibroblasts are easier to reprogram than those of
epithelial origin, despite originating from the same
tissue in iISCNT experiments, resulting in higher
success rates. However, it has long been recognized
that the developmental potential of cloned
embryos derived from differentiated cells is lower,
whereas less differentiated cells tend to be more
effective as nucleus donors (Li et al, 2003).
Additionally, different cell types possess unique
epigenetic states characteristic of the tissue of
origin, resulting in varying reprogramming potential
upon fusion with the cytoplasm of a mature oocyte.
However, the optimal cell type for cattle remains
unclear (Savy et al, 2021). Some studies suggest
that there is no significant difference in the
development rate or quality of the embryo when
using less differentiated donor cells, such as
mesenchymal stem cell (MSCs) from adipose tissue
compared to adult fibroblasts (Savy et al., 2021).
Conversely, Da Silva et al. (2016) did not achieve
successful term pregnancies with skin fibroblast
cells, in contrast to less differentiated cells like MSCs
from amniotic fluid and adipose tissue. Similarly,
successful pregnancies were achieved using MSCs
from bone marrow (Kato et al., 2004). Additionally,
MSCs from caprine bone marrow exhibited greater
in vitro development up to the blastocyst stage
compared to ear fibroblasts (Kwong et al., 2014).
These findings support the notion that less
differentiated cells are generally more effective as
nucleus donors due to their ease of
reprogramming. It is important to note that
different cell types possess unique epigenetic states
characteristic of the tissue of origin, influencing their
reprogramming potential upon fusion with the
cytoplasm of a mature oocyte. However, in horses,
inconsistent results have been reported. While
more differentiated cells like fibroblasts have
resulted in successful offspring until birth, less
differentiated cells such as iPSCs and UC-MSCs
have not vyielded offspring, although they may
exhibit higher rates of blastocyst formation (Olivera
et al,, 2016).

3.2. Cell cycle synchrony

It is now recognized that nuclear donor cells in the
GO/G1 phase are crucial and necessary to maintain
correct chromosomal ploidy and synchronization
prior to transfer, thereby enhancing the success of
animal production through SCNT. Cell cycle arrest
in the GO/G1 phase is particularly beneficial for

Laines-Arcce et al.

reprogramming. Nucleus donor cells are typically
naturally in the GO/G1 stage of the cell cycle and can
be synchronized through various methods,
including serum deprivation (Gibbons et al., 2002;
Selokar et al., 2012; White et al., 1999; Wilmut et al.,
1997), inhibition via contact or confluence (Folch et
al., 2009; Selokar et al.,, 2012), control of cell division
time through "shake-off" of active cells (Goto et al.,
2013; Kasinathan et al., 2001), and the use of cell
cycle inhibiting chemicals such as roscovitine (Cho
et al., 2005; Gibbons et al., 2002; Selokar et al., 2012;
Sun et al, 2008), aphidicolin (Shi et al., 2007),
crotonato de sodio (NaCr) (Zhao et al., 2024),
UNCO0638 (Wang et al., 2017), rapamycin (Xu et al.,
2021), among others.

Initially, Dolly the sheep was cloned from cells likely
in the GO/G1 phase of the cell cycle. Wilmut et al.
(1997) suggested the use of cultured cells without
serum to induce exit from the growth cycle (GO) by
reducing serum concentration, asserting that this
was necessary to support cloned embryonic
development to term. Subsequently, Cibelli et al.
(1998) utilized populations of dividing cells,
proposing that the GO stage was not necessary due
to serum deprivation, and that calves could be
produced from actively dividing fibroblasts. In
another study by Kasinathan et al. (2001), the GO
(confluence) and G1 (shake-off) phases of the cell
cycle were evaluated as nucleus donors, resulting in
successful term pregnancies from the G1 phase.
These findings indicate the importance of the donor
cell cycle stage for SCNT, particularly during late
fetal development, with cells in the G1 interphase
supporting higher development rates than those in
GO (Goto et al.,, 2013; Kasinathan et al., 2001).
Although confluence or serum deprivation are the
most used methods to interrupt the GO/G1 phase of
the cell cycle, serum deprivation only increases a
proportion of cells in the GO/GT phase compared to
the control. Consequently, it raises levels of reactive
oxygen species (ROS), induces apoptosis and DNA
damage in donor cells, and leads to abnormal
chromosome duplication (Xu et al., 2021). This is
likely one of the most influential reasons for the low
rate of pre- and post-implantation embryonic
development, high fetal mortality, and abnormal
fetal development due to donor cell damage.
Likewise, in the cloning of wild ruminants using
SCNTI, fibroblast cells were mainly used with syn-
chronization methods such as confluence, serum
deprivation, and active division as nuclear donors.
In SCNTI, oocytes can reprogram the nucleus of a
differentiated cell even between different species or
genera (Melo et al., 2022). However, the efficiency
of intraspecific cloning development tends to sur-
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pass that of interspecific cloning (Li et al., 2006; Nel-
Themaat et al., 2008; Tasripoo et al., 2018; Wang et
al., 2007). Priya et al. (2014) reported no variation in
blastocyst rates in both wild and domestic buffalo,
similarly, when cow oocytes were used for A. oxys
(Ammari et al,, 2022). In interspecies cloning, the
factors that could contribute to improved outcomes
are not yet fully known, but a comprehensive un-
derstanding of the molecular mechanisms involved
in reprogramming could provide insights for im-
provements. Despite the evolutionary distance be-
tween these species, morulas and blastocysts have
already been obtained using this technique (Li et al.,
2006; Melo et al., 2022; Nel-Themaat et al., 2008;
Tasripoo et al.,, 2018; Wang et al., 2007), along with
the birth of full-term animals (Folch et al., 2009;
Hajian et al., 2011) with normal appearances (Loi et
al., 2007). Undoubtedly, there is hope that SCNT can
help preserve or alleviate endangered species, for
which it is necessary to understand and apply the
generated knowledge, such as the selection and
synchronization of donor cells to improve
blastocyst rates.

On the other hand, over the years, there has been
a growing need to seek new alternatives for syn-
chronizing the cell cycle, combined with reducing
damage and increasing the arrest of donor cells in
the GO/GT phase before transfer to the oocyte cy-
toplasm (Xu et al, 2021, Wang et al, 2017
Yagcioglu et al., 2023).

3.2.1. Strategies to improve the efficiency of cell
cycle synchrony

Roscovitine has been used as a specific inhibitor of
cyclin-dependent  kinase (CDK) to improve
synchronization in the GO (quiescent) or G1 phase
of the cell cycle in somatic cells such as ruminant
fibroblasts (Yagcioglu et al., 2023). Thus, it has been
shown to lead to higher blastocyst rates compared
to serum deprivation or confluence (Selokar et al.,
2012). However, Gibbons et al. (2002) observed
lower blastocyst rates with roscovitine compared to
serum inhibition, but they obtained more live
calves, suggesting that the use of roscovitine for
synchronization before transfer is feasible to
improve survival rates in late-developing embryos.
Similarly, a study by Shi et al. (2007) demonstrated
that live offspring obtained using aphidicolin plus
serum starvation in fibroblasts and granulosa cells
resulted in the arrest of more cells in the GO/G1
phase with a lower proportion of cells exhibiting
DNA fragmentation. This treatment also increased
the number of embryos derived from these cells
that developed into blastocysts, suggesting that
aphidicolin plus serum deprivation could be a

Laines-Arcce et al.

potential method for synchronizing donor cells in
the GO/G1 phase.

The effect of sodium crotonate (NaCr) on the cell
cycle has also been tested. Li et al. found that
increasing the treatment time and concentration
leads to progressive inhibition of cell cycles in
different fibroblasts. Specifically, the group treated
with 20 mM showed a higher proportion of cells in
the GO/G1 phase and a lower proportion of cells in
the G2/M phase compared to the group treated
with 10 mM. Additionally, somatic cells treated with
NaCr could improve cleavage rates by SCNT (Li et
al., 2022). Recently, SCNT of donor cells cultured in
5 mM NaCr showed a 381% blastocyst
development rate, significantly higher than the
25.2% observed in the control group (Zhao et al.,
2024). (Li et al,, 2022).

UNCO0638 is another reported chemical compound
that affects the cell cycle. This compound
significantly increased the proportion of cells in the
GO/G1 phase of the cell cycle compared to the
untreated group, while the number of cells in the
G2/M and S phases decreased (Wang et al., 2017).
Furthermore, rapamycin is another compound
known to increase cell cycle arrest in the GO/GT
phase and can even reduce levels of apoptosis,
making the cells more available for nuclear transfer
at the desired stage and of good quality to enhance
embryonic development (Xu et al., 2021).

4. Epigenetic reprogramming

Epigenetics refers to the differential alteration of
gene expression without any change in the DNA
sequence, which is conferred by the physical and
biochemical properties of chromatin. This is
achieved through two main pillars, which vary
according to cell type: DNA methylation status and
histone modifications, influenced by various factors
triggering these changes (Long et al., 2014). As
mentioned, each cell type bears a specific
programming or epigenetic mark of differentiation.
After transferring to the enucleated Ml oocyte, the
donor cells require nuclear reprogramming, also
known as epigenetic reprogramming. This process
involves erasing the epigenetic memory of the
previous nucleus, thereby conferring the totipotent
state on the newly formed embryos, and adding
new epigenetic information. Despite embryos
cloned by SCNT developing to term, the
technology remains inefficient.

Various researchers point out that inadequate,
failed, or incomplete epigenetic reprogramming
and epigenetic aberrations during development are
the primary causes leading to the abnormal
development of cloned embryos at different points
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before and after implantation (Behdarvandiyan et
al., 2021; Li et al,, 2022). Additionally, offspring of
cloned animals often exhibit epigenetic anomalies,
suggesting an epigenetic origin. However, SCNT-
mediated nuclear reprogramming is still poorly
understood, and the main factors determining the
developmental potential of cloned embryos remain
unclear (Wang et al., 2020).

4.1. Strategies to improve epigenetic reprogra-
mming efficiency

Several researchers have clearly pointed out that, in
donor cells, low levels of DNA methylation or high
levels of histone acetylation facilitate repro-
gramming. However, SCNT typically produces
embryos with extremely high DNA methylation and
lower levels of histone acetylation (Beaujean et al.,
2004). This is because differentiated cells carry an
epigenetic load that is challenging for the oocyte to
reprogram, thus reducing the efficiency of this
technology. Moreover, somatic cells are known to
exhibit more extensive DNA methylation patterns
than embryonic or pluripotent cells, making the
genome of the latter more easily reprogrammed
and potentially more efficient as nuclear donors in
somatic cell cloning (Long et al., 2014). Therefore,
since the production of the first cloned sheep using
differentiated adult cells, several efforts have been
made to improve the efficiency of epigenetic
reprogramming in somatic cells. These efforts
include interventions before and/or shortly after
transfer to increase epigenetic reprogramming and
the speed of reprogramming.

Numerous chemical compounds have been
reported to aid in cellular reprogramming, acting as
histone deacetylase inhibitors (HDACI), histone
methyltransferase  inhibitors ~ (HMTi),  DNA
methyltransferase inhibitors (DNMTi). Examples
include trichostatin-A (TSA) (Akagi & Matsukawa,
2022; Ding et al, 2008; Hosseini et al, 2016),
scriptaid (Rissi et al., 2019; Wang et al., 2011), sodium
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phenylcyclopropylamine (2-PCPA) (Mao et al.,
2018), UNC0638 (Wang et al.,, 2017), and 5-aza-2'-
deoxycytidine (5-aza-dC) (Ding et al., 2008) (Figure
4). However, despite an apparent improvement in
rates, they remain low for early development and
further reaching terms compared to conventional in
vitro fertilization.

One of the most widely used compounds is TSA,
which increases the number of acetylated histones
by inhibiting the histone deacetylase enzyme,
leading to chromatin relaxation. This relaxed state
promotes an open chromatin configuration,
potentially facilitating access to regions involved in
pluripotency and making them more accessible to
reprogramming factors present in oocytes after
transfer (Hosseini et al.,, 2016). Ding et al. (2008)
found that pre-treatment with TSA before transfer
helps increase blastocyst formation rates, and when
combined with 5-aza-dC, it further enhances these
rates. Additionally, TSA has been shown to increase
histone acetylation and decrease DNA methylation
in 2-cell embryos. TSA has also been tested in post-
activation pseudozygotes, leading to changes in the
epigenetic state of embryos produced by SCNT,
improving  blastocyst formation competence,
pregnancy rates, and reaching term (Sawai et al.,
2012). Furthermore, treatment of donor cells with
TSA improved the pre-implantation development
of embryos reconstructed with treated cells in
buffalo (Luo et al, 2013). However, the study
conducted by Akagi & Matsukawa (2022) showed
only a slight improvement in blastocyst rates, with
no significant differences compared to the control
group. Furthermore, in sheep, TSA appears to be
ineffective as blastocyst rates were lower than the
control (Al-Ghadi et al., 2020). In Murrah buffalo,
using adult male and female fibroblastic cells with a
treatment of 50 nM TSA and 7.5 nM 5-aza-dC, the
blastocyst rate of treated male and female embryos
was significantly lower than the control group
(Sandhu et al., 2023).

crotonate  (NaCr) (Li et al, 2022), Trans-2-
Epigenetic reprogramming on
the somatic cells
Chemical compounds acting as histone deacetylase
inhibitors (HDACi), histone methyltransferase inhibitors
(MTHi), and DNA methyltransferase inhibitors (DNMTi).
N
Yl A q ﬁ
4~>—_: - R
@DNAmeﬂMauon Histone acetylation AN‘swncmelhylwon /,{*-;e >4
- T ~
i re-implantation embryoni
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development

Low DNA methylation
High histone acetylation

High DNA methylation
Low histone acetylation

Figure 4. Chemical compounds for epigenetic reprograming.
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Likewise, SCNT bovine embryos treated with TSA
showed better development before implantation
(Akagi & Matsukawa, 2022), but no improvement in
the offspring rate (Sawai et al., 2012).

Scriptaid can increase cleavage rates, blastocyst for-
mation, and blastocyst hatching rates of embryos
produced by SCNT after post-activation treatment.
This compound increases the average intensity of
H3K9 acetylation and Oct4 and IFN-t transcripts
while decreasing the average intensity of H3K9
methylation, suggesting its beneficial effects on the
development, nuclear reprogramming, preimplan-
tation, and implantation of SCNT embryos (Rissi et
al., 2019; Wang et al., 2011). In sheep SCNT embryos,
Scriptaid supported development to the blastocyst
stage, whereas embryos treated with trichostatin A
(TSA) did not reach this stage, possibly due to
species differences or TSA toxicity at high
concentrations (Al-Ghadi et al., 2020).

Another compound that could be explored in fu-
ture research on SCNT to enhance epigenetic re-
programming is NaCr. NaCr has been noted for its
role in gene expression regulation and mainte-
nance of stem cell pluripotency; furthermore, it en-
hances cell cycle synchronization rates (Zhao et al.,
2024). It may promote reprogramming of somatic
cells and improve cloned embryo development (Li
etal,, 2022). Recently, Zhao et al. demonstrated that
NaCr treatment in bovine fibroblasts increased
blastocyst development, with rates significantly
higher than those in the control group (Zhao et al.,
2024). Further studies are needed to fully under-
stand its potential benefits in SCNT and its effects
on  epigenetic  modifications  during  the
reprogramming process.

2-PCPA is a specific inhibitor of lysine-specific de-
methylase 1(LSD1), which can improve the aberrant
development of cloned embryos by increasing the
level of H3K4 dimethylation (H3K4me?2). This inter-
vention mainly affects the transcriptional activation
of some genes. On the other hand, H3K4me2
demethylation is primarily carried out with the help
of LSD1, which inhibits gene expression. Cloned
embryos often exhibit aberrant levels of H3K4me?2
modification. Moreover, the low levels of H3K4me2
in cloned embryos suggest that increasing
H3K4me?2 levels by adding H3K4 demethylation
inhibitors may be beneficial for early embryonic
development (Mao et al., 2018). Another aberrant
increase observed in cloned embryos is H3K9me2,
characterized by a higher level of histone H3K9
dimethylation (H3K9me?2). This increase may serve
as a barrier for somatic nucleus reprogramming in
cloned embryos.
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UNCO0638 is a type of small molecule that can
specifically inhibit the enzymatic activity of histone
methyltransferase EHMT2 and reduce the levels of
H3K9 dimethylation (H3K9me2) in cells (Fu et al.,
2014). It is suggested that UNC0638 may have a
beneficial effect in terms of modifying the abnormal
state of H3K9me2 and gene expression in cloned
embryos. However, embryonic development may
not necessarily improve despite these modifications
(Fu et al,, 2014; Wang et al., 2017). On the other
hand, Sampaio and colleagues indicated that this
compound also affects other epigenetic marks such
as H3K9me3, 5mC, and 5hmC. Furthermore,
despite reducing the levels of H3K9me2 and
H3K9me3 in SCNT-cloned blastocysts, it does not
improve  their  preimplantation  embryonic
development. The authors also note that specific
reduction of H3K9me2 by inhibiting EHMT1/2
during nuclear reprogramming affects the levels of
H3K9me3, 5mC, and 5hmC in preimplanted bovine
embryos (Sampaio et al., 2020).

Epigenetic reprogramming via DNMTi can be
achieved using 5-aza-dC. This compound reduces
DNA methylation by inhibiting the enzyme DNA
methyltransferase (Ding et al., 2008). This com-
pound reduces DNA methylation by inhibiting the
enzyme DNA methyltransferase (Ding et al., 2008;
Enright et al., 2005). Although it generates a slight
increase in blastocyst rates, its benefits are not ap-
parent (Ding et al., 2008). However, the reduction
of DNA methylation in donor cells is expected to
improve the efficiency of cloned transferred em-
bryos by providing donor cells with epigenetic
characteristics similar to in vivo embryos (Enright et
al., 2005).

5. Abnormalities in clones

Embryonic development and birth rates remain low,
ranging from 5 to 15% (Keefer, 2015; Long et al.,
2014; Wells et al., 2003). For example, in sheep, the
birth of three offspring was reported, of which one
was apparently normal (Loi et al, 2001), and two
died shortly after birth (Hajian et al., 2011); while in
goats they also died after birth (Folch et al., 2009).
In cattle, where two offspring were produced, only
one survived for a long period (Janssen et al., 2003;
Selokar et al., 2025; Su et al., 2025)

The reduction in birth rate and survival after birth is
main due to placental and fetal abnormalities,
which induce spontaneous abortions or death after
birth, and is speculated to be due to aberrant epi-
genetic reprogramming (Figure 5). Epigenetic
problems are key to the pathologies of cloned ani-
mals because reduced or insufficient reprogram-
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ming of the donor nucleus results in abnormal gene
expression, leading to abnormal development of
the placenta and fetus. Additionally, death can
occur during embryonic  development  after
implantation, in the perinatal period (immediately
after birth or in the first hours), and during the first
6 months (Chavatte-Palmer et al.,, 2004).

The reduction in birth rate and survival after birth is
mainly due to placental and fetal abnormalities,
which induce spontaneous abortions or death after
birth. Epigenetic problems are related to patholo-
gies of cloned animals reflecting the failure of donor
nucleus reprogramming, leading to abnormal de-
velopment of the placenta and fetus. In this context,
in ruminants, a post-implantation silenced im-
printed gene called Mash2 has been shown to be
expressed specifically in the placenta and in greater
abundance during the period of trophoblast prolif-
eration immediately before implantation (Arnold et
al.,, 2006). Thus, in the work carried out by Arnold et
al. (2006), 75% of SCNT embryos did not survive
until day 40, perhaps because insufficient numbers
of specialized binucleated/giant trophoblast cells
(TGC) were present after this time to allow implan-
tation and cotyledon development.

Hill et al. (2000) provide information on possible
reasons for developmental failures related to pla-
cental phenotypic abnormalities, such as reduced
number (~half) of macroscopically visible cotyle-
dons, hemorrhagic areas in the cotyledons and
chorioallantois, variations in the flat cuboidal chori-
onic epithelium with marked decrease in vasculari-
zation, and rudimentary cotyledonary areas reveal-
ing an apparently normal epithelium with villi for-
mation. Other effects are associated with placental
abnormalities, such as placentomegaly, reduced

Placental abnormalities

Common placental abnormalities

- Reduced number of cotyledons

- Hemorrhahic areas in cotyledons and chrioallantois

- Flat cuboidal chorionic epithelium with marked decrease in vascularization
- Rudimentary cotyledons with apparently normal epithelium and villi

Other placental abnormalities

- Placentomegaly / placental hypertrophy - Hydroallantois

- Hypoplasia of trophoblastic epithelium - Elongated placentomes

- Alteration of basement membrane - Abnormal size of cotyledons
- Enlarged umbilical cord and vessels
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vascularization, hypoplasia of the trophoblastic ep-
ithelium, and alteration of the basement mem-
brane. Other effects have been reported in cattle
and sheep associated with placental abnormalities,
such as placentomegaly, reduced vascularization,
hypoplasia of the trophoblastic epithelium, and al-
teration of the basement membrane, among other
reported abnormalities, such as enlarged umbilical
cord, placental hypertrophy, and abnormal size of
placental cotyledons (Palmieri et al., 2008). Addi-
tional placental abnormalities include enlarged um-
bilical vessels, hydroallantois, placentomegaly, and
elongated placentomes (Chavatte-Palmer et al.,
2012; Constant et al., 2006; Heyman et al., 2002; Hill
et al., 2000; Kohan-Ghadr et al., 2008). These ab-
normalities  negatively  affect the  mother-
embryo/fetus interaction directly or indirectly, com-
promising the nutrition and normal development of
the developing clone.

Whereas, in fetal abnormalities, it has been ob-
served that clones suffer from large/abnormal ani-
mal syndrome (LOS) (Constant et al., 2006; Rissi et
al., 2019), small fetuses for their developmental
stage, delayed limb and head development, and
liver abnormalities (Hill et al., 2000). Respiratory fail-
ure due to lung problems (Chavatte-Palmer et al,,
2004; Hill et al., 1999) and abnormal kidney devel-
opment (Chavatte-Palmer et al., 2004) are also
common in cloned animals, in addition to cardio-
vascular pathologies (Hill et al., 1999), and various
other complications, including liver (Chavatte-
Palmer et al., 2004) and cardiopulmonary diseases
(Hill et al., 1999; Hill et al., 2000). Regarding parturi-
tion, clones may present delayed parturition by up
to 30 days (Gao et al,, 2019).

Fetal abnormalities in clones

Frequent fetal abnormalities
- Large/ abnormal animal sindrome (LOS)
- Small fetuses for their developmental stage
- Delayed limb and head development
- Lung problems (respiratory failure)
- Abnormal kidney development

Other fetal pathologies
- Cardiovascular pathologies
- Liver abnormalities
) 5 - Cardiopulmonar diseases

Figure 5. Embryonic, placental, and fetal abnormalities associated with aberrant epigenetic reprogramming in cloned ruminants.
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6. Current challenges and future perspectives
SCNT and iSCNT continue to face biological
constraints that limit their practical application in
producing cloned domestic and wild ruminants.
Despite three decades of progress, blastocyst for-
mation, term pregnancy, and live-birth rates remain
low, and the resulting offspring frequently display
placental, metabolic, and epigenetic abnormalities
(Adams et al., 2024; Pankammoon et al., 2025).
These limitations do not stem from a single factor
but from the cumulative and interdependent inter-
action of several molecular barriers acting
throughout nuclear reprogramming.

One of the main obstacles reported in ruminant
cloning is the persistence of epigenetic marks inher-
ited from the somatic donor cell, which prevents
complete erasure of transcriptional memory and
compromises embryonic genome activation (EGA)
during the maternal-to-zygotic transition (Ogura et
al., 2021; Zhou et al., 2020).

In bovine and ovine species, aberrant DNA methy!-
ation patterns and histone modifications such as
H3K9me3 and H3K4me3 delay or block the chro-
matin remodeling required to reach a functional to-
tipotent state (Li et al., 2025). Recent murine models
have shown that combining overexpression of his-
tone demethylases (Kdm4d and Kdm5b) with his-
tone deacetylase inhibitors such as trichostatin A
(TSA) can simultaneously overcome pre-implanta-
tion epigenetic barriers and post-implantation non-
canonical imprinting mediated by H3K27me3 (Li et
al, 2025). In ruminants, however, these treatments
have shown inconsistent outcomes depending on
the donor—recipient pairing; TSA improved blasto-
cyst formation in gaur-bovine embryos but had no
significant effect in other interspecies models,
demonstrating that the efficacy of epigenetic
modifiers is highly species-specific (Srirattana et al.,
2012; Zuo et al,, 2014).

When embryo reconstruction combines the so-
matic nucleus of a wild species with the enucleated
cytoplast of a closely related domestic species as in
gaur-bovine, Przewalski's gazelle-bovine, or
Bactrian camel dromedary pairings additional layers
of incompatibility arise (Lanza et al., 2000; Wani et
al., 2017; Zuo et al., 2014). Phylogenetic divergence
between donor and recipient species negatively af-
fects nuclear pore complex assembly and the
transport of maternal transcription factors, impair-
ing proper embryonic genome activation (Adams et
al., 2024; Pankammoon et al., 2025). Compounding
this, mitonuclear incompatibility arises from the
mismatch between donor nuclear DNA and the mi-
tochondrial DNA inherited predominantly from the
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recipient oocyte, disrupting electron transport chain
assembly and oxidative phosphorylation and
thereby compromising the reconstructed embryo's
energy supply (Ma et al., 2016; Jiang et al., 2011). The
resulting mitochondrial heteroplasmy can further
interfere with tricarboxylic acid cycle intermediates
such as acetyl-CoA and a-ketoglutarate, molecules
that directly regulate DNA methylation and histone
acetylation, establishing a functional link between
mitochondrial metabolism and nuclear epigenetic
regulation (Matilainen et al., 2017). This interde-
pendence explains why targeting epigenetic repro-
gramming in isolation, without addressing mitonu-
clear and nucleocytoplasmic compatibility, has
proven insufficient to consistently improve iSCNT
efficiency in ruminants.

The quality and cell-cycle status of the donor so-
matic cell are additional determinants of cloning ef-
ficiency in ruminants. Cell-cycle synchronization
through confluence, serum starvation, or roscovit-
ine treatment in bovine fetal fibroblasts has been
shown to alter the proportion of cells in the GO/GI
phase, a condition generally considered more fa-
vorable for nuclear reprogramming after transfer
(Cho et al., 2005). Complementing this, optimizing
embryo culture media according to species-specific
metabolic requirements, together with antioxidant
supplementation (e.g., vitamin C) and mitoprotec-
tive molecules such as coenzyme Q10 or resvera-
trol, helps reduce the oxidative stress generated
during oocyte manipulation and embryo recon-
struction (Pankammoon et al, 2025). Although
these strategies do not directly resolve genomic
incompatibility, they reduce cumulative cellular
damage and favor a more supportive environment
for reprogramming.

The development of next-generation sequencing
(NGS) technologies, including single-cell RNA se-
quencing (scRNA-seq), chromatin immunoprecipi-
tation sequencing (ChlP-seq), and the assay for
transposase-accessible chromatin using sequenc-
ing (ATAC-seq), has enabled more precise charac-
terization of the gene networks and chromatin dy-
namics governing embryonic genome activation
across different donor-recipient combinations
(Pankammoon et al., 2025). These tools facilitate
the identification of candidate genes for targeted
intervention and the rational selection of the most
suitable recipient species for a given wild donor. In
parallel, CRISPR/Cas9-based gene editing is emerg-
ing as a promising strategy for correcting nuclear
genes encoding mitochondrial proteins, thereby
improving mitonuclear compatibility (Ma et al.,
2016). Nevertheless, its direct application to the mi-
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tochondrial genome remains limited by the scarce
DNA repair machinery of mitochondria and by
technical difficulties in precisely delivering editing
components into the mitochondrial matrix, which
calls for careful evaluation of potential off-target
effects before routine use in conservation
programs.

Despite these technical limitations, iSCNT remains
one of the few biotechnological tools capable of
generating viable offspring from the genetic mate-
rial of critically endangered or functionally extinct
wild species. The cases of the gaur (Lanza et al.,
2000), the banteng (Sansinena et al., 2005), the Bac-
trian camel (Wani et al., 2017), and the wild buffalo
(Priya et al., 2014) illustrate how interspecies cloning
can complement germplasm banks and so-called
“frozen zoos,” helping preserve genetic variability in
populations  with  few reproductively viable
individuals (Borges & Pereira, 2019). However, the
low efficiency observed evidenced by high neonatal
mortality, as occurred in the first cloned gaur
underscores that cloning should not be regarded as
a substitute for conventional in situ conservation
strategies, but rather as a complementary tool
within an integrated approach that includes popu-
lation management, conventional assisted repro-
duction, and habitat preservation (Rola et al., 2021).
Moving forward, progress in SCNT and iSCNT for
domestic and wild ruminants will depend on inte-
grating genomics, epigenomics, and mitochondrial
biology within protocols tailored to each specific
donor-recipient pairing (Pankammoon et al., 2025).
Rather than targeting a single mechanism in isola-
tion, future research should simultaneously address
nucleocytoplasmic compatibility, mitonuclear coor-
dination, and  epigenetic  reprogramming,
recognizing their interconnected nature. The
incorporation of advanced imaging techniques,
such as  super-resolution  microscopy and
fluorescence recovery after photobleaching (FRAP),
could allow real-time visualization of nuclear pore
complex assembly and maternal factor transport in
reconstructed ruminant embryos (Pankammoon et
al., 2025).

Likewise, standardizing protocols for somatic cell
cryopreservation and for recovering viable nuclei
from post-mortem tissue will expand the range of
options for species with limited donor availability
(Loi et al, 2001). Taken together, these
technological advances, combined with a rational
selection of donor-recipient pairings based on
phylogenetic distance (Meredith et al., 2011), will
progressively translate experimental findings into
practical applications for producing cloned
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ruminants and for the effective conservation of
threatened wild species' biodiversity.

7. Conclusions

The conservation of animal biodiversity has become
one of the most critical issues for researchers
around the world. In this context, SCNT has
emerged as a biotechnology aimed at safeguarding
wild animals that are in danger of extinction.
However, SCNT faces limitations such as low
success rates in pre- and post-implantation
development, as well as clone abnormalities, which
reduce birth and survival rates to adulthood.
Additionally, the need for high specialization in
cloning, high costs, and ethical and legal issues,
among other factors, further limit this technique.
To increase success rates in animal cloning, efforts
have been focused on optimizing the technique,
such as selecting the donor cell and synchronizing
cells. Furthermore, over the years, various strategies
have been implemented, such as using chemical
compounds that aid in cell cycle synchronization
and epigenetic modifications. However, success
rates in obtaining ruminant animal clones remain
low compared to other species, such as mice.
Through this review, we have shown the common
abnormalities observed in cloned animals, deficien-
cies in cloning, the importance of donor cells and
cell cycle synchronization, as well as strategies to
improve cell cycle synchronization and epigenetic
reprogramming. Therefore, focusing on these
points could help improve cloning efficiency and
develop new approaches that increase success
rates in producing clones via SCNT in ruminant spe-
cies, both domestic and wild.

Author contributions

IMLA and VJFF contributed to initiation of the study; IMLA, DKBQ,
MSC, CAPO, MCH, NABN, FKPS, and LMM wrote sections of the
manuscript and revised it for content. All authors contributed to
manuscript revision and read and approved the submitted version.

Funding: The authors thank the Coordination for the Improvement
of Higher Education Personnel (CAPES, Brasilia, Brazil) for the first
author’s scholarship.

Conflict of interest: The authors have no conflict of interest to
declare

ORCID

I. M. Laines Arcce

D. K. Bellido-Quispe

https://orcid.org/0000-0001-6518-1947
https://orcid.org/0000-0002-9184-3358
https://orcid.org/0000-0002-6704-5137
https://orcid.org/0000-0002-8717-9335
https://orcid.org/0000-0003-4851-9728
https://orcid.org/0000-0002-7587-6547
https://orcid.org/0000-0002-0342-9588
https://orcid.org/0000-0002-8773-8811
https://orcid.org/0000-0002-4526-0880

C. A. Pinzén-Osorio
M. Contreras Huamani
N. A. B. Negreiros
F. K. P. de Souza

M. S. Chaves
L. M. Melo

V.J. de F. Freitas

-807-


https://orcid.org/0000-0001-6518-1947
https://orcid.org/0000-0002-9184-3358
https://orcid.org/0000-0002-6704-5137
https://orcid.org/0000-0002-8717-9335
https://orcid.org/0000-0003-4851-9728
https://orcid.org/0000-0002-7587-6547
https://orcid.org/0000-0002-0342-9588
https://orcid.org/0000-0002-8773-8811
https://orcid.org/0000-0002-4526-0880
https://orcid.org/0000-0001-6518-1947
https://orcid.org/0000-0002-9184-3358
https://orcid.org/0000-0002-6704-5137
https://orcid.org/0000-0002-8717-9335
https://orcid.org/0000-0003-4851-9728
https://orcid.org/0000-0002-7587-6547
https://orcid.org/0000-0002-0342-9588
https://orcid.org/0000-0002-8773-8811
https://orcid.org/0000-0002-4526-0880

Scientia Agropecuaria 17(3): 795-813 (2026)

References

Adams, L., Liu, Y, & Polejaeva, I. A. (2024). Current status of
interspecies somatic cell nuclear transfer and meta-analysis of
the effects of phylogenetic distance on embryonic and fetal
development. Mammal Review, 54(4),  387-403.
https://doi.org/10.1111/mam.12352

Akagi, S., & Matsukawa, K. (2022). Effects of Trichostatin A on the
Timing of the First Cleavage and In Vitro Developmental
Potential of Bovine Somatic Cell Nuclear Transfer Embryos.
Cellular Reprogramming, 24(3), 142-149.
https://doi.org/10.1089/cell.2022.0003

Al-Ghadi, M. Q., Alhimaidi, A. R., lwamoto, D., Al-Mutary, M. G.,
Ammari, A. A, Saeki, K. O., & Aleissa, M. S. (2020). The in vitro
development of cloned sheep embryos treated with Scriptaid
and  Trichostatin ~ (A). Saudi  Journal  of  Biological
Sciences, 27(9), 2280-2286.
https://doi.org/10.1016/].5jbs.2020.04.039

Ammari, A. A, Al Ghadi, M. G, Amran, R. A, Al Malahi, N. M., &
Alhimaidi, A. R. (2022). Interspecific nuclear transfer
blastocysts reconstructed from Arabian Oryx somatic cells
and domestic cow ooplasm. Veterinary Sciences, 10(1), 17.
https://doi.org/10.3390/vetsci10010017

Armold, D., Lefebvre, R., & Smith, L. (2006). Characterization of the
placenta specific bovine mammalian achaete scute-like
homologue 2 (Mash2) gene. Placenta, 27(11-12), 1124-1131.
https://doi.org/10.1016/j.placenta.2005.12.001

Baguisi, A, Behboodi, E., Melican, D. T., Pollock, J. S., Destrempes,
M. M., Cammuso, C., Williams, J. L., Nims, S. D., Porter, C. A,,
& Midura, P. (1999). Production of goats by somatic cell
nuclear transfer. Nature Biotechnology, 17(5), 456-461.
https://doi.org/10.1038/86327

Beaujean, N., Taylor, J., Gardner, J., Wilmut, I, Meehan, R, &
Young, L. (2004). Effect of limited DNA methylation
reprogramming in the normal sheep embryo on somatic cell
nuclear transfer. Biology of reproduction, 71(1), 185-193.
https://doi.org/10.1095/biolreprod.103.026559

Behdarvandiyan, P., Hosseini, S. S., Jafarpour, F., Hajian, M.,
Hosseini, M., Rahimi, M., Moradi, R., Motamed, Y. K., Bender,
A. & Nasr-Esfahani, M. H. (2021). Transcriptional Drug
Repositioning  Improves Development Of Somatic Cell
Nuclear Transfer Embryos Via Inhibition Of CDK4/6 And
Cyclin D1 During First Cleavage of Bovine Pseudo-Zygotes.
https://doi.org/10.21203/rs.3.rs-450025/v1

Berg, D. K, Li, C., Asher, G., Wells, D. N., & Oback, B. (2007). Red
deer cloned from antler stem cells and their differentiated
progeny. Biology of Reproduction, 77(3), 384-394.
https://doi.org/10.1095/biolreprod.106.058172

Borges, A. A., & Pereira, A. F. (2019). Potential role of intraspecific
and interspecific cloning in the conservation of wild
mammals. Zygote, 27(3), m-17.
https://doi.org/10.1017/5S0967199419000170

Briggs, R., &King, T. J. (1952). Transplantation of living nuclei from
blastula cells into enucleated frogs’ eggs. Proceedings of the
National ~ Academy  of  Sciences,  38(5),  455-463.
https://doi.org/10.1073/pnas.38.5.455

Bromhall, J. D. (1975). Nuclear transplantation in the rabbit egg.
Nature, 258(5537), 719-722. https://doi.org/10.1038/258719a0

Chavatte-Palmer, P, Camous, S. Jammes, H., Le Cleac’h, N,
Guillomot, M., & Lee, R. (2012). Placental perturbations induce
the developmental abnormalities often observed in bovine
somatic cell nuclear transfer. Placenta, 33, $99-5104.
https://doi.org/10.1016/j.placenta.2011.09.012

Chavatte-Palmer, P, Remy, D. Cordonnier, N. Richard, C.,
Issenman, H., Laigre, P., Heyman, Y., & Mialot, J.-P. (2004).
Health status of cloned cattle at different ages. Cloning &
Stem Cells, 6(2), 94-100.

Cho, S., Ock, S., Yoo, J., Mohana Kumar, B., Choe, S., & Rho, G.
(2005). Effects of confluent, roscovitine treatment and serum
starvation on the cell-cycle synchronization of bovine foetal

Laines-Arcce et al.

fibroblasts. Reproduction in Domestic Animals, 40(2), 171-176.
https://doi.org/10.1111/}.1439-0531.2005.00577.x

Cibelli, J. B., Stice, S. L., Golueke, P. J., Kane, J. J., Jerry, J., Blackwell,
C., Ponce de Ledn, F. A, & Robl, J. M. (1998). Cloned
transgenic calves produced from nonquiescent fetal
fibroblasts. Science, 280(5367), 1256-1258.
https://doi.org/10.1126/science.280.5367.1256

Ciptadi, G. (2007). Pemanfaatan teknologi kloning hewan untuk
konservasi sumber genetik ternak lokal melalui realisasi bank
sel somatis. TERNAK TROPIKA Journal of Tropical Animal
Production, 6(2), 60-65.

Constant, F., Guillomot, M., Heyman, Y., Vignon, X., Laigre, P,
Servely, J. L., Renard, J. P., & Chavatte-Palmer, P. (2006). Large
offspring or large placenta syndrome? Morphometric analysis
of late gestation bovine placentomes from somatic nuclear
transfer pregnancies complicated by hydrallantois. Biology of
reproduction, 75(1), 122-130.
https://doi.org/10.1095/biolreprod.106.051581

Da Silva, C. G., Martins, C. F,, Cardoso, T. C,, Da Cunha, E. R,
Bessler, H. C., Martins, G. H. L., Pivato, |, & B4o, S. N. (2016).
Production of bovine embryos and calves cloned by nuclear
transfer using mesenchymal stem cells from amniotic fluid
and adipose tissue. Cellular Reprogramming, 18(2), 127-136.
https://doi.org/10.1089/cell.2015.0064

de Aguiar, L. H., Lee, Y. L, Abdelhady, A. W., Koganti, P. P.,
Selvaraj, V., & Cheong, S. H. (2026). Flexible oocyte
manipulation with delayed maturation and improved somatic
cell nuclear transfer efficiency using induced pluripotent stem
cells. Theriogenology, 251, 117754.
https://doi.org/10.1016/j.theriogenology.2025.117754

Ding, X, Wang, Y., Zhang, D., Guo, Z, & Zhang, Y. (2008).
Increased pre-implantation development of cloned bovine
embryos treated with 5-aza-2'-deoxycytidine and trichostatin
A. Theriogenology, 70(4), 622-630.
https://doi.org/10.1016/j.theriogenoclogy.2008.04.042.

Enright, B. P., Sung, L.-Y., Chang, C.-C,, Yang, X., & Tian, X. C.
(2005). Methylation and Acetylation Characteristics of Cloned
Bovine Embryos from Donor Cells Treated with 5-aza-2'-
Deoxycytidinel. Biology of reproduction, 72(4), 944-948.
https://doi.org/10.1095/biolreprod.104.033225

Fatira, E., Havelka, M., Labbé, C., Depincé, A., Psenicka, M., & Saito,
T. (2019). A newly developed cloning technique in sturgeons;
an important step towards recovering endangered species.
Scientific Reports, 9(1), 10453. https://doi.org/10.1038/541598-
019-46892-4

Ferreira, H. da S., Oliveira, G. B. de, Sanguinet, E. de O,, Feij6, A. L.
da S., Pinzén-Osorio, C. A, Benvenutti, V. R., Kohler, L. F,,
Bertolini, M., Almeida-Souza, F., Moraes Junior, F. de J.,
Driemeier, D., Abreu-Silva, A. L., Rodrigues, J. L. R., & Bertolini,
M. (2025). Origin, viability, and cell cycle status of seminal
somatic cells for potential application in cattle cloning via
nuclear transfer. Reproductive Biology, Article 101170.
https://doi.org/10.1016/j.repbio.2025.101170

Folch, J., Cocero, M. J., Chesné, P., Alabart, J. L, Dominguez, V.,
Cognié, Y. Roche, A, Fernandez-Arias, A, Marti, J, &
Sanchez, P. (2009). First birth of an animal from an extinct
subspecies (Capra pyrenaica pyrenaica) by cloning.
Theriogenology, 71(6), 1026-1034.
https://doi.org/10.1016/j.theriogenology.2008.11.005

Fu, L, Yan, F. X, An, X. R, & Hou, J. (2014). Effects of the histone
methyltransferase inhibitor UNC 0638 on Histone H3K9
dimethylation of cultured ovine somatic cells and
development of resulting early cloned embryos. Reproduction
in Domestic Animals, 49(2), e21-e25.
https://doi.org/10.1111/rda.12277

Fulka Jr, J.,, Miyashita, N., Nagai, T., & Ogura, A. (2004). Do cloned
mammals skip a reprogramming step? Nature Biotechnology,
22(1), 25-26. https://doi.org/10.1038/nbt0104-25

Fulka, J., Fulka, H., St John, J., Galli, C, Lazzari, G, Lagutina, I, &
Loi, P. (2008). Cybrid human embryos-warranting

-808-


https://doi.org/10.1111/mam.12352
https://doi.org/10.1089/cell.2022.0003
https://doi.org/10.1016/j.sjbs.2020.04.039
https://doi.org/10.3390/vetsci10010017
https://doi.org/10.1016/j.placenta.2005.12.001
https://doi.org/10.1038/86327
https://doi.org/10.1095/biolreprod.103.026559
https://doi.org/10.21203/rs.3.rs-450025/v1
https://doi.org/10.1095/biolreprod.106.058172
https://doi.org/10.1017/S0967199419000170
https://doi.org/10.1073/pnas.38.5.455
https://doi.org/10.1038/258719a0
https://doi.org/10.1016/j.placenta.2011.09.012
https://doi.org/10.1111/j.1439-0531.2005.00577.x
https://doi.org/10.1126/science.280.5367.1256
https://doi.org/10.1095/biolreprod.106.051581
https://doi.org/10.1089/cell.2015.0064
https://doi.org/10.1016/j.theriogenology.2025.117754
https://doi.org/10.1016/j.theriogenology.2008.04.042
https://doi.org/10.1095/biolreprod.104.033225
https://doi.org/10.1038/s41598-019-46892-4
https://doi.org/10.1038/s41598-019-46892-4
https://doi.org/10.1016/j.repbio.2025.101170
https://doi.org/10.1016/j.theriogenology.2008.11.005
https://doi.org/10.1111/rda.12277
https://doi.org/10.1038/nbt0104-25

Scientia Agropecuaria 17(3): 795-813 (2026)

opportunities to augment embryonic stem cell research.
Trends in Biotechnology, 26(9), 469-474.
https://doi.org/10.1016/j.tibtech.2008.06.001

Galli, C., & Lazzari, G. (2008). The manipulation of gametes and
embryos in farm animals. Reproduction in Domestic Animals,
43, 1-7. https://doi.org/10.1111/).1439-0531.2008.01136.x

Galli, C., Duchi, R, Moor, R. M., & Lazzari, G. (1999). Mammalian
leukocytes contain all the genetic information necessary for
the development of a new individual. Cloning, 1(3), 161-170.
https://doi.org/10.1089/15204559950019924

Gao, C,, Zhou, X, Gu, S., Li, J, Wang, J., Zhang, Y., Zhao, W., Wei,
X., Lu, L, & Zhao, Q. (2025). Establishment of Interspecies
Somatic Cell Nuclear Transfer and Transgene-Free Inducible
Pluripotent Stem Cells for Versatile Conservation of the
Germplasm Resource of Wild Boar. Animal Research and One
Health. https://doi.org/10.1002/aro2.70025

Gao, G, Wang, S., Zhang, J., Su, G., Zheng, Z., Bai, C, Yang, L.,
Wei, Z, Wang, X, & Liu, X. (2019). Transcriptome-wide
analysis of the SCNT bovine abnormal placenta during mid-
to late gestation. Scientific  Reports, 9(1), 20035.
https://doi.org/10.1038/s41598-019-56566-w

Gentry, A. W. (2000). The ruminant Radiation. 11-45. Antelopes,
deer and relatives: fossil record, behavioral ecology,
systematics and conservation. Yale University Press, New
Haven.

Gibbons, J., Arat, S, Rzucidlo, J., Miyoshi, K., Waltenburg, R.
Respess, D., Venable, A, & Stice, S. (2002). Enhanced
survivability of cloned calves derived from roscovitine-treated
adult somatic cells. Biology of Reproduction, 66(4), 895-900.
https://doi.org/10.1095/biolreprod66.4.895

Goto, Y., Hirayama, M., Takeda, K, Tukamoto, N., Sakata, O.,
Kaeriyama, H., & Geshi, M. (2013). Effect of synchronization of
donor cells in early G 1-phase using shake-off method on
developmental potential of somatic cell nuclear transfer
embryos in cattle. Animal Science Journal, 84(8), 592-599.
https://doi.org/10.1111/as}.12047

Gu, S., Wei, X., Zhang, Y., Wang, J,, Tang, L., Zhao, W., Wang, J., &
Huang, Y. (2026). Derivation of Embryonic Stem Cells from an
Endangered Cattle Breed via Somatic Cell Nuclear Transfer.
Cells, 15(7), 627. https://doi.org/10.3390/cells15070627

Gurdon, J. B. (1962). The developmental capacity of nuclei taken
from intestinal epithelium cells of feeding tadpoles.
Development, 10(4), 622-640.
https://doi.org/10.1242/dev.10.4.622

Gurdon, J. B, & Uehlinger, V. (1966). "Fertile” intestine nuclei.
Nature, 210(5042), 1240-1241. https://doi.org/1038/2101240a0

Hajian, M., Hosseini, S., Forouzanfar, M., Abedi, P., Ostadhosseini,
S., Hosseini, L., Moulavi, F., Gourabi, H., Shahverdi, A, &
Vosough Taghi Dizaj, A. (2011). “Conservation cloning” of
vulnerable Esfahan mouflon (Ovis orientalis isphahanica): in
vitro and in vivo studies. European Journal of Wildlife Research,
57,959-969. DOI:10.1007/510344-011-0510-5

Hernandez Martinez, S., Hernandez Pichardo, J. E., Vazquez
Avendafio, J. R, Ambriz Garcfa, D. A., & Navarro Maldonado,
M. D. C. (2020). Developmental dynamics of cloned Mexican
bighorn sheep embryos using morphological quality
standards. Veterinary Medicine and Science, 6(3), 382-
392 https://doi.org/10.1002/vms3.242

Heyman, Y., Chavatte-Palmer, P., LeBourhis, D. Camous, S.
Vignon, X., & Renard, J. P. (2002). Frequency and occurrence
of late-gestation losses from cattle cloned embryos. Biology
of reproduction, 66(1), 6-13.
https://doi.org/10.1095/biolreprod66.1.6

Hill, J. R., Burghardt, R. C., Jones, K, Long, C. R, Looney, C. R., Shin,
T, Spencer, T. E, Thompson, J. A, Winger, Q. A, &
Westhusin, M. E. (2000). Evidence for placental abnormality
as the major cause of mortality in first-trimester somatic cell
cloned bovine fetuses. Biology of Reproduction, 63(6), 1787-
1794. https://doi.org/10.1095/biolreprod63.6.1787

Laines-Arcce et al.

Hill, J. R, Roussel, A., Cibelli, J., Edwards, J., Hooper, N., Miller, M.,
Thompson, J., Looney, C., Westhusin, M., & Robl, J. (1999).
Clinical and pathologic features of cloned transgenic calves
and fetuses (13 case studies). Theriogenology, 51(8), 1451-1465.
https://doi.org/10.1016/S0093-691X(99)00089-8

Holt, W. V. Pickard, A. R, & Prather, R. S. (2004). Wildlife
conservation and reproductive cloning. Reproduction, 127(3),
317-324. https://doi.org/10.1530/rep.1.00074

Hoshino, Y., Hayashi, N., Taniguchi, S., Kobayashi, N., Sakai, K,
Otani, T., Iritani, A., & Saeki, K. (2009). Resurrection of a bull
by cloning from organs frozen without cryoprotectant in a—
80 C freezer for a decade. PloS one, 4(1), e4142.
https://doi.org/10.1371/journal.pone.0004142

Hosseini, S. M., Dufort, ., Nieminen, J., Moulavi, F., Ghanaei, H. R.,
Hajian, M., Jafarpour, F., Forouzanfar, M., Gourbai, H., &
Shahverdi, A. H. (2016). Epigenetic modification with
trichostatin A does not correct specific errors of somatic cell
nuclear transfer at the transcriptomic level; highlighting the
non-random nature of oocyte-mediated reprogramming
errors. BMC Genomics, 17, 1-21.
https://doi.org/10.1186/512864-015-2264-z

Hu, J., Wang, F., Zhu, X., Yuan, Y., Ding, M., & Gao, S. (2010). Mouse
ZAR1-like (XM_359149) colocalizes with mRNA processing
components and its dominant-negative mutant caused two-
cell-stage embryonic arrest. Developmental Dynamics, 239(2),
407-424. https://doi.org/10.1002/dvdy.22170

Janssen, D., Edwards, M., Koster, J., Lanza, R., & Ryder, O. (2003).
206 Postnatal management of chryptorchid banteng calves
cloned by nuclear transfer utilizing frozen fibroblast cultures
and enucleated cow ova. Reproduction, Fertility and
Development, 16(2), 224-224.
https://doi.org/10.1071/RDv16n1Ab206

Jiang, Y., Kelly, R., Peters, A., Fulka, H., Dickinson, A., Mitchell, D. A.,
& StJohn, J. C. (2011). Interspecies somatic cell nuclear transfer
is dependent on compatible mitochondrial DNA and
reprogramming  factors.  PLoS ONE, 6(1), e14805.
https://doi.org/10.1371/journal.pone.0014805

Kasinathan, P., Knott, J. G., Wang, Z., Jerry, D. J., &RRobl, J. M. (20071).
Production of calves from G1 fibroblasts. Nature
Biotechnology, 19(12), 1176-1178.

Kato, Y., Imabayashi, H., Mori, T., Tani, T., Taniguchi, M., Higashi,
M., Matsumoto, M., Umezawa, A, & Tsunoda, Y. (2004).
Nuclear transfer of adult bone marrow mesenchymal stem
cells: developmental totipotency of tissue-specific stem cells
from an adult mammal. Biology of Reproduction, 70(2), 415-
418. https://doi.org/10.1095/biolreprod.103.020271

Kato, Y., Tani, T., & Tsunoda, Y. (2000). Cloning of calves from
various somatic cell types of male and female adult, newborn
and fetal cows. Journal of Reproduction and Fertility, 120(2),
231-238. https://doi.org/10.1530/jrf.0.1200231

Kato, Y., Tani, T., Sotomaru, Y., Kurokawa, K., Kato, J.-y., Doguchi,
H. Yasue, H., & Tsunoda, Y. (1998). Eight calves cloned from
somatic cells of a single adult. Science, 282(5396), 2095-2098.
https://doi.org/10.1126/science.282.5396.2095

Kawamura, T., Suzuki, J, Wang, Y. V., Menendez, S., Morera, L. B,
Raya, A, Wahl, G. M., & Belmonte, J. C. I. (2009). Linking the
p53  tumour suppressor pathway to somatic cell
reprogramming. Nature, 460(7259), 1140-1144.
https://doi.org/10.1038/nature08311

Keefer, C. L. (2015). Artificial cloning of domestic animals.
Proceedings of the National Academy of Sciences, 112(29),
8874-8878. https://doi.org/10.1073/pnas.15017187112

Kohan-Ghadr, H., Lefebvre, R, Fecteau, G., Smith, L., Murphy, B.,
Junior, J. S., Girard, C., & Hélie, P. (2008). Ultrasonographic
and histological characterization of the placenta of somatic
nuclear transfer-derived pregnancies in dairy cattle.
Theriogenology, 69(2), 218-230.
https://doi.org/10.1016/j.theriogenology.2007.09.028

Kwong, P., Nam, H., Wan Khadijah, W., Kamarul, T., & Abdullah, R.
(2014). Comparison of in vitro developmental competence of

-809-


https://doi.org/10.1016/j.tibtech.2008.06.001
https://doi.org/10.1111/j.1439-0531.2008.01136.x
https://doi.org/10.1089/15204559950019924
https://doi.org/10.1002/aro2.70025
https://doi.org/10.1038/s41598-019-56566-w
https://doi.org/10.1095/biolreprod66.4.895
https://doi.org/10.1111/asj.12047
https://doi.org/10.3390/cells15070627
https://doi.org/10.1242/dev.10.4.622
https://doi.org/10.1002/vms3.242
https://doi.org/10.1095/biolreprod66.1.6
https://doi.org/10.1095/biolreprod63.6.1787
https://doi.org/10.1016/S0093-691X(99)00089-8
https://doi.org/10.1530/rep.1.00074
https://doi.org/10.1371/journal.pone.0004142
https://doi.org/10.1186/s12864-015-2264-z
https://doi.org/10.1002/dvdy.22170
https://doi.org/10.1071/RDv16n1Ab206
https://doi.org/10.1371/journal.pone.0014805
https://doi.org/10.1095/biolreprod.103.020271
https://doi.org/10.1530/jrf.0.1200231
https://doi.org/10.1126/science.282.5396.2095
https://doi.org/10.1038/nature08311
https://doi.org/10.1073/pnas.1501718112
https://doi.org/10.1016/j.theriogenology.2007.09.028

Scientia Agropecuaria 17(3): 795-813 (2026)

cloned caprine embryos using donor karyoplasts from adult
bone marrow mesenchymal stem cells vs ear fibroblast cells.
Reproduction in  Domestic  Animals, 49(2), 249-253.
https://doi.org/10.1111/rda.12262

Lanza, R. P., Cibelli, J. B., Diaz, F., Moraes, C. T., Farin, P. W., Farin,
C. E, Hammer, C. J, West, M. D., & Damiani, P. (2000).
Cloning of an endangered species (Bos gaurus) using
interspecies  nuclear transfer.  Cloning, 2(2), 79-90.
https://doi.org/10.1089/152045500436104

Lee, B., Wirtu, G. G., Damiani, P., Pope, E.,, Dresser, B. L., Hwang,
W., & Bavister, B. D. (2003). Blastocyst development after
intergeneric nuclear transfer of mountain bongo antelope
somatic cells into bovine oocytes. Cloning & Stem Cells, 5(1),
25-33. https://doi.org/10.1089/153623003321512139

Li, S. Wei, S, Li, G, Hu, M, Lin, J, & Bao, W. (2026). Efficient
derivation and transcriptional characterization of mouse
extra-embryonic endoderm stem cell lines generated by
somatic cell nuclear transfer Stem Cells International, 2026(1),
1968738. https://doi.org/10.1155/sci/1968738

Li, W., Yan, W., Hao, F, Hao, L, & Liu, D. (2022). Effects of
crotonylation on reprogramming of Cashmere goat somatic
cells with different differentiation degrees. Animals, 12(20),
2848. https://doi.org/10.3390/ani12202848

Li, X,, Li, Z,, Jouneau, A., Zhou, Q., & Renard, J.-P. (2003). Nuclear
transfer: progress and quandaries. Reproductive Biology and
Endocrinology, 1(1), 1-6. https://doi.org/10.1186/1477-7827-1-
84

Li, Y, Dai, Y., Du, W., Zhao, C., Wang, H., Wang, L, Li, R, Liu, Y.,
Wan, R, & Li, N. (2006). Cloned endangered species takin
(Budorcas taxicolor) by inter-species nuclear transfer and
comparison of the blastocyst development with yak (Bos
grunniens) and bovine. Molecular Reproduction and
Development: Incorporating Gamete Research, 73(2), 189-195.
https://doi.org/10.1002/mrd.20405

Li, Y., Dai, Y., Du, W., Zhao, C,, Wang, L., Wang, H,, Liu, Y., Li, R, &
Li, N. (2007). In vitro development of yak (Bos grunniens)
embryos generated by interspecies nuclear transfer. Animal
Reproduction Science, 101(1-2), 45-59.
https://doi.org/10.1016/j.anireprosci.2006.09.018

Li, Y., Sun, S, Xu, Y., Zhang, J,, Du, Y., Cao, V., Liao, Z,, Xie, Y., Bian,
X., Huang, J, Wang, M., Liu, Z, Sun, Q, & Lu, F. (2025).
Efficient somatic cell nuclear transfer by overcoming both
pre- and post-implantation epigenetic barriers. Advanced
Science. https://doi.org/10.1002/advs.202504669

Liu, W, Liu, X, Wang, C, Gao, Y., Gao, R, Kou, X., Zhao, V., Li, J.,
Wu, Y., & Xiu, W. (2016). Identification of key factors
conquering developmental arrest of somatic cell cloned
embryos by combining embryo biopsy and single-cell
sequencing. Cell Discovery, 2(1), 1-15.
https://doi.org/10.1038/celldisc.2016.10

Loi, P, luso, D., Czernik, M., & Ogura, A. (2016). A new, dynamic
era for somatic cell nuclear transfer? Trends in Biotechnology,
34(10), 791-797. https://doi.org/10.1016/j.tibtech.2016.03.008

Loi, P., Modlinski, J., & Ptak, G. (2011). Interspecies somatic cell
nuclear transfer: a salvage tool seeking first aid.
Theriogenology, 76(2), 217-228.
https://doi.org/10.1016/j.theriogenology.2011.01.016

Loi, P., Ptak, G., Barboni, B., Fulka Jr, J.,, Cappai, P., & Clinton, M.
(20071). Genetic rescue of an endangered mammal by cross-
species nuclear transfer using post-mortem somatic cells.
Nature Biotechnology, 79(10), 962-964.
https://doi.org/10.1038/nbt1001-962

Long, C. R., Westhusin, M. E., & Golding, M. C. (2014). Reshaping
the transcriptional frontier: epigenetics and somatic cell
nuclear transfer. Molecular Reproduction and Development,
81(2), 183-193. https://doi.org/10.1002/mrd.22271

Luo, C, Lu, F., Wang, X, Wang, Z,, Li, X,, Gong, F., Jiang, J., Liu, Q.
& Shi, D. (2013). Treatment of donor cells with trichostatin A
improves in vitro development and reprogramming of buffalo
(Bubalus bubalis) nucleus transfer embryos. Theriogenology,

Laines-Arcce et al.

80(8), 878-886.
https://doi.org/10.1016/j.theriogenology.2013.07.013

Ma, H., Marti Gutierrez, N., Morey, R., Van Dyken, C, Kang, E.,
Hayama, T., Lee, Y, Li, Y., Tippner-Hedges, R., Wolf, D. P.,
Paull, D., Chen, Y., Ramsey, C.,, Reinholdt, L., Ryder, O. A,
Mufioz, J., Mitalipov, S. (2016). Incompatibility between
nuclear and mitochondrial genomes contributes to an
interspecies reproductive barrier. Cell Metabolism, 24(2),
283-294. https://doi.org/10.1016/j.cmet.2016.06.012

Madheshiya, P. K., Sahare, A. A, Jyotsana, B., Singh, K. P., Saini, M.,
Raja, A. K., Kaith, S., Singla, S. K., Chauhan, M. S., & Manik, R.
S. (2015). Production of a cloned buffalo (Bubalus bubalis) calf
from somatic cells isolated from wurine. Cellular
Reprogramming, 17(3), 160-169.
https://doi.org/10.1089/cell.2014.0097

Magalhdes, L. C., Cortez, J. V., Bhat, M. H., Sampaio, A. C. N.,
Freitas, J. L., Duarte, J. M., Melo, L. M., & Freitas, V. J. (2020).
In vitro development and mitochondrial gene expression in
brown brocket deer (Mazama gouazoubira) embryos
obtained by interspecific somatic cell nuclear transfer. Cellular
Reprogramming, 22(4), 208-216.
https://doi.org/10.1089/cell.2019.006

Mansour, N., Lamghari, F., Nasef, M., Al Busaidi, T.M., Hossein,
M.S., Jeong, Y., Kang, M., Kim, H., Bae, Y., Eum, B.H., 2023.
Effect of the interval from GnRH administration after ovarian
super-stimulation on the recovered oocytes, and effect of the
transferred cloned blastocysts on the pregnancy rate and
pregnancy loss in dromedary camel. Theriogenology 208, 1-
7. https://doi.org/10.1016/j.theriogenology.2023.05.007.

Mao, T, Han, C., Deng, R., Wei, B, Meng, P., Luo, Y., & Zhang, Y.
(2018). Treating donor cells with 2-PCPA corrects aberrant
histone H3K4 dimethylation and improves cloned goat
embryo development. Systems Biology in Reproductive
Medicine, 64(3), 174-182.
https://doi.org/10.1080/19396368.2018.1446229

Matilainen, O., Quirds, P. M., & Auwerx, J. (2017). Mitochondria and
epigenetics—crosstalk in homeostasis and stress. Trends in
Cell Biology, 27(6), 453-463.
https://doi.org/10.1016/j.tcb.2017.02.004

Matoba, S., Liu, Y., Lu, F., Iwabuchi, K. A, Shen, L., Inoue, A, &
Zhang, Y. (2014). Embryonic development following somatic
cell nuclear transfer impeded by persisting histone
methylation. Cell, 159(4), 884-895.
https://doi.org/10.1016/j.cell.2014.09.055

Matoba, S., Wang, H., Jiang, L., Lu, F., Iwabuchi, K. A, Wu, X., Inoue,
K., Yang, L, Press, W., & Lee, J. T. (2018). Loss of H3K27me3
imprinting in somatic cell nuclear transfer embryos disrupts
post-implantation development. Cell Stem Cell, 23(3), 343-
354. e345. https://doi.org/10.1016/j.stem.2018.06.008

Meissner, A., & Jaenisch, R. (2006). Mammalian nuclear transfer.
Developmental dynamics: an official publication of the
American Association of Anatomists, 235(9), 2460-2469.
https://doi.org/10.1002/dvdy.20915

Melo, L. M,, Silva, S. B, Magalhdes, L. C,, Cortez, J. V., Kumar, S.,
Duarte, J. M., Rola, L. D., Chaves, M. S., & Freitas, V. J. (2022).
The use of somatic cell nuclear transfer to obtain interspecific
cloned embryos from brown brocket deer karyoplast and
bovine cytoplast: Embryo development and nuclear gene
expression. Theriogenology wild, 1, 1000071.
https://doi.org/10.1016/j.therwi.2022.100001

Meredith, R. W., Janecka, J. E., Gatesy, J., Ryder, O. A,, Fisher, C. A,
Teeling, E. C, Goodbla, A, Eizirik, E., Sim&o, T. L. L., Stadler,
T., Rabosky, D. L., Honeycutt, R. L., Flynn, J. J., Ingram, C. M.,
Steiner, C., Williams, T. L., Robinson, T. J., Burk-Herrick, A.,
Westerman, M., ... Murphy, W. J. (2011). Impacts of the
Cretaceous Terrestrial Revolution and KPg extinction on
mammal diversification.  Science, 334(6055), 521-524.
https://doi.org/10.1126/science. 1211028

Nel-Themaat, L., Gémez, M. C., Pope, C. E., Lopez, M., Wirtu, G.,
Jenkins, J. A, Cole, A, Dresser, B. L., Bondioli, K. R., & Godke,

-810-


https://doi.org/10.1111/rda.12262
https://doi.org/10.1089/152045500436104
https://doi.org/10.1089/153623003321512139
https://doi.org/10.1155/sci/1968738
https://doi.org/10.3390/ani12202848
https://doi.org/10.1186/1477-7827-1-84
https://doi.org/10.1186/1477-7827-1-84
https://doi.org/10.1002/mrd.20405
https://doi.org/10.1016/j.anireprosci.2006.09.018
https://doi.org/10.1002/advs.202504669
https://doi.org/10.1038/celldisc.2016.10
https://doi.org/10.1016/j.tibtech.2016.03.008
https://doi.org/10.1016/j.theriogenology.2011.01.016
https://doi.org/10.1038/nbt1001-962
https://doi.org/10.1002/mrd.22271
https://doi.org/10.1016/j.theriogenology.2013.07.013
https://doi.org/10.1016/j.cmet.2016.06.012
https://doi.org/10.1089/cell.2014.0097
https://doi.org/10.1089/cell.2019.006
https://doi.org/10.1016/j.theriogenology.2023.05.007
https://doi.org/10.1080/19396368.2018.1446229
https://doi.org/10.1016/j.cell.2014.09.055
https://doi.org/10.1016/j.stem.2018.06.008
https://doi.org/10.1002/dvdy.20915
https://doi.org/10.1016/j.therwi.2022.100001

Scientia Agropecuaria 17(3): 795-813 (2026)

R. A.(2008). Cloned embryos from semen. Part 2: intergeneric
nuclear transfer of semen-derived eland (Taurotragus oryx)
epithelial cells into bovine oocytes. Cloning and Stem Cells,
10(1), 161-172. https://doi.org/10.1089/cl0.2007.0069

Oback, B. (2008). Cloning from stem cells: different lineages,
different species, same story. Reproduction, Fertility and
Development, 21(1), 83-94. https://doi.org/10.1071/RD08212

Ogura, A., Inoue, K., & Wakayama, T. (2013). Recent advancements
in cloning by somatic cell nuclear transfer. Philosophical
Transactions of the Royal Society B: Biological Sciences,
368(1609), 20110329. https://doi.org/10.1098/rstb.2011.0329

Ogura, A, Matoba, S., & Inoue, K. (2021). 25th anniversary of
cloning by somatic-cell nuclear transfer: Epigenetic
abnormalities associated with somatic cell nuclear transfer.
Reproduction, 162(2), F45-F58. https://doi.org/10.1530/rep-
21-0013

Olivera, R, Moro, L. N, Jordan, R, Luzzani, C, Miriuka, S.,
Radrizzani, M., Donadeu, F. X.,, & Vichera, G. (2016). In vitro
and in vivo development of horse cloned embryos generated
with iPSCs, mesenchymal stromal cells and fetal or adult
fibroblasts as nuclear donors. PloS one, 71(10), e0164049.
https://doi.org/10.1371/journal.pone.0164049

Palmieri, C., Loi, P., Ptak, G., & Della Salda, L. (2008). A review of
the pathology of abnormal placentae of somatic cell nuclear
transfer clone pregnancies in cattle, sheep, and mice.
Veterinary pathology, 45(6), 865-880.
https://doi.org/10.1354/vp.45-6-865

Pan, X, Zhang, Y., Guo, Z., & Wang, F. (2014). Development of
interspecies nuclear transfer embryos reconstructed with
argali (Ovis ammon) somatic cells and sheep ooplasm. Cell
Biology International, 38(2), 211-218.
https://doi.org/10.1002/cbin.10191

Pankammoon, P., Salinas, M. B. S., Thitaram, C., & Sathanawongs,
A. (2025). The complexities of interspecies somatic cell
nuclear transfer: From biological and molecular insights to
future perspectives. International Journal of Molecular
Sciences, 26(7), 3310. https://doi.org/10.3390/ijms26073310

Prather, R. S., Barnes, F. L., Sims, M. M., Robl, J. M., Eyestone, W.
H., & First, N. L. (1987). Nuclear transplantation in the bovine
embryo: assessment of donor nuclei and recipient oocyt.
Biology of Reproduction, 37(4), 859-866.
https://doi.org/10.1095/biolreprod37.4.859

Priya, D., Selokar, N., Raja, A., Saini, M., Sahare, A,, Nala, N., Palta,
P., Chauhan, M., Manik, R., & Singla, S. (2014). Production of
wild buffalo (Bubalus arnee) embryos by interspecies somatic
cell nuclear transfer using domestic buffalo (Bubalus bubalis)
oocytes. Reproduction in Domestic Animals, 49(2), 343-351.
https://doi.org/10.1111/rda.12284

Rakha, A. (2015). Cloning efficiency and a comparison between
donor cell types. Cloning and Transgenesis, 2, 141. DOI:
10.4172/2168-9849.1000141

Rissi, V. B., Glanzner, W. G., de Macedo, M. P, Mujica, L. K. S,,
Campagnolo, K., Gutierrez, K, Bridi, A, Baldassarre, H.
Gongalves, P. B. D., & Bordignon, V. (2019). Inhibition of RNA
synthesis during  Scriptaid exposure enhances gene
reprogramming in SCNT embryos. Reproduction, 157(2), 123-
133. https://doi.org/10.1530/REP-18-0366

Rola, L. D., Buzanskas, M. E., Melo, L. M., Chaves, M. S., Freitas, V.
J. F, & Duarte, J. M. B. (2021). Assisted reproductive
technology in Neotropical deer: A model approach to
preserving  genetic  diversity.  Animals,  11(7),  1961.
https://doi.org/10.3390/ani11071961

Saini, M., Selokar, N., Raja, A., Sahare, A, Singla, S., Chauhan, M.,
Manik, R., & Palta, P. (2015). Effect of donor cell type on
developmental competence, quality, gene expression, and
epigenetic status of interspecies cloned embryos produced
using cells from wild buffalo and oocytes from domestic
buffalo. Theriogenology, 84(7), 101-108. e101.
https://doi.org/10.1016/j.theriogenology.2015.02.018

Laines-Arcce et al.

Sampaio, R. V., Sangalli, J. R, De Bem, T. H. C., Ambrizi, D. R., Del
Collado, M., Bridi, A., ... & Meirelles, F. V. (2020). Catalytic
inhibition of H3K9me2 writers disturbs epigenetic marks

during bovine nuclear reprogramming. Scientific
Reports, 10(1), 11493.  https://doi.org/10.1038/541598-020-
67733-9

Sandhu, A., Mohapatra, S. K., Singh, M. K, Singla, S. K., Chauhan,
M. S., & Manik, R. S. (2023). Effects of epigenetic modifier on
the developmental competence and quantitative expression
of genes in male and female buffalo (Bubalus bubalis) cloned
embryos. Zygote, 31(2), 129-139.
https://doi.org/10.1017/50967199422000600

Sansinena, M. J., Hylan, D., Hebert, K., Denniston, R. S., & Godke,
R. A, (2005). Banteng (Bos javanicus) embryos and
pregnancies produced by interspecies nuclear transfer.
Theriogenology, 63(4), 1081-1091.
https://doi.org/10.1016/j.theriogenoclogy.2004.05.025

Sawy, V., Alberio, V., Vans Landschoot, G., Moro, L. N,, Olea, F. D.,
Rodriguez»Alvarez, L, & Salamone, D. F. (2021). Effect of
embryo aggregation on in vitro development of adipose-
derived mesenchymal stem cell-derived bovine clones.
Cellular Reprogramming, 23(5), 277-289.
https://doi.org/10.1089/cell.2021.0026

Sawai, K. (2009). Studies on gene expression in bovine embryos
derived from somatic cell nuclear transfer. Journal of
Reproduction and Development, 55(1), 11-16.
https://doi.org/10.1262/jrd.20131

Sawai, K., Fujii, T., HirAyAmA, H., HASHizumE, T., & Minamihashi,
A. (2012). Epigenetic status and full-term development of
bovine cloned embryos treated with trichostatin A. Journal of
Reproduction ~ and  Development, — 58(3),  302-309.
https://doi.org/10.1262/jrd.2011-020

Selokar, N. L., Saini, M., Muzaffer, M., Krishnakanth, G., Saha, A. P.,
Chauhan, M. S., Manik, R., Palta, P, Madan, P., & Singla, S. K.
(2012). Roscovitine treatment improves synchronization of
donor cell cycle in GO/GT stage and in vitro development of
handmade cloned buffalo (Bubalus bubalis) embryos. Cellular
Reprogramming, 14(2), 146-154.
https://doi.org/10.1089/cell.2011.0076

Selokar, N. L., Singh, M. K, Tripathi, G., Patel, K., Verma, R., Singh,
P., Aswall A, & Chauhan, M. S. (2025). Birth of India’s first
cloned cattle and analysis of its health and reproduction
status: A case study. Scientific Reports, 15(1), 26957.
https://doi.org/10.1038/541598-025-10225-5

Shi, D., Lu, F., Wei, Y., Cui, K, Yang, S., Wei, J., & Liu, Q. (2007).
Buffalos (Bubalus bubalis) cloned by nuclear transfer of
somatic cells. Biology of Reproduction, 77(2), 285-291.
https://doi.org/10.1095/biolreprod.107.060210

Smith, L. C., & Murphy, B. D. (2004). Genetic and epigenetic
aspects of cloning and potential effects on offspring of cloned
mammals.  Cloning & Stem  Cells, 6(2), 126-132.
https://doi.org/10.1089/1536230041372319

Son, Y.-B., Jeong, Y., Jeong, Y.W., Olsson, P.O., Hossein, M.S., Cai,
L., Kim, S, Choi, EJ, Sakaguchi, K, Tinson, A, 2022.
Development and pregnancy rates of Camelus dromedarius-
cloned embryos derived from in vivo-and in vitro-matured
oocytes. Anim. Biosci. 35 @), 177.
https://doi.org/10.5713/ab.21.0131.

Song, H., Qi, Z,, He, J,, Yan, Y., Wang, J., Min, S, Chen, Q., & Liu,
X. (2026). Effect of RGFP966 application in key steps of sheep
somatic cell nuclear transfer on cloned embryo development.
Animal Reproduction Science, 289, 108159.
https://doi.org/10.1016/j.anireprosci.2026.108159

Speman, H. (1938). Embryonic development and induction. The
American Journal of the Medical Sciences, 196(5), 738.

Srirattana, K., Imsoonthornruksa, S, Laowtammathron, C,
Sangmalee, A, Tunwattana, W. Thongprapai, T,
Chaimongkol, C., Ketudat-Cairns, M., & Parnpai, R. (2012).
Full-term development of gaur-bovine interspecies somatic
cell nuclear transfer embryos: Effect of trichostatin A

-811-


https://doi.org/10.1089/clo.2007.0069
https://doi.org/10.1071/RD08212
https://doi.org/10.1098/rstb.2011.0329
https://doi.org/10.1371/journal.pone.0164049
https://doi.org/10.1354/vp.45-6-865
https://doi.org/10.1002/cbin.10191
https://doi.org/10.1095/biolreprod37.4.859
https://doi.org/10.1111/rda.12284
https://doi.org/10.1530/REP-18-0366
https://doi.org/10.1016/j.theriogenology.2015.02.018
https://doi.org/10.1038/s41598-020-67733-9
https://doi.org/10.1038/s41598-020-67733-9
https://doi.org/10.1017/S0967199422000600
https://doi.org/10.1016/j.theriogenology.2004.05.025
https://doi.org/10.1089/cell.2021.0026
https://doi.org/10.1262/jrd.20131
https://doi.org/10.1262/jrd.2011-020
https://doi.org/10.1089/cell.2011.0076
https://doi.org/10.1038/s41598-025-10225-5
https://doi.org/10.1095/biolreprod.107.060210
https://doi.org/10.1089/1536230041372319
https://doi.org/10.5713/ab.21.0131
https://doi.org/10.1016/j.anireprosci.2026.108159

Scientia Agropecuaria 17(3): 795-813 (2026)

treatment.  Cellular ~ Reprogramming,
https://doi.org/10.1089/cell.2011.0099

Su, R, Ding, F., Sorgog, M., Li, L., Bai, S., Nasenochir N., Ritu, X., &
Herrid, M. (2025). Optimization of handmade cloning
enhances pregnancy rates and live calf production in cattle.
Scientific Reports, 15(1), 15032.
https://doi.org/10.1038/s41598-025-96511-8

Sun, X, Wang, S., Zhang, Y., Wang, H.,, Wang, L., Ying, L., Li, R, &
Li, N. (2008). Cell-cycle synchronization of fibroblasts derived
from transgenic cloned cattle ear skin: effects of serum
starvation, roscovitine and contact inhibition. Zygote, 16(2),
111-116. https://doi.org/10.1017/50967199407004522

Tajuddin, T., Moeis, M., Belu, W., Rupaedah, B., & Suyanto, S.
(2015). Bioteknologi. Universitas Terbu

Tasripoo, K., Srisakwattana, K., & Sophon, S. (2018). Buffalo and
various ruminant embryos production by inter-species, inter-
genus and inter-subfamily somatic cell nuclear transfer.
Buffalo Bulletin, 37(2), 163-168.

Vazquez-Avendafo, J. R, Herndndez-Martinez, S., Hernandez-
Pichardo, J. E., Rivera-Rebolledo, J. A., Ambriz-Garcfa, D. A.,
& Navarro-Maldonado, M. D. C. (2017). Effect of sequential
human medium use in the production of blastocysts of female
Ovis canadensis mexicana by interspecies handmade cloning.
Acta zooldgica mexicana, 33(2), 328-338.

Venegas, F., Guillomot, M., Vignon, X., Servely, J. L., Audouard, C.,
Montiel, E., Le Bourhis, D., Peron, S., Soto, P., & Rojas, M.
(2006). Obtaiment of Pudu (Pudu pudu) deer embryos by the
somatic nuclear transfer technique. International Journal of
Morphology, 24(2):285-292. http://dx.doi.org/10.4067/S0717~
95022006000300026

Wakayama, S., Kohda, T., Obokata, H., Tokoro, M., Li, C., Terashita,
Y., Mizutani, E., Kishigami, S., Ishino, F., & Wakayama, T.
(2013). Successful serial recloning in the mouse over multiple
generations. Cell Stem Cell, 12(3), 293-297.
https://doi.org/10.1016/j.stem.2013.01.005

Wang, L., Peng, T., Zhu, H., Lv, Z, Liu, T., Shuai, Z., Gao, H., Cai, T.,
Cao, X, & Wang, H. (2007). In vitro development of
reconstructed ibex (Capra ibex) embryos by nuclear transfer
using goat (Capra hircus) oocytes. Small Ruminant Research,
73(1-3), 135-141.
https://doi.org/10.1016/j.smallrumres.2006.12.009

Wang, L.-J,, Zhang, H., Wang, Y.-S., Xu, W.-B., Xiong, X.-R,, Li, Y.-
Y., Su, J.-M., Hua, S., & Zhang, Y. (2011). Scriptaid improves in
vitro development and nuclear reprogramming of somatic
cell nuclear transfer bovine embryos. Cellular Reprogramming
(Formerly" Cloning and Stem Cells"), 13(5), 431-439.
https://doi.org/10.1089/cell.2011.0024

Wang, X., Qu, J., Li, J,, He, H., Liu, Z,, & Huan, Y. (2020). Epigenetic
reprogramming during somatic cell nuclear transfer: recent
progress and future directions. Frontiers in Genetics, 11, 205.
https://doi.org/10.3389/fgene.2020.00205

Wang, Y., Zhang, Y., Mao, T., Yan, B, Deng, R., Wei, B, Zhang, Y.,
& Liu, J. (2017). Treatment donor cells with UNC0638 modify
the abnormal histone H3K9 dimethylation and gene
expression in cloned goat embryos. Small Ruminant
Research, 156, 27-32.
https://doi.org/10.1016/j.smallrumres.2017.08.011

Wani, N. A, Hong, S., & Vettical, B. S. (2018). Cytoplast source
influences development of somatic cell nuclear transfer
(SCNT) embryos in vitro but not their development to term
after transfer to synchronized recipients in dromedary camels
(Camelus  dromedarius).  Theriogenology, 118, 137-143.
https://doi.org/10.1016/j.theriogenology.2018.05.021

Wani, N. A, Kumar, K. P., Hong, S., & Umer, M. A. (2022). Telomere
length in  dromedary camels (Camelus dromedarius)
produced by somatic cell nuclear transfer (SCNT) and their
age-matched naturally produced counterparts.
Theriogenology, 177, 151-156.
https://doi.org/10.1016/j.theriogenology.2021.10.012

14(3), 248-257.

Laines-Arcce et al.

Wani, N. A, Vettical, B. S, & Hong, S. B. (2017). First cloned Bactrian
camel (Camelus bactrianus) calf produced by interspecies
somatic cell nuclear transfer: A step towards preserving the
critically endangered wild Bactrian camels. PloS one, 12(5),
e0177800. https://doi.org/10.1371/journal.pone.0177800

Wani, N. A, Wernery, U., Hassan, F., Wernery, R., & Skidmore, J.
(2010). Production of the first cloned camel by somatic cell
nuclear transfer. Biology of Reproduction, 82(2), 373-379.
Press. https://doi.org/10.1093/biolreprod/83.s1.29

Wani, N.A., Hong, S.B., 2020. Effect of roscovitine pretreatment on
in vitro maturation of oocytes and their subsequent
developmental after chemical activation in dromedary camel
(Camelus dromedarius). Theriogenology 157, 176-180.
https://doi.org/10.1016/j.theriogenology.2020.07.025.

Wells, D., Laible, G., Tucker, F., Miller, A, Oliver, J., Xiang, T.,
Forsyth, J, Berg, M. Cockrem, K. & L'Huillier, P. (2003).
Coordination between donor cell type and cell cycle stage
improves nuclear cloning efficiency in cattle. Theriogenology,
59(1), 45-59. https://doi.org/10.1016/S0093-691X(02)01273-6

Westhusin, M. (2003). CVM researchers first to clone white-tailed
deer. Texas A&M University, College of Veterinary Medicine
& Biomedical Sciences.

White, K. L, Bunch, T. D., Mitalipov, S., & Reed, W. A. (1999).
Establishment of pregnancy after the transfer of nuclear
transfer embryos produced from the fusion of argali (Ovis
ammon) nuclei into domestic sheep (Ovis aries) enucleated
oocytes. Cloning, (M), 47-54.
https://doi.org/10.1089/15204559950020085

Willadsen, S. M. (1986). Nuclear transplantation in sheep embryos.
Nature, 320(6057), 63-65. https://doi.org/10.1038/320063a0

Wilmut, I, Schnieke, A. E., McWhir, J., Kind, A. J., & Campbell, K. H.
(1997). Viable offspring derived from fetal and adult
mammalian cells. Nature, 385(6619), 810-813.
https://doi.org/10.1089/clo.2006.0002

Xiao, J, Li, Q, Qu, P, Zhang, Z, Pan, S, Wang, Y., & Zhang, Y.
(2016). Isolation of bovine skin-derived precursor cells and
their developmental potential after nuclear transfer. Cellular
Reprogramming (Formerly" Cloning and Stem Cells"), 18(6),
411-418. https://doi.org/10.1089/cell.2016.0021

Xie, B., Wang, J,, Liu, S., Wang, J., Xue, B., Li, J., Wei, R, Zhao, Y., &
Liu, Z. (2014). Positive correlation between the efficiency of
induced pluripotent stem cells and the development rate of
nuclear transfer embryos when the same porcine embryonic
fibroblast lines are wused as donor cells. Cellular
Reprogramming, 16(3), 206-214.
https://doi.org/10.1089/cell.2013.0080

Xu, J., Shi, P., Zhao, X,, Shen, P., Feng, Y., Lu, F., & Shi, D. (2021).
Cell  synchronization by Rapamycin  improves the
developmental competence of buffalos (Bubalus bubalis)
somatic cell nuclear transfer embryos. Reproduction in
Domestic Animals, 56(2), 313-323.
https://doi.org/10.1111/rda.13868

Yagcioglu, S., Ersoy, N., Demir, K., Birler, S., & Pabuccuoglu, S.
(2023). Can roscovitine and trichostatin A be alternatives to
standard protocols for cell cycle synchronization of ovine
adult and foetal fibroblast cells?. Reproduction in Domestic
Animals, 58(9), 1251-1260. https://doi.org/10.1111/rda.14425

Yauri, F. M., Dugue, R. M., De Stefano, A., Ratner, L. D., Alberio, V.,
& Salamone, D. F. (2026). Interspecific SCNT in yak followed
by embryo aggregation improves early in Vvitro
developmental parameters without restoring pluripotent
gene  expression. Theriogenology, 254, 17811,
https://doi.org/10.1016/j.theriogenology.2026.117811

Zhao, X, Du, M., Wu, S, Du, Z,, Liu, S., Yang, L, Ma H., Zhang L.,
Song L, Bail C, Su G & Li, G. (2024). High histone
crotonylation modification in bovine fibroblasts promotes cell
proliferation and  the developmental efficiency —of
preimplantation  nuclear  transfer  embryos. Scientific
Reports, 14(1), 10295. https://doi.org/10.21203/rs.3.rs-
38731991

-812-


https://doi.org/10.1038/s41598-025-96511-8
https://doi.org/10.1017/S0967199407004522
http://dx.doi.org/10.4067/S0717-95022006000300026
http://dx.doi.org/10.4067/S0717-95022006000300026
https://doi.org/10.1016/j.stem.2013.01.005
https://doi.org/10.1016/j.smallrumres.2006.12.009
https://doi.org/10.1089/cell.2011.0024
https://doi.org/10.3389/fgene.2020.00205
https://doi.org/10.1016/j.smallrumres.2017.08.011
https://doi.org/10.1016/j.theriogenology.2018.05.021
https://doi.org/10.1016/j.theriogenology.2021.10.012
https://doi.org/10.1371/journal.pone.0177800
https://doi.org/10.1093/biolreprod/83.s1.29
https://doi.org/10.1016/j.theriogenology.2020.07.025
https://doi.org/10.1016/S0093-691X(02)01273-6
https://doi.org/10.1089/15204559950020085
https://doi.org/10.1038/320063a0
https://doi.org/10.1089/clo.2006.0002
https://doi.org/10.1089/cell.2016.0021
https://doi.org/10.1089/cell.2013.0080
https://doi.org/10.1111/rda.13868
https://doi.org/10.1111/rda.14425
https://doi.org/10.1016/j.theriogenology.2026.117811
https://doi.org/10.21203/rs.3.rs-3873199/v1
https://doi.org/10.21203/rs.3.rs-3873199/v1

Scientia Agropecuaria 17(3): 795-813 (2026)

Zhao, Z.J., Li, R. C,, Cao, H. H., Zhang, Q. J., Jiang, M. X., OuYang,

Y.C,Nan C. L, Lei Z. L, Song X. F, Sun Q. Y. & Chen, D. Y.
(2007). Interspecies nuclear transfer of Tibetan antelope using
caprine oocyte as recipient. Molecular Reproduction and
Development: Incorporating Gamete Research, 74(4), 412-
419. https://doi.org/10.1002/mrd.20608

Zhou, C,, Zhang, J., Zhang, M., Wang, D., Ma, Y., Wang, Y., Wang,

Y. Huang, Y. & Zhang, Y. (2020). Transcriptional memory
inherited from donor cells is a developmental defect of
bovine cloned embryos. FASEB Journal, 34(1), 1637-1657.
https://doi.org/10.1096/1.201900578RR

-813-

Zhu,

Zuo,

Laines-Arcce et al.

C., Liu, Y, Xu, H, Wang, S., Zhou, H., Cao, J, Meng, F., &
Zhang, Y. (2025). Production of second-generation sheep
clones via somatic cell nuclear transfer using amniotic cells as
nuclear donors. Theriogenology, 232, 79-86.
https://doi.org/10.1016/j.theriogenology.2024.11.001

Y., Gao, VY., Su, G, Bai, C,, Wei, Z, Liu, K, Li, Q, Bou, S., & Li,
G. (2014). Irregular transcriptome reprogramming probably
causes the developmental failure of embryos produced by
interspecies somatic cell nuclear transfer between the
Przewalski's gazelle and the bovine. BMC Genomics, 15, 1113.
https://doi.org/10.1186/1471-2164-15-1113


https://doi.org/10.1002/mrd.20608
https://doi.org/10.1016/j.theriogenology.2024.11.001

