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Abstract: The cutting-edge technologies of single-cell omics have revolutionized the study of animal
reproduction, enabling the visualization of cellular and molecular domains in organisms during
various growth stages. This review presents a conceptual framework grounded in the latest devel-
opments from single-cell RNA sequencing (scRNA-seq), ATAC sequencing (scATAC-seq), spatial
transcriptomics, and multi-omics approaches applied to the reproductive organs of livestock and
model species. Technologies survey molecular types of the cell, the course of transcription, chroma-
tin accessibility, and regulatory networks for specific tissues in the development of gonads, game-
togenesis, and embryo formation. In comparative analysis, both common and species-specific char-
acteristics have been identified in models of cattle, pigs, goats, sheep, and avian species. This has
made them a valuable resource for the development of trait-based breeding protocols. We discuss
how single-cell data are being integrated with genomic selection frameworks to enhance fertility
prediction and assisted reproduction strategies, leading to improvements in artificial insemination
and reproductive disease modelling. The rapid evolution of protocols and tools has enabled the
livestock science field to expand the use of these technologies, despite technical and computational
challenges such as tissue dissociation bias, genome annotation gaps, and data complexity. The live-
stock science sector, therefore, is experiencing the broad adoption of single-cell differentials not just
in the transformation of reproductive science but also in practical decision-making guidance for the

new generation of animal breeding and fertility management.

Keywords: Single-cell RNA-seq; livestock reproduction; spatial transcriptomics; fertility bi-
omarkers; reproductive genomics

1. Introduction

Livestock productivity and evolutionary biology are highly dependent on reproduc-
tive success, which is why the latter is considered a cornerstone of both [1-3]. Traditional
transcriptomics and bulk tissue analyses have significantly contributed to our under-
standing of reproductive organ function; however, they have often overlooked cellular
heterogeneity, developmental trajectories, and lineage-specific regulatory mechanisms.
The advent of single-cell omics technologies, particularly single-cell RNA sequencing
(scRNA-seq), single-cell ATAC sequencing (scATAC-seq), and spatial transcriptomics, is
fundamentally changing the field of reproductive biology by providing previously unat-
tainable insights [4-6].

In mammals, reproduction is a multifaceted process involving various specialized
cell types that undergo dynamic changes over the course of development, from primor-
dial germ cells to mature gametes and embryonic formations. To enhance fertility tech-
niques, identify biomarkers of reproductive disorders, and inform breeding strategies,
understanding cellular and molecular identities, transitions, and regulatory programs is
indeed essential [7-11]. Although early single-cell studies have demonstrated the mapping
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of testicular germ cell progression, the case of primary ovarian folliculogenesis and em-
bryonic lineage commitment in humans and mice is similar [12-15]. Recent efforts are ex-
tending these insights to livestock species, including cattle, pigs, goats, and chickens [11,
16-20].

The use of single-cell omics technologies in livestock reproduction research holds not
only immense biological relevance but also translational value [5,16,21-23]. For example,
this enables the precise mapping of gene expression and chromatin landscapes. Pioneer-
ing single-cell initiatives have resolved cell types and their regulatory states across tissues,
enabling integrated views of expression, chromatin accessibility, and regulatory net-
works. New strategies, such as improved semen selection, oocyte maturation protocols,
and embryo transfer systems, will be employed [12,24-26]. Besides, single-cell profiling
not only provides a means for identifying species- and breed-specific regulatory elements
but also enables the possible integration of these regulatory elements into genomic selec-
tion programs, which ultimately leads to improvements in reproductive efficiency and
resilience [9,27-29].

This review encompasses the current single-cell omics research in animal reproduc-
tive biology, with a primary focus on the technical applications in understanding gonadal
development, gametogenesis, and embryo formation. We first compare the discoveries
made in different species, then mention various new tools and methods, address problems
that can only occur in livestock, and finally present a scenario of how these might influ-
ence the cropping and fertility management sector in the years to come.

2. Overview of Single-Cell Omics Technologies in Reproductive Biology

Over the last decade, single-cell technologies have experienced unprecedented
growth, enabling the assessment of gene expression, chromatin accessibility, spatial local-
isation, and molecular interactions at the individual cell level [17,30-33]. The inventions
of these tools have led to a paradigm shift in cellular diversity and dynamics research,
particularly in complex and heterogeneous systems such as the reproductive organs. This
section discusses the essential single-cell omics platforms currently used or anticipated to
be beneficial for the future progress of reproductive biology in model organisms and live-
stock species [11,25,34-36].

2.1. Single-Cell RNA Sequencing (scRNA-seq)

One of the most widely used single-cell methods to date is single-cell RNA sequenc-
ing (scRNA-seq). It is the only method that simultaneously maps the transcriptome of
thousands of cells and reveals the states of the cells, lineage trajectories, and transcrip-
tional programs [21,24,37,38]. In the case of reproductive tissues, scRNA-seq was the tech-
nique used to reconstruct germ-cell progress [39], the development of follicles [12] that
include Sertoli-germ-cell [37,40] interactions and cell fate of the embryos [41]. Platforms
like 10x Genomics Chromium, Drop-seq, and Smart-seq2 vary in sensitivity, throughput,
and cost, offering flexibility depending on the biological question and tissue type.

2.2. Single-Cell ATAC Sequencing (scATAC-seq)

While single-cell RNA sequencing profiles the expression of genes, single-cell ATAC
sequencing provides a demonstration of chromatin alteration in each cell. This method
examines chromatin openness, enhancers, and potential transcription-factor binding sites
to identify the various gene-regulatory mechanisms at play in a particular cell [4,5,21,30].
In the context of reproduction, scATAC-seq has been utilised to elucidate the regulatory
features during the processes of sperm-cell differentiation and egg-cell maturation, as well
as chromatin-network restructuring in early embryos [1,6,42]. The most used instruments
in the analysis and integration of these datasets are SnapATAC, ArchR, and Signac.

2.3. Spatial Transcriptomics

The primary disadvantage of dissociative single-cell methods is that they cannot re-
tain spatial information. This is achieved through a spatial-transcriptomics approach,
which enables the quantification of gene expression at specific coordinates without com-
promising the tissue architecture [17,18,32]. This method has been utilized in reproductive
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biology to track the distribution of spermatogonial stem cells in the seminiferous tubules
[5,43,44] or to analyze the signaling of the oocyte to the granulosa cell in the follicles. Other
recent devices, such as Visium (10x Genomics), MERFISH, and Slide-seq, have enabled
the development of high-throughput, spatially resolved transcriptomic atlases.

2.4. Multi-Omics and Integrative Platforms

With the help of recent breakthroughs, it is now possible to provide multiple-omics
profiles simultaneously from a single cell — such as gene expression (RNA), chromatin
accessibility (ATAC), and protein abundance (CITE-seq, REAP-seq). The use of multi-om-
ics strategies is classically necessary for the precise depiction of reproductive cell states
and for recognising the regulatory events that are not captured in transcriptomics data
[38,45,46]. Furthermore, computational platforms such as Seurat v4, MOFA+, and Har-
mony facilitate the integration of modal and time-point analysis.

Table 1. Summary of single-cell technologies used in reproductive biology.

Technology Reso- Modality Application in Repro- Key Advantages Limitations
lution duction
10x Genomics 1cell mRNA tran- Gametogenesis, folliculo- High throughput, Dropout effect,
scRNA-seq scripts genesis, embryo profiling  widely used ambient RNA
Smart-seq2 1cell Full-length Low-input oocytes, rare High sensitivity, full- ~ Low through-
mRNA cell types length coverage put, costly
scATAC-seq 1cell Chromatinac- Germline enhancer dis- Identifies regulatory Sparse data,
cessibility covery, TF binding dy- elements high noise
namics
10x Multiome l1cell RNA+ATAC Integrated regulatory Multi-modal insight High cost, com-
map in gametes and em- plex analysis
bryos
CITE-seq 1cell RNA +surface Immune profiling during Combines tran- Antibody availa-
proteins implantation scriptomics and prote-  bility
omics
Slide-seq 10 um  Spatial tran- Testis and ovary zonation High spatial resolu- Limited tran-
scriptomics tion scriptome depth
Visium (10x) 50 pm  Spatial tran- Uterine receptivity, follic- Whole-transcriptome, = Moderate reso-

scriptomics ular architecture good tissue coverage  lution

The table presents several popular single-cell platforms, highlighting their key technical features,
including resolution, captured modalities, applications in reproductive tissues, and notable ad-
vantages and limitations. The table describes the technical ecology that has become the basis for
experimental reproductive single-cell studies across different species.

3. Single-Cell Transcriptomics in Reproductive Organs

Understanding the cellular composition and transcriptional dynamics of reproduc-
tive organs is crucial to deciphering the mechanisms of fertility, gametogenesis, and em-
bryonic development. Single-cell RNA sequencing (scRNA-seq) is a transformative tool
that has enabled researchers to clarify previously unidentified cell types, lineage trajecto-
ries, and stage-specific transcriptional programs in the testis, ovary, uterus, and placenta.
This section integrates the relevant findings from scRNA-seq studies conducted on vari-
ous reproductive tissues and animal species.

3.1. Testis: Dissecting Spermatogenesis at Single-Cell Resolution

The male mammalian reproductive system is highly intricate and comprises germ
cells at its centre, supported by a somatic niche consisting of Sertoli, Leydig, and perit-
ubular myoid cells. Single-cell RNA sequencing studies in mice [14,47-50], humans [35,41
,01], and livestock species, such as cattle [16,17] and pigs [11,36], have substantially proved
the existence of both conserved and species-specific patterns of spermatogenic develop-
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ment. UMAP and pseudotime analyses have revealed the discrete transitions of elongat-
ing spermatids from spermatogonial stem cells (SSCs), with the expression signatures of
PLZF, KIT, SYCP1, and PRM1 that were all very apparent at each state.

Sertoli cells exhibit dynamic transcriptional alterations through interactions with
germ cells, thereby activating genes related to phagocytosis, junctional remodelling, and
hormonal regulation [24,40,52,53]. Within adult testis atlases (bovine and porcine), anal-
yses revealed previously unrecognised heterogeneity within SSC populations, challeng-
ing the notion of linear differentiation.

3.2. Ovary: Folliculogenesis and Oocyte—Somatic Interactions

The intricate interplay of oocytes and granulosa cells governs follicular development
in the ovary. scRNA-seq profiling of fetal and adult ovaries in mice [54,55], goats [18,52],
and pigs [11,36] has been instrumental in revealing transcriptionally distinct granulosa
subpopulations associated with early, preantral, and antral stages of follicular develop-
ment.
Oocytes undergo a sequential, well-controlled shift in their transcriptional profile during
meiosis, regulated by specific factors (GDF9, ZP3, BMP15) and their contributions to cy-
toplasmic maturation (DDX4, YBX2). The synthesis of granulosa and oocyte transcrip-
tomes has revealed the TGF-8, NOTCH, and KITL-KIT pathways, demonstrating that sig-
naling is bidirectional. Through these pathways, the notion of local somatic-germline com-
munication is reinforced.

Gene Expression Across Reproductive Cell Types
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Figure 1. Gene expression heatmap across reproductive cell types.

Heatmap summarizing marker gene expression across canonical reproductive cell
types. Data are illustrative and synthesized from expression patterns reported in [11,18,
36,55-58] to highlight conserved markers. These panels are schematic rather than primary
data and are labelled ‘Illustrative schematic’ to avoid confusion. The depicted infographic
presents the relative expression levels of selected fertility-related genes (ZAR1, GDF9,
STRAS, BMP15, ZP3, SOX9, DDX4, and AMH) across five reproductive cell types: oocytes,
granulosa cells, Sertoli cells, Leydig cells, and spermatogonia. These are considered the
markers for the processes of folliculogenesis, spermatogenesis, and the initial develop-
ment of an embryo.

3.3. Uterus and Endometrial Remodelling

The uterus is fully functioning in cyclic mode during the oestrous and menstrual cy-
cles, as well as during implantation. Following single-cell analyses of endometrial tissue
biopsies in humans and cattle, it has been found that the cellular diversity of fibroblasts,
epithelial subtypes, and immune components, as well as vascular components, is present
in the stroma [53,59,60]. The production of decidual tissue, the formation of blood vessels,
and immune modulation are controlled by transiently regulated transcriptional programs
in both the stromal and epithelial compartments. In the case of ruminants, the existence
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of specialised types of uterine cells, which are constantly changing, may reveal the reason
for the unique conceptus elongation and implantation mechanisms. The initial step in uti-
lising spatial transcriptomics and scRNA-seq for identifying gene expression domains
was accomplished by mapping the areas of the embryo and the maternal signals within
the tissue.

3.4. Placenta and Maternal—Fetal Interface

The interspecies variability of the placenta is high, particularly in the areas of troph-
oblast organisation and vascular architecture. The single-cell maps of bovine and ovine
placenta [8,61-63] have revealed the presence of binucleate cells and maternal immune
cells, each with their respective transcriptional programs. The studies conducted by these
authors have demonstrated that specific species regulators control the transport of nutri-
ents, immune tolerance, and hormone secretion.

3.5. Early Embryogenesis and Cell Fate Specification

Single-cell RNA sequencing (scRNA-seq) of livestock zygotes, morulae, and blasto-
cysts has enabled the reconstruction of the trophectoderm (TE), inner cell mass (ICM),
epiblast, and primitive endoderm lineages [64-67]. Transcription factors, such as OCT4,
NANOG, GATA6, and CDX2, are responsible for specifying these early cell identities.
These studies have contributed to the biliary genesis of embryonic stem-like cells, embryo
quality assessment, and the success of cloning.

Table 2. Livestock and comparative single-cell omics studies in reproductive tissues.

Species / Tissue Key Cell Types Identified Marker Genes / Features Refer-
ence(s)
Human (testis) Spermatogonia, Sertoli, Leydig, Spermatocytes, UCHLI1 (spermatogonia), WT1 [5,13]
Spermatids (Sertoli), INSL3 (Leydig)
Mouse (ovary) Granulosa, Oocytes, Theca FOXL2, GDF9, CYP17A1 [48,57,68]
Pig (testis, Bama) Progenitor spermatogonia, differentiating spermato- CYP17A1, STAR, porcine “state [11,20,36]
gonia, Sertoli, Leydig 0” spermatogonia
Pig (testis, Hezuo) SPG, SPC, SPT, Sertoli, Leydig, Peritubular myoid, UCHL1, SOX9, WT1, ACTA2 [69,70]

Endothelial, Inmune (NK, macrophage)

Pig (testis, Meihua) Spermatogonia, Spermatocytes, Spermatids, Somatic TKTL1, STRAS8, SYCP3

support cells [71]
Pig (testis, Baoshan, Germline and somatic support cells Isoform-specific expression of 53]
isoform-level) BMPR1B pathway members
Cattle (oocyte/early Oocyte, Cumulus, Granulosa GDF9, BMP15, ZP3 [16,32,68]
embryo)
Sheep (ovary, prolifi- Granulosa, Theca, Oocyte BMPR1B, BMP15, GDF9 [20]
cacy)

Cross-species comparison of principal reproductive cell types identified using scRNA-seq, along
with their molecular markers and physiological roles. Includes both somatic and germline cells from
humans, mice, and selected livestock species.

4. Chromatin and Regulatory Landscapes in Germline Cells

Single-cell transcriptomics reveal cellular diversity in reproductive organs; however,
gene expression alone is insufficient to capture the entirety of cellular identity. The epige-
netic architecture, including chromatin availability, enhancer functionality, and transcrip-
tion factor (TF) attachment, is essential for distinguishing cell development, lineage, and
exclusive functionality. The introduction of single-cell ATAC sequencing (scATAC-seq)
and similar methods has the potential to analyse these regulatory programs in meticulous
detail at a single-cell level.

4.1. Principles of scATAC-seq and Relevance in Reproduction

The open chromatin regions are scATAC-seq maps, which represent cis-regulatory
elements such as enhancers, promoters, and silencers, regarded as sites for TFs to interact
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[1,2]. In the field of reproductive biology, scATAC-seq is indeed an invaluable technique,
as it has already been used to uncover the regulatory program orchestrating spermatogo-
nial differentiation, to identify the chromatin remodelling process involved in oocyte mat-
uration, and to track the transcription factor's behaviour throughout the pre-implantation
embryo development

In this way, the accessibility of chromatin and the transcription that can be corrected
by the gene, in turn, allows scientists to identify the specific genes for each cell type. The
scientists can construct the cell-type-specific gene regulatory networks, which allow the
prediction of the key TFs that are involved in the decisions of the cell lineage.

4.2, Chromatin Dynamics in Male Germline Development

Male germ cell development in the gonads undergoes extensive chromatin remodel-
ing during spermatogenesis. scATAC-seq studies in mouse testes [68,73] have identified
stage-specific regulatory elements in spermatogonial stem cells (SSCs), spermatocytes,
and spermatids, along with enrichment of SOX9, DMRT1, and CREM transcription factor
motifs during pre-meiotic and meiotic stages. These studies also revealed coordinated so-
matic—germ cell regulation mediated by shared enhancer activity between Sertoli and
germ cells, providing insights into the epigenomic dynamics underlying lineage transi-
tions during spermatogenesis.

4.3. Chromatin Landscape in Oogenesis

In the female germline, studies utilising scATAC-seq technology on developing fol-
licles reveal a starting signal for the path of enhancer maps associated with oocyte com-
petence. For example, the chromatin regions that are accessible near GDF9, BMP15, and
FIGLA during folliculogenesis are progressively remodelled [6,10,19,31,32,40]. Integra-
tion with scRNA-seq reveals that the activation of transcription factors specific to oocytes,
identified as NOBOX, ZAR1, and MSX1, occurs in a coordinated manner. These transcrip-
tion factors, in their turn, drive meiotic entry and cytoplasmic maturation.

The majority of the experiments to date have been conducted in mice. However, the
most recent findings from pigs and cattle have shown that enhancer-TF connections are
conserved, mainly, and some differences in timing and chromatin accessibility are ob-
served between the different species [11,14,16,20,36,53].

4.4. Transcription Factor Networks and Cell Fate Decisions

One main advantage of scATAC-seq technology is the ability to predict and identify
transcription factors that are active in a specific cell type through motif enrichment and
co-accessibility analysis. By utilizing tools such as chromVAR, ArchR, and Cicero, scien-
tists have managed to identify master regulators of SSC self-renewal (e.g., FOXP1, ID4) ,
TFs orchestrating meiosis entry (e.g., STRA8, A-MYB), regulatory circuits driving follicu-
lar development and luteinization. These discoveries form the basis for utilizing the above
genetic factors in manipulation for in vitro gametogenesis, stem cell differentiation, and
fertility preservation.

Table 3. Key transcription factors and enhancer motifs in germline regulation.

Transcription Target Genes Cell Type Species Role in Reproduction Reference
Factor
SOX9 AMH, FGF9 Sertoli Cells Mouse, Testis determination [8,44,70]
Pig Y
FOXL2 CYP19A1, Granulosa Cells Human Estrogen production, folliculo- [5,15,30]
INHA genesis T
GATA4 WT1, SF1 Qonadal progen- Mouse Gonadal development [15,48,57,68]
itors
DMRT1 PLZF Spermatogonia ~ Human Spermatogonial stem cell [5,8,74]
maintenance "
ZAR1 Maternal Oocytes Bovine Oocyte competence and early
[16,25,67]
RNAs embryo
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List of transcription factors (TFs) critical for reproductive development, derived from scATAC-seq
and transcriptomic studies. Includes the corresponding cell types, regulated target genes, associated
reproductive roles, and species in which each was identified.

4.5. Emerging Multi-Omics Approaches

Alternate platforms are now simultaneously profiling gene expression and chroma-
tin accessibility in the same cell (e.g., 10x Genomics Multiome, SNARE-seq, Paired-seq).
A few of the reproductive technologies are starting to make use of them to connect regu-
latory elements to the target genes, predict interaction between enhancer and promoter,
interpret bifurcation at the lineage level in early embryogenesis. The multi-layered data is
a necessity for the formation of precise gene regulatory models. This is particularly true
for species in which genome annotation is still incomplete.

Th spatial gene expression map (Fig 2) illustrates the tissue-specific expression of key
reproductive genes, including SYCP1, BMP15, STRAS, PRM1, GDF9, ZAR1, PLZF, and
KIT, through a schematic illustration of reproductive tissues (testis and ovary). The spatial
layout is representative of the biologically relevant microenvironments where these genes
are functioning: KIT, PLZF, and STRAS in spermatogonia; SYCP1 and PRM1 in mei-
otic/post-meiotic testis cells; BMP15, GDF9, and ZAR1 in oocytes and granulosa cells. The
simulation is based on the spatial transcriptomic patterns reported in [6,10,15,28,32,72].

Chromatin Accessibility of Key Regulatory Genes
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Figure 2. Spatial gene expression map of key genes in reproductive tissues

5. Spatial and Multi-Omics Technologies in Reproductive Biology

Although scRNA-seq and scATAC-seq are crucial for studying cellular heterogene-
ity, both techniques have a significant flaw: the dissociation of cells, which results in the
loss of spatial information. This drawback is particularly critical in tissues such as the tes-
tis, ovary, and uterus, where cell-cell interactions and microenvironmental context are the
main factors in regulation. Spatial transcriptomics and multi-omics platforms are technol-
ogies that have addressed these problems, enabling the localisation of gene expression
and simultaneous, in situ multi-modal profiling. These tools provide an advanced lens for
mapping anatomical gene expression domains, understanding signalling gradients, and
uncovering cell-tissue interaction networks, which are crucial to reproduction.

5.1. Principles and Platforms for Spatial Transcriptomics

Spatial transcriptomics technologies, including 10x Visium, MERFISH, Slide-seq, and
seqFISH, not only quantify transcript abundance but also preserve tissue architecture by
maintaining spatial coordinates of gene expression [54]. These technologies differ in their
spatial resolution and transcriptomic coverage. For example, 10x Visium enables whole-
transcriptome profiling at an approximate spatial resolution of 55 um, whereas MERFISH
and seqFISH allow targeted profiling of thousands of genes with the potential to achieve
subcellular spatial resolution
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Tools of this kind are especially useful in interaction with the reproductive system,
which, for example, through signaling, directs the ovary to carry out processes such as
folliculogenesis, implantation, and placentation.

5.2, Testis and Ovary: Spatial Maps of Gametogenesis

Utilizing spatial transcriptomics, scientists have demonstrated for the first time the
architectural pattern of the seminiferous tubules in mouse and pig testes, highlighting the
spatial distribution of spermatogonial cells, Sertoli cells, and Leydig cells across these tu-
bules [37,40,43,72]. This histological arrangement emphasized paracrine signaling connec-
tions such as the WNT, GDNF, and RA pathways highlighted in distinct tubular areas.

In the case of the ovary, spatial transcriptomics, in addition to addressing granulosa-
oocyte communication networks, has helped identify vascular-stromal boundaries and
visualize clusters of hormone-responsive genes during follicular growth [19,40].

5.3. Uterus and Implantation: Localized Expression Zones

Uterine receptivity is a process associated with regionalized gene expression in in-
volved structures, including the luminal and glandular epithelia, stroma, and immune
cells. Spatial transcriptomics studies have shown that in ruminants and rodents, these
genes specifically appear in blue marks for LIF, IFN-t, PTGS2, and HOXA10, which are
molecules that control embryo-maternal communication [53,75]. The information above
may provide insight into understanding the reasons for implantation failure and the dif-
ferences between species in the recognition of pregnancy by the female body.

5.4. Multi-Omics Integration in Reproductive Tissues

Recent technological advances have enabled the simultaneous detection of gene ex-
pression, chromatin accessibility, and protein abundance within individual cells, provid-
ing a more comprehensive understanding of cellular regulation [28,71]. Among the most
advanced multimodal platforms are 10x Multiome, which integrates RNA sequencing
with chromatin accessibility (RNA + ATAC); CITE-seq, which combines transcriptomic
profiling with surface protein quantification (RNA + protein); and REAP-seq and Paired-
seq, which enable integrated multi-omic analyses across cellular modalities.

Application of these technologies in oocytes, early embryos, and gonadal tissues has
generated important biological insights, including the identification of direct relationships
between enhancer activity and transcriptional output, coupling of transcription factor ac-
tivity with chromatin states, and associations between surface protein phenotypes and
gene expression modules. These approaches are particularly valuable for poorly anno-
tated livestock genomes, where cross-validation across multiple modalities improves con-
fidence in biological interpretation.

Table 4. Comparison of spatial and multi-omics platforms in reproductive biology

Platform Resolu-  Modalities Application Strengths Limitations
tion
10x Visium  55um  RNA Ovary/testis spatial gene Complete transcriptome, = Moderate resolu-
mapping commercial kits tion
Slide-seq 10um  RNA Seminiferous tubule ar-  High spatial resolution Lower gene cover-
chitecture age
MERFISH Subcel- Targeted RNA Uterine implantation, Spatial + multiplex Complex, not full
lular (1000s) niche zones transcriptome
10x Multi- Single- RNA + ATAC  Chromatin + transcrip- Integrated modality, High cost, data
ome cell tome in gametes deep insight complexity
CITE-seq Single-  RNA + Pro- Reproductive immune Adds proteomics to tran-  Limited by the an-
cell teins profiling scriptomics tibody panel

Comparison of various spatial transcriptomics and single-cell multi-omics platforms used in repro-
ductive tissue profiling. Columns include spatial resolution, modalities captured, specific reproduc-
tive applications, as well as advantages and limitations for each method.
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5.5. Current Limitations and Prospects

Despite their considerable potential, the application of spatial transcriptomics and
multi-omics approaches in livestock remains limited due to several challenges, including
the lack of well-established tissue processing protocols, high costs and computational re-
quirements, and incomplete genome annotation in non-model species. Nevertheless, pre-
liminary studies have begun applying spatial technologies to bovine and porcine repro-
ductive tissues, and integration with scRNA-seq atlases has become increasingly feasible
through analytical frameworks such as Seurat, Harmony, and SpaGCN. These develop-
ments are expected to improve the interpretation of spatially resolved molecular data and
accelerate functional genomics research in livestock species.

Figure 3 illustrates the distribution and expression levels of significant genes that in-
fluence reproduction, including GDNF, CYP19A1, and ZP3, in a schematic illustration of
reproductive tissue (testis and ovary). Each gene is distributed differently in space due to
its specific functions: GDNF (spermatogonial stem cell maintenance), CYP19A1 (estradiol
synthesis in granulosa cells), and ZP3 (oocyte zona pellucida protein). The data visualised
in this figure are modelled based on spatial transcriptomics principles and observed ex-
pression patterns reported in [5,43,44,72,76].
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Figure 3. Spatial map of testicular or ovarian sections showing gene expression domains of key
regulators (e.g., GDNF, CYP19A1, ZP3).

6. Comparative Single-Cell Atlases Across Species

The remarkable advance in the reproductive biology, single-cell omics, makes it pos-
sible to identify conserved and species-specific cellular and molecular programs. Even
though most of the basic research has been conducted in human beings and mice, now the
field is growing at an alarming rate to cover other animals like cattle, pigs, goats, sheep
and chicken. The comparative single-cell atlases platform enables us to discover common
regulatory pathways, get to know about the evolutionary forks in the reproductive sys-
tems, and posit a favorable breeding strategy of certain species.

6.1. Shared Cell Types Across Mammals

Research has highlighted that major reproductive cell types, such as spermatogonia,
Sertoli cells, granulosa cells, and stromal fibroblasts, are almost entirely conserved not
only in the transcriptomic identity of different mammalian species [5,10,16,21,72,77] but
also in the superior germ cell tumor. The presence of common developmental markers,
such as SOX9, AMH, DDX4, and ZP3, for instance, suggests a similarity in the mechanisms
underlying gametogenesis and folliculogenesis.

The pseudotime trajectories of germ cell differentiation reveal that cows, pigs, and
mice follow the same parallel pathways in their development, despite differences in the
timing and duration of meiosis and the behavior of epigenetic factors [14,78].
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6.2. Species-Specific Features of Reproductive Organs

Although reproductive processes are conserved across species, each species exhibits
distinct molecular adaptations arising from differences in reproductive strategies, hormo-
nal regulation, and embryonic development. For example, pigs possess a specific granu-
losa cell subtype enriched in estrogen-responsive genes that has not been identified in
mice [54,73]. In cattle, activation of the zygotic genome occurs later than in rodents and is
associated with prolonged retention of maternal RNA [79,80]. In contrast, chickens exhibit
unique oocyte maturation pathways characterized by elevated expression of vitellogenin
receptors [19]. These species-specific differences highlight the importance of developing
dedicated cell atlases for individual species rather than assuming direct biological equiv-
alence across model and non-model organisms.

Table 5. Summary of single-cell transcriptomic studies characterizing endometrial cell types across

livestock species.

Species / Tissue Key Cell Types Marker Genes / Features  Notes / Limitations Refer-
Identified ence(s)
Pig (Meishan Epithelial, stromal, Several epithelial sub- First scRNA-seq
uterus/endometrium) immune, progenitor types, progenitor epithe-  across the estrous cy-  [11,14,20,36]
lial markers cle in the pig uterus
Sheep (peri-implanta- 13 endometrium-de- Ligand-receptor pairs Single-cell resolution
tion endometrium/con-  rived cell types IGF2-IGF1R, FGF19- across the conceptus
ceptus + uterus) (stromal, epithelial, FGFR1, NPY-NPYI1R, and uterus interface [18,20,56]
immune, vascular) PROS1-AXL, ADGRES5- in ruminant
CD55
Cattle (bovine endome- Luminal epithelium  Cell-type specific tran- Laser capture micro-
trium / endometrial cell (LE), glandular epi-  scriptomes (distinct sig- dissection, not full [25,60,67,79]
types via LCM /RNA-  thelium (GE), stro-  nature genes) scRNA, but cell-type T
seq) mal cells (ST) resolution
Pig (endometrium + Multiple uterine and  Cell clustering of uterine ~ True scRNA-seq of
conceptus, implanta- embryonic cell types  cells and embryo, cross- pig uterus + embryo [10,26,40,57]

tion stage)

maternal clusters region during im-

plantation

Summaries published high-resolution or single-cell / cell-type studies of uterine or
endometrial tissues in livestock and ruminants. We note that, as of September 2025, a true
scRNA-seq atlas for the goat scRNA-seq data is available for the ovary and testis, but not
for the uterus.; however, we explicitly state this and include related species for compari-
son. The pig Meishan scRNA-seq study provides a direct example from livestock uteruses.
The sheep peri-implantation scRNA-seq further bridges conceptus—uterine dialogues. In
cattle, although the data originate from laser capture microdissection rather than complete
single-cell dissociation, cell-type transcriptomes are resolved (luminal, glandular, stro-
mal). These collectively indicate that studies on the single-cell and cell-type resolution of
livestock uterine cells are emerging.

6.3. Breed-Level Variation in Livestock

A necessary subsequent step is to analyse the within-species variation, i.e., among
breeds that differ in fertility, the onset of puberty, or the duration of reproduction. Alt-
hough these works are still in their infancy, preliminary findings in cattle have indicated
the existence of breed-specific variations in oocyte competence genes and Leydig cell func-
tion, which, in turn, could affect the reproductive performance traits [16,53,76]. The align-
ment of single-cell information and genomic selection schemes (e.g., GWAS, SNP arrays)
could enable the association of functional variants with specific cell types, thereby enhanc-
ing the prediction of traits and the precision of biotechnological approaches.

6.4. Data Resources and Public Repositories
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Nowadays, there are a few large repositories of single-cell datasets of animal repro-
ductive biology. They are FAANG (Functional Annotation of Animal Genomes), the Gene
Expression Omnibus (GEO), the EMBL-EBI Single Cell Expression Atlas, and the Live-
stock Cell Atlas (which is still being developed). These repositories offer useful platforms
to compare the studies, benchmark cell-type annotations, and train machine learning
models to identify the cells-types automatically. These resources play a crucial role in fa-
cilitating the exchange of information, standardization, and interspecies information in
the study of reproductive genomics.

6.5. Computational Tools for Cross-Species Integration

Various computing software has been created to allow the integration and compari-
son of single-cell data across species. The most important of these are Seurat v4 that allows
dataset anchoring and alignment across species, Scanorama and Harmony that is useful
in batch correction and manifold alignment, and CellTypist and scANVI that is a machine-
learning based classifier of label transfer and cell-type prediction. All these tools further
improve the visualization, grouping, and differentiating analysis of single-cell data, which
become more convenient and dependable to find conserved cell types, regulatory mod-
ules and species-specific variations in reproductive tissues.
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Figure 4. Heatmap showing conserved and species-specific gene expression patterns across sper-
matogonial and granulosa cells in cattle, pig, mouse, and human.

7. Applications in Fertility, Breeding, and Disease Modeling

The expanding application of single-cell omics in reproductive biology is one of the
most promising developments in this field. These technologies have evolved from basic
science to the point where they influence fertility diagnostics, breeding strategies, and re-
productive disease modeling in both humans and animals. In farm animals, where repro-
ductive efficiency is the primary factor for economic sustainability, single-cell revelations
are poised to impact genetic selection, assisted reproductive technologies (ART), and the
prediction of fertility traits.

A notable livestock-specific case is the BMPR1B (FecB) mutation in sheep, which in-
creases ovulation rate and litter size. Single-cell RN A-seq of ovary granulosa cells in sheep
now enables localisation of BMPRIB expression across subpopulations, anchoring
GWAS/QTL signals to specific cell types. Such integration illustrates how single-cell ap-
proaches can refine marker-assisted selection. Comparable efforts are underway in goats,
where prolificacy-associated loci such as GDF9 and BMP15 may benefit from similar sin-
gle-cell anchoring [6,31,35,38,67,81].

7.1. Biomarkers for Fertility and Infertility
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The recent developments in the field of single-cell transcriptomics and chromatin
profiling have facilitated the identification of specific molecular biomarkers related to fer-
tility and found different signatures in oocytes, spermatozoa, and endometrial cells. These
biomarkers should give useful information regarding the cellular and molecular path-
ways of reproductive competence and infertility. As an example, oocytes with high com-
petence with higher levels of ZAR1, GDF9, and YBX2 have higher chances of having better
developmental potential and successful embryogenesis [24,26,29]. Likewise, the subfertile
bulls also experience significant changes in their spermatogonial profiles especially the
decrease in the expression levels of KIT and STRAS; a vital gene required in germ cell
differentiation and spermatogenesis [5,43,76].

Also, cell-type-specific evaluation of endometrial receptivity markers including LIF,
HOXA10, and ITGB3 could be used through the application of sophisticated molecular
assays. The innovation has greatly contributed to the accuracy of embryo transfer proce-
dures in cattle and goats to increase the rates of implantation [16-18,56].

The mentioned biomarkers are the most innovative and progressive ways for pre-
implantation screening, gamete quality evaluation, and implantation diagnostics.

Table 6. Fertility-associated genes identified via single-cell omics and their applications.

Gene Cell Type Species  Function Application Refer-
ence

ZAR1 Oocyte Bovine  Oocyte compe- Embryo screening [12,25]
tence

GDF9 Granulosa Cell Human  Follicle matura- Follicular stage diagnostics (5,13,15]
tion

STRAS Spermatogonia Pig Meiosis initiation  Fertility biomarker [11,20,36]

HOXA10 Endometrial Human  Uterine receptiv-  Implantation prediction [8,41,82]

Stroma ity
BMPR1B Granulosa Cell Sheep Ovulation rate Marker for prolificacy selec- 20]
tion

Representative genes associated with fertility traits in reproductive cells have been discovered
through the use of single-cell technologies. Includes gene function, cell-type specificity, species, and
real-world applications such as fertility diagnostics or selective breeding.

7.2. Enhanced Artificial Insemination and Embryo Transfer

The classification of embryo quality according to the gene expression of early blasto-
meres is possible due to scRNA-seq technology. For example, the low OCT4/CDX2 ratios
or asynchronous zygotic genome activation are evidence of lower implantation rates
[8,20,51,83].. Additionally, molecular classifiers can be of assistance in embryo transfer
programs, complementing morphological grading.

In the case of men, the profiling of testicular cell populations plays a role in the timing
and success of spermatogenesis recovery, which can be caused by chemotherapy or envi-
ronmental stress.

7.3. Integration with Genomic Selection Programs

Single-cell analysis combined with genome-wide association studies (GWAS) and
quantitative trait locus (QTL) are a fast-evolving and innovative field of study. A method
of prioritising candidate variants which might impact fer-tility is cell-type specific expres-
sion of trait-linked genes (e.g., ESR1, FSHR, BMPR1B) [32].

Functional SNP mapping onto particular cell populations provides players with a
more effective strategy to enhance most of the animal breeding principles such as estimate
of trait heritability, increased accuracy of genomic selection, and efficient choice of sires
and dams. This is particularly useful where the traits are very complex such as fertility
where conventional methods of selection are ineffective due to their low heritability.
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These kinds of biologically informed interventions can thus be used to enhance breeding
responses by addressing the genetic basis of desirable reproductive characteristics.

7.4. Case Study: BMPR1B in Sheep and the Future of Single Cell Integration

Another example is the bone morphogenetic protein receptor 1B (BMPR1B) that is a
well-characterised locus that affects the reproductive performance of livestock and is
widely known as FecB mutation in sheep. The cause of high ovulation rate and large litter
size of Booroola Merino and some Asian sheep breeds is the A746G transition that results
in a substitution that creates a Q249R change in the BMPR1B protein. Bulk transcriptomic
and association research revealed BMPRI1B is differentially expressed in the ovaries and
uteruses of prolific and non-prolific ewes, which proved its pivotal role in fol-licular de-
velopment and granulosa cell activity [2,3,28,72].

In the era of single-cell omics, resolving BMPR1B expression within distinct ovarian
granulosa and cumulus cell subpopulations can provide unprecedented resolution for
linking genotype to phenotype. Such cell-type anchoring of GWAS and QTL signals re-
fines the interpretation of fertility traits and enhances the accuracy of genomic selection
pipelines. Comparable progress has been observed in pigs, where single-cell RNA se-
quencing of Bama pig testes uncovered a progenitor spermatogonial state previously con-
sidered primate-specific, highlighting how species-specific developmental trajectories can
be elucidated in livestock [18,20,56]. Additional insights were gained from isoform-level
scRNA-seq in Baoshan pig testes, which identified transcript-specific regulation of BMPR
signalling components across 11,520 germline and somatic cells, underscoring the poten-
tial to dissect gene regulation beyond bulk expression analysis [11].

Quantitative applications of such single-cell-derived annotations are now emerging.
Integrating granulosa cell-specific regulatory features into cattle fertility trait GWAS has
improved the variance explained from approximately 12% to nearly 16% in independent
validation cohorts, while in pigs, predictive accuracy for litter size increased by 3-5%
when cell-type regulatory peaks were used as priors in genomic prediction models [16,
30,67,70]. These findings, although preliminary, suggest that single-cell data can lead to
measurable improvements in heritability estimation and predictive accuracy for complex
reproductive traits.

Nevertheless, translating such insights into gene-editing or breeding applications
raises significant ethical and regulatory challenges. Editing fertility-related loci such as
BMPR1B, BMP15, or GDF9 may accelerate genetic gain but could also introduce unin-
tended pleiotropic effects, compromise animal welfare, and increase susceptibility to re-
productive disorders. Global policies remain divergent: the European Union maintains
stringent restrictions on germline editing, whereas regulatory environments in China and
the United States are more permissive. These differences underscore the need for an inter-
national consensus and rigorous risk-benefit assessment before the widespread imple-
mentation of such practices in livestock production systems.

7.5. Reproductive Disease Modelling and Therapeutics

Tools Single-cell resolution methods provide strong solutions to investigate the cause
of reproductive disorders in animal models, and some of the disorders investigated
through this approach include polycystic ovary syndrome (PCOS), azoospermia, and im-
plantation failure. As an example, scRNA-seq has identified changes in granulosa cell dif-
ferentiation and an increase in the levels of androgen in the thecal cells of PCOS ovaries
[19,40]. Besides, spatial transcriptomics has been used to determine patterns of implanta-
tion failure-related immune cell infiltration [42,72,84]. Not only do these findings aid in
the development of cell-targeted therapies, but they also help in the formulation of in vitro
models and organ-on-chip models which can correctly capture the reproductive tissue
dynamics which present promising opportunities in therapeutic innovation.

7.6. Organoids and In Vitro Gametogenesis

An organoid of a single cell enables the formation of organoids that resemble minia-
ture copies of the testis, ovary or the endometrium, recapitulating the architecture of the
organ. These organoids can be used as good models to test pharmaceuticals, hormonal
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reactions, and to produce gametes that are developed using stem cells. As reproductive
technologies in cutting-edge industry and both human and domestic animal health, these
systems are becoming more and more integrated with such tools as CRISPR/Cas9 gene
editing and multi-omics tracking to further research and clinical use.

Single-cell Sequencing

i

Cell-Type Identification

:

Trait-Linked Gene Discovery

i

GWAS Integration

:

Breeding Decision

Figure 5. Flowchart of single-cell data integration in reproductive trait selection: from cell-type iden-
tification — gene expression — GWAS link — breeding decision.

8. Technical and Practical Challenges in Applying Single-Cell Omics to Animal Re-
productive Biology

Despite the remarkable innovations and opportunities of single-cell omics, many
technical, biologic, and computational issues still exist, particularly in non-model tissues
and in non-model organisms, e.g., livestock. Breaking these barriers is a condition to scala-
bility, reproducibility and biological relevance of cross-species studies.

8.1. Dissociation of tissues and Viability of cells

Most single-cell processes start with enzymatic disaggregation. This can bring bias in
the cell recovery. There is an underrepresentation of, or loss of, large or fragile cells, such
as oocytes and multinucleated trophoblasts [9]. Sertoli germ cell junctions are mainly not
susceptible to dissociation, which complicates separation. Excessive dead or damaged
cells cause the release of RNA, which in turn increases ambient noise in droplet-based
assays. The solution is that applying single-nucleus RNA-seq (snRNA-seq) can solve
problems in the fragile tissue or frozen samples [82].

8.2. Species-Specific Genome Annotation

A major challenge in livestock genomics is that many species still lag behind in the
availability of fully characterized and functionally annotated genomes. The limited avail-
ability of functional genome maps affects accurate read alignment, particularly for non-
coding and regulatory RNAs, restricts the annotation of previously uncharacterized tran-
scripts and low-abundance isoforms, and complicates cross-species comparisons due to
difficulties in homolog identification and mapping. To address these limitations, ongoing
efforts are closing these gaps through international initiatives such as the Functional An-
notation of Animal Genomes (FAANG) consortium, together with advances in long-read
sequencing technologies, including Oxford Nanopore and PacBio platforms, and the de-
velopment of pangenome assemblies.

8.3. Batch Effect and Technical Variability.
Technical variability is caused by such factors as processing time of the samples, var-

iation in the library preparation chemistry (10x Genomics versions 2 and 3), handling by
operator and sequencing technology. Such differences may blur real biological indicators
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especially when carrying out subtle comparisons such as between fertility groups. To curb
these effects, it is advisable that a combination of the computational correction protocols-
Harmony, Scanorama, and Combat-seq, should be combined with well-designed experi-
ments having relevant replicates, to minimize the batch effects, and enhance the reliability
of data [38,85].

8.4. Data Volume, Storage and Processing Power.

Single cell experiments produce large volumes of raw data which can be in the hun-
dreds of gigabytes per experiment. Successful data storage and analysis therefore involves
availability of high-performance computing clusters, a sufficient long-term storage facility
and bioinformatics information to control quality, normalize and downstream analysis.
Also, cloud computing computing such as Terra, Galaxy, and GenePattern can access such
assignments. Data sharing and data reproducibility should also be encouraged by adher-
ence to the FAIR (Findable, Accessible, Interoperable, Reusable) data principles [22,31,38,
86].

8.5. Cell-Type Annotation and Reproducibility

The lack of validated marker genes, the lack of detailed reference atlases, and lack of
definitions of transitional cell states, such as that of pre-leptotene and leptotene spermat-
ocytes, make the accurate cell-type identification of tissues of less well-studied species a
complex task. Unsupervised clustering, reference-based label transfer, and expert manual
curation are some methods to be used in order to solve these problems. Supporting repro-
ducibility and refinement of cell annotations between studies: promote the open release
of raw data and detailed metadata.

8.6. Cost and Accessibility

The standard 10x Genomics single-cell run may need to be purchased at prices rang-
ing from $5,000 to $15,000 per sample, depending on the number of cells and the level of
duplication. Such a condition presents a challenge in scaling research on livestock due to
insufficient funds. A feasible method of tackling this problem would be the implementa-
tion of the more affordable plate-based or combinatorial indexing methods (such as sci-
RNA-seq) along with collaborative consortia with shared costs.

Table 7. Common technical challenges in single-cell reproductive studies and their solutions.

Challenge Impact Recommended Solution Tools / Techniques Reference
Cell fragility & dis-  Loss of germ cells, Use snRNA-seq, optimise snRNA-seq, gentle [31,60,75]
sociation stress artefacts dissociation steps enzymes T
Genome annotation  Misaligned reads, gene  Use pangenomes, long-read FAANG, PacBio,
, [16,25,30,70]

dropouts sequencing ONT

Batch effects False clustering, mis- Computational correction Harmony, Scano-
. [38,85]

leading DEGs rama
Storage and com- Data loss, slow analysis ~ Cloud platforms, scalable Terra, Galaxy [2,36,86]
pute limits pipelines o
Cell-type annotation Misclassification, poor =~ Use unsupervised + manual Seurat, CellTypist [18,31,85]

in livestock reproducibility annotation

Summary of frequently encountered experimental and computational challenges in single-cell re-
productive biology, their impact on data quality or interpretation, and recommended solutions and
tools used to mitigate them.

9. Future Directions and Outlook

Digitising single-cell technologies and integrating them into animal reproductive bi-
ology will provide a fresh and clear perspective on the cellular architecture, regulatory
complexity, and dynamic signalling that control fertility and early development. The live-
stock species, in particular, are still far from the point where we can apply these methods
broadly, as we can only now begin to learn such things. The further development of this
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field depends on the innovation of various sciences, the creation of new resources, and
their implementation in the industry.

9.1. Towards Full Single-Cell Atlases of Reproductive Systems in Livestock.

It has a high priority in the creation of single-cell atlases on a broad range of livestock
species, breeds, developmental stages and sexes. These atlases should contain essential
tissues to include adult and fetal gonads, endometrial tissues and placenta tissues, and
embryos at different pre and post implantation stages. This type of reference maps is es-
sential in the correct identification of cell types, functional annotation and the progressive
study of comparative reproductive biology. Research on the development of these atlases
must be given high priority and encouraged through governmental efforts such as
FAANG, the Livestock Cell Atlas and national breeding programes.

9.2. Integration with Pangenomics and Structural Variants

Single-cell datasets can be used in combination with the forthcoming availability of
livestock pangenomes and breed-specific reference genomes to gain a considerable
amount of potential [28,67,70,87]. Such combination will improve the precision of read
mapping, enable the identification of breed specific patterns of gene expressions, and pro-
vide the impact of structural variants on sexual characteristics. This way, single-cell ex-
periments will be more directly relevant to genetic selection and data on populations.

9.3. Single-Cell Epigenomics and Lineage Tracing

Despite the popularity of such techniques as scATAC-seq and snRNA-seq, the fur-
ther advance of methods such as scChIP-seq and scCUT&Tag to profile histone modifica-
tions and transcription factor binding has not been developed yet. There will also be in-
struments such as lineage barcoding and CRISPR-based lineage tracing that will be very
instrumental in understanding the histories of development. Another area that is im-
portant is the detection of epimutations in gametes and embryos. These methods will fur-
ther shed more light on the genetic and epigenetic mechanisms of fertility variation
(55,81).

9.4. Functional Validation and Perturbation Platforms

Although single-cell omics leads to the creation of useful hypotheses, they must be
experimentally validated. Emerging technologies that need to be studied in future include
organoids (testicular, ovarian, and endometrial), in vitro gametogenesis using induced
pluripotent stem cell (iPSC), and CRISPR activation / interference (CRISPRa/i) screening
in reproductive cells. The technologies will facilitate quick functional genomic analysis of
candidate genes, pathways, and regulators discovered with omics studies.

9.5. Artificial Intelligence, Data Sharing, and Standardisation

The fast increase in single-cell data is a reason to use artificial intelligence to predict
cell-types and infer their trajectory better. Open, cloud-based data repositories ought to
be open access and there should be an attempt to implement and standardize similar
metadata standards (e.g., MIAME, FAIR principles). Effective collaboration between ge-
neticists, veterinarians, bioinformaticians, and breeders will be the key to successful pro-
gress because the dissemination and use of knowledge may be facilitated effectively.

10. Conclusions

The review encapsulated the field's latest advancements in the application of various
techniques, including scRNA-seq, scATAC-seq, spatial transcriptomics, and multi-omics
integration, in reproductive research. It emphasized the contributory role of these tech-
nologies in identifying both conserved cellular lineages and evolutionary adaptations spe-
cific to particular species. SCRNA-seq, scATAC-seq, spatial transcriptomics, and multi-
omics integrations in reproductive research have expanded our understanding of these
platforms, revealing both the conserved lineages of cells and the species-specific adapta-
tions of cells. Although reproductive systems in mice and humans serve as foundational
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maps, an increasing number of studies in cattle, pigs, sheep, and birds are making it pos-
sible to explore the different regulatory environments and gene expression responsible for
animal fertility in agriculture.

Contrary to the descriptive atlases, single-cell omics is applied in functional ge-
nomics, trait mapping, and translational breeding. A good example of this is the finding
of fertility markers in both oocytes and spermatozoa, as well as the fact that their respec-
tive cell types have specific expression profiles. This opens up the pathway for discovering
new biomarkers, optimising assisted reproductive technology, and, of course, the annota-
tion of functional genetic variants. The integration of single-cell data with genomic selec-
tion schemes and pangenomic references is a valuable tool for breeders, particularly when
it comes to low-heritability traits such as fertility, fecundity, and reproductive lifespan.

Despite these, the domain is still confronted mainly by the following possible hur-
dles, namely: dissociation bias, species-specific annotation gaps, technical variability, and
resource limitations in non-model organisms. Such challenges can be resolved through
teamwork; for instance, the creation of standard current protocols, the establishment of
cell atlases available for free, and the provision of bioinformatics software explicitly de-
signed for livestock genomes. Furthermore, the transition from correlation to explanation
and functional understanding will be realized primarily through the everyday use of or-
ganoid systems, in vitro gametogenesis, and the CRISPR-based perturbation screens.

The next frontier in this field will be the combination of multi-modal single-cell data,
Al-driven analytical pipelines, and population-scale studies of reproductive traits. Ulti-
mately, single-cell technologies will bring the two areas of study closer together, thereby
promoting the more efficient management of animal fertility, productivity, and health is-
sues by introducing strategies based on rational principles.
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