

[image: Cover]



Review Report

Integration of genomic selection and assisted embryo technologies for precision cattle breeding: opportunities, challenges and global perspectives

Ramanathan Kasimanickam

aCollege of Veterinary Medicine, Washington State University, Pullman, WA, USA

Abstract

Modern cattle breeding increasingly integrates genomic selection (GS) with assisted reproductive technologies (ARTs) to accelerate genetic gain and enhance herd productivity. This review examines the synergistic application of GS and embryo-based technologies in dairy and beef cattle, and evaluates their potential to support precision breeding strategies. Relevant literature on genomic evaluation, embryo technologies and embryo-based breeding programs was synthesized to summarize current developments, opportunities, challenges, and global adoption patterns. ARTs, including artificial insemination, multiple ovulation and embryo transfer, in vitro embryo production, ovum pick-up, cryopreservation, and embryo biopsy, facilitate rapid multiplication of elite genetics and enable preimplantation selection. When combined with GS, these technologies allow estimation of genomic breeding values at early developmental stages, thereby reducing generation intervals, increasing selection intensity and improving the rate of genetic gain. Integrated breeding programs can also support targeted improvement of economically important traits (e.g. fertility, disease resistance, feed efficiency, production performance). Despite these advantages, practical implementation requires consideration of economic costs, technical expertise, infrastructure, recipient availability, and strategies to manage inbreeding and maintain genetic diversity. Global adoption varies considerably; highly integrated genomic and embryo-based breeding systems are well established in some countries (e.g. US, Australia) whereas emerging applications in regions including India, China, Brazil and Pakistan reflect varying levels of technological capacity and industry development. Emerging and developing approaches, including genome editing, artificial intelligence-assisted embryo evaluation and noninvasive embryo selection, together with continued improvements in established genomic prediction systems, are expected to further enhance precision breeding. Overall, integration of GS and ARTs represents a transformative approach for accelerating sustainable genetic improvement in cattle while supporting efficient and responsible breeding programs.
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Introduction

Cattle breeding has undergone profound transformation over the past several decades, driven by advances in reproductive technologies and genomic science.1,2 Historically, genetic improvement relied primarily on phenotypic selection, in which animals were chosen as breeding candidates based on traits (e.g. milk yield, growth rate, body conformation, reproductive performance). Although this approach established the foundation for early genetic progress, it is inherently slow and imprecise. Phenotypic performance is influenced by both genetic and environmental factors, including nutrition, management, and climate, making accurate identification of superior genetics challenging.3 In addition, the long generation interval, particularly in dairy systems, historically limited the rate of genetic improvement.

Development of quantitative genetics and pedigree-based estimated breeding values (EBVs) represented a major advancement in livestock breeding. These approaches enabled breeders to account for heritability and family relationships when making selection decisions.4 However, accurate EBV estimation required comprehensive performance records and, in many cases, progeny testing, delaying selection decisions until animals reached maturity.5 As global demand for animal protein increased and production systems faced growing pressure to improve efficiency, sustainability, and animal welfare, more advanced tools became necessary to accelerate genetic progress while maintaining selection accuracy.6

Modern cattle breeding programs now integrate advanced reproductive biotechnologies with GS, fundamentally reshaping strategies for genetic improvement.1 Reproductive technologies, including artificial insemination (AI),7 multiple ovulation and embryo transfer (MOET), in vitro embryo production (IVP),8 and embryo biopsy,9 enable increased reproductive output from genetically superior animals while allowing greater control over mating decisions. AI, the most widely adopted reproductive technology in cattle breeding, allows semen from elite sires to be distributed across large populations,7 substantially increasing selection intensity on the male side. MOET and IVP extend similar advantages to elite females by enabling production of multiple offspring annually,8 thereby overcoming the natural biological constraint of 1 calf per cow per year.

In parallel, advances in molecular genetics have enabled development of GS that uses dense panels of DNA markers, typically single nucleotide polymorphisms (SNPs), to estimate an animal’s genetic merit.10 Unlike traditional EBVs, genomic estimated breeding values (GEBVs) can be calculated early in life, often shortly after birth or even at the embryo stage.11,12 This early prediction capability reduces generation intervals and improves selection accuracy, particularly for traits that are difficult or expensive to measure, including fertility, disease resistance, feed efficiency, and longevity.9 In the US, key traits on which dairy and beef producers focus are in supplementary file 1 (What matters most: core traits driving US dairy and beef production).

Integration of embryo technologies with GS creates a powerful breeding strategy.1,6 Embryo technologies increase the number of potential offspring from elite genetic lines, whereas GS enables precise identification of superior individuals within that expanded population.13 Techniques (e.g. embryo biopsy, genotyping) allow selection decisions to occur prior to embryo transfer, ensuring that only embryos with the highest predicted genetic merit are implanted.9 This approach maximizes genetic gain per generation while improving efficiency of breeding programs by reducing the number of lower-merit animals entering production systems.6

These technologies have had a particularly strong impact in dairy cattle breeding, where GS has largely replaced traditional progeny testing for young bulls and elite females.5 Their application is also expanding rapidly in beef production systems as reference populations grow, genotyping costs decline, and interest increases in traits related to efficiency, meat quality and environmental sustainability.13,14 By enabling earlier and more accurate selection for complex traits, embryo technologies and GS contribute to improved productivity, profitability and resilience in cattle populations.1

Despite their transformative potential, adoption of these technologies raises important practical, economic and ethical considerations.1 High implementation costs,13 technical expertise requirements13 and concerns regarding genetic diversity and inbreeding6 must be carefully managed to ensure long-term sustainability.15 Nevertheless, continued technological advances and refinement of breeding strategies are expected to further expand the role of integrated reproductive and genomic technologies in modern cattle breeding. Together, these approaches enable faster genetic gain, greater precision in selection and more strategic use of genetic resources to meet the evolving demands of global livestock production.

Accordingly, the objective of this review is to critically examine the integration of genomic selection with assisted reproductive and embryo technologies in dairy and beef cattle breeding. Specifically, we summarize the biological and technological basis of GS–ART integration, evaluate its effects on selection accuracy, selection intensity, generation interval, and genetic gain, examine practical, economic, and genetic-diversity constraints, and discuss emerging applications, including beef-on-dairy systems and variation in adoption across global cattle industries. By integrating genomic and reproductive perspectives, this review aims to provide a practical framework for understanding how these complementary technologies can be used responsibly to accelerate genetic improvement while maintaining reproductive efficiency and long-term population sustainability.

Reproductive technologies in cattle

Embryo technologies have a central role in modern cattle breeding by overcoming natural reproductive limitations and enabling more intensive and precise genetic selection. By increasing reproductive output from genetically superior animals and allowing manipulation of embryos prior to implantation, these technologies substantially enhance the efficiency of breeding programs.7,13,16 When integrated with genomic selection, embryo technologies are powerful tools for accelerating genetic gain while optimizing reproductive resources.1 Key reproductive technologies used in cattle breeding include artificial insemination (AI), MOET, IVP combined with ovum pick-up (OPU), cryopreservation, and embryo biopsy for preimplantation genetic screening.

Artificial insemination

Artificial insemination is the most widely adopted reproductive technology in cattle breeding.7 The procedure involves collection of semen from genetically superior bulls, followed by processing, cryopreservation, and distribution for insemination of cows across diverse herds and geographic regions.7,15 AI revolutionized cattle breeding by allowing a single elite sire to produce thousands or even millions of offspring, far exceeding the reproductive capacity achievable through natural mating.3

The primary genetic advantage of AI is the substantial increase in male selection intensity.3 Extensive use of top-performing bulls enables rapid dissemination of superior genetics across large populations. AI also improves reliability of genetic evaluation because semen from proven sires can be used across multiple herds and environments, generating more robust performance data.7 In addition, AI enhances biosecurity by reducing animal movement and enabling greater control over mating decisions, thereby lowering risks of disease transmission.7

The impact of AI has been further amplified by genomic selection. Young bulls can now be selected and widely used based on GEBVs, rather than waiting for progeny testing results.11 This approach has markedly shortened generation intervals, particularly in dairy breeding programs, and has contributed to rapid genetic progress in economically important traits.11

Multiple ovulation and embryo transfer

Whereas AI primarily increases genetic contributions of elite males, MOET was developed to enhance selection intensity on the female side.7,13 In this technique, donor cows are hormonally stimulated to induce multiple ovulation, resulting in release of multiple ova during a single estrous cycle.16 These ova are fertilized through AI or natural mating and the resulting embryos are recovered from the uterus and transferred into synchronized recipient cows.16

Under natural conditions, a cow typically produces 1 calf per year, limiting propagation of superior female genetics.7 However, MOET overcomes this constraint by enabling a single donor cow to produce multiple embryos annually, often yielding dozens of embryos across repeated collection cycles.16 This approach substantially increases genetic contributions of elite females and expands the pool of related individuals available for selection.13

MOET has been widely adopted in nucleus breeding herds and pedigree operations where maximizing the genetic influence of high-value females is economically justified.16 However, variability in ovarian superstimulatory response among cows and the need for hormonal treatments and specialized technical expertise can limit efficiency.13,16 Despite these limitations, MOET remains an important tool, particularly when combined with genomic information to identify superior donors early in life.1

Ovum pick-up and in vitro embryo production

In vitro embryo production represents a major advancement in reproductive biotechnology, offering greater flexibility than MOET.16 IVP involves several stages, including oocyte retrieval through OPU, in vitro maturation (IVM), in vitro fertilization (IVF), and in vitro embryo culture prior to transfer or cryopreservation.13,16,17 OPU is a minimally invasive, ultrasound-guided procedure that enables repeated collection of oocytes directly from the ovaries.13,17

Unlike MOET, IVP does not depend on a donor’s response to ovarian superstimulation protocols and can be performed more frequently, often at 2-week intervals.13,16 This allows embryo production from a broader range of animals, including prepubertal heifers, pregnant cows, and animals that respond poorly to hormonal stimulation.18 Consequently, IVP substantially increases the number of embryos that can be produced from genetically valuable females during their lifetime.7,16

IVP is particularly compatible with GS strategies.1 Oocytes can be collected from genomically elite animals at a young age, allowing their genetic potential to be rapidly converted into offspring. Additionally, IVP enables the use of sex-sorted semen and precise sire-dam combinations, providing greater flexibility in breeding strategies. Integration of sex-sorted semen with IVP (and where applicable, MOET) further increases the ability to generate offspring of the desired sex. In dairy breeding programs, for example, preferential production of female offspring from elite donors can increase the supply of high-genetic-merit replacement heifers and further amplify the genetic impact of selected maternal lines.13,19,20 Although IVP may be more expensive and technically demanding than conventional embryo transfer, its efficiency and adaptability have led to rapid adoption in both dairy and beef cattle industries.7

Cryopreservation and embryo transfer

Cryopreservation is an essential supporting technology that enables practical implementation of embryo-based breeding programs. Embryos produced through MOET or IVP can be preserved using advanced freezing techniques, particularly vitrification, which minimizes ice crystal formation and improves postthaw survival.21,22 Cryopreserved embryos can be stored for extended intervals and transferred when suitable recipient cows become available or when specific breeding objectives arise.16

This capability enhances the flexibility of breeding programs by allowing synchronization of embryo availability with recipient readiness, facilitating long-term conservation of genetic resources, and enabling international exchange of genetic material without transporting live animals.16 Cryopreservation also supports genomic selection strategies by allowing embryos to be genotyped and stored while selection decisions are made, ensuring that only embryos with the highest predicted genetic merit are transferred.1

Successful embryo transfer requires careful synchronization of recipient cows to ensure optimal uterine conditions for implantation.7,16,23 Pregnancy success depends on embryo quality, recipient management and technical expertise, highlighting the importance of integrated reproductive management in advanced breeding systems.7,16,24

Embryo biopsy and preimplantation genetic screening

Embryo biopsy combined with preimplantation genetic screening represents one of the most recent advancements in bovine embryo technology.25,26 Historically, one of the principal applications of embryo biopsy in cattle was embryo sex determination, allowing producers to select embryos of the desired sex before transfer. Although embryo biopsy is now less commonly performed solely for sex determination because of advances in sex-sorted semen and genomic technologies, embryo sexing represented an important early application of preimplantation testing and helped establish the technical foundation for contemporary embryo-level genomic evaluation. In this procedure, a small number of cells are removed from an early-stage embryo, typically at the blastocyst stage, without compromising developmental potential. DNA extracted from these cells is then genotyped to estimate the embryo’s genomic breeding value.27

This approach enables selection decisions before pregnancy is established, a strategy commonly referred to as preimplantation genomic selection.27 By transferring only embryos with superior genomic predictions, breeding programs can further increase selection intensity and efficiency while reducing the costs associated with raising lower-merit animals.9

Embryo biopsy also allows selection for specific traits (e.g. disease resistance or fertility, genomic information) can be integrated with sex-selection strategies to meet specific production objectives.28 However, technical challenges remain, including maintaining genotyping accuracy from limited DNA samples and preserving embryo viability following biopsy.29–31 As these methodologies improve and costs decline, embryo biopsy is expected to become an increasingly important component of elite cattle breeding programs.1,25

Key message

Embryo technologies have transformed cattle breeding by expanding reproductive capacity, increasing selection intensity and enabling greater control over genetic outcomes. From the widespread use of AI to advanced approaches (IVP, embryo biopsy technologies) provide the biological foundation upon which genomic selection can operate most effectively. When strategically integrated, embryo technologies allow breeders to rapidly identify, propagate and disseminate superior genetics, supporting development of efficient, sustainable and precision-based cattle production systems.

Genomic selection: game changer

GS represents a major advancement in cattle breeding by enabling prediction of an animal’s genetic merit using genome-wide marker information. This approach relies on dense panels of genomic markers, most commonly thousands of SNPs, distributed across the genome.10,32 These markers capture combined effects of many genes influencing economically important traits. By incorporating genomic data into breeding value estimation, GS enables calculation of GEBVs with substantially greater accuracy than traditional pedigree-based methods, particularly early in life.10,12,32

Practical implementation of GS began in the late 2000s, initially in dairy cattle and later expanding to beef systems.10,11 Adoption was accelerated by declining genotyping costs and development of large reference populations containing both genomic and phenotypic records. Importantly, studies demonstrated that genomic information alone could provide prediction accuracies comparable to those obtained through extensive progeny testing.14 This finding transformed breeding strategies by reducing reliance on time-consuming progeny testing and enabling selection decisions at much earlier ages.1 A practical overview of major genomic application options for dairy and beef cattle in the US is provided in supplementary file 2 (Applied genomics in US cattle production: methods, tools, and decisions).

The advantages of GS are particularly pronounced when integrated with embryo technologies. One key benefit is improved selection accuracy in young animals, including embryos. Through embryo biopsy and genotyping, GEBVs can be estimated before embryo transfer, allowing embryos with the highest predicted genetic merit to be selected.25,33 Early-stage selection ensures that only genetically superior embryos are transferred, increasing efficiency of embryo programs and reducing numbers of lower-merit animals entering production systems.1,25,33

Genomic selection also shortens generation intervals, especially when combined with embryo technologies (MOET, IVP).1 Early identification of elite males and females allows these animals to be used as donors at a young age, while embryo technologies multiply their genetic contribution through rapid production of offspring.11,14 The combined effects of reduced generation intervals and increased reproductive output markedly accelerate genetic gain.

Another major advantage of GS is increased selection intensity among females. Historically, female selection was constrained by lower accuracy and reproductive limitations. Genomic testing allows large numbers of heifers or embryos to be screened, after which embryo technologies can be applied selectively to the highest-ranking individuals.33,34 This targeted strategy increases genetic contributions of elite females and aligns female selection intensity more closely with that of males (Figure 1).

Figure 1.From genes to calves: integration of genomics and embryo technologies in cattle
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Schematic workflow illustrating integration of genomic tools and reproductive biotechnologies used to accelerate genetic improvement in cattle populations. The process begins with genomic selection, where genome-wide DNA markers (e.g. SNPs) are used to identify genetically superior bulls and cows. Elite male genetics are disseminated through artificial insemination, enabling rapid genetic dissemination across herds. On the female side, MOET increases selection intensity by producing multiple embryos per reproductive cycle. Advanced laboratory-based embryo production through in vitro embryo production, combined with ovum pick-up, allows oocytes to be collected from genetically superior females and fertilized in vitro, enabling flexible and frequent embryo generation. Produced embryos may undergo embryo biopsy, followed by genomic testing, to identify individuals with the highest predicted genetic merit prior to transfer. Selected embryos can be preserved using embryo cryopreservation, facilitating long-term storage, international transport, and optimized transfer timing into recipient cows. Integration of these technologies produces genetically superior calves with improved performance traits, ultimately accelerating genetic gain and supporting sustainable cattle production worldwide.

GS also improves management of inbreeding by providing precise estimates of genomic relationships among animals.35 These data can be incorporated into mating plans to balance genetic gain with maintenance of genetic diversity.35

Overall, integration of GS with embryo technologies represents a paradigm shift in cattle breeding. Genomic tools enable early identification of superior genetics, while reproductive technologies rapidly propagate those genetics across populations.36 Together, they support a precision-based breeding strategy capable of accelerating genetic improvement for complex traits (e.g. fertility, disease resistance, feed efficiency) while promoting long-term sustainability of cattle production systems.

Synergies between embryo technologies and genomic selection

Integration of embryo technologies with GS is one of the most important advances in modern cattle breeding. Each approach independently improves genetic progress; however, their combined application creates synergistic effects that substantially increase the rate, accuracy and efficiency of selection.37 Embryo technologies expand the number of potential offspring from genetically superior animals whereas GS enables precise identification of the most valuable individuals within that expanded pool.38,39 Together, these technologies enable earlier selection, increased selection intensity, shorter generation intervals, improved control over reproductive and genetic outcomes.

Accelerating genetic gain

Genetic gain in breeding programs depends on selection accuracy, selection intensity, genetic variation and generation interval.40–42 Integration of reproductive biotechnologies with GS can influence these components and thereby hasten the rate of genetic gain.40–42 Embryo technologies (e.g. MOET, IVP) increase the number of embryos produced from elite parents,41 creating a larger pool of candidates for genomic evaluation and stronger selection pressure.37

These effects can be conceptualized using the breeder’s equation


ΔG = (i × r × σA)/L

where i is selection intensity

r is selection accuracy

σA is the additive genetic standard deviation

L is generation interval



GS–ART integration can influence several components simultaneously: genomic evaluation improves selection accuracy at young ages, screening larger numbers of animals or embryos increases selection intensity, and early selection combined with MOET or OPU–IVP can shorten generation intervals by enabling genetically superior animals to contribute offspring earlier and more frequently. Consequently, GS–ART integration can accelerate genetic gain through complementary effects on multiple components of the breeding equation. The magnitude of improvement is population and trait-dependent and varies with genomic-prediction accuracy, number of selection candidates, reproductive efficiency and constraints imposed to manage inbreeding.42

A major innovation arising from this integration is preimplantation genomic selection, in which embryos are genotyped before transfer. Through embryo biopsy and genomic evaluation, GEBVs can be estimated at very early developmental stages. Only embryos with the highest predicted genetic merit are transferred into recipient cows, ensuring that reproductive resources are concentrated on individuals with the greatest potential.

Preimplantation genomic selection also reduces economic and logistical costs associated with raising lower-merit animals.27 By preventing genetically inferior embryos from entering production systems, breeders avoid expenses associated with pregnancy, rearing and long-term management.41 This advantage is particularly relevant in dairy systems, where replacement rates and rearing costs are high.

Furthermore, IVP programs combined with genomic selection allow effective discrimination among full and half-sibling embryos. Traditionally, selection within families was limited because individual genetic merit among siblings could not be distinguished early in life.38 Genomic information captures Mendelian sampling variation, enabling breeders to identify the best individuals within each family rather than relying solely on average parental merit.43 This increased within-family selection intensity contributes significantly to accelerated genetic progress.

Selection of donors and recipients

GS enhances efficiency of embryo technologies by enabling early identification of superior donors and sires. Genomic testing allows elite animals to be identified at a young age, often before reaching reproductive maturity.38 This early identification allows high-GEBV animals to enter embryo production programs sooner, reducing generation intervals and accelerating dissemination of desirable genetics.44

Selecting donors based on genomic merit increases the likelihood that embryos produced will have superior genetic potential, improving cost-effectiveness of MOET and IVP programs.45 This is particularly important given the technical complexity and financial investment associated with embryo production.

Genomic information also supports optimized sire selection. By combining parental GEBVs, breeders can design mating strategies that maximize predicted progeny performance while managing inbreeding.46 Because genomic data provide more accurate estimates of relatedness than pedigree records, mate allocation can be performed with greater precision.

Recipient selection may also benefit from genomic information. Although recipients do not contribute genetically to the calf, their reproductive performance strongly influences pregnancy success and calf survival. Genomic evaluations for fertility-related traits may help identify recipients with superior uterine environment, conception rates and maternal ability.47,48 Selecting high-performing recipients can therefore improve embryo transfer success and overall reproductive efficiency.33 Genomic applications using OPU technology in US dairy operations are described in supplementary file 3 (Precision breeding in action: OPU-IVF meets genomics).

Gender selection and specialized traits

Gender selection technologies integrate effectively with genomic selection and embryo technologies to refine breeding strategies. Modern techniques (e.g. sex-sorted semen, embryo sexing) allow producers to control offspring sex, according to production goals.49 In dairy systems, female calves are typically preferred for herd replacement whereas male calves may be favored in beef systems for growth and carcass traits.

When combined with genomic selection, gender selection enables highly targeted breeding decisions. Female embryos with superior GEBVs for milk production and fertility can be prioritized for transfer whereas male embryos with desirable growth or carcass traits may be directed toward beef production.33,50 Such strategies maximize the economic value of embryos generated through advanced reproductive technologies.

Conception rates using sex-sorted semen are generally lower than those achieved with conventional semen.49 Integrating gender selection with genomic evaluation helps offset this limitation by ensuring that only embryos with high genetic merit are transferred.50

Genomic tools also enable targeted improvement of specialized traits (e.g. disease resistance, heat tolerance, feed efficiency).51–53 Embryo technologies allow rapid dissemination of these traits across herds, enabling breeding programs to address specific environmental challenges and production objectives.

Optimizing reproductive efficiency

Reproductive efficiency is a critical determinant of profitability and sustainability in cattle production systems. Reproductive traits (e.g. conception rate, embryo yield, pregnancy maintenance) are complex and influenced by both genetic and environmental factors.54,55 Historically, these traits have been difficult to improve through conventional selection, due to limited measurement accuracy and low heritability.54–56

Integration of GS with embryo technologies provides new opportunities to enhance reproductive performance. Genomic evaluations can identify animals with favorable reproductive characteristics, including oocyte quality, embryo developmental competence, and pregnancy success.37 Selecting donors with superior genomic profiles for reproductive traits can improve success rates in MOET and IVP programs while reducing production costs.56,57

Genomic information may also help identify individuals with superior responses to superovulation protocols or higher oocyte yield in IVP systems.58 Over time, this may result in cattle populations with improved reproductive robustness, benefiting both conventional and advanced breeding systems.

Additionally, genomic tools can help identify animals with reduced susceptibility to reproductive disorders, improving animal welfare and longevity.59 Incorporating such traits into breeding objectives supports development of more resilient and sustainable cattle populations.

Key message

The synergy between embryo technologies and GS has transformed cattle breeding from a largely phenotype-based process into a precision-driven, data-intensive system.33,37,59 Early identification of superior genetics combined with rapid propagation through reproductive technologies accelerates genetic gain while improving efficiency and sustainability. Modern strategies (e.g. preimplantation genomic selection, optimized donor and recipient selection, sex-controlled breeding and genomic improvement of reproductive traits) collectively represent a paradigm shift in cattle breeding (Figure 2).59–61 As genomic tools and reproductive technologies continue to advance, their integration will remain central to the future of cattle breeding and global livestock production.

Figure 2.Synergistic integration of genomic selection and embryo technologies in cattle breeding
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Conceptual diagram illustrating how genomic tools and reproductive biotechnologies interact to enhance efficiency of cattle breeding programs. Integration of genomic selection and embryo technologies results in production of genetically superior embryos. Additional strategies (e.g. sexed semen or sexed embryos) enable targeted production of offspring aligned with production goals whereas genomic information guides selection of both donors and recipients to maximize reproductive efficiency. Together, these synergistic approaches increase selection intensity, shorten generation intervals and accelerate genetic gain, resulting in healthier calves with improved traits (e.g. milk production, meat quality, fertility, disease resistance, feed efficiency) that support more sustainable cattle production systems.

Practical and economic considerations

Integration of GS with advanced embryo technologies offers substantial potential to accelerate genetic gain in cattle populations.9,33,62 However, successful implementation requires careful consideration of practical, economic, and logistical factors.42 Effectiveness of these technologies is influenced not only by biological constraints but also by infrastructure availability, operational expertise, and financial feasibility. Consequently, breeding programs must balance technological capability with economic sustainability and operational capacity.42,63–65

Technical challenges and costs

Implementation of GS combined with embryo technologies requires specialized infrastructure and technical expertise. Procedures discussed (e.g. OPU, IVP, MOET, embryo biopsy) require advanced equipment and trained personnel.22,66–68

OPU involves transvaginal ultrasound-guided aspiration of oocytes and is minimally invasive but technically demanding. Retrieved oocytes must then undergo IVP that includes controlled in vitro maturation, fertilization and embryo culture.68 Each stage must maintain optimal environmental conditions to preserve embryo developmental competence.

Embryo biopsy enables preimplantation genomic evaluation but introduces additional technical challenges. Removal of a small number of cells must be performed without compromising embryo viability. Techniques (e.g. laser-assisted biopsy, micromanipulation) have improved precision and reduced embryo loss, although these procedures remain labor-intensive and operator-dependent.31,69

Cost represents another important limitation. Although genotyping costs have declined markedly, high-density SNP panels used to calculate GEBVs still represent a considerable investment in large-scale programs.70–73 When combined with expenses associated with OPU sessions, IVP procedures, embryo culture, cryopreservation and transfer, overall costs can be substantial.68 Therefore, these technologies are most economically justified when applied to elite animals or high-value traits.74 Strategic selection of donors for genomic screening and embryo production is therefore essential to maximize return on investment.

Pregnancy rates and biological variability

Pregnancy outcomes following embryo transfer remain variable, even under controlled conditions.75 Multiple biological and management factors influence reproductive success, including donor health, nutritional status and reproductive condition, all of which affect oocyte quality and embryo yield.75–78

Recipient selection is equally critical. Recipient cows must have appropriate age, reproductive status and uterine environment to support implantation and pregnancy.57,75–79 Variations in these factors can influence conception rates, embryo survival and calf viability.

Embryo manipulation, including biopsy for genomic testing, introduces an additional layer of complexity. Although properly performed biopsy procedures generally do not compromise implantation potential, technical factors (e.g. DNA amplification efficiency, genotyping accuracy, handling procedures) may affect outcomes.80 Errors in genotyping or contamination can lead to discarded embryos or incorrect classification of genetic merit.81–83 Strict laboratory protocols and quality control measures are therefore essential.

Biological variability also has economic implications. Embryos lost during culture, biopsy, or transfer represent unrecoverable investments in labor, donor productivity, and laboratory resources.68 To mitigate these risks, breeding programs often produce surplus embryos from elite donors to ensure sufficient numbers of viable offspring.84–87

Logistical constraints and genetic diversity

Large-scale implementation of embryo technologies presents logistical challenges. Recipient availability is frequently a limiting factor, particularly in intensive breeding programs where multiple embryos are produced simultaneously.75 Successful programs require synchronized recipient cycles, adequate facilities, and experienced personnel to manage embryo transfer operations efficiently.75,86–88

Intensive use of elite genetics also raises concerns regarding genetic diversity. Programs that concentrate selection on a limited number of high-GEBV donors and sires may accelerate short-term genetic gain but increase the risk of inbreeding.49 Elevated inbreeding levels are associated with reduced fertility, decreased disease resistance and lower population resilience.89

GS provides tools to address these concerns by enabling accurate genomic relationship estimates and facilitating optimized mating strategies. Monitoring population parameters (e.g. effective population size, allele frequency distribution) allows breeders to balance genetic gain with preservation of diversity.90 Sustainable breeding programs therefore require ongoing genomic monitoring and carefully designed mating strategies to avoid excessive genetic concentration.91

Ethical, regulatory and market factors

Adoption of genomic and embryo technologies is also influenced by ethical, regulatory, and market considerations. Regulatory frameworks governing reproductive biotechnologies vary widely among countries, affecting permissible procedures and international embryo trade.92 Restrictions on embryo manipulation, genetic testing, or cross-border embryo movement may create logistical and compliance challenges for breeders operating internationally.

Consumer perceptions also influence technology adoption. Concerns about genetic manipulation or ‘unnatural’ breeding practices may affect acceptance, particularly in markets emphasizing organic or natural production systems. Maintaining transparency in breeding practices and adhering to strict animal welfare standards are therefore essential to maintain consumer trust.93

Economic viability ultimately depends on alignment with market demand. Traits studied (e.g. fertility, disease resistance, feed efficiency, environmental adaptability) often justify investment in GS and embryo technologies.94 Breeding programs must therefore align genetic objectives with commercial priorities to ensure sustainable economic returns.

Key message

Integration of GS with advanced embryo technologies has much potential to accelerate genetic improvement in cattle populations. However, successful implementation requires careful management of technical, economic and logistical factors. Procedures (OPU, IVP, embryo biopsy) require specialized infrastructure and expertise whereas biological variability introduces both reproductive and financial risks.

Efficient breeding programs must address logistical constraints, particularly recipient availability and laboratory capacity, while monitoring genomic diversity to avoid excessive inbreeding. Ethical considerations, regulatory frameworks and market acceptance further influence adoption and long-term viability.

A holistic approach that integrates reproductive biotechnology, genomic evaluation, herd management, and economic planning is therefore essential. When carefully implemented, these technologies can substantially accelerate genetic progress while maintaining sustainable and responsible breeding practices.

Limitations and critical challenges

Although the combination of GS and embryo technologies offers substantial opportunities for accelerating genetic gain, several limitations remain. These challenges include genetic, technical, economic, and operational constraints that influence the effectiveness and sustainability of breeding programs. Addressing these factors is essential to ensure responsible and long-term genetic improvement.

Risk of reduced genetic diversity

A major concern associated with intensive genomic selection and embryo technologies is the potential reduction in genetic diversity. Strong selection pressure directed toward a limited number of elite donors and sires can rapidly concentrate favorable alleles while simultaneously narrowing the genetic base of the population.95 Reduced diversity increases the risk of inbreeding that is associated with decreased fertility, increased disease susceptibility and reduced adaptability to environmental change.

Embryo technologies (e.g. MOET, IVP) can intensify this effect by enabling a single elite female to produce numerous embryos within a short interval.96 When GS is applied to select embryos with the highest GEBVs, selection intensity increases further, potentially accelerating genetic concentration within breeding populations.

Genomic tools provide strategies to mitigate these risks. Genomic relationship matrices allow breeders to monitor realized relatedness at the DNA level, enabling more accurate management of inbreeding than pedigree information alone. Optimized mate allocation, optimal-contribution selection, monitoring of effective population size, and avoidance of disproportionate contributions from individual elite sires or donor families can help balance short-term genetic gain against preservation of long-term genetic diversity.97 Genetic gain should therefore not be maximized independently of diversity; rather, genomic breeding programs should establish acceptable rates of inbreeding and routinely monitor genomic relationships, effective population size and changes in allele frequencies across generations.

Biopsy and genotyping constraints

Embryo biopsy and genomic analysis present technical challenges that may influence selection accuracy and embryo viability.31 Preimplantation genomic selection requires removal of a small number of cells from early-stage embryos for DNA analysis.29,31,69 Because biopsies yield limited genetic material, genotyping accuracy depends on efficient DNA amplification and robust molecular protocols.

Despite advances in whole-genome amplification and high-density SNP arrays, genotyping errors and incomplete call rates can still occur.81–83 These limitations may result in misclassification of embryo genetic merit or unnecessary discarding of viable embryos.

Embryo manipulation itself may also influence developmental potential. Although modern biopsy techniques generally preserve embryo viability, improper handling or suboptimal conditions can reduce implantation success.68,69 Maintaining strict laboratory protocols and experienced technical staff is therefore critical.

Operationally, embryo biopsy and genomic testing also impose logistical constraints. Embryos must be processed rapidly to maintain viability, while genomic analysis must be completed quickly enough to inform transfer decisions.31 These requirements increase technical complexity and operational costs.

Cost–benefit considerations

Financial considerations represent another limitation in the widespread adoption of genomic embryo selection. Procedures discussed (e.g. OPU, IVP, embryo biopsy, high-density genotyping) involve substantial investment.70,72 Although genotyping costs have declined substantially, the cumulative expense of integrating multiple advanced technologies can still be considerable.68

Economic returns depend heavily on herd structure and breeding objectives. In nucleus breeding programs, even small improvements in genetic merit may generate substantial economic benefits, making genomic embryo selection financially justified.98 In contrast, commercial herds with average genetic merit may not realize sufficient gains to offset operational costs.

Consequently, many breeding programs adopt a targeted strategy, applying genomic embryo selection primarily to elite donors while using conventional reproductive methods for the broader population.99 This approach balances genetic progress with economic efficiency.

Operational and logistical limitations

Operational complexity also limits efficiency of GS-assisted embryo technologies. High-throughput embryo production requires coordinated management of donors, recipients, laboratory infrastructure, and trained personnel.37 Variability in donor ovarian superstimulatory response, recipient fertility and embryo survival can complicate program planning.68,78,79

Recipient availability often becomes a bottleneck, particularly when multiple elite donors produce embryos simultaneously. Efficient scheduling, reproductive synchronization and resource allocation are therefore critical components of successful programs.

Failure to manage these operational factors can reduce the realized benefits of genomic technologies, even when genetic merit is accurately identified. Effective program design must therefore integrate reproductive management with genomic selection strategies.

Key message

Integration of GS with embryo technologies offers powerful opportunities for accelerating genetic improvement but also presents important limitations. Intensive selection can reduce genetic diversity whereas technical constraints in embryo biopsy and genotyping may affect accuracy and embryo viability. Financial costs and operational complexity further limit widespread adoption.

Successful breeding programs must therefore balance genetic progress with sustainability, economic feasibility and practical management considerations. Through careful genetic monitoring, rigorous technical standards and strategic use of advanced technologies, breeders can maximize genetic gain while minimizing long-term risks.

Future directions

Integration of GS with advanced embryo technologies has already reshaped cattle breeding, but ongoing technological developments are expected to further enhance efficiency and precision of genetic improvement. Emerging tools, including genome editing, improved genomic prediction models and advanced embryo screening technologies, are likely to integrate with existing reproductive platforms to enable increasingly precise and rapid genetic progress.53,58 These innovations must, however, be implemented within appropriate ethical, regulatory and economic frameworks to ensure responsible application.92,93

Integration with genome editing

Genome editing technologies, particularly CRISPR-Cas9 systems, are a major potential advancement in livestock breeding.58,100 Unlike conventional selection that relies on naturally occurring genetic variation, genome editing enables targeted modification of specific alleles within an embryo’s genome. When combined with GS and embryo technologies (e.g. IVP, MOET, genome editing) could accelerate improvement of traits that are difficult to modify through traditional selection alone.

Potential applications include introduction or enhancement of alleles associated with disease resistance, heat tolerance, feed efficiency and adaptation to changing environmental conditions.101–103 Welfare-related traits (e.g. polledness or improved calving ease) may also be incorporated into elite embryos identified through GS.104,105 In this integrated framework, GS identifies embryos with superior overall genetic merit whereas genome editing enables targeted modification of specific loci to achieve precise genetic improvements.

Despite its promise, genome editing raises important ethical, regulatory and societal considerations.92,93 Many countries maintain strict oversight of genetically modified organisms, and public acceptance of genome-edited livestock remains variable. Concerns regarding animal welfare, unintended off-target mutations and environmental impacts must be carefully addressed before large-scale implementation. Consequently, early applications are likely to occur primarily in research settings or nucleus breeding herds focusing on high-value traits.

Improved prediction models

The effectiveness of GS depends heavily on the accuracy of genomic prediction models and the size and diversity of reference populations.64,106 Advances in computational biology, data integration and machine learning are expected to improve genomic prediction accuracy.107 Expanding reference populations across breeds and production systems will enable genomic evaluations to capture a broader range of genetic variation, improving reliability of GEBVs across diverse environments.108

Machine learning approaches are particularly promising for analyzing complex datasets and identifying nonlinear relationships among genomic markers and phenotypic traits.106,109 These methods may improve prediction of polygenic traits (e.g. fertility, feed efficiency, disease resistance) that are influenced by numerous genes and environmental interactions.

Functional genomics may further enhance prediction accuracy by incorporating biological information beyond SNP markers alone. Data on gene expression, regulatory elements and epigenetic modifications may provide additional insight into mechanisms underlying phenotypic variation.110,111 Integrating functional genomic information with traditional SNP-based evaluations may improve identification of embryos with superior genetic potential and robust performance under diverse environmental conditions.112,113

Improved prediction models will be particularly valuable in embryo-based breeding programs, where multiple full and half-sibling embryos can be evaluated simultaneously. Increased GEBV accuracy will enable more confident embryo selection, allowing breeding decisions to be made earlier and with greater precision while reducing reliance on progeny testing.

Enhanced embryo screening

Current embryo selection strategies rely primarily on morphological assessment and genomic testing through biopsy. Emerging noninvasive embryo screening technologies may substantially improve this process by enabling more accurate assessment of embryo viability without compromising developmental potential.114,115

Advanced imaging technologies, including time-lapse microscopy and quantitative morphokinetic analysis, allow continuous monitoring of embryo development during culture. These techniques provide detailed information on developmental timing and cellular dynamics that could be used to predict implantation potential and embryo quality.

Artificial intelligence and machine learning algorithms are increasingly being applied to analyze complex imaging and molecular datasets.116,117 By identifying patterns associated with embryo viability and developmental competence, artificial intelligence-based systems may improve prediction of pregnancy outcomes and long-term performance. Integration of artificial intelligence-assisted imaging with genomic data could enable multi-layered embryo evaluation, combining genetic merit with developmental indicators to optimize embryo selection.37,56,117

Additional advances in embryo culture systems, metabolic profiling and automated monitoring may further enhance embryo production efficiency and consistency.22 Over time, these technologies may reduce the need for invasive biopsy procedures, streamline laboratory workflows and increase the number of high-quality embryos available for transfer.

Integration and future perspectives

The convergence of genome editing, improved genomic prediction models and advanced embryo screening technologies suggests a future in which cattle breeding becomes increasingly data-driven and precision-oriented. GS will continue to provide a foundation for identifying superior genetics, whereas embryo technologies amplify reproductive output and genome editing enables targeted genetic modification. Advanced screening technologies and artificial intelligence-assisted analysis will further optimize embryo selection and reproductive outcomes.

These technologies should be distinguished according to their current level of maturity. Genomic selection, AI, MOET, OPU–IVP, embryo transfer, cryopreservation, and sex-sorted semen are established technologies with commercial application, although adoption varies among production systems. In contrast, AI-assisted embryo ranking, noninvasive molecular or metabolic embryo assessment, embryo-level multi-omics, and many genome-editing applications remain predominantly developmental or research-stage approaches. Broader commercial adoption of these emerging technologies will depend on reproducibility, cost-effectiveness, regulatory approval, animal-welfare considerations and demonstration of improved pregnancy or genetic outcomes under field conditions.

Despite these technological advances, responsible implementation remains essential. Ethical considerations, regulatory frameworks and economic feasibility will ultimately determine the extent to which these technologies are adopted in commercial breeding programs. Although scientific capabilities may enable unprecedented control over genetic outcomes, sustainable herd management and societal acceptance will guide the pace of practical application.

Continued expansion of genomic reference populations, improvements in predictive modeling, and refinements in embryo technologies are likely to drive substantial progress in cattle breeding over the coming decades. When integrated thoughtfully within well-designed breeding programs, these innovations have the potential to accelerate genetic improvement while maintaining animal welfare, genetic diversity and long-term herd sustainability.

Embryo technologies in genomic beef-on-dairy systems

Genomic selection and reproductive technologies have created new opportunities to integrate dairy replacement breeding with the production of higher-value beef-cross calves.43,58,118 In genomic dairy herds, females can be ranked early according to economic and trait-specific genomic indices, allowing reproductive resources to be allocated according to genetic merit. Elite dairy females may be bred with high-merit dairy sires or enrolled in OPU–IVP programs to generate replacement females whereas lower-ranking dairy females can be bred to genomically selected beef sires.118–120 This creates a tiered breeding structure in which genomic information helps determine which females contribute genetics to the future dairy herd and which are used to produce beef-cross offspring.

OPU–IVP can further increase the contribution of elite dairy females by producing multiple embryos within relatively short intervals.9,42 Use of sex-sorted dairy semen can preferentially generate female replacements, reducing the number of dairy matings required to maintain herd replacement numbers and consequently increasing the proportion of the remaining herd available for beef-on-dairy matings.119 Preimplantation genomic testing, as described earlier, may provide an additional level of selection by permitting genomic ranking of embryos before transfer. Embryo-level selection may also capture genetic variation among potential offspring from the same parental combination, complementing approaches that predict gametic variance.121 Cryopreservation of biopsied embryos can provide additional flexibility in the timing and management of embryo transfer while cryobanking may contribute to preservation of valuable genetic resources.122,123

Genomics is equally important on the beef-sire side of the system. Beef sires used on dairy females should be selected for traits appropriate to dairy-beef production, particularly calving ease and pregnancy length, together with birth weight, growth, feed efficiency, carcass merit and other economically relevant terminal traits.120,124,125 Selection indices specifically developed for beef bulls used on dairy females can facilitate simultaneous consideration of calving performance and the economic value of the resulting crossbred progeny.120 Selection objectives therefore differ from those used in conventional purebred beef breeding because maternal replacement traits are generally less important when crossbred offspring are intended for terminal beef production.124,125

Integration of GS, sex-sorted semen, OPU–IVP, and beef-on-dairy mating allows producers to allocate reproductive resources dynamically according to replacement requirements, genetic merit, reproductive performance, and market conditions.118,119,124 Economic benefit, however, depends on the cost and efficiency of genomic testing and embryo production, pregnancy success, availability of suitable recipients, and the relative market value of dairy replacements and beef-cross calves.118 Appropriate sire selection and crossbreeding strategies can further improve the biological and economic value of beef-on-dairy progeny.120,125 Genomic predictions also require appropriate reference populations because prediction accuracy may decline when genomic models are transferred across breeds or substantially different production environments.58

Thus, the principal contribution of embryo technologies to genomic beef-on-dairy systems is not simply the production of more embryos but the strategic allocation of elite dairy genetics and terminal beef genetics within the same herd.118,124,125 Continued development of crossbred genomic prediction, improved embryo-production efficiency and economic decision tools will determine the extent to which these integrated systems expand.

Global perspectives on genomic selection and assisted reproductive technologies in cattle

Genomic selection and assisted reproductive technologies (ARTs) have transformed cattle breeding worldwide, enabling faster, more accurate and more targeted genetic improvement.58,126 Traditional breeding relied heavily on phenotypic evaluation and progeny testing that require years of data collection and substantial resources. In contrast, GS utilizes dense genome-wide molecular markers, typically SNPs, to estimate genetic merit early in life.127,128 By enabling accurate prediction of breeding values at a young age, GS reduces generation intervals, increases selection intensity and accelerates genetic gain.58,80,128,129

When combined with ARTs, including AI, MOET, IVP, embryo biopsy and preimplantation genomic testing, GS enables precise propagation of superior genetics.22 Breeders can select elite parents and evaluate embryos before implantation, allowing embryos with greater predicted genetic merit to be prioritized for transfer. This integration is particularly valuable for traits that are difficult or costly to measure or have low heritability, including fertility, disease resistance and feed efficiency.129 Adoption of these technologies varies globally depending on breed composition, production systems, infrastructure and policy support.58,130 The following sections summarize adoption patterns in major milk and meat-producing countries.

United States: large-scale integration of genomic and reproductive technologies

US represents one of the most mature examples of integrating genomic evaluation with reproductive technologies, particularly in dairy cattle. Since the adoption of genomic selection in US dairy breeding programs circa 2009, national genomic evaluations, extensive reference populations, high-density SNP genotyping, and advanced data-management systems have supported increasingly accurate genomic predictions.128–130 Genomic selection is also firmly established in European and North American dairy breeding programs. In Europe, collaboration among national breeding organizations has enabled the development of large shared Holstein reference populations, increasing the reliability of genomic predictions across participating populations.131 In North America, US and Canadian dairy populations contributed to the development of genomic prediction systems, illustrating the value of large reference populations and international collaboration for improving prediction reliability.132

Assisted reproductive technologies are also established in Canadian dairy breeding. Both in vivo and in vitro embryo-production systems, including OPU–IVP, have been used to increase the reproductive contribution of genetically valuable Holstein donor females.82 International initiatives (e.g. functional annotation of animal genomes project) further support collaborative genomic research and functional characterization across populations.133

An additional consideration is genotype x environment (G x E) interaction. Genomic prediction accuracy depends not only on reference-population size but also on the genetic relationship and environmental similarity between reference and target populations. Genomic models developed in one breed, country, climate, or management system may therefore perform less accurately when applied to genetically distant animals or substantially different production environments. This issue is particularly relevant when genomic tools developed in intensively managed temperate populations are applied to tropical, crossbred, or locally adapted cattle. Expansion of population-specific and multi-breed reference populations, phenotyping across contrasting environments and incorporation of G x E into genomic evaluation models will be important for improving the robustness of genomic predictions across target populations and production environments.131,134

Integration with reproductive technologies further increases the utility of genomic selection. AI and MOET are widely used, while IVP combined with embryo biopsy can enable genomic evaluation of embryos before transfer.25–31 Embryo-level genomic selection allows embryos with greater predicted genetic merit to be prioritized and reproductive resources to be concentrated on selected candidates.27,31,33 Modern selection objectives have also expanded beyond production to include fertility, longevity, health, feed efficiency, and environmental sustainability traits.58,130 In beef cattle, genomic selection combined with ARTs can similarly support improvement in economically relevant traits (growth, carcass performance, reproductive efficiency).33,58 Overall, the US system illustrates how genomic information and reproductive technologies can be integrated within an increasingly data-driven precision breeding framework.112

India: indigenous breed resilience and emerging genomics

India, the world’s largest milk producer,135 presents a unique landscape for GS and ART adoption. The country maintains a vast and genetically diverse cattle population, including indigenous breeds (e.g. Gir, Sahiwal, Tharparkar) alongside crossbred animals with Holstein-Friesian ancestry.136 Dairy production is dominated by smallholder farms that often operate under low-input systems with limited access to advanced breeding technologies.

Genomic selection remains in an emerging phase. National initiatives (e.g. National Dairy Plan and the Rashtriya Gokul Mission) are developing breed-specific reference populations and genomic evaluation frameworks.137,138 These programs aim to improve productivity while preserving adaptive traits (e.g. heat tolerance, disease resistance).

AI is widely implemented, particularly in crossbred populations whereas MOET and IVP remain largely confined to research centers and elite breeding herds.135–140 Integration of GS with ARTs could accelerate propagation of superior genetics in both indigenous and crossbred populations. However, challenges including genotyping costs, limited phenotypic recording and complex population structures constrain large-scale implementation.141,142

China: rapid technological adoption

In China, government investment has rapidly expanded adoption of GS and ARTs on large-scale commercial dairy and beef operations.143,144 Furthermore, ARTs are increasingly integrated with genomic evaluations supported by advanced digital agriculture platforms and high-throughput sequencing technologies.

Selection priorities include milk production, fertility, disease resistance, carcass quality and efficiency within intensive production systems.144 Preimplantation genomic testing is increasingly explored in elite dairy herds, whereas beef breeding programs use GS to improve growth performance and feed efficiency. Although imported genetics have historically dominated Chinese dairy herds, domestic reference populations are expanding rapidly.145

Brazil: genomics and reproductive technologies for tropical production systems

Brazil occupies a prominent position in global cattle breeding, particularly in beef production.146,147 Bos indicus breeds (e.g. Nelore) dominate beef herds whereas Gir and Girolando are widely used in dairy systems adapted to tropical environments.148

Brazil also represents a particularly important example of large-scale application of reproductive biotechnology. Brazil has historically been among the global leaders in bovine in vitro embryo production, particularly through extensive use of OPU-IVP in Bos indicus cattle (e.g. Nelore).66,99 The Brazilian experience demonstrates that advanced reproductive biotechnology is not confined to temperate dairy systems and illustrates how OPU-IVP can be deployed at substantial scale in tropical beef-production environments. Genomic selection emphasizes heat tolerance, fertility, longevity and productivity under pasture-based systems.116 Strong public-private partnerships have supported development of genomic tools tailored to tropical production conditions, illustrating how GS and ARTs can be adapted to nontemperate production systems.149

Australia: precision breeding in extensive systems

Australia, a major global beef producer, has integrated GS and reproductive technologies extensively in Bos taurus and Bos indicus crossbred populations.33,150 National programs (e.g. BREEDPLAN) provide large reference populations and genomic evaluation frameworks.151,152

ARTs are applied primarily in elite herds to accelerate genetic gain for traits including growth rate, carcass quality, fertility, and environmental adaptation. Australia demonstrates how genomic technologies can be applied effectively in extensive production systems.

Pakistan: early development stage

Pakistan’s cattle and buffalo populations have critical roles in national milk production but adoption of GS and ARTs remains limited. Dairy systems are dominated by smallholder farms, with buffalo breeds (e.g. Nili-Ravi) and indigenous cattle including Sahiwal and Red Sindhi forming the core production base.153,154

Most genomic initiatives are research-based pilot programs conducted through universities and research institutes. AI is relatively common, but MOET, IVP and embryo biopsy remain experimental and confined to research facilities.155 Major challenges include incomplete animal identification systems, limited phenotypic recording, and constrained financial resources. Nevertheless, targeted investment in genomic infrastructure and reproductive technologies could substantially enhance productivity and genetic improvement.

Global comparative insights

The experiences of major milk/meat-producing countries illustrate the diversity of genomic technology adoption worldwide.130 Broad patterns of genomic selection and reproductive technology adoption across selected cattle-producing countries are summarized (Table); adoption may vary among breeds, production sectors and breeding programs within each country is included.




Table.Comparative overview of genomic selection and reproductive technology adoption in major cattle-producing countries


	Country
	Genomic selection stage
	Main focus
	Reproductive technology integration





	USA
	Established
	Productivity, efficiency, health, fertility and sustainability
	AI and MOET widely established; IVP and embryo biopsy used particularly in advanced dairy and elite breeding programs



	India
	Developing
	Indigenous breeds, productivity, adaptation and resilience
	AI widely used; MOET and IVP more concentrated in organized breeding programs, research centers and elite populations



	China
	Rapidly advancing
	Productivity, fertility, efficiency and technological integration
	AI, MOET and IVP increasingly integrated with genomic evaluation and digital livestock systems



	Brazil
	Established in selected applications
	Tropical adaptation, productivity, fertility and longevity
	AI and MOET widely used; OPU–IVP has an established and prominent role, particularly in elite and Bos indicus breeding programs



	Australia
	Established
	Beef productivity, fertility, carcass traits, and environmental adaptation
	AI, MOET, and IVP used primarily in seedstock and elite breeding populations



	Pakistan
	Early-development
	Breed characterization, productivity and development of genomic resources
	AI more widely accessible; MOET and IVP remain comparatively limited and are concentrated in research or specialized programs





US represents a highly integrated, data-rich breeding system whereas China demonstrates rapid technological expansion supported by large-scale infrastructure.156 India and Brazil illustrate growing genomic collaboration and the importance of adapting genomic technologies to indigenous and tropical cattle populations.157 Pakistan illustrates the need for foundational investments in phenotypic recording and breeding infrastructure.155 Australia demonstrates effective application of genomic and reproductive technologies within extensive beef production systems.52,150–152 Successful integration of GS and ARTs depends on factors including breed composition, data availability, reproductive management capacity and socio-economic contexts. Where implemented effectively, these technologies accelerate genetic improvement, enhance reproductive efficiency and support sustainable livestock production.

Broadly, GS–ART adoption differs not only among countries but also between production environments. Highly developed cattle-breeding systems generally benefit from large reference populations, extensive phenotyping, established national genetic evaluations, laboratory infrastructure, reliable animal identification and access to specialized reproductive services. In emerging and tropical cattle systems, opportunities may be equally substantial, particularly for improving adaptation, fertility, heat tolerance, disease resilience and production efficiency but implementation may be constrained by smaller or breed-specific reference populations, limited phenotypic recording, genotyping costs, laboratory and cold-chain infrastructure, recipient management, and access to specialized personnel. Importantly, technological development should therefore be adapted to local breed composition, production environment, breeding objectives and economic conditions rather than assuming that models developed in highly intensive temperate populations can be transferred directly to all production systems.

Conclusion

The convergence of genomic selection and advanced reproductive technologies represents a transformative shift in cattle breeding. Technologies (e.g. AI, MOET, IVP, embryo biopsy, embryo cryopreservation) expand reproductive potential whereas genomic tools enable early and accurate identification of superior genetics. Together, these technologies increase selection accuracy, shorten generation intervals, and intensify selection pressure, thereby accelerating genetic improvement for economically important traits. Despite these advantages, successful implementation requires careful management of technical complexity, economic costs and genetic diversity. Challenges related to embryo manipulation, genotyping accuracy, logistical capacity and breeding program design must be addressed to fully realize benefits of integrated genomic and reproductive strategies. Ethical considerations, regulatory frameworks, and market acceptance will also influence adoption trajectories. Looking forward, emerging approaches, including genome editing and noninvasive embryo evaluation, together with continued improvements in established genomic prediction systems, are expected to further enhance the precision and efficiency of livestock breeding. When implemented responsibly, integration of genomic and reproductive technologies offers a powerful framework for sustainable genetic improvement in cattle populations. By combining advanced genomics with reproductive biotechnology, modern breeding programs can improve productivity, resilience and adaptability in both dairy and beef systems, supporting evolving demands of global livestock production.
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