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Abstract

Staphylococcus aureus (S. aureus) is a common pathogenic bacterium in animal husbandry that can cause diseases
such as mastitis, skin infections, arthritis, and other ailments. The formation of biofilms threatens and exacerbates S.
aureus infection by allowing the bacteria to adhere to pathological areas and livestock product surfaces, thus trig-
gering animal health crises and safety issues with livestock products. To solve this problem, in this review, we provide
a brief overview of the harm caused by S. aureus and its biofilms on livestock and animal byproducts (meat and dairy
products). We also describe the ways in which S. aureus spreads in animals and the threats it poses to the livestock
industry. The processes and molecular mechanisms involved in biofilm formation are then explained. Finally, we
discuss strategies for the removal and eradication of S. aureus and biofilms in animal husbandry, including the use

of antimicrobial peptides, plant extracts, nanoparticles, phages, and antibodies. These strategies to reduce the spread
of S. aureus in animal husbandry help maintain livestock health and improve productivity to ensure the ecologically
sustainable development of animal husbandry and the safety of livestock products.
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Introduction

Staphylococcus aureus (S. aureus) is a significant food-
borne zoonotic pathogen that is responsible for causing
diseases in livestock worldwide. S. aureus and its biofilms
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have various implications in livestock and poultry infec-
tions, the production and processing of meat products,
and the safety of animal feed (Fig. 1). Livestock diseases
caused by S. aureus are prevalent in pigs [1], cows [2],
and poultry [3]. S. aureus causes diseases such as mas-
titis, joint infections, and skin infections in animals [4].
S. aureus-induced mastitis in dairy cows is detrimental
to the global dairy industry. Moreover, intramammary
infections in lactating sheep and goats contribute to eco-
nomic losses in cheese production [5]. S. aureus is also
a common cause of infection in broiler chickens and can
lead to joint infections such as bacterial chondronecro-
sis with osteomyelitis [3]. In rabbits, S. aureus causes
dermal lesions and invades subcutaneous tissues where
it can cause pododermatitis, abscess, and mastitis [6].
Additionally, when S. aureus infects animals, it forms a
biofilm, making it more challenging to eradicate. Biofilm
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Fig. 1 Impacts of S. aureus on animal husbandry. These effects range from feed processing, storage, and transportation to livestock diseases

and ultimately human health

formation promotes the colonization and persistence of
S. aureus in animals. The antibiotic tolerance of bacteria
in biofilms is reportedly 100 to 1,000 times greater than
that of planktonic bacteria [7]. Therefore, the formation
of biofilms makes infections caused by S. aureus more
challenging to treat.

S. aureus has also been detected in processing chains
and meat products. S. aureus has been confirmed to be
present in air samples, carcasses, and on the surfaces of
equipment and tools in slaughter processing lines. Dur-
ing slaughter and processing, S. aureus on the skin of ani-
mals and slaughterhouse workers can cross-contaminate
pork carcasses and pork products [8]. Furthermore, S.
aureus-induced porcine auricular elephantiasis is com-
mon in slaughtered pigs, and this condition increases the
risk of S. aureus contamination during pork processing
[9]. Once S. aureus contaminates meat products, it can
produce various toxins, such as staphylococcal entero-
toxins [10]. Staphylococcal enterotoxins are a class of
heat-stable enterotoxins that can induce superantigen
activity, leading to immunosuppression and nonspecific

T-cell proliferation. Staphylococcal enterotoxins also
show resistance to protein hydrolytic enzymes and low
pHs, which allows them to remain fully active in the gas-
trointestinal tract after ingestion.

In recent decades, antibiotics have been employed to
improve feed conversion efficiency, treat diseases, and
prevent infections in livestock production. In industri-
alized farming, antibiotics that are frequently used in
animal feed to promote growth have led to the develop-
ment of antimicrobial resistance (AMR) [11]. The devel-
opment of antibiotic-resistant bacteria further exposes
farm workers to new strains of resistant bacteria and
increases the risk of infection and illness among these
workers [12]. The Ministry of Agriculture and Rural
Affairs of the People’s Republic of China implemented a
policy banning the use of feed antibiotics beginning on
July 1, 2020 [13]. This has prompted the feed industry to
urgently seek alternatives to feed antibiotics. Currently,
novel antimicrobial agents include various options, such
as antimicrobial peptides (AMPs), plant extracts, nano-
particles, bacteriophages, and antibodies. AMPs have
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broad-spectrum antibacterial activity, act rapidly, exhibit
good thermal stability and are less likely to induce resist-
ance, making them an ideal alternative to traditional anti-
biotics. AMPs can also eliminate biofilms through means
such as preventing initial bacterial cells attachment,
inhibiting biofilm maturation, and eradicating preformed
biofilms [14]. Additionally, plant extracts and essential
oils have tremendous potential for use as natural pre-
servatives in meat products. Research indicates that due
to their extraction from natural sources and biological
activities, including antioxidant properties and the inhi-
bition of microbial growth, these products are more eas-
ily accepted by consumers as preservatives [15]. Similarly,
plant extracts can eliminate S. aureus and inhibit the
formation of S. aureus biofilm. Compared to traditional
antibiotic treatments, these new antibacterial agents
offer advantages such as safety, environmental friendli-
ness, minimal pollution, few side effects, lower costs,
and a reduced likelihood of drug resistance development.
Moreover, these materials have significant potential
for application in the development of new antibacterial
agents for livestock and poultry.

S. aureus and biofilms: transmission and threats

in livestock farming

Transmission pathways

S. aureus is commonly found in a wide range of ani-
mals, animal-derived products (such as milk and meat),
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animal-associated environments (contaminated soil,
water, and air), and individuals who have close contact
with animals, including farm workers, veterinarians, and
abattoir workers. During farming activities, S. aureus
undergoes host switching between different animal spe-
cies, as well as between humans and animals. The most
evident transmission of S. aureus occurs through direct
contact with the source of infection. The most direct
manifestation of infection in noninfected animals occurs
after encountering infected animals (Fig. 2 (D). Research
has confirmed this transmission pathway, with results
showing that the oral inoculation of pigs with S. aureus
can lead to the infection of previously uninfected pigs
[16]. These contact-infected pigs can then transmit the
bacterium to new uninfected pigs. Furthermore, the for-
mation of biofilms also facilitates the dissemination of
S. aureus among animals. In livestock farming, mastitis
caused by S. aureus is the most common disease. The
formation of S. aureus biofilms can lead to persistent
mastitis infections and promote AMR. Biofilms enable S.
aureus persistence in the mammary gland and contrib-
ute to the spread of mammary infections [17]. In sheep,
persistent infections caused by biofilms can result in the
loss of mammary glands in ewes or lambs and even lead
to death [18]. During breastfeeding, S. aureus within bio-
films can be shed from the mammary gland, leading to
the transmission of mastitis between mothers and infants
[19]. In rabbits, the presence of mastitis during lactation
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Fig. 2 The transmission chain of S. aureus. (D Spread in animals by direct contact; @ transmission between humans and animals; @) transmission
by food chains; @ transmission by processing chains; &) spread to humans through animal products; ® transmission between animals
and the environment; @ transmission between humans and the environment; and ® spread among humans
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and throughout the nursing period leads to the early
death of offspring due to mastitis infection [20]. People
in close contact with animals, such as farmers and vet-
erinarians, can also be infected with S. aureus (Fig. 2
@©). Before 1961, S. aureus was believed to be limited to
transmission among animals until research revealed that
Hungarian cows were the source of S. aureus transmitted
to their caretakers [21]. This marks the first documented
case of S. aureus transmission from animals to humans
and demonstrated that S. aureus can spread horizon-
tally between animals and humans. Later, researchers
from various regions around the world discovered that
S. aureus can spread among different animal species and
humans [22]. This population includes species such as
pigs, poultry, sheep, goats, and horses.

S. aureus can be transmitted through the food chain
(Fig. 2 @). A study reported a food chain transmission
event on a mink farm, where the source of infection was
feed containing pig offal [23]. This finding indicates that
S. aureus can spread from pigs to the mink production
system, subsequently infecting individuals that come into
contact with the mink. Similarly, genomic studies have
demonstrated that the prevalence of S. aureus in food
is attributed to its ability to be transmitted through the
food chain via human activities[24]. S. aureus can also be
transmitted through processing chains and animal prod-
ucts (Fig. 2 @ and ®). S. aureus can survive in a biofilm
state on both biotic and abiotic surfaces. Due to this
characteristic, S. aureus can adhere to processing equip-
ment, tools, and environmental surfaces, thus facilitating
the spread of S. aureus in slaughter and processing chains
and the environment [25]. S. aureus within biofilms can
also contaminate meat products when they come in con-
tact during processing. Animal products such as meat
and milk can serve as vectors for the transmission of S.
aureus from animals to humans. The overall prevalence
of S. aureus in meat products is 24.5%, with the highest
incidence found in beef samples at 33.08% [26]. S. aureus
has also been isolated from milk samples, suggesting that
S. aureus can be transmitted through dairy products [27].

S. aureus from farm animals can be disseminated into
the environment through air and/or faeces, thereby
contaminating the soil, water, atmosphere, and even
crops both inside and outside the farm (Fig. 2 ®). This
phenomenon widens the spread and increases the dis-
tance of S. aureus dissemination. The detection of S.
aureus in surface and air samples further supports
the idea that farm environment can act as a carrier of
S. aureus [28]. Research has shown that S. aureus car-
ried in livestock and poultry faeces can form microbial
aerosols that spread between the interior and exterior
environments of chicken coops [29]. S. aureus can also
survive in dust in the air or on surfaces, thereby posing
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a risk of infection to both animals and humans (Fig. 2
@) [30]. On an Italian farm, researchers separated
cows infected with S. aureus from uninfected cows.
However, new infections were still detected among
the uninfected cows [31]. Finally, S. aureus can also
spread among humans (Fig. 2 ®). Research has shown
that farm workers infected with S. aureus can transmit
the bacteria to their family members [23]. Individuals
working on a farm or residing in close proximity to a
farm are more likely to be colonized by S. aureus, which
means they may be at risk of infection with S. aureus.

AMR is considered a serious threat to livestock. Anti-
biotics are extensively used in livestock farming for
nontherapeutic purposes, such as promoting growth
and preventing diseases. Research indicates that anti-
biotics persist at sublethal concentrations in the gas-
trointestinal system in livestock and slow the growth
of pathogenic bacterial populations [32]. This process
exerts selective pressure on pathogenic bacteria in the
digestive system of livestock that favours the acquisi-
tion and maintenance of antibiotic resistance genes
(ARGs) and promotes an increase in the relative abun-
dance of resistant strains. ARGs can rapidly evolve
through various mechanisms, including horizontal
gene transfer and chromosomal mutation. For example,
methicillin resistance arises from the mecA gene, which
encodes an additional penicillin-binding protein 2a
(PBP2a) [33]. The modified surface protein has a lower
affinity for beta-lactam antibiotics, thereby reducing
the bactericidal effectiveness of these agents. The mecA
gene is chromosomally inserted as part of the mobile
genetic element staphylococcal cassette chromosome
mec [34]. Depending on the type of staphylococcal cas-
sette chromosome mec, the added DNA can also carry
ARGs on integrated plasmids, leading to multidrug
resistance. This transmission can occur within the same
animal population and can also spread through bacte-
ria in the environment. When these ARGs spread to
the surrounding environment, AMR becomes an envi-
ronmental pollution issue. Soil is considered a reser-
voir of ARGs. For instance, when antibiotic-resistant
bacteria from the gastrointestinal systems of livestock
are excreted, ARGs disseminate into the environment,
including into the soil and water [35]. Subsequently,
the spread of ARGs increases the likelihood of human
exposure, particularly for agricultural workers and
those living in nearby areas.

Threats to livestock farming

The ability of S. aureus to produce biofilms is considered
one of the significant factors contributing to the onset of
mastitis. During a mammary gland infection, the forma-
tion of biofilms facilitates the adhesion and colonization
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of S. aureus on mammary epithelial cells, allowing it to
survive within the host and leading to chronic or per-
sistent mammary infections [36]. Mastitis is the most
common disease in dairy industry. Mastitis in cows
leads to a decrease in milk yield and quality, as well as an
increase in the mortality rate of the cows. Compared to
that in cows, mastitis in sheep has a significant economic
impact on farmers. This can result in the loss of mam-
mary glands in ewes or lambs and even lead to death [37].
In smaller flocks, the incidence of mastitis in sheep can
be high, potentially affecting more than 30%-50% of ani-
mals and resulting in up to 70% flock deaths or culling
[38]. In the expanding rabbit farming industry in Europe,
S. aureus infection can lead to mastitis, skin abscess, and
sepsis. In reproductive rabbits, mastitis is the most com-
mon clinical manifestation of S. aureus infection. Mas-
titis persists throughout the lactation period and affects
both primiparous and multiparous female rabbits [39].
Typically, kits die early during lactation after the onset of
mastitis, and rabbits that recover may refuse further lac-
tation or mating. Furthermore, S. aureus is also a major
cause of lameness in poultry and results from bacterial
chondronecrosis with osteomyelitis. Owing to the diffi-
culty in accessing food and water, lame broiler chickens
can dehydrate and die, thus causing significant losses in
the poultry industry [40].

Biofilms are formed when a group of pathogenic bac-
teria adhere to a surface and secrete extracellular poly-
saccharide matrix, which serves as a protective barrier
against conventional antibiotic treatment and host
defences [41]. This enables the transfer of metabolites
and ARGs between different species, thereby increasing
overall pathogenicity. AMR is a key factor that reduces
the effectiveness of treatment with biofilm-related bacte-
rial infections. S. aureus develops AMR primarily due to
the difficulty of penetrating biofilms, phenotypic changes
acquired when bacteria form biofilms, and the secretion
of enzymes by bacteria that deactivate antibiotics [42]. S.
aureus development of AMR poses a significant challenge
to the livestock industry. Research has shown that 77.2%
of S. aureus strains isolated from bovine mastitis patients
are resistant to one or more antibiotics. Notably, isolates
capable of forming biofilms exhibit stronger resistance
to multiple antibiotics, indicating that the formation of
biofilms promotes the spread and evolution of resistance
and ultimately leads to the development of more resistant
strains [43]. Additionally, AMR can impact livestock pro-
ductivity, resulting in an increase in mortality rates and
levels of morbidity among animals. An increase in AMR
also diminishes the efficacy of antimicrobial agents in
treating livestock, thereby increasing infection rates and
promoting the spread of infection. Ultimately, the reduc-
tion in livestock production and trade will lead to a surge
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in prices for different sources of protein, including meat,
eggs, and dairy [44]. A sustained increase in AMR is pro-
jected to cause an 11% decrease in livestock production
by 2050, further exacerbating the economic situation due
to losses in animal production.

S. aureus is the most common foodborne pathogen
found in processing chains and meat products. In the
food industry, contamination caused by S. aureus bio-
films occurs primarily on the surfaces of animal-origin
fresh and frozen foods, as well as on equipment in the
processing environment [45]. The formation of biofilms
on food processing surfaces can increase bacterial resist-
ance to disinfectants. Commercial disinfectants have
proven effective against planktonic bacteria but often
fail to eradicate bacteria that have formed biofilms [46].
Disinfectants must overcome the physical barrier of the
biofilm to effectively eliminate bacteria, as this barrier
prevents the disinfectant from reaching deeper layers.
Additionally, bacteria within biofilms can detach during
processing and cause contamination after encountering
food, thus presenting a continuous risk of cross-contam-
ination [47]. These isolated strains can grow rapidly in
food under favourable conditions, and they often carry
genes encoding enterotoxins. If food is properly cooked,
S. aureus will be killed. However, under conditions of
temperature abuse, S. aureus can grow in food, produce
heat-stable enterotoxins, and cause food poisoning [48].
Therefore, controlling S. aureus infection during animal
slaughter and meat processing is crucial for reducing the
spread of S. aureus and preventing foodborne poisoning.

S. aureus-related infections and biofilm formation
in animals

S. aureus spontaneously forms biofilms during infection
and possesses a remarkable array of virulence factors that
are responsible for attachment, colonization, invasion,
and evasion of the host immune system. For example, S.
aureus utilizes adhesins to initiate invasion by attaching
to the surface of host cells [49]. After invasion, S. aureus
induces cytoplasmic and mitochondrial Ca** overload,
resulting in both apoptotic and necrotic cell death [50].
In livestock farming, the formation of biofilms by S.
aureus can lead to persistent udder infections and anti-
biotic treatment failure. The presence of biofilm com-
ponents in mastitis may be associated with the duration
and severity of the condition. Biofilms have a complex
structure consisting of multiple layers embedded in the
extracellular matrix and are primarily composed of poly-
saccharide intercellular adhesin (PIA) [51]. In addition to
PIA, the biofilm matrix is composed of various microbial
surface components recognizing adhesive matrix mol-
ecules (MSCRAMMs), such as fibronectin-binding pro-
teins (FnBPs), clumping factor A, and protein A, which
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facilitate bacterial adhesion to host cells and initiate bio-
film formation [52]. Although studies have shown the
presence of biofilm components such as mucus and PIA
in mastitis samples, the mechanism of S. aureus biofilm
formation within the mammary gland has not been con-
firmed [53]. Additionally, S. aureus can cause mastitis in
different stages of pregnancy, and infection often per-
sists into the lactation period. S. aureus persists during
the nonlactating period in cows because the formation of
biofilms can facilitate the effective adhesion of S. aureus
to epithelial cells of the mammary gland [54]. Therefore,
maintaining udder cleanliness and adhering to regular
milking practices contribute to protecting the health of
cows from infection, thus reducing the risk of infection.
In the following sections, we will provide a detailed
description of the process of S. aureus biofilm formation
to establish a theoretical foundation for the development
of therapeutic strategies for treating S. aureus infections
in the livestock and poultry industry. The development
of S. aureus biofilms is tightly controlled by a complex
global regulatory system that involves the regulation of
numerous related proteins and can be divided into three
primary stages: (1) initial attachment, (2) extracellular
matrix generation and cell proliferation, and (3) biofilm
deconstruction and bacterial dispersal (Fig. 3).
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Initial attachment

Initial attachment is the first stage in which S. aureus
infects a host to form a biofilm, and planktonic S. aureus
attaches to biotic or abiotic surfaces. The attachment of S.
aureus to abiotic surfaces mainly depends on the physical
properties of the material plane and the bacterial surface;
these factors dictate whether hydrophobic interactions,
hydrogen bonds, and electrostatic interactions take
place. Binding to biological planes relies on noncovalent
interactions between bacterial surface proteins and host
matrix proteins [55, 56].

At the initial attachment stage, individual S. aureus
strains reversibly bind to the surface, and as the bacte-
ria accumulate, they undergo irreversible attachment to
the surface. During host infection, S. aureus primarily
contacts the biologic surface, which is composed of host
matrices containing cytokeratin, fibronectin, fibrinogen,
and collagen. More than 20 protein modifications on the
surface of S. aureus, with the C-terminal LPXTG motif,
are covalently anchored to the cell wall peptidoglycan by
sortase A [57]. The cell wall ankyrin on S. aureus pepti-
doglycan can be divided into multiple groups according
to structure and function, and the largest group is a pro-
tein family known as MSCRAMMs. This family is char-
acterized by the presence of two IgG-like fold domains
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Fig. 3 The process of S. aureus biofilm formation. Previous reports have classified the biofilm formation process into several stages including initial
attachment, proliferative growth, and deconstruction and diffusion. The attachment phase is subdivided into reversible and irreversible attachment,
with free S. aureus first reversibly attaching to the surface of inert or active entities and then forming irreversible attachments by secreting
extracellular substances such as proteins, polysaccharides, lipids, DNA, and other substances. Then, S. aureus further expands the scale of the biofilm
through polysaccharide-dependent and polysaccharide-independent pathways. In addition, the binding of associated surface proteins results

in tighter binding of adjacent cells. Finally, the mature tower biofilm diffuses through various extracellular polymeric substance cracking

mechanisms
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arranged in series that bind to ligands through conforma-
tional change and promote S. aureus attachment to the
host biologic surface [52]. The main mechanisms include
binding to fibrinogen by a dock-lock-latch mechanism or
to collagen by a collagen hug. Abundant MSCRAMMs,
which include the fibronectin-binding protein A
(FnBPA), the fibronectin-binding protein B (FnBPB), the
fibrinogen-binding clumping factors A and B, the serine-
aspartate repeat protein family and collagen-binding pro-
teins, have been identified in S. aureus.

Attachment to nonbiological surfaces is believed to be
facilitated by various physical forces, such as hydrogen
bonding and ionic and hydrophobic interactions. Previ-
ous research indicated that S. aureus exhibited greater
adhesion to hydrophobic surfaces than to hydrophilic
surfaces [58]. Furthermore, the presence of an autolytic
enzyme (AtlA) in S. aureus is the main factor responsi-
ble for attachment to nonbiological surfaces. AtlA acts
as an adhesin and degrades the cell wall, which leads
to the release of DNA and in turn promotes the forma-
tion of sticky extracellular polymeric substances (EPS)
[59]. Moreover, S. aureus also has adhesins that does
not adhere to the cell wall. The primary adhesins in this
category are secreted expanded repertoire adhesive mol-
ecules, which include extracellular fibrinogen-binding
proteins, extracellular matrix-binding proteins, and
extracellular adhesion proteins (Eaps) [55]. Eaps help S.
aureus adhere to biological surfaces. Moreover, other
studies have shown that the extracellular DNA (eDNA) in
the S. aureus biofilm matrix plays a crucial role in attach-
ment because DNA is negatively charged and bacteria are
attached to the host surface by electrostatic interactions
[60]. During the attachment stage of biofilm formation,
the addition of DNA enzymes could effectively prevent
the attachment of S. aureus.

Extracellular polymeric substance generation and cell
proliferation

After the irreversible attachment of S. aureus was com-
plete, the bacteria produced EPS, which covered the
bacterial cells to form microcolonies. Along with the
continuous proliferation of bacterial cells, the cells
secreted polymer molecules to form a biofilm matrix
and finally formed multi-layer accumulated mature
biofilms with a certain spatial structure [61]. EPSs are
composed of the extracellular polysaccharide inter-
cellular  adhesion  poly-B(1-6)-N-acetylglucosamine
(PIA/PNAG), S. aureus surface protein G (SasG),
teichoic acids, accumulation-associated protein (Aap),
and eDNA. S. aureus can produce EPS through two
mechanisms: polysaccharide-dependent and polysac-
charide-independent pathways [62]. The polysaccharide-
dependent pathway involves PIA molecules, also known
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as polymerized N-acetyl-glucosamine (PNAG), in EPS.
The production of PIA is regulated by the ica operon,
which consists of 4 genes: icaA, icaD, icaB, and icaC.
Among these, the icaA and icaD genes are responsible
for encoding and synthesizing the membrane proteins
PIA/PNAG, while icaC serves as an O-succinyl trans-
ferase involved in the succinylation of PNAG to modify
polysaccharides. IcaB is primarily responsible for the
deacetylation of proteins. Expression of the icaABCD
gene promoted the formation of S. aureus biofilms [63].

The polysaccharide-independent pathway is gener-
ally dependent on protein-mediated intercellular adhe-
sion, biofilm-associated protein (Bap), SasG, FnBPA,
and FnBPB. Bap is a macromolecular protein consisting
of 2,276 amino acids that is anchored to the cell wall.
Under low Ca®" concentrations and acidic conditions,
Bap forms a biofilm scaffold for amyloid fibrils, thereby
bringing bacteria into contact with neighbouring cells.
Bap contributes to the development of S. aureus biofilms
and promotes adhesion to nonbiological surfaces [64].
SasG and S. aureus epidermidis orthologous Aap are
sorted enzyme-anchored cell wall proteins that have two
domains: the A domain, which mediates bacterial bind-
ing to nonbiological surfaces and mammalian epithelial
cells, and the B domain, which promotes biofilm forma-
tion through protein—protein interactions. Interestingly,
the A domain promotes biofilm formation only after it
is hydrolysed by a protease [65]. Aap interacts with AIP
to promote biofilm maturation, and fibronectin-binding
proteins (FnBPs) are considered key proteins for bacterial
invasion into host cells. In addition, cell wall anchors pro-
mote the binding of adjacent S. aureus cells, which facili-
tates membrane accumulation [66]. In biofilms, network
channels exchange nutrients and waste. These chan-
nels are formed by phenol-soluble modulin (PSM) with
an o-helical structure. PSMs can disrupt electrostatic or
hydrophobic noncovalent interactions between compo-
nents of the biofilm matrix. Moreover, when the PSM
content is high, it leads to lysis of the biofilm.

In addition, the eDNA in S. aureus biofilms, which is
released from dying cells, is noteworthy [67]. Since the
DNA polymer itself carries a negative charge, bacterial
adhesion can be enhanced through electrostatic interac-
tions during the attachment phase. Additionally, the EPS
component eDNA can induce the expression of ARGs
during the biofilm development phase, thus facilitating
the transfer of resistance genes between bacteria and
increasing biofilm resistance to antibiotics. A previous
study showed that the release of eDNA in S. aureus was
mainly dependent on AtlA. The AtlA mutant exhibited
reduced biofilm integrity, and the total biomass of the
S. aureus biofilm was decreased following the addition
of DNase I [68]. The biofilm proliferation stage is often
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accompanied by the diffusion of “exodus” from the bio-
film, which is mediated by nuclease-dependent degrada-
tion of eDNA; this stage in biofilm development is tightly
regulated [61].

Biofilm deconstruction and bacterial diffusion

Mature biofilms with uneven tower-like structures were
internally filled with water channels that were responsi-
ble for the transportation of nutrients, and the differential
expression of PSMs formed these fluid channels [69]. As
there are more bacteria in the membrane, more PSMs are
secreted, and excessive PSM can disrupt the integrity of
the biofilm [70]. The final stage of biofilm development is
the diffusion of structural bacteria of the biofilm into the
environment; this process helps S. aureus achieve bacterial
diffusion, cell survival, and disease transmission. The basic
mechanism of biofilm degradation occurs through the deg-
radation of various components of EPS. S. aureus has been
found to secrete and produce 10 known proteases, includ-
ing 7 serine proteases, 1 metalloprotease, and 2 cysteine
proteases [71]. Serine proteases degrade FnBPs, and metal-
loproteases degrade Bap. The protein targeted by cysteine
proteases has not been determined. In addition, there is
also PSM, which is a surfactant that disrupts molecular
interactions within the biofilm matrix and leads to biofilm
dispersion. The secretion of these proteases is regulated
by the S. aureus quorum sensing system auxiliary gene
regulation (Agr), which is a peptide-based quorum sens-
ing system. The cell density is sensed by the autoinducing
peptide (AIP) [72]. During the development of S. aureus
biofilms, bacteria in the membrane continuously produce
AIP, which accumulates in the matrix. When the extracel-
lular concentration of AIP reaches the threshold, it binds
to the histidine kinase AgrC, causing autophosphorylation.
This, in turn, induces the expression of RNAIII from the P3
promoter, thereby regulating the expression of hundreds
of downstream genes, including those associated with bio-
film formation and other virulence factors [73]. In addition,
nuclease secretion of EPS component eDNA by S. aureus
also leads to the separation of biofilms. S. aureus secretes
two nucleases, Nucl and Nuc2, and Nucl mutation leads to
an increase in biofilm formation, but the overexpression of
Nucl leads to a decrease in biofilm formation, thus indicat-
ing that Nucl can degrade biofilms. Nuc2 is a membrane-
bound nuclease with an extracellular catalytic domain, but
its specific effect has not been determined [74].

Promising strategies against S. aureus infection

in livestock

Antimicrobial peptides

Because S. aureus can produce biofilms that prevent
antibiotics insertion into the membrane, most antibi-
otics cannot effectively kill these biofilm bacteria [75].
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Therefore, developing new antibiofilm drugs to address
this situation is necessary. Host defence peptides are an
important part of the innate immune system in all organ-
isms [76]. These peptides can exert direct antibacterial
effects, target free bacterial cells (referred to as anti-
bacterial peptides), and bind to antibiotic membranes
(referred to as antibiofilm peptides), as well as other
immunomodulatory activities, including proinflamma-
tory and anti-inflammatory responses, which are impor-
tant for the indirect killing of bacteria [14, 77]. AMPs are
ideal substitutes for antibiotics because of their antibac-
terial mechanisms, which prevent bacteria from becom-
ing resistant.

AMPs typically employ the following mechanisms to
exert antibiofilm activity: (1) directly kill bacteria on free
and biofilm surfaces; (2) hinder the initial adhesion of
bacteria to biological surfaces; (3) interfere with biofilm
formation via related signalling molecules; (4) eliminate
components of the EPS from bacterial biofilms; and (5)
penetrate into biofilms and kill bacterial cells [78] (Fig. 4).

A recent study reported that the peptide MPX, which
was extracted from wasp venom, showed good bac-
tericidal activity and the ability to scavenge biofilms
produced by S. aureus. Several peptides interfere with
biofilm structure by disrupting the biofilm matrix [79,
80]. For example, the fish peptide piscidin3 causes eDNA
degradation in EPS, and the amino terminus of pisci-
din3 binds to Cu®* to enhance DNA cleavage [81]. Stud-
ies have demonstrated that the peptide Pm11 exhibits
in vitro bacteriostatic activity against common bovine
mastitis pathogens, including Escherichia coli, S. aureus,
and Streptococcus agalactiae [82]. Wasp venom peptide
(Polybia MP 1) belongs to an important class of natural
AMP. Polybia MP 1 exhibits antimicrobial activity against
multidrug-resistant S. aureus isolated from mastitis milk.
The peptide achieved bacteriostatic effects by disrupting
the inner and outer membranes of bacteria while being
nontoxic to mammalian erythrocytes. The results dem-
onstrated the safety and efficacy of the peptide in the
treatment of mastitis [83]. Gogoi et al. [84] also isolated
methicillin-resistant S. aureus from milk and conducted
studies to determine the minimum inhibitory concentra-
tion, bactericidal kinetics, and cytotoxicity of three forms
of the peptide: the linear, dimeric, and tetrameric forms.
This peptide possessed the ability to effectively remove
MRSA in vitro. Despite the substantial economic losses
attributed to mastitis, the therapeutic efficacy of AMPs in
dairy models has not been validated. Studies on the clear-
ance of these substances have primarily been limited to
in vitro investigations. In recent years, only a few stud-
ies have been conducted to validate in vivo therapeutic
efficacy of these agents in mouse models of mastitis. The
lack of in vivo studies is insufficient to determine the role
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Fig. 4 Strategies for the prevention and eradication of biofilms using antimicrobial peptides. The antibiofilm pathways that target the different
stages include (1) direct killing of free bacterial cells; (2) inhibition of bacterial adhesion; (3) influencing related signal molecules; (4) removing

components of EPS; and (5) penetrating into biofilms and killing cells

of AMPs in the treatment of livestock and poultry, and
future researchers should combine in vivo and in vitro
experiments to increase the persuasiveness of research.
Currently, cutting-edge research favours the purposeful
and autonomous design and modification of AMPs to
achieve therapeutic effects compared to traditional AMP
therapy. In a recent study by Field et al. [85], the authors
successfully screened three previously uncharacterized
nisin derivatives using a site-saturated mutagenesis strat-
egy. These strains exhibited greater inhibitory activity
against pathogenic S. aureus, including strains associated
with bovine mastitis, while demonstrating reduced activ-
ity against many of commensal organisms that consti-
tute the milk microbiota, such as Lactococcus lactis and
Lactobacillus lactis. These results suggested that nisin
derivatives screened using bioengineering methods are
potential novel antimicrobial agents for the treatment
of bovine mastitis. The combination of AMP expression
systems is at the forefront of current research. Although
the current autonomous design of modified AMPs is
not yet perfect, its feasibility has been demonstrated.
S.aureus, one of the most prevalent bacteria found in
dermatitis lesions, can induce ongoing infections and
inflammation by downregulating the expression of host
defence peptides in the skin [86]. Hagfish intestinal pep-
tides effectively inhibited MRSA in vitro and in vivo [87].
Hagfish intestinal peptides reduced bacterial counts and
inhibited the secretion of inflammatory cytokines in the
lungs or skin of mice with S. aureus-induced bacteraemia
and skin wound infections. In addition, this peptide binds
to bacterial genomic DNA to suppress the expression
of the Panton-Valentine leukocidin and nuclease genes,
which play major roles in S. aureus virulence. Gil et al.

[88] designed novel cyclic lipopeptides based on Fusar-
ium analogues. The novel cyclic lipopeptide exhibited
antimicrobial activity against MRSA in an in vivo porcine
full-thickness wound model, resulting in a reduction in
the bacterial count of approximately 3 log CFU/g and a
slight increase in wound healing. Another recent study
loaded melittin (Mel) into non-ionic surfactant vesicles
(NISVs) and confirmed the effective Mel alleviation of
skin infections caused by S. aureus [89]. The NISVs was
established for Mel loading (Mel-loaded NISVs) by the
thin-film hydration method. Mel-loaded NISVs penetrate
the epidermis and dermis to effectively inhibit the growth
of bacteria, especially MRSA, in infected skin.

Plant extracts

Plants have been utilized for the treatment of various
diseases since ancient times, and compounds extracted
from plants are known for their safety, affordability, and
minimal side effects. Certain plant compounds, includ-
ing flavonoids, alkaloids, terpenoids, phenols, and poly-
phenols, exhibit antibacterial and antibiofilm activities by
inhibiting efflux through pump inhibition and disrupt-
ing bacterial quorum-sensing systems. For example, raf-
finose, which is commonly found in plants, significantly
inhibits the formation of S. aureus biofilms [90]. Raf-
finose primarily inhibits the c¢-di-GMP mechanism of S.
aureus, and it also inhibits bacterial biofilm formation by
interfering with bacterial quorum sensing. This finding
suggested that raffinose can serve as a broad-spectrum
inhibitor for controlling biofilm formation. Furthermore,
several studies have investigated the scavenging effects of
plant extracts on common pathogenic bacteria respon-
sible for mastitis [91]. For instance, aloe vera gel extract
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disrupted the cell membranes of 75% of S. aureus, 88% of
Escherichia coli, and 88% of MRSA strains, resulting in
cell lysis [92]. Most available antibiotics are inefficient at
eradicating chronic mastitis. To avoid therapeutic failure
in S. aureus mastitis, new and alternative therapies must
be developed in combination with existing antimicrobial
agents. Abd El-Hamid et al. [93] investigated the inhibi-
tory effects of essential oils, including carvacrol, linalool,
and eugenol, on multidrug-resistant and highly virulent
MRSA strains. Linalool was found to have the highest
antibacterial and anti-membrane activity, followed by
carvacrol and eugenol. In addition, there were synergis-
tic interactions between the essential oils studied and
methicillin or vancomycin [93]. Research has indicated
that the administration of plant extracts as adjuvants in
combination with antibiotics can inhibit the biofilm for-
mation of S. aureus [94]. Plant extracts (reserpine, pyrro-
lidine, quinine, morin and quercetin) have been studied
in combination with antibiotics (ciprofloxacin). Overall,
these results demonstrate the role of phytochemicals in
combination therapies with antibiotics to improve the
efficiency of treatments and decrease AMR to antibiot-
ics; these chemicals had substantial effects against both
planktonic and biofilm S. aureus. In the study by Sri-
chok et al. [95], Ocimum tenuiflorum extract had syn-
ergistic effects with penicillin or amoxicillin-clavulanic
acid against all tested strains, while cefazolin and ami-
kacin had additive effects. In addition, the ideal mode of
administration and whether synergistic treatment with
plant extracts and antibiotics has therapeutic effects
in vivo are still unknown. Garlic extract can affect the
growth performance of Clarias gariepinus fish and its
ability to inhibit invasive S. aureus infections [96]. The
results showed that the addition of 3.0% garlic extract to
fish food improved growth performance, while the addi-
tion of 4.5% garlic extract reduced the S. aureus bacte-
rial load in fish. Research on the in vivo effects of plant
extracts in animals is limited. Researchers need to further
explore the therapeutic effects and administration meth-
ods of these agents in animals in the future.

Nanoparticles

In recent years, nanotechnology has introduced new
approaches for the treatment of S. aureus biofilm-related
infections [97]. This is particularly significant as many
antibiotics struggle to effectively treat resistant S. aureus.
Nanoparticles (NPs) have a high surface area-to-volume
ratio, which is conducive to enhancing the antibacterial
activity of drugs [98]. Moreover, NPs are environmentally
friendly and exhibit excellent biocompatibility, render-
ing them ideal alternatives to antibiotics. Silver has been
employed as an antibacterial agent since ancient times,
with silver ions demonstrating intrinsic antibacterial
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activity. Research has shown that silver nanoparticles
(AgNPs) exhibit potent bactericidal activity. The antibac-
terial mechanism is attributed to random physical colli-
sions between AgNPs and bacterial membranes, which,
upon penetration into the cytoplasm, result in membrane
rupture and bacterial death [99]. Therefore, AgNPs have
broad-spectrum antibacterial activity, and AgNPs inhib-
ited up to 98% of S. aureus biofilms in vitro. Recent stud-
ies have indicated that AgNPs exhibit low toxicity to
mammary gland tissue, suggesting that they should not
have a detrimental effect on udder tissues [100]. Cop-
per nanoparticles (CuNPs) also have strong antibacterial
and antifungal effects. Several studies have demonstrated
that silver nanoparticles and copper nanoparticles exhibit
inhibitory effects on mastitis pathogens when admin-
istered alone or in combination. They have been found
to be nontoxic to breast tissue while reducing pathogen
viability [101]. Additionally, Ul-Hamid et al. [102] synthe-
sized copper oxide nanoparticles using ginger and garlic
root extracts as reducing agents and observed signifi-
cant inhibition of multidrug-resistant S. aureus. Current
research on the use of nanoparticles for treating S. aureus
infections is primarily focused on in vitro validation. In
a study aimed at validating the in vivo therapeutic effi-
cacy of nanoparticles, a mastitis model was established
in mammals. A concentration of 6.25 pug/mL (25 nm)
CuNPs was selected for intramammary treatment in an
S. aureus-induced mastitis rat model. This concentration
was chosen based on the zone of inhibition observed in
in vitro sensitivity tests and its minimal cell toxicity in
fibroblast lines. In comparison to those in the commer-
cially available antibiotic group, the bacterial load in the
CuNP group was lower, the oxidative stress indicators
were improved, and the histopathological changes were
significantly reversed. These findings demonstrate that
CuNPs could serve as a potential alternative for the treat-
ment of bovine mastitis [103]. In addition to mastitis,
footpad dermatitis is a prevalent disease in fast-growing
broilers. Research has demonstrated that the inclusion of
zinc oxide nanoparticles (ZONPs) in the diet can effec-
tively treat MRSA-induced footpad dermatitis. Com-
pared to those in the infected group, the feeding activity
and feed conversion efficiency in broilers were signifi-
cantly greater in the ZONP-treated group than in the
infected group, and the pathological changes associated
with dermatitis were alleviated [104]. With the expansion
of aquaculture worldwide, the demand for functional
feeds is continuously increasing, and efforts are under-
way to improve the efficiency of feed additives. Younus
et al. [105] showed that the addition of nanoscale chi-
tosan to feed had an effect on the growth performance
and resistance to S. aureus infection in silver carp. Chi-
tosan is recommended as a feed additive to improve
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fish productivity and the immune response to invading
pathogens. Interestingly, nanoparticle-loaded disinfect-
ants can overcome the limitations of conventional disin-
fectants and eradicate S. aureus biofilms in poultry farms
and slaughterhouses. Complete eradication of S. aureus
biofilms was observed after treatment with disinfectants
loaded with silver and copper nanoparticles at varying
concentrations and at different exposure times compared
to that after treatment with disinfectants alone [106]. The
results demonstrated the potential application of dis-
infectant nanocomposites for the complete eradication
of S. aureus biofilms on farms and abattoirs without the
development of disinfectant-resistant bacteria. Due to
their capacity to disrupt bacterial cell biofilms and pen-
etrate cells and biofilms, nanoparticles can significantly
enhance the efficacy of antibacterial agents. Self-assem-
bled chimeric peptide nanoparticles offer several advan-
tages, including a broad antibacterial spectrum, high
biocompatibility, and low toxicity, making them excellent
alternatives to antibiotics. In some studies, the 14-carbon
alkyl chain provides hydrophobicity and self-assembly
as the driving force for peptide nanoparticles, while the
anti-enzymolysis peptide carries a positive charge to
enhance antibacterial activity. These two components are
combined to create a nano-chimeric peptide with high
stability, excellent antibacterial activity, and strong bio-
compatibility [107].

Phages

Another viable approach involves the use of phages, and
there are three distinct strategies for biofilm eradica-
tion: single phage application, mixed phage application
employing two or more phages, and phage-antibiotic
combinations. Phages are natural viruses that destroy
bacteria, but phage therapy is controversial for several
reasons. The advantage of phage therapy for S. aureus
infections is that it can effectively kill specific bacteria
within the membrane, even Kkill antibiotic-resistant bac-
teria, without affecting symbionts [108]. Conversely,
bacteriophages produce endolysins, which are capable
of enzymatically degrading bacterial peptidoglycan, lead-
ing to cell lysis and biofilm clearance. A disadvantage of
phages is that the phage receptor molecules located on
the bacterial cell surface are wrapped within the biofilm
matrix so that the phage cannot bind the bacterial cell.
Furthermore, bacteria use phage receptors to bind to
other bacteria, thus further inhibiting phage attack [109].
Bacteriophages were found to have inhibit S. aureus bio-
film formation in vitro. For example, the bacteriophages
¢IPLA-RODI and ¢IPLA-C1C reduced S. aureus and S.
epidermidis biofilm formation in vitro [110]. Phage cock-
tails have also been used to target S. aureus biofilms, and
Alves et al. [111] demonstrated that the combination of
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phage K and DRAS8S effectively reduced the biomass of S.
aureus biofilms within 48 h.

Phage therapy has a history of more than 100 years,
and its relevance is increasing in response to the growing
prevalence of antibiotic-resistant pathogenic bacteria. S.
aureus, and particularly MRSA, is one of the most exten-
sively researched bacteria for treatment via phage therapy.
One potential solution for eradicating MRSA coloniza-
tion in livestock is phage therapy, which involves the use
of bacteriophages; bacteriophages are viruses that infect
bacteria [112]. Several studies have investigated phage
therapy in farm animals. Drilling et al. [113] conducted
two studies involving the use of S. aureus-specific phage
cocktails in sheep. One study focused on safety and dem-
onstrated that the phage cocktail did not induce inflam-
matory infiltration or tissue damage when applied to the
sinuses of healthy sheep. Another study revealed that
phage treatment reduced the number of subepithelial
acute inflammatory cells and inhibited biofilm production
by S. aureus in sheep sinusitis [114]. In an MRSA sinusi-
tis model in piglets, a conflicting result was observed, as
phage treatment did not lead to a reduction in bacterial
counts, despite the phage cocktail’s effective in vitro kill-
ing of MRSA. Another study demonstrated that phage
treatment had no adverse effects on pigs. However, this
treatment did not lead to a reduction in MRSA levels in
patients with MRSA-induced sinusitis. Consequently, the
effectiveness of phage treatment for eradicating MRSA
from pigs could not be reliably determined [112]. These
examples clearly illustrate the need for further studies to
comprehensively assess the efficacy of phage treatments
in animals. Additionally, phages offer a potential strat-
egy for controlling S. aureus infections that cause masti-
tis. Srujana et al. [115] isolated five phages with lysogenic
activity against MRSA. However, notably, these phages
exhibited activity primarily in the solid phase, and fur-
ther efforts may be required to enhance their activity in
the liquid phase. Brouillette et al. [116] reported that the
StaphLyse " bacteriophage cocktail had a dose-dependent
bactericidal effect against S. aureus in vitro. In a masti-
tis model, a single injection of a phage mixture into the
mammary gland significantly reduced the bacterial load
of S. aureus. Prophylactic use of the phage mixture (4 h
pre-challenge) was also therapeutically effective, resulting
in a 4 log,;, CFU reduction per gram of mammary gland.
These results further support the potential application
of phages as alternatives to antibiotics for controlling S.
aureus-caused mastitis in dairy cows. Caution is required
when applying mouse-based treatment protocols to cows
due to differences in their mammary glands. Future stud-
ies should explore the feasibility of phage therapy for
infected cows, but there are conflicting results in existing
studies on S. aureus mastitis.
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Antibodies

To develop specific antibodies for the prevention and
treatment of S. aureus infections, it is important to note
that antibodies cannot penetrate bacterial cells. Therefore,
antibodies must be designed to target S. aureus surface
proteins. Studies have attempted to use capsular polysac-
charides, aggregation factors A and B, FnBPs, ABC trans-
porters, and amidases as vaccine candidates, as well as
clotting factor A, adenosine triphosphate-binding cassette
transporters, phosphorus teichoic acid, etc., as potential
vaccine antigens [117]. The feasibility of peptidoglycan
hydrolase (PGH) as a vaccine was investigated. PGHs
are noncovalently linked cell wall-associated enzymes
involved in cell wall expansion, cell wall turnover, and
daughter cell separation. Autolysin secreted by S. aureus
is a PGH, and the Atl protein is processed extracellularly
to form 62-kDa N-acetylmuramyl-L-alanine amidase (Atl-
AM) and 51-kDa endo-B-N-acetylglucosaminidase. One
study revealed that, among all PGHs, Atl-AM is the most
antigenic and immunogenic protein; Atl-AM can cause a
Thl immune response to prevent S. aureus infection and,
furthermore, Atl-AM has a favourable therapeutic effect
and is an effective candidate vaccine [118]. In another
study, a natural human monoclonal antibody, TRL1068,
was discovered using B lymphocyte screening technol-
ogy. TRL1068 strongly disrupted S. aureus biofilms in both
in vitro and in vivo experiments. Furthermore, when dap-
tomycin was used in combination with antibiotics, a syner-
gistic effect was observed, which significantly enhanced S.
aureus sensitivity to antibiotics. This discovery holds great
potential for clinical applications [119]. Affinity-purified
polyclonal antibodies against the antigen PhnD inhib-
ited S. aureus biofilms, and PhnD-deficient strains could
not form complete biofilms; furthermore, the addition of
PhnD promoted neutrophil phagocytosis of Staphylococ-
cus biofilms in vivo. PhnD was found to block the initial
attachment and early aggregation of bacteria by introduc-
ing antibodies at different stages of biofilm development,
and the PhnD antibody intervention strategy may be
effective against a variety of Staphylococci strains that can
form biofilms [120]. Several studies have demonstrated
the potential application of antibodies for the treatment
of mastitis in dairy cows. Wang et al. [121] constructed
an expression vector for scFv-Fc Ab (pcDNA3.1-scFvs-
Fc), which was successfully expressed in E. coli. The puri-
fied antibody underwent in vitro bacteriostatic validation,
which revealed its effectiveness in inhibiting S. aureus bac-
terial growth in culture medium. This antibody promoted
the phagocytosis of S. aureus by peripheral blood neutro-
phils. Additionally, pcDNA3.1-scFvs-Fc was injected into
the mammary glands of mice for expression. The total
efficiency of antibody treatment reached 82%. Antibod-
ies, unlike other therapeutic agents, can be validated for
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therapeutic efficacy using bioengineering methods for
expression in hosts and in vivo expression in animals.

Conclusions

In this review, we introduce the transmission routes and
hazards of S. aureus and its biofilms and summarize the
effective methods for treating S. aureus in livestock pro-
duction that have been studied in recent years. The for-
mation of biofilms increases the duration and incidence
of S. aureus infection, leading to persistent and recurrent
infections. Therefore, inhibiting and eradicating biofilms
is a crucial strategy for preventing and treating S. aureus
infections and has also become a focus for researchers
and a research hotspot. In the context of the ban on anti-
biotic use in feed, several new alternatives have emerged,
including AMPs, plant extracts, nanoparticles, phages,
and antibodies. However, most of these strategies have
been studied in vitro, and there is a lack of in vivo animal
studies to clarify their effects and mechanisms of action.
Furthermore, the toxicity of these strategies in animals
should also be taken into consideration in practice. There-
fore, additional in-depth research is needed before these
materials can be applied in production. We hope that this
review will capture the attention of an increasing number
of scientists and contribute to addressing the hazards of
S. aureus in animal husbandry; future studies will help
maintain livestock health and enhance productivity.

Abbreviations

Aap Accumulation-associated protein
AgNPs Silver nanoparticles

AIP Auto-inducing peptide

AMPs Antimicrobial peptides

AMR Antimicrobial resistance

ARGs Antibiotic resistance genes

AtlA Autolytic enzyme

Atl-AM N-Acetylmuramyl-L-alanine amidase

Bap Biofilm-associated protein

CuNPs Copper nanoparticles

Eaps Extracellular adhesion proteins

eDNA Extracellular DNA

EPS Extracellular polymeric substances

FnBPA Fibronectin-binding proteins A

FnBPB Fibronectin-binding proteins B

FnBPs Fibronectin-binding proteins

LA-MRSA Livestock-associated methicillin-resistant S. aureus

Mel Melittin

MRSA Methicillin-resistant S. aureus

MSCRAMMs  Microbial surface components recognizing adhesive matrix
molecules

NISVs Into non-ionic surfactant vesicles

NPs Nanoparticles

PGH Peptidoglycan hydrolase

PIA Polysaccharide intercellular adhesion

PIA/PNAG Poly-B(1-6)-N-acetylglucosamine

PNAG Polymerized N-acetyl-glucosamine

PSM Phenol-soluble regulatory protein

S.aureus Staphylococcus aureus

SasG Surface protein G

ZONPs Zinc oxide nanoparticles



Song et al. Journal of Animal Science and Biotechnology (2024) 15:44

Acknowledgements
The authors would like to thank Yueyu Bai and Xi Ma for providing assistance
and trainings.

Authors’ contributions

The review was mainly conceived and designed by YB and XM. Literatures
were collected and analyzed by MS and QT. The manuscript was mainly
written by MS and QT, and edited by YD, PT, YZ, TW, SX, CZ, ML. YB and XM
resourced the project. All the authors contributed to read and approved the
final manuscript.

Funding

This work was supported by the National Natural Science Foundation of China
(31930106 and U22A20514, U23A20232), the National Key R&D Program of
China (2022YFD1300404), the 2115 Talent Development Program of China
Agricultural University (1041-00109019), the Pinduoduo-China Agricultural
University Research Fund (PC2023A01001), the Special Fund for Henan Agri-
culture Research System (HARS-2213-Z1).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 4 November 2023 Accepted: 3 February 2024
Published online: 13 March 2024

References

1. Khairullah AR, Kurniawan SC, Effendi MH, Sudjarwo SA, Ramandinianto
SC, Widodo A, et al. A review of new emerging livestock-associated
methicillin-resistant Staphylococcus aureus from pig farms. Vet World.
2023;16(1):46-58. https://doi.org/10.14202/vetworld.2023.46-58.

2. Baker PH, Enger KM, Jacobi SK, Akers RM, Enger BD. Cellular prolifera-
tion and apoptosis in Staphylococcus aureus-infected heifer mam-
mary glands experiencing rapid mammary gland growth. J Dairy Sci.
2023;106(4):2642-50. https://doi.org/10.3168/jds.2022-22716.

3. Szafraniec GM, Szeleszczuk P, Dolka B. Review on skeletal disorders
caused by Staphylococcus spp. in poultry. Vet Q. 2022;42(1):21-40.
https://doi.org/10.1080/01652176.2022.2033880.

4. Patel K, Godden SM, Royster E, Crooker BA, Timmerman J, Fox L. Rela-
tionships among bedding materials, bedding bacteria counts, udder
hygiene, milk quality, and udder health in US dairy herds. J Dairy Sci.
2019;102(11):10213-34. https://doi.org/10.3168/jds.2019-16692.

5. Gelasakis Al, Angelidis AS, Giannakou R, Filioussis G, Kalamaki MS,
Arsenos G. Bacterial subclinical mastitis and its effect on milk yield in
low-input dairy goat herds. J Dairy Sci. 2016;99(5):3698-708. https://doi.
0rg/10.3168/jds.2015-10694.

6. Guerrero |, Ferrian S, Penadés M, Garcia-Quirds A, Pascual JJ, Selva L, et al.
Host responses associated with chronic staphylococcal mastitis in rabbits.
Vet J. 2015;204(3):338-44. https://doi.org/10.1016/j.tvjl.2015.03.020.

7. Stewart PS, Costerton JW. Antibiotic resistance of bacteria in biofilms.
Lancet. 2001;358(9276):135-8. https://doi.org/10.1016/50140-6736(01)
05321-1.

8. Nero LA, Botelho CV, Sovinski Al, Grossi JL, Call DR, Dos Santos BL.
Occurrence and distribution of antibiotic-resistant Staphylococcus
aureus in a Brazilian pork production Chain. J Food Prot. 2022,85(6):973—
9. https://doi.org/10.4315/jfp-21-378.

20.

21.

22.

23.

24.

25.

26.

27.

Page 13 of 16

Calabrese C, Seccia V, Pelaia C, Spinelli F, Morini P, Rizzi A, et al. S. aureus
and IgE-mediated diseases: pilot or copilot? A narrative review. Expert
Rev Clin Immunol. 2022;18(6):639-47. https://doi.org/10.1080/17446
66X.2022.2074402.

Suzuki'Y, Ono HK, Shimojima Y, Kubota H, Kato R, Kakuda T, et al. A novel
staphylococcal enterotoxin SE02 involved in a staphylococcal food
poisoning outbreak that occurred in Tokyo in 2004. Food Microbiol.
2020;92:103588. https://doi.org/10.1016/}.fm.2020.103588.

LiuC, Ma N, Feng Y, Zhou M, Li H, Zhang X, et al. From probiotics

to postbiotics: concepts and applications. AROH. 2023;1(1):92-114.
https://doi.org/10.1002/aro2.7.

Tomao P, Pirolo M, Agnoletti F, Pantosti A, Battisti A, Di Martino G,

et al. Molecular epidemiology of methicillin-resistant Staphylococcus
aureus from dairy farms in North-eastern Italy. Int J Food Microbiol.
2020;332:108817. https://doi.org/10.1016/j.ijffoodmicro.2020.108817.
Ma N, Chen X, Johnston LJ, Ma X. Gut microbiota-stem cell niche
crosstalk: A new territory for maintaining intestinal homeostasis. iMeta.
2022;1(4):e54. https://doi.org/10.1002/imt2.54.

Hancock REW, Alford MA, Haney EF. Antibiofilm activity of host defence
peptides: complexity provides opportunities. Nat Rev Microbiol.
2021;19(12):786-97. https://doi.org/10.1038/541579-021-00585-w.

da Silva BD, Bernardes PC, Pinheiro PF, Fantuzzi E, Roberto CD. Chemical
composition, extraction sources and action mechanisms of essential
oils: Natural preservative and limitations of use in meat products. Meat
Sci. 2021;176:108463. https://doi.org/10.1016/j.meatsci.2021.108463.
Broens EM, Graat EA, van de Giessen AW, Broekhuizen-Stins MJ, de Jong
MC. Quantification of transmission of livestock-associated methicillin
resistant Staphylococcus aureus in pigs. Vet Microbiol. 2012;155(2—
4):381-8. https://doi.org/10.1016/j.vetmic.2011.09.010.

Zaatout N, Ayachi A, Kecha M. Staphylococcus aureus persistence properties
associated with bovine mastitis and alternative therapeutic modalities. J
Appl Microbiol. 2020;129(5):1102-19. https;//doi.org/10.1111/jam.14706.
Achek R, EI-Adawy H, Hotzel H, Tomaso H, Ehricht R, Hamdi TM, et al.
Short communication: diversity of staphylococci isolated from sheep
mastitis in northern algeria. J Dairy Sci. 2020;103(1):890-7. https://doi.
0rg/10.3168/jds.2019-16583.

Merk T, Kvitle B, Mathisen T, Jergensen HJ. Bacteriological and molecu-
lar investigations of Staphylococcus aureus in dairy goats. Vet Microbiol.
2010;141(1-2):134-41. https://doi.org/10.1016/j.vetmic.2009.08.019.
Penadés M, Viana D, Garcia-Quirds A, Munoz-Silvestre A, Moreno-Grua
E, Pérez-Fuentes S, et al. Differences in virulence between the two more
prevalent Staphylococcus aureus clonal complexes in rabbitries (CC121
and CC96) using an experimental model of mammary gland infection.
Vet Res. 2020;51:11. https://doi.org/10.1186/513567-020-0740-1.

Cefai C, Ashurst S, Owens C. Human carriage of methicillin-resistant
Staphylococcus aureus linked with pet dog. Lancet. 1994;344(8921):539—
40. https://doi.org/10.1016/50140-6736(94)91926-7.

Uhlemann AC, McAdam PR, Sullivan SB, Knox JR, Khiabanian H,
Rabadan R, et al. Evolutionary dynamics of pandemic methicillin-
sensitive Staphylococcus aureus ST398 and Its international spread via
routes of human migration. mBio. 2017;8(1):e01375-16. https://doi.org/
10.1128/mBio.01375-16.

Hansen JE, Stegger M, Pedersen K, Sieber RN, Larsen J, Larsen G, et al.
Spread of LA-MRSA CC398 in danish mink (Neovison vison) and mink
farm workers. Vet Microbiol. 2020;245:108705. https://doi.org/10.1016/j.
vetmic.2020.108705.

Alkuraythi DM, Alkhulaifi MM, Binjomah AZ, Alarwi M, Aldakhil HM,
Mujallad M, et al. Clonal flux and spread of Staphylococcus aureus
isolated from meat and Its genetic relatedness to Staphylococ-

cus aureus isolated from patients in Saudi Arabia. Microorganisms.
2023;11(12):2926. https://doi.org/10.3390/microorganisms11122926.
Zhu Z,Wu S, Chen X, Tan W, Zou G, Huang Q, et al. Heterogeneity

and transmission of food safety-related enterotoxigenic Staphy-
lococcus aureus in pig abattoirs in Hubei, China. Microbiol Spectr.
2023;11(5):20191323. https://doi.org/10.1128/spectrum.01913-23.

Yan J,Yang R, Yu S, Zhao W. The application of the lytic domain of
endolysin from Staphylococcus aureus bacteriophage in milk. J Dairy Sci.
2021;104(3):2641-53. https://doi.org/10.3168/jds.2020-19456.
Titouche Y, Akkou M, Houali K, Auvray F, Hennekinne JA. Role of milk
and milk products in the spread of methicillin-resistant Staphylococcus


https://doi.org/10.14202/vetworld.2023.46-58
https://doi.org/10.3168/jds.2022-22716
https://doi.org/10.1080/01652176.2022.2033880
https://doi.org/10.3168/jds.2019-16692
https://doi.org/10.3168/jds.2015-10694
https://doi.org/10.3168/jds.2015-10694
https://doi.org/10.1016/j.tvjl.2015.03.020
https://doi.org/10.1016/s0140-6736(01)05321-1
https://doi.org/10.1016/s0140-6736(01)05321-1
https://doi.org/10.4315/jfp-21-378
https://doi.org/10.1080/1744666X.2022.2074402
https://doi.org/10.1080/1744666X.2022.2074402
https://doi.org/10.1016/j.fm.2020.103588
https://doi.org/10.1002/aro2.7
https://doi.org/10.1016/j.ijfoodmicro.2020.108817
https://doi.org/10.1002/imt2.54
https://doi.org/10.1038/s41579-021-00585-w
https://doi.org/10.1016/j.meatsci.2021.108463
https://doi.org/10.1016/j.vetmic.2011.09.010
https://doi.org/10.1111/jam.14706
https://doi.org/10.3168/jds.2019-16583
https://doi.org/10.3168/jds.2019-16583
https://doi.org/10.1016/j.vetmic.2009.08.019
https://doi.org/10.1186/s13567-020-0740-1
https://doi.org/10.1016/s0140-6736(94)91926-7
https://doi.org/10.1128/mBio.01375-16
https://doi.org/10.1128/mBio.01375-16
https://doi.org/10.1016/j.vetmic.2020.108705
https://doi.org/10.1016/j.vetmic.2020.108705
https://doi.org/10.3390/microorganisms11122926
https://doi.org/10.1128/spectrum.01913-23
https://doi.org/10.3168/jds.2020-19456

Song et al. Journal of Animal Science and Biotechnology

28.

29.

30.

32.

33.

34

35.

36.

37.

38.

39.

40.

42.

43.

44,

(2024) 15:44

aureus in the dairy production chain. J Food Sci. 2022;87(9):3699-723.
https://doi.org/10.1111/1750-3841.16259.

Avbersek J, Golob M, Papi¢ B, Dermota U, Grmek Kosnik I, Kusar D,

et al. Livestock-associated methicillin-resistant Staphylococcus aureus:
establishing links between animals and humans on livestock holdings.
Transbound Emerg Dis. 2021;68(2):789-801. https://doi.org/10.1111/
thed.13745.

Xu X, Zhou W, Xie C, Zhu Y, Tang W, Zhou X, et al. Airborne bacterial
communities in the poultry farm and their relevance with environ-
mental factors and antibiotic resistance genes. Sci Total Environ.
2022,846:157420. https://doi.org/10.1016/j.scitotenv.2022.157420.
WangY, Zhang P, Wu J, Chen S, Jin Y, Long J, et al. Transmission of live-
stock-associated methicillin-resistant Staphylococcus aureus between
animals, environment, and humans in the farm. Environ Sci Pollut Res
Int. 2023;30(37):86521-39. https://doi.org/10.1007/511356-023-28532-7.
Barberio A, Mazzolini E, Dall’Ava B, Rosa G, Brunetta R, Zandona L, et al.
Alongitudinal case study on dissemination of ST398 methicillin-resist-
ant Staphylococcus aureus within a dairy cow herd. Foodborne Pathog
Dis. 2019;16(11):761-8. https://doi.org/10.1089/fpd.2019.2622.

Stanton IC, Murray AK, Zhang L, Snape J, Gaze WH. Evolution of anti-
biotic resistance at low antibiotic concentrations including selection
below the minimal selective concentration. Commun Biol. 2020;3:467.
https://doi.org/10.1038/542003-020-01176-w.

Turner NA, Sharma-Kuinkel BK, Maskarinec SA, Eichenberger EM, Shah
PP, Carugati M, et al. Methicillin-resistant Staphylococcus aureus: an over-
view of basic and clinical research. Nat Rev Microbiol. 2019;17(4):203—
18. https://doi.org/10.1038/541579-018-0147-4.
Mlynarczyk-Bonikowska B, Kowalewski C, Krolak-Ulinska A, Marusza W.
Molecular mechanisms of drug resistance in Staphylococcus aureus. Int J
Mol Sci. 2022;23(15):8088. https://doi.org/10.3390/ijms23158088.

He Y, Yuan Q, Mathieu J, Stadler L, Senehi N, Sun R, et al. Antibiotic
resistance genes from livestock waste: occurrence, dissemination,

and treatment. NPJ Clean Water. 2020;3:4. https://doi.org/10.1038/
$41545-020-0051-0.

Demontier E, Dubé-Duquette A, Brouillette E, Larose A, Ster C, Lucier JF,
et al. Relative virulence of Staphylococcus aureus bovine mastitis strains
representing the main Canadian spa types and clonal complexes

as determined using in vitro and in vivo mastitis models. J Dairy Sci.
2021;104(11):11904-21. https://doi.org/10.3168/jds.2020-19904.

de Almeida LM, de Almeida MZ, de Mendonga CL, Mamizuka EM. Com-
parative analysis of agr groups and virulence genes among subclinical
and clinical mastitis Staphylococcus aureus isolates from sheep flocks of
the Northeast of Brazil. Braz J Microbiol. 2013;44(2):493-8. https://doi.
0rg/10.1590/s1517-83822013000200026.

Bergonier D, de Crémoux R, Rupp R, Lagriffoul G, Berthelot X. Mastitis of
dairy small ruminants. Vet Res. 2003;34(5):689-716. https://doi.org/10.
1051/vetres:2003030.

Vasiu I, Wochnik M, Dabrowski R. Mammary gland inflammation in rab-
bits does (Oryctolagus cuniculus): a systematic review. Reprod Domest
Anim. 2023;58(11):1512-24. https://doi.org/10.1111/rda.14466.
Weimer SL, Wideman RF, Scanes CG, Mauromoustakos A, Christensen
KD, Vizzier-Thaxton Y. Impact of experimentally induced bacterial
chondronecrosis with osteomyelitis (BCO) lameness on health, stress,
and leg health parameters in broilers. Poult Sci. 2021;100(11):101457.
https://doi.org/10.1016/}.psj.2021.101457.

Pati BA, Kurata WE, Horseman TS, Pierce LM. Antibiofilm activity of chi-
tosan/epsilon-poly-L-lysine hydrogels in a porcine ex vivo skin wound
polymicrobial biofilm model. Wound Repair Regen. 2021;29(2):316-26.
https://doi.org/10.1111/wrr.12890.

Sharma D, Misba L, Khan AU. Antibiotics versus biofilm: an emerg-

ing battleground in microbial communities. Antimicrob Resist Infect
Control. 2019;8:76. https://doi.org/10.1186/513756-019-0533-3.

Qu'Y, Zhao H, Nobrega DB, Cobo ER, Han B, Zhao Z, et al. Molecular
epidemiology and distribution of antimicrobial resistance genes of
Staphylococcus species isolated from Chinese dairy cows with clinical
mastitis. J Dairy Sci. 2019;102(2):1571-83. https://doi.org/10.3168/jds.
2018-15136.

Jonas OlgaB, Irwin A, Berthe FCJ, Le Gall FG, Marquez PV. Drug-resistant
infections: a threat to our economic future (Vol. 2): final report (English).
HNP/Agriculture Global Antimicrobial Resistance Initiative Washington,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Page 14 of 16

D.C.:World Bank Group. 2007. http://documents.worldbank.org/curat
ed/en/323311493396993758/final-report.

Vergara A, Normanno G, Di Ciccio P, Pedonese F, Nuvoloni R, Parisi A,
et al. Biofilm formation and its relationship with the molecular char-
acteristics of food-related methicillin-resistant Staphylococcus aureus
(MRSA). J Food Sci. 2017;82(10):2364-70. https://doi.org/10.1111/1750-
3841.13846.

Vdzquez-Sanchez D, Galvao JA, Oetterer M. Contamination sources,
biofilm-forming ability and biocide resistance of Staphylococcus aureus
in tilapia-processing facilities. Food Sci Technol Int. 2018;24(3):209-22.
https://doi.org/10.1177/1082013217742753.

Lee GY, Lee SI, Kim SD, Park JH, Kim GB, Yang SJ. Clonal distribution and
antimicrobial resistance of methicillin-susceptible and -resistant Staphy-
lococcus aureus strains isolated from broiler farms, slaughterhouses, and
retail chicken meat. Poult Sci. 2022;101(10):102070. https://doi.org/10.
1016/j.psj.2022.102070.

Qian C, Castafeda-Gulla K, Sattlegger E, Mutukumira AN. Entero-
toxigenicity and genetic relatedness of Staphylococcus aureus in a
commercial poultry plant and poultry farm. Int J Food Microbiol.
2022;363:109454. https://doi.org/10.1016/j.ijfoodmicro.2021.109454.
Watkins KE, Unnikrishnan M. Evasion of host defenses by intracellular
Staphylococcus aureus. Adv Appl Microbiol. 2020;112:105-41. https://
doi.org/10.1016/bs.aambs.2020.05.001.

Stelzner K, Winkler A-C, Liang C, Boyny A, Ade CP, Dandekar T, et al.
Intracellular Staphylococcus aureus perturbs the host cell Ca>* homeo-
stasis to promote cell death. Mbio. 2020;11(6):e02250-20. https://doi.
org/10.1128/mBi0.02250-20.

Schonborn'S, KromkerV. Detection of the biofilm component polysaccharide
intercellular adhesin in Staphylococcus aureus infected cow udders. Vet
Microbiol. 2016;196:126-8. https.//doi.org/10.1016/j.vetmic.2016.10.023.
Foster TJ. The MSCRAMM family of cell-wall-anchored surface proteins
of gram-positive cocci. Trends Microbiol. 2019;27(11):927-41. https://
doi.org/10.1016/.tim.2019.06.007.

Campos B, Pickering AC, Rocha LS, Aguilar AP, Fabres-Klein MH, de
Oliveira Mendes TA, et al. Diversity and pathogenesis of Staphylococ-
cus aureus from bovine mastitis: current understanding and future
perspectives. BMC Vet Res. 2022;18:115. https://doi.org/10.1186/
$12917-022-03197-5.

Leuenberger A, Sartori C, Boss R, Resch G, Oechslin F, Steiner A, et al.
Genotypes of Staphylococcus aureus: On-farm epidemiology and the
consequences for prevention of intramammary infections. J Dairy Sci.
2019;102(4):3295-309. https://doi.org/10.3168/jds.2018-15181.
Schilcher K, Horswill AR. Staphylococcal biofilm development:
structure, regulation, and treatment strategies. Microbiol Mol Biol Rev.
2020;84(3):e00026-19. https://doi.org/10.1128/MMBR.00026-19.

Peng Q Tang X, Dong W, Sun N, Yuan W. A review of biofilm formation
of Staphylococcus aureus and its regulation mechanism. Antibiotics.
2022;12(1):12. https://doi.org/10.3390/antibiotics12010012.

Foster TJ. Surface proteins of Staphylococcus aureus. Microbiol Spectr.
2019;7(4). https://doi.org/10.1128/microbiolspec.GPP3-0046-2018.
Thewes N, Loskill P, Jung P, Peisker H, Bischoff M, Herrmann M, et al.
Hydrophobic interaction governs unspecific adhesion of Staphylo-
cocci: a single cell force spectroscopy study. Beilstein J Nanotechnol.
2014;5(1):1501-12. https://doi.org/10.3762/bjnano.5.163.

Sinsinwar S, Jayaraman A, Mahapatra SK, Vellingiri V. Anti-virulence
properties of catechin-in-cyclodextrin-in-phospholipid liposome
through down-regulation of gene expression in MRSA strains. Microb
Pathog. 2022;167:105585. https://doi.org/10.1016/j.micpath.2022.
105585.

Okshevsky M, Meyer RL. The role of extracellular DNA in the establish-
ment, maintenance and perpetuation of bacterial biofilms. Crit Rev
Microbiol. 2015;41(3):341-52. https://doi.org/10.3109/1040841X.2013.
841639.

Moormeier DE, Bayles KW. Staphylococcus aureus biofilm: a complex
developmental organism. Mol Microbiol. 2017;104(3):365-76. https://
doi.org/10.1111/mmi.13634.

Tomlinson KL, Lung TWF, Dach F, Annavajhala MK, Gabryszewski SJ,
Groves RA, et al. Staphylococcus aureus induces an itaconate-dominated
immunometabolic response that drives biofilm formation. Nat Com-
mun. 2021;12:1399. https://doi.org/10.1038/541467-021-21718-y.


https://doi.org/10.1111/1750-3841.16259
https://doi.org/10.1111/tbed.13745
https://doi.org/10.1111/tbed.13745
https://doi.org/10.1016/j.scitotenv.2022.157420
https://doi.org/10.1007/s11356-023-28532-7
https://doi.org/10.1089/fpd.2019.2622
https://doi.org/10.1038/s42003-020-01176-w
https://doi.org/10.1038/s41579-018-0147-4
https://doi.org/10.3390/ijms23158088
https://doi.org/10.1038/s41545-020-0051-0
https://doi.org/10.1038/s41545-020-0051-0
https://doi.org/10.3168/jds.2020-19904
https://doi.org/10.1590/s1517-83822013000200026
https://doi.org/10.1590/s1517-83822013000200026
https://doi.org/10.1051/vetres:2003030
https://doi.org/10.1051/vetres:2003030
https://doi.org/10.1111/rda.14466
https://doi.org/10.1016/j.psj.2021.101457
https://doi.org/10.1111/wrr.12890
https://doi.org/10.1186/s13756-019-0533-3
https://doi.org/10.3168/jds.2018-15136
https://doi.org/10.3168/jds.2018-15136
http://documents.worldbank.org/curated/en/323311493396993758/final-report
http://documents.worldbank.org/curated/en/323311493396993758/final-report
https://doi.org/10.1111/1750-3841.13846
https://doi.org/10.1111/1750-3841.13846
https://doi.org/10.1177/1082013217742753
https://doi.org/10.1016/j.psj.2022.102070
https://doi.org/10.1016/j.psj.2022.102070
https://doi.org/10.1016/j.ijfoodmicro.2021.109454
https://doi.org/10.1016/bs.aambs.2020.05.001
https://doi.org/10.1016/bs.aambs.2020.05.001
https://doi.org/10.1128/mBio.02250-20
https://doi.org/10.1128/mBio.02250-20
https://doi.org/10.1016/j.vetmic.2016.10.023
https://doi.org/10.1016/j.tim.2019.06.007
https://doi.org/10.1016/j.tim.2019.06.007
https://doi.org/10.1186/s12917-022-03197-5
https://doi.org/10.1186/s12917-022-03197-5
https://doi.org/10.3168/jds.2018-15181
https://doi.org/10.1128/MMBR.00026-19
https://doi.org/10.3390/antibiotics12010012
https://doi.org/10.1128/microbiolspec.GPP3-0046-2018
https://doi.org/10.3762/bjnano.5.163
https://doi.org/10.1016/j.micpath.2022.105585
https://doi.org/10.1016/j.micpath.2022.105585
https://doi.org/10.3109/1040841X.2013.841639
https://doi.org/10.3109/1040841X.2013.841639
https://doi.org/10.1111/mmi.13634
https://doi.org/10.1111/mmi.13634
https://doi.org/10.1038/s41467-021-21718-y

Song et al. Journal of Animal Science and Biotechnology

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

(2024) 15:44

Thammavongsa V, Missiakas DM, Schneewind O. Staphylococcus
aureus degrades neutrophil extracellular traps to promote immune
cell death. Science. 2013;342(6160):863-6. https://doi.org/10.1126/
science.1242255.

Taglialegna A, Navarro S, Ventura S, Garnett JA, Matthews S, Penades
JR, et al. Staphylococcal bap proteins build amyloid scaffold bio-

film matrices in response to environmental signals. PLoS Pathog.
2016;12(6):1005711. https://doi.org/10.1371/journal.ppat.1005711.
Paharik AE, Kotasinska M, Both A, Hoang TN, Buttner H, Roy P, et al. The
metalloprotease SepA governs processing of accumulation-associated
protein and shapes intercellular adhesive surface properties in Staphy-
lococcus epidermidis. Mol Microbiol. 2017;103(5):860-74. https://doi.
org/10.1111/mmi.13594.

Speziale P, Pietrocola G. The multivalent role of fibronectin-binding
proteins A and B (FnBPA and FnBPB) of Staphylococcus aureus in host
infections. Front Microbiol. 2020;11:2054. https://doi.org/10.3389/fmicb.
2020.02054.

Wang L, Wang H, Zhang H, Wu H. Formation of a biofilm matrix network
shapes polymicrobial interactions. ISME J. 2023;17(3):467-77. https://
doi.org/10.1038/541396-023-01362-8.

Deng W, Lei Y, Tang X, Li D, Liang J, Luo J, et al. DNase inhibits early bio-
film formation in Pseudomonas aeruginosa-or Staphylococcus aureus-
induced empyema models. Front Cell Infect Microbiol. 2022;12:917038.
https://doi.org/10.3389/fcimb.2022.917038.

Ma'Y, Deng Y, Hua H, Khoo BL, Chua SL. Distinct bacterial popula-

tion dynamics and disease dissemination after biofilm dispersal and
disassembly. ISME J. 2023;17(8):1290-302. https://doi.org/10.1038/
$41396-023-01446-5.

Grando K, Nicastro LK, Tursi SA, De Anda J, Lee EY, Wong GC, et al.
Phenol-soluble modulins from Staphylococcus aureus biofilms form
complexes with DNA to drive autoimmunity. Front Cell Infect Microbiol.
2022;12:517. https://doi.org/10.3389/fcimb.2022.884065.

Deepika G, Subbarayadu S, Chaudhary A, Sarma P. Dibenzyl (benzo [d]
thiazol-2-yl (hydroxy) methyl) phosphonate (DBTMP) showing anti-S.
aureus and anti-biofilm properties by elevating activities of serine pro-
tease (SspA) and cysteine protease staphopain B (SspB). Arch Microbiol.
2022;204(7):397. https://doi.org/10.1007/500203-022-02974-y.

Wang Y, Bian Z, Wang Y. Biofilm formation and inhibition mediated by
bacterial quorum sensing. Appl Microbiol Biotechnol. 2022;106(19-
20):6365-81. https://doi.org/10.1007/500253-022-12150-3.

Paharik AE, Horswill AR. The staphylococcal biofilm: adhesins, regula-
tion, and host response. Microbiol Spectr. 2016;4(2):529-66. https://doi.
org/10.1128/microbiolspec.VMBF-0022-2015.

Hespanhol JT, Sanchez-Limache DE, Nicastro GG, Mead L, Llontop EE,
Chagas-Santos G, et al. Antibacterial T6SS effectors with a VRR-Nuc
domain are structure-specific nucleases. Elife. 2022;11:e82437. https://
doi.org/10.7554/elife.82437.

Tan PWu C, Tang Q, Wang T, Zhou C, Ding Y, et al. pH-triggered size-
transformable and bioactivity-switchable self-assembling chimeric
peptide nanoassemblies for combating drug-resistant bacteria and
biofilms. Adv Mater. 2023;35:2210766. https://doi.org/10.1002/adma.
202210766.

Xu S, Tan P, Tang Q, Wang T, Ding Y, Fu H, et al. Enhancing the stability of
antimicrobial peptides: From design strategies to biomedical applica-
tions. Chem Eng J. 2023:145923. https://doi.org/10.1016/j.cej.2023.
145923.

Zhang Y, Tan P, Zhao Y, Ma X. Enterotoxigenic Escherichia coli: Intestinal
pathogenesis mechanisms and colonization resistance by gut micro-
biota. Gut Microbes. 2022;14(1):2055943. https://doi.org/10.1080/19490
976.2022.2055943.

Tang Q, Tan P, Dai Z, Wang T, Xu S, Ding Y, et al. Hydrophobic modifica-
tion improves the delivery of cell-penetrating peptides to eliminate
intracellular pathogens in animals. Acta Biomater. 2023;157:210-24.
https://doi.org/10.1016/j.actbio.2022.11.055.

Tan P, Sun Z, Tang Q, Xu S, Wang T, Ding Y, et al. Manipulation of
hydrophobic motifs and optimization of sequence patterns to design
high stability peptides against piglet bacterial infections. Nano Today.
2023;49:101793. https://doi.org/10.1016/j.nantod.2023.101793.

Xu S, Tan P, Tang Q, Wang T, Ding Y, Zhou C, et al. Design of high-
selectivity co-assembled peptide nanofibers against bacterial infection

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

o1

92.

93.

94.

95.

96.

Page 150f 16

in piglets. ACS Appl Mater Interfaces. 2023. https://doi.org/10.1021/
acsami.3c03758.

Libardo MDJ, Bahar AA, Ma BY, Fu RQ, McCormick LE, Zhao J, et al.
Nuclease activity gives an edge to host-defense peptide piscidin 3 over
piscidin 1, rendering it more effective against persisters and biofilms.
Febs J. 2017;284(21):3662-83. https://doi.org/10.1111/febs.14262.
Popitool K, Wataradee S, Wichai T, Noitang S, Ajariyakhajorn K, Char-
oenrat T, et al. Potential of Pm11 antimicrobial peptide against bovine
mastitis pathogens. Am J Vet Res. 2023;84(1). https://doi.org/10.2460/
ajvr.22.06.0096.

Shah P, Shrivastava S, Gogoi P, Saxena S, Srivastava S, Singh RJ, et al.
Wasp venom peptide (Polybia MP-1) shows antimicrobial activ-

ity against multi drug resistant bacteria isolated from mastitic

cow milk. Int J Pept Res Ther. 2022,28:44. https://doi.org/10.1007/
$10989-021-10355-0.

Gogoi P, Shrivastava S, Shah P, Saxena S, Srivastava S, Gaur GK. Linear
and branched forms of short antimicrobial peptide-IRK inhibit growth
of multi drug resistant Staphylococcus aureus isolates from mastitic cow
milk. Int J Pept Res Ther. 2021,27:2149-59. https://doi.org/10.1007/
$10989-021-10243-7.

Field D, Considine K, O'Connor PM, Ross RP, Hill C, Cotter PD. Bio-
engineered nisin with increased anti-Staphylococcus and selectively
reduced anti-Lactococcus activity for treatment of bovine mastitis. Int J
Mol Sci. 2021;22(7):3480. https://doi.org/10.3390/ijms22073480.

Fei FWangT, Jiang Y, Chen X, Ma C, Zhou M, et al. A frog-derived
antimicrobial peptide as a potential anti-biofilm agent in combating
Staphylococcus aureus skin infection. J Cell Mol Med. 2023. https://doi.
org/10.1111/jcmm.17785.

Jiang M, Yang X, Wu H, Huang Y, Dou J, Zhou C, et al. An active

domain HF-18 derived from hagfish intestinal peptide effectively
inhibited drug-resistant bacteria in vitro/vivo. Biochem Pharmacol.
2020;172:113746. https://doi.org/10.1016/j.bcp.2019.113746.

Gil J, Pastar |, Houghten RA, Padhee S, Higa A, Solis M, et al. Novel cyclic
lipopeptides fusaricidin analogs for treating wound infections. Front
Microbiol. 2021;12:708904. https://doi.org/10.3389/fmicb.2021.708904.
Sangboonruang S, Semakul N, Obeid MA, Ruano M, Kitidee K, Anukool
U, et al. Potentiality of melittin-loaded niosomal vesicles against
vancomycin-intermediate Staphylococcus aureus and Staphylococcal
skin infection. Int J Nanomedicine. 2021:7639-61. https://doi.org/10.
2147/1IN.S325901.

Kim H-S, Jang Y, Ham S-Y, Park J-H, Kang H-J, Yun ET, et al. Effect of
broad-spectrum biofilm inhibitor raffinose, a plant galactoside, on
the inhibition of co-culture biofilm on the microfiltration membrane.
J Hazard Mater. 2021;402:123501. https://doi.org/10.1016/j jhazmat.
2020.123501.

Zhan K, Yang T, Feng B, Zhu X, ChenY, Huo Y, et al. The protective roles
of tea tree oil extracts in bovine mammary epithelial cells and polymor-
phonuclear leukocytes. J Anim Sci Biotechnol. 2020;11:62. https://doi.
0rg/10.1186/540104-020-00468-9.

Forno-Bell N, Bucarey SA, Garcia D, Iragtien D, Chacén O, San Martin B. Antimi-
crobial effects caused by aloe barbadensis miller on bacteria associated with
mastitis in dairy cattle. Nat Prod Commun. 2019;14(12):1934578X19896670.
https//doi.org/10.1177/1934578X19896670.

Abd El-Hamid M, El-Tarabili RM, Bahnass MM, Alshahrani MA, Saif A,
Alwutayd KM, et al. Partnering essential oils with antibiotics: proven
therapies against bovine Staphylococcus aureus mastitis. Front Cell
Infect Microbiol. 2023;13. https://doi.org/10.3389/fcimb.2023.1265027.
Abreu AC, Saavedra MJ, Simdes LC, Simdes M. Combinatorial
approaches with selected phytochemicals to increase antibi-

otic efficacy against Staphylococcus aureus biofilms. Biofouling.
2016;32(9):1103-14. https://doi.org/10.1080/08927014.2016.1232402.
Srichok J, Yingbun N, Kowawisetsut T, Kornmatitsuk S, Suttisansanee U,
Temviriyanukul P, et al. Synergistic antibacterial and anti-inflammatory
activities of Ocimum tenuiflorum ethanolic extract against major bacte-
rial mastitis pathogens. Antibiotics. 2022;11(4):510. https://doi.org/10.
3390/antibiotics11040510.

Nwabueze A, Ekelemu J, Owe O. Response of Clarias gariepinus to
Allium sativum-based diet on growth performance and Staphylococcus
aureus challenge infection. J Appl Sci Environ Manage. 2020;24(5):755-
9. https://doi.org/10.4314/jasem.v24i5.4.


https://doi.org/10.1126/science.1242255
https://doi.org/10.1126/science.1242255
https://doi.org/10.1371/journal.ppat.1005711
https://doi.org/10.1111/mmi.13594
https://doi.org/10.1111/mmi.13594
https://doi.org/10.3389/fmicb.2020.02054
https://doi.org/10.3389/fmicb.2020.02054
https://doi.org/10.1038/s41396-023-01362-8
https://doi.org/10.1038/s41396-023-01362-8
https://doi.org/10.3389/fcimb.2022.917038
https://doi.org/10.1038/s41396-023-01446-5
https://doi.org/10.1038/s41396-023-01446-5
https://doi.org/10.3389/fcimb.2022.884065
https://doi.org/10.1007/s00203-022-02974-y
https://doi.org/10.1007/s00253-022-12150-3
https://doi.org/10.1128/microbiolspec.VMBF-0022-2015
https://doi.org/10.1128/microbiolspec.VMBF-0022-2015
https://doi.org/10.7554/eLife.82437
https://doi.org/10.7554/eLife.82437
https://doi.org/10.1002/adma.202210766
https://doi.org/10.1002/adma.202210766
https://doi.org/10.1016/j.cej.2023.145923
https://doi.org/10.1016/j.cej.2023.145923
https://doi.org/10.1080/19490976.2022.2055943
https://doi.org/10.1080/19490976.2022.2055943
https://doi.org/10.1016/j.actbio.2022.11.055
https://doi.org/10.1016/j.nantod.2023.101793
https://doi.org/10.1021/acsami.3c03758
https://doi.org/10.1021/acsami.3c03758
https://doi.org/10.1111/febs.14262
https://doi.org/10.2460/ajvr.22.06.0096
https://doi.org/10.2460/ajvr.22.06.0096
https://doi.org/10.1007/s10989-021-10355-0
https://doi.org/10.1007/s10989-021-10355-0
https://doi.org/10.1007/s10989-021-10243-7
https://doi.org/10.1007/s10989-021-10243-7
https://doi.org/10.3390/ijms22073480
https://doi.org/10.1111/jcmm.17785
https://doi.org/10.1111/jcmm.17785
https://doi.org/10.1016/j.bcp.2019.113746
https://doi.org/10.3389/fmicb.2021.708904
https://doi.org/10.2147/IJN.S325901
https://doi.org/10.2147/IJN.S325901
https://doi.org/10.1016/j.jhazmat.2020.123501
https://doi.org/10.1016/j.jhazmat.2020.123501
https://doi.org/10.1186/s40104-020-00468-9
https://doi.org/10.1186/s40104-020-00468-9
https://doi.org/10.1177/1934578X19896670
https://doi.org/10.3389/fcimb.2023.1265027
https://doi.org/10.1080/08927014.2016.1232402
https://doi.org/10.3390/antibiotics11040510
https://doi.org/10.3390/antibiotics11040510
https://doi.org/10.4314/jasem.v24i5.4

Song et al. Journal of Animal Science and Biotechnology

97.

98.

99.

100.

102.

103.

105.

106.

107.

108.

109.

113.

(2024) 15:44

Hill EK, Li J. Current and future prospects for nanotechnology in animal
production. J Anim Sci Biotechnol. 2017;8:26. https://doi.org/10.1186/
s40104-017-0157-5.

Mohd Yusof H, Mohamad R, Zaidan UH, Abdul Rahman NA. Microbial
synthesis of zinc oxide nanoparticles and their potential application

as an antimicrobial agent and a feed supplement in animal industry:

a review. J Anim Sci Biotechnol. 2019;10:57. https://doi.org/10.1186/
540104-019-0368-z.

Tan P, Fu H, Ma X. Design, optimization, and nanotechnology of
antimicrobial peptides: From exploration to applications. Nano Today.
2021;39:101229. https://doi.org/10.1016/j.nantod.2021.101229.
Jagielski T, Bakuta Z, Plern M, Kaminski M, Nowakowska J, Bielecki J, et al.
The activity of silver nanoparticles against microalgae of the Prototheca
genus. Nanomedicine. 2018;13(9):1025-36. https://doi.org/10.2217/
nnm-2017-0370.

Kalinska A, Jaworski S, Wierzbicki M, Gotebiewski M. Silver and copper nano-
particles—an alternative in future mastitis treatment and prevention? Int J
Mol Sci. 2019;20(7):1672. https://doi.org/10.3390/ijms20071672.

Ul-Hamid A, Dafalla H, Hakeem AS, Haider A, Ikram M. In-vitro catalytic
and antibacterial potential of green synthesized CuO nanoparticles
against prevalent multiple drug resistant bovine mastitogen Staphylo-
coccus aureus. Int J Mol Sci. 2022;23(4):2335. https://doi.org/10.3390/
ijms23042335.

Taifa S, Muhee A, Bhat RA, Nabi SU, Roy A, Rather GA, et al. Evaluation of
therapeutic efficacy of copper nanoparticles in Staphylococcus aureus-
induced rat mastitis model. J Nanomater. 2022,2022. https://doi.org/10.
1155/2022/7124114.

Mahmoud UT, Darwish MH, Ali FAZ, Amen OA, Mahmoud MA,

Ahmed OB, et al. Zinc oxide nanoparticles prevent multidrug resistant
Staphylococcus-induced footpad dermatitis in broilers. Avian Pathol.
2021;50(3):214-26. https://doi.org/10.1080/03079457.2021.1875123.
Younus N, Zuberi A, Mahmoood T, Akram W, Ahmad M. Comparative
effects of dietary micro-and nano-scale chitosan on the growth perfor-
mance, non-specific immunity, and resistance of silver carp Hypoph-
thalmichthys molitrix against Staphylococcus aureus infection. Aquacult
Int. 2020,28:2363-78. https://doi.org/10.1007/510499-020-00595-0.
Elsayed MM, Elgohary FA, Zakaria Al, Elkenany RM, El-Khateeb AY. Novel
eradication methods for Staphylococcus aureus biofilm in poultry

farms and abattoirs using disinfectants loaded onto silver and copper
nanoparticles. Environ Sci Pollut Res. 2020;27:30716-28. https://doi.org/
10.1007/511356-020-09340-9.

Tan P Tang Q Xu'S, Zhang Y, Fu H, Ma X. Designing self-assembling
chimeric peptide nanoparticles with high stability for combating piglet
bacterial infections. Adv Sci. 2022;9(14):e2105955. https://doi.org/10.
1002/advs.202105955.

Gordillo Altamirano FL, Barr JJ. Phage therapy in the postantibiotic era.
Clin Microbiol Rev. 2019;32(2):00066-18. https://doi.org/10.1128/CMR.
00066-18.

Hansen MF, Svenningsen SL, Rader HL, Middelboe M, Burmelle M. Big
impact of the tiny: Bacteriophage-bacteria interactions in biofilms. Trends
Microbiol. 2019;27(9):739-52. https://doi.org/10.1016/j.tim.2019.04.006.
Gutierrez D, Vandenheuvel D, Martinez B, Rodriguez A, Lavigne R,
Garcia P. Two phages, philPLA-RODI and philPLA-C1C, lyse mono-

and dual-species staphylococcal biofilms. Appl Environ Microb.
2015;81(10):3336-48. https://doi.org/10.1128/Aem.03560-14.

Alves DR, Gaudion A, Bean JE, Esteban PP, Arnot TC, Harper DR, et al.
Combined use of bacteriophage K and a novel bacteriophage to
reduce Staphylococcus aureus biofilm formation. Appl Environ Microb.
2014;80(21):6694-703. https://doi.org/10.1128/Aem.01789-14.
Tuomala H, Verkola M, Meller A, Van der Auwera J, Patpatia S, Jarvinen
A, et al. Phage treatment trial to eradicate LA-MRSA from healthy carrier
pigs. Viruses. 2021;13(10):1888. https://doi.org/10.3390/v13101888.
Drilling A, Morales S, Boase S, Jervis-Bardy J, James C, Jardeleza C, et al.
Safety and efficacy of topical bacteriophage and ethylenediaminetet-
raacetic acid treatment of Staphylococcus aureus infection in a sheep
model of sinusitis. Int Forum Allergy Rhinol. 2014;4(3):176-86. https://
doi.org/10.1002/alr.21270.

Drilling AJ, Ooi ML, Milikovic D, James C, Speck P, Vreugde S, et al. Long-
term safety of topical bacteriophage application to the frontal sinus
region. Front Cell Infect Microbiol. 2017;7:49. https://doi.org/10.3389/
fcimb.2017.00049.

115.

116.

117.

118.

119.

121.

Page 16 of 16

Srujana A, Sonalika J, Akhila D, Juliet M, Sheela P. Isolation of phages and
study of their in vitro efficacy on Staphylococcus aureus isolates originat-
ing from bovine subclinical mastitis. Indian J Anim Res. 2022;56:754-8.
https://doi.org/10.18805/1JAR.B-4331.

Brouillette E, Millette G, Chamberland S, Roy JP, Ster C, Kiros T, et al.
Effective treatment of Staphylococcus aureus intramammary infection in
a murine model using the bacteriophage cocktail StaphLyse"™. viruses.
2023;15(4):887. https://doi.org/10.3390/v15040887.

Suresh MK, Biswas R, Biswas L. An update on recent developments in
the prevention and treatment of Staphylococcus aureus biofilms. Int J
Med Microbiol. 2019;309(1):1-12. https://doi.org/10.1016/j.ijmm.2018.
11.002.

Nair N, Vinod V, Suresh MK, Vijayrajratnam S, Biswas L, Peethambaran

R, et al. Amidase, a cell wall hydrolase, elicits protective immunity
against Staphylococcus aureus and S. epidermidis. Int J Biol Macromol.
2015;77:314-21. https://doi.org/10.1016/j.ijbiomac.2015.03.047.

Estelles A, Woischnig AK, Liu KY, Stephenson R, Lomongsod E, Nguyen
D, et al. A high-affinity native human antibody disrupts biofilm

from Staphylococcus aureus bacteria and potentiates antibiotic

efficacy in a mouse implant infection model. Antimicrob Agents Ch.
2016;60(4):2292-301. https://doi.org/10.1128/Aac.02588-15.

Lam H, Kesselly A, Stegalkina S, Kleanthous H, Yethon JA. Antibodies to
PhnD inhibit Staphylococcal biofilms. Infect Immun. 2014;,82(9):3764—
74. https://doi.org/10.1128/1ai.02168-14.

Wang M, Wang T, Guan Y, Wang F, Zhu J. The preparation and therapeu-
tic roles of scFv-Fc antibody against Staphylococcus aureus infection to
control bovine mastitis. Appl Microbiol Biotechnol. 2019;103(4):1703—
12. https://doi.org/10.1007/500253-018-9548-6.


https://doi.org/10.1186/s40104-017-0157-5
https://doi.org/10.1186/s40104-017-0157-5
https://doi.org/10.1186/s40104-019-0368-z
https://doi.org/10.1186/s40104-019-0368-z
https://doi.org/10.1016/j.nantod.2021.101229
https://doi.org/10.2217/nnm-2017-0370
https://doi.org/10.2217/nnm-2017-0370
https://doi.org/10.3390/ijms20071672
https://doi.org/10.3390/ijms23042335
https://doi.org/10.3390/ijms23042335
https://doi.org/10.1155/2022/7124114
https://doi.org/10.1155/2022/7124114
https://doi.org/10.1080/03079457.2021.1875123
https://doi.org/10.1007/s10499-020-00595-0
https://doi.org/10.1007/s11356-020-09340-9
https://doi.org/10.1007/s11356-020-09340-9
https://doi.org/10.1002/advs.202105955
https://doi.org/10.1002/advs.202105955
https://doi.org/10.1128/CMR.00066-18
https://doi.org/10.1128/CMR.00066-18
https://doi.org/10.1016/j.tim.2019.04.006
https://doi.org/10.1128/Aem.03560-14
https://doi.org/10.1128/Aem.01789-14
https://doi.org/10.3390/v13101888
https://doi.org/10.1002/alr.21270
https://doi.org/10.1002/alr.21270
https://doi.org/10.3389/fcimb.2017.00049
https://doi.org/10.3389/fcimb.2017.00049
https://doi.org/10.18805/IJAR.B-4331
https://doi.org/10.3390/v15040887
https://doi.org/10.1016/j.ijmm.2018.11.002
https://doi.org/10.1016/j.ijmm.2018.11.002
https://doi.org/10.1016/j.ijbiomac.2015.03.047
https://doi.org/10.1128/Aac.02588-15
https://doi.org/10.1128/Iai.02168-14
https://doi.org/10.1007/s00253-018-9548-6

	Staphylococcus aureus and biofilms: transmission, threats, and promising strategies in animal husbandry
	Abstract 
	Introduction
	S. aureus and biofilms: transmission and threats in livestock farming
	Transmission pathways
	Threats to livestock farming

	S. aureus-related infections and biofilm formation in animals
	Initial attachment
	Extracellular polymeric substance generation and cell proliferation
	Biofilm deconstruction and bacterial diffusion

	Promising strategies against S. aureus infection in livestock
	Antimicrobial peptides
	Plant extracts
	Nanoparticles
	Phages
	Antibodies

	Conclusions
	Acknowledgements
	References


