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Abstract

Non-aureus staphylococci and mammaliicocci (NASM) are one of the most common causes of subclinical mastitis in dairy
animals and the extent of damage by intramammary infections (IMI) caused by NASM is still under debate. The different
effects of NASM on the mammary gland may be associated with differences between bacterial species. NASM are normal
and abundant colonizers of humans and animals and become pathogenic only in certain situations. The veterinary interest
in NASM has been intense for the last 25 years, due to the strongly increasing rate of opportunistic infections. Therefore,
the objective of this review is to provide a general background of the NASM as a cause of mastitis and the most recent
advances that exist to prevent and fight the biofilm formation of this group of bacteria, introduce new biomedical appli-
cations that could be used in dairy herds to reduce the risk of chronic and recurrent infections, potentially responsible
for economic losses due to reduced milk production and quality. Effective treatment of biofilm infection requires a dual
approach through a combination of antibiofilm and antimicrobial agents. Even though research on the development of
biofilms is mainly focused on human medicine, this technology must be developed at the same time in veterinary medi-

cine, especially in the dairy industry where IMI are extremely common.

Keywords Mammary gland infection - Cows - Goats - Ewes - Staphylococcus spp - Mammaliicoccus spp - Biofilm

prevention - Antimicrobial resistance

Introduction

Non-aureus staphylococci and mammaliicocci (NASM) are
part of a large group of Gram-positive bacteria that share
their mutual lack of the coagulase virulence factor (EI-
Jakee et al. 2013; Michels et al. 2021; Pyorila et al. 2009).
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Therefore, there are Staphylococcus chromogenes isolates
that can clot plasma, since the main pathogen causing mas-
titis in cows is coagulase-positive S. aureus, the coagulase-
positive phenotype of S. chromogenes can easily lead to
misidentification (Dos Santos et al. 2016). Staphylococci
are part of the normal skin flora of animals and have been
isolated from different body sites from cows like hair coat,
nares, teat skin, teat canal, and from the dairy environment
such as bedding as well as on the milker’s hands (Taponen
et al., 2009). Interest in this group of bacteria has increased
over the last years both in humans and in veterinary medi-
cine (Pyoréld et al. 2009). In recent years, this group has
become one of the main pathogens causing mastitis in
domestic ruminants (Dalanezi et al. 2020). The spread and
prevalence of mastitis caused by NASM vary from coun-
try to country, due to season dynamics and weather changes
that affect the proportion of NASM pathogens that are
spread among herds (Naqvi et al. 2018). Furthermore, the
type of housing system, parity, lactation stage, variation in
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sampling techniques, level of farm production intensity, and
method of species identification are other factors that influ-
ence the spread and prevalence of mastitis caused by NASM
(El-Jakee et al. 2013; Vanderhaeghen et al. 2014a).

For many years, this group has been managed as a minor
group, however, some studies propose that infections with
NASM may cause more harm to the mammary gland level
than thought before. Therefore, there is a need to identify
subgroups and species-specific at a herd level to improve
our understanding of the differences between species and
thus, improve therapeutic success (Condas et al. 2017;
Pyorila et al. 2009; Schukken et al., 2009). Research relying
on genotypic identification demonstrated the existence of a
vast NASM species in different ruminants, environment,
milk samples, and udder-related habitats (Vanderhaeghen et
al. 2015). Often, NASM occurs more in subclinical mastitis
when compared to clinical mastitis. Lack of consciousness
of farmers on the potential threat of NASM to cause masti-
tis infection may be the reason for mastitis problems, infor-
mation on the prevalence of NASM and the ability to form
biofilms (that contribute to more antimicrobial resistance)
would be useful for the control of mastitis caused by NASM
(Koop et al. 2012; Lee at al., 2022).

The objective of this review was to discuss the impor-
tance of the NASM in intramammary infections, the impor-
tance of making a correct identification, the advances that
exist to prevent the formation of biofilms, as well as the
different methodologies available to diagnose them and
offer alternative treatments that eliminate the NASM found
within biofilms. This will offer some insights on how to
avoid the formation of multi-resistant bacteria to antimicro-
bials so that they can be applied in veterinary medicine.

Materials and methods
Search strategy and selection criteria

Our search for information focused on studies reporting
mastitis in ruminants caused by NASM and advances in
the prevention of biofilm formation. A database was created
from studies specifying the following topics: non-aureus
staphylococci and mammaliicocci as a cause of mastitis in
domestic ruminants, phenotypic and genotypic identifica-
tion, pathogenesis, virulence factors, antimicrobial resis-
tance, biofilm formation, and biofilms treatment, covered
the years 2000-2022, the search was conducted between
July 2022 to October 2022.

The publications were obtained from databases such
as PubMed, ScienceDirect, Scopus, Springer Link, Wiley
Online Library, Scielo, Science Research, Redalyc, and
Google Academic and we only considered full-length
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research articles and review papers. Obtaining information
to find relevant publications was based on a chain of specific
topics like mastitis. The search string with the topic was sup-
ported by Boolean operators (“AND”, “OR”), which served
to specify the required information. All search terms within
a string were checked for a “title, abstract, and keyword”.
The keywords used were mastitis, cow, goat, sheep, ewe,
doe, non-aureus staphylococci, mammaliicocci, phenotypic
identification, genotypic identification, pathogenesis, viru-
lence factors, antimicrobial resistance, biofilm formation,
and biofilm treatment. No specific research articles on small
ruminants related to the focus of the review were found, this
is probably because the prevalence of subclinical mastitis
in small ruminants averages from 5 to 30%, and the annual
incidence of clinical mastitis is generally lower than 5%
and according to some reports, the prevalence of subclinical
mastitis in cows could be higher (>61%) (Contreras et al.
2007; Cervinkova et al. 2013).

The publications that were eliminated because of duplic-
ity were 16, and 22 publications were not considered in
the present paper, because they did not have enough data
or failed to report the final identification of the Non-aureus
staphylococci and mammaliicocci, techniques used to iden-
tify the bacteria, and the number of animals involved in the
study. After that, 98 papers were included in the database.
Figure 1 shows the PRISMA Flow Diagram illustrating the
literature search, identification, screening, and assessment
for eligibility leading to the final article selection.

Non-aureus staphylococciand mammaliicocci

The Staphylococcus genus is a group of Gram-positive bac-
teria that comprises around 85 species and 30 subspecies
(Phe 2020). Staphylococcus can be divided into two large
groups according to the ability to coagulate blood plasma,
and this genus can be divided into coagulase-positive
Staphylococcus (SCP), where S. aureus is the most patho-
genic species, causing infections in humans and animals
and the group of non-aureus staphylococci and mamali-
icocci (NASM) which lacks the coagulase gene (Michels
et al. 2021). The NASM have traditionally been considered
normal skin microbiota and are opportunistic bacteria that
cause intramammary infections (De Visscher et al. 2017).
In many countries, NASM have become emerging patho-
gens and the main cause of mastitis (mainly subclinical),
in cows, goats, and sheep (Persson et al. 2011). Some stud-
ies suggest that NASM infections may cause more severe
damage to the mammary gland than previously thought. To
improve our understanding of the effect of NASM on the
mammary gland, so far, more than 50 species have been
characterized as causing mastitis in dairy ruminants, and this
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Fig. 1 PRISMA study flow of the selection process of the literature from initial search and screening to final selection of publications to be included

in the review

has led to identifying species-specific virulence and patho-
genesis factors related to NASM, as each species differs in
its effects on milk production and somatic cell count (SCC),
mode of transmission, potential reservoir, and susceptibil-
ity to antimicrobials, indicating that some species may be
more pathogenic than others (Adkins et al. 2018a; Jenkins
et al. 2019). Since the pathogenicity of these bacteria is not
entirely clear, animal models represent an alternative for the
study of these bacteria, but this is expensive, and an alterna-
tive to studying experimental mammary infections is the use
of small ruminants, this knowledge will provide important
insights that will improve preventive and therapeutic strate-
gies (Lasagno et al. 2018).

Non-aureus staphylococci (NAS) are abundant in dairy
cows’ teat apices that are recovered from bovine fecal sam-
ples, and their differences in ecology, epidemiology, effect
on udder health, and virulence or protective traits have been
reported among other species within this group (De Viss-
cher et al. 2016; Vanderhaeghen et al. 2015; Wuytack et al.
2020a, b). Several studies have reported that S. chromo-
genes, S. epidermidis, S. xylosus, S. vitulinus, S. simulans,
and M. sciuri are the main NASM species isolated from the
tips and skin of the animal’s teats increasing the probabil-
ity to develop an intramammary infection during lactation,

whereas in milk samples, S. chromogenes, S. xylosus, S.
haemolyticus are most prevalent (Koop et al. 2012; Rosa et
al. 2022; Ruiz-Romero et al. 2020; Traversari et al. 2019).
Overall, more NASM isolates are identified in used bedding
than in unused bedding (Adkins et al. 2022). Some species
also produce a biofilm that allows NASM to persist on the
milking equipment as well as on the milker’s hands, which
is important for the spread of this genus (Pedersen et al.
2021; Silva et al. 2022) (Fig. 2). The prevalence and dis-
tribution of NASM are affected by environmental factors,
geographic region, climate, water sources, access to pas-
ture, type of production, and host factors such as the calving
number and antimicrobials use (Taponen et al. 2009). In this
context, it is important to determine the natural habitat of
different NASM species, as this will define whether they
should be considered environmental or host-adapted patho-
gens. This is also related to their commensal nature and their
level of adaptation to the skin, the teat canal, and/or host
udder (El-Jakee et al. 2013; Pyoréla et al. 2009).
Non-aureus staphylococci and mammaliicocei, poten-
tially protect the udder against infection by major mastitis
pathogens due to bacteriocin production, species such as S.
capitis, S. chromogenes, S. epidermidis, S. pasteuri, S. sap-
rophyticus, S. sciuri, S. simulans, S. warneri, and S. xylosus
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NASM exists in the dairy
environment such as bedding.

Milk from animals with subclinical mastitis

Staphylococci are part of the normal skin
flora of animals and have been isolated
from different body sites from ruminants
like hair coat, nares, teat skin, teat canal.

BIOFILM

NASM also produce biofilm
that contributes to the
preservation of bacteria in
the udder. Biofilm allosw
NASM to persist on the
milking equipmentas well as
on the milker’s hands, which
is an important source of
spread of this genus.

\

such as that caused by NASM with no visible

changes, is accidentally mixed with bulk milk,
enters the food chain and can be negative =
effects on human health.

Fig. 2 NASM environment, transmission, biofilm formation, and the
effects on human health

1. NASM have been isolated from the dairy environment such as bed-
ding as well as on the milker’s hands. 2. Staphylococci are part of
the normal skin flora of animals and have been isolated from different
body sites from ruminants like hair coats, nares, teat skin, and teat
canals. 3. NASM produce biofilms that allow NASM to persist on the

from bovine mammary glands are a source of potential bac-
teriocins, representing potential for future characterization
and prospective clinical applications (Carson et al. 2017
Nascimento et al. 2005).

Mastitis: economic impact

The incidence of clinical and subclinical mastitis during
lactation varies greatly between herds, although subclini-
cal mastitis is more prevalent than clinical mastitis. Due
to variability in the intensity of detection at the herd level,
the economic impact of subclinical infections is more dif-
ficult to quantify and predict between herds (Heikkild et
al. 2018; Hussein et al. 2022; Piepers et al. 2013). There
is significantly more scientific evidence on the impact of
clinical mastitis on health and productivity compared to
subclinical mastitis (Rollin et al. 2015). Economic losses
from mastitis include direct costs due to diagnostic tests,
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milking equipment as well as on the milker’s hands. 4. NASM have
become emerging pathogens and the main cause of mastitis, mainly of
the subclinical type when milk from animals with subclinical mastitis
such as that caused by NASM with no visible changes, is accidentally

mixed with bulk milk, enters the food chain and can be negative effects
on human health

veterinary service, medication, and labor, as well as indirect
costs associated with future loss of milk production, prema-
ture culling, and replacement of cows with mastitis. At the
farm level, dairy farmers typically underestimate the costs
of mastitis. However, long-term milk production shortfalls
attributable to mastitis contribute to a notable portion of the
economic losses in dairy systems (Heikkild et al. 2018; Rol-
lin et al. 2015; Piepers et al. 2010).

The costs of preventive measures must also be consid-
ered in the total costs of mastitis. The extent of the economic
losses varies significantly between countries, depending on
factors such as the milk price, treatment costs, and replace-
ment of animals (Rollin et al. 2015).

Infections caused by NASM can cause mild inflamma-
tion in the mammary gland that results in a 3- to 4-fold
increase in SCC, reducing both the quality and price of milk,
however, SCC low in bulk milk, translates into an economic
incentive for the producer to maintain and/or improve milk
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quality (Valckenier et al. 2020, 2021; Heikkili et al. 2018;
Tomazi et al. 2015). In a study where milk losses in dairy
cows caused by subclinical mastitis caused by NASM at
peak lactation were evaluated, a reduction of up to 1.8 kg/d
of milk was detected, so NASM should not be underesti-
mated as a cause of reduction of milk production (Heikkila
et al. 2018).

Mastitis and Public health

Due to improved sanitation of milk production practices and
milk heat treatments, the threat of various diseases and the
incidence of outbreaks related to milk and dairy products
have been greatly reduced in developed countries. However,
a variety of microorganisms still contribute to disease out-
breaks (Ibrahim et al. 2022; Hussein et al. 2022). In cases
of severe clinical mastitis, milk abnormalities are easily
observed, and the milk must be discarded so that milk would
not normally enter the food chain. But when milk from
animals with subclinical mastitis such as that caused by
NASM with no visible changes, is accidentally mixed with
bulk milk, it enters the food chain with potentially negative
effects on human health (El-Jakee et al. 2013; Hussein et al.
2022). NASM can produce toxins and for this reason, the
consumption of raw milk is not recommended, due to high
contamination from animals, pastures, milking machines,
and containers. To prevent human health problems, heat
treatment is mandatory to ensure its safety and prolong its
shelf life (Heikkila et al. 2018). Although pasteurization is
likely to destroy most pathogens, there is a concern when
raw milk is consumed or when pasteurization is incomplete
or faulty (Heikkild et al. 2018). Despite the considerable
advances that have been made to improve dairy food safety,
there is rising concern that pasteurization is not sufficient
for the destruction of plasmid-mediated antimicrobial resis-
tance (AMR) genes of resistant bacteria and could stimu-
late bacteria to enter a viable but nonculturable (VBNC)
state (Taher et al. 2020a, b). Toxins secreted by NASM
are produced due to improper cooling of milk, during the
manufacture of dairy products, and due to post-processing
contamination, these toxins are not inactivated by extreme
heat or cold and can cause food poisoning (Heikkild et al.
2018; Hussein et al. 2022).

Antimicrobial resistance in NASM

Antimicrobials are an important tool in mastitis control pro-
grams; therefore, surveillance of antimicrobial susceptibil-
ity is important to ensure optimal results when using them
and minimize the risk of resistance (Bowler et al. 2020;
Kizerwetter-Swida et al. 2018). Staphylococci can express
resistance to a range of antimicrobials, of which methicillin

resistance is of public health concern (Crespi et al. 2022;
Fergestad et al. 2021). Infections caused by methicillin-
resistant Staphylococcus (MRS) are more damaging due to
the long-term treatments and limited drug options (Adkins
et al. 2018b; Crespi et al. 2022; Mahato et al. 2017; Virdis
et al. 2010). Recent reports from different parts of the world
revealed that MRS are an emerging cause of infection and
a potent threat to the dairy industry and public health due
to their zoonotic potential (Kizerwetter-Swida et al. 2018;
Windria et al. 2016). The increased exposure to drugs and
the use of antimicrobials in animal diseases represents a
danger to human health whose impact and effect are not
yet well characterized but may lead to the emergence of
antimicrobial-resistant strains, which makes antimicrobial
susceptibility surveillance very crucial (Persson et al. 2011).

Another concern associated with NASM is that they may
also act as reservoirs for antimicrobial resistance genes and
may transfer resistance genes into the S. aureus genome,
leading to the development of new multidrug-resistant
strains (Persson et al. 2011), and the main reason for the
increase in the rate of NASM infections is the spread of
resistance to antimicrobials in this bacterial group (Pers-
son et al. 2011). The production of beta-lactamases is the
most common resistance mechanism in staphylococci, and
its production is more common among subclinical NASM
isolates than clinical isolates (De los Santos et al. 2022).
NASM species may exhibit resistance to the following anti-
microbials: penicillin, cefoxitin, erythromycin, clindamy-
cin, gentamicin, streptomycin, tetracycline, ciprofloxacin,
chloramphenicol, fusidic acid, oxacillin, vancomycin, and
trimethoprim-sulfamethoxazole (Gurler et al. 2022; Ibrahim
et al. 2022; Raspanti et al. 2016; Sawant et al. 2009).

Non aureus staphylococci and mammaliicoccii as a
cause of mastitis

Veterinary medicine interest in NASM has developed dur-
ing the last 25 years, mainly due to the sharp increase in
the rate of opportunistic infections, NASM generally have
a beneficial relationship with their host and develop from
commensals to pathogens only after damage to a natural
barrier such as the skin, which can occur from a trauma or
tissue injury (De Buck et al. 2021; Jenkins et al. 2019).
Pathogen colonization depends on adhesion factors,
evasion of the host’s immune system, and the production
of factors damaging to the host’s tissue, such as toxins and
degradative exoenzymes. However, some virulence factors
are found less frequently in NASM compared to S. aureus,
making NASM infections more silent than S. aureus.
(Adkins et al. 2018b; de Buck et al. 2021). Some NASM
strains showed multiple virulence factors that are more
likely to hydrolyze DNA, hemolysis, produce gelatinase
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and biofilm, and have multi-drug resistance as compared to
other less virulent staphylococci (Zigo et al. 2022).

Bacteria adherence seems to be an essential first stage
for the internalization of bacteria into the cytoplasm of the
host cell, which is considered an important virulence strat-
egy enabling bacteria to occupy a microenvironment sepa-
rated from host defence mechanisms (Souza et al. 2016).
The NASM species and strains adhered and internalized
into MEC slower than did S. aureus (Souza et al. 2016).
NASM can induce a mild local host response and animals
infected with NASM show mild to moderate clinical signs
of mastitis, differences in staphylococci species in evading
phagocytosis and triggering ROS production, may explain
the ability of some staphylococci species (S. aureus and
S. chromogenes) to cause persistent infection and induce
inflammation (Piccart et al. 2016; Simojoki et al. 2011;
Souza et al. 2022).

In general, three groups of virulence factors are involved
in the pathogenesis of staphylococcal infections; secreted
proteins (cytotoxins, superantigens, and tissue-degrading
enzymes), cell surface-bound proteins (microbial surface
components that recognize adhesive matrix molecules),
and cell wall components (polysaccharide capsule and lipo-
teichoic acid) (Zigo et al. 2022). It is important to argue
deeply whether some NASM species should be considered
true (minor) pathogens or harmless commensals (Otto 2004;
Ruiz-Ripa et al. 2020).

To carry out specific studies for each species of NASM
and the damage they cause in the mammary gland, it is nec-
essary to carry out a correct identification of the isolates
obtained from milk samples of animals with subclinical
mastitis (Windria et al. 2016).

Identification methods of non aureus staphylococci
and mammaliicocci

NASM infections in dairy herds are generally managed as
a single group without regard to different species, and most
subclinical NASM infections go untreated (Turchi et al.
2020; Windria et al. 2016; Zaatout et al. 2019). The cor-
rect identification of the NASM species causing mastitis
and possible persistent infections is important in providing
arguments for the need for identification at species not only
genus level (Capurro et al. 2009).

The following subsections will discuss the advantages
and disadvantages of the different phenotypic and genotypic
tests that have been used in various studies for NASM iden-
tification (Table 1).
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Phenotypic methods

Phenotypic characterization is based on data provided by all
typing methods that do not analyze nucleic acids (Donelli et
al. 2013). These tests are an important source of data for a
preliminary description of taxa, from species to genera and
families, in fact, in many cases, the set of all the morpho-
logical, physiological, and biochemical characteristics of a
strain allows recognition of taxa (Donelli et al. 2013). The
phenotypic characterization of the NASM was for many
years, the only method of identification, for which many
of the isolates obtained from the milk of ruminants with
mastitis have been identified through phenotypic methods
to characterize different species (Park et al. 2011; Vander-
haeghen et al. 2015).

Regarding laboratory diagnosis, microscopy is used by the
Gram method to verify the bacterium’s morphology (Gram-
positive cocci, arranged in grape-like clusters); novobiocin
test to determine the susceptibility pattern of bacterium to
antibiotic novobiocin; and the use of biochemical tests, such
as coagulase and catalase tests to trace coagulase-negative
strains. While identification is done with the use of selective
and nonspecific culture media, such as blood agar (in which
the hemolytic patterns of pathogens are observed), mannitol
salt agar, and DNAse agar (selective to S. aureus strains, S.
intermedius, and S. hyicus) (Moraes et al. 2021).

The use of phenotypic methods to differentiate NASM
species can be seen as a first step to improving knowledge
about the role of NASM, different methods have been used
to phenotypically identify NASM, including a conventional
identification scheme and commercial biochemical kits
(Park et al. 2011).

A commercially available identification system is the API
STAPH ID 20, which is recommended for the identification
of NASM species isolated from intramammary infections
by the National Mastitis Council (NMC) (Park et al.,2011).
This method allows the study of carbohydrate metabolism
and is capable to identify NASM species in 24 h (Park et al.
2011). The disadvantage of this identification system is that
it is not designed to identify NASM from animal samples,
so the database of phenotypic characteristics from animal
NASM isolates is limited (Koop et al. 2012; Park et al.
2011; Vanderhaeghen et al. 2015).

Automated systems, such as Vitek® legacy (bioMérieux)
and MicroScan® (Dade Behring), are also frequently used
for rapid identification and antimicrobial susceptibility test-
ing of Gram-positive cocci in clinical laboratories around
the world, however, the automated system Vitek2 needs
further improvement to provide reliable results for the char-
acterization of the other NASM such as S. epidermidis, S.
cohnii, S warneri, and S. capitis (Alves et al. 2009).
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DISADVANTAGES

Table 1 Advantages and dis- TYPING ADVANTAGES
advantages of phenotypic and METHOD
genotypic identification PHENOTYPIC

Biochemical test

The first step to enhance knowledge
about the role of NASM, low cost, and
easy procedures

API Staph Easy procedure
GENOTYPIC

Polymerase Chain  Discriminatory power
Reaction (PCR)

Pulse-field gel
electrophoresis
(PFGE)

16 and 23 S rDNA
sequencing

Random amplified
polymorphic DNA
assay (RAPD)

Restriction Frag-
ment Length Poly-
morphism (RFLP)
Amplified fragment
length polymor-
phism (AFLP)
Ribotyping

DNA Hybridization

DNA sequencing

DNA Microarray
analysis

MALDI-TOF MS

Discriminatory power

Provide a cost-effective technique to
identify strains that may not be found
using traditional methods

Quick and easy to assay, low quantities
of template DNA are required, RAPDs
have a very high genomic abundance and
are randomly distributed throughout the
genome

High reliability, reproducible results,
discriminatory results

Discriminatory power, reproducibility,
and type ability

Typeability

It can be applied to frozen tissues to
enable maximum use of tissues that are
difficult to obtain

Characterise non-cultivable bacteria,
profile hundreds of microorganisms from
a single analysis, and provide faster and
more accurate classification than tradi-
tional identification methods like cloning
and culturing Identify low-abundance
bacteria

Rapid and specific

Fast, accurate, trained laboratory person-
nel are not required

Misidentifies a significant number of
isolates

Primarily designed to analyse biochem-
ical reactions of human strains and not
veterinary pathogenic strains

Optimization of reaction conditions
can be tedious and time-consuming for
some PCR methods

Cost and reproducibility of results
across different laboratories

Absence of a database specific for the
16-23 S rRNA encoding region.

Labor-intensive and time-consuming,
low reproducibility, highly standardized
experimental procedures are needed

Labor-intensive and time-consuming

Complex analysis and pure culture are
required to prevent misinterpretation of
results due to foreign DNA
Discriminatory power, cost, and time
For samples that have low DNA and
RNA copies, it may be difficult to
identify targets

High cost

Low signal intensity due to improper
content of targeted DNA and probe can
lead to inaccurate analysis

The high initial cost of the MALDI-
TOF equipment

Some epidemiological studies in NASM have described
inaccuracies in this type of identification due to the possi-
bility of identifying NASM belonging to different species
as the same microorganism, so estimates on the sensitivity,
specificity, and true positive fraction of phenotypic tests are
needed concerning genotypic tests (Adkins et al. 2018b).
Phenotypic and genotypic data can contribute significantly
to characterizing any NASM isolated at the species and
subspecies levels (Jenkins et al. 2019; Onni et al. 2012).
Diagnostic laboratories identify strains isolated by classi-
cal methods such as Gram stain and biochemical tests (i.e.,
catalase and coagulase detection) which represent a low

cost, availability, and are easy to perform, however, there is
a growing tendency for identification procedures to become
polyphasic, that is, the “Polyphasic taxonomy” which is
based on the integration of morphological, physiological,
biochemical, and molecular characteristics without neglect-
ing the need to develop rapid and low-cost diagnostic tests
to identify the different NASM species (Donelli et al. 2013).
Currently available molecular techniques provide an impor-
tant contribution to identifying and classifying microorgan-
isms based on their genotypic characteristic (Donelli et al.
2013). In the next section, there is a resume of the most
common genotypic techniques to identify NASM.
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Genotypic methods

The application of molecular techniques has greatly
improved the ability to correctly identify bacterial isolates
and their classification, particularly genotypic methods
directed toward DNA or RNA molecules. Since phenotypic
methods to identify NASM from the milk of ruminants
often yield unreliable results, methods for molecular iden-
tification based on gene sequencing or fingerprinting tech-
niques have been developed (Vanderhaeghen et al. 2015).
The use of molecular identification methods has shown
diversity among the NASM species that can be found in
herds, as well as differences between species regarding
intramammary infections, persistent infections in the mam-
mary gland, and ecological niches inside and outside the
animal’s body (Vanderhaeghen et al. 2015). Molecular char-
acterization of antimicrobial resistance genes on farms and
in commercial milk with emphasis on the effect of currently
practiced heat treatments on the viable but nonculturable
formation (Braem et al. 2011).

Molecular tests specifically identify isolates at the spe-
cies level and help increase our understanding of important
NASM species isolated from clinical samples. Therefore,
the results of such tests can help to make decisions on the
use of specific treatments to eliminate persistent infections,
implement control measures, and/or improve milking prac-
tices (Donelli et al. 2013).

Table 2 Identification techniques used for NASM around the world

Table 2 shows the NASM species recovered from cows,
goats, and sheep milk with mastitis that were identified
with different phenotypic and genotypic techniques glob-
ally since the beginning of the 2000s. It highlights the fact
that the reports of isolated species of NASM in sheep are
much lower worldwide than that reported in cows. This
may be because the cow’s dairy industry is the most impor-
tant worldwide and most studies to reduce cases of mas-
titis, are directed towards this species to reduce cases of
mastitis, leaving goats and sheep in second and third place
respectively, even though the dairy products of these two
species are increasing as reported in recent years. However,
the NASM species reported in these three species are simi-
lar, reporting S. chromogenes as the most common NASM
recovered from the milk of animals with mastitis (FAO
2020; Pyorala et al. 2009).

Biofilm formation

Antimicrobial tolerance has been defined as the ability
of bacteria to survive exposure to antimicrobials without
developing resistance. It has also been reported that toler-
ance invariably precedes antimicrobial resistance, indicat-
ing that preventing tolerance may offer a new perspective for
controlling antimicrobial resistance (Kranjec et al. 2021).
Whereas antimicrobial resistance is genetically induced
through mutations or horizontal gene transfer, antimicrobial

YEAR COUNTRY ANIMAL SPECIES-NO. OF CASES

IDENTIFICATION
METHOD

REFERENCE

2005  Turkey COWS

Iyticus 5, S. sciuri 4, S. lentus 3
2013  Mexico goats
2014 Uganda COWS S. epidermidis 45, S. haemolyticus 8

2016  Indonesia goats

S. hyicus 20, S. chromogenes 16, S. epidermidis 9, S. haemo-

S. chromogenes 30, S. xylosus 14, S. sciuri 2, S. haemolyticus
1. S. caprae 1, S. epidermidis 1, S. cohnii 3

S. pasteuri 3, S. xylosus 5, S. haemolyticus 5

Biochemical test/phe-
notypic identification
API Staph/phenotypic
identification
Biochemical test/phe-
notypic identification
Polymerase Chain
Reaction (PCR)/geno-

Kirkan S et al.
2005

Ruiz-Romero
2018

Bjork et al. 2014

Windria et al.
2016

typic identification
DNA sequencing/geno- Jenkins et al.
typic identification 2019

Microarray analisis/ Zaatout et al.
genotypic identification 2019

2019 United COWS S. chromogenes 290, S. haemolyticus 108, S. simulans 39, S.
States of S. epidermidis 39, S. hominis 28, S. auricularis 25, S. sciuri,
America 13, S. capitis 11, S. cohnii 9, S. warnerii 6, S. pasteuri 5, S.
xylosus 4, S. hyicus 3, S. equorum 2, S. microti 2, S. rostri 2,
S. gallinarum 1, S. saprophyticus 1, S. succinus 1.
2019 Algeria COWS S. sciuri 38. S. xylosus 20, S. succinus 6, S. lentus 6, S.
hominis 5, S. warneri 5, S. capitis 4, S. saprophyticus 4, S.
caprae 2, S. lugdunensis 2, S. simulans 2, S. chromogenes 1,
S. equorum 1, S. haemolyticus 1.
2020  Italya ewes S. epidermidis 11, S. simulans 3, S. chromogenes 1, S. caprae  PCR-RFLP/genotypic

Turchi et al. 2020

1, S. arlettae 1, S. jettensis 1. S. haemolyticus 1, S. xylosus 1. identification

2021 Ethiopia COWS S. sciuri 8, S. lentus 2

2021 Colombia cows

S. epidermidis 87, S. chromogenes 115, S. sciuri 65, S. simu-
lans 76, S. haemolyticus 58, S. capitis 70, S. hominis 34, S.
xylosus 23, S. equorum 28, S. auricularis 32, S. hyicus 36

Biochemical test/phe-  Dabele et al. 2021
notypic identification
Pulse-Field Gel Elec-
trophoresis/genotypic

identification

Andrade-Becerra
etal. 2021
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tolerance involves bacterial survival through phenotypic
states of biofilms and persistent dormant cells (Bowler et
al. 2020).

Biofilms are communities of microorganisms, which are
bacteria that live naturally and preferentially as communi-
ties adhered to an inert surface or in living tissues. Once
adhered, the bacterial cells establish and organize them-
selves within a self-produced extracellular polymeric sub-
stance to form a matrix that protects against environmental
threats, thus providing an extremely effective survival strat-
egy (Bowler et al. 2020; Kranjec et al. 2021; Silva et al.
2022).

The formation of biofilms in animals with mastitis is con-
sidered a selective advantage for pathogenic microorgan-
isms, which contributes to the preservation of bacteria in the
udder (Kranjec et al. 2021). Biofilm can be detected using
Congo Red Agar, congo red binds to exopolysaccharides
present in the biofilm, however, compared to other meth-
ods, it is the least recommended due to high false negatives,
while a positive test is evidenced if crystalline colonies of
black color and dry appearance are observed (Darwish et
al. 2013). Biofilm formation can also be detected by target-
ing some biofilm-associated genes such as icad, bap, aap,
embP, fbe, atlE, and eno that are present in some NASM
isolates such as S. chromogenes, S. epidermidis, S. devri-
esei, S. xylosus and S. haemolyticus in animals with clinical
or subclinical mastitis (Srednik et al. 2017). Biofilm forma-
tion and the presence of various staphylococcal virulence
factors do not seem to directly influence the effect of NASM
on IMI, but the available information is indirect or insuffi-
cient to draw consistent conclusions (Vanderhaeghen et al.
2014b). Biofilm is an important virulence factor in mastitis
and as a result, infections become more difficult to treat and
eradicate. In fact, in dairy animals with mastitis, biofilms
within the udders reduce the effect of antimicrobials and
allow microorganisms to evade the innate immune system
(Lee et al. 2022; Pedersen et al. 2021). Some S. chromo-
genes strains have been confirmed to display a non-biocidal
inhibition of pathogenic biofilms and were able to signifi-
cantly inhibit S. aureus and NASM biofilm formation in a
dose-independent manner and without affecting the viabil-
ity of bovine cells, these findings reveal a new activity of
the udder microflora of healthy animals (Beuckelaere et
al. 2021; de Vliegher et al. 2004; Isaac et al. 2017; Toledo-
Silva et al. 2022).

Biofilm is one of the main causes of developing chronic
infections, biofilm development is a complex process that
involves many staphylococcal proteins that can be divided
into three general stages: attachment, multiplication/matu-
ration, and shedding/dispersion (Bowler et al. 2020).

Biofilm-associated infections are often treated with
conventional antimicrobials. However, after diagnosis of

staphylococcal infections, therapeutic options are often lim-
ited due to the widespread resistance mechanisms developed
by these bacteria. The high propensity of staphylococci to
form biofilms confers additional competitive advantages,
including a 10- to 1,000-fold increase in resistance/toler-
ance to antimicrobials, increasing their resilience to treat-
ment (Kranjec et al. 2021; Pascu et al. 2022).

The extracellular matrix of biofilms can act as a shield,
effectively hindering the penetration of antimicrobials into
biofilms. This makes it difficult for many antimicrobials
to reach the cells present in the deeper layers, leading to
heterogeneous exposure to antimicrobials in biofilms. Cells
in the deeper layers of biofilms can be exposed to subin-
hibitory concentrations of antimicrobials until they poten-
tially encounter a lethal dose (Wei et al. 2022). This gradual
exposure activates the transcriptional response at low doses,
potentially promoting antimicrobial resistance mechanisms
(Pascu et al. 2022; Wei et al. 2022). Therefore, care should
be taken when treating biofilms with antimicrobials with
high resistance potential. This can be achieved by choosing
agents characterized by modes of action that reduce the like-
lihood of resistance development or by adopting combined
therapies (i.e., multiple antimicrobial agents with different
modes of action) to treat infections (Wei et al. 2022).

Biotechnology to eliminate biofilms

The spread of antimicrobial-resistant pathogens that nor-
mally survive in biofilms such as NASM and the recent
COVID-19 pandemic (although they are unrelated phenom-
ena) have demonstrated the urgency and need to discover
new methods to combat these growing threats (Abdullahi et
al. 2016). The combination of antimicrobials with nanocar-
riers, ultrasound, electric current, phage therapy, and drug
delivery system, has shown promising results (Abdullahi et
al. 2016).

The new alternatives to prevent, treat and eradicate the
biofilm and the bacteria found within it, have been used
mainly in human medicine, while for veterinary medicine,
the information on new biotechnologies to prevent the for-
mation of biofilms in NASM is scarce. These alternatives
can be adapted to dairy farms and monitor herds to be able
to reduce the incidence of mastitis caused by NASM and
avoid chronic infections due to the presence of biofilms
(Table 3).

The following section describes some of the latest tech-
nologies being used to combat biofilms.

Prevention of biofilm formation

The best universal way to prevent the development of bacte-
rial biofilms has not been discovered. Yet, nowadays, there
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Table 3 Alternatives to control, treat and eliminate biofilms

GOAL AVAILABLE TARGET/MECHANISM OF ACTION REFER-
OPTIONS ENCES
PREVENTION  Silver and copper  Antibacterial properties. Lison et al.
OF BIOFILMS  ions 2022
FORMATION Surface a. Titanium implant modification’s impact on improved biocompatibility and pre-
modification vention of bacteria adhesion and biofilm formation.

DETECTION OF
BIOFILMS

Biofilm sensors

TREATMENT
OF BIOFILMS
Antimicrobial with
devices and thera-
peutic options

Anti-quorum-sens-
ing agents

Sensor-less Micro-
fluidic systems
Optical systems
Electrochemical
systems

Mechanical systems

Ultrasound

Electric current

Phage therapy

b. Nanoparticles like zinc-oxide, silver, or polyethyleneimine are added to com-
posite material to stop the increasing of bacteria by blocking the cell wall function,
inhibiting active transport and metabolism of sugar, displacement of magnesium
ions necessary for the enzyme bacterial biofilm activity, and preventing DNA
replication.

a. The loss of AIP* and RNAIII production affects biofilm formation in S. aureus.
As such, blocking signal production or degrading the signal might be promising
strategies

b. Block AI-2 production.

pH, flow rates, and temperature.

Oxygen. pH, ions, temperature, metabolites.
Oxygen, pH, ions, temperature, metabolites.

Interfacial material, parameters for adhesion properties.

This device enhances the bactericidal action of the antimicrobial agent, through

the passage of non-invasive acoustic energy waves through the skin to the site of
biofilm.

Synergetic use of low-level electric current with antimicrobials enhances the antimi-
crobial activity of antimicrobials which ordinarily are resisted by biofilm organisms.
The mechanism through which phage achieves its antibiofilm action is by enzyme
production which hydrolyses and degrades the extracellular matrix of biofilm, per-
haps, the use of bacteriophage or combination with antimicrobial will be effective.

Brackman et
al. 2015

Subramanian
2020

Funari et al.
2022

Abdullahi et
al. 2016
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Table 3 (continued)

GOAL AVAILABLE TARGET/MECHANISM OF ACTION REFER-
OPTIONS ENCES
Drug delivery This system involves a combination of antimicrobial drugs with nano-carriers.
system Antimicrobials such as gentamycin, ampicillin, and ciprofloxacin among others are
encapsulated in a drug delivery nano-carrier. Examples of commonly used nano-
carriers include phosphotydyl-choline, polyethylene glycerol, polyamidoamine, and
polyacrylate.

Bacteriocins Disruption of the membrane integrity on target cells leads to leakage of the cell Kranjec 2021
contents and membrane potential dissipation, and ultimately cell death.

Phage-Derived Kill their bacterial host at the end of the Iytic cycle.

Antibiofilm

Strategies

Antibodies Disrupting staphylococcal biofilms by using antibodies targeting different staphylo-
coccal antigens, such as surface proteins, cell-wall enzymes, PNAG, and toxins.

Photoinactivation ~ Photodynamic inactivation (PDI), also known as photodynamic therapy, is based on
the use of visible light, a photosensitizer, and oxygen to produce a phototoxic
reaction
that kills bacteria.

Nanotechnology The use of nanoparticles with antimicrobial activity and the development of drug Pinto 2019
delivery systems.

a) Lipid-based Liposomes, quatsomes, solid lipid nanoparticles, micelles, nanodroplets

formulation

b) Polymeric Polymeric NPs are composed of biodegradable polymers and are characterized by

nanoparticles high structural integrity.

¢)Metallic Metallic NPs can be applied as drug delivery systems once they can protect

nanoparticles the drugs until their target site and avoid immune system activation with low
cytotoxicity.

d) Magnetic Potential targeted nanosystems as they can be

nanoparticles directed or guided by magnetic field gradient toward biological

targets.
e) Silica-bases
nanosystems

drug release.

Mesoporous silica nanoparticles are promising drug delivery systems due
to their biocompatibility and their stability that leads to a controlled

*AIP autoinducing peptide, *AI-2 autoinducer 2

is a plethora of antibacterial coating technologies (Brack-
man et al. 2015; Lison et al. 2022). Coating technology can
be classified into three groups. The first is passive surface
finish modification (PMS), which focuses on preventing and
reducing bacterial adhesion without releasing germicide to
surrounding tissues (Lison et al. 2022). Active surface fin-
ishing/modification (ASM) is the next way to create ideal
coatings. This type of layer includes pharmacologically
active agents, germicides, metal ions, and different organic
or inorganic ingredients (Brackman et al. 2015). Finally,
there are local perioperative antibacterial carriers or coat-
ings (LCC), that allow the use of biodegradable or non-bio-
degradable antibacterial coatings or carrier concentrations
(Lison et al. 2022).

To prevent the development of biofilms and bacterial
growth, silver and copper ions can be used, and surface
modification using nanoparticles like zinc-oxide, silver, or
polyethyleneimine added to composite compounds. These
positively charged metal ions adhere to the negatively
charged bacterial cell wall and cause cell lysis and death.

There is an urgent need for long-term active coatings that
work against multiple bacterial strains and drug-resistant
strains (Brackman et al. 2015; Lison et al. 2022).

Another reported way to avoid the formation of biofilms
is by using anti-quorum-sensing (QS) agents. QS is a pro-
cess by which bacteria produce and detect signal molecules
and thereby coordinate their behavior in a cell-density-
dependent manner. In this way, they can be used as target
molecule Autoinducer Peptide (AP) and Autoinducer 2 (Al-
2) block this communication and prevent the formation of
biofilms (Brackman et al. 2015).

Before they can be used in practice, more research is
needed to investigate the involvement of quorum-sensing
inhibitors (QSI) in biofilm formation, maintenance, and dis-
persal, and to develop several more active non-toxic QSI.
Despite this, QSI are promising antibiofilm agents and may
be of great value in the future treatment of bacterial infec-
tions (Brackman et al., 2015).

The isolated microorganisms from clinical and subclini-
cal mastitis exhibited different and highly heterogeneous
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sensitivity to the action of antimicrobial drugs. This causes
difficulty in the effective control of mastitis in ruminants,
which is frequently caused by pathogenic associations of
microbial biofilms. Therefore, to combat this syndrome, it
is important to explore these alternatives (Rudenko et al.
2021).

Biofilm sensors

Due to their strong adhesion on the surface, microbial bio-
films can also be utilized positively as sensing elements in
cell-based sensors. This characteristic provides an oppor-
tunity to take advantage of the unusual properties of bio-
films to develop biofilm-based sensors where the biofilm
itself serves as the sensing element responsible for detection
(Funari et al. 2022). These types of cell-based biosensors
are cheap and robust, require little maintenance, and can
operate continuously for a long time, making them favor-
able sensing devices for remote areas and online monitor-
ing. They have been used to measure indicators of water
pollution and have been deployed as early warning devices
to capture the release of toxic compounds into the aqueous
environment, which can alert authorities to take immediate
action (Subramanian et al. 2020). This technology can be
adapted and applied in dairy farms since biosensors can be
compatible with milk. Detection of the formation of bio-
films in milk storage tanks or in equipment used for milking
such as teat cups, will allow for early detection and prevent
the development of serious intramammary infections (Sub-
ramanian et al. 2020).

To bring this technology to the field of veterinary medi-
cine, greater synergy between microbiologists, biotech-
nologists, chemists, scientists, and engineers is required to
develop new biofilm-related sensors for many cross-cutting
applications (Funari et al. 2022; Subramanian et al. 2020).

Treatment of biofilms

Effective treatment of biofilm infection requires a dual
approach through a combination of antibiofilm and anti-
microbial agents (Pinto et al. 2019). The pathophysiology
of biofilm infection is thought to be regulated by the quo-
rum sensing mechanism, through a cascade of events in
which a community of microorganisms, united as a single
entity expresses gene virulence, and antimicrobial proper-
ties (Kranjec et al. 2021). The conventional antimicrobial
approach has a restricted range of action against fast-grow-
ing pathogenic organisms with little or no effect on biofilm.
However, more radical therapeutic approaches involve the
combination of conventional antimicrobials with method-
ologies like ultrasound, electric current, phage therapy, and
drug delivery system described (Table 2) (Abdullahi et al.
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2016; Kranjec et al. 2021; Pinto et al. 2019). These tech-
nologies have been applied mainly to MRSA as it is one of
the most important pathogens causing hospital infections.
All these technologies must be used and applied in dairy
farms, both in milking machines and storage tanks, as well
as adaptations to the treatments that are used in animals to
prevent the formation of biofilm leading to chronic mastitis,
ultimately avoiding economic losses (Kranjec et al. 2021;
Pinto et al. 2019).

Treatment of staphylococcal biofilm infections is very
challenging. Biofilm-associated staphylococci have reduced
susceptibility to antimicrobials because of a protective bio-
film matrix and phenotypic heterogeneity in the biofilm
population, including non-growing and slow-growing cells
(Abdullahi et al. 2016; Pinto et al. 2019). Some combination
therapies re-sensitize pathogens to certain antimicrobials to
which they have become resistant when given as monother-
apies (Pinto et al. 2019). The molecular mechanisms behind
it are not yet well understood, but this may be an invalu-
able approach to repurposing of many antimicrobials that
have been rendered useless due to antimicrobial resistance,
commonly seen with these types of multi-resistant NASM
strains causing mastitis (Pinto et al. 2019).

Challenges and opportunities

This section will describe some challenges and opportuni-
ties that authors consider to be necessary to fight infections
caused by NASM and prevent intramammary infections in
dairy animals by impeding the formation of biofilms that
cause chronic infections. For that, it is necessary to continue
developing biotechnology that detects the initial formation
of biofilms and treats them with alternative therapies to
antimicrobials.

Pathogenesis of NASM as a cause of mastitis

Although some species of NASM involved in intramam-
mary infections have more virulence factors compared to
other species, little is known about the pathogenesis of each
of the species within the mammary gland. For economic
reasons, most studies have been carried out using goats. It
is easier to carry out experimental infections in small rumi-
nants. In vitro infections have been carried out that provide
information on the damage that NASM can cause in mam-
mary glandular tissue. It is necessary to start investigating
the specific pathogenesis of each species in the mammary
gland and to evaluate the damage caused and the conse-
quences that these damages imply in terms of economic
losses and public health risks (Lasagno et al. 2018; Ruiz-
Romero et al. 2020).
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Identification of NASM

NASM are no longer considered a homogeneous group of
bacteria and it is known that some species are more common
in cases of ruminant mastitis than others. Phenotypic iden-
tification remains the first step for identifying this bacterial
genus, however, it is not designed to accurately identify spe-
cies, and it is important to differentiate between NASM spe-
cies that are true pathogens or harmless commensals of the
udder. The use of molecular techniques can lead us to this
information. Therefore, the identification must be carried
out integrally, combining several techniques until a poly-
phasic identification is made that, in turn, is easily acces-
sible and reproducible (Donelli et al. 2013; Piessens et al.
2012; Vanderhaeghen et al. 2015). These strains of staphy-
lococci with zoonotic potential have a high capacity to form
biofilm and can represent a threat to human health. There-
fore, this underlines the need to implement new measures in
the veterinary and public health sectors to prevent NASM
transmission in the context of One-Health (Abdullahi et al.
2016; Jacques et al. 2022).

Alternative to antimicrobials to treat cases of mastitis

In practice, the treatment received by animals is indistinct
from the isolated species, and the indiscriminate use of anti-
microbials to treat animals with mastitis without adequately
identifying the genus and bacterial species has led to the
generation of NASM strains multi-resistant to antimicrobi-
als (Kranjec et al. 2021).

The frequent failures in the treatment of human and
animal infections with antimicrobials give little reason for
optimism regarding the prospects for this type of therapy.
In summary, clinical practice has shown that systemic anti-
microbials are not capable of providing effective treatment
for these infections (Sandholm et al., 1990). Therefore, the
investigation of new classes of antimicrobials or alternatives
to antimicrobials such as the use of biosurfactants, phyto-
chemicals, antimicrobial peptides, and microbial enzymes
is urgently needed.

Biofilms and new alternatives to avoid them

An alternative to the conventional antimicrobial strategy is
the inhibition of biofilm formation. Antibiofilm strategies
generally do not inhibit bacterial growth and division, but
instead target the molecules and pathways involved in the
formation and maturation of biofilms such as quorum-sens-
ing, consequently, the selection pressure for the development
of bacteria will be reduced antimicrobial resistance (Funari
et al. 2022). In addition, factors involved in staphylococcal
biofilm formation are highly species-specific (compared to

the targets of conventional antimicrobials), and antibiofilm
strategies may allow the development of narrow-spectrum
precision agents that will have little or no effect on another
microbiota (Funari et al. 2022; Subramanian et al. 2020).

Final remarks

Overall, the following points should be considered for future
research on Non-aureus staphylococci and mammaliicocci
as a cause of mastitis in ruminants:

e Since the pathogenicity of NASM is not entirely clear,
animal models represent an alternative for the study of
these pathogenic bacteria. In terms of animal models,
using cows is expensive, and the use of small rumi-
nants could be an alternative for studying mammary
infections.

e To prevent and control mastitis in ruminants, correct
identification of the bacterial agent must be carried out,
combining phenotypic and genotypic techniques when-
ever possible before using any type of antimicrobial
agent to reduce the appearance of multiresistant bacte-
rial strains, since there is a stage of tolerance to antimi-
crobials in which bacteria can develop biofilms before
multiresistant bacteria appear.

e Regarding the control of the NASM, precise diagnos-
tic techniques must be available to identify the bacteria
at the species level. In developed countries, these tech-
niques are easily accessible, but this is not the case in
developing countries, since there are no diagnostic labo-
ratories that have molecular identification techniques,
therefore, the correct identification is still distant in
these places.

e Formation of biofilms must be avoided by adapting
technologies that are currently used in human medicine,
that have the potential to be used in dairy farms, where
the different technology can be adapted to avoid the
formation of these bacterial communities, which would
be the main thing instead of facing established biofilm
communities that are more difficult to eliminate.

e Technologies that can be used to prevent the formation
are the use of silver and copper ions to prevent bacteria
from adhering and reproducing, as well as the use of
sensors in milk tanks since they are effective and low
cost. The use of these techniques will improve control of
the disease, which translates into fewer sick animals and
therefore less use of antimicrobials and a decrease in the
appearance of multiresistant NASM.

e Anti-biofilm strategies do not inhibit bacterial growth
and division, but instead target molecules and pathways
involved in the formation and maturation of biofilms
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without necessarily killing biofilm-associated cells.
Anti-biofilm strategies may allow for the development
of narrow-spectrum precision agents, which will have
low or no influence on other microorganisms. There-
fore, the selection pressure for antimicrobial-resistance
development will be lowered.

e The application of novel therapeutic approaches, such as
phage therapy and the use of some mucolytic agents that
are capable of inhibiting biofilm formation, is strongly
recommended, and the dairy industry can reduce eco-
nomic losses due to mastitis, if they can adapt this type
of therapy.

e Even though research on the development of biofilms
is mainly focused on human medicine, this technol-
ogy must be developed at the same time in veterinary
medicine, especially in the dairy industry where intra-
mammary infections are extremely common causing
economic losses and most importantly, these bacteria

Fig. 3 Future perspectives in the
prevention of mastitis caused by
NASM and treatment of biofilms

are capable of being transmitted to humans, so these
investigations must be developed under the concept of
one-health (Fig. 3).

So far, NASM are not given the importance they deserve,
although it can cause subclinical mastitis in domestic
ruminants. They are capable of persisting in the mammary
gland, developing multi-resistance to antimicrobials, and
are biofilm producers, which gives them the advantage of
establishing themselves in the mammary gland and milking
equipment. If there is already technology to eliminate, pre-
vent and detect them in human medicine, why has not this
technology been applied in veterinary medicine? Answering
this would help to adapt technology that would reduce costs
and incidence of mastitis and therefore prevent zoonotic
infections and foodborne problems.

It is necessary to start investigating the
specific pathogenesis of each species of
NASM in the mammary gland in order to

know the real damage they can cause.

Correct identification must be carried out in
an integral way, combining several
techniques until a polyphasic identification is
made.

There is a need to implement new measures
in the veterinary and public health sectors to
prevent NASM transmission in the context

Future
perspectives

of One Health.
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Development of new classes of
antimicrobials or alternatives to
antimicrobials to avoid the creation of
multirresistant strains of NASM.

Avoid the formation of biofilms in milking
machines, teat cups and in the mammary
gland, adapting the technology that exists

and is used mainly in human medicine.

Search for target molecules and pathways
— involved in the formation and maturation of
biofilms.
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