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Abstract 
Pluripotent stem cells (PSC) can be stabilized in vitro from pre-implantation stage embryos (embryonic stem cells, ESC) or by reprogramming 
adult somatic cells (induced pluripotent stem cells, iPSC). The last decade has seen significant advances in the livestock PSC field, particularly 
the development of robust methods for long-term culture of PSC from several livestock species. Along with this, considerable progress has 
been made in understanding the states of cellular pluripotency and what they mean for cell differentiation capacity, and significant efforts are 
ongoing to dissect the critical signaling pathways required for the maintenance of PSC in different species and distinct states of pluripotency. 
Among the cell types that can be generated from PSC, the germline holds special importance as they are the genetic link between generations; 
and devising methods to enable in vitro gametogenesis (IVG) and produce viable gametes could revolutionize animal agriculture, wildlife con-
servation, and human assisted reproduction alike. Within the last decade, many pivotal studies about IVG were published using rodent models, 
filling some critical knowledge gaps in the field. Most importantly, the entire female reproductive cycle was reproduced in vitro from mouse ESC. 
Although complete male gametogenesis in vitro has not yet been reported, significant advances were made showing the capacity of germline 
stem cell-like cells to generate healthy offspring. In this review, we provide an overview of PSC and advances in the establishment of livestock 
PSC; we present the breakthroughs made in rodents regarding IVG and the current progress towards livestock IVG, including the importance 
of a detailed understanding of fetal germline development. Finally, we discuss some key advances that will be critical to enable this technology 
at scale. Given the potential impact of IVG for animal agriculture, major efforts will likely continue to be employed by research institutions and 
industry towards the development of methods to achieve efficient generation of gametes in vitro.

Lay Summary 
In this review, we summarize the current state of livestock embryonic stem cell establishment and the advances in production of sperm and 
eggs in vitro in rodents and livestock. We also discuss the potential and challenges of developing systems that support in vitro gametogenesis 
in livestock and the opportunities for this new technology in the reproductive field.
Key words: cell differentiation, in vitro gametogenesis, pluripotent stem cells, primordial germ cell
Abbreviations: BMP4, bone morphogenetic protein 4; BMP15, bone morphogenetic protein 15; BSA, bovine serum albumin; CTFR, custom basal medium similar 
to mTeSR; DDX4, DEAD-box helicase 4; FGF2, fibroblast growth factor 2; FSH, follicle stimulating hormone; GDF9, growth and differentiation factor 9; ICM, inner 
cell mass; LIF, leukemia inhibitory factor; NANOG, nanog homeobox; NANOS3, nanos homolog 3; POU5F1, POU class 5 homeobox 1; PRDM1, PR/SET domain 1; 
PRDM14, PR/SET domain 14; SCF, Stem cell factor; SOX2, SRY-box transcription factor 2; SOX17, SRY-box transcription factor 17; SSEA1, fucosyltransferase 4

Introduction
Adequate reproductive performance associated with genomic 
selection is crucial to improve the frequency of desirable 
characteristics in livestock and enhance the efficiency of ani-
mal production systems. Elite animals can be selected to be 
gamete (oocyte or sperm) donors to maximize the gains in 
the next generation. Associated with donor animal selection, 
reproductive biotechnologies such as artificial insemination 
and in vitro embryo production (IVP) are powerful tools to 
accelerate genetic improvement. However, artificial insemina-
tion and IVP have limitations. Namely, these biotechnologies 
depend on the animal’s reproductive life cycle, age, and a lim-
ited source of gametes, particularly oocytes.

Pluripotent stem cells (PSC) have two particular features: 
self-renewal and pluripotency. Self-renewal is the capacity to 
indefinitely generate new cells with the same characteristics as 
the original cell (enabled by high telomerase activity); plurip-
otency is the cell’s ability to differentiate into all cell lineages 
(somatic and germline) found in the adult organism (Ying 
et al., 2008). PSC can be obtained from blastocysts via der-
ivation of embryonic stem cells (ESC) or by reprogramming 
differentiated somatic cells into induced pluripotent stem cells 
(iPSC). Both ESC and iPSC have been receiving great atten-
tion due to their potential applications in areas such as in 
vitro gametogenesis (IVG), gene editing (for animal produc-
tion or creating domestic animal models for human diseases), 
tissue regeneration, cellular agriculture, and more.
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After years of concerted efforts by several groups, Hayashi 
and colleagues (Hikabe et al., 2016) demonstrated that the 
entire process of oogenesis could be recapitulated from mouse 
ESC in vitro, leading to generation of viable offspring. Since 
then, in vitro differentiation of germ cells has been explored 
in depth in rodents, enabling further protocol optimizations 
(Ishikura et al.2021, 2022; Yoshino et al., 2021).

Following the first report of stable bovine ESC (Bogliotti 
et al., 2018), Ross and colleagues (Goszczynski et al., 
2019a) explored the potential to develop in vitro breed-
ing schemes based on an embryo-stem cell-gamete cycle, 
including an intermediate genomic selection step to pro-
vide directional genetic progress. Such a scheme would sig-
nificantly reduce the generational interval and allow for 
increased selection pressure leading to a projected ten fold 
acceleration in genetic progress compared to the repro-
ductive technologies used currently (Goszczynski et al. 
2019a, 2019b). By shortening the generational interval and 
enabling streamlined genomic testing to increase the accu-
racy of selection, IVG could be a powerful tool to decrease 
the environmental footprint of livestock production while 
increasing the efficiency of production of high-quality pro-
tein for a growing global population.

Here, we review the current advances in the establishment 
of livestock ESC, the understanding of in vivo germline devel-
opment in livestock species, progress toward IVG in mice, 
humans, and livestock, and the potential and challenges to 
combine these advances to enable the generation of gametes 
from livestock PSC in vitro.

Overview of Embryonic Stem Cells
Martin Evans and Matthew Kaufman (1981) were the first to 
describe the successful establishment of mouse ESC (mESC) 
from the inner cell mass (ICM) of expanded blastocysts. In that 
same year, Martin (1981) derived mESC from ICM isolated 
by immunosurgery. After these first mESC reports, studies 
describing the establishment of livestock ESC were published 
in sheep (Handyside et al., 1987), pig (Strojek et al., 1990), 
cattle (Saito et al., 1992), and goat (Meinecke-Tillmann and 
Meinecke, 1996). All reports were based on standard condi-
tions for mESC culture, including the isolation of ICM from 
in vivo-derived embryos, feeder cell support, and supplemen-
tation with growth factors such as insulin, epidermal growth 
factor (EGF), and leukemia inhibitory factor (LIF). However, 
low efficiency of derivation, inability to prevent cell differenti-
ation, and lack of standardized culture conditions represented 
challenges that have taken several years to overcome.

The successful derivation of primate ESC was first described 
in rhesus macaque (Thomson et al., 1995) and after 3 yr, 
the first human ESC lines were established (Thomson et al., 
1998). Those primate ESC were derived in distinct condi-
tions from mESC; namely, they required supplementation of 
Activin A and FGF2 in the culture medium, whereas these fac-
tors were not necessary for the establishment or maintenance 
of mESC. Following the primate reports, groups working on 
livestock ESC incorporated FGF2 into the culture conditions 
(cattle: Wang et al., 2005; Yadav et al., 2005; Roach et al., 
2006; Tian et al., 2006; and pigs: Miyoshi et al., 2000; Li 
et al. 2003, 2004). Most of the FGF-dependent livestock ESC 
lines reported self-renewal ability and pluripotency marker 
expression, however, these ESC lines demonstrated low effi-
ciency to contribute to chimeric embryos.

The state of pluripotency of stem cells has been typically 
classified as naïve or primed, corresponding to the mouse 
ICM of the pre-implantation blastocyst and the epiblast of a 
post-implantation embryo, respectively (Nichols and Smith, 
2009). Although ESC in both states express the core plurip-
otency markers POU5F1, SOX2, and NANOG, primed and 
naïve ESC are different in many characteristics such as signal-
ing pathway dependence, gene expression, metabolism, epi-
genetic profile, and cell differentiation ability, among others 
(Nichols and Smith, 2009; Hanna et al., 2010). Specifically, 
naïve ESC are stabilized by LIF/Stat3 signaling and destabi-
lized by FGF2/Erk, whereas primed ESC rely on FGF2/Erk 
signaling and do not respond to LIF/Stat3 (Brons et al., 2007; 
Tesar et al., 2007; Silva et al., 2008). Transforming growth 
factor β (TGF-β)/Smad signaling, which can be activated by 
Activin A/Nodal, is required for primed ESC establishment, 
whereas naïve ESC depend instead on bone morphogenic 
protein (BMP)/Smad signaling (Ying et al., 2003; James et al., 
2005). Stimulation of canonical wingless-related integra-
tion site (WNT)/β-catenin signaling (e.g., by using the GSK3 
inhibitor CHIR99021) promotes the derivation of naïve ESC 
(Mulas et al., 2019), however, it may lead to differentiation 
of primed ESC and therefore must be inhibited in those cells. 
IWR-1, a tankyrase inhibitor that stabilizes AXIN2, has been 
commonly used as a WNT inhibitor. (Sugimoto et al., 2015). 
Naïve ESC grow in dome-shaped colonies, spontaneously 
differentiate into teratomas with cells from all three embry-
onic germ layers, and are able to contribute to chimeras when 
injected into host embryos. Primed ESC grow in flat colonies 
and produce teratomas, but are not able to contribute to chi-
meric embryos. However, neither naïve nor primed ESC seem 
to efficiently undergo direct differentiation into the germline; 
instead, these cells must acquire a state of intermediate plu-
ripotency between the naïve and primed states before efficient 
germline induction.

Methods to induce naïve mESC into a transient inter-
mediary state of pluripotency (named epiblast-like cells, 
or EpiLC) needed for in vitro germline competence were 
first described by Hayashi and colleagues (2011). How-
ever, these cells could not be stably maintained long-term. 
In 2015, a new type of PSC was reported when Wu et al. 
(2015) described the isolation of a stem cell type with 
unique spatial characteristics and distinct molecular and 
functional features, designated as region-selective epiblast 
PSC. These cells demonstrated pluripotent characteristics 
and were efficient in generating intra- and interspecies 
chimeric embryos. More recently, PSC in a formative or 
“intermediate” state were successfully derived from mice, 
horses, and humans (Kinoshita et al., 2021a; Wang et al., 
2021; Yu et al., 2021). These cells could contribute to chi-
meric embryos and more efficiently differentiate into germ 
cells, when compared with naïve or primed PSC.

Advances of Embryonic Stem Cell 
Establishment in Livestock
In 2018, Ross and colleagues described the successful deri-
vation and stable maintenance of bovine ESC (bESC) using 
FGF2 and IWR-1 supplementation of a custom base medium 
similar to mTeSR (named CTFR) in inactivated mouse embry-
onic fibroblast (MEF) feeder cells (Bogliotti et al., 2018). In 
this report, bESC were derived from whole blastocysts or 
isolated ICM via microdissection or immunosurgery from 
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embryos produced by IVP or somatic cell nuclear transfer, 
with derivation efficiencies around 50% regardless of the 
embryo source or method for ICM isolation. The authors 
went on to demonstrate that bESC could be used as nuclear 
donors for subsequent somatic cell nuclear transfer. The 
success of CTFR to derive bESC opened new perspectives 
in the livestock ESC field, and the same culture system was 
later used to derive ESC from sheep embryos (Vilarino et al., 
2020). In both reports, the resulting ESC showed features of 
primed pluripotency.

The Activin A/Nodal pathway plays a significant role in the 
maintenance of the primed pluripotency state (Hanna et al., 
2010), but feeder-dependent culture systems do not require 
Activin-A supplementation since it is secreted by the MEFs. 
Looking to replace the feeder system with a feeder-free con-
dition, Soto et al. (2021) added Activin A to a chemically 
defined base medium (N2B27 base medium supplemented 
with BSA, FGF2, and IWR-1; named NBFR) to culture bESC 
on a vitronectin substrate. Moreover, they demonstrated the 
dependence of bESC on Activin A, since supplementation of 
FGF2 and IWR-1 without Activin A was not sufficient to sus-
tain pluripotency of bESC in feeder-free conditions.

Performing a screening of serum replacement and signaling 
molecules, Choi et al. (2019) developed a culture medium for 
deriving and maintaining porcine ESC from blastocysts. Inter-
estingly, the small molecule CHIR99021, which allows the 
activation of the WNT/β-catenin signaling pathway by inhib-
iting GSK3β, was added in combination with the canonical 
WNT inhibitor IWR-1, in addition to FGF2 and Activin A. 
However, the absence of Activin A and CHIR99021 did not 
significantly influence the expression of pluripotency markers 
in pig ESC. These results confirmed the key actions of FGF2 
and modulation of canonical WNT signaling for maintenance 
of pluripotency of ESC from ungulates.

After over 400 tested conditions, a combination of inhib-
itors for GSK3, SRC, and Tankyrases and the supplements 
vitamin C, LIF, and Activin A was used to culture porcine and 
human stem cells (iPSC and ESC) known as expanded poten-
tial stem cells (EPSC; Gao et al., 2019). The resulting porcine 
EPSC contributed to chimeric embryos and the human EPSC 
demonstrated robust potential to differentiate into tropho-
blast-like cells. By revising those cocktails (same small mol-
ecule inhibitors and cytokine combinations, but in different 
concentrations), Zhao and colleagues (2021) demonstrated 
the establishment of bovine ESC with an expanded potential 
for differentiation, including the ability to contribute to chi-
meric embryos (Zhao et al., 2021).

Under the stimulation of FGF2 and Activin A and inhibition 
of the WNT pathway by XAV939 in a culture system called 
AFX, PSC were derived from embryos of three livestock spe-
cies: pig, sheep, and cattle (Kinoshita et al., 2021b). The AFX 
culture system was developed in feeder-free conditions on a 
combination of laminin and fibronectin as substrates and cap-
tured cells with bilaminar disc epiblast profile resembling a 
primed pluripotent state. Using medium containing FGF and 
TGFβ1 supplemented with IWP2 and XAV939 (two WNT 
inhibitors), Kobayashi et al. (2021) derived primed rabbit 
PSC.

In summary, the recent findings and protocols developed 
demonstrate the dependence of FGF signaling and WNT 
pathway inhibition to derive and maintain livestock ESC, 
resulting in the establishment of cells in the primed state of 
pluripotency (Figure 1). These reports also underscore the 
critical role of signaling pathway modulation to achieve sub-
tle differences in pluripotency states. Importantly, capturing 
and maintaining livestock ESC in a naïve pluripotent state 
continues to be a challenge and more studies are needed to 
fill this gap. However, it must be noted that the generation of 

Figure 1. Reports of embryonic stem cell establishment and characterization in different livestock species. The main media components utilized, 
substrate, and pluripotent state of the cells (if described by authors) are mentioned under each development. Act-A, Activin A; bFF, bovine fetal 
fibroblast; CHIR, CHIR99021; IWP, IWP2; MEF, inactivated mouse embryonic fibroblast; STO, SIM (Sandos Inbred Mice) mouse embryonic fibroblast; Vit 
C, vitamin C; WH, WH-4-023.
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naïve bovine induced pluripotent stem cells (iPSC) has been 
reported (Kawaguchi et al., 2015; Pillai et al., 2021; Su et al., 
2021).

Gametes Produced In Vitro From Pluripotent 
Stem Cells
Since the first reports of the ability of stem cells to contribute 
to the germline and produce healthy progeny, much progress 
has been made in developing this technology in rodents  (Figure 
2). The first reports in mice showing that PSC could be dif-
ferentiated into primordial germ cell-like cells (PGC-LC) and 
further develop into functional male and female gametes in 
vivo were published in 2011 and 2012 (Hayashi et al. 2011, 
2012). The protocol consisted of transitioning naïve ESC into 
EpiLC, followed by PGC-LC induction using cells bearing a 
fluorescent construct to detect PRDM1 expression. After dif-
ferentiation, sorted PGC-LC were transplanted to the seminif-
erous tubule (male) or aggregated with fetal ovarian somatic 
cells and transplanted under the ovarian bursa (female) to 
complete growth. Although these were breakthrough findings 
for the reproductive and stem cell biology fields, those early 
studies needed to transplant the aggregates into live animals 
to complete gamete maturation and had very low efficiency in 
producing offspring.

The reconstitution of the entire female gametogenic cycle 
in vitro was achieved for the first time in 2016 by Hikabe and 

colleagues. After differentiation, PGC-LC were aggregated 
with fetal ovarian somatic cells to create a reconstituted ovary 
(rOvary) and were cultured initially in the presence of retinoic 
acid, followed by a small molecule antagonist of the estro-
gen receptor. This strategy produced secondary follicle-like 
structures that were dissociated from the rOvary in order 
to continue development into fully-grown oocytes. At this 
point, follicle growth becomes dependent on gonadotropins, 
particularly FSH (Edson et al., 2009). An additional culture 
step in the presence of FSH, BMP15, and GDF9 resulted in 
the formation of cumulus-oocyte complexes that were sub-
jected to in vitro maturation and showed cumulus expansion 
and extrusion of the first polar body. These in vitro-pro-
duced cumulus-oocyte complexes were used for IVP, and the 
resulting embryos transferred to surrogate females to gener-
ate pups. This system represented another groundbreaking 
advance, since transplantation of PGC-LC into a recipient for 
final oocyte growth and maturation was eliminated and the 
entire cycle could be done in vitro. Additionally, the induction 
system has proven to work with different cell lines of mESC 
and iPSC.

Male germline development has not been fully recapitu-
lated in vitro due to difficulties in replicating the final step 
of spermiogenesis, whereby spermatids become motile sper-
matozoa. Zhou and colleagues (2016) reported the successful 
generation of spermatocyte-like cells from mESC. The first 
step here again involved induction of EpiLC from mESC, 

Figure 2. Overview of in vitro gametogenesis (IVG) developments in mice and the current state of IVG in livestock species. Although the differentiation 
of PGC-LC has been reported in pigs, cows, horses, and rabbits based on gene and protein expression analyses, no functional experiments have yet 
demonstrated the ability of these cells to generate differentiated gametes, pregnancies, or offspring. EpiLC, epiblast-like stem cells; ESC, embryonic 
stem cells; PGC-LC, primordial germ cell-like cells.
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followed by PGC-LC induction. Then, PGC-LC were sorted 
based on expression of integrin β3 and SSEA1 and aggregated 
with testicular somatic cells. This system resulted in sper-
matocyte-like cells that produced viable and fertile offspring 
following intracytoplasmic sperm injection (ICSI).

In 2019, the differentiation of spermatid-like cells from 
mESC using cytokine induction with no dependence on fetal 
gonadal somatic cells was reported (Li et al., 2019). The pro-
cess included the initial step of differentiation into EpiLC 
followed by PGC-LC induction, and differentiation into 
spermatogonia stem cell-like cells, which could then be trans-
planted into the seminiferous tubules of fertility-compro-
mised mice or reseeded with feeder cells for meiosis induction 
using retinoic acid. Although this protocol had a low success 
rate with only around 10% of cells reaching the final stage 
of differentiation and rare live births, it represented a critical 
advance in the field of male IVG.

Recently, Ishikura and colleagues reported the in vitro dif-
ferentiation of mESC to male germline stem cell-like cells via 
PGC-LC induction. Differentiation from ESC to PGC-LC 
was performed following the same protocol used for females. 
Then, PGC-LC were sorted based on transgenic expression 
of PRDM1 and cultured with a cocktail designed to reduce 
genome-wide CpG methylation into a precursory state for 
sex differentiation. After this crucial step of epigenetic repro-
gramming, PGC-LC were aggregated with fetal testicular 
somatic cells and cultured to reach a spermatogonium-like 
state. Sorted spermatogonium-like cells were cultured for 
up to 1.5 mo until forming new germline stem cell-like cell 
colonies (Ishikura et al. 2021, 2022). The germline stem cell-
like cells were able to differentiate into spermatozoa upon 
transplantation into adult testes or round spermatids when 
transplanted into in vitro cultured testis explants, and both 
methods were capable of generating healthy offspring.

Despite intense research efforts by several groups, it took 
10 yr from the first description of the complete differentia-
tion of PSC into functional gametes in mice to accomplish the 
same in another rodent species, the rat (Oikawa et al., 2022). 
Interestingly, the protocols used to successfully accomplish 
IVG in the rat were overall very similar to the mouse. Sorting 
of PGC-LC was based on transgenic expression of NANOS3, 
and the resulting cells were aggregated with male or female 
fetal gonad somatic cells. Curiously, female gonadal somatic 
cells seemed more efficient than male somatic cells in support-
ing male PGC-LC development, as indicated by the greater 
expression of the germ cell markers DDX4 and NANOS3 
when female gonadal somatic cells were used. PGC-LC differ-
entiated from rat EpiLC and PGC-LC cultured in aggregates 
with female gonadal somatic cells were sorted again based 
on expression of NANOS3 and transplanted into neonatal 
seminiferous tubules to complete development, after which 
they were able to generate healthy pups upon artificial insem-
ination of oocytes through round spermatid injection (ROSI) 
and testicular sperm extraction with intracytoplasmic sperm 
injection (TESE-ICSI). Interestingly, the authors reported the 
obtention of spermatid-like cells from both PGC-LC cultured 
alone and PGC-LC aggregated with female somatic cells, indi-
cating that the use of somatic fetal cells could possibly be 
omitted.

Recent advances are starting to overcome the previous bot-
tleneck of maintaining viable PGC and PGC-LC in culture 
for extended periods. Successful long-term culture of human 
PGC-LC induced from iPSC has been recently reported 

(Kobayashi et al., 2022). These PGC-LC were first cocultured 
with fetal mouse fibroblast feeder cells, and later transitioned 
to a feeder-free system in Matrigel and feeder-conditioned 
medium. This system was able to sustain long term expansion 
(up to 160 d) without compromising PGC signature.

The above reports paved the way for development of 
methods to differentiate gamete precursor cells from PSC in 
different species, and although each species has its particular-
ities, many cellular mechanisms seem to be conserved. Recent 
progress has been made in PGC-LC differentiation from PSC 
in nonrodent species including rabbits, cows, pigs, horses, 
sheep, and goats (Gao et al., 2019; Kobayashi et al., 2021; Yu 
et al., 2021; Zhao et al., 2021) as will be discussed in the next 
section. However, despite the demonstration of successful 
PGC-LC fate induction based on gene and protein expression 
of germ cell markers, to date no studies have been published 
that demonstrate the functionality of these PGC-LC in any 
nonrodent species. Similarly, to our knowledge, there are no 
published reports describing successful long-term culture of 
livestock PGC-LC yet.

Progress in Understanding In Vivo Germline 
Development in Domestic Animals
An enhanced understanding of the events and regulatory 
factors guiding germline development in vivo is critical for 
the establishment and optimization of conditions that sup-
port these processes in vitro. Until recently, little was known 
about the transcriptional regulation of germline development 
in livestock and therefore it had to be inferred from other 
models. The majority of studies analyzing mammalian ger-
mline specification and development in vivo have been done 
in mice. Characterization of human primordial germ cells 
(PGC) and in vitro-generated PGC-LC indicate many simi-
larities with mice in the signals that command specification, 
but also some key differences. For example, SOX17 is a crit-
ical factor for human PGC specification but does not play 
a role in the mouse (Irie et al., 2015; Kojima et al., 2017). 
In addition, SOX2 expression is maintained in mouse PGC, 
yet repressed in human cells, while PRDM14 plays a second-
ary role in germ cell development in humans compared to 
mice (Campolo et al., 2013; Tang et al., 2015; Sybirna et al., 
2020). These differences are not surprising, considering that 
the mouse embryo develops as an egg cylinder, whereas the 
epiblast of humans and other mammalian species develops 
as a bilaminar disc (Alberio et al., 2021); moreover, these dis-
crepancies show that the methods of induction and character-
ization of in vitro PGC-LC might have to be considered on a 
species-to-species basis in order to efficiently yield functional 
germ cell precursors.

In the last few years, studies with domestic animals includ-
ing pigs, cattle, and rabbits have shown evolutionary con-
servation in the transcriptional network regulating PGC 
development, and many similarities to humans in these pro-
cesses. Alberio, Surani, and colleagues demonstrated in 2017 
that porcine PGC are specified in the posterior epiblast of 
early primitive streak stage embryos with sequential expres-
sion of SOX17 and PRDM1. By exposing isolated epiblast 
disks of various stages to cytokines including BMP2/4, they 
found that preprimitive streak epiblasts are competent for 
PGC induction, but that this competency quickly wanes fol-
lowing primitive streak formation and onset of gastrulation 
(Kobayashi et al., 2017). Importantly, this suggests that for 
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the induction of PGC-LC from PSC, cells in a pluripotent 
state similar to the preprimitive streak epiblast would likely 
be the best candidates, at least in the pig. The subsequent 
steps of porcine PGC development, including the mechanisms 
and timing of DNA demethylation, chromatin remodeling, 
and X chromosome reactivation in migratory PGC were 
described by the same group (Zhu et al., 2021). Again, the 
authors found many similarities to these events from studies 
in human PGC and PGC-LC. This knowledge will be crucial 
for stabilizing PGC-LC in vitro and supporting their contin-
ued development toward gametes.

In the same year, Soto and Ross used a combination of gene 
and protein expression analysis approaches to trace germline 
development in cattle between days 40 and 90 of fetal devel-
opment (Soto and Ross, 2021). Single-cell RNA-sequencing of 
bovine fetal ovaries at approximately 50 d of fetal age showed 
that PGC were still in the early stages of differentiation, with 
a subset of cells transitioning toward meiotic competence. 
Moreover, similarities in the transcriptomic profile between 
bovine and human PGC highlighted the conservation of ger-
mline development between the two species. Importantly, 
this work identified some of the surface markers of bovine 
PGC, which will be of great value for sorting PGC-LC from 
cell aggregates after germ lineage induction (Soto and Ross, 
2021). Also, in 2021, Kobayashi and colleagues reported 
PGC specification in rabbits, showing that these cells were 
also specified in the posterior epiblast of the bilaminar disc 
and had transcriptomic similarities with other bilaminar disc 
species including pigs, cows, and humans (Kobayashi et al., 
2021). This area of research will be strengthened by contin-
ued studies of different time points of germline development 
in vivo. Excitingly, the similarities in the timing and regula-
tion of these processes to humans suggest that, compared to 
the mouse, advancements toward establishing human IVG 
systems will be more directly applicable to this process in 
livestock, and vice versa.

Steps Toward Enabling IVG in Livestock
Studies of PGC-LC induction from PSC in rodents and 
humans have highlighted the role that the pluripotent state 
has toward differentiation capacity and the limitations that 
both the naïve and primed states have for direct germline 

lineage induction (Hayashi et al., 2011; Sasaki et al., 2015). 
The first reports of conditions that support stable livestock 
PSC lines have facilitated further research into alternative 
conditions that stabilize distinct pluripotent states. Namely, 
expanded potential culture systems have been established for 
porcine and bovine PSC (Gao et al., 2019; Zhao et al., 2021). 
Both reports showed that the resulting EPSC had the capac-
ity to differentiate into putative PGC-LC following embryoid 
body formation after transcription factor-mediated induction 
using the SOX17 transgene. However, aside from the expres-
sion of several early PGC genes, further characterization of 
these cells and assessment of their developmental competence 
have yet to be demonstrated. Moreover, future experiments 
assessing the capacity of these cells to give rise to the germ 
lineage without transgenic intervention, or an alternative cul-
ture condition that would permit this, will be important for 
applying IVG to livestock.

A recent report established horse ESC in a formative state 
of pluripotency (Yu et al., 2021) and demonstrated that these 
cells were directly amenable to induction of a PGC-LC fate 
using the cytokine cocktail reported for mESC (Hayashi and 
Saitou, 2013), putting into evidence that despite some differ-
ences in the regulatory pathways, the predominant signaling 
molecules initiating PGC specification may be conserved. The 
first report of methods for PGC-LC induction from rabbit 
ESC was published in 2021 (Kobayashi et al., 2021). Inter-
estingly, direct PGC-LC induction from primed rabbit ESC 
using a similar cytokine cocktail was more efficient compared 
to the use of a mesendodermal pre-induction step (as used 
for PGC-LC induction from primed PSC) and contrary to 
what was shown in primed human PSC (Sasaki et al., 2015; 
Kobayashi et al., 2021). This demonstrates that, beyond the 
pluripotent state of the PSC, species-specific signaling differ-
ences may need to be considered when developing the best 
methods for PGC-LC induction. The progress with PGC-LC 
induction in rabbits and horses is especially valuable toward 
developing these methods in domestic ungulates including 
cows, pigs, and sheep as, unlike humans, these species have 
more commonalities in embryonic development around the 
time of PGC specification, including the presence of the Rau-
ber’s layer and initiation of gastrulation before implantation 
(Artus et al., 2020; van Leeuwen et al., 2020). The methods 
described to date to induce PGC-LC from PSC from pigs, 

Table 1. Summary of the methods and cytokine cocktails used to induce PGC-LC from livestock ESC

Species Pig Cow Horse Rabbit

Report Gao et al., 2019 Zhao et al., 2021 Yu et al., 2021 Kobayashi et al., 2021

Pluripotent state of ESC Expanded potential Expanded potential Formative Primed

Pre-induction treatment SOX17 transgene SOX17 transgene;
Activin A predifferentiation

N/A N/A

# Cells per aggregate 5,000–6,000 5,000–6,000 3,000 2,000

Base medium Advanced RPMI 1640 Advanced RPMI 1640 GMEM Advanced DMEM/F12

Supplement or KSR1, % B27, 1% B27, 1% KSR, 15% B27, 1%

BMP2 or BMP4, [ng/mL] BMP2 [500] BMP2 [500] BMP4 [200] BMP4 [100]

[LIF], ng/mL 10 10 1000 U/mL 10

[SCF], ng/mL 100 100 100 100

[EGF], ng/mL 50 50 50 50

Duration 3–4 d 3–4 d 3 d 2–3 d

1KSR, knockout serum replacement
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cows, horses, and rabbits are summarized in Table 1; the 
progress of IVG of these species in relation to mice is depicted 
in Figure 2. Further research focused on optimizing PGC-LC 
induction protocols on a species-to-species basis will facilitate 
continued improvements for individual systems.

Producing a Scalable System to Apply IVG 
Technology to Livestock Reproduction
Beyond the challenge of devising a system that can support 
the specification and development of germ cells in vitro, 
improving the efficiency of this system would be crucial 
before IVG could be applied at scale to the livestock industry. 
Recent progress has been made with the establishment of sys-
tems that support higher efficiency and lower cost production 
of human PGC-LC, in addition to conditions that allow the 
maintenance and expansion of PGC-LC. In 2019, Wang et al. 
reported a modified system in which the PSC aggregates for 
PGC-LC induction were cocultured with methylcellulose and 
maintained as groups in larger wells. Coculture with 0.35% 
methylcellulose supported the maintenance of larger embryoid 
bodies in low-cell binding 6-well rather than U-bottom 
96-well plates, increasing the efficiency of human PGC-LC 
induction about 8 to 10 times for the same consumption level 
of medium, without affecting the gene and protein expression 
of the resulting PGC-LC (Wang et al., 2019). In that same 
year, Gell et al. developed a two-dimensional extended cul-
ture system that supported the survival and proliferation of 
human PGC-LC for 3 wk. These cells maintained the tran-
scriptional identity of a germ cell without reverting into a 
pluripotent state, which has been seen for ex vivo culture of 
human PGC. Moreover, extended culture of human PGC-LC 
supported recapitulation of the earliest stages of epigenetic 
reprogramming (Gell et al., 2020). Recently, Kobayashi and 
colleagues described conditions that supported extended 
culture of stable, homogenous human PGC-LC populations 
without the need for serum or feeder cells for at least 160 
d (Kobayashi et al., 2022). This was the first report that 
maintained PGC-LC long-term without the need for fluores-
cence-activated cell sorting (FACS) to maintain a pure cell 
population over the extended culture period, as was necessary 
previously (Murase et al., 2020). This culture system will be 
useful for studying the later stages of epigenetic remodeling of 
PGC, including global DNA demethylation, which is required 
for developmental progression from early to late PGC iden-
tity. Further, this method could be applied to domestic ani-
mals for the maintenance and expansion of newly specified 
PGC-LC from three-dimensional induction systems before 
moving into the later steps of IVG, which could help increase 
the scale of the system.

To date, the only species in which full in vitro recapitulation 
of the reproductive cycle has been accomplished is mice (Hik-
abe et al., 2016; Zhou et al., 2016). These reports represent 
a major step in understanding gamete development; however, 
the efficiency of obtaining offspring from ESC-derived gam-
etes was extremely low in the initial reports. Following the 
transfer of two-cell embryos into pseudopregnant recipients, 
only 3.5% gave rise to viable offspring compared to 61.7% of 
embryos from in vivo-generated oocytes (Hikabe et al., 2016). 
For male IVG, haploid spermatid-like cells were obtained, 
however, intracytoplasmic sperm injection was required to 
generate offspring. Compared to conventional in vitro fer-
tilization, intracytoplasmic sperm injection is labor-intensive 

and requires trained skills, which makes it less likely to be 
adopted at scale by the livestock industry. Therefore, devel-
oping conditions that support the process of spermiogenesis, 
enabling in vitro fertilization, will be important for male IVG 
to be scalable. Further, the success of obtaining pups from 
transferred two-cell embryos produced from ESC-derived 
spermatid-like cells was 2.8% compared to 9.5% for those 
from control spermatids (Zhou et al., 2016). In order for 
these approaches to be feasible for livestock, extensive opti-
mization and characterization of ESC-derived gametes would 
be needed to select the best candidates, considering the effort 
and cost associated with embryo transfer.

Perspectives/Conclusion
Concerted efforts within the last 10 yr by independent 
research groups around the world have resulted in sig-
nificant progress towards the accomplishment of IVG. 
Advances in this field are happening at large steps, but 
to this point, the vast majority have been made in mouse 
models. The inconsistency of findings regarding the state 
of pluripotency that favors the differentiation of the germ 
line will likely be solved as the knowledge about livestock 
PSC improves and as we learn more about the regulatory 
pathways at play on a species-by-species basis. Moreover, 
a deeper understanding of the early events in fetal PGC 
specification and development within the gonad will pro-
vide the clues that are currently missing before any major 
breakthroughs are possible. Once consistent differentiation 
of PGC-LC from PSC in livestock species is achieved, new 
systems will be necessary to take these PGC-LC through 
oogenesis and spermatogenesis to yield competent gam-
etes. Another critical point of consideration which was 
not addressed in detail in this review is the potential need 
of somatic cells to support gamete development in vitro. 
Finally, once proof-of-concept has been established, meth-
ods for scalability of IVG to enable commercial exploita-
tion of this technology by the livestock industry will likely 
be among the major scientific efforts in this field.
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