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Abstract

Improving disease resistance in dairy cattle is essential for sustainable livestock
production, animal welfare, and economic efficiency. This study focuses on the role of
genetic improvement and selective breeding strategies in enhancing the natural immunity
of dairy herds. Traditional breeding methods, combined with modern genomic tools such
as marker-assisted selection and genomic selection, enable the identification and
propagation of disease-resistant traits. Traits associated with resistance to common
diseases like mastitis, foot-and-mouth disease, and parasitic infections are increasingly
being incorporated into breeding objectives alongside milk yield and quality. Advances in
molecular genetics, including the use of DNA markers and quantitative trait loci (QTLS),
have accelerated the accuracy and speed of selection.

Furthermore, integrating health records, phenotypic data, and genomic information allows
for more precise breeding decisions. The adoption of these strategies reduces dependence
on antibiotics, lowers veterinary costs, and improves overall herd productivity. However,
challenges such as maintaining genetic diversity, balancing production and health traits,
and the need for infrastructure and data management remain significant. This study
highlights the importance of a holistic breeding approach that combines traditional
knowledge with advanced biotechnological tools to develop disease-resilient dairy cattle
populations for the future.
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Introduction

Dairy cattle play a crucial role in global agriculture by
providing milk, nutrition, and livelihood support to
millions of farmers. However, the productivity and
profitability of dairy farming are significantly affected by
the occurrence of infectious and non-infectious diseases
such as mastitis, foot-and-mouth disease, and parasitic
infestations. These diseases not only reduce milk yield and
quality but also increase treatment costs, culling rates, and
the risk of antimicrobial resistance. Therefore, improving
disease resistance in dairy cattle has become a major
priority for sustainable and efficient dairy production
systems.

Dairy production in India is a cornerstone of the rural
economy and nutrition, involving millions of smallholder
farmers who manage a few animals under diverse agro-
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climatic conditions. The sector contributes significantly to
agricultural GDP and rural livelihoods, yet it faces
substantial losses due to infectious and metabolic diseases
affecting animal health, productivity, and fertility. In this
context, improving disease resistance through genetic
means has become an essential and sustainable strategy to
enhance dairy production efficiency and reduce reliance on
antibiotics and chemical interventions.

Among all production diseases, mastitis—both clinical and
subclinical—has emerged as the most persistent and
economically significant disease in Indian dairy herds.
Field studies across states such as Punjab, Haryana, Uttar
Pradesh, and Kerala have reported subclinical mastitis
prevalence rates ranging from 20% to 45%, depending on
breed, management practices, and environmental factors
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(Krishnamoorthy et al., 2023). Such high prevalence
results in reduced milk yield, altered milk composition,
and increased culling rates, creating an urgent need to
explore heritable disease resistance traits within breeding
programs.

Traditional disease management in India largely relies on
preventive hygiene measures, antibiotic treatment, and
limited vaccination. While these interventions have been
partly successful, they have not substantially reduced
endemic infection levels. The excessive and often
indiscriminate use of antimicrobials has led to growing
concerns about antimicrobial resistance (AMR), both in
animal and human health contexts (Sievers et al., 2023).
This One-Health concern highlights the importance of
integrating genetic and selective breeding approaches to
reduce disease susceptibility and antibiotic dependence.
India’s indigenous cattle breeds such as Sahiwal, Gir,
Tharparkar, and Red Sindhi have coevolved in tropical
climates, developing resilience to heat stress, tick
infestations, and certain bacterial and parasitic infections.
These breeds possess valuable alleles linked to adaptive
immunity and disease resistance, which can be utilized in
genetic improvement programs (Singh et al., 2022).
However, the drive for higher milk yield has led to large-
scale crossbreeding with exotic taurine breeds like
Holstein Friesian and Jersey, which has improved
productivity but often reduced adaptability and health
resilience under Indian field conditions.

Recognizing this, the Indian Council of Agricultural
Research (ICAR) and the National Dairy Development
Board (NDDB) have emphasized the conservation and
genetic improvement of native breeds through the
Associated Herd Progeny Testing Programme. This
initiative has demonstrated that selective breeding can
improve production traits while maintaining or even
enhancing disease resistance and fertility parameters in
native and crossbred populations (Singh et al., 2022).
These structured programs provide valuable field data and
infrastructure for integrating genomic selection for disease
resistance in the future.

A more balanced approach is now advocated, emphasizing
strategic crossbreeding and selection within crossbred
populations to retain indigenous disease resistance traits
while enhancing milk production (Khan et al., 2023). This
balanced approach is increasingly viewed as essential for
sustainable dairy development under tropical stressors.
Genomic selection offers an advanced method for
accelerating genetic gain by predicting breeding values
based on genome-wide SNP information rather than
relying solely on phenotypic performance. Pilot studies in
India have demonstrated the potential of genomic selection
for production traits, and extending these methods to
disease resistance is a natural next step (Worku et al.,
2023). However, such approaches require large reference
populations and reliable recording of disease phenotypes to
develop accurate genomic prediction models.
Marker-assisted selection, focusing on high-impact genes
and validated SNPs, can serve as an intermediate step
where comprehensive genomic data are lacking.
Nevertheless, due to the diversity of Indian -cattle
populations, marker effects must be validated locally, as
allelic effects may differ among breeds or crossbreds.
Thus, region- and breed-specific validation studies are

At the genetic level, disease resistance in cattle is a
complex, polygenic trait influenced by multiple loci
associated with immune response, metabolic balance, and
tissue integrity. Quantitative trait loci (QTLs) and single
nucleotide polymorphisms (SNPs) linked to resistance
against mastitis and parasitic diseases have been mapped in
Indian cattle populations (Khan et al., 2023). These genetic
markers provide a foundation for identifying resistant
genotypes and developing marker-assisted selection
(MAS) and genomic selection (GS) protocols tailored to
Indian conditions.

Recent molecular studies conducted at the National Dairy
Research Institute (NDRI) and various state agricultural
universities have identified specific polymorphisms in
immune-related genes such as lactoferrin (LTF), toll-like
receptors (TLRs), transferrin (TF), and neutrophil
cytosolic factor 4 (NCF4). These genetic variations show
significant associations with somatic cell counts (SCC) and
clinical mastitis incidence in indigenous and crossbred
dairy cattle (Khan et al., 2023). For instance, variants in
the LAP3 gene have been associated with both milk yield
and mastitis resistance in Sahiwal and Karan Fries breeds
(Worku et al., 2023). Such findings highlight the feasibility
of developing locally validated genetic markers for disease
resistance in Indian herds.

Despite these promising results, India faces practical
challenges in applying genomic selection widely. The
fragmented structure of the dairy industry, dominated by
smallholders, limits systematic phenotyping and genomic
data collection. Disease recording is inconsistent, and
accurate field-level diagnostic data for mastitis, lameness,
and reproductive disorders are often lacking. Establishing
national-level genomic databases and unified phenotyping
systems remains a priority to enable genomic evaluations
for disease traits (Singh et al., 2022).

Crossbreeding programs have historically aimed to
enhance milk yield by introducing high-yielding exotic
germplasm. However, uncontrolled crossbreeding has led
to dilution of disease-resistant alleles and loss of
adaptability.

critical for successful implementation of MAS in India
(Khan et al., 2023).

In addition to genomic tools, reproductive technologies
such as artificial insemination (Al), multiple ovulation
embryo transfer (MOET), and in-vitro fertilization (IVF)
play complementary roles in disseminating superior
genetics rapidly across herds. These technologies are
already being integrated into national breeding programs,
offering opportunities to accelerate the spread of disease-
resistant germplasm.

Socioeconomic realities also shape the success of genetic
improvement programs in India. Smallholders *adoption of
improved breeding services depends on affordability,
access to quality Al semen, and trust in extension
networks. Integrating disease-resistance breeding goals
with extension programs and milk-quality incentives can
encourage farmer participation. The NDDB’s field models
and farmer-cooperative networks serve as successful
templates for disseminating improved genetics.

Pathogen evolution presents an ongoing challenge, as
pathogens can adapt to host genetic resistance. Therefore,
breeding programs must remain dynamic, supported by
continuous surveillance of pathogen genotypes and
resistance trends. Systematic reviews of antimicrobial
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resistance in Indian milk and dairy environments
emphasize the need for coordinated One-Health
monitoring alongside genetic improvement (Sievers et al.,
2023).

Ultimately, the Indian dairy sector’s path toward
sustainable disease control must integrate genetics,
management, and health monitoring. By combining
genomic selection, validated marker-assisted approaches,
and responsible breeding programs, India can improve
disease resistance in dairy cattle while maintaining genetic
diversity and productivity. Building infrastructure for
genomic data, health phenotyping, and cooperative
breeding will be pivotal in achieving this goal by 2030 and
beyond.

In summary, genetic improvement and selective breeding
for disease resistance in Indian dairy cattle represent a
powerful, sustainable approach to enhancing animal health,
reducing economic losses, and safeguarding milk safety.
With  expanding  genomic  resources, improved
phenotyping, and institutional support from ICAR and
NDDB, India is poised to lead in developing disease-
resistant, climate-adapted dairy cattle populations suited
for smallholder and commercial systems alike.

Methodology

The study was designed as a multi-site longitudinal
investigation to evaluate the effectiveness of genetic
improvement and selective breeding strategies for
enhancing disease resistance in dairy cattle under Indian
field conditions. Research sites were selected to represent
diverse agro-climatic and production systems across India,
including organized dairy farms, cooperative societies, and
smallholder herds from Punjab, Uttar Pradesh, Gujarat,
Karnataka, and Tamil Nadu. These regions were chosen
because of their contrasting management systems, climatic
conditions, and prevalence of major bovine diseases. The
inclusion of both crossbred and indigenous cattle allowed
examination of genetic and environmental factors
influencing disease resistance across varying genotypes.
The primary diseases considered were mastitis, tick-borne
infections, and gastrointestinal parasitism, which represent
the most prevalent and economically significant diseases in
Indian dairies. Mastitis, in particular, was prioritized
because of its high incidence and strong genetic correlation
with milk production and somatic cell count (SCC).
Phenotypic recording involved both direct and indirect
measures of resistance, including clinical and subclinical
mastitis incidence, SCC values, milk yield reduction
during infection, and udder conformation traits. Blood and
milk samples were periodically collected to confirm
disease presence through microbiological culture and
polymerase chain reaction (PCR) assays following the
diagnostic protocols established by the Indian Council of
Agricultural Research (ICAR, 2023).

A stratified random sampling framework was adopted to
ensure representative sampling of herds within each
region. Farms were categorized by herd size and
production system, and lactating cows were randomly
selected within herds for inclusion. Power analysis was
conducted to determine sample size adequacy for genomic
association studies, targeting between 4,000 and 8,000
phenotyped cows to achieve reliable estimates of marker
effects for low-heritability traits. This design followed
genomic evaluation standards reported by Mrode et al.

(2019) and recent implementations in Indian genomic
programs such as the Rashtriya Gokul Mission (NDDB,
2022).

Before data collection, community-level consultations
were organized to secure informed consent from
participating farmers. All participants were briefed about
sampling methods, data use, and potential benefits,
including access to disease diagnostics and breeding
recommendations. The participatory approach followed
ethical guidelines for livestock field research and
emphasized mutual benefit and data transparency,
consistent with ICAR’s ethical research framework (ICAR,
2022).

Phenotyping protocols were standardized across all sites to
minimize inter-observer variation. Trained veterinarians
conducted clinical assessments following the National
Mastitis Council (NMC) standards, grading cases based on
visible signs and SCC thresholds. Portable somatic cell
counters were used for field testing, and milk bacteriology
was performed at regional veterinary laboratories. Data
were collected digitally through mobile devices
synchronized to a central database to ensure real-time
quality control, prevent transcription errors, and enable
longitudinal tracking.

Genomic data collection was conducted through blood
sampling and genotyping using the lllumina BovineSNP50
BeadChip, which captures approximately 54,000 single
nucleotide  polymorphisms  (SNPs). To  enhance
representation of indigenous alleles, low-pass sequencing
and genotype imputation were applied to a subset of
indigenous and crossbred samples. Whole-genome
sequencing was performed for extreme phenotypes
(disease-resistant versus susceptible) to detect novel
variants potentially missed by commercial arrays. Quality
control included filtering for call rate (>95%), minor allele
frequency (>0.05), and Hardy—Weinberg equilibrium
thresholds.

Candidate gene analysis focused on immune and
inflammation-related genes such as TLR4, CD14, SOD1,
and CXCR1, which have been implicated in mastitis
resistance in previous Indian and global studies (Khan et
al., 2023). Targeted PCR-based genotyping and
sequencing of these loci were carried out to validate their
association in the local cattle populations. The combination
of genome-wide association and candidate gene
approaches provided both discovery and validation
capacities for resistance-associated alleles.

For mastitis cases, milk samples were subjected to
bacterial isolation and species-level identification using
culture and PCR, following the methodology reported by
Suresh et al. (2022) and Chatterjee et al. (2023). Pathogen
typing was complemented by antimicrobial resistance
(AMR) profiling using disc diffusion and genomic AMR
marker analysis. Linking host genotypes with specific
pathogen profiles allowed identification of host-pathogen
interaction patterns relevant to resistance breeding.
Comprehensive environmental and management data were
collected for each herd to capture potential confounders.
Variables included housing type, feeding regime, milking
hygiene practices, access to veterinary care, heat stress
indicators, and vector control measures. These data were
incorporated as fixed effects in statistical models to
distinguish genetic influences from management-related
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variation, consistent with the recommendations of the
Statistical analysis for genome-wide association studies
(GWAS) was performed using linear mixed models
accounting for fixed effects of farm, parity, and days in
milk, and random effects for genetic relatedness.
Population stratification was corrected using principal
component analysis. Association analyses were carried out
using efficient mixed-model association (EMMAX) and
genomic relationship matrix-based approaches (GBLUP).
False discovery rate (FDR) correction was applied to
control for multiple testing, and Manhattan plots were
generated to visualize significant loci associated with
disease resistance.

Genomic estimated breeding values (GEBVs) for disease
resistance were calculated using single-step genomic
BLUP (ssGBLUP), integrating pedigree, phenotype, and
genotype data into a unified framework. Model validation
was conducted through cross-validation procedures, using
training and validation subsets across regions and breeds.
The accuracy of prediction was evaluated based on the
correlation between predicted and observed phenotypes.
Economic weights were estimated to develop selection
indices that balanced production and health traits,
following guidelines from Van Eenennaam (2024).

To enhance the applicability of genomic tools, genotypic
and phenotypic data were integrated with existing national
databases managed by ICAR and NDDB. This integration
facilitated a broader reference population, allowing
national-scale estimation of allele frequencies and genomic
parameters for disease resistance traits. The establishment
of a centralized data repository ensured that subsequent
breeding programs could leverage the accumulated data for
genomic prediction and policy development.

Pilot implementation trials were conducted in select farms
to demonstrate on-field application of genomic selection.
Bulls and donor dams carrying favorable alleles were
selected for artificial insemination and embryo transfer.
Progeny performance for health and production traits was
monitored to evaluate realized genetic gain and to assess
the sustainability of genomic selection under real-world
farm conditions, building on the approach tested by Sarang
et al. (2024) in indigenous breed improvement programs.
A socio-economic component was embedded within the
study to analyze farmers *perceptions, willingness to adopt
indigenous breeds Gir, Red Sindhi, Sahiwal, and their
crosses with Holstein-Friesian or Jersey breeds, have
enabled a comprehensive evaluation of genetic
improvement strategies in tropical production systems.

The heritability estimates for mastitis resistance and
somatic cell score in Indian dairy cattle ranged from 0.18
to 0.24, aligning with global values but reflecting the
influence of harsher environmental stresses and disease
pressure common in Indian field conditions. These
findings highlight a moderate genetic control over key
disease traits and justify the application of selective
breeding. Studies employing SNP genotyping arrays on
Gir and Sahiwal populations identified significant QTLs
linked to innate immunity and inflammation, particularly
on chromosomes 6 and 13. Indian researchers isolated
candidate genes including SPP1 and CDA44, which are
associated with resistance to mastitis and other udder
infections in field conditions. These genomic insights have
led to preliminary marker-assisted selection programs in
state-level breeding initiatives, showcasing promising

National Dairy Development Board (NDDB, 2021).
genomic technologies, and the cost-effectiveness of
genotyping and reproductive interventions. Structured
interviews and participatory rural appraisals were used to
evaluate the financial feasibility of genetic improvement
programs among smallholder farmers. These data provided
essential insights into the scalability and equity of selective
breeding strategies in diverse Indian production systems.
Ethical approval for all animal procedures was obtained
from the Institutional Animal Ethics Committee of ICAR,
ensuring adherence to animal welfare standards. Data
governance frameworks were developed to ensure
confidentiality, controlled access, and equitable benefit-
sharing among stakeholders. Capacity-building workshops
were organized for veterinarians, livestock officers, and
farmers to train them in phenotypic recording, sample
handling, and the interpretation of genomic information.
Recognizing inherent limitations in low-heritability disease
traits, the study incorporated replication cohorts and breed-
specific analyses to strengthen the validity of associations.
Independent validation of markers was planned using
separate populations of crossbred and indigenous cattle.
The iterative nature of data collection and model
refinement ensures continuous improvement of genomic
prediction models as more data become available.

In  summary, this methodology integrates field
epidemiology, advanced genomic technologies, and
participatory breeding approaches to develop a sustainable
framework for disease resistance breeding in Indian dairy
cattle. It emphasizes multi-level collaboration among
farmers, researchers, and policymakers, ensuring that
outcomes are scientifically robust, economically viable,
and socially acceptable. This integrative design aligns with
national priorities for sustainable livestock health and
productivity improvement through genetic innovation.

Results

Recent investigations across Indian dairy herds have
underscored the substantial genetic variation present for
disease resistance traits, particularly mastitis, reproductive
disorders, and heat stress tolerance. Field studies carried
out across multiple states such as Maharashtra, Punjab, and
Tamil Nadu, encompassing

reductions in mastitis incidence over three generational
cycles.

Crossbreeding of indigenous cattle with exotic Holstein-
Friesian and Jersey breeds, a widespread practice in India
to balance milk productivity with adaptability, has
demonstrated notable improvements in resilience to
endemic infectious diseases. For instance, Gir x Holstein
crosses exhibited lower somatic cell counts and lower
clinical mastitis prevalence compared to pure Holsteins
under field conditions in Punjab. Red Sindhi crosses
maintained superior heat tolerance and resistance to
parasitic infections, underscoring breed complementarity
advantages in tropical climates. Comprehensive field
evaluations from Tamil Nadu reported that these
crossbreds retained productivity gains while demonstrating
a 15-25% reduction in disease incidence compared to non-
selected herds.

Artificial insemination programs employing elite sires
selected for disease resistance traits have augmented the
frequency of favorable alleles across state dairy
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populations. Embryo transfer applications remain limited
but growing, facilitating dissemination of genetically
superior females with enhanced disease resilience. Recent
pilot projects incorporating CRISPR-based gene-editing
approaches targeted genes implicated in immune response
pathways, such as those governing resistance to
tuberculosis. Initial farm-level data from these trials
indicate gene-edited calves exhibit improved immune
parameters and reduced clinical disease symptoms, though
large-scale studies are pending regulatory approval.

Genetic trend analyses leveraging dairy cattle performance
databases collated by Indian Agricultural Universities and
state breeding boards reveal incremental gains in genetic
resistance traits over the past decade, accelerated after the
incorporation of genomic tools post-2015. These
longitudinal data reflect decadal selection responses with
associated decreases in veterinary treatment costs and
improvements in  productive longevity. Economic
assessments within smallholder and cooperative dairy
systems in Maharashtra demonstrate that while upfront
costs of genomic testing are significant, the return on
investment via reduced disease burden and enhanced milk
yield justifies scaling genomic selection initiatives.

In terms of genotype-environment interactions, studies
highlight that indigenous breeds and their crosses manifest
less seasonal variation in disease incidence, reflecting
stable genetic resistance under extreme heat and humidity.
This stability contrasts with exotic breeds, where morbidity
spikes in peak summer. Genome scan data illustrate
frequent selection sweeps on chromosomes harboring
immune-related genes, particularly in populations under
consistent infectious pressure. These findings reinforce the
value of deploying regionally adapted genetic resources in
breeding programs.

The combined use of genomic selection, reproductive
technologies, and crossbreeding has yielded cumulative
improvements in herd health indicators and production
efficiency across Indian dairy systems. Synthetic breed
development programs, such as the Nation's 'Crossbred
Cattle Project,’ illustrate the synergistic impact of
integrating genomic data with traditional selection. Early
generation composites have recorded reductions in mastitis
by approximately 20% and extended productive lifespans
by one year on average.

Table 1: Heritability Estimates for Disease Resistance Traits in Indian Dairy Breeds

Trait Gir Red Sahiwal Gir x HF Red Sindhi x Jersey
Sindhi Crossbred Crossbred

Somatic Cell Score 0.20 0.18 0.22 0.23

Clinical Mastitis 0.19 0.21 0.24 0.22

Heat Tolerance Index 0.23 0.24 0.20 0.21

Table 2: Candidate QTLs and Genes Linked to Disease Resistance in Indian Dairy Cattle

Chromosome Disease Trait Major Gene(s) Observed Effect Region/Study

6 Mastitis SPP1 Reduced somatic cells Maharashtra, 2023

13 Udder CD44 Decreased clinical cases Punjab, 2024
infections

3 Parasitic Various immune genes | Enhanced resistance Tamil Nadu, 2023
disease

Table 3: Comparative Mastitis Incidence (%) in Crossbred and Purebred Populations in India

Breed Type

Average Mastitis Incidence

Source/State

Gir

12 Maharashtra
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Gir x Holstein

8 Punjab

Red Sindhi

11! Tamil Nadu

Red Sindhi x Jersey

9 Tamil Nadu

Table 4: Economic Impact of Genetic Improvement on Indian Smallholder Dairy Systems

Parameter

Baseline (Pre-Genomic)

After Genomic Selection Change (%)

Veterinary Costs (INR/head) | 4500 3200 -29%
Milk Yield (Liters/Day) 6.5 7.8 20%
Productive Lifespan (Years) | 6.2 7.0 13%

Mastitis Resistance Genetic Merit

80

70

65

Genetic Merit

2010 2012 2014 2016

Chart shows a steady genetic merit increase for mastitis
resistance in Indian crossbreds from 2010 to 2024.

Discussion

The findings of this study reaffirm the potential of
genomic and selective breeding strategies to enhance
disease resistance in dairy cattle within the Indian
production environment. Genetic analyses demonstrated
measurable variation in disease resistance traits such as
mastitis incidence, somatic cell count, and tick infestation
across breeds and regions. These differences are consistent
with previous observations by Khan et al. (2023) and
Sarang et al. (2024), who noted that indigenous breeds like

2018 2020 2022 2024

Gir, Sahiwal, and Red Sindhi display inherent resistance to
parasitic and bacterial infections compared to exotic and
crossbred populations. The presence of moderate
heritability for these traits supports the feasibility of
genetic improvement through selection rather than relying
solely on management interventions.

The implementation of genomic selection in the Indian
dairy sector has been limited historically due to cost and
logistical constraints, yet the present research highlights its
practicality under structured breeding frameworks. The
inclusion of high-density SNP genotyping and genomic
estimated breeding values (GEBVs) provided reliable
predictors of disease resistance even in low-heritability
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traits. These results corroborate earlier genomic
evaluations conducted under the NDDB and ICAR
programs (NDDB, 2022; ICAR, 2023), suggesting that
genomic information can be effectively integrated into
routine breeding programs to accelerate genetic progress
without compromising productivity.

Comparative analysis between indigenous and crossbred
populations revealed interesting genotype—environment
interactions. Crossbreds demonstrated higher milk yield
potential but showed elevated susceptibility to mastitis and
heat stress, while indigenous breeds maintained better
resilience under suboptimal management. This finding
genetic markers in the host, indicating that resistance is
partly pathogen-specific. For example, polymorphisms in
TLR4 and CXCRL1 genes showed significant associations
with resistance to Staphylococcus aureus-induced mastitis,
echoing the findings of global and Indian studies (Suresh
& Chatterjee, 2023). Such molecular-level understanding
enables the design of more targeted breeding programs
where selection can be guided not just by overall disease
incidence but by pathogen-specific resistance profiles.
Socio-economic findings emphasized the necessity of
aligning genetic improvement programs with farmer
realities. Many smallholders expressed willingness to
adopt genomic selection only when linked with tangible
benefits such as higher milk vyield, reduced veterinary
costs, or improved semen availability. The participatory
breeding model, which combined farmer education with
accessible diagnostic feedback, was instrumental in
enhancing engagement. These results underline the
importance of capacity building and awareness for
successful  implementation of advanced breeding
technologies in developing regions, as also noted by Van
Eenennaam (2024) in global livestock genomics initiatives.
However, challenges remain in scaling up genomic
selection across India. The high cost of genotyping, the
limited number of phenotyped animals, and gaps in data
integration across states constrain the development of large
reference populations required for accurate prediction.
Moreover, genetic gains in resistance must be pursued
cautiously to avoid compromising other economically
important traits such as milk yield and fertility. Balanced
selection indices that integrate disease resistance and
productivity traits, as developed in this study, offer a
practical solution to this issue and prevent negative genetic
correlations from hindering progress.

Another important consideration is the potential for
pathogen evolution in response to host genetic selection.
As Hulst et al. (2022) warned, strong directional selection
for resistance may encourage the emergence of more
virulent pathogen strains. Therefore, integrating genetic
selection with biosecurity, vaccination, and prudent
antimicrobial use remains essential to maintain the long-
term efficacy of disease control strategies. This multi-
layered approach ensures that improvements in host
digitally linked genomic database that supports selection
decisions across states and breeds.

A significant conclusion from this research is that
sustainable genetic improvement must be context-specific,
balancing productivity with resistance and adaptability.
Overemphasis on yield traits has historically compromised
disease resilience in many crossbred populations. The
current results advocate for the inclusion of resistance and
fitness traits within multi-trait selection indices to maintain

aligns with Mrode et al. (2019), who emphasized that local
adaptability plays a critical role in maintaining animal
health and welfare. Incorporating indigenous germplasm
into breeding programs through crossbreeding or gene
introgression could therefore achieve a balance between
productivity and disease tolerance, ensuring long-term
sustainability of India’s dairy sector.

The study’s pathogen profiling component also provided
valuable insights into host—pathogen interactions. Distinct
associations were observed between certain bacterial
strains and specific

resistance complement rather than replace traditional herd
health management.

The integration of indigenous knowledge, environmental
data, and genomic information presents a holistic
framework for improving animal health. The study
demonstrated that disease resistance is not solely a genetic
phenomenon but an outcome of gene—environment—
management interactions. By combining these elements,
India’s breeding programs can move toward resilient dairy
systems capable of withstanding climatic, biological, and
economic stressors. This approach is especially critical in
the face of climate change, which threatens to intensify
disease burdens and compromise animal welfare.

Conclusion

The present study establishes that genetic improvement
and selective breeding represent viable, sustainable
strategies to enhance disease resistance in Indian dairy
cattle. By integrating phenotypic, genomic, and
environmental data across diverse production systems, the
research confirms that genetic variation for disease
resistance traits—particularly mastitis, tick infestation, and
parasitic infections—can be effectively harnessed to
improve herd health. The observed genetic differentiation
between indigenous and crossbred populations highlights
the untapped potential of India’s native breeds, which
possess valuable alleles for resistance and adaptation.
Harnessing these genetic resources through modern
breeding programs can significantly reduce dependence on
antibiotics and curative interventions, contributing to both
economic and public health benefits.

The use of genomic selection and molecular tools has
proven to accelerate the rate of improvement for disease
resistance traits that traditionally show low heritability.
The calculation of genomic estimated breeding values
(GEBVs) provided a robust framework for early selection
of superior animals, even before phenotypic expression of
disease traits. Incorporating these genomic tools into
national breeding initiatives—such as the Rashtriya Gokul
Mission and NDDB programs—can strengthen India’s
genetic evaluation system and align it with global
standards. Such integration would allow the creation of a
comprehensive,

long-term herd sustainability. Crossbreeding strategies that
incorporate indigenous germplasm offer a promising
pathway to combine the productivity of exotic breeds with
the robustness of native cattle. These findings emphasize
that future breeding programs must adopt a holistic vision,
integrating genomic insights with animal welfare,
environment, and socio-economic realities.

Policy and institutional support will be crucial for scaling
these innovations nationwide. Investments in phenotyping
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infrastructure, genotyping facilities, and farmer training are
essential to build a strong reference population and ensure
equitable access to genomic technologies. Government
agencies, universities, and private breeding organizations
must collaborate to translate genomic data into practical
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