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Abstract:

Background: Antibiotic resistance has negative implications for treating infections in humans and animals. Rapid
identification of the pathogen causing the disease is one of the determining factors for effective treatment. This
study aimed to use MALDI-TOF MS to investigate multidrug-resistant bacterial strains in bacterial isolates from
infectious bovine mastitis.

Materials and Methods: Fifty-four milk samples from cows with subclinical mastitis were sown on sheep blood
agar, and the bacterial isolates were identified by MALDI-TOF MS. The disk diffusion test verified susceptibility
to antimicrobials.

Results: The largest number of isolates were resistant to OXA (69%), followed by CFO (52%), AMP (48%), PEN
(44%) and AMO (41%). The lowest number of resistant strains was observed against the antibiotic VAN. Although
less significant, some bacterial strains were resistant to carbapenems. All the multidrug-resistant strains were
identified on the MALDI-TOF MS system, including Staphylococcus aureus and non-aureus, Enterobacter
asburiae, Enterobacter cloacae and Enterococcus faecalis. The species Staphylococcus aureus was detected most
frequently.

Conclusion: The detection of bacteria resistant to two or more antibiotics usually used to treat bovine mastitis
indicates the need to look for alternative treatments to control this disease.
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I.  Introduction

Infectious bovine mastitis is considered an important disease affecting dairy herds all over the world. It
is a multifactorial disease defined as inflammation of the mammary gland (Viguier et al., 2009). Conventionally,
antimicrobial therapy is used to treat infectious bovine mastitis. The scientific literature points to the use of
different types of antimicrobials in the treatment of intramammary infections caused by bacteria (Langoni et al.,
2017; Ribeiro et al., 2016; Ribeiro, 2008). However, the success of treating infectious bovine mastitis caused by
bacteria is variable. The resistance of bacteria to the antimicrobials routinely used is one of the determinants of
successful treatment (Dereti, Zanela, Méndez, 2022).

Antibiotic resistance is considered one of the main global threats today, with negative implications for
treating infections in humans and animals (Fernandes Prates et al., 2020). Rapid identification of the pathogen
causing the infection is one of the determining factors for effective treatment. The use of MALDI-TOF MS to
identify microorganisms has already become a reality in the routine of many microbiology laboratories, due to all
the advantages it offers, and is only not more widely used due to the high cost of the equipment (De Carolis et al,
2014; Croxatto, Prod'hom, Greub, 2012).

Several studies point to MALDI-TOF MS as a successful tool for detecting mastitis pathogens in bovine
milk samples (Werner et al., 2012; Esener et al., 2018; Jahan et al., 2021) and even in cases of antimicrobial
resistance associated with bovine mastitis (Esener et al., 2021). These studies highlight the potential applications
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of the MALDI-TOF MS system in the diagnosis of infectious bovine mastitis, contributing to the epidemiological
investigation of the disease and the monitoring of multidrug-resistant bacteria causing bovine mastitis.

Given the above, this study aimed to use MALDI-TOF MS to investigate multidrug-resistant bacterial strains
in bacterial isolates from infectious bovine mastitis on dairy farms in northern Minas Gerais, Brazil.

1. Material And Methods

Collection of milk samples and bacterial isolates

Fifty-four milk samples from cows with subclinical mastitis were collected from teats on farms in
northern Minas Gerais, Brazil. All procedures carried out in vivo were previously approved by the Ethics
Committee on the Use of Animals under protocol number CEUA 90/2018. Cases of clinical and subclinical
mastitis were diagnosed using the cup test and the California Mastitis Test (CMT), respectively (Costa et al., 2018;
Schalm; Noorlander, 1957).

Milk samples were collected from each teat in sterile vials, packed in cool boxes with ice and sent to the
Animal Health Laboratory located at the Agricultural Sciences Research Center of the Federal University of Minas
Gerais - Brazil (CPCA - ICA/UFMG). After the samples were sown on sheep blood agar (5%V/V) using the
depletion technique, the isolated colonies were characterized in terms of color, size and the formation of hemolysis
halos and subsequent Gram staining.

Identification of infectious bovine mastitis bacteria by MALDI-TOF MS

The isolated colonies were identified by mass spectrometry (MALDI-TOF MS), according to Souza et
al. (2019). Briefly, each of the isolated colonies was added to a steel plate with 1 pl of formic acid (70%) and 1 pl
of MALDI-TOF MS matrix, which is a saturated solution of a-cyano-4-hydroxycinnamic acid (Bruker Daltonics,
Bremen, Germany). The plate was left to dry in the open air.

To obtain the spectra of interest, a MicroFlex LT mass spectrometer (Bruker Daltonics) with a 60 Hz
nitrogen laser was used. Up to 240 laser shots are fired in spiral movements to collect 40 shot steps for each
voltage point. Following the manufacturer's recommendations, the parameters for detecting the mass range were
set as shown in the table below:

Table 1: Parameters for detecting the mass range, according to the manufacturer's recommendations

Parameters Definition
Mass range 1960 to 20,137 m/z
lon source 1 v 19.99 kv
lon source voltage 2 kv 18.24 kv
Lens voltage 6.0 kv

The scores assigned for the identification of species and genera in real-time were >2 indicating
identification at the species level, >1.7 and <2 indicating identification at the genus level and <1.7 indicating no
reliable identification.

Determination of antimicrobial susceptibility

The bacterial isolates were subjected to the antimicrobial susceptibility test by disk diffusion (CLSI,
2018). The following antimicrobials were defined for these tests: ampicillin 10ug (AMP), penicillin 10U (PEN),
sulfazotrin 25ug (SUT), ciprofloxacin 5ug (CIP), kanamycin 30ug (KAN), cephalexin 30ug (CFE), gentamicin
10ug (GEN), ceftazidinepg (CAZ), amoxicillin + clavulanate 30pug (AMC), cefoxitin 30ug (CFO), meropenem
10ug (MER), nitrofurantoin 300ug (NIT), cephalothinug (CFL), vancomycin 30ug (VAN), amoxicillin 10ug
(AMO), oxacillin 1ug (OXA) (CLSI, 2018). The classification of methicillin-resistant isolates was defined by
resistance to oxacillin and/or cefoxitin, as recommended by CLSI (2018).

Data analysis

The results were subjected to descriptive statistics through the distribution of relative and absolute frequencies
for the microbiological findings. The frequency of resistance to antimicrobials alone and in combination was
assessed. MALDI-TOF MS scores were used to create heat map graphs showing the antibiotic resistance profile
of each microorganism.

I11. Result And Discussion
As can be seen in Figure 1, the largest number of isolates were resistant to OXA (69%), followed by
CFO (52%), AMP (48%), PEN (44%) and AMO (41%). The lowest number of resistant strains was observed
against the antibiotic VAN. In a study that investigated the antimicrobial sensitivity of bacterial strains isolated in
milk samples from goats with subclinical mastitis, there was a higher rate of antimicrobial resistance to the
antibiotics penicillin (73%), ampicillin (52.4%) and oxacillin (52.4%) (de Castro et al., 2017). In the state of Séo
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Paulo, greater resistance of bacterial isolates to penicillin, oxacillin and ampicillin was also observed, with
frequencies ranging from 55.5% to 81.8% (Salaberry et al., 2016). Acosta et al. (2016) observed that penicillin,
ampicillin, amoxicillin and neomycin are the antimicrobials to which mastitis-causing microorganisms are most
resistant.

The data presented supports the warning signs of the resistance of microorganisms causing infectious
bovine mastitis to different antibiotics. Oxacillin-resistant bacterial strains commonly observed in cases of mastitis
represent a considerable public health problem, as in addition to being multidrug-resistant, they can express
important virulence factors (Fitzgerald, 2014; Monaco et al., 2017). Resistance to this antibiotic is related to
various factors such as the presence of the mecA gene, which makes microorganisms intrinsically resistant to
other antimicrobials as well (Carvalho, Berezin, 2004).

Figure 1: Antimicrobial resistance of multidrug-resistant bacteria isolates associated with bovinemastitis in
northern Minas Gerais (n = 54).
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Cefoxitin is a potent inducer of the mecA gene regulatory system, as it has a high affinity for PBP2
(penicillin-binding protein) (Cauwelier et al., 2004), which is an essential protein for cell wall synthesis and
bacterial growth in the presence of the antimicrobial (Mangueira, 2012). Resistance to cefoxitin and/or oxacillin
can also be considered methicillin resistance (CLSI, 2018), and is used in tests to detect methicillin-resistant
Staphylococcus aureus (MRSA). Therefore, this highlights a worrying situation, since methicillin would be a drug
of choice against penicillinase-producing strains.

After oxacillin and cefoxitin, antibiotics from the penicillin class have induced resistance in a greater
number of bacterial isolates. Ampicillin, penicillin, amoxicillin and tetracycline are the antibiotics most commonly
used to treat mastitis and other infections in cattle, but they can have limited efficacy (Dos Santos et al., 2011)
due to the various resistance mechanisms involved. The classic mechanism of resistance to ampicillin, penicillin
and amoxicillin is due to the production of B-lactamases, which inactivate the antibiotics by hydrolyzing the -
lactam ring of penicillins (Dzidic et al., 2008).

Although the number of bacterial strains resistant to carbapenems and vancomycin was low, it is a
worrying situation, since these are not drugs that are commonly used in animal production. They are considered
reserve drugs and, even in humans, should be administered as a last resort when there is no other resource to be
used (WHO, 2017). The resistance profile observed in this study suggests cross-contamination between humans
and animals and/or the transfer of resistance genes between microorganisms (Fu et al., 2019). The importance of
these findings from a public health point of view is emphasized, since their use in veterinary medicine is restricted,
especially in production animals, to avoid the emergence of resistance, which in the present study was observed
for strains of Staphylococcus aureus and non-aureus.

As a result of the above and the need to develop more effective control measures for infectious bovine
mastitis, it is important to carry out studies to identify resistant microorganisms so that strategies can be developed
to eliminate them. In this context, MALDI-TOF MS is presented as a favorable technique for identifying
microorganisms.

Identification of the microbial strains using MALDI-TOF MS was possible down to the species level.
All multidrug-resistant strains were identified on the MALDI-TOF MS system, including Staphylococcus aureus
and non-aureus, Enterobacter asburiae, Enterobacter cloacae and Enterococcus faecalis. The Staphylococcus
aureus species was detected most frequently (Figure 2).
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MALDI-TOF MS mass spectrometry has been successfully used to identify a wide variety of bacterial
species (Clark et al., 2013). Studies using the MALDI-TOF MS technique have found correct identification of
99.8% for genus and 98.2% for species (Faron et al., 2015). For staphylococcal species, 99.3% of the species were
correctly identified, as well as all the subspecies studied (Spanu et al., 2011). Other studies suggest the use of
MALDI-TOF MS for the identification and determination of antimicrobial-resistant microorganisms that cause
bovine mastitis (Esener et al., 2021), highlighting the accuracy of the technique. This highlights the promising
nature of the technique for the diagnosis of bovine mastitis and potentially for the surveillance of antimicrobial-
resistant microorganisms in bovine mastitis (Zhang et al., 2024).

Figure 2: Multidrug-resistant bacterial species in bovine infectious mastitis isolates in northern Minas Gerais
identified by MALDI-TOF MS (n = 54).
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Table 2 shows the bacterial species identified using the MALDI-TOF MS system. The Enterobacter
asburiae species was detected by MALDI-TOF MS with scores above 2.3. The Enterobacterales order is present
in various situations and can be found in the human and animal gastrointestinal microbiota (Mezzatesta; Gona;
Stefani, 2012), or as a cause of severe infections with a high capacity for resistance to antimicrobials, being of
great importance to public health. Within the hospital environment, in human medicine, they are commonly
isolated in tracheal secretion, blood culture, uroculture and sputum (Basso et al., 2016; Magalhdes et al., 2014).

Enterococcus faecalis (MALDI-TOF MS score > 2.2) stands out among the microorganisms that cause
environmental bovine mastitis. This bacterium is usually found in the tonsils, intestines, skin and manure of the
animal, and is known to form biofilm, a key virulence factor in most infections (Elhadidy, Zahran, 2014).
Enterococci are one of the most frequently isolated bacteria from mild and acute clinical cases of bovine mastitis
(Werner et al., 2012). Even with the considerable progress of mastitis control programs, these procedures remain
ineffective against environmental pathogens such as Enterococcus faecalis which represents an important
microorganism causing environmental mastitis (Yang et al., 2019).

Table 2 - Species of multidrug-resistant bacteria identified using the MALDI-TOF MS system

MALDI-TOF MS
Microorganisms Best match Second best match
Minimum Maximum Minimum Maximum
score score score score
Enterobacter asburiae 2.342 2.374 2.307 2.34
Enterococcus faecalis 2.271 2.271 2.27 2.27
Staphylococcus aureus 1.75 2.632 1.786 2.624
Staphylococcus auricularis 1.857 1.857 - -
Staphylococcus chromogenes 2.029 2.343 1.838 2.322
Staphylococcus epidermides 2.016 2.016 2.004 2.004
Staphylococcus haemolyticus 2.223 2.223 2.139 2.139
Staphylococcus hyicus 1.932 2.006 1.905 1.905
Staphylococcus xylosus 2.043 2.043 2.001 2.001
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In addition to bacteria from the Enterobacter and Enterococcus genera, the Staphylococcus genus
prevailed among the microorganisms detected. Staphylococcus aureus, with a MALDI-TOF MS detection score
of over 2.6, is a coagulase-positive microorganism and is present in different types of vectors, such as animal skin,
teats, tonsils, cattle bedding and milker's hands, which favor its spread and high contamination (Gao et al., 2012).
The increase in the presence of Staphylococcus aureus isolated from bovine mastitis with multidrug-resistant
characteristics is a major public health problem, as it increases treatment costs and the morbidity of the disease
(Bonsaglia et al., 2018).

Non-aureus, coagulase-negative Staphylococcus agents, with scores ranging from 1.8 to 2.3, are
considered minor mastitis agents because they cause few changes to the udder and milked milk of infected
animals, but can cause major losses in situations of high prevalence (Thorberg, 2008).

Figure 3 shows the resistance profiles of the bacterial species identified by MALDI-TOF MS. The two
isolates of Enterobacter asburiae were resistant to OXA and CFO. However, only one of the isolates showed
resistance to AMP, PEN, AMO and CFL, suggesting a mutation between strains of the same species. A study of
the identification and sensitivity profile of Enterobacter spp. isolated from raw bovine milk showed a frequency
of strains resistant to various antimicrobials and the presence of the blaTEM gene in the Enterobacter genus
(Alves et al., 2015).

Previous studies have shown an increase in antimicrobial resistance among different microorganisms,
especially the Staphylococcus and Enterococcus genera (Mendes et al., 2002). Enterococcus faecalis was found
to be resistant to the antibiotics AMP, PEN and AMO (Figure 3). Literature reports show complications arising
from enterococcus infections since increased resistance has been observed to different antimicrobials routinely
prescribed for Gram-positive cocci, particularly penicillin. In addition, the ability of these microorganisms to
acquire resistance genes via transposons or plasmids has been recorded (Medeiros et al., 2014).

Among the multidrug-resistant microorganisms identified by MALDI-TOF MS, Staphylococcus aureus
is the most common agent related to contagious bovine mastitis, with the potential to develop resistance factors
to almost all the antimicrobial agents analyzed in this study. Figure 3 shows that different isolates of
Staphylococcus aureus have different multidrug resistance profiles, which suggests mutations in their genes and/or
the acquisition of resistance genes from other bacteria of the same species, or possibly from other species (Al6s,
2015; Rodriguez-noriega et al., 2013). Only the antimicrobial VAN was effective against all strains of
Staphylococcus aureus. This bacterial species is susceptible to the action of various drugs against Gram-positive
bacteria. However, it is also recognized for its high capacity to develop resistance to all of them (Alés, 2015;
Linares-rodriguez; Martinez menéndez, 2005).

Figure 3: Screening of multidrug-resistant bacterial species in bovine infectious mastitis isolates in northern
Minas Gerais (n=54)
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Most of the antibiotics were not effective against any of the coagulase-negative, non-aureus
Staphylococcus. Only the antimicrobials CAZ, NIT and CFL were effective against this group of Staphylococcus
(Figure 3). Vancomycin was once considered the treatment of choice for infections caused by this type of
microorganism. However, many cases of resistance by microorganisms from the enterococci and staphylococci
groups have been recorded in the literature (Marshall et al., 1998; Szarapinska-Kwaszewska, Farkas, 2003). These
occurrences have led to a reduction in the use of this drug (Szewczyk et al, 2000).

Figures 4 and 5 show the two highest-scoring strains of each bacterial species, identified according to
the NCBI library. Figure 4 shows the non-aureus bacteria and Figure 5 the Staphylococcus aureus species.

Figure 4: Identification of multidrug-resistant bacterial strains (non-aureus Staphylococcus) in bovine infectious
mastitis isolates in northern Minas Gerais (n=49), in agreement with NCBI data
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Figure 5: Identification of multidrug-resistant Staphylococcus aureus strains in bovine infectious mastitis
isolates in northern Minas Gerais (n=49), in agreement with NCBI data
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The results obtained contribute to a better understanding of the occurrence of multidrug-resistant
microorganisms on dairy farms in northern Minas Gerais, Brazil. This makes it easier to target treatment and
control strategies for bovine mastitis.

IV. Conclusion

The number of multi-resistant bacteria is constantly increasing. The detection of bacteria resistant to two
or more antibiotics usually used to treat bovine mastitis indicates the need to look for alternative treatments to
control this disease.

Although the majority of microorganisms resistant to antimicrobials are Staphylococcus aureus, non-
aureus bhacteria were also identified, which, although not very prevalent in bovine mastitis, showed a multidrug-
resistant profile.

Many bacterial strains have become resistant to even the most modern antibiotics routinely used in human
medicine, which is a worrying issue from a public health point of view.

Rapid identification of resistant bacterial species is of great importance for human and animal health,
biotechnology applications and the pharmaceutical industry. From this perspective, the MALDI-TOF MS
technique is promising for contributing to the diagnosis of bovine mastitis and can be used routinely to identify
multidrug-resistant pathogens after isolation by culture of samples collected on dairy farms.
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