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Abstract

Bacterial biofilms pose a perilous challenge in livestock health, contributing to chronic infections, treatment failures,
and economic losses across livestock. These designed microbial communities render an extracellular matrix,
conferring improved resistance to antimicrobials and host immune defences in contrast to their planktonic
counterparts. This review emphasizes the basic structural biology of bacterial biofilms, illustrating the molecular
mechanisms controlling their growth and proliferation with significant correlation with the quorum sensing (QS)
pathway and cyclic-di-GMP signalling scheme. QS initiates cell populations via autoinducers, while cyclic GMP
acts as a ubiquitous second messenger that controls phase switching via modulating exopolysaccharide
production, adhesion expression and flagellar motility. Biofilms display pivotal role in major livestock diseases,
including bovine mastitis (primarily Staphylococcus aureus), bovine respiratory disease complex, endometritis, and
enteric diseases across livestock. The maturation of biofilm exacerbates antimicrobial resistance (AMR), impeding
therapeutic interventions. Current therapeutics comprising conventional antibiotics, antimicrobial peptides and
matrix-degrading enzymes limit functional impairment in livestock disease management. Also, emerging
technological advancements leverage CRISPR-Cas gene editing tools to target biofilm-associated pathogens,
restrict QS and c-di-GMP signalling cascades, and eradicate AMR. Finally, this current review proposes the
therapeutic potential of amalgamating CRISPR-based antimicrobials with conventional approaches to mature next-
generation biofilm management protocols for sustainable livestock disease management.
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Introduction

Biofilm is a consortium of bacterial cells that are adhere to one another, enclosed within a slime matrix
comprised of extracellular polymeric substances (EPS), composed of eDNA, and proteins (e.g., fibrin).
Under adverse conditions, most microorganisms develop biofilms to protect themselves (Chatterjee et
al., 2025; Jacques & Malouin, 2022). Research studies have revealed that microorganisms producing
biofilms not only colonize different organs of humans, causing pathogenic infections, but also colonize
different organs of animals, which indirectly affect human health. Studies on biofilm-related infections
(mastitis, endometritis, respiratory infections, etc.) in livestock have been going on since the 1980s
(Bjarnsholt et al., 2013). Cells in biofilms provide shielding from the host immune system by hiding
within the extracellular matrix. When the immune system identifies a foreign object, both innate and
adaptive immunity are activated, leading to long-lasting inflammation and the production of
polymorphonuclear neutrophils (PMNs), which may damage tissues without affecting the biofilm
(Bjarnsholt et al., 2013; Rybtke et al., 2015; Zare et al., 2022). Bacterial cells remain protected within
biofilms against bactericides and antibiotics (Uruén et al., 2020; Haiby et al., 2010; Stewart, 2002). In
the dairy sector, bovine mastitis is the most significant and prevalent animal disease that lowers milk
output (Stewart, 2002). Multidrug-resistant staphylococci are the most potent pathogenic bacteria
causing bovine mastitis, thereby becoming a problem of concern to the animal industry. The most
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predominant species of staphylococci are Staphylococcus aureus and Staphylococcus epidermidis,
which are responsible for biofilm formation, causing pathogenesis (Bouari et al., 2026).

However, the most common cause of bovine mastitis is coagulase-negative staphylococci (CNS), found
in many countries. Besides staphylococci, coliforms, enterococci and are also recurrently isolated from
infected cows (Schwarz et al., 2010). Apart from these, other biofilm-associated diseases include
bovine myocarditis (caused by Histophilus somni), endometritis in cows, Bovine Respiratory Disease
Complex (BRDC), Porcine Enzootic Pneumonia caused by Mycoplasma hyopneumoniae and Porcine
pleuropneumonia, caused by Actinobacillus pleuropneumoniaes (Nesse et al., 2023; Andrés-Lasheras
et al., 2022). Bacterial biofilms in livestock settings are not exclusively associated with animal health
problems. Subsequently, the crosstalk between human health, animal health, and environmental
integrity is a prime concern in accordance with the "One Health Concept." [Figure 1]. This framework
identifies that pathogens and antimicrobial resistance (AMR) determinants now conglomerate with
occupational settings and ecosystems. In this plethora, the One Health Concept explores a synergistic
approach to mitigate the human-animal-environmental interface (Food and Agriculture Organization of
the United Nations (FAO), (Centers for Disease Control and Prevention 2022, One Health Basics. CDC,
Atlanta), World Organization for Animal Health, World Health Organization (WHO) (2019) Taking a
Multisectoral One Health Approach: A Tripartite Guide to Addressing Zoonotic Diseases in Countries.
WHO, Geneva). The successful implementation of this concept relies on the removal of constraints
derived from veterinary medicine and human populations from various aspects, such as environmental,
ecological, evolutionary, and socioeconomic perspectives (Jacques & Malouin, 2022). Specifically,
zoonotic transmission of biofilm integrated pathogens such as Campylobacter spp., Staphylococcus
aureus, Salmonella spp. including livestock mediated methicillin-resistant S. aureus (MRSA), and
Listeria monocytogenes is accelerated by biofilm-mediated survival on animal mucosa, hides, and farm
equipment. Biofilm maturation increases tolerance to antimicrobials and biocides, thereby enhancing
fomite survival and maintaining the transmission chain.

Another public health priority is to evaluate the significant impact of biofilms in the spread of AMR.
Environmental biofilms can serve as secondary reservoirs, thereby enabling downstream transmission.
The evolution of biofilms renders inhibition of antimicrobial penetration and horizontal gene transfer of
resistance determinants among pathogens. The "One Biofilm Concept" could be the precise keystone
fundamental to the "One Health Concept." To address this, a "One Health"-aligned scheme integrates
monitoring of biofilm-associated pathogens and AMR determinants among animal, human, and
environmental samples. Considering biofilm biology within the "One Health" framework, interventions
can synergistically minimize animal disease burden, zoonotic transmission, foodborne risk,
environmental threats, and the global consequences of AMR. This review focuses on the detailed study
of various microorganisms affecting diverse organ systems in animals and the impact of bacterial
biofilms in the livestock diseases pathogenesis (Figure 1). It also highlights the current therapeutic
strategies to inhibit antimicrobial resistance (AMR) and various genomic editing tools with a regulatory
framework to combat the therapeutic challenges in biofilm management (Andrés-Lasheras et al., 2021).

The primary aims of this review basically rely on providing an overview of the mechanisms involved in
bacterial biofilms that directly contribute to pathogenesis and prolonged persistence in infections
affecting livestock, with special highlights on clinically significant veterinary pathogens. Additionally, we
scrutinize how biofilm formation instigates antimicrobial resistance and substantiates clinical
therapeutic outcomes. Furthermore, we critically point out mechanistic insights into in vivo pathogen
genome targeting in disease management. It also elaborates on different organ systems of livestock
influenced by bacterial biofilms. In summary, detailed biofilm formation and its associated pathogenic
disease consequences are also described. By conglomerating all these perspectives, this review
leverages future research endeavours intended to mitigate the implications of biofilm-driven infections
in livestock.
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Figure 1: Schematic Representation of One Health Concept in Correlation with Livestock Diseases
[Reproduced by Self with Assistance of Biorender.Com]

Methodology

A structured literature search process was performed to identify relevant reports on bacterial biofilms
in livestock diseases, focusing on host-pathogen interactions, antimicrobial resistance, and therapeutic
approaches in pathogenic conditions. Searches were conducted using major biomedical and
multidisciplinary databases, including PubMed, Web of Science, Google Scholar, and Semantic
Scholar, to ensure comprehensive reporting of peer-reviewed veterinary, microbiology, and
translational literature. The search strategy combined specific keywords related to the topic, such as
“bacterial biofilm,” “livestock,” “cattle, pig,” “goat,” “mastitis,” “endometritis,” “respiratory
disease,” “endometritis,” “Escherichia coli,” “Staphylococcus aureus,” “Streptococcus,” “Mycoplasma,”
“piofilm formation,” “antimicrobial resistance,” and “quorum sensing.” Boolean operators such as AND
and OR were applied to refine the combined search results where appropriate. Reference lists of
selected articles were also scrutinized by forward and backward tracking to identify additional studies
not captured in the database search.

” o« ” o« ” “ "« ” o« » o« "«

Inclusion and Exclusion Criteria

Inclusive studies incorporated relevant original research articles, review articles, and book chapters
published in English that addressed bacterial biofilm formation in livestock species or its role in disease
pathogenesis, persistence, diagnosis, and treatment. Studies were included if they provided
experimental, observational, or mechanistic evidence relevant to biofilm-associated infections in food-
producing animals. Articles focused solely on human biofilms, non-bacterial biofilms, unrelated or
distantly related microbial systems, or non-livestock species were excluded. Outdated or duplicated
records, inaccessible full texts, conference abstracts without sufficient data, and articles lacking proper
indexing and relevance to the central theme of the review were also excluded.

The search was performed to acquire and summarize current literature available up to the time of
manuscript preparation, as possible. Retrieved and selected articles were screened in a stepwise
manner by summarizing title and abstract, followed by evaluation. Priority was given to studies with
clear methodological descriptions, explanations of specific pathogenicity and sufficient experimental
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data supporting their conclusions. This approach ensured that the narrative review synthesizes
updated, reliable, and scientifically robust evidence on bacterial biofilms in livestock diseases.

Bacterial Biofilm Biology

Bacterial biofilms are populations of bacterial cell that are surface-associated and consist of
microcolonies of bacteria surrounded by exopolysaccharides (Danese et al., 2000; Sauer et al., 2022).
It is predicted that greater than 99% of bacteria on Earth reside in organized biofilm communities, and
it is observed that 65% of nosocomial infections and 61% of zoonotic human infections are associated
with biofilm formation (Alotaibi, 2021). The extracellular polymeric matrix, which is mostly created by
the microbes themselves, gives the biofilm its structure and allows for survival under harsh conditions,
including resistance to different generations of antibiotics (Bright et al., 2023; Limoli et al., 2015). The
various steps involved in biofilm attachment, colonization and maturation have been illustrated in Figure
2.

Biofilm Structure

The formation and establishment of bacterial biofilms are dynamic, intricate processes controlled by
intrinsic biological characteristics and physical factors like physicochemical characteristics. Since
biofilms absorb a lot of water through hydrogen bonding, they are complex, highly hydrated structures
with water channels (Alotaibi, 2021).

DNA, extracellular polysaccharides constitute the framework of the EPS found in biofilms.
Exopolysaccharides are high-molecular-weight sugar polymers that are either intra- or extracellularly
produced and released into the external environment (Chakraborty et al., 2018). Streptococcus mutans
possesses glucan-binding proteins (Gbps), which bind bacteria and exopolysaccharides and are
essential for preserving biofilm formation (Lynch et al., 2007). The structure of biofilms is further
enhanced by amyloids, which are insoluble fibrous proteins. Biofilm production is enhanced in
Pseudomonas species when Fap amyloids are overexpressed (Chakraborty et al., 2018). Along with
polysaccharides and proteins, extracellular DNA (eDNA) also plays an important role in the architecture
of bacterial biofilms, as it helps bacteria attach to the substratum (Singh et al., 2010). The AMR
characteristics of biofilms is another crucial factor, and negatively charged eDNA can chelate positively
charged antibiotics, thereby conferring antibiotic resistance (Lewenza, 2013). Microbial cells make up
around 2-5% of the total amount of the biofilm matrix, whereas extracellular polymeric compounds
comprise approximately 95-98% (Chakraborty et al., 2018).

Biofilm Maturation

The interactions of biological, chemical and physical processes induce in the development of biofilms
formation (Perni et al., 2014). The initial adhesion and successive aggregation into multicellular
structures are the crucial initial stages in the biofilm growth. Adhesive forces are necessary for biofilm
growth during surface colonization, as well as for the interaction between cells. The development of
fluid-filled channels, which are essential for the transport of nutritional substances, metabolites, and
oxygen to every biofilm cell and give the biofilm its characteristic three-dimensional structure, is mostly
attributed to disruptive forces. Bacterial microcolonies subsequently grow into mature biofilms, which
are eventually followed by the cells in the biofilm dispersing into the surrounding environment (Figure
2).

Initial Reversible Attachment

Individual cells adhere to surfaces in contact with an aqueous solution to initiate the formation of a
biofilm, which is then trailed by the formation of a conditioning layer. Once the bacteria adhere to the
surface, there is a greater chance that additional free-floating microorganisms may be transported,
leading to coaggregation and the formation of multiple layers (Perni et al., 2014). Cellular or microbial
adherence is greatly influenced by the conditioning film, which can govern by the number of organic
moieties. It has been observed that increased surface roughness effectively promotes early biofilm
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growth and microbial colonization. The attachment of the bacteria to the conditioning layer depends on
the motility of the bacterium.

Irreversible Attachment to the Substratum

In the step of irreversible attachment, bacteria irreversibly attach to the substratum and start to
synthesize extracellular polymeric substances (EPS). Planktonic microorganisms can adhere to various
surface-bound organisms or to one another during this stage, forming aggregates on the substratum. If
no physical or chemical intervention is applied, the adhesion becomes irreversible, resulting in the
bacterial cells becoming firmly attached to the surface substratum (Alotaibi, 2021).

Development of Biofilm Architecture

After attachment to the substratum, an exponential phase of growth can be observed, leading to the
aggregation of microcolonies. The irreversibly adhered cells originate to proliferate and divide while
utilizing the available nutrients in the conditioning film. Bacteria start to produce polysaccharide
intercellular adhesion (PIA) polymers for firm attachment (Sharma et al., 2023).

Maturation of Biofilm

In this phase, attached small colonies multiply and take up new planktonic bacteria and debris from the
surroundings, developing into a mature biofilm with a distinctive 3-dimensional structure that depends
on EPS. The biofilm uses quorum sensing, a kind of cell signalling, when cell density is high. After
maturation, the structure of a biofilm is composed of three consecutive layers: a connecting film that
attributes the biofilm to the surface substratum; a base matrix with bacterial cells accumulation; and a
surface film allowing free-floating bacteria dispersion and transmission.

Reversible aﬁ'ac;imenf ECM f°"’"“2 EPS production Biofilm
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Figure 2: Sequential Steps of Biofilm Maturation, 1. Reversible Attachment of Planktonic Cells, 2. ECM
(Extracellular Matrix) Formation Via Irreversible Attachment, 3. EPS (Extracellular Polymeric
Substance) Production and Micro-Colonization, 4. Biofilm Maturation and Dispersion [ Reproduced by
Self with Assistance of Biorender.com]

The Final Stage of Dispersal

The biofilm process ends with dispersal, in which attached cells separate and spread to occupy a new
niche. The dispersal of a mature biofilm can be achieved either by shedding daughter cells or by the
influence of other factors, such as fluid dynamics, nutrient limitation etc. In general, a total of three
substages comprise the dispersal stage, namely sloughing, erosion, and abrasion. Sloughing is the
process by which large biofilm biomass particles are released, and erosion is the continual elimination
of individual cells or small biofilm segments. When the loss of biofilm is due to suspended particles, it
is termed abrasion (Kaplan, 2010). Hypoxic or less nutrient condition at the base of the biofilm, as well
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as an abrupt rise in nutrient concentration, result in sloughing. Any cells that are liberated may be
transported to new locations, where they may recommence the biofilm formation process, and this is
believed to be the main reason for the propagation of infections (Maklakova et al., 2024).

Basic Molecular Insight to Biofilm Formation

Several molecular strategies are involved in biofilm growth and proliferation, which can lead to microbial
infection followed by antimicrobial resistance. This affects the treatment outcome and produces
antimicrobial resistance mechanisms, thereby affecting therapeutic outcome. The following section
deals with various mechanistic insights and their correlation with biofilm maturation.

Quorum Sensing

The different phases of biofilm formation depend on the class of bacteria and surface colonization
pattern. Bacteria have quorum sensing (QS) mechanisms that are involved in host colonization to the
production of various virulence determinants (Juszczuk-Kubiak, 2024). According to genetic studies,
based on various RNA synthesis studies, the genes responsible may be broadly classified into 4 classes
according to their functions (Sanchez-Jiménez et al., 2023). Genes related to cell life and growth are
included in the first group; genes regulating cell behaviour in the environment are included in the second
group; and genes related to horizontal gene transfer are included in the third group. The genes
belonging to the fourth group are intricate in the formation of virulence determinants (Sun et al., 2022).

Various virulence factors including coagulase, elastase, lectins, and proteases, are denoted by gene
groups that are showing upregulation by the QS system. The gene like the las operons, Rhl operons,
Pgs and Lgs operons are predominantly overexpressed. In Gram negative bacteria specifically acyl
homoserine lactones (AHL) act as autoinducers and modulate the signalling pathways of the QS
system. In this regard, the widely investigated AHL mediated QS mechanism in Gram negative bacteria
is LuXI/LuxR system, which was first isolated in Vibrio fischeri (Juszczuk-Kubiak, 2024).

Serratamolide and other lipopeptide biosurfactants from the serrawettin family of lipopeptides are
produced by Serratia marcescens. These compounds improve surface motility, which is linked to the
first stages of biofilm progress and may trigger hemolytic activity. The matrix contains extracellular DNA,
and DNase activity alters adhesion and dispersion, suggesting that eDNA is functional in Serratia
biofilms. Transcriptomic studies of clinical isolates with mutations in the GumB gene, an inner-
membrane Rcs regulatory component, show that envelope-stress signalling via the Rcs phosphorelay
system closely controls biofilm-associated gene expression in Serratia marcescens (Boldeanu et al.,
2025). Several methods have been observed where Gram positive bacteria produce autoinducers (AlIP)
that directly affect the QS system. Additionally, AIP induces a membrane signalling cascade via
sequential phosphorylation events. It interacts with transcription factors that ultimately govern target
gene expression via ATP binding cassette transporters within the cell (Neiditch et al., 2017; Juszczuk-
Kubiak, 2024).

In livestock-associated biofilm development in case of Staphylococcus aureus is controlled by a
coordinated network of adhesion factors, matrix-producing genes, and global regulatory systems. First,
a capsular antigen polysaccharide/adhesin (PS/A) causes bacterial cells to attach to a surface. After
that, biofilm development forms a multilayered biofilm that stimulates the development of
polysaccharide intercellular adhesin (PIA). PIA and PS/A production in staphylococcal species is
triggered by the intercellular adhesion (ica) operon, which is comprised of the regulatory gene icaR and
the structural genes icaA, icaB, icaC, and icaD, which encode the proteins IcaA, IcaB, IcaC, and IcaD
(Ibrahim et al., 2022; Song et al., 2024).

Cyclic-di-GMP Signalling

Cyclic di-GMP (c-di-GMP), an internal signalling molecule, governs several important bacterial
processes and mechanisms. High quantities of c-di-GMP have been shown to be required, mainly for
bacterial biofilm formation and establishment. Bacterial cellular modifications have been demonstrated
to be driven by variations in c-di-GMP levels. An increase in c-di-GMP levels is linked to a shift from an
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aggressive to a chronic infection strategy or from a motile, fast-spreading cell to a slow-growing biofilm
(Valentini & Filloux, 2019).

For Gram-negative bacterial cells, the second messenger molecule c-di-GMP controls motility and
biofilm development. A flagellum-dependent biofilm regulatory (FDBR) response is triggered when the
flagellum is not present due to the loss of the gene responsible for producing flagellin. This reaction
boosts biofilm formation, increases cellular c-di-GMP levels, and increases the expression of biofilm
related genes (Wu et al., 2020).

Biofilm-driven Persistence and Dynamics in Livestock Diseases

Persister cells (PCs) are dormant, non-growing, yet drug-susceptible bacterial cells that survive
antibiotic exposure through a transient phenotypic tolerance and can regrow and re-establish infection.
The persisters found in biofilms were later identified as the cause of chronic persistent infections,
recurrence following therapy, and the difficulty associated with treating biofilm infections (Niu et al.,
2024). According to a study, the stringent response (RelA, SpoT) and toxin-antitoxin (TA) modules are
necessary for persister development, and antibiotic treatment increases the expression of genes
involved in these mechanisms. Additionally, P. aeruginosa biofilm persister cells are much more
resistant to antibiotics than non-persister cells due to the heterogeneity of biofilm formation and different
growth phases (Patel et al., 2022). Two antibiotics, ciprofloxacin and colistin, enhance PC formation in
P. aeruginosa, as they promote the type Il TA system (RelBE, VapBC) during the log and stationary
phases of growth (Zadeh et al., 2022). A feed-forward loop, where persistence and biofilm production
mutually promote one another, is suggested by the fact that mutations enhancing persister formation
also result in much higher biofilm biomass in livestock pathogens such as M. bovis and M.
hyopneumoniae (Greve et al., 2025; Hoelzle et al., 2020).

Horizontal gene transfer (HGT) is more commonly involved in biofilm formation, as extracellular
polymeric substances, including DNA and mobile genetic material, promote the likelihood of gene
exchange (Michaelis & Grohmann, 2023). Through transformation inside biofilms, ampicillin-tolerant E.
coli persisters carry out HGT, obtaining plasmid DNA from dead cells at a frequency of 1077—1076 per
cell (Nasu & Maeda, 2024). Sessile cells leave the extracellular matrix to colonize new surfaces by an
active, controlled process called biofilm dispersal, which is controlled by chemical signalling pathways.
Quorum sensing and cyclic-di-GMP signalling control dispersal. Native dispersal in P. aeruginosa
depends on elements essential to environmentally mediated dispersal, such as BdIA, DipA, RbdA, and
AmrZ, and occurs concurrently with decreased c-di-GMP levels (Kalia et al., 2023). The cidABC operon
controls biofilm dispersal in S. aureus by regulating cell lysis inside the biofilm, while proteases help
sessile cells spread to colonize new surfaces (Aboelnaga et al., 2024).

Significance of Biofilms in Major Livestock Diseases

Microbes are typically recognized as potent host immunological responses and participate in a wide
spectrum of defence mechanisms to adapt to environmental stress. Microorganisms derived from
biofiims have altered metabolic pathways and are genetically adapted to induce host-pathogen
interactions in livestock organisms. Biofilm infection affects several organs and tissues in livestock. The
related disease consequences have been discussed effectively in the following section.

Endometritis Disease

In the dairy industry, postpartum reproductive abnormalities result in significant financial losses.
Mucometra, endometritis, pyometra and metritis are examples of uterine infections. Endometritis is one
of the main gynaecological issues influencing the economy of milk production and reproductive efficacy
in dairy cows among all these uterine inflammatory illnesses. In dairy cows, postpartum endometritis is
defined as endometrial inflammation that appears 21 days or more after parturition and is not associated
by systemic symptoms. Purulent flakes in the uterine discharge are a clinical characteristic of this
condition (Mandhwani et al., 2017).
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It is brought on by bacteria growing in the uterine endometrium. Escherichia coli, an opportunistic and
pathogenic bacterium, primarily induces a local cellular immune response that is detectable in a
cytological test as leukocyte infiltration. Long-lasting inflammation can be caused by opportunistic
microorganisms in the uterus secreting chemicals that damage the local immune responses of the
endometrium. Bacillus licheniformis, Fusobacterium necrophorum, Trueperella pyogenes, E. coli,
Streptococcus spp., and Prevotella spp. are the most frequently isolated bacterial agents from the
uterus of postpartum cows. Research assessing the appearance and smell of vaginal mucus has
revealed that E. coli, T. pyogenes, and non-hemolytic Streptococcus spp. are linked to foul-smelling
exudates, while Proteus spp., F. necrophorum, and T. pyogenes are linked to mucopurulent or purulent
discharge that is visible in the vaginal mucus (Maklakova et al., 2024).

The inflammation of the endometrium without any visible symptoms and frequently without any
indication of infection is known as subclinical endometritis. This disorder may have its roots in changes
to the postpartum inflammatory response. Numerous effects of bacterial endotoxins on reproduction
are known to exist: (a) they may interfere with the synthesis of LH, disrupt the secretion of progesterone
and estradiol, change follicular growth and the corpus luteum's normal development, and induce
ovulation failure.; (b) enhance PGE, production and extend the corpus luteum's lifespan; and (c) induce
embryo mortality (Arias et al., 2018). In cows with metritis and clinical endometritis, known pathogens
such E. coli, Trueperella pyogenes, Fusobacterium necrophorum, or Prevotella spp. are often isolated
from the uterus. Studies have demonstrated that, in comparison to healthy cows, cows with clinical and
subclinical endometritis have higher serum concentrations of pro-inflammatory mediators and greater
expression of endometrial mMRNA. Conditions in which inflammation persists even after bacterial
contamination has been eliminated might arise when low levels of anti-inflammatory mediators are
produced in conjunction with increased eicosanoids, delaying the return of the affected tissues to
equilibrium (Séliner et al., 2021).

Mastitis Disease

Mastitis in cows is an inflammatory response of the udder tissue of the mammary gland caused by
injury or infection (Nesse et al., 2023), (Cheng & Han, 2020). During lactation, bovine mastitis (BM)
mainly takes place. The primary organism of BM is Staphylococcus aureus. Other organisms
associated with bovine mastitis are Streptococcus agalactiae (causing contagious mastitis), coagulase-
negative staphylococci (CoNS), E. coli, Klebsiella spp., Enterobacter spp., Citrobacter spp., S.
dysgalactiae, S. uberis, Enterococcus spp., and Pseudomonas spp (Nesse et al., 2023).

It is considered that bacterial intramammary infections (IMIs) are the primary cause of mastitis in cows.
These diseases can be classified as either infectious or environmental based on the source of the
pathogens. "Contagious mastitis" is defined as mastitis that can be transmitted from cow. In addition to
less common organisms like Mycoplasma bovis and Corynebacterium spp., which colonize and grow
inside the teat canal, infectious pathogens like Staph. aureus and Strep. agalactiae are found in the
udder and teat skin of cows. Two strategies to reduce environmental infection include lowering the teat
ends' exposure to environmental pathogens and boosting the cows' resistance to IMIs by vaccination
and antibiotic intervention (Cheng & Han, 2020).

Table 1: List of Pathogens causing Different Types of Mastitis

Pathogen Mastitis Type Biofilm References
Formation
Staphylococcus Aureus Subclinical Mastitis + Darwish & Asfour, 2013; Fabres-Klein et
al., 2015
Coagulase-Negative Subclinical Mastitis + Darwish & Asfour, 2013
Staphylococci
Escherichia coli Clinical mastitis + Fabres-Klein et al., 2015; Milanov et al.,

2015

Enterococcus faecalis Clinical mastitis + Elhadidy & Zahran, 2014
Streptococcus uberis Clinical mastitis + Crowley et al., 2011; Krdmker et al., 2014
Streptococcus agalactiae Mastitis + Rosini & Margarit, 2015

Serratia marcescens Mastitis + Boldeanu et al., 2025
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Research has shown that, in mastitis pathogenesis, the Bap protein contributes to biofilm formation in
staphylococci. It was detected that, in subclinical mastitis, bap-positive S. aureus colonizes the
mammary gland in vivo (Cheng & Han, 2020) (Table 1).

Bovine Respiratory Disease Complex (BRDC)

The respiratory iliness that affects cattle, known as bovine respiratory disease (BRD), shipping fever
pneumonia, or undifferentiated fever. The main bacterial agents that cause it are typically Mannheimia
haemolytica and, less commonly, Pasteurella multocida, Histophilus somni, or Mycoplasma bovis.
Maijor factors involved in pathogenesis ultimately leads to the lung inflammation followed by cell death.
Bacterial byproducts including capsular polysaccharides, several enzymes, iron binding proteins,
lipoologosaccharides have the ability to weaken the immune system, cause immunological damage,
and induce a serious inflammatory reaction (Campbell, 2023).

Porcine Enzootic Pneumonia

The principal cause of enzootic pneumonia, Mycoplasma hyopneumoniae, is found all over the world
and costs the pig industry a significant amount of money. The bacterium adheres to the respiratory
tract's ciliated epithelium and causes damage to it. Pigs with the disease exhibit persistent coughing,
decreased performance, and increased susceptibility to other respiratory illnesses. Furthermore, it is
thought that M. hyopneumoniae is one of the main culprits causing porcine respiratory disease complex
(PRDC) (Maes et al., 2008).

M. hyopneumoniae interferes with the mucosal clearance process through damaging the cilia on the
epithelial surface. Furthermore, the bacterium alters the respiratory tract's immune system (Thacker et
al., 2000). As a result, M. hyopneumoniae puts animals at risk of co-infections with viruses, bacteria,
and parasites that cause respiratory diseases (Maes et al., 2008).

Porcine Pleuropneumonia

Although animals of all ages are susceptible, pigs between the ages of 12 and 15 weeks are the most
common victims of porcine pleuropneumonia. It is a highly infectious caused by Gram-negative
Actinobacillus pleuropneumoniae. A fibrinous to fibrinonecrotic bronchopneumonia is present in the
more acute forms, whereas diminished weight gain and the formation of pulmonary sequestra are
characteristics of the chronic form. Clinical manifestations can range from subacute to chronic. The
high mortality rate and high expense of chemotherapy associated with swine pleuropneumonia
outbreaks result in significant economic losses. Herd performance may be compromised by the
disease's preclinical and chronic manifestations (Nahar et al., 2021).

Numerous virulence factors expressed by A. pleuropneumoniae are required for tissue injury,
immunological clearance, and colonisation. Vaccines are used to prevent A. pleuropneumoniae
infection in swine herds, although they are not completely effective in doing so; in many cases, they
only provide protection against the serovar or serovars that were used to make the vaccine (Nusrat
Nahar et al., 2021). Porcine pleuropneumonia's causal agent, A. pleuropneumoniae, is incredibly
adaptable when it comes to producing RTX toxins. In this species, four distinct RTX toxins have been
found. Apxl, Apxll, and Apxlll are three of them that have undergone substantial research. Strongly
hemolytic and strongly cytotoxic for phagocytic cells, Apxl (110 kDa) shares 41% of its amino acid
sequence with M. haemolytica LktA and 56% of its amino acid sequence with E. coli HlyA. Compared
to Apxl (46% identity) and E. coli HIlyA (47% identity), ApxIl (102.5 kDa) demonstrates mild hemolytic
and moderate cytotoxic activity. As a result, Apxll contains only eight consecutive nonapeptide repeats,
similar to M. haemolytica LktA (67% identity). On the other hand, ApxI contains 13 repeats. ApxlIll (113
kDa, 13 glycine-rich repetitions in the repeat domain) exhibits little hemolytic activity but exhibits
significant cytotoxic action against neutrophils and porcine alveolar macrophages (Soéllner et al., 2021).

Animals suffering from acute outbreaks must receive parenteral antibiotic therapy immediately, as well
as those in nearby pens. This can lower mortality in addition to adding antibiotics to the diet or water
for a few weeks. Common medications used for prophylaxis and/or therapy include tulathromycin,
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tiamulin, ceftiofur, chlortetracycline, tilmicosin, florfenicol, enrofloxacin, and procaine penicillin G.
Tetracycline resistance is common in these strains. Treatment usually has no effect on chronic patients.

Porcine Bronchopneumonia

Bordetella bronchiseptica is a Gram-negative bacterium that naturally infects a variety of domestic, wild,
and pet animals. It is closely related to Bordetella pertussis and Bordetella parapertussis. B.
bronchiseptica is prevalent in swine and has a significant role in respiratory disorders.
Bronchopneumoniae is predominantly expressed in young pigs and develops secondary pneumonia in
older pigs. Also, B. bronchiseptica is the prime causative agent of bronchopneumonia among young
pigs and plays a pivotal role in developing secondary pneumonia in cats (Nicholson et al., 2017).

According to recent investigations, B. bronchiseptica can form a biofilm on abiotic substratum and also
in the respiratory tract of mice due to the production of exopolysaccharide Bps (Bordetella
polysaccharide) (Nicholson et al., 2017; Sloan et al., 2007; Cattelan et al., 2016). The Bordetella
virulence gene BvgAS signal transduction system directs the expression of genes encoding secreted,
surface, membrane, regulatory, and secretory proteins, along with those involved in the metabolism
and physiology of the bacterium. BvgA and BvgS are the regulatory signal-transducing proteins. These
studies demonstrate that Bordetella bronchiseptica biofilm production is regulated and controlled by
BvgAS (Cattelan et al., 2016).

According to the report by Cattelan et al., (2016) during the initial phase of B. bronchiseptica biofilm
formation, bvg-activated genes were in the repressed mode, and there was an induction of bvg-
repressed genes. Bvg-activated proteins include filamentous hemagglutinin (FHA), pertactin, fimbriae,
and toxins such as adenylate cyclase toxin (ACT), whereas bvg-repressed proteins include flagellar
proteins. This suggests that motility and flagellar movement are important for initial attachment to the
substrate during biofilm formation. The bpsA-D locus was expressed more frequently in biofilms of B.
bronchiseptica, but the expression of bpsA-D is not under the regulation of BvgAS genes (Sloan et al.,
2007).

Pathogen-associated Livestock Diseases
Staphylococcus Species

Several clinical and subclinical forms of mastitis are associated with the Gram-positive bacterium
Staphylococcus aureus. The mammary gland is persistently infected with this bacterium. It causes a
weaker immunological response than E. coli, which results in chronic mastitis that persists for several
months (Cheng & Han, 2020). Because methicillin-resistant S. aureus (MRSA) strains are often
resistant to multiple classes of antimicrobials, antimicrobials have become less effective in treating S.
aureus infections due to the antimicrobial resistance that frequently occurs in these organisms.

According to some research, spillover from adjacent pig farms was the cause of livestock-associated
MRSA clonal complex (CC) 398 infections linked to healthcare. Faecal—oral transmission is another
way that S. aureus strains might reach humans via the food chain. MSCRAMMSs, or microbial surface
components recognizing adhesive matrix molecules, are the primary protein family implicated in S.
aureus adhesion. Various proteins, including fibronectin-binding proteins A and B, laminin-binding
protein, collagen-binding protein, fibrinogen-binding protein and elastin-binding protein, are members
of the MSCRAMMSs family (Figueroa-Valenzuela et al., 2022; Silva et al., 2022).

Coagulase-Negative Staphylococci (CNS)

CNS is thought to be the most frequent cause of cow mastitis. In dairy cows, the CNS is the primary
source of subclinical mastitis, which can lead to herd problems. The most common CNS species in the
study herds were S. haemolyticus, S. epidermidis, S. simulans, S. chromogenes, and S. xylosus.
Among cows with subclinical mastitis, intramammary infections (IMIs) caused by S. epidermidis were
mainly seen in multiparous cows, whereas S. chromogenes IMIs were found in primiparous cows
(Thorberg et al., 2009). CNS are generally found on the teats, nasal mucosa, and the hands of milking
personnel. Low levels of CNS represent the normal flora, whereas high levels represent poor udder
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sanitation or contamination of equipment. In dairy herds, CNS can cause chronic infections that lower
milk quality and increase the milk somatic cell count (SCC). One detrimental effect of CNS infection in
dairy herds is that it can damage udder tissue, which causes dairy cows to produce less milk (Cheng &
Han, 2020).

Escherichia Coli

Escherichia coli is considered to be one of the major causative agents of BM. The fimH gene, encoding
type 1 fimbriae, is responsible for biofilm formation and is found in all isolates (Gomes et al., 2016;
Thorberg et al., 2009). Gram-negative E. coli bacteria enter bovine udders through the teat, then
multiply and proliferate, and trigger an inflammatory reaction in dairy cows. E. coli induced severe
clinical mastitis can cause complete loss of milk production, irreversible damage to the mammary gland
tissue, and in rare cases, even the death of dairy cows. Because of its capacity to form biofilms to
varying degrees, E. coli can survive in the mammary gland and result in difficult-to-treat mastitis
infections (Goulart & Mellata, 2022). Adhesins, invasins, and toxins are some of the virulence factors
that E. coli contains. These factors allow the bacteria to colonize and grow in the udder while resisting
the action of serum complement proteins and the host's selection pressure (Gomes et al., 2016).

Enterococcus Species

The Gram-positive bacterium Enterococcus faecalis is responsible for bovine mastitis by invading the
mammary glands. Experimental data have demonstrated a connection between E. faecalis biofilm
development and adherence or invasion of the mammary gland epithelium. Studies have shown that
there may be a possibility of the involvement of Esp, specific cell surface protein responsible for biofilm
formation. The genetic sequence of the Esp protein is similar to that of the Bap protein, which is also
involved in biofilm formation. E. faecalis has an innate resistance to several antimicrobial agents,
thereby exhibiting increased resistance (Elhadidy & Zahran, 2014; Elhadidy & Elsayyad, 2013).

Streptococcus Species

Streptococcus uberis is an environmental bacterium that develops mastitis and is related to both clinical
and subclinical infections. The components of milk, a- and p-casein, have been shown to promote the
development of biofilms that allow Strep. uberis may withstand environmental stress and resist
antimicrobial therapy. The rectum, rumen, respiratory tract, lips, skin, oral cavity, tonsils, sick udders,
faeces, and wounds are among the animal body sites where it has been discovered (Elhadidy & Zahran,
2014). The Gram-positive bacterium Streptococcus agalactiae causes infectious mastitis in cattle. It is
found in the gastrointestinal system of cows and in the surroundings of dairy cows. It can spread by the
oral-faecal route and through milking machines, especially through contaminated drinking water
(Cheng & Han, 2020). By maturing a biofilm enables it to adhere to the mammary gland and resulting
enhances AMR. Streptococcus agalactiae can survive in the mammary gland of cows indefinitely
ultimately affects in decreased milk output (Cheng & Han, 2020).

Pseudomonas Aeruginosa

Animals and humans can become ill due to the common opportunistic bacterium Pseudomonas
aeruginosa. This bacterium can be transmitted through contaminated drinking water in livestock.
Diseases that decrease fertility and reproduction have an impact on animal productivity. The two most
common reproductive diseases in cows, cattle, camels, and mares that lower overall milk supply are
endometritis and metritis (Nesse et al., 2023; Mahmoud et al., 2022).

Several antibiotics, including aminoglycosides, quinolones, and B-lactams, are ineffective against P.
aeruginosa. Three main categories of mechanisms are thought to be responsible for P. aeruginosa
antimicrobial resistance: intrinsic, acquired, and adaptive resistance. P. aeruginosa exhibits intrinsic
antimicrobial resistance because of the development of efflux pumps, the limited permeability of its
outer membrane, and the generation of enzymes that inactivate antibiotics (Mahmoud et al., 2022;
Ferris et al., 2017). The quorum-sensing (QS) system, a cell-to-cell signalling mechanism that regulates
gene expression in accordance to variations in cell population density, is primarily responsible for
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governing P. aeruginosa associated biofilm formation. Three QS systems have been found in P.
aeruginosa: Lasl-LasR, Rhll-RhIR, and PQS-MvfR. These systems all produce autoinducers, which
diffuse into host and bacterial cells and cause transcriptional regulation that lowers the immune
response to infection and increases bacterial survival (Mahmoud et al., 2022; Tuon et al., 2022).

Therapeutic Insights in Livestock Disease Management

Significant therapeutic insights for livestock disease management are emerging from various aspects,
specifically early screening and targeted intervention. This includes next-generation vaccines,
monoclonal antibody design and CRISPR-based strategies.

Insight into AMR

AMR is a concerning public health issue because of its substantial clinical repercussions, which include
increased morbidity and mortality, the development of comorbidities, and the financial burden on the
healthcare industry. Antimicrobial-resistant bacteria are highly prevalent among farmers and
veterinarians. From several investigations it was found that farm animals are the major source of AMR
bacteria, including E. coli, Salmonella spp., S. aureus, and K. pneumoniae, and that associated genes
are transmitted from livestock to humans (Meijs et al., 2021).

According to the study by Meijs et al . (2021), there is evidence of the prevalence and occurrence of
extended-spectrum B-lactamase (ESBL)-producing E. coli and AmpC B-lactamase-producing K.
pneumoniae among Dutch farm workers and family members. The ESBL gene shared by agricultural
labourers was present in 13% of household members, and 17.4% of gene is derived from K
pneumoniae and E. coli. The table depicts the antibiotic resistance genes (ARG) associated genes in
livestock pathogens (Meijs et al., 2021) (Table 2).

Table 2: ARGs and Bacteria Often Found in Livestock (Bava et al., 2024)

Name of the Bacteria Name of the ARGs

Clostridium sp., Acinetobacter sp., E. | B-Lactams: P2CTX-M-1, PaCTX-M-8, ®aCTX-M-14, mecA, ampC.
coli, K. pneumoniae, P. aeruginosa, Aminoglycosides: aac, aad

Salmonella sp.

Current Therapeutics

It is essential to manage antibiotic resistance to prevent bacterial infections in livestock. The protective
matrix that biofilms produce for bacteria may make antibiotic monotherapy ineffective against bacterial
biofilms. It is suggested by many research investigations that combinations of antibiotics that target
different bacterial populations aid in overcoming biofilm heterogeneity. Mala et al . (2022) examined the
combination therapy of antibiotics, gentamicin and zinc pyrithione, to assess the elimination of biofilms
of Streptococcus agalactiae, Staphylococcus aureus, and Streptococcus dysgalactiae for livestock skin
diseases (Mala et al., 2022). A flavonoid called baicalin was extracted from the roots of Scutellaria
baicalensis and used as a quorum-sensing inhibitor with gentamicin, tobramycin, and kanamycin in
different combinations (Guchhait et al., 2026).

Adhesin proteins are responsible of bacterial biofilms. The purpose of adhesin targeting is to interfere
with these adhesion processes through surface alterations in order to prevent the formation of biofilms.
Researchers successfully targeted fimH and the associated genes luxS and bolA using single-guide
RNAs (sgRNAs) in a recent study using the contemporary CRISPR/Cas9-HDR technique (Alshammari
et al., 2023). Antimicrobial peptides are another new strategy to disrupt microbial membranes and
prevent biofilm formation (Guchhait et al., 2026). Tables 3 and 4 highlight the key parameters, including
antibiofilm management and its various features towards livestock disease management and
therapeutic applications.
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Table 3: Comparative Table Highlighting Major Livestock Pathogens, Resistance Mechanisms, and
Therapeutic Outcomes

Livestock Host Biofilm Name of the Resistance Therapeutic Reference
Pathogen Genes Disease Caused | Mechanism Applications
Staphylococcus Cattle, ica operon, Bovine mastitis, Biofilm- Antibiotics, Cheng &
aureus pigs, bap, agr,sar skin/soft tissue mediated combination Han, 2020
sheep, infections, septic tolerance; therapy,
chicken arthritis multidrug biofilm-
S resistance; targeted
MRSA approaches
Coagulase- Cattle Biofilm- Subclinical Persistent Antibiotics Cheng &
negative associated bovine mastitis infection; Han, 2020
staphylococci S. staphylococcal biofilm-
epidermidis, S. adhesion associated
simulans, S. systems; ica- tolerance
chromogenes, independent in
S. haemolyticus, some goats
S. xylosus)
Escherichia coli Cattle fimH; fimbrial Clinical mastitis, Biofilm Antibiotics; Goulart &
adhesins endometritis formation, combination Mellata,
serum- approaches; 2022
complement adhesin
evasion, targeting
chronic
persistence
Streptococcus Cattle Biofilm Clinical and Biofilm- Antibiotics; Elhadidy &
uberis promoted by subclinical mediated vaccination Zahran,
milk proteins; mastitis resistance to 2014
adhesion- antibiotics
associated and
factors environmenta
| stress
Streptococcus Cattle Biofilm- Infectious Biofilm-driven Antibiotics; Nesse et
agalactiae associated mastitis persistence in milking al., 2023
adhesion, mammary hygiene
persistence gland
factors
Pseudomonas Sheep, | lasl-lasR, rhll- Fleece rot Intrinsic, Antibiotics, QS Lee &
aeruginosa cattle rhiR, disease, acquired, and | inhibition, anti- Zhang,
PQS/mvfR; reproductive adaptive biofilm 2015
infections resistance; strategies
biofilm
formation
Mannheimia Cattle Adhesins, Bovine Inflammation- Antibiotics; Campbell,
haemolytica capsular respiratory driven vaccination 2023
polysaccharid disease pathogenesis
es, OMPs, ; tissue
LOS, toxins damage;
immune
evasion
Histophilus Cattle Biofilm Myocarditis, Persistence Antibiotics Andrés-
somni vasculitis in Lasheras
respiratory/sy etal,
stemic sites 2022
Mycoplasma Pigs Adhesins such | Porcine enzootic Chronic Vaccination, Nesse et
hyopneumoniae as P97, P159, pneumonia colonization, antibiotics, al., 2023;
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110 kDa and immune Stakenbor
146 kDa modulation getal,
proteins 2006
Actinobacillus Pigs Apx toxins Porcine Toxin- Parenteral Nahar et
pleuropneumoni (apxl, apxll, pleuropneumonia mediated antibiotics, al., 2021
ae apxIil) virulence; prophylaxis,
chronic vaccines
disease
persistence
Bordetella Pigs bvgAS, bpsA- Porcine Biofilm Antibiotics Nicholson
bronchiseptica D locus; FHA, | bronchopneumon formation; etal.,
pertactin, ia, secondary virulence 2017
fimbriae pneumonia switching
Trueperella Cattle Biofilm- Endometritis, Chronic Antibiotics Maklakova
pyogenes associated metritis, uterine etal,
persistence pyometra persistence 2024

Table 4: Summarising Antibiofilm Strategies and Their Advantages/Disadvantages in Livestock
Disease Management

Anti-Biofilm Mechanisms Advantages Limitations Veterinary Reference
Strategies Applications
Combination Targets distinct In comparison Can still be Mastitis and skin Bright et
antibiotics bacterial to monotherapy, unsuccessful infections, al., 2023
subpopulations greater efficacy against deeply especially against
inside the biofilm against killing established Staphylococcus
by using two or the biofilm biofilms; aureus,
more resistance may Streptococcus
antimicrobial persist agalactiae, and
agents Streptococcus
dysgalactiae
QS inhibitors Disrupt cellular May reduce Often Potential Juszczuk-
crosstalk that virulence, experimental; application against Kubiak,
regulates adhesion, and efficacy may diseases 2024
virulence and maturation vary by species associated with
biofilm without direct and biofilm biofilms
development selection as stage.
antibiotics.do
Adhesin Prevents the Prevents biofilm | Once a mature E. coli associated Ibrahim et
targeting adhesion initiation; useful biofilm is infections through al., 2022
proteins required in early stage formed, it targeting fimH and
for surface infection control becomes less related adhesion
colonization and effective pathways
initial attachment.
Antimicrobial Disrupt microbial Broad anti Stability, cost, Promising adjuncts | Guchhait
peptides membranes and | biofilm potential; and in vivo for veterinary etal.,
prevent the can act on delivery remain biofilm control 2026
formation of membrane challenges
biofilms integrity
Zinc pyrithione | Used in addition | Improves biofilm Not a Tested for Mala et
combinations to antibiotics to clearance when standalone livestock skin al., 2022
improve biofilm combined with solution; safety diseases caused
clearance gentamicin and formulation by staphylococci
need and streptococci
consideration
CRISPR-Cas9- Genome editing Highly specific; Delivery and Future precision Wang et
HDR targeting to disrupt biofilm- can directly regulatory control of biofilm- al., 2020
related genes silence key challenges still associated
such as fimH, biofilm genes exist; most of livestock
luxS, and bolA the research is pathogens
still ongoing.
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Emerging Technologies and Future Perspectives

Bacterial biofilms profoundly instigate the pathogenesis of livestock diseases like bovine respiratory
disease (BRD), mastitis, and pneumonia, ultimately indicating a resistance mechanism to antimicrobials
and host defence processes (Zhan et al., 2021). Conventional antimicrobial therapeutics merely trigger
biofilm-associated infections, as biofiims are structurally dense matrices comprising multicellular
entities in an extracellular polymeric substance (EPS), thereby altering drug functionality and promoting
bacterial growth. This manifests as a recurrent infection rate followed by severe colonization and
persistent AMR (Mishra et al., 2023). Various interconnected mechanisms explain the inadequacies of
conventional therapy, wherein polysaccharides, proteins, nucleic acids, and lipid molecules impede the
diffusion process, thereby preventing antimicrobial contact with affected cells. Simultaneously, biofilm
growth can be induced by subpopulation growth within deep layers (Mishra et al., 2023). Also, quorum
sensing and horizontal gene transfer are governing factors for regulating virulence factors and AMR.
Looking ahead, these features suggest that standard antibiotics are often inefficient at eradicating
biofilms, leading to relapsing resistant variants (Table 5).

Table 5: Investigation of Viral Resistance/Resilience Studies in Livestock

Name of Name of the Target Gene / Protein Method Used References
the Host Virus
Influenza viruses Mouse Mx1 gene DNA construct Muller et al., 1992
FMDV Non-structural protein Gene engineering Hu et al., 2021
Pig 2B and polymerase 3D approach
FMDV Viral protein 1 RNA interference Hu et al., 2015
PRRSV CD163 receptor gene CRISPR/Cas9 Whitworth et al., 2016
PRRSV CD163 SRCR5 domain CRISPR/Cas9 Burkard et al., 2017
PRRSV CD163 homolog CRISPR/Cas9 Wells et al., 2017
CSFV NS4B viral protein CRISPR/Cas9 and Xie et al., 2018
RNA interference
PRRSV, TGE3V, CD163 SRCR5 and CRISPR/Cas9 Xu et al., 2020
PDCoV ANPEP genes
TGEV, PEDV ANPEP receptor gene CRISPR/Cas9 Whitworth et al., 2019
TGEV, PEDV ANPEP gene CRISPR/Cas9 Luo et al,, 2019

(alternative
modification)

PEDV CMAH gene CRISPR/Cas9 Tu etal., 2019
ASFV RELA gene Zinc-finger nucleases Lillico et al., 2013
ASFV CD163 gene CRISPR/Cas9 Popescu et al., 2017
PERVs gag and pol genes RNA interference Ramsoondar et al., 2009
PERVs pol2 gene RNA interference Dieckhoff et al., 2008
PERVs pol gene CRISPR/Cas9 Niu et al., 2017
MDV gB glycoprotein B gene RNA interference Chen. et al., 2009

Chicken and ICP4
MDV ICP4 gene CRISPR/Cas9 Challagulla et al., 2021
AlV Viral polymerase gene RNA interference Lyall et al., 2011

Recent trends in diagnostics, Al analytics, anti-biofilm agents, and CRISPR editing tools predominantly
offer notable solutions to overcome theranostic challenges (Figure 3). Therefore, future research
necessitates integrated CRISPR platforms for biofilm disruption in livestock with polymicrobial
infections. This directly provides synergism and minimizes the lacuna at the viral-bacterial interface.
CRISPR application strategies directly aim at biofilm-related livestock viruses and inhibit livestock
infections (Sdliner et al., 2021). Various genome editing tools like CRISPR/Cas, TALENS (transcription
activator-like nucleases), and zinc-finger nucleases facilitate DNA denaturation within an organism
(Rouet et al., 1994; Subhadra et al., 2023).

Besides that, homology-directed repair (HDR) is not common mechanistic strategy as it derives from
DNA replication phase. It instigates the knock-in (KI) strategies ultimately developing diagnostic tools
to modulate and screen the viral outbreaks. Recently HERLOCK (Gootenberg et al., 2017), HOLMES
(Li et al., 2018), and DETECTR are now being prominently explored as the major CRISPR-mediated
viral detection methods governed by Cas12a and Cas13a proteins (Chen et al., 2018). By tuning the
specificity and sensitivity, a few on-site detection tools for African swine fever virus (ASFV) have been
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miniaturized utilizing Cas12a cleavage (Bai et al., 2019; Lu et al., 2020; Yuan et al., 2020) and Cas9
(Wang et al., 2020). Regarding ethical concerns in CRISPR livestock editing, primary issues
encompass off-target mutations, which risk animal health defects, and welfare impacts from unintended
phenotypes. Regulatory frameworks for CRISPR-edited livestock (e.g., PRRS-resistant pigs) must
progress for anti-biofilm material development, AMR inhibition, genetic susceptibility, and Al modulation
(Ishii, 2017). Advanced nanotechnological tools are also versatile in inhibiting biofilm formation against
bacterial pathogens. Various nanoparticles, including silver (Ag) produced through biosynthetic routes,
could be highly efficient in inhibiting biofilm maturation (Ali et al., 2023; Hosnedlova et al., 2022) (Figure
3).
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Figure 3: Mechanistic Insight into In Vivo Pathogen Genome-Targeting in Disease Management. 1. In
Vivo Delivery of Cas9-Grna Cassette Using Viral/Trasnsposon Vectors, 2. Cas9-Grna Expression and
Complex Formation, 3. Specific Recognition of Viral DNA Target Adjacent to The Protospacer Adjacent
Motif (PAM) Sequence, 4. Cas9 Mediated Double Starnd Break (DSB) In the Viral Genome and
Disruption of The Viral Replication, Inhibition of Viral Progeny Productio[ Reproduced by Self with
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In summary, amalgamating 3D tissue engineering network with multi-omics approaches would
engender deeper insight into the bacterial genomic factors in accordance with biofilm studies followed
by antimicrobial resistance and therapeutic interventions (Bano et al., 2023).

Conclusion

In accordance with recent research trends, bacterial biofilms are explored as fundamental drivers of
persistent and recurrent livestock infections, reshaping disease heterogeneity, treatment failure, and
AMR. By shielding embedded bacteria from host immunity and antibiotic penetration, biofilms sustain
chronic conditions such as bovine mastitis and respiratory complexes while acting as reservoirs for
horizontal gene transfer, thereby amplifying risks across animal, human, and environmental domains.
Although mechanistic insights into biofilm architecture, extracellular matrix composition, quorum-
sensing (QS) circuits, and host—-microbe crosstalk have recently advanced, major gaps remain.
Conventional antimicrobials inadequately remove mature biofilms and select for tolerant or resistant
subpopulations, while host-specific biofilm determinants in major livestock pathogens are rarely
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characterized. In this juncture One Health concepts that integrate antimicrobial resistivity, early biofilm
diagnostics and therapeutics approaches provide a prominent route for mitigating disease prevalence
thereby broadening the global public health impact.
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