
Animal 17 (2023) 100753
Contents lists available at ScienceDirect

Animal

The international journal of animal biosciences
Review: A barnyard in the lab: prospect of generating animal germ cells
for breeding and conservation
https://doi.org/10.1016/j.animal.2023.100753
1751-7311/Crown Copyright � 2023 Published by Elsevier B.V. on behalf of The Animal Consortium.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

⇑ Corresponding author.
E-mail address: Ramiro.alberio@nottingham.ac.uk (R. Alberio).
A. Strange, R. Alberio ⇑
School of Biosciences, University of Nottingham, Sutton Bonington Campus, LE12 5RD, UK

a r t i c l e i n f o
Article history:
Received 7 October 2022
Revised 14 February 2023
Accepted 20 February 2023

Keywords:
Fertility
Gametogenesis
In vitro
Reproduction
Selection
a b s t r a c t

In vitro gametogenesis (IVG) offers broad opportunities for gaining detailed new mechanistic knowledge
of germ cell biology that will enable progress in the understanding of human infertility, as well as for
applications in the conservation of endangered species and for accelerating genetic selection of livestock.
The realisation of this potential depends on overcoming key technical challenges and of gaining more
detailed knowledge of the ontogeny and developmental programme in different species. Important dif-
ferences in the molecular mechanisms of germ cell determination and epigenetic reprogramming
between mice and other animals have been elucidated in recent years. These must be carefully consid-
ered when developing IVG protocols, as cellular kinetics in mice may not accurately reflect mechanisms
in other mammals. Similarly, diverse stem cell models with potential for germ cell differentiation may
reflect alternative routes to successful IVG. In conclusion, the fidelity of the developmental programme
recapitulated during IVG must be assessed against reference information from each species to ensure
the production of healthy animals using these methods, as well as for developing genuine models of
gametogenesis.
Crown Copyright � 2023 Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Implications

Considerable progress in our understanding of the developmen-
tal mechanisms of sperm and eggs has enabled researchers to com-
pletely recapitulate these processes in the laboratory resulting in
the birth of viable offspring in the mouse. These promising findings
suggest that it may be possible to develop similar methods for the
generation of in vitro gametes in other species, which offers great
opportunities for enhancing genetic selection in livestock, develop-
ing human fertility treatments and for the rescue of endangered
species.
Introduction

Germ cells are the essential link between generations and crit-
ical for the continuity of the species. Since the turn of the 21st cen-
tury, we have seen notable progress in our understanding of the
molecular mechanisms of germ cell development, which has been
fundamental for the progress in the development of methods for
the generation of in vitro gametes from pluripotent stem cells
(PSCs) (Saitou and Miyauchi, 2016). In vitro gametogenesis is a
promising technology platform that could have multiple applica-
tions in medicine, agriculture and animal conservation (Hayashi
et al., 2012b; Goszczynski et al., 2019). A key aspect of this technol-
ogy is the availability of pluripotent stem cells from different spe-
cies. Recent investigations have provided detailed information on
the molecular programmes regulating pluripotency in different
mammalian species which has contributed to the establishment
of robust stem cell lines that can be used for the generation of
in vitro gametes (Gao et al., 2019; Kinoshita et al., 2021b; Yu
et al., 2021). However, the efficiency of germ cell differentiation
remains very modest and further differentiation towards postmei-
otic stages has not been achieved in vitro, except in mouse
(Yoshino et al., 2021). Thus, a more detailed knowledge of the intri-
cate molecular processes controlling gametogenesis will be para-
mount for the success in creating viable in vitro gametes in future.

In this review, we present a brief overview of the latest
advances on in vivo and IVG, and we discuss some of the practical
applications of this technology within livestock and for wildlife
conservation. A key motivation for the development of this tech-
nology, especially in livestock, is the ability to select for desirable
traits, either by in vitro gamete generation from specific animals
or by direct genome manipulation. In vitro breeding is a term used
to describe the use of in vitro-generated gametes as part of the
technological pipeline for accelerating breeding programmes
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(Goszczynski et al., 2019). The challenge for the coming years will
be to fully characterise the species-specific mechanisms regulating
germ cell development; a comprehensive understanding of the
genetic and epigenetic processes of germ cell development will
enable the assessment of the quality of the gametes generated
in vitro. A stringent set of parameters to assess the quality of the
gametes produced in vitro will be particularly important to ensure
that normal offspring is produced using these technologies.
Mammalian germ cell development

Primordial germ cells (PGCs) are the embryonic precursors of
the mature germ cells. PGCs develop in two broad ways in verte-
brates: one is via germ plasm inheritance, where maternal proteins
and RNAs encoding germ cell determinants are directly passed
from the egg after fertilisation (Johnson et al., 2003; Seydoux and
Braun, 2006). This first mechanism is characteristic of many verte-
brates such as teleost fish, frogs, birds (Johnson and Alberio, 2015).
The other mechanism is via inductive signals, also known as epige-
nesis, where PGCs arise from a competent niche formed from a
mesodermal cell type (Chatfield et al., 2014; Sasaki et al., 2016;
Kojima et al., 2017). This mechanism is characteristic of axolotls,
turtles and mammals.

In mammals, PGCs are induced very early in development, as
one of the first cell types in the embryo, in response to signals.
Soon after specification, they initiate their migration towards their
final destination, the embryonic gonad. Here, they undergo exten-
sive proliferation, differentiation and attain sexual dimorphism to
form oogonia in females and gonocytes in males. Signals from
the gonadal niche in females result in the differentiation to pri-
mary oocytes and the onset of meiotic prophase before birth. In
males, gonocytes differentiate to prospermatogonia and spermato-
gonia stem cells (SSCs) and undergo mitotic arrest, halting devel-
opment until puberty. In females, the primary oocytes
surrounded by granulosa cells form primordial follicles, which
pause development until hormonal stimulation at puberty triggers
follicle growth, ovulation, and completion of meiosis upon fertilisa-
tion. In pubertal males, SSCs undergo mitotic expansion through
spermatogenesis followed by spermiogenesis to form haploid sper-
matozoa after meiotic divisions. While this process is broadly sim-
ilar among mammals, there are important species-specific
mechanisms regulating these events, including differential tran-
scriptional regulation, cellular dynamics, and cell migratory mech-
anisms. There are also important differences in the synchronicity of
these events, reflecting developmental differences between
animals.
The window for primordial germ cell specification

In mice, PGC specification involves bone morphogenetic protein
4 (BMP4), produced by the extraembryonic ectoderm, specifying a
group of proximal epiblast cells that activate Prdm14 and Prdm1
becoming lineage-restricted precursors at around embryonic day
6.5 (E6.5) of development. By E7.75, a small niche of cells has
expanded to around 40 cells and begun migration as a group
(Molyneaux et al., 2001). These cells express the pluripotency
markers Oct-4, Sox2 and Nanog, as well as the germ cell marker
Nanos3. These cells migrate through the gut to the genital ridge
which they colonise and then begin mass DNA demethylation at
day 9.5 (Yamaguchi et al., 2013).

In other mammals, which lack extraembryonic ectoderm, the
source of BMP4 has been identified in other extraembryonic tis-
sues, such as the amnion in monkeys and the extraembryonic
mesoderm in the pig (Valdez Magana et al., 2014; Sasaki et al.,
2016). Within this environment human, non-human primate, rab-
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bit and pig PGCs are identified by the expression of SOX17, PRDM1
and TFAP2C (Sasaki et al., 2016; Kobayashi et al., 2017; Kobayashi
et al., 2021). A functional experiment using pig epiblasts deter-
mined the need of BMP4 for the induction of the PGC programme
from competent epiblast (Kobayashi et al., 2017). In pig embryos,
the window for PGC specification spans from E11.5, where PGCs
appear in the posterior epiblast in a region expressing TBXT (also
known as BRACHYURY), just before the onset of primitive streak
formation. The number of PGCs, which are non-replicative during
this stage, appears to be recruited from PGC competent mesoderm
cells in the posterior end of the embryo (Kobayashi et al., 2017).
Remarkably, the PGC cluster can still be observed at day 15, sug-
gesting a window of at least 4 days when these cells can be
induced in the pig (Kobayashi et al., 2017).

In monkeys, a few PGCs are first detected in the amnion, and
later, this a cluster of cells is detected in the posterior end of the
epiblast (Sasaki et al., 2016). The discrepancy on the origin of PGCs
between primates and other large mammals appears confounded
by the timing in which the amnion first appears (Kobayashi and
Surani, 2018). In rabbits and pigs, the amnion forms after PGC
specification, however in primates, the amnion delaminates from
epiblast cells around the time of implantation, when PGC specifica-
tion also occurs. As a result of this alternative origin, it has been
proposed that in primates, PGCs have a dual origin: a founder pop-
ulation forming within the amnion and a cluster of PGCs emerging
in the pregastrulation TXBT positive posterior epiblast of the
embryo. It is thought that these two populations merge within
the cluster in the posterior epiblast before PGC migration.

PGC competence in mammalian embryos is determined by
WNT activity and is reflected in the expression of EOMESODERMIN
and TBXT (Chen et al., 2017; Kojima et al., 2017). Thus, the capacity
to form germ cells in the embryo depends on the capacitation of
pluripotent cells by WNT to elicit the germ cell programme in
response to BMP (Jo et al., 2022). In the pig embryo, this population
of cells appears to persist for several days (�3.5 days), hence, PGCs
are generated over a long period, in contrast to mice where the PGC
pool is set by �E8.5. In vitro experiments using human embryonic
stem cells (hESCs) show that PGC differentiation potential is tran-
sient. In such conditions, after a brief exposure to mesoderm differ-
entiation cues (WNT agonist CHIR99021, and Activin A), hESC
differentiate within �12 hrs into premesoderm cells that can
respond to a cytokine cocktail driving cells towards primordial
germ cell-like cells (PGCLCs). By 24 hrs, premesendoderm (pre-
Me) cells progress towards mesoderm and the cells lose compe-
tence for PGC fate, and instead differentiate towards an endoder-
mal or mesodermal fate. This indicates that current
differentiation protocols cannot maintain the competent niche
in vitro for more than a few hours. In the embryo, a population of
cells known as germline competent mesoderm (Savage et al.,
2021) is the source of PGCs in the pig between days 11.5 and 15
(Kobayashi et al., 2017), suggesting that specific signals in the pos-
terior end of the embryo enable continuous specification of PGCs
from these precursors.
Transcription factor network of primordial germ cell
specification in non-rodent mammals

In the embryos of primates, rabbits and pigs, PGC specification
is determined by the balanced expression of SOX17, PRDM1 and
TFAP2C. Soon after the activation of SOX17, the pluripotency gene
SOX2 is repressed and NANOS3 is rapidly upregulated (Kobayashi
et al., 2017; Kojima et al., 2017; Kobayashi et al., 2021).

Other regulators of the germline programme have recently been
reported. TFAP2A, a classic amnion marker, is an early response
gene following BMP stimulation of capacitated hESC, marking a
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population of PGC-competent cells in vitro (Chen et al., 2019). A
recent study provided further evidence demonstrating that TFAP2A
plays a role in repressing SOX2 as well as naïve pluripotency and
neural genes during the establishment of the hPGC programme
(Castillo-Venzor et al., 2022). Interestingly, TFAP2A is only tran-
siently expressed and is downregulated after activation of TFAP2C
and SOX17, suggesting it plays a key role in extinguishing some
of the major players of the pluripotency network during PGC
specification.

Other BMP4 targets identified in the capacitated hESC are
GATA2/3, which when overexpressed with SOX17 and TFAP2C can
induce hPGCLCs that have properties equivalent to those induced
by BMP4 (Kojima et al., 2017). Notably, GATA2/3 are expressed in
Cynomolgus monkey, rabbit and pig nascent PGCs, suggesting a
conserved role of these factors in the germline programme across
mammals.
In vitro generation of primordial germ cell-like cells from
pluripotent stem cells across multiple species

Original approaches for the generation of mouse PGC, estab-
lished nearly two decades ago, were based on the formation of cell
aggregates called embryoid bodies (EBs). These EBs can give rise to
PGCLCs at a variable efficiency (�5–40%) (Hubner et al., 2003). This
variability led investigators to pursue alternative avenues. One
such avenue was the use of a two-step mechanism whereby inter-
mediate epiblast-like cells (EpiLCs) are first created by medium
supplementation with Activin and fibroblast growth factor (FGF).
This population, representing the mouse E6.0 epiblast, can be dif-
ferentiated into PGCLC using BMP4, leukaemia inhibitory factor,
epithelial growth factor and stem cell factor at high efficiency
(Hayashi et al., 2011). It was shown later that BMP4 induces
expression of T (or Brachyury), which in turn directly activates Prd-
m1 and Prdm14, both of which are critical for mouse PGC specifica-
tion (Aramaki et al., 2013).

Notably, mouse epiblast stem cells, equivalent to E6.5 epiblast,
are not capable of efficient PGC differentiation (Brons et al., 2007;
Tesar et al., 2007), indicating that the window for mPGC specifica-
tion in vivo is after the establishment of the naïve state in the blas-
tocyst and before the formation of the primed epiblast. This
intermediate phase of mouse development has been recently char-
acterised as the formative state (FS) of pluripotency (Smith, 2017;
Kinoshita and Smith, 2018). Cells in the formative phase can be
captured in vitro, they retain the potential to contribute to chi-
meras and importantly, they can produce PGCs. Indeed, in vitro dif-
ferentiation potential of FS cells is very robust (Kinoshita et al.,
2021a). Whether functionally equivalent formative cells exist in
other species is still under investigation, although, human FS cells
have been derived from blastocysts (Kinoshita et al., 2021a).

The developmental relationship between mFS cells and mEpiLC
indicates that the former are equivalent to a more advanced epi-
blast (�E6) compared to mEpiLCs, which have a gene expression
profile more akin to the E5.5 epiblast, displaying reduced Nanog
levels and lack lineage priming. It is likely that the increased Nanog
levels in FS cells are due to culture adaptation. mEpiLCs can con-
tribute to fully functional male and female germ cells after trans-
plantation into testes or the ovarian bursa, and give rise to fertile
offspring. This demonstrates the equivalence between in vitro-
generated PGCLC and natural PGCs (Hayashi et al., 2011; Hayashi
et al., 2012a).

In humans, the in vitro generation of PGCLCs from PSC is essen-
tially based on two starting conditions. One called 4i, in which a
specific combination of inhibitors supports self-renewal of naïve
3

hESC and can be induced either directly by BMP4 or after 48 hrs
release from 4i, while maintained in bFGF, TGFb1 and 1% KnockOut
Serum Replacement (KSR) for 2 days prior to PGC induction (Gafni
et al., 2013; Irie et al., 2015). This strategy was further refined and
simplified to promote a transition from the pluripotent state to
pre-ME cells, in which cells are cultured with a WNT agonist
(3 lM Glycogen synthase kinase 3bi) and high concentration of
Activin A (100 ng/ml) for 12–16 hrs prior to PGC induction
(Kobayashi et al., 2017). Under these conditions, �40% PGCLCs
can be induced in aggregates. Another method using a lower con-
centration of Activin A (50 ng/ml), a WNT agonist, plus supplemen-
tation with 15% KSR yields �30% PGCLCs; however, in this case, the
window for induction is 42–48 hrs (Sasaki et al., 2015). Cells pro-
duced under these conditions can also be expanded long-term,
while maintaining PGCLC characteristics and retaining the poten-
tial for differentiation into oogonia/gonocytes (Murase et al.,
2020). Key components of the carefully balanced medium include
the use of forskolin, FGF and low levels of glucose. This is a major
achievement that contrasts with the findings in the mouse, where
mPGCLCs can only propagate for about one week and are very dif-
ficult to passage. It is possible that this capacity of long-term
expansion in hPGCLCs reflects the natural capacity of these cells
to expand in large numbers, reaching 7 � 106 by week 19 in human
(Mamsen et al., 2011), whereas in the mouse, 25,000 oogonia/
oocytes are counted by E13.5 (Kagiwada et al., 2013).

Another recent study demonstrated the long-term expansion of
marmoset PGC-like cells from induced pluripotent stem cells
(iPSCs) (Seita et al., 2023). The culture system relies on STO-
feeder cells, low serum supplementation, forskolin and FGF2, sim-
ilar to hPGCL cells. These cells are capable of differentiating (albeit
inefficiently) into a more mature DAZL + DDX4 + population,
demonstrating the scalability of this system. Adapting these condi-
tions to PGCL cells from other species will be critical for accelerat-
ing the development of advanced methodologies for generating
advanced developmental stages as serve as the foundation for
the systematic enhancement of in vitro gametogenesis.

In domestic species, there has been far less success in the differ-
entiation of stem cells towards PGCLCs, partly due to the lack of
robust PSC lines. An early report using pig iPSC showed induction
of PGCLCs using a similar cocktail of cytokines as used in mouse
and human studies (Wang et al., 2016). These iPSCs were main-
tained under naïve conditions and required the transition through
an induced mesoderm-like state for efficient PGCLC differentiation.
After one week of in vitro differentiation, the cells were trans-
planted into the seminiferous tubules of busulfan-treated mouse
testis, and 6 weeks later, they determined differentiation towards
spermatogonial stem cells. A recent report in pigs showed variable
fidelity in recapitulating the PGC programme in vitro depending on
the culture conditions for maintaining iPSCs (Pieri et al., 2022).
Thus, more work is needed to identify the best conditions for
PGCLC induction from stem cells.

Attempts in cattle show a very inefficient induction of PGCLCs
from iPSCs (Malaver-Ortega et al., 2016). An alternative method
using expanded potential stem cells demonstrated the generation
of pPGCLCs following a brief period of 12 hrs overexpression of
SOX17 and incubation in BMP4 containing medium (Gao et al.,
2019). Although the cells activate multiple PGC markers, the pro-
portion of PGCLCs was below 10%, suggesting that the transition
from the expanded potential state to a PGCLCs requires further
optimisation. Another type of embryonic stem cells derived from
horse blastocysts, known as eqFTW stem cells, which require
FGF, TGFB and a WNT agonist, can also be differentiated into
PGCLCs (Yu et al., 2021). These cells however require feeder cells
for culture, and therefore, it is unclear what other factors are
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required for maintaining the pluripotent state. Nonetheless, the
notable difference with other PGC differentiation protocols is that
these cells can directly respond to BMP4, much like FS cells
(Kinoshita et al., 2021b). The important difference with FS cells is
that WNT is inhibited in FS cells compared to FTW cells. The extent
to which feeder cells are modulating WNT signalling in FTW cells
to confer PGC differentiation capacity requires further
investigation.
In vitro gametogenesis

Differentiation to either male or female mature gametes in vitro
(in vitro gametogenesis or IVG) has been the goal of many investi-
gators for a long time, and great strides have been made recently
across several animal models. Much of this work has been done
in mouse models due to the ease of obtaining materials, both cul-
tured stem cell lines and sex organs. A common approach to the
generation of gametes using mouse material is to incubate in vitro-
derived PGCLCs with either mouse testis or mouse ovarian cells
(Hayashi et al., 2011; Hayashi and Saitou, 2013). This approach
has also recently been reported in the rats (Oikawa et al., 2022).
Oocytes generated in this manner can be fertilised with in vivo-
produced sperm and implanted into mice to produce viable off-
spring. This procedure remains inefficient (3.5% of implanted two
cell embryos produced viable pups) and there remain many differ-
ences in mitochondrial gene expression between in vitro oocytes
and naturally ovulated eggs (Hikabe et al., 2016). Despite these dif-
ficulties, this landmark report represents a complete recapitulation
of the female germ line in vitro. Since then, approaches to generate
oocyte-like structures with competence for fertilisation were also
generated directly from PSCs by overexpression of genes involved
in oogenesis (Hamazaki et al., 2021). These oocyte-like structures
did not undergo a complete reprogramming sequence, indicating
that meiosis is decoupled from oocyte growth, but highlights the
potential for generating developmentally competent ooplasm that
could be used for understanding mechanisms of reprogramming
and fertilisation.

Generation of male gametes has proved more challenging:
whilst mouse spermatogonia can be generated as outlined above,
these cells fail to undergo meiosis as they do in vivo. A paper by
Zhou et al. used follicle-stimulating hormone, bovine pituitary
extract and Testosterone after PGCLC/mouse testis cell mixing to
produce haploid spermatid-like cells (Zhou et al., 2016). These
mouse haploid spermatid-like cells can produce fertile offspring
via Intracytoplasmic injection. Despite these promising results,
the report lacks detailed analysis of the key intermediate events
(Saitou and Miyauchi, 2016). As noted in other studies, in vitro-
produced oocytes and spermatogonia produced in vitro exhibit
multiple genetic and epigenetic anomalies (Ishikura et al., 2016),
indicating that thorough analysis is critical to determine the appro-
priate developmental trajectories supported by the established
cultured protocols.

Translating the protocols devised in the mouse to humans is not
possible, because of the well-known physiological differences and
the timing of gametogenesis. Nevertheless, a study that success-
fully achieved advanced stages of human gametogenesis showed
the generation of oogonia and gonocytes 70 days after the aggrega-
tion of hPGCLCs with mouse ovarian somatic cells (Yamashiro
et al., 2018). Further maturation has not been achieved, and a pos-
sible solution would be to use gonadal somatic cells from the same
species to mature the germ cells. Generating these cells is a chal-
lenge, though was recently demonstrated in the mouse system
(Yoshino et al., 2021).

In 2020, Hwang et al. reported the successful generation of
human prospermatogonia-like cells from a population of hPGCLC,
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originally derived from human induced pluripotent stem cell
(hiPSC). In brief, hPGCLCs were incubated with mouse somatic tes-
tis cells obtained from an E12.5 mouse embryo in floating culture
(Hwang et al., 2020). Whilst there are problems with using iPSC
to study fundamental developmental biology when compared to
ESC, as iPSCs do not have a clear analogue in vivo, they carry advan-
tages when thinking of applications, especially within the context
of personalised healthcare and infertility treatment.
Future opportunities for in vitro gametogenesis and current
challenges

Technological advances in recent years have generated great
interest in the creation of gametes in vitro. The possibilities of pro-
ducing such valuable cells offer opportunities for improving the
genetic selection of commercial breeds of livestock, through a com-
bination of techniques that employ a diversity of assisted repro-
ductive technologies (Goszczynski et al., 2019) (Fig. 1). In time,
the incorporation of gene editing within this platform will enable
the rapid introduction of desired quantitative trait loci (QTLs) that
will further enhance the phenotypes of the animals produced (Hu
et al., 2016). These methods will also enable the generation of
novel breeds, with enhanced adaptability to novel environments
(e.g. increased heat tolerance).

Species conservation is also an area where assisted reproduc-
tion and IVG are set to contribute. IVG represents the best option
for rescuing the last specimens of a given species such as the north-
ern white rhinoceros, where recent work has demonstrated the
ability to generate PGCLC from both ESC and iPSC (Hildebrandt
et al., 2021; Hayashi et al., 2022). The prospect of generating robust
iPSC technologies from biopsies of endangered species will enable
the generation of gametes and offer the potential for sexual repro-
duction using laboratory-produced gametes.

Finally, IVG will also represent a valuable platform for the iden-
tification of genetic and epigenetic causes of infertility (in humans
as well as in livestock species). Laboratory-grown gametes will also
enable the improvement of assisted reproductive techniques and
will be useful resource for investigations into the effects of envi-
ronmental chemicals, endocrine disruptors, and other pollutants
in the developmental potential of gametes and well as their effects
on chromosomal abnormalities.

Before we can fully realise the full potential of IVG technology,
there are technical aspects that must be improved. A better under-
standing of the cytokine requirements for robust induction and ter-
minal differentiation of germ cells in defined culture conditions is
of critical importance. We must also seek to fully elucidate the epi-
genetic landscape of early PGC differentiation and precisely delin-
eate the sequence of these events and ensure a faithful
recapitulation of the epigenetic resetting takes place in in vitro
gametes.

In farm animals, more and more cell lines are becoming avail-
able for use, both in terms of species coverage and individual
breeds, which affords the opportunity for the development of
more robust PGC differentiation protocols. However, there is a
need to further refine the establishment of stem cell lines with
high competence for germ cell differentiation (Table 1). New
understanding of the species-specific features of embryo develop-
ment is becoming available through the use of advanced genomic
technologies (e.g. temporally resolved single-cell RNAseq atlases).
This information will serve as a basis for improving the condi-
tions for stem cell culture and PGC induction. Broadening the
knowledge of germ cell development in non-primate and non-
rodent models, such as pig and rabbit, will have significant prac-
tical and theoretical impact in bridging the knowledge gap across
mammalian species.



Fig. 1. Schematic of future applications of mammalian in vitro gamete production. From left to right: In vitro gametes will be used for more efficient production of offspring
from elite animals with specific desirable traits. Genome editing of livestock for enhancement of specific trait using known QTLs will also be incorporated when the safety of
these technologies is ascertained. Rescue or conservation of endangered species using a surrogate evolutionary-related species. Production of gametes from infertile couples
for research purposes as a model of infertility and for improving assisted reproductive biotechnologies. GE: gene edited; iPSC: induced pluripotent stem cell; IVB: in vitro
breeding; QTL: quantitative trait loci.

Table 1
Summary of comparative levels of in vitro gamete production between species.

Item ESC lines establishment PGCLC differentiation Mature gamete production

Human/
Mouse

Technology is robust and efficient Technology is inefficient, poorly understood, or uses
chemically undefined methods (e.g. feeders)

Bovine/
Porcine/
Rabbit

Technology is robust but is restricted to a few cells lines
and lacks widespread deployment

Technology is inefficient, and
poorly understood.

Technology has yet to be achieved

ESC: embryonic stem cell; PGCLC: primordial germ cell-like cells.
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Conclusion

For IVG to become a reality, numerous challenges need to be
resolved. Whilst promising results in mice show that live offspring
can be produced using this method, compromised development
and reduced survival are reported in some of the offspring. It is
essential to carry out comprehensive assessment of the molecular
features of the animals generated using these methods to ensure
that no abnormal genetic and epigenetic signatures are transferred
across generations. It goes without saying that the potential for
intergenerational inheritance makes the safety aspect of the tech-
nology of paramount importance to ensure that the fidelity of this
information is not compromised by artefacts (epimutations) intro-
duced during in vitro gametogenesis.
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