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PART 2 — The state of capacities |

SECTION E: TECHNOLOGY

1. Introduction

This chapter presents an analysis of the state of the art and current capacities related to the use of
reproductive, molecular and information and communication technologies (ICT). In the Second Report
on The State of the World’s Animal Genetic Resources for Food and Agriculture (SOW-AnGR; FAO,
2015), the dedicated section concluded that, despite some progress since the first report, major gaps
persisted in both the availability and practical application of these technologies. Most countries reported
use of little beyond Artificial Insemination, with many other reproductive biotechnologies remaining
confined to experimental settings, and adoption constrained by technical limitations, inadequate funding
and infrastructure, shortages of trained personnel, and various organizational or socio-ethical barriers,
particularly in developing regions. Although a'wider range of stakeholders, including an expanding
private sector, had become involved, the report emphasized the need for carefully planned deployment
of these powerful tools within robust AnGR management frameworks to ensure that productivity gains
do not compromise genetic diversity or long-term sustainability. While the growing importance of
information systems and digital tools was acknowledged, the topic was addressed only to a limited and
supporting extent, and ICT related questions were not integrated in the 2025 SoW-AnGR reporting
process.

This section reviews the current state of knowledge on reproductive and molecular biotechnologies, as
well as ICT relevant to the management of animal genetic resources, drawing on recent scientific
literature. It then uses information provided in the 2025 country reports to assess the state of capacity
and actual use of these technologies at national level. The analysis provides a global overview of
adoption patterns, examines stakeholder involvement, and reviews ongoing research activities, while
noting developments and constraints relative to the second SoW-AnGR.

The boundaries and names shown and the designations used on these map(s) do not imply the expression of any
opinion whatsoever on the part of FAO concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers and boundaries. Dashed lines on maps represent
approximate border lines for which there may not yet be full agreement.
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2.  State of the art

2.1. Reproductive technologies

Reproductive biotechnologies, also collectively referred to as assisted reproductive technologies
(ARTs), provide a practical toolbox for managing animal genetic resources, supporting both breeding
and conservation activities, for instance through the establishment of gene bank collections and the
future use of stored material to restore or reinforce populations. Across livestock species, most ARTs
can achieve these objectives, but outcomes vary widely due to differences in species and breed biology,
individual animal variation, and the quality of procedures for collection, processing, storage and use. A
realistic assessment of efficacy is therefore essential: “success” is not only a function of the technology
itself, but also of implementation and quality management.

Among available ARTs, artificial insemination (AI)! remains the most widely applied and operationally
mature across livestock species. Al can be implemented using different deposition techniques adapted
to species anatomy and management conditions (e.g. laparoscopic, cervical, vaginal or intrauterine
approaches, including deep intrauterine methods when appropriate). In small ruminants, the choice of
technique is often linked to semen status (fresh, cooled or frozen—thawed), with laparoscopic
insemination frequently associated with frozen semen. However, acceptable fertility outcomes have also
been reported with non-surgical approaches under appropriate conditions and good management. The
insemination techniques are well established, and likewise the semen collection and cryopreservation
protocols, with sperm fertility resulting from the use of these ARTs often exceeding 50% regardless of
species (cattle, sheep, goat, boar, chickens), although the results are highly variable. Rectifying and
understanding that variability has drawn significant attention, consequently resulting in a refocusing on
quality control (Althouse, 2024; Brito, 2024; Pezo et al., 2024; Rodriguez-Martinez et al., 2024;
Waberski & Luther, 2024), improving semen cryopreservation diluents (Bodu et al., 2025, cattle, ram,
rooster), proteomics or biomarkers (Llavanera, 2024, Tirpak et al., 2024), and the use of combinations
of technologies like computer assisted semen analysis and genetic predictors (Azevedo et al., 2024) or
various semen sexing technologies and Al or MOET (Kumar et al., 2024). In addition to ejaculated
semen, epididymal sperm can be recovered from the testes/epididymides and cryopreserved, notably
when a valuable male dies unexpectedly or cannot be collected using standard methods (Box 2El).
Across these developments, the overarching goal is to increase the functional predictability of semen
quality and thereby improve fertility and consistency under field conditions.

Box 2E1. Successful use of epididymal sperm in the conservation of native breeds

For the first time in Finland and in the Nordic countries, calves have been born following artificial
insemination of cows using epididymal sperm collected from a slaughtered bull. Two Eastern Finncattle
bull calves were born in 2025 at the Kainuu Vocational College herd in Kajaani, Finland—a herd that
serves as a living gene bank for this rare breed. Moreover, one female calf was born on a private farm
and the epididymal sperm was successfully used for laboratory embryo production. Currently,
epididymal sperm has been cryopreserved from three native cattle breeds and from the Finnhorse,
Finnsheep, Finngoat, Finnish Landrace chicken roosters, and semi-domesticated reindeer.

Finland is one of the first countries internationally to have launched a national strategy for the
conservation of animal genetic resources. The first national actions were taken in 1984 to safeguard the
genetic diversity of domestic animals. The current activities in Finland are based on the National Genetic

1 In this chapter, the abbreviation “Al” refers exclusively to Artificial Insemination. The term artificial
intelligence is written in full and is not abbreviated.
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PART 2 — The state of capacities 3

Resources Programme for Agriculture, Forestry and Fisheries, published in 2018 by the Ministry of
Agriculture and Forestry and coordinated by the Natural Resources Institute Finland.

In the Finnish National Program, living gene bank herds have been established for the native cattle and
sheep breeds. These living gene banks are maintained at Ahlman, Kainuu and Lappia Vocational
Colleges. Cryopreservation of semen and preimplantation stage embryos were the first in vitro
conservation measures to complement in vivo conservation of animal genetic resources. Ejaculated
semen is cryopreserved at artificial insemination (AI) stations. Now, artificial insemination using
epididymal sperm has been allowed through an amendment by the Ministry of Agriculture and Forestry.
Moreover, the Natural Resources Institute Finland has the registered collection and cryopreservation
facility for epididymal sperm for domestic use.

Epididymal sperm and ejaculated semen complement each other in conservation measures. The required
infrastructure for collection of epididymal sperm is inexpensive compared to that of ejaculated semen
but only one collection is possible instead of repeated collections at Al stations. Collection of epididymal
sperm offers a novel and cost-effective approach to increase the number of breeding males in native
breeds, to manage inbreeding and effective population sizes of the breeds, and to preserve genetic
diversity.

Epididymal bull sperm in gene bank and Finncattle calf born from epididymal bull sperm insemination
Photo credit: Tuula-Marjatta Hamama, Marjut Vertanen

Provided by Juha Kantanen, Jaana Peippo and Heli Lindeberg.

Perhaps an area of research drawing the greatest amount of attention is that of hormonal control of estrus
(i.e., heat or a female’s receptivity to a male), estrous (the entire cycle), and the timing of ovulation,
particularly with small ruminants (Souza-Fabjan et al., 2023). Improved control of estrus and ovulation
enhances Al outcomes by enabling better timing of insemination relative to ovulation. It also supports
embryo technologies by increasing the number of oocytes available following induced ovulation and
improving the quantity and quality of embryos produced for transfer, thereby increasing the number of
live offspring obtained (Lucy & Pohler, 2025; Pascottini et al., 2025).

Embryo transfer (ET) technologies provide a second major pathway for rapid multiplication and targeted
use of genetic resources. Traditional embryo collection and transfer methods have been widely
implemented in several species, and their integration with superovulation protocols supports the
production of multiple embryos from genetically valuable females. In small ruminants, non-surgical
embryo recovery (NSER) has attracted renewed attention as an approach that can reduce invasiveness
and facilitate wider use. Progress has been linked to improved cervical management, including the use
of cervical dilators and hormonal protocols that facilitate cervical penetration (Gongalves, 2024).
Reported results indicate high rates of cervical access and embryo recovery under suitable conditions,
with application in both sheep and goats. However, species differences remain important: outcomes in
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goats may approach those obtained by surgical methods, whereas in sheep laparotomy has often
remained the principal option due to differences in cervical structure and dilation potential. Where
feasible, NSER can increase the efficiency of embryo collection for gene banking and enable more
frequent or more practical recovery, thereby supporting the accumulation and utilization of germplasm
resources.

While the previous descriptions of oocyte collection, fertilization, and embryo production and transfer
focused on in vivo techniques, in vitro fertilization and subsequent embryo transfer are still viable ARTs
and are widely used across species. Moreover, the utility of a single straw of frozen-thawed bull semen,
for example, can increase significantly when used to fertilize large numbers of oocytes, potentially
resulting in the production of dozens of offspring from a single round of IVF. Furthermore, embryos
produced from these ARTs can likewise be used for transfer resulting in success rates similar to Al for
cattle (Hansen, 2023), but less so with pigs (Garcia-Canovas et al., 2024) or frozen (cryopreservation or
vitrification) for preservation of genetic resources.

Possibly the most rapidly evolving area of ART development is that of cloning of mammalian species
and genetic engineering. Moreover, coupling the two ARTs can often result in powerful tools capable
of producing animals with enhanced disease resistance and selection for specific production traits,
among other applications (Skrzyszowska & Samiec, 2021). On their own, cloning can be used for a
variety of purposes such as fertility preservation and repopulation (Skrzyszowska & Samiec, 2021) and
the genetic resources necessary (tissue samples) can be easily collected, frozen, thawed and cultured
(Purdy et al., 2025). Frozen semen can then be used in subsequent generations to broaden the genetic
diversity of the cloned offspring. However, the genetic engineering aspects of ARTs, valuable tools for
improving animal productivity, can be used for a variety of purposes such as environmental adaptation
(slick gene in cattle), transgenic production or biomedical models (Skrzyszowska & Samiec, 2021).

Poultry, because of their different anatomies and gametes face challenges that mammalian species do
not experience. For example, while mammalian oocytes and embryos can be cryopreserved or vitrified
this is not possible with poultry because of the structure of the germplasm. Consequently, alternatives
for germplasm preservation and use have been developed and include gonad collection, vitrification,
and transplantation from newly hatched chicks and poults. These techniques have low success rates
compared to many other ARTs but do offer the possibility for preservation and rejuvenation of
populations. Similarly, the use of primordial germ cells (PGC, Hu et al., 2022) permits the collection
and use of chicken genetic resources (ducks, geese, quail, and turkey methods are currently being
explored) but with a higher success rate compared to the gonad collection and transplantation methods.
Moreover, the PGC methods are simpler than the gonad methods and are performed embryonically
which can be substantially scaled up.

Taken individually, the main ARTs provide workable options for preserving genetic resources and
supporting population recovery when needed. Importantly, when ARTs are combined (e.g. artificial
insemination with superovulation, or MOET with IVF) a synergistic effect can occur, increasing the
number of offspring produced per unit of conserved germplasm and improving the overall efficiency of
conservation and breeding programmes. In gene banking contexts, integrated use of semen and embryos
can also strengthen risk management by diversifying the types of stored material and expanding options
for reconstitution across varying operational constraints.
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2.2. Molecular biotechnologies

Over the past decade, the most notable advances in molecular biotechnologies have been the progressive
integration of genomics into characterization (crossreference to the chapter on characterization),
breeding programmes (crossreference to the chapter on breeding) and, to a more limited extent,
conservation activities (crossreference to the chapter on conservation). While the major livestock species
had already been sequenced by the time the second SoW-AnGR was prepared, the quality and
completeness of reference genomes and associated resources have improved markedly, strengthening
downstream applications in breeding and management (Georges et al., 2019). At the same time, the use
of microsatellites has continued to decline in many applications, as SNP genotyping and wholegenome
sequencing (WGS) have become the dominant platforms for highresolution characterization and genetic
analyses (Mészaros et al., 2026) (cross reference to thematic study on genetic variation).

A growing number of functional and adaptive markers and quantitative trait loci (QTLs) have been
identified and progressively integrated into markerassisted selection schemes (Hassanine et al., 2025).
Genomic selection, initially developed and widely adopted in dairy cattle, has subsequently expanded
to other major livestock species (box 2E2; however, its broader implementation remains constrained by
the availability of sufficiently large, well-characterized reference populations (Jinya, 2024). Estimates
of the impact of genomic selection indicate increases in genetic gain ranging from approximately
20 percent in broiler chickens to up to 120 percent in dairy cattle, accompanied in the latter by a
reduction of the generation interval of around two years (Chakraborty ef al., 2022). In parallel,
methodological developments have enabled the application of genomic selection in crossbreeding
systems (Mei et al., 2023) and the implementation of multibreed genomic prediction approaches (Clasen
etal., 2023).

Box 2E2. Gradual adoption of advanced genomic selection methodologies in dairy cattle
breeding in India

Over the past decade, India has progressively moved from conventional progeny testing towards the use
of genomic information in dairy cattle breeding programmes, reflecting both the scale of its dairy sector
and the predominance of smallholder production systems. Initial efforts relied on pedigree- and
phenotype-based evaluations, but limitations related to long generation intervals and incomplete
recording stimulated interest in genomic approaches capable of delivering earlier and more accurate
selection decisions.

The first phase of adoption focused on the creation of national reference populations and species- and
breed-adapted SNP chips, supported by coordinated recording programmes for indigenous breeds and
crossbreds. These developments enabled the application of genomic best linear unbiased prediction
(GBLUP) for the estimation of genomic breeding values in several dairy breeds. Subsequently, the
availability of both pedigree and genomic data facilitated the transition towards single-step GBLUP
(ssGBLUP), which integrates all sources of information within a unified evaluation framework and is
better suited to Indian conditions, where pedigrees are often incomplete but phenotypic data are
abundant.

Recent studies using large field datasets have demonstrated that ssGBLUP provides more accurate and
less biased breeding value estimates than traditional or genomic-only models, particularly for milk yield
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traits in crossbred cattle managed under smallholder systems (Nayee, 2018; Khan et al., 2025). In
parallel, national initiatives led by ICAR and NDDB have initiated routine genomic evaluation of young
bulls, notably for indigenous dairy breeds such as Sahiwal, with genomically evaluated semen
increasingly entering artificial insemination programmes (ICAR, 2026).

Overall, the Indian experience illustrates a gradual, pragmatic transition towards advanced genomic
selection methodologies, characterized by incremental capacity building, adaptation of models to local
data structures and progressive integration into operational breeding programmes, rather than abrupt
replacement of conventional approaches.

Beyond genomics, there has been growing interest in other “omics” approaches, such as transcriptomics,
proteomics, metabolomics and epigenomics, which can help link molecular mechanisms to traits of
relevance for breeding, reproduction and health management (Wadood et al., 2025). In dairy cattle,
transcriptomic studies have identified genes and pathways associated with milk protein synthesis, lipid
and carbohydrate metabolism, and immune and inflammatory responses, illustrating how gene
expression profiles can inform understanding of complex production and resilience traits (Zhou et al.,
2019). Similarly, increasing attention is being given to noncoding RNAs as regulators of economically
important traits, with recent work highlighting their roles in regulatory networks underpinning traits
such as fat deposition and related aspects of product quality (Yang et al., 2023). In parallel, advances in
singlecell and multiomics approaches are improving understanding of early embryonic development by
resolving cellular heterogeneity and identifying pathways associated with developmental competence
and embryo arrest, with implications for refining assisted reproductive technologies (e.g. IVF and ET)
(Zhang et al., 2024). A practical example of applied omics is the use of semen proteomics in artificial
insemination programmes to identify sperm proteins associated with field fertility in Al bulls, supporting
the development of biomarker panels that can improve the screening and ranking of breeding males
beyond conventional semen quality tests (Rabaglino et al., 2022). However, integrating omics into
routine livestock biotechnology and AnGR management remains challenging. Key constraints include
the volume and complexity of omics datasets, the need for robust and interoperable bioinformatics
pipelines for analysis and integration, and persistent gaps in high quality phenomic data and specialized
expertise required to translate molecular signals into operational decision support tools (Wadood ef al.,
2025).

Genome editing technologies, such as CRISPR-Cas systems, as well as base and prime editing, have
advanced rapidly and offer potential applications for enhancing disease resistance and environmental
adaptation (cross-reference to the chapter on gene editing). These tools are increasingly being explored
to introduce traits related to disease resistance, polledness, improved productivity, and tolerance to
environmental stressors (Wang et al., 2025). Gene-editing approaches have, for example, been used to
induce targeted mutations in myostatin and other muscle-related genes, resulting in increased muscle
growth and improved feed efficiency in several livestock species (Zhao et al.,2022). Despite these
advances, the adoption of gene-edited animals and products remains constrained by regulatory
uncertainty and variable levels of public acceptance across regions.

Beyond direct breeding applications, recent developments in molecular biotechnologies are also
increasingly influencing animal genetic resources management indirectly, notably by strengthening
capacities for disease surveillance, prevention and response. High-throughput molecular diagnostics,
including PCRbased assays, metagenomics and multiomics approaches, enable rapid detection and
characterization of pathogens, thereby supporting earlywarning systems, targeted control measures and
improved protection of genetically diverse livestock populations. In parallel, the development of next
generation vaccines, such as recombinant, vector-based and mRNA platforms, facilitates more precise
and adaptable disease control strategies, contributing to the long-term sustainability, resilience and safe
use of animal genetic resources across production systems (Marzouk & Alajaji, 2025).
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Taken together, recent developments in molecular technologies highlight two key messages. First, their
development and adoption remain uneven across species, regions and production systems, reflecting
differences in investment, infrastructure and institutional capacity. Second, much of the progress
achieved in molecular biotechnologies has been enabled by parallel advances in big data analytics and
information and communication technologies, which underpin data generation, integration and
interpretation, as discussed in the following section.

2.3. Information and communication technologies

Information and communication technologies comprise a broad set of tools and services that support the
access, retrieval, storage, transmission and manipulation of information in digital form, including the
internet, wireless networks, computers, software and related communication applications (FAO, 2026).
ICTs are increasingly embedded in livestock systems through connected devices and platforms that
enable continuous or frequent data capture, integration and analysis, thereby supporting more timely
management decisions across production, health, welfare and value-chain functions (Akhigbe et al.,
2021; Neethirajan & Kemp, 2021). These developments underpin precision livestock farming, which
applies ICTenabled monitoring, sensing and data analytics to manage livestock systems at the level of
individual animals or groups in a systematic and data-driven manner, and is currently implemented
mainly in intensive and semi intensive production systems, where high levels of automation and
controlled conditions facilitate continuous data collection (Akhigbe et al., 2021; Brito et al., 2025 ;
Neethirajan & Kemp, 2021). There are, however, applications available to other production systems, as
well as to the broader environment involved in the conservation and use of animal genetic resources.

Modern ICT applications in livestock production are typically organized around layered digital
architectures. These generally include physical, network, edge, and cloud layers, which together support
the collection, transmission, processing, and analysis of data (Akhigbe et al., 2021). The physical layer
consists of sensors attached to animals or equipment that collect biological, behavioural and
environmental data. The network layer provides connectivity, enabling data transfer through wired or
wireless communication infrastructures. The edge layer supports local data processing close to the data
source, while the cloud layer provides centralized computing capacity, data storage, and advanced
analytics. The cloud layer increasingly hosts large databases and analytical tools, including capabilities
for data visualization, machine learning and Artificial Intelligence. The edge and cloud components
together enable the integration of data streams originating from multiple sources, such as animals,
housing environments and farm equipment. This architecture forms the basis of many ICT-enabled
livestock applications, including precision livestock farming systems and automated decision support
tools (Akhigbe et al., 2021). Beyond technical connectivity, effective integration also depends on
semantic interoperability, including standardized terminology and structured data models, which are
increasingly recognized as important in livestock health management and disease surveillance systems
(Noor et al., 2026).

Sensors represent one of the most visible and rapidly expanding components of ICT use in livestock
systems. Depending on their purpose, sensors may be wearable or implanted, and are capable of
recording parameters such as body temperature, activity, heart rate, respiration rate, rumen pH, spatial
location and behavioural indicators (crossreference to the chapter on phenotype). External sensors
including video cameras, microphones, thermal infrared cameras and load cells complement onanimal
devices, while environmental sensors monitor temperature, humidity, air quality and other housing
conditions (Neethirajan & Kemp, 2021). In dairy systems, sensors integrated into milking equipment
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routinely record milk yield, flow rate, composition, electrical conductivity and somatic cell count,
providing continuous phenotypic information. In most practical contexts, sensor systems are deployed
in combination, allowing multiple parameters to be captured simultaneously. This integrated approach
enhances the robustness of livestock monitoring and supports more comprehensive management
objectives, including breeding, feeding and health management. Beyond the challenges of applying
these technologies in extensive systems, their integration into national and international breeding
programmes remains limited by fragmentation, lack of standardization, and constraints related to data
access, interoperability and governance; recent reviews have therefore emphasized the need for
coordinated data infrastructures, transparent data-sharing arrangements and agreed standards for the
effective use of sensor-derived phenotypes in breeding and genetic evaluation (Brito et al., 2025).

Automation is another major dimension of ICT adoption in livestock production. Rising labour costs,
constraints on skilled labour availability and improvements in the affordability and reliability of
automated equipment have resulted in increased uptake of systems for milking, feeding, animal
handling, weighing, body condition scoring and climate control. These systems not only reduce labour
requirements but also generate large volumes of standardized data, which are essential for managing
large herds or flocks effectively (Akhigbe et al., 2021). Automated data capture improves consistency
and reduces human error in routine measurements, thereby strengthening the quality of information
available for management and breeding decisions. The availability of such data is particularly relevant
for animal genetic resources management, where reliable identification and long-term monitoring of
populations are fundamental prerequisites for both conservation and improvement programmes.

Decision support systems constitute a key interface between data collection and practical livestock
management. These systems integrate data from sensors, farm equipment and external sources to
generate information that supports management decisions relating to breeding, feeding, herd
organization and disease control. Computerization of these processes increases the speed and
consistency of decisionmaking and reduces subjective bias. As emphasized in several reviews, the
integration of ICTs supports a gradual transition in livestock management strategies from reactive
approaches, towards proactive and predictive ones, in which historical and realtime data are used to
anticipate future needs or risks (Akhigbe ef al., 2021; Neethirajan & Kemp, 2021). For animal genetic
resources, such systems can contribute to the early detection of declining trends in population size or
performance and facilitate timely management responses.

Beyond farm-level management, ICTs play a crucial role in information dissemination and advisory
services. The expansion of mobile network coverage, combined with the widespread availability of
lowcost smartphones and mobile internet services, has made mobile applications a primary channel for
communication with livestock keepers, replacing earlier tools such as information kiosks or static digital
media (FAO, 2017; Box 2E3). Mobile-based platforms allow the dissemination of technical guidance
through multilingual text, audio and video content, and support rapid updates and notifications. They
also provide channels for sharing information on animal health risks, extreme weather events, emerging
diseases and vaccination campaigns. In addition, access to market information and digital trading
platforms for livestock, livestock products and inputs can improve economic outcomes for producers by
reducing transaction costs and intermediaries (FAO, 2017).

Box 2E3. Digital tools for monitoring animal breeding and genetic management by smallholders

Digital livestock tools are increasingly promoted as enablers of improved livestock management and
rural development in low-income countries, including contexts dominated by smallholder and pastoral
production systems. Beyond their role in advisory services and production optimisation, such tools hold
growing potential for supporting the management, breeding and characterization of animal genetic
resources (AnGR) by small producers.
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Examples from Kenya and India highlight both the opportunities and the limitations of digital livestock
tools in practice (Daum et al., 2022). Most of these tools can be characterized as “simple” or “smart”
digital applications, typically smartphone-based, which rely primarily on manually entered data rather
than on automated sensors. Applications such as iCow in Kenya, which are estimated to have had
approximately 50 000—60 000 active users (STEM Prize, 2021), demonstrate how digital platforms can
facilitate the recording of basic animal information, such as age, reproductive events and health
observations, while supporting cattle pregnancy monitoring and strengthening linkages between
farmers, extension agents and service providers. In India, the Herdman application, which primarily
targets veterinary and extension services employed by dairy cooperatives and dairy processors reaches
tens of thousands of farmers indirectly, improving their access to artificial insemination and veterinary
services and facilitating the collection of data for a more systematic implementation of breeding
programmes.

When deployed through cooperatives or producer organisations, such tools can contribute to improved
documentation of livestock populations and, potentially, to better monitoring of breed performance
under local conditions.

However, the study also highlights significant challenges and constraints. Access to smartphones,
connectivity, digital literacy and sustained organisational support remain uneven, shaping who benefits
from digital tools and how. More advanced “smart and connected” technologies based on sensors are
rarely accessible to small producers, while concerns related to data ownership, data sovereignty and
power asymmetries between farmers, service providers and platform developers are increasingly
prominent. Moreover, most tools focus on dairy cattle, with limited attention to other species or to
pastoral and extensive systems where locally adapted breeds play a central role.

Overall, the case of Kenya and India illustrates that digital livestock tools are not a silver bullet for
AnGR management by small producers. Their potential to support the characterization, monitoring and
sustainable use of animal genetic resources depends critically on context-specific design, inclusive
governance arrangements and integration within broader institutional frameworks

The increasing use of sensors and automated systems has resulted in very large and complex datasets,
the effective use of which requires advanced analytical approaches. Big data analytics and Artificial
Intelligence techniques, including machine learning, are therefore becoming integral components of
modern ICTenabled livestock systems. These tools enable the identification of patterns, trends and
anomalies in highvolume datasets and reduce reliance on manual data analysis (Neethirajan &
Kemp, 2021). The two main fields of application of artificial intelligence to animal breeding relates
broadly to phenotype generation and predictive genetic modelling. While Artificial Intelligence and
machine learning technologies are increasingly used for generating phenotypes, especially considering
image and sensor data, artificial intelligence models do not necessarily outperform linear models, and
the application of artificial intelligence to tabular data is still posing significant challenges in the context
of genomic prediction (Morota et al., 2026). Also many of these applications remain under development
and that issues related to data quality, model validation, transparency, integration, and practical
deployment architectures must be addressed before widespread deployment at scale (Neethirajan &
Kemp, 2021; Morota et al., 2026; Guo et al., 2025).

Blockchain technologies are also being explored within livestock value chains, primarily to enhance
traceability, transparency, and data integrity. Potential applications include certification processes,
automated transactions, and secure recording of animal movements and product histories from farm to
market. Blockchain enables decentralized and immutable data storage, thereby increasing trust among
breeding organizations, producers and other stakeholders, facilitating data exchange across institutions,
and improving traceability along breeding and production chains (Yang ef al., 2025).While promising,
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these technologies remain at an early stage of adoption in most livestock systems and require further
evaluation in diverse production contexts (Neethirajan & Kemp, 2021).

Collectively, ICTs and Artificial Intelligence offer significant opportunities for improving the
management of animal genetic resources by strengthening identification systems, enhancing data
quality, and supporting more systematic monitoring of populations, performance and management
practices. At the same time, their effective use depends on enabling conditions, including appropriate
infrastructure, institutional arrangements, data governance frameworks, and capacity development. At
the global level, systems such as the FAO Domestic Animal Diversity Information System (DAD-IS)
illustrate how digital information systems can support the monitoring of national breed populations and
more informed decision-making on animal genetic resources. Reviews consistently note that barriers
such as connectivity limitations, energy requirements, technical complexity and skills gaps may
constrain adoption, particularly in small-scale and extensive systems (Akhigbe et al., 2021). In addition,
inconsistencies across livestock population datasets can complicate trend analysis and downstream
policy use unless data are carefully validated and reconciled (McKechnie et al., 2025). For animal
genetic resources management, it is therefore essential that ICT strategies are aligned with local realities
and that digital tools complement, rather than replace, established institutional processes for breeding,
conservation and stakeholder engagement.

3. Global overview of capacities on reproductive and molecular
biotechnologies

Similarly to the second report, countries were requested to report to what extent various molecular and
reproductive biotechnologies are used, on the basis of the list below (see the Second Report on the State
of the World’s Animal Genetic Resources, (FAO, 2015) for detailed descriptions):

1. Aurtificial insemination (Al)
Embryo transfer (ET)
Multiple ovulation and embryo transfer (MOET)

Semen sexing

Cloning

2

3

4

5. Invitro fertilization
6

7. Genetic engineering
8

Molecular genetic or genomic information
9. Transplantation of gonadal tissue

The country-report questionnaire requested countries to indicate the level of availability by providing a
score (by species): none; low (at experimental level only); medium (available to livestock keepers in
some locations or production systems); or high (widely available to livestock keepers). The responses
by region are summarized by in Tables 3E1 and 3E2, regarding the use of the technologies (score from
low to high for at least one of the big five species).

Artificial insemination remains by far the most widely used biotechnology, with 96 percent of reporting
countries indicating at least some level of use. In all regions except the Southwest Pacific, more than 90
percent of countries reported using Al. ET, the use of molecular genetic and genomic information, and
multiple ovulation and embryo transfer (MOET) are less widely applied, but still reported by 68, 59,
and 58 percent of countries, respectively. More than 80 percent of countries in Europe and North
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America reported using all three of these technologies. In Asia and Latin America and the Caribbean,
similar proportions of countries reported using ET and MOET, but fewer than half indicated the use of
molecular genetic and genomic information. Interestingly, 55 percent of Near East countries reported
using molecular genetic and genomic information, while only a minority reported applying ET (27
percent) or MOET (9 percent).

Table 3E1. Use of reproductive and molecular biotechnologies — regional breakdown

Artificial Molecular genetic or Multiple ovulation and
Number of q L. Embryo transfer L. i
Regions . insemination genomic information embryo transfer
countries
(%)
Africa 35 94 43 40 29
Asia 14 100 93 50 86
Southwest Pacific 2 50 0 0 0
Europe 31 100 94 94 84
Latin America and the Caribbean 17 94 82 47 82
Near East 11 91 27 55 9
North America 2 100 100 100 100
World 112 96 68 59 58

Notes: Figures indicate the proportion of countries reporting the use of specific biotechnologies for any of the big five
species.
Source: Country reports, 2025.

Regarding more advanced reproductive and molecular biotechnologies, semen sexing and in vitro
fertilization were moderately widely used, reported by 54 and 42 percent of countries, respectively.
Their use was concentrated mainly in North America, Europe, Latin America and the Caribbean, and
Asia. In contrast, only 14 percent, 12 percent, and 11 percent of countries reported using genetic
engineering, cloning, and transplantation of gonadal tissue. Notably, however, 50 percent of countries
in North America and 43 percent in Asia reported the use of cloning.

Table 3E2. Use of advanced reproductive and molecular biotechnologies — regional breakdown

Clonin Genetic In vitro Semen sexin Transplantation of
Regions Numberiol g engineering fertilization g gonadal tissue
countries
(%)

Africa 35 3 6 6 29 9
Asia 14 43 29 50 64 14

South west Pacific 2 0 0 0 0 0
Europe 31 6 10 71 84 13
Latin America and the Caribbean 17 12 24 71 76 12

Near East 11 9 18 18 0 0
North America 2 50 50 100 100 50
World 112 12 14 42 54 11

Notes: Figures indicate the proportion of countries reporting the use of specific biotechnologies for any of the big five
species.
Source: Country reports, 2025.

Table 3E3 presents the use of the various technologies across all 28 species groups covered in the
country questionnaires. A larger proportion of countries reported using these technologies for the “big
five” species, with the exception of chicken, for which only transplantation of gonadal tissue showed
slightly higher usage compared to other species. For the four other species for instance, a majority of
countries reported the use of artificial insemination. Among the minor species, only horses and buffaloes
were reported to have relatively widespread use of the technologies (with mithun also showing notable
use of Al and ET). It is also noteworthy that 36 percent and 30 percent of countries reported the use of
artificial insemination and molecular genetic and genomic information, respectively, for managed bees.
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Table 3E3. Use of reproductive and molecular technologies for all species

Number of Molecular M“"i’_"e .
R - X owlation . . Transplantation
Category Species cour}trles . Artnﬁcnall Embryo genencAor and Semen Ir.1‘v|tr<l) Cloning ngeng of gonadal
reportlng the | insemination | transfer . genom!c embryo sexing | fertilization engineering tissue
species information transfer

Dairy cattle 101 96 69 53 59 55 44 11 10 6
Beef cattle 90 88 63 48 54 48 41 8 9 6
Big fve Multipurpose cattle 89 88 51 52 43 33 33 6 4 3
species Sheep 108 59 31 45 21 4 15 7 6 1
Goats 109 61 24 40 18 4 13 6 6 2
Pigs 96 78 19 35 16 8 10 7 8 2
Chickens 108 33 1 22 1 3 2 1 6 7
Alpacas 6 17 17 17 17 0 0 17 0 0
Asses 41 24 10 22 5 0 5 2 0 0
Bactrian camels 9 22 11 22 11 0 11 0 0 0
Buffaloes 32 81 31 31 25 13 28 3 0 0
Deer 11 18 9 27 0 18 0 0 0
Other Dromedaries 27 15 7 19 4 0 4 0 0 0
mammals Guinea pigs 8 13 0 0 0 0 0 0 0
Horses 85 66 42 34 26 5 18 5 5 1
Llamas 5 20 20 0 20 0 0 0 0 0
Mithun 3 67 33 0 0 0 0 0 0 0
Rabbits 58 19 2 16 2 0 2 2 3 0
Yaks 6 33 17 17 0 0 0 0 0 0
Ducks 59 8 0 14 0 2 0 0 0 0
Geese 39 13 0 18 0 0 0 0 0 0
Guinea fowls 29 7 0 10 0 0 0 0 0 0
Other Muscowy ducks 18 0 0 0 0 0 0 0 0 0
poultries Ostriches 19 5 0 11 0 5 5 5 5 5
Pigeons 29 3 0 7 0 0 0 0 0 0
Quails 27 i/ 0 7 0 0 0 0 4 0
Turkeys 37 11 0 16 0 0 0 0 3 3
Bees Managed bee 74 36 1 30 0 3 1 0 0 0

Notes: Figures indicate the proportion of countries reporting the use of specific biotechnologies at least at a low level
Source: Country reports, 2025.

Table 3E4 provides a species-specific breakdown of the reported scores for the availability of different
technologies across the five major livestock species, while Figure 3E1 illustrates the frequency
distribution of these availability scores by region and species. Only in the case of dairy cattle and
artificial insemination (Al) was the average availability reported between medium and high (i.e. between
2 and 3), meaning “available to livestock keepers in some locations or production systems” to “widely
available to livestock keepers.” For all other species, the average availability of Al was reported between
low (“at experimental level only”) and medium for meat and multipurpose cattle and pigs, and lower
still for the remaining species. This aligns with the finding that dairy cattle was the only category in
which a majority of countries (59 percent) indicated that Al was widely available. By contrast, only
about 25 percent of countries reported wide availability of Al for meat and multipurpose cattle and pigs.
To address persistent constraints in access to artificial insemination services, innovative delivery models
have emerged, including drone-enabled semen delivery in Rwanda (Box 2E4).

Box 2E4. Drone-enabled semen delivery in Rwanda: a model for last-mile reproductive services.

In Rwanda, drone-enabled delivery of pig semen has emerged as a practical innovation for strengthening
access to Al services in rural areas. Implemented through collaboration among the Rwanda Agriculture
and Animal Resources Development Board (RAB), Zipline, and the USAID Orora Wihaze project, the
system addresses a key operational constraint in reproductive biotechnology: the timely transport of
semen to points of use while maintaining quality and minimizing delays. This challenge is particularly
acute in smallholder systems, where distance, limited transport options and uneven service coverage
often restrict access to Al, thereby constraining the uptake of improved breeding services (Marshall &
Hirwa, 2024; Manikuzwe ef al., 2026).

The relevance of this model to AnGR management lies in its capacity to extend the practical use of
reproductive technologies without requiring livestock keepers to be located close to semen production
or storage facilities. In the Rwandan pig sector, drone delivery has been described as unique in East
Africa, with semen transported from two distribution centres to veterinarians and service providers
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across different regions of the country. Recent peer-reviewed analysis indicates that drone-enabled
semen delivery has improved service responsiveness in rural settings and, when combined with training
and awareness-raising activities, has helped reduce cold-chain failures and losses due to expired semen,
thereby improving Al outcomes in the intervention areas (Manikuzwe et al.,2026). The project is
estimated to have resulted in 4 489 inseminations and 28 553 piglets, generating a total economic impact
of approximately USD 2.3 million.

Beyond the Rwandan context, this example highlights that the effectiveness of reproductive
biotechnologies depends not only on biological techniques, but also on the systems that enable the
movement of germplasm, information and services. In this sense, drone-enabled delivery provides an
illustrative case of how digital and transport innovations can support the wider use of reproductive
technologies in livestock systems where conventional infrastructure remains weak. At the same time,
the contribution of such approaches to AnGR management will depend on the extent to which they are
integrated into coherent breeding strategies and made accessible across diverse production systems.

For the other technologies, average availability was reported between low and medium for ET in both
dairy and beef cattle, and for semen sexing, MOET, and the use of molecular genetic and genomic
information in the case of dairy cattle. Regionally, Europe and North America were the only regions in
which the average availability of Al exceeded 40 percent across the five major species. In North
America, the use of molecular genetic and genomic information was the only other technology reported
as widely available for a majority of species (77 percent). North America also reported medium to high
levels of availability for ET and MOET in most species X country combination, while Europe reported
medium to high availability specifically for molecular genetic and genomic information in a majority of
cases.

Outside these regions, most countries reported that the majority of technologies were not available
beyond the experimental level. In particular, cloning, genetic engineering, and transplantation of
gonadal tissue all received average scores barely above 0.1, indicating that their use remains almost
exclusively experimental. For this reason, results for these three technologies are not displayed in
Figures 3E1 and 3E2.
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Table 3E4. Level of availability of reproductive and molecular technologies for use in livestock

roduction — big five species

Multi-purpose

Dairy cattle Beef cattle cattle Chickens Goats Pigs Sheep
Technology
n =101 n =90 n=89 n =108 n=109 n =96 n =108
t | S core t S core t | S core t | Score t | S core t | Score | t | S core
Artificial insemination 97 24 79 1.7 78 1.7 36 04 66 0.9 75 1.7 64 0.9
Cloning 11 0.1 7 0.1 5 0.1 1 00 6 0.1 7 0.1 8 0.1
Embryo transfer 70 1.2 57 1.1 45 0.8 1 00 26 0.3 18 0.3 33 04
Genetic engineering 10 0.1 8 0.1 4 0.0 7 0.1 7 0.1 8§ 0.1 7 0.1
In vitro fertilization 44 0.7 37 0.6 29 0.6 2 00 14 0.1 10 0.1 16 0.2
Molecular genetic or genomic
R L 54 1.0 43 09 46 0.9 24 04 44 0.6 34 07 49 0.7
information
Multiple ovulation and embryo transfer | 60 1.1 49 09 38 0.7 1 00 20 02 15 02 23 03
Semen sexing 56 1.1 43 0.7 29 0.6 300 4 0.0 8 0.1 4 0.0
Transplantation of gonadal tissue 6 0.1 5 0.1 300 8 0.1 2 00 2 00 1 0.0

Note: Availability was scored on the following scale: none (0); low — at experimental level only (1); medium — available to
livestock keepers in some locations or production systems (2); or high — widely available to livestock keepers (3). Responding
to this question was optional. The scores shown are averages for the countries that provided answers to this question.

Source: Country reports, 2014.
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Figure 3E1. Level of availability of reproductive technologies (big five species)

Species breakdown

Regional breakdown
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Notes: The bar charts show the proportion of responses falling into the none, low, medium and high categories of level of
availability (see legend). The charts on the left show the overall proportion of countries that provided the respective response
for the respective species. The charts on the right show the proportion of answers (country X species combinations) from the
respective region falling into the respective category.

Source: Country reports,

2025.

Textual comments from countries corroborated the increased use of Al in cattle, with India noting that
Al is now also used in the field for buffalo, while most other reproductive technologies remain at an
experimental stage. Colombia emphasized that the widespread adoption of Al is strongly dependent on
the availability of skilled personnel and efficient commercial distribution networks. Several countries
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also highlighted constraints: Guinea, for example, reported insufficient technical expertise, an
inadequate number of trained technicians, difficulties obtaining liquid nitrogen, and problems related to
inputs and storage infrastructure. Peru noted that although only a minority of small- and medium-scale
producers currently apply reproductive biotechnologies like Al, the proportion has doubled over the last
decade. The country reported active experimental work on South American camelids and guinea pigs,
while underlining challenges linked to species-specific reproductive physiology.

Regarding other technologies, Brazil reported widespread use of in vitro fertilization and ET, mainly in
cattle but also, to a lesser extent, in horses and sheep. Countries such as Denmark and Namibia
highlighted the wide use of genomic selection in commercial breeds, while—beyond breeding
applications—many countries reported genotyping or whole-genome sequencing of local populations
(for example, the Philippines for Swamp buffalo). By contrast, Saudi Arabia indicated that it is still at
an early stage of applying reproductive and molecular technologies, supported by the recent
establishment of a center of excellence in genomic technologies for animal breeding.

On cloning, the Republic of Korea indicated that national institutions and companies are producing
transgenic cloned pigs for organ transplantation, whereas India reported being the first country in the
world to clone a buffalo using a hand-guided technique. With regard to genetic engineering, countries
reported results mostly at experimental stage, such as Peru’s use of CRISPR-Cas9 gene knockout of
myostatin in guinea pigs to enhance muscularity, or Poland’s cloning of genetically modified pigs with
humanized immune systems, as well as work on transgenic goats and chimeric cloning in rabbits.

Beyond these examples, countries identified several factors limiting the adoption of biotechnologies,
including shortages of skilled personnel, insufficient infrastructure, high costs, limited funding, and
public or user acceptance issues. Cote d’Ivoire, for instance, explained that because the main national
facility for producing semen and training technicians no longer exists, the country has become dependent
on external suppliers. South Africa noted that adoption in low-input systems remains difficult due to
cost, limited awareness, inadequate training, and resource constraints. Portugal pointed to rising costs,
exacerbated by limited technical and logistical capacity, along with the aging demographic of producers,
as key barriers to expanding the use of these technologies.

Figure 3D2 compares the average availability levels of the reproductive technologies described above
with the corresponding results from the second SoW-AnGR reporting cycle, considering only the 93
countries that participated in both processes (big five species). Relative progress was reported for the
use of molecular genetic and genomic information (+0.3 on average) and for artificial insemination (+0.2
on average). For ET, MOET, semen sexing and in vitro fertilization, progress was limited (+0.1). No
progress was reported for cloning, genetic engineering, or transplantation of gonadal tissue (data not
shown). Progress were more marked for cattle (+0.2), more limited for other mammals (+0.1) and no
progress was observed for chicken.
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Figure 3E2. Progress in the level of availability of reproductive technologies between 2014 and
2025 (big five species)
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Notes: Level of availability was scored none (0), low (1), medium (2) or high (3) by the 93 countries having answered to both
2014 and 2025 reports. The scores shown represent averages calculated across the countries that reported data for each
species, with missing responses for this question in the 2014 report treated as a score of 0.

Source: Country reports, 2014, 2025.

To assess differences between production systems (see the Second Report on the State of the World’s
Animal Genetic Resources, (FAO, 2015) for detailed descriptions) in the use of artificial insemination
(Al), as well as in the sources of semen used, countries were asked to indicate, using a scoring system,
the relative contributions of the following to the total number of matings/inseminations in each
production system present in the country: natural mating, Al using semen from locally adapted breeds,
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Al using nationally produced semen from exotic breeds, and Al using imported semen. The summarized
results are shown in Table 3E5. Across the various production systems considered, industrial systems
were reported to rely less on natural mating for all four major mammalian species and to make greater
use of imported semen from exotic breeds, particularly in the case of dairy cattle and pigs. In most
species and production systems, the three forms of Al use (locally adapted breeds, nationally produced
semen from exotic breeds, and imported semen) were reported at roughly similar levels. The main
exception was dairy cattle, for which countries indicated a greater reliance on imported semen from
exotic breeds. In contrast, pastoral production systems were reported to make the least use of imported
semen from exotic breeds; however, they were not consistently reported to rely more on natural mating
than other non-industrial systems. Overall, cattle and pigs (particularly within industrial systems)
showed a higher reliance on Al in general, whereas goats and sheep were reported to depend more
heavily on natural mating, regardless of production system.

Table 3ES. Level of use of artificial insemination and sources of semen (four main mammals
species considered)

Imported semen from exotic | Nationally produced semen | Semen from locally adapted .
Species Production system breeds from exotic breeds breeds Natural mating
Score (0-3)

Pastoralist 0.8 0.5 0.7 1.5

Ranching 1.4 1.1 1.0 1.5

Dairy cattle|Mixed farming 1.5 1.1 1.0 15

Small-scale (peri)urban ~ |1:3 0.9 0.7 1.4

Industrial 1.8 1.1 1.0 1.0

Pastoralist 0.7 0.5 0.5 1.9

Ranching 12 0.9 0.8 23

Beef cattle | M ixed farming 1.0 0.8 0.8 2.2

Small-scale (peri)urban  |0:7 0.5 0.5 1.6

Industrial 1.0 0.7 0.6 1.4

Pastoralist 0.8 0.7 0.6 22

. Ranching 12 1.0 0.9 2.5
Multipurpo

secattle |Mixed farming 1.1 0.9 1.0 22

Small-scale (peri)urban  |0:9 0.7 0.6 1.8

Industrial 1.1 0.8 0.7 1.1

Pastoralist 0.2 0.2 0.2 22

Ranching 0.4 0.3 0.3 2.6

Goat  Mixed farming 0.4 03 0.4 25

Small-scale (perijurban  [0:3 0.2 0.2 23

Industrial 0.5 0.3 0.4 1.8

Pastoralist 0.3 0.2 0.1 1.6

Ranching 0.5 0.4 0.3 2.0

Pig  |Mixed farming 0.6 0.8 0.6 2.0

Small-scale (perijurban  [0:5 0.6 0.3 1.9

Industrial 12 1.4 0.9 1.4

Pastoralist 0.2 0.2 0.3 22

Ranching 0.4 0.3 0.4 2.5

Sheep  |Mixed farming 0.3 0.3 0.3 24

Small-scale (peri)urban ~ |0:2 0.2 0.2 2.1

Industrial 0.4 0.5 0.4 1.7

Note: The figures represent average scores for the extent to which artificial insemination and natural mating is used in the
respective species in the respective production system. The following scoring system was used: none (0); low — approximately
<33% of matings — (1); medium — approximately 33—66% of matings — (2); high — approximately >67% of matings — (3), or
“production system not present in this country”. Countries where a given species X production system combinations does not
exist were excluded from the calculation of the respective average score.

Source: Country reports, 2025.
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4.  Stakeholders involved in service provision and research on
reproductive and molecular biotechnologies

The country-report questionnaire asked countries to indicate which stakeholders are involved in
providing Al and ET services to livestock keepers, selecting from a list that included the public sector,
breeders’ associations or cooperatives, national non-governmental organizations (NGOs), donors and
development agencies, national commercial companies, and external commercial companies. The
results are summarized in Table 3E6. Globally, the public sector, breeders’ associations or cooperatives,
and national commercial companies emerged as the main providers of these services, although regional
differences are notable. In Asia, almost all countries reported involvement of the public sector (100
percent for Al). In Europe, Latin America and the Caribbean, a large proportion of countries highlighted
the involvement of breeders’ associations or cooperatives. Countries in these two regions, as well as in
Asia, also frequently reported the involvement of national commercial companies. In contrast, in Africa,
a majority of countries indicated that national NGOs play an important role in delivering Al services,
significantly above the global average of 34 percent.

Table 3E6. Stakeholder involvement in the provision of artificial insemination and embryo
transfer services

Breeders’ Donors and External National National non-
. Number of | associations or development reial cial governmental Public sector
Regions Technology countries cooperatives agencies i pani organizations

Africa Al ot

ET 33

q Al 13

Asia
ET 13
Al 2
Southwest Pacific

ET 2

En Al 30

rope

ET 28

Latin America & the Al 17
Caribbean ET 16
Al 11

Near East

ET 11

North America Al 2
ET 2
‘World -~ o
ET 105

Notes: Al = artificial insemination; ET = embryo transfer. “Number of countries” = the number of countries that report the
availability of the respective technology at least at a low level for at least one species.
Source: Country reports, 2025.

In their reports, countries detail a range of modalities regarding the provision of reproductive and
molecular biotechnologies, from Algeria, indicating that a National Al Centre (CNIAAG) under the
Ministry provides almost all semen from improved or imported cattle, to United States of America,
underlining an implementation primarily by private companies in competitive markets. In many case,
multiparner governance arrangements are reported, with Austria combining public institutions, breeding
associations, NGOs, and commercial companies for AI, ET/MOET and genomic services, and Italy
assigning breed societies to manage selection schemes, private companies to produce and market
germplasm, and the government to regulate germplasm trade, all together illustrating coordinated,
multi-actor systems for implementing AnGR biotechnologies. On the other hand, challenges are also
reported in the governance, infrastructure, and especially human capacities, Botswana reporting for
instance, that due to the limited numbers of skilled personnel on ET in the country, some farmers
outsource such service from external companies especially from South Africa. In that extent, a wide
range of stakeholders are involved, often jointly, in building capacities for biotechnology
implementation, Malawi and Uganda reporting public institutions, farmer organizations, NGOs and
commercial companies collaborate extensively in training and technology transfer. In some case,
research and universities are reported to involved in the commercialization of semen, and in 2023, the
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Ministry of Agricultural Development and Irrigation of Peru granted certification to the Toribio
Rodriguez de Mendoza National University to market genetic material (semen and embryos)
nationwide. France also underlined re-configuration of the breeding programme governance around
genomic data, with for instance increasing use of sexed semen distributed by international commercial
companies.

Countries were also asked to indicate whether they are conducting research on the biotechnologies
discussed in this section. The results are summarized in Tables 3E7 and 3ES8. Regarding reproductive
biotechnologies, Al was reported as a topic of national-level research by a majority of countries in all
regions except the Southwest Pacific. Similarly, more than half of the countries in North America, Asia,
Europe, and Latin America and the Caribbean reported conducting national research on MOET and in
vitro fertilization. Globally, one third of countries—and a majority only in North America and Asia—
reported national-level research on semen sexing. Fewer than 20 percent of countries indicated research
on cloning. In general, international collaboration was reported less frequently than national-level
research. The main exception was the Near East, where the proportion of countries reporting
international collaboration was similar to, or in the case of semen sexing even greater than, the
proportion reporting national research.

Table 3E7. Proportion of countries reporting research on reproductive biotechnologies

Artificial insemination Embryo transfer or MOET Semen sexing In vitro fertilization Cloning
- Number of
Regions ri
countries | National | International | National | International | National | International | N 1 [ International | National | Inter
%
A 3 leo 54 34 34 6 14 17 17 5 9
- ik 100 43 86 43 64 36 64 29 43 21
LEED 3 g7 55 81 45 48 45 71 48 26 26
Southwest Pacific 2 0 0 0 0 0 0 0 0 0 0
Latin America & the 17
Caribbean 71 41 65 35 47 18 71 24 18 12
NGETP 1t 1t 64 64 27 27 18 36 27 27 9 9
RHoh AT 2 100 50 100 50 100 50 100 50 50 0
Bord 2 5 51 58 38 34 29 48 29 18 15

Note: “National” refers to public or private research at national level and “international” refers to research undertaken as
part of international collaboration.
Source: Country reports, 2025

When considering research on molecular biotechnologies, fewer than 20 percent of countries worldwide
reported activities, either at the national or international level, related to genetic engineering.
Approximately half of all countries indicated that they are conducting research on the use of molecular
genetic or genomic information, with a larger proportion focusing on the estimation of genetic diversity
than on breeding-value prediction, and an even smaller proportion on adaptedness. The proportion of
countries reporting such research was particularly high in North America and Europe. However, even
in Africa, Latin America and the Caribbean, and the Near East, almost half of the countries reported
conducting research on the estimation of genetic diversity. As with reproductive biotechnologies, a
slightly larger proportion of countries reported research conducted at the national level compared with
those reporting international collaboration.



725

726
727
728
729

730
731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746

747
748

749
750

751
752
753
754
755
756
757
758

PART 2 — The state of capacities 21

Table 3E8. Proportion of countries reporting research on molecular biotechnologies

Use of molecular genetic or genomic information
Genetic engineering for estimation of genetic for prediction of breeding
. q A for research on adaptedness
. Number of diversity values
Regions .
countries
National | International | National | International | National International National International
%
Africa & 6 14 49 46 29 37 29 31
Asia 4 21 86 29 57 21 57 21
Southwest pacific 2 0 0 0 0 0 0 0 0
Europe S 19 90 84 87 G g 65
Latin America & the 17
Caribbean 24 24 47 35 59 29 35 18
Near East e 0 45 36 9 9 18 18
North America 2 100 50 100 100 100 50 100 50
World 12 g 17 64 52 52 2 46 36

Note: “National” refers to public or private research at national level; “international’ refers to research undertaken as part
of international collaboration.
Source: Country reports, 2025

Countries reported a wide range of research activities undertaken at the national level. For example,
Argentina described extensive public—private research on topics ranging from hormonal protocols for
Al and cryopreservation of gametes and embryos, to the development of gene-editing platforms, as well
as the selection of disease-resistant bee lines using controlled crossbreeding and instrumental
insemination. Ethiopia highlighted molecular genetic research conducted mainly within academic
institutions, particularly postgraduate studies focused on the characterization and adaptive traits of
indigenous AnGR. In several cases, countries also identified important research gaps. Tunisia noted a
national shortfall in° molecular-level research despite progress in characterization and evaluation
methods, while Cambodia reported the absence of biotechnology-related research due to a lack of
supporting projects, funding, facilities, and qualified personnel. Examples of international collaboration
were equally diverse. Pakistan reported undertaking ET research in partnership with a Chinese company,
alongside collaborative work with U.S. agencies on the application of genomic tools for breeding
evaluation in goats. Yemen, in cooperation with the Arab Center for the Studies of Arid Zones and Dry
Lands (ACSAD), implemented artificial insemination using frozen Awassi sheep semen to test crosses
with local breeds under research-station conditions. The Republic of Korea highlighted an international
dairy-cattle genetic evaluation programme jointly developed with the German organization Vereinigte
Informationssysteme Tierhaltung w.V. (VIT).

5.  Report on capacities in information and communication
technologies

Although no question in the country questionnaire addressed the use of information and communication
technologies (ICTs) directly, the topic was raised repeatedly in the comments. In Europe in particular,
countries such as Norway and Ireland highlighted the major impact of precision agriculture and
digitalization on livestock management systems. Senegal reported that, while reproductive
biotechnologies have been theoretically available for more than 30 years, their uptake remains limited
due to financial, infrastructural and capacity constraints, in contrast to digital tools that support
electronic payments or provide access to market price information. Several other countries, including
Slovenia, Thailand and Uganda, also emphasized the role of digital platforms and tools in streamlining
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data collection, shaping consumer preferences and raising awareness of the importance of animal genetic
resources (crossference to Box 2B1).

6. Conclusions and priorities

Over the past decade, reproductive and molecular biotechnologies have continued to expand their
technical maturity and scope, with artificial insemination remaining the most widely applied and
operationally established tool across livestock species. Progress has been most evident in the refinement
and integration of established reproductive technologies, improvements in quality control and
efficiency, and the progressive incorporation of genomic and other molecular approaches into
characterization and breeding programmes. Nevertheless, adoption remains more than ever highly
uneven across regions, species and production systems, reflecting persistent constraints related to
infrastructure, funding, skilled human resources, governance arrangements and socioethical
considerations. The involvement of stakeholders in the provision of related services varies markedly
across regions, with differing roles played by public institutions, breeders’ organizations, commercial
companies, non-governmental organizations and international actors. Advanced technologies such as
cloning, genetic engineering and gonadal tissue transplantation continue to be largely confined to
experimental settings, while the practical use of molecular and omicsbased tools beyond major
commercial species remains limited.

At the same time, rapid advances in information and communication technologies have become an
increasingly important enabling factor for animal genetic resources management, supporting data
generation, integration and decision support across breeding, conservation and production contexts.
Precision livestock farming, sensor technologies, automation and data-driven management tools are now
well established in intensive systems and are beginning to offer applications relevant to a wider range
of production environments. However, their effective contribution to AnGR management depends on
addressing challenges related to data quality, interoperability, governance and equitable access,
particularly in lowinput and extensive systems. Looking ahead, strengthening national capacities will
require coordinated investments in infrastructure, skills development and institutional frameworks, as
well as the strategic integration of reproductive, molecular and digital technologies within coherent and
sustainable AnGR management strategies.
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