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Abstract
Metagenomics, the study of genetic material directly extracted from environmental samples, has 
revolutionised microbial research by enabling culture-independent investigation of microbial diversity, 
community structure, and potential. It has become a potent tool in livestock production systems for 
addressing major challenges related to animal health, productivity, environmental sustainability, 
antimicrobial resistance, and greenhouse gas emissions. Metagenomic approaches have provided critical 
insights into ruminal microbial ecology, host–microbiome interactions, feed efficiency, milk production, 
heat stress resilience, metabolic disorders, and methane emissions, in addition to facilitating the 
identification of microbial biomarkers and functional pathways associated with economically important 
traits. Furthermore, metagenomics has improved One Health surveillance through characterization of 
resistomes, mobile genetic elements, zoonotic pathogens, and microbial reservoirs of antimicrobial 
resistance. Applications also extend to uterine and faecal microbiome research, viral detection, novel 
enzyme discovery, therapeutic development, and biodegradation. The use of metagenomics in precision 
nutrition, microbiome-informed breeding, disease monitoring, and sustainable livestock management 
has been greatly increased by recent developments in high-throughput sequencing, bioinformatics, 
and multi-omics integration. This review highlights the revolutionary potential of metagenomics in 
livestock production systems by examining its methodological advancements, historical background, 
and diverse applications.
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INTRODUCTION

	 The recent evolution in the molecular 
genetics’ era is defined by the term, “Metagenome” 
which literally refers to “beyond a single 
genome”.1 Metagenomics has fundamentally 
transformed microbiology by enabling the analysis 
of complex microbial communities without 
the need for traditional culturing techniques. 
Traditional methods often fail to capture the 
extensive diversity of microbial life, as many 
microorganisms are unculturable under standard 
laboratory conditions.2 Metagenomics employs 
high-throughput sequencing technologies to 
analyse genetic material extracted directly from 
environmental samples, providing insights into the 
composition, diversity, and functional capabilities 
of microbial communities.3

	 M e t a g e n o m i c s ,  a l s o  k n o w n  a s 
ecogenomics, environmental genomics, or 
microbial community genomics, is a culture-
independent method that ensures thorough 
examination of the collective genetic material 
of  microbial  communities directly from 
environmental samples, thereby providing 
insights about their functional potential and 
taxonomic diversity.1 Recent advances in next-
generation sequencing, whole-genome shotgun 
sequencing, bioinformatics, and multi-omics 
integration have substantially expanded its 
applications by enabling simultaneous analysis of 
microbial diversity, functional genes, metabolic 
pathways, antimicrobial resistance genes, and 
host–microbiome interactions.4,5 Poor feed 
efficiency, enteric methane emissions, antibiotic 
resistance, infectious illnesses, heat stress, and 
the requirement for sustainable production 
are some of the major challenges faced by the 
livestock industry. Metagenomics provides a 
powerful platform for addressing these challenges 
by identifying microbial taxa and functional 
pathways linked to economically significant traits 
like feed efficiency, milk production, methane 
emissions, disease resistance, and reproductive 
performance.6-9 
	 Furthermore,  metagenomics has 
facilitated the discovery of novel enzymes, microbial 
biomarkers, antimicrobial resistance genes, and 
beneficial microorganisms. These discoveries have 
supported precision nutrition, disease surveillance, 

advances in precision medicine through well-
informed therapeutic interventions, and insights 
into genotype-environment interactions that help 
improve breeding and livestock management 
techniques.5,6,10,11 As a result, metagenomics has 
developed from a tool for microbial community 
profiling into a crucial biotechnological platform 
for enhancing precision livestock farming, 
animal health, environmental sustainability, 
and livestock productivity. With a focus on 
microbial diversity, biotechnology, animal health, 
disease management, and future possibilities, 
this review highlights recent developments in 
metagenomic technologies and critically examines 
their applications in livestock production.

Origin of metagenomics
	 The origins of metagenomics can be 
traced back to the mid-1980s when Pace and 
colleagues proposed the direct cloning of DNA 
from environmental samples.12 This concept 
represented a major breakthrough in microbial 
ecology because it overcame the limitations 
associated with culture-dependent techniques, 
which could recover only a limited number of 
naturally occurring microorganisms.13 In 1991, 
Schmidt and associates successfully cloned 
picoplankton DNA from marine environments, 
demonstrating one of the first practical 
applications of metagenomic techniques.13 The 
term “metagenomics” was formally introduced by 
Handelsman and co-workers in 1998, who defined 
it as the genomic analysis of microorganisms by 
direct extraction and cloning of DNA from their 
natural habitats.14 This milestone paved the way 
for a surge of metagenomic studies, significantly 
advancing our understanding of microbial 
ecosystems.

Fundamentals of metagenomics
	 The advent of next-generation sequencing 
(NGS) technologies revolutionized metagenomics 
by the rapid, high-throughput sequencing of 
microbial DNA leading to the development of two 
primary sequencing strategies: 16S rRNA gene 
amplicon sequencing and shotgun metagenomic 
sequencing.4,14 Although methods are frequently 
used to study microbial communities and are 
culture-independent, they differ significantly 
in terms of sequencing strategy, taxonomic 
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resolution, functional capabilities, analytical 
complexity, and total cost.4,15

	 Metagenomic studies generate two 
complimentary forms of information: structural 
and functional, regardless of the sequencing 
strategy used. While structural  analysis 
concentrates on identifying the composition, 
diversity, abundance, and ecological relationships 
of microbial communities, functional analysis 
looks into the genetic repository responsible 
for metabolic pathways, enzyme production, 
antimicrobial resistance, virulence, and other 
biological functions.4,16

	 16S rRNA gene amplicon sequencing is 
the most widely used method for investigating 
the taxonomic composition and diversity of 
bacterial and archaeal communities.17 It selectively 
amplifies one or more hypervariable regions (V1-
V9) of the approximately 1,500 bp 16S ribosomal 
RNA gene. The variable regions allow microbial 
discrimination, while the conserved regions allow 
universal primer design.17-19 16S rRNA sequencing 
has emerged as the gold standard test for microbial 
diversity research involving large sample size due 
to its comparatively low cost, high throughput, 
and simple laboratory procedure.5 However, the 
taxonomic resolution is typically restricted to the 
genus level and direct functional characterisation 
of microbial communities is not feasible due 
to the analysis of a single phylogenetic marker 
gene.4,15 In addition, no single hypervariable region 
is uniformly ideal for all biological systems.20 
The microbial community, sequencing platform, 
primer design, and research objectives influence 
the selection of variable region.21 In human gut 
microbiome studies, for instance, the V4 region 
performs well,21 while combinations like V1-V2 
or V1-V3 offer better discrimination for a number 
of livestock-associated bacterial communities.22 
Marine microbiome studies have also shown 
that marker selection should be specific to the 
ecosystem being studied.23 Consequently, 16S 
rRNA gene sequencing is especially appropriate for 
large-scale livestock studies aimed at comparing 
the microbial community composition among 
animals that differ in economically important 
complex traits like feed efficiency, milk production, 
methane emission, growth performance, fertility, 
and disease resistance, when the main goal 

is taxonomic profiling rather than functional 
characterisation.1,5

	 On the other hand, shotgun metagenomic 
sequencing provides a comprehensive view of the 
microbial community by randomly sequencing all 
DNA found in an environmental sample, including 
bacterial, archaeal, viral, fungal, and host DNA.4 
This method allows for taxonomic identification 
at the species and strain levels, discovery of novel 
microorganisms, reconstruction of microbial 
genomes, and functional profiling by identifying 
metabolic pathways, antimicrobial resistance 
genes, virulence factors, and other functional 
genes.4,5 However, compared to 16S rRNA gene 
sequencing, shotgun metagenomics necessitates 
significantly higher sequencing depth, greater 
computational power, in depth bioinformatics 
knowledge, and a higher financial investment.14,15 
As a result, shotgun metagenomics is increasingly 
being used to study host-microbiome interactions, 
microbial ecology, disease causes, enzyme 
discovery, and the functional potential of microbial 
communities in environmental, agricultural, and 
clinical settings.4,16 This method is particularly 
beneficial in providing mechanic insights, when 
the objective is to identify microbial genes and 
metabolic pathways associated with complex 
traits like feed conversion efficiency, milk 
composition, methane production, disease 
resistance, heat stress adaptation, and host–
microbiome interactions is the goal in livestock 
research, that are not possible with 16S rRNA 
gene sequencing alone.1,4,5 Shotgun metagenomics 
offers significantly higher taxonomic resolution 
and direct in-depth insights into the functional 
potential of microbial communities, despite 
requiring more sequencing depth, computational 
power, and financial investment than 16S rRNA 
sequencing.1,4,15

	 Therefore, the research’s objectives 
play a major role in deciding between 16S rRNA 
gene sequencing and shotgun metagenomic 
sequencing. 16S rRNA gene sequencing is 
typically chosen for taxonomic profiling and 
microbial diversity studies due to its ease of use 
and affordability, while shotgun metagenomic 
sequencing is the preferred technique for thorough 
taxonomic characterisation and functional analysis 
of microbial communities.1,15
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Methodological advances in metagenomics
	 The comparative laboratory procedures 
for the two methodologies, i.e. 16S rRNA 
sequencing and shotgun metagenomics are 
represented in Figure 1 and described in detail 
below.

Workflow of 16S rRNA Gene Amplicon sequencing 
method
Sample collection
	 The first step involves collecting 
representative samples from the target 
environment or host, such as soil, water, rumen 

fluid, faeces, milk, or intestinal contents. In order 
to maintain microbial DNA integrity and reduce 
contamination, appropriate sampling and storage 
conditions are crucial.5,20,24,25

DNA extraction
	 Standardised procedures are used to 
extract whole microbial DNA that effectively 
lyse microbial cells while reducing impurities 
and inhibitors. DNA yield, microbiological 
representation, and the reproducibility of 
sequencing results are all greatly influenced by 
the extraction technique selected.5,20

Figure 1. Comparative Analysis of 16S rRNA Sequencing and Shotgun Metagenomic Sequencing approaches
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DNA quality assessment
	 Spectrophotometric, fluorometric, or 
electrophoretic techniques are used to assess 
the concentration, purity, and integrity of the 
extracted DNA. High-quality DNA is necessary 
for effective PCR amplification and accurate 
characterization of microbial communities.18,24

PCR amplification of selected hypervariable 
region
	 Universal primers that anneal to 
conserved flanking regions are used to amplify 
one or more hypervariable sections (V1-V9) of the 
bacterial and archaeal 16S rRNA gene.18 Primer 
selection should be specific to the biological 
system being studied because it is a crucial factor 
in determining taxonomic resolution and can 
introduce amplification bias.15,20,26

Library preparation
	 To enable the simultaneous sequencing 
of several samples in a single run, amplified 
PCR products are purified and transformed into 
sequencing libraries by ligating platform-specific 
adapters and sample-specific index sequences.24

High-throughput sequencing
	 Millions of reads corresponding to the 
selected 16S rRNA gene region are produced by 
sequencing the generated libraries using next-
generation sequencing platforms, most frequently 
the Illumina MiSeq or HiSeq systems. This method 
mainly yields taxonomic information rather than 
direct functional characterisation of microbial 
communities because only a phylogenetic marker 
gene is sequenced.15,24,27

Quality control and sequence filtering
	 Sequencing adapters, ambiguous bases, 
low-quality reads, chimeric sequences, and 
other technical artefacts that could jeopardise 
downstream analysis are removed from raw 
sequence reads by quality assessment.28,29

Generation of OTUs or ASVs
	 High-quality sequences are subsequently 
sorted into operational taxonomic units (OTUs) 
based on sequence similarity or resolved into 
amplicon sequence variants (ASVs) using denoising 

algorithms. ASV-based methods offer better 
taxonomic resolution, improved reproducibility, 
and greater comparability among studies, despite 
the extensive use of OTU-based approaches.28-30

Taxonomic classification
	 To  ass ign  taxonomic  ident i t ies , 
representative OTU or ASV sequences are 
compared to curated reference databases like 
SILVA, Greengenes, or the Ribosomal Database 
Project (RDP).31 Bioinformatics platforms such 
as QIIME2 and MOTHUR are widely used for 
sequence processing, taxonomic classification, 
and downstream ecological analyses.28,29,32

Microbial diversity analysis
	 Alpha diversity (within-sample diversity), 
beta diversity (between-sample diversity), relative 
abundance, and community composition are 
used to evaluate microbial community diversity 
following taxonomic classification.33 These 
analyses facilitate comparisons of microbial 
communities across different environments, 
treatments, physiological conditions, or disease 
states.5,25,29

Functional prediction
	 The functional potential of microbial 
communities can be computationally extrapolated 
from taxonomic profiles using prediction tools 
like PICRUSt2, even if 16S rRNA gene sequencing 
does not directly characterise microbial genes 
or metabolic pathways.34 As these predictions 
are based on reference genome inference rather 
than direct gene sequencing, they should be 
inferred cautiously even though they offer valuable 
preliminary insights into microbial functions.32,34

Workflow of shotgun metagenomic analysis
	 The shotgun metagenomic sequencing 
laboratory procedure is comparable to that of 16S 
rRNA sequencing up to DNA extraction and library 
preparation; however, instead of PCR amplification 
of a marker gene, the complete extracted DNA 
is fragmented and sequenced directly.1,4 This 
typically follows an eight-step process that 
incorporates both molecular and bioinformatics 
methods (Figure 1).
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Sample Collection
	 The first step involves collecting 
representative samples from diverse environments, 
such as soil, water, or gastrointestinal tracts. 
Proper sample collection is essentially required to 
ensure the accuracy and relevance of subsequent 
analyses. Samples should be collected aseptically 
using sterile equipment, with suitable negative 
controls included whenever possible, then 
processed or stabilised immediately to reduce 
contamination and maintain the native microbial 
community. In order to avoid microbial growth, 
DNA degradation, and changes in community 
composition prior to DNA extraction, samples 
should also be transported and maintained under 
appropriate conditions (e.g., on ice or at -80 °C for 
long-term storage).5,35

DNA extraction
	 DNA can be extracted directly or indirectly 
from the collected samples. While indirect 
extraction may entail isolating cells from the matrix 
prior to lysis, direct extraction entails lysing cells 
within the sample. As exemplified by universal and 
quick salt-extraction processes that produce high-
quality genomic DNA compatible with PCR-based 
approaches, commercial kits have streamlined this 
process and ensured high-quality DNA suitable 
for sequencing.36 However, because reagents 
and laboratory contaminants may induce biases 
into sequence-based analysis, the choice of DNA 
extraction technique can significantly impact the 
results of microbiome studies.37

Sequencing
	 The evolution of sequencing technologies 
has been pivotal for metagenomics. Initially, Sanger 
sequencing was employed, but its limitations 
in throughput and cost lead to the adoption of 
next-generation sequencing (NGS) technologies, 
such as Illumina, which provide higher speed 
and lower costs. Third-generation sequencing 
technologies, like PacBio and Oxford Nanopore, 
offer longer read lengths, further enhancing 
metagenomic analyses.38 Furthermore, new 
short-read platforms like the AVITI system offer 
affordable, high-accuracy sequencing appropriate 
for metagenomic applications.39 The AVITI system 
is a promising choice for metagenomic and other 
high-throughput sequencing applications since it 

employs Avidite-based sequencing chemistry and 
has shown improved sensitivity and error profiles 
when compared to certain conventional short-
read systems. These characteristics, along with 
cheaper equipment and reagent costs, position 
AVITI a desirable substitute for well-established 
Illumina-based workflows in many laboratories.40

Assembly
	 Sequencing generates numerous short 
reads that must be assembled into longer 
contiguous sequences called contigs.41 Techniques 
like overlap-layout-consensus (OLC) and de Bruijn 
graphs are commonly used for this purpose.42 
However, de Bruijn graphs is most often used 
as it is cheaper and can be constructed without 
pairwise comparisons. Assembly uses various 
bioinformatics tools like Blast-based Assembly 
Pipeline (BBAP),43 Genovo44 and MEGAHIT.45

Binning
	 After assembly, sequences are grouped 
into bins, each representing different species or 
operational taxonomic units (OTUs). This step 
is crucial for identifying and characterizing the 
microbial community composition. Data binning 
is done using software such as MetaWatt,46 
CONCOCT,47 MEGAN48,49 is used for taxonomic and 
functional characterization of binned sequences.

Annotation
	 Functional and taxonomic annotations 
are assigned to the assembled sequences 
using bioinformatics tools. This step involves 
comparing sequences against databases to 
predict gene functions and identify taxonomic 
affiliations. ANASTASIA software is generally 
used for comprehensive annotation and 
statistical interpretation of microbial community 
sequences.48 MG-RAST offers a dedicated server for 
automated taxonomic and functional annotation 
of metagenomes.50

Data/statistical analysis
	 A unique and comprehensive pipeline for 
data interpretation using metagenomic shotgun 
sequencing is called HOME-BIO.51 It is a powerful 
tool that allows deep analysis by removing 
problematic reads and integrating the analytical 
steps in order to develop a complete taxonomic 
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profile by accessing different source databases. It 
is also relatively easy to use as it is customizable in 
accordance with specific users’ needs. The resulting 
data provide insights into the ecological roles and 
interactions within the microbial community. 
SHAMAN software is used for statistical testing 
and visualization of taxonomic abundances in 
microbiome data.48 In addition, platforms like 
Galaxy provide accessible, reproducible processes 
that integrate multiple tools for quality control, 
assembly, binning, functional and taxonomic 
annotation, and statistical analysis of shotgun 
metagenomic datasets.48,52

Data storage
	 National Centre for Biotechnology 
Information (NCBI) is mandated to store all the 
taxonomic data regarding the metagenomic 
analysis through resources such as the Sequence 
Read Archive (SRA), BioProject, and GenBank. 
In order to store, manage, analyse, and share 
metagenomic projects, tools such as IMG/MER53 
and CAMERA54 are essential. These systems 
offer integrated settings for data submission, 
comparative analysis, functional and taxonomic 
annotation, and public dissemination of 
metagenomic datasets.

Applications of metagenomics
Ruminal metagenomics and its implications in 
livestock
	 Recent studies have shown a strong 
correlation between dairy cow performance and 
the microbial composition and functionality of the 
rumen. Prevotella and Neocallimastix californiae 
were shown to be more abundant in the ruminal 
concentrations of acetate, butyrate, and propionate 
in Holstein cows that produced higher milk protein 
and fat.55 These microbes possess the KO1190 
gene, which increases carbohydrate utilisation 
and pyruvate generation, which in turn enhances 
the synthesis of amino acids and short-chain 
fatty acids in the mammary gland, encouraging 
better production of milk components (Figure 2). 
However, rumen microbiome is influenced by both 
host genetics and environmental factors. While a 
heritable subset of the core rumen microbiome 
has been associated with dairy productivity and 
methane emissions,9 a bovine rumen microbiome 
gene catalogue showed that host genetics and 
environmental conditions jointly influence 
microbial community structure and methane-
related traits.8 However, the heritability of specific 
taxa, like Prevotella and Neocallimastix californiae, 
has not been consistently confirmed across cattle 

Figure 2.  Pathway for excess pyruvate production. Prevotella ruminicola, Prevotella sp. Ne3005, and Neocallimastix 
californiae utilize galactose in addition to glucose, enhancing pyruvate production and its contribution to milk 
protein and fat synthesis (Adapted and redrawn from Wu et al.55)
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populations, and factors such as diet, breed, 
age, lactation stage, management, location, and 
temporal variation have a significant impact on 
their abundance.8,9 Consequently, host genetics 
and environmental factors should be taken into 
consideration when interpreting relationships 
between particular microbial taxa and dairy 
performance.
	 Consequently, metagenomic research 
have increasingly focused on microbial taxa, 
functional genes, and metabolic pathways 
influencing significant livestock traits like feed 
efficiency, methane emissions, milk production, 
heat stress resilience, and metabolic health. A 
comparative overview of several representative 
ruminal metagenomic research has been provided 
in Table 1.
	 Summarising Table 1, it is evident that 
despite variations in animal populations and 
production systems, consistent microbiome 
patterns appear across various studies. While 
methanogenic archaea are consistently associated 
with higher methane emissions, microbes that 
break down fibre and produce propionate typically 
led to increased feed efficiency and productivity. 
Collectively, these results demonstrate the 
importance of ruminal metagenomics for 
comprehending host-microbiome interactions 
and promoting microbiome-informed breeding, 
precision nutrition, and sustainable livestock 
production.

Metagenomics and antibiotic resistance
	 Metagenomic studies have consistently 
shown that livestock microbiomes are significant 
repositories of antimicrobial resistance genes 
(ARGs), and their diversity and abundance 
are regulated by host species, antimicrobial 
use, production systems, and environmental 
management.70,71 As a culture-independent 
approach, metagenomics enables detailed 
characterization of ARGs, mobile genetic elements 
(MGEs), and their microbial hosts, offering 
crucial insights regarding antibiotic resistance 
from a One Health perspective.70,72 Metagenomic 
studies have also demonstrated that wildlife 
is a significant reservoir of ARGs in addition to 
livestock, highlighting the interdependence of 
antimicrobial resistance in animal, environmental, 
and human ecosystems. For instance, it was 

identified that 1,030 different ARGs that confer 
resistance to aminoglycosides, tetracyclines, 
b-lactams, chloramphenicol, sulphonamides, 
and macrolide-lincosamide-streptogramin (MLS) 
antibiotics were harboured by migrating birds, 
with Pseudomonadota being the principal 
microbial reservoir.45 Furthermore, the extensive 
identification of several b-lactamase genes and the 
mcr-1 resistance gene in migratory birds suggests 
that these birds serve as mobile vectors that 
transmit resistance determinants into livestock, 
agricultural, and wildlife production systems 
through faecal contamination of feed, water, and 
farm environments.73-76

	 Metagenomic analyses have revealed 
both common and host-specific resistome patterns 
in livestock species. 505 ARGs representing 16 
antibiotic classes were found in dairy buffaloes.70 
The tcmA gene, which is primarily carried by 
Lactobacillus amylovorus and Lactobacillus 
acidophilus (Phylum Bacillota), was found to be 
strongly associated with other ARGs, suggesting 
their potential role in horizontal gene transfer.70 
According to comparative studies in cattle, swine, 
and poultry, reducing antimicrobial use alone did 
not significantly reduce overall ARG diversity within 
a production cycle. However, some tetracycline 
resistance genes remained more prevalent in 
conventionally raised swine.72 Similarly, swine 
faeces contained predominant bacterial taxa 
(Bacillota and Pseudomonadota) and a significant 
presence of ARGs, including multidrug- and 
tetracycline-resistance genes, highlighting how 
understanding these dynamics could help design 
strategies to reduce the prevalence of ARG carriage 
in pigs by better management, breeding for lower 
ARG load, and focused mitigation techniques.77 
Additionally, ARGs found in the gut microbiome 
can be transferred among resident intestinal 
bacteria as well as transient microorganisms 
through horizontal gene transfer, making livestock 
production systems significant hotspots for the 
emergence and spread of antimicrobial resistance 
due to the extensive use of antibiotics in animal 
agriculture.78

	 Livestock resistomes are also impacted 
by environmental management. In cattle and 
yak manure, aerobic composting dramatically 
decreased the abundance of ARGs, metal 
resistance genes (MRGs), biocide resistance 
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genes (BRGs), and MGEs, indicating its potential 
as a sustainable method for preventing the spread 
of resistance determinants in the environment.72 
Similarly, metagenomic analyses have shown 
that vermicomposting effectively reduces 
ARG abundance and composition in livestock 
manure, although its efficiency depends on the 
type of earthworm used.79 Among the species 
evaluated, Eisenia fetida reduced the ARGs to 
the maximum extent owing to its gut microbial 
activity, highlighting vermicomposting as an 
ecologically sustainable method for mitigating 
the spread of antimicrobial resistance during 
manure management.79,80 Additionally, the 
identification of beneficial probiotic species, such 
as Clostridium butyricum, Lactobacillus johnsonii, 
and Lactobacillus reuteri, which may function 
as substitutes for antibiotic growth promoters, 
has been made easier by the integration of 
metagenomics and meta-transcriptomics.81-83 The 
assessment of dietary treatments for resistome 
modification has also been made facilitated by 
metagenomics. As an illustration of the potential of 
plant-derived bioactive compounds as substitutes 
for enhancing rumen microbial health while 
limiting antimicrobial resistance, supplementation 
with the phytochemical naringin dramatically 
decreased the abundance of Pseudomonadota, 
important antibiotic resistance genes, and 
virulence factors in transition dairy cows.47 These 
results are in accordance with other mounting 
evidence that phytogenic feed additives, such 
as flavonoids, tannins, essential oils, and other 
bioactive compounds derived from plants, can 
improve rumen fermentation and animal health, 
suppress pathogenic microorganisms, reduce the 
quantity of antimicrobial resistance determinants, 
and positively modulate the rumen microbiome.84-86 
These results demonstrate the potential of 
phytochemicals as sustainable substitutes for 
antibiotic growth promoters for enhancing rumen 
microbial health and reducing antimicrobial 
resistance in livestock production systems, even 
though more in vivo validation is needed.84,86 
Metagenomic studies in camels also identified 
Bacillota and Bacteroidota as major ARG reservoirs 
and revealed key resistance mechanisms.87 Even 
though camels are not a common livestock 
species in many production systems, these results 
demonstrate how metagenomics can identify 

reservoirs and mechanisms of antibiotic resistance 
in the gastrointestinal tracts of large herbivores, 
providing insights that may be applied to the 
management of ARGs in more commonly farmed 
livestock, such as cattle and sheep.
	 Therefore, by identifying shared and 
host-specific antimicrobial resistance genes 
(ARGs), their microbial reservoirs, and the 
mechanisms behind their dissemination, 
metagenomics offers vital insights into the 
dynamics of antibiotic resistance in livestock. 
ARGs that confer resistance to vancomycin, 
tetracyclines, and multiple antibiotics have been 
repeatedly documented in a variety of livestock 
species, underscoring their significance as top 
targets for surveillance and control. Metagenomic 
studies also show that integrated strategies, 
such as responsible antimicrobial stewardship 
programs, enhanced biosecurity and husbandry 
practices, optimised manure management, and 
sustainable treatment technologies like aerobic 
composting, are necessary for effective mitigation 
of ARG dissemination. The scope of metagenomic 
applications for managing antimicrobial resistance 
within a One Health framework is further 
expanded by incorporating wildlife surveillance, 
environmentally sustainable waste management 
techniques like vermicomposting, and dietary 
strategies that reduce the ruminal resistome. 
When combined with ongoing metagenomic 
surveillance, these strategies can support 
evidence-based interventions to reduce the spread 
of antimicrobial resistance in livestock production 
systems and at the animal–environment–human 
interface.

Metagenomics in the study of viruses
	 Metagenomics has proven to be a useful 
approach for the surveillance and characterisation 
of tick-borne viruses that affect livestock and 
have significant zoonotic potential.88,89 Kyasanur 
Forest disease virus, Louping ill virus, Tick-borne 
encephalitis virus, Crimean-Congo haemorrhagic 
fever virus, and Heartland virus are among 
the major tick-borne viruses associated with 
livestock or livestock-associated ticks. Cattle, 
sheep, and goats are the domestic ruminants 
that can act as reservoirs or amplification hosts 
for a number of these viruses, making it easier 
for ticks, animals, and people to spread them.90,91 
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Point mutations arising during viral replication 
are the most common source of rapid genetic 
variation in the RNA genomes of these viruses.92 
These genetic changes promote the emergence 
of novel viral variants with altered host range, 
virulence, and transmission dynamics, posing 
significant risks to both animal and public health.93 
Viral diversity surveillance, reservoir host and 
vector identification, viral evolution research, 
and early detection of emerging pathogens 
pertinent to livestock production systems and 
One Health surveillance are all made possible by 
metagenomic sequencing, which allows for the 
unbiased detection and genomic characterisation 
of these viruses directly from ticks, livestock, 
and environmental samples.88,89 For example, 
metagenomic analysis of common/farmed 
pheasants (Phasianus colchicus) has revealed a 
diverse virome and enabled the development 
of better diagnostic tools for evaluating the 
pathogenic potential, host range, and transmission 
dynamics of newly identified viruses, thereby 
strengthening disease surveillance at the wildlife-
livestock interface and supporting early detection 
of viruses with potential implications for animal 
health.94

Uterine metagenomics
	 Onnureddy and coworkers conducted 
the first metagenomic analysis of the bacterial 
population of postpartum endometritic buffaloes 
using 16S rDNA cloning at ICAR-NDRI, Karnal 
(India), to identify and compare the uterine 
bacterial composition of endometritic and 
normal postpartum buffaloes. It was observed 
that the most common bacteria identified from 
endometritic samples were Psychrobacter 
pulmonis, Ureaplasms diversium strain T95, and 
A417-95.95

	 Shotgun metagenomics offers the 
extensive and unbiased discovery of microbial 
populations and functional pathways in uterine 
health issues. Researchers discovered that 
clinical endometritis is characterized by a higher 
abundance of key bacterial pathogens and 
altered host pathways (e.g., reduced Wnt/catenin 
signaling), whereas subclinical endometritis 
showed no clear microbial association.96 These 
findings are in line with earlier studies showing 
that postpartum uterine disease is linked to 

specific changes in the uterine microbiome, 
such as elevated levels of pathogenic bacteria 
like Escherichia coli, Trueperella pyogenes, 
Fusobacterium necrophorum, and Prevotella 
species, which cause uterine inflammation and 
poor reproductive outcomes.97,98 According to more 
recent metagenomic studies, changes in uterine 
microbial communities are closely associated with 
changes in host immune responses, microbial 
metabolic functions, and disease progression, 
providing opportunities for identifying microbial 
biomarkers and therapeutic targets for reproductive 
disorders.99,100 Together, these findings highlight 
the value of metagenomic approaches in defining 
disease-specific microbial signatures, clarifying 
host-microbiome interactions, and improving 
knowledge, diagnosis, and treatment of livestock 
reproductive disorders. 

Fecal metagenomics
	 Pathogenic microbes in animal excreta 
are usually blamed for foodborne illness which 
poses a serious hazard to public health. Foodborne 
pathogens such as Salmonella enterica, Escherichia 
coli, Staphylococcus aureus, Bacillus cereus, 
Campylobacter spp., Vibrio spp., Clostridium 
perfringens and Yersinia enterocolitica are the 
main causes of the majority of foodborne illnesses 
and fatalities.101,102 Therefore, faecal metagenomic 
analysis was carried out to ascertain the prevalence 
of these foodborne pathogens in livestock species 
particularly cattle, pigs, and chickens.103 All 
livestock species’ excrement contained Clostridium 
and Staphylococcus at the genus level, with 
chicken excrement showing comparatively larger 
abundances than that of cattle and pigs. Cattle 
waste was also found to contain genera like 
Bacillus, Campylobacter, and Vibrio. Furthermore, 
the taxa Helicobacter and Pseudomonas were 
found at relatively higher abundances in pig 
and chicken excrement, respectively. However, 
these results do not differentiate between 
harmful and non-pathogenic species within these 
genera because they are based on taxonomic 
assignments at the genus level. Therefore, 
rather than being direct proof of the presence 
of pathogens, the presence of these taxa should 
be viewed as suggesting possible reservoirs 
of microorganisms that may include harmful 
species. More species-level characterisation and 
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functional investigations are needed to validate 
their pathogenic potential and related hazards to 
food safety. In general, these results show how 
metagenomics can be used to monitor microbial 
communities and identifying potential food 
safety hazards in livestock production systems, 
thereby supporting targeted surveillance and risk 
assessment strategies.
	 Faecal metagenomics has become 
a potent, non-invasive method for studying 
livestock reproductive physiology, animal health, 
production characteristics, and host adaptation. 
According to comparative metagenomic research, 
faecal microbial populations differ significantly 
between geographical locations and production 
environments, showing host adaptability to 
various ecological situations. Sheep from high-
altitude Tibetan regions exhibited higher relative 
abundances of Ruminococcus, Oscillospira, 
Clostridium, and the phylum Bacillota, whereas 
low-altitude sheep were enriched with Prevotella 
and members of the phylum Bacteroidota, 
suggesting that the gut microbiome contributes 
to adaptation under different environmental 
conditions.104-107

	 In addition to ecological adaptation, 
faecal metagenomics also offers thorough 
characterisation of the faecal microbiota, 
resistome, and mobile genetic elements. This 
provides important insights into One Health issues, 
such as the emergence and spread of antimicrobial 
resistance, zoonotic pathogens, resistance 
genes within the food chain, and environmental 
contamination linked to livestock production 
systems. A study reported the predominance 
of Bacteroidetes (35.2%), Firmicutes (28.7%), 
Proteobacteria (15.4%), and Actinobacteria (8.9%), 
together with a diverse resistome comprising 
ARGs such as tet(X) and blaOXA-427 and plasmid-
mediated transmission potential.108 These results 
highlight the necessity of continuous metagenomic 
surveillance to track the spread of resistance, as 
livestock faeces are significant reservoirs of mobile 
genetic elements and antimicrobial resistance 
genes.
	 Moreover, the applications of faecal 
metagenomics to identify microbial biomarkers 
associated with economically important 
production traits is increasing. High-yielding dairy 
cows had a more varied intestinal microbiome 

that was enriched with fibre-degrading and 
short-chain fatty acid (SCFA) producing bacteria, 
accompanied by changes in metabolic pathways 
related to energy metabolism.109 These findings 
are in accordance with earlier research showing 
that composition and functional capacity of the 
microbial population are strongly correlated with 
feed efficiency, energy harvest, methane emissions, 
and dairy productivity.7-9,109 Collectively, these 
studies indicate that dung-based metagenomics 
has a considerable potential as a non-invasive 
method for identifying microbial biomarkers 
associated with milk production and other 
economically important traits. However, before 
routine application, validation across breeds, diets, 
and management systems is still necessary.
	 Faecal metagenomics has started to 
provide insights on animal reproductive physiology 
in addition to adaptation and productivity. At ICAR-
NDRI in Karnal, India, the first report detailing the 
faecal bacterial population in a ruminant species 
during the oestrous cycle was generated. While 
Bacteroides were found exclusively during the 
oestrous phase, members of the order Clostridiales 
predominated during oestrus.109 These results 
imply that the synthesis of volatile metabolites 
or pheromone-associated chemicals implicated 
in oestrus expression may be influenced by 
temporal changes in the faecal microbiome, which 
may be associated with reproductive physiology. 
Nevertheless, to clarify the molecular relevance 
of these microbial communities in reproductive 
signalling and fertility, metagenomics must 
be integrated with metabolomics and other 
functional omics techniques.
	 By using the metagenomics technique, it 
was possible to compare the faecal microbiomes of 
African and Asian elephants and discover a unique 
repository of CAZymes that could be used in 
biotechnological contexts, such as the degradation 
of lignocellulose to produce second-generation 
biofuels and energy.107

Biotechnological advances associated with 
metagenomic applications in livestock production
	 Metagenomics has transformed livestock 
research by making it possible to characterise 
culture-independent microbial communities and 
their functional potential, thereby facilitating the 
discovery of new enzymes, microbial biomarkers, 
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antimicrobial resistance determinants, and 
functional genes with significant biotechnological 
appl icat ions.  These developments have 
significantly improved our knowledge of animal 
health, illness surveillance, feed utilisation, 
and environmental sustainability. The rumen 
microbiome is a valuable source of industrial 
enzymes for biofuel production and improved 
fibre utilisation, as demonstrated by the discovery 
of 27,755 putative carbohydrate-active enzyme 
(CAZy) genes including 57 cellulolytic proteins 
involved in lignocellulose degradation, by shotgun 
metagenomics of the cattle rumen.6 Herbivore 
gut microbiomes are significant reservoirs of 
biomass-degrading enzymes, as evidenced by 
similar CAZyme repositories from elephant faecal 
microbiomes.107 While extensive sequencing of 
poultry caecal microbiomes has revealed new 
bacterial, archaeal, and bacteriophage species 
linked to productive performance, metagenomic 
investigations of pig faeces have produced 
reference gene catalogues for tracking antibiotic 
resistance.11

	 Beyond such microbial characterisation, 
metagenomics also helps in precision livestock 
farming by identifying microbial biomarkers 
linked to animal productivity, feed efficiency, and 
methane emissions. This makes it easier to develop 
probiotic-based feed additives, targeted nutritional 
interventions, and microbiome-informed breeding 
strategies.11,110,111 Additionally, it strengthens 
animal illness diagnosis and health management 
by enabling thorough surveillance of emerging 
pathogens and antimicrobial resistance.11, 

111,112 Future studies should concentrate on 
developing activity-based screening methods 
for the identification of enzymes with novel 
biotechnological applications by expanding 
shotgun metagenomics to underexplored livestock 
breeds and microbial groups through integrating 
metagenomics with meta-transcriptomics and 
meta-proteomics, and connecting microbiome 
function with host metabolism.6,11,110-112

Metagenomics in drug discovery
	 A Metagenomic Library of Soil Microbial 
DNA featured several antibiotics, including 
Turbomycin A and B.113 More than thirty 
chemicals, including “Didemnin B (Aplidine)” 

and “Thiocoraline”, which are being studied in 
preclinical and clinical settings to treat various 
cancer types, have been derived from marine 
bacteria.114 Although these discoveries originated 
from soil and marine microbiomes, these findings 
show the extensive potential of metagenomics 
as a platform for discovering novel antimicrobial 
molecules, enzymes, and microbial metabolites 
that can further be investigated for livestock 
applications, such as the development of feed 
additives, microbiome-targeted therapeutics, and 
alternatives to conventional antibiotics.1,16,115

	 Metagenomics offers a strong, culture-
independent tool to study cattle’s complex gut 
microbiome and its relationships with parasite 
diseases. While metagenomic analyses facilitate 
identification of beneficial microbial taxa and 
functional pathways that may be used for disease 
control, recent studies have demonstrated that 
parasitic infections in cattle disrupt gut microbial 
composition, adversely affecting immunity, 
nutrient utilisation, and productivity.116 Specific 
examples include the discovery of bacteriocin-
producing microorganisms, probiotic candidates, 
antimicrobial peptides, carbohydrate-active 
enzymes (CAZymes), and functional microbial 
consortia that may be used to improve gut 
health, control enteric pathogens, increase feed 
efficiency, and decrease the use of antibiotics 
in livestock production systems.1,16,115 These 
results demonstrate the expanding significance 
of metagenomics in directing the development 
of innovative microbiome-based treatments and 
long-term disease-control strategies to enhance 
livestock productivity and health.

Metagenomic approach for biodegradation
	 The  knowledge  of  hydrocarbon 
biodegradation in petroleum-contaminated 
environments has greatly increased because to 
the identification of new genes and metabolic 
pathways using metagenomic techniques.117 
While specific bacterial communities have 
shown the capacity to break down polycyclic 
aromatic hydrocarbons (PAHs) even in cold marine 
environments, researchers have discovered 
microbial genes that can break down phenolic 
compounds, aromatic hydrocarbons, and other 
hazardous petroleum-derived pollutants in sludge 
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Table 2.  Enzymes isolated from metagenomic process

No.	 Enzyme	 Sample source	 Function	 Ref.

1	 Mannanase-xylanase-	 Cow rumen fluid	 Digestion of lignocellulose and hemicellulose.	 121
	 glucanase
2	 Esterase	 Arctic soil	 Hydrolyze the compounds that contain ester, 	 122
			   amide, and thioester bonds which cause prodrug 
			   activation or detoxification.
3	 Endoglucanase,	 Forest soil, Elephant	 Endoglucanase cleaves the cellulose polymer into	 123
	 Beta-glucosidase	 dung, Cow rumen	 smaller sugar and oligomorphic polysaccharides.
4	 Xylanase	 Holstein cows rumen	 Xylan degradation breaks hemicellulose.	 124
5	 Endonuclease, 	 Contents of buffalo	 Exonucleases cleave polynucleotide chains at ends.	 125
	 Exonuclease, Beta- 	 rumen	 Endonucleases cleave the polynucleotide chain in
	 glucosidase		  middle. Beta-glucosidase is a major component of 
			   cellulase and completes cellulose hydrolysis.
6	 Laccase	 Svalbard Reindeer	 Found in white rot fungi and helps in lignin digestion.	 126
7	 Lipase	 Dairy cow rumen	 Breakdown of fats	 124

and contaminated soils.118 Beyond environmental 
restoration, these discoveries have significant 
ramifications for livestock production systems, 
where pesticides, veterinary medications, 
petroleum-derived toxins, and other persistent 
organic pollutants can build up in soil, water, and 
animal waste. Developing efficient bioremediation 
techniques for managing livestock farm effluents, 
enhancing manure treatment, safeguarding 
grazing pastures and water resources, and 
lowering environmental contamination is made 
possible by the metagenomic identification of 
pollutant-degrading bacteria. Thus, by improving 
waste management, reducing ecosystem pollution, 
and fostering a better environment for both 
humans and animals, metagenomics aids in 
sustainable livestock production.

Metagenomics for isolation of novel enzymes
	 Metagenomics has paved the way for 
exploring the genetic potential of uncultivable 
microorganisms, providing access to novel 
enzymes and bioactive compounds with broad 
industrial and agricultural applications.119 With the 
advent of metagenomic technologies, enzymes 
including lipases, proteases, cellulases, chitinases, 
and transaminases can be discovered from a 
variety of microbiomes, thereby overcoming 
the limitations of conventional culture-based 
sources such as Bacillus and Aspergillus species. 
The separation of industrially significant enzymes 

like cellulases has also been investigated using 
environmental samples, such as bagasse waste 
and the human gut microbiota.16

	 In l ivestock production systems, 
metagenome-derived enzymes, including 
cellulases, xylanases, phytases, and proteases, 
have the potential to enhance animal performance, 
feed efficiency, nutrient digestibility, and fibre 
degradation while reducing environmental.1 

Furthermore, microbial proteases and chitinases 
identified using metagenomic approaches 
represent promising candidates for developing 
new antibacterial and antiparasitic medicines 
for livestock. While cellulases, lipases, and 
endoglucanases have significant uses in the 
generation of biofuel, proteases are also used as 
antiparasitic, antiviral, anticancer, and antifungal 
drugs.120 Thus, metagenomics offers provides a 
valuable platform for discovering novel enzymes 
that promote industrial biotechnology and 
sustainable livestock production.1,16,119,120

	 Several other enzymes isolated from 
metagenomic studies, their sources, and functions 
have been enlisted in Table 2. 

Limitations
	 Desp i te  i t s  broad  app l i cat ions , 
metagenomics faces technical, functional, 
practical, and regulatory barriers that restrict its 
routine use in livestock systems. Metagenomics 
yields massive, complex datasets that demand 
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immense computational power and storage for 
robust assembly.10,127,128 Extracting pure DNA from 
complex matrices like rumen fluid, faeces, and 
manure is notoriously difficult due to inhibitors and 
variable cell lysis.128 Additionally, high sequence 
similarity among related microbes often causes 
assembly errors, complicating the reconstruction 
of genomes from rare or low-abundance taxa.128,129

	 Linking predicted gene content to in vivo 
mechanisms is difficult because gene presence 
does not guarantee expression. Genes can remain 
silent or activate conditionally based on diet or 
environmental stressors.129 Because major shifts 
in animal performance and metabolites can 
occur without significant microbial community 
changes,130,131 functional annotations alone can 
be misleading. To accurately map biological 
activity, metagenomics must be integrated with 
meta-transcriptomics, meta-proteomics, and 
metabolomics.132

	 The high costs of high-throughput 
sequencing and multi-omics analysis limit 
large-scale commercial adoption.127 Veterinary 
and agricultural sectors frequently lack access 
to high-performance computing and trained 
bioinformaticians, confining these workflows 
mostly to research environments.128 Furthermore, 
the absence of standardized, livestock-specific 
protocols compromises data comparability across 
different studies.128

	 Regulatory frameworks for metagenomic 
diagnostics are still evolving. While metagenomics 
can track the mobility of antibiotic resistance genes 
(ARGs), it also reveals that many ARGs survive 
standard manure composting.133 Deliberately 
modifying animal microbiomes raises unresolved 
ethical questions regarding unintended impacts 
on animal welfare, pathogen evolution, and the 
spread of ARGs into the environment.

Future prospects
	 The future of metagenomics in livestock 
production offers profound scientific and 
translational opportunities. Metagenomics 
will continue to unravel how rumen, gut, 
uterine, and environmental microbiomes drive 
animal growth, feed efficiency, and climate 
resilience.127,130,131 Identifying beneficial microbial 
taxa and metabolic pathways will enable targeted 
strategies to improve nutrient use and reduce 

methane emissions. Furthermore, integrating 
metagenomics with transcriptomic, proteomic, 
and metabolomic data will create a more dynamic, 
holistic understanding of host-microbiome-
environment interactions.128,131

	 Emerging sequencing platforms will propel 
the field forward. Long-read technologies, like 
Oxford Nanopore, improve genome reconstruction 
and detect antimicrobial resistance genes 
(ARGs) with strain-level precision.133 Meanwhile, 
alternative short-read systems, such as the 
Element AVITI platform, provide high-quality, cost-
effective data for large-scale profiling. Together, 
these tools will accelerate the development of 
precision livestock diagnostics.127,133 Developing 
standardized workflows and decision-support tools 
is critical for translating research into practice. 
Non-invasive sampling, combined with cloud-
based analytics, will soon allow farms to utilize 
metagenomic biomarkers for routine monitoring 
and breeding indices without needing on-site 
bioinformatics expertise.127,128,130,131 Metagenomics 
will be central to One Health surveillance, tracking 
pathogens and ARGs across livestock, wildlife, 
and human ecosystems.133 Additionally, mining 
metagenomic libraries will drive the discovery of 
novel enzymes, probiotics, and manure-treatment 
technologies tailored to ruminants.129 To safely 
implement these innovations, interdisciplinary 
collaboration on robust ethical and governance 
frameworks will be essential.

CONCLUSION

	 Metagenomics has reshaped microbial 
research by enabling culture-independent 
exploration of community structure, diversity, 
and function. In livestock systems, it offers 
valuable insights into rumen fermentation, feed 
efficiency, methane mitigation, antimicrobial 
resistance, reproductive health, and host–microbe 
interactions. The findings discussed in this review 
show that metagenomic approaches can support 
precision nutrition, biomarker discovery, disease 
surveillance, and the identification of novel 
enzymes, probiotics, and other biotechnologically 
useful microbial products. At the same time, their 
routine application is still constrained by technical 
complexity, high costs, incomplete functional 
validation, and ethical and regulatory concerns. 
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However, continuing advances in sequencing 
technologies, bioinformatics, and multi-omics 
integration are steadily improving the depth and 
reliability of microbial analyses. In particular, long-
read and high-accuracy sequencing platforms are 
expected to enhance genome reconstruction and 
functional interpretation of complex livestock-
associated microbiomes. Overall, metagenomics 
holds strong promise for advancing sustainable 
livestock production, animal health, and One 
Health-oriented strategies by linking microbial 
functions with productivity, resilience, and 
environmental sustainability.
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