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Abstract 

 

Assisted reproductive technologies (ART) have transformed livestock production by 

shortening generation intervals, accelerating genetic gain, and extending the reproductive 

contribution of genetically superior animals. From artificial insemination (AI), the oldest and 

most widely adopted ART, to estrus synchronization and timed-AI protocols, embryo transfer 

(ET), ovum pick-up combined with in vitro embryo production (OPU-IVEP), sexed semen, 

and cryopreservation of gametes and embryos, these technologies now underpin modern 

breeding programmes across dairy, beef, and small-ruminant sectors. Their integration with 

genomic selection has further sharpened the precision of genetic improvement, while 

emerging tools such as somatic cell nuclear transfer and genome editing hold promise for 

disease resistance, climate resilience, and conservation of indigenous breeds. This chapter 

reviews the principles, current applications, and comparative advantages of the major ART 

platforms used in livestock reproduction, with particular emphasis on cattle and buffalo, and 

examines the biological, technical, and economic constraints that still limit their uptake in 

smallholder systems. It also outlines the likely trajectory of next-generation reproductive 

biotechnologies. A clear working understanding of these tools is essential for veterinarians, 

animal breeders, and policy makers seeking to translate laboratory advances into field-level 

productivity gains, particularly in the tropical and indigenous breeds where reproductive 

inefficiency remains a persistent constraint on dairy and beef enterprise profitability. 

Keywords: Assisted reproductive technology; Artificial insemination; Embryo transfer; 

Ovum pick-up; In vitro embryo production; Genomic selection.

1. Introduction 
Reproductive efficiency is the single 

most important driver of profitability in dairy 

and beef enterprises. A cow or buffalo that 

fails to conceive on time, or that carries a calf 

only once in two years instead of annually, 

imposes a direct economic cost through 

extended calving intervals, reduced lifetime 

milk yield, and higher replacement rates. In 

tropical and indigenous breeds, this problem is 

compounded by delayed puberty, silent estrus, 

seasonal anestrus, and heat-stress-related sub-

fertility, all of which slow the rate at which 

superior genetics can be multiplied across a 

population. 

Assisted reproductive technologies 

(ART) is the umbrella term for the set of 

biotechnological interventions developed to 

overcome these natural constraints and to 

accelerate genetic improvement. The field has 
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evolved in successive waves: artificial 

insemination (AI) was the first ART to see 

widespread commercial use, from the early 

twentieth century onward; multiple ovulation 

and embryo transfer (MOET) followed in the 

1970s and 1980s as a means of multiplying 

offspring from elite donor females; ovum 

pick-up combined with in vitro embryo 

production (OPU-IVEP) matured through the 

1990s and 2000s as a way of harvesting 

oocytes directly from live donors without the 

need for superovulation; sexed semen became 

commercially viable in the 2000s; and, most 

recently, genomic selection has been layered 

on top of all of these technologies to identify 

genetically superior animals earlier and with 

greater accuracy, without waiting for progeny 

performance data. 

This chapter surveys the principal ART 

platforms in current use, describes how they 

complement one another in an integrated 

breeding programme, and considers the 

practical constraints - cost, infrastructure, and 

technical skill - that determine how far these 

technologies can realistically be extended 

from research stations and elite commercial 

herds into smallholder and indigenous-breed 

conservation settings, which together account 

for the majority of livestock holdings in 

countries such as India. 

2. Artificial Insemination: The Foundation 

Technology 
Artificial insemination remains the most 

widely adopted reproductive biotechnology in 

livestock and the platform on which most 

other ART depend, since cryopreserved semen 

is itself a prerequisite for embryo transfer, 

IVEP, and sexed-semen programmes. AI 

allows the genetics of a single proven sire to 

be disseminated across thousands of females 

across a wide geographic area, without the 

disease-transmission risk, cost, and logistical 

difficulty of maintaining and transporting 

breeding bulls. 

The technology rests on a well-

established pipeline: semen collection from 

screened, disease-free bulls using an artificial 

vagina or electroejaculation; laboratory 

evaluation of concentration, motility, and 

morphology; dilution in an extender that 

protects sperm during cooling and freezing; 

packaging into 0.25 or 0.5 mL straws; and 

cryopreservation in liquid nitrogen at -196°C, 

which permits indefinite storage. At the field 

level, success continues to depend heavily on 

accurate and timely estrus detection - still 

widely regarded as the single largest constraint 

to AI conception rates in buffaloes and in 

tropical cattle breeds, where estrus signs are 

frequently subtle or silent. 

3. Estrus Synchronization and Timed 

Artificial Insemination 
Hormonal synchronization protocols 

were developed specifically to remove the 

dependence of AI programmes on visual estrus 

detection. Prostaglandin F2α-based protocols 

synchronize luteolysis in animals with a 

functional corpus luteum, while GnRH - 

PGF2α - GnRH regimens (Ovsynch-type 

protocols) and progesterone-releasing 

intravaginal devices (such as CIDR or PRID 

inserts) allow precise control of follicular 

wave emergence and ovulation, so that a 

fixed-time insemination can be performed 

without any estrus observation at all. 

Timed AI (TAI) protocols have made it 

practical to inseminate large groups of animals 

on a predetermined schedule, which is 

particularly valuable in seasonal breeding 

programmes and in large commercial dairy 

operations where labour for round-the-clock 

estrus detection is limited. In buffalo and in 

Bos indicus cattle, where estrus expression is 

weaker and often nocturnal, TAI protocols 

have measurably improved AI uptake and 

first-service conception rates compared with 

detection-dependent breeding. 

4. Embryo Transfer Technology 
Embryo transfer (ET) multiplies the 

reproductive output of a genetically elite donor 

female well beyond her natural capacity of one 

calf per year. A donor is superovulated with 

repeated injections of follicle-stimulating 

hormone (FSH) over several days to recruit 

multiple ovulatory follicles, inseminated at the 

appropriate time, and her embryos are non-

surgically flushed from the uterus roughly 

seven days later. Recovered embryos are 

graded morphologically (commonly following 

IETS classification criteria) and either 
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transferred fresh, non-surgically, into 

synchronized recipient females, or 

cryopreserved for later use or transport. 

The chief advantage of conventional ET 

over natural service or AI alone is genetic: it 

allows the female side of the pedigree - 

historically the slower half of genetic 

improvement, since a cow can produce far 

fewer offspring than a bull - to contribute 

disproportionately to the next generation. 

Combined with sexed semen and embryo 

sexing, ET programmes can be steered to 

produce predominantly female offspring from 

elite dairy donors, or predominantly male 

offspring from elite beef sires. 

5. Ovum Pick-Up and In Vitro Embryo 

Production (OPU-IVEP) 
Ovum pick-up is a transvaginal, 

ultrasound-guided technique in which a needle 

mounted on an ultrasound probe is used to 

aspirate oocytes directly from ovarian 

follicles, without surgery and without the need 

to superovulate the donor beforehand. 

Recovered cumulus-oocyte complexes are 

matured in vitro (IVM), fertilized in vitro 

(IVF) using either conventional or sexed 

semen, and cultured (IVC) for approximately 

seven days until they reach the blastocyst 

stage, at which point they can be transferred 

fresh or cryopreserved. 

OPU-IVEP has several practical 

advantages over conventional superovulation-

based ET. It can be repeated at short intervals - 

typically every one to two weeks - from the 

same donor, including from prepubertal 

heifers, pregnant cows in early-to-mid 

gestation, and donors that respond poorly or 

unpredictably to hormonal superovulation. 

This makes it an especially valuable tool for 

rescuing genetic material from valuable but 

sub-fertile, aged, or otherwise reproductively 

compromised animals, and for accelerating the 

multiplication of numerically scarce 

indigenous breeds and their unique adaptive 

traits, such as heat tolerance and disease 

resistance. Recovery rates and embryo yield 

are influenced by donor-specific factors 

(breed, age, parity, follicular status) and by 

technical parameters of the aspiration 

procedure itself, including the vacuum 

pressure used during follicular aspiration, 

which affects both the number of oocytes 

recovered and the proportion that are 

morphologically viable and competent to 

develop to the blastocyst stage. 

6. Sexed Semen Technology 
Sperm-sexing technology exploits the 

roughly 3 - 4 percent difference in DNA 

content between X- and Y-chromosome-

bearing bovine sperm, which is measurable by 

flow cytometry after staining sperm nuclei 

with a DNA-binding fluorescent dye. Flow-

sorted sperm are separated into X-enriched 

and Y-enriched populations at a purity 

typically in the range of 90 percent or higher, 

allowing breeders to bias the sex ratio of 

offspring in a predetermined direction. 

In dairy systems, heifer-biased (X-sorted) 

sexed semen is used on the most genetically 

valuable females to maximize the production 

of replacement heifers from elite dams, while 

conventional or Y-sorted semen, or 

crossbreeding to a beef sire, is used on lower-

merit animals. In beef systems the reverse bias 

may be preferred. The principal trade-offs of 

sexed semen relative to conventional semen 

are a lower sperm dose per straw (owing to the 

losses inherent in flow sorting) and, 

historically, a somewhat lower conception 

rate, although these gaps have narrowed 

considerably as sorting and handling protocols 

have improved. 

7. Cryopreservation of Gametes and 

Embryos 
Semen cryopreservation is the most 

mature of the cryobiological technologies in 

livestock reproduction and is what made AI 

practical at scale in the first place, since it 

decouples semen collection from the moment 

and place of insemination and allows 

indefinite storage in liquid nitrogen. Oocyte 

and embryo cryopreservation are technically 

more demanding, because oocytes and early 

embryos are considerably more sensitive to 

chilling injury and to the formation of 

intracellular ice crystals than mature 

spermatozoa. 

Two broad approaches are used: slow, 

programmable freezing, and vitrification, an 

ultra-rapid cooling method that avoids ice-
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crystal formation altogether by using very high 

concentrations of cryoprotectant. Vitrification 

has become the preferred method for embryos 

in most modern IVEP laboratories owing to its 

simplicity and generally favourable post-thaw 

survival and pregnancy rates. Beyond routine 

breeding use, cryopreservation of semen, 

oocytes, and embryos underpins germplasm 

biobanking, which is of particular strategic 

importance for the long-term conservation of 

indigenous and endangered breeds whose 

numbers are too small to rely on live-animal 

conservation alone. 

8. Genomic Selection and Its Integration 

with ART 
Genomic selection, which became 

commercially available in dairy cattle 

breeding from around 2008 onward, uses 

dense single-nucleotide-polymorphism (SNP) 

marker panels to estimate an animal's genetic 

merit directly from its DNA, without waiting 

for progeny performance records. This has 

dramatically shortened the generation interval 

in progressive dairy breeding programmes, 

because young bulls and heifers can now be 

selected for breeding, or for use as ET/OPU 

donors, on the basis of a genomic breeding 

value calculated within weeks of birth rather 

than after years of progeny testing. 

The real power of genomic selection in 

modern breeding programmes comes from its 

integration with the other ART platforms 

described above: a genomically elite heifer 

calf can be flushed for OPU-IVEP within 

months of birth, her embryos sexed and 

transferred into recipients, and her sons 

collected for sexed semen while she herself is 

still a maiden heifer - compressing what would 

once have taken multiple generations into a 

fraction of the time. Extending reference 

populations and genomic evaluation to 

indigenous and crossbred populations in 

tropical countries remains an active area of 

development, since most existing genomic 

reference panels were built primarily on 

temperate dairy breeds. 

9. Emerging and Future Technologies 
Somatic cell nuclear transfer (SCNT), 

popularly known as cloning, was first 

demonstrated as viable in mammals with the 

birth of Dolly the sheep in 1997, and has since 

been used experimentally and commercially to 

propagate individual animals of exceptional 

genetic or economic value, and to attempt the 

preservation of endangered breeds. Its 

efficiency, however, remains low relative to 

conventional reproduction, and the cost per 

live offspring is correspondingly high, which 

has confined its use largely to elite seedstock 

multiplication and research rather than routine 

field application. 

Genome editing, principally using 

CRISPR-Cas9 and related tools, allows 

precise, targeted modification of specific 

genes rather than the random gene transfer 

used in earlier transgenic approaches. 

Applications under active development in 

livestock include disease resistance (for 

example, editing the CD163 gene associated 

with susceptibility to porcine reproductive and 

respiratory syndrome in pigs), the introduction 

of the naturally occurring polled (hornless) 

allele into horned dairy breeds to avoid the 

welfare cost of dehorning, and the 

introgression of heat-tolerance alleles, such as 

the "slick" hair coat gene, into breeds adapted 

to temperate climates. Regulatory frameworks 

for gene-edited livestock remain unsettled in 

most jurisdictions, including India, and will 

need to mature considerably before these 

technologies reach commercial application at 

scale. 

Further out, experimental work on 

deriving functional gametes from pluripotent 

stem cells (in vitro gametogenesis), and the 

growing use of artificial-intelligence-assisted 

image analysis for embryo grading and 

ultrasound-based reproductive diagnostics, 

point toward a next generation of ART in 

which laboratory and computational tools play 

an increasingly central role alongside the 

established hormonal and surgical techniques 

described above. 

10. Challenges and Limitations 
Despite their proven benefits, the more 

advanced ART platforms remain concentrated 

in elite commercial herds and research 

institutions. The principal barriers to wider 

adoption, particularly among smallholder and 

marginal livestock keepers who own the 
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majority of animals in countries such as India, 

are economic and infrastructural: OPU-IVEP 

and embryo transfer require specialized 

ultrasound equipment, a functioning 

embryology laboratory, liquid-nitrogen supply 

chains, and personnel trained in techniques 

that take years to master. Genomic testing 

likewise carries a per-animal cost that is 

difficult to justify for animals of average, 

rather than exceptional, genetic merit. 

Biological constraints compound these 

economic ones. Oocyte and embryo quality in 

tropical environments are measurably affected 

by heat stress, which is a particular concern 

given that climate change is expected to 

intensify thermal stress on livestock in exactly 

the regions - South Asia, sub-Saharan Africa, 

parts of Latin America - where ART could 

otherwise do the most to improve reproductive 

efficiency and productivity per animal. 

Bridging this gap will require sustained 

investment in extension services, subsidized 

access to core ART infrastructure for farmer 

cooperatives, and continued applied research 

into protocols optimized for indigenous breeds 

and tropical conditions, rather than the 

wholesale transfer of protocols developed for 

temperate dairy breeds. 

11. Conclusion 
The field of livestock reproductive 

biotechnology has moved decisively from 

single-technology adoption toward integrated 

pipelines in which genomic selection, sexed 

semen, and OPU-IVEP work together to 

compress genetic improvement into a fraction 

of the time it once required. For tropical and 

indigenous breeds - which combine valuable 

adaptive traits with comparatively low 

numbers and, often, poor natural reproductive 

performance - technologies such as OPU-

IVEP and cryopreservation-based germplasm 

banking hold particular promise, both for 

immediate productivity gains and for the 

longer-term conservation of genetic diversity. 

Realizing this promise at the scale of national 

livestock populations, rather than in isolated 

elite herds, will depend as much on extension, 

training, and cost reduction as on further 

laboratory refinement of the technologies 

themselves. 
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