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Abstract

The objective of this study was to analyze the antimicrobial effect of nisin against MRSA (Methicillin-Resistant
Staphylococcus aureus) and MSSA (Methicillin-Sensitive Staphylococcus aureus), and at the same time examine the
possibility of the bacteria to develope nisin resistance. The antimicrobial susceptibility of the strains was tested using
the agar diffusion and/or microdilution methods. To select nisin-resistant strains, bacteria were grown consecutively at
sublethal concentrations of the bacteriocin. Nisin showed bactericidal activity against most of the tested strains.
MRSA required higher doses of bacteriocin compared to MSSA both for inhibition and cell death. However, transfers
in the presence of nisin could completely eliminate nisin activity with an increase in minimal inhibitory concentration
value of up to 250 times. Nisin-resistance could be maintained in MRSA and MSSA even in the absence of the
bacteriocin. Nisin resistance affected antibiotic susceptibility of both MRSA and MSSA to mainly Cefoxitin,
Oxacillin, and Erythromycin. These results indicate that nisin-resistance is a complex trait among MSSA and MRSA
and must be elucidated before the therapeutic recommendation of nisin to treat infections caused by these bacterial
species.

Keywords: Antibiotic resistance; Antimicrobial activity; Bacteriocin; Staphylococcus aureus.

Resumo

O objetivo deste estudo foi analisar o efeito antimicrobiano da nisina contra MRSA (Staphylococcus aureus resistente
a meticilina) e MSSA (Staphylococcus aureus sensivel a meticilina) e, a0 mesmo tempo, examinar a possibilidade da
bactéria desenvolver resisténcia a nisina. A susceptibilidade antimicrobiana das cepas foi testada pelos métodos de
difusdo em agar e /ou microdiluicdo. Para selecionar cepas resistentes a nisina, as bactérias foram cultivadas
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consecutivamente em concentraces subletais da bacteriocina. A nisina apresentou atividade bactericida contra a
maioria das cepas testadas. MRSA exigiu doses mais altas de bacteriocina em compara¢do com MSSA, tanto para
inibicdo quanto para morte celular. No entanto, as transferéncias na presenga de nisina podem eliminar
completamente a atividade da nisina com um aumento no valor da concentragdo minima inibitoria de até 250 vezes. A
resisténcia a nisina pode ser mantida em MRSA e MSSA mesmo na auséncia da bacteriocina. A resisténcia a nisina
afetou a suscetibilidade das linhagens principalmente aos antibidticos cefoxitina, oxacilina e eritromicina. Esses
resultados indicam que a resisténcia a nisina € uma caracteristica complexa entre MSSA e MRSA e deve ser elucidada
antes da recomendacdo terapéutica da bacteriocina para o tratamento de infeccBes causadas por esse microrganismo.
Palavras-chave: Resisténcia a antibidticos; Atividade antimicrobiana; Bacteriocina; Staphylococcus aureus.

Resumen

El objetivo de este estudio fue analizar el efecto antimicrobiano de la nisina contra MRSA y MSSA (Staphylococcus
aureus resistente a meticilina y sensible a meticilina), y al mismo tiempo examinar la posibilidad de que la bacteria
desarrolle resistencia a la nisina. La susceptibilidad antimicrobiana de las cepas se evalué mediante los métodos de
difusion en agar y / o microdilucién. Para seleccionar cepas resistentes a la nisina, se cultivaron bacterias
consecutivamente a concentraciones subletales de la bacteriocina. La nisina mostré actividad bactericida contra la
mayoria de las cepas probadas. MRSA requiri6 dosis mas altas de bacteriocina en comparacién con MSSA tanto para
la inhibicién como para la muerte celular. Sin embargo, las transferencias en presencia de nisina podrian eliminar
completamente la actividad de la nisina con un aumento en el valor de MIC de hasta 250 veces. La resistencia a la
nisina podria mantenerse en MRSA y MSSA incluso en ausencia de la bacteriocina. La resistencia a la nisina afect6 la
susceptibilidad antibiética de MRSA y MSSA principalmente a cefoxitina, oxacilina y eritromicina. Estos resultados
indican que la resistencia a la nisina es un rasgo complejo entre MSSA y MRSA y debe aclararse antes de la
recomendacion terapéutica de la nisina para tratar infecciones causadas por estas especies bacterianas.

Palabras clave: Resistencia a antibidticos; Actividad antimicrobiana; Bacteriocina; Staphylococcus aureus.

1. Introduction

Antibiotic resistance among bacteria is one of the greatest challenges experienced by the health sector all over the
world (Bauer & Sampathkumar, 2017; Saha et al., 2017; Vivas et al., 2019). This phenomenon implies a diminishing existence
of effective antimicrobial agents to treat infections caused by these bacteria (Magiorakos et al., 2012; Lin et al., 2017). Among
antibiotic-resistant bacteria, methicillin-resistant Staphylococcus aureus (MRSA\) is spreading worldwide in both hospital (HA-
MRSA) and community (CA-MRSA) settings, including livestock animals (LA-MRSA) (Castro et al., 2017; Lakhundi &
Zhang, 2018; Lozano et al., 2020; Togneri et al., 2017). Infections caused by MRSA constitute one of three major infectious
diseases, threatening human health (Center for Disease Control and Prevention, 2015; Lozano et al., 2020; Togneri et al.,
2017). Recently, MRSA has also been a problem as a co-infection in patients with COVID-19 (Punjabi et al., 2020; Sharifipour
et al., 2020).

In the past, infections caused by S. aureus were easily treated by penicillin. However, S. aureus acquired a plasmid-
encoded beta-lactamase that conferred resistance to penicillin shortly after its introduction for clinical use. In 1959, methicillin,
a semisynthetic beta-lactamase-resistant antibiotic, was developed and introduced to combat penicillin-resistant strains.
Unfortunately, as evidenced by current scenarios, methicillin-resistant strains emerged quickly (Hiramatsu et al., 1990; Lozano
et al., 2020). One of the major concerns today is the emergence of vancomycin and daptomycin-resistant S. aureus (Cafiso et
al., 2020; Kang et al., 2015; Pader & Edwards, 2017).

In this context, the development of alternative methods for the control of infections caused by S. aureus is urgent.
Bacteriocins have been proposed as promising alternative methods to control MRSA (Hanchi et al., 2017; Kranjec et al., 2020;
Okuda et al., 2013). Nisin, a lantibiotic bacteriocin produced by Lactococcus lactis, has shown application in the food industry
as a natural preservative and is approved for use in more than 50 countries (Center for Disease Control and Prevention, 2015;
Cleveland et al., 2001; Field et al., 2015; Gedarawatte et al., 2021). The clinical use of this bacteriocin in human medicine is
not approved, but several studies have shown its potential in this field, including the control of antibiotic-resistant pathogens
(Hayes et al., 2019; Okuda et al., 2013; Shin et al., 2016).
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Considering that S. aureus has developed resistance to all the antibiotics currently available for its control, before the
application of new antimicrobials, it is important to examine the possible effects of this antimicrobial on the selection of
resistant strains. Bacteriocin-resistance among MRSA has not been fully investigated. Therefore, the objective of this study
was to investigate the effect of nisin against MRSA and MSSA (methicillin-sensitive Staphylococcus aureus) and the selection
of nisin-resistant strains among these bacteria.

2. Methodology
2.1 Microorganisms and Growth Conditions

The S. aureus strains (n=36) included in this study belong to the culture collection of the Laboratory of Bacteriology
of the Department of Morphology, Federal University of Sergipe, Brazil. The strains were isolated from oro/nasopharyngeal
secretions of health professionals working at a Municipal Hospital in Aracaju, Sergipe, Brazil. The human isolates were
phenotypically identified as part of a larger MRSA study for which ethical approval was obtained from the Research Ethics
Committee of the Federal University of Sergipe, under registration CAAE n° 0044.0.107.000-11.

The cultures were grown at 35°C in Sal Manitol Agar (Acumedia, Lansing/EUA) and subjected to Gram staining and
microscopic analysis to confirm the purity. For the remaining experiments, MRSA and MSSA were cultured in BHI (Brain
Heart Infusion, Himedia, Mumbai/India) or MH medium (Mueller Hinton, Himedia, Nashik/India) at 35°C. The control strains
used in this study were: S. aureus ATCC33591 (MRSA/mecA and lukPV positive/mecC negative), S. aureus ATCC25923
(MSSA/mecA, mecC and IukPV negative), and S. aureus ATCC1874a (MRSA/mecC positive/lukPV and mecA negative).

2.2 Genetic Characterization of MRSA and MSSA strains

Considering that the strains used in this study were previously identified by phenotypic characteristics, genetic
analyses using the primers described in Table 1 were performed to confirm the species identification and the resistance
phenotypes.

Table 1. Primers used for genetic characterization of MRSA and MSSA strains.

Gene Primer Sequence 5°-3’ Reference

nucA NUC1 GCGATTGATGGTGATACGGTT Zhang et al., 2004
NUC2 AGCCAAGCCTTGACGAACTAAAGC

mecA MecA-F TCCAGATTACAACTTCACCAGG Oliveira & De Lencastre,
MecA-R CCACTTCATATCTTGTAACG 2002

mecC MecC-F GAAAAAAAGGCTTAGAACGCCTC Garcia-Alvarez et al., 2011

MecC-R AAGATCTTTTCCGTTTTCAGC

lukPV  LukPV-F ATCCGAGAGACTATTTTGTGC Ribeiro et al., 2005
LukPV-R  CATCAACCTTTTTCTCACTTAC

Source: Authors.

Total DNA was isolated from S. aureus strains using the Wizard Genomic DNA purification Kit (Promega, Madison,
WI, USA) according to the manufacturer’s instructions. PCR reactions were performed in a Veriti® Thermal Cycler (Applied
Biosystems, Foster City, CA, USA) and PCR cycles proceeded as follows: initial step at 94°C for 5 min, 40 cycles at 94°C for
1 min, 55°C for 30 sec, 72°C for 1 min, and a final extension at 72°C for 5 min. Negative controls (sterile water) were used in

all reactions.
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2.3 Antimicrobial Activity of Nisin Against MRSA and MSSA strains

Nisin solution (Chrisin C; CHL Hansen, 1000 Ul/mg) was prepared at a concentration of 1000 IU-International units
of nisin/mg in NaCl solution (0.85%, pH 2.0). The antimicrobial spectrum of nisin against S. aureus strains was initially tested
with the agar diffusion method described by Hoover and Harlander (1993). Approximately 106 CFU/mL of the S. aureus
strains standardized by the McFarland scale were inoculated using the spread plate method on BHI agar (15 mL) in petri dishes
(90x15 mm). Holes of 5 mm diameter were made into the agar and filled with an aliquot of 25 pul of nisin (1000 IU/ml). The
plates were incubated for approximately 16 hours at 4°C for diffusion of the bacteriocin and subsequently incubated at 35°C.
After 24 h of incubation the presence of inhibition zones was observed.

The strains sensitive to nisin in the diffusion method were analyzed for Minimal Inhibitory Concentration (MIC) and
Minimal Bactericidal Concentration (MBC) using the micro dilution method as described by the Clinical and Laboratory
Standards Institute (CLSI, 2019). MIC was defined as the lowest concentration required to completely prevent bacterial growth
for 24 h and MBC as the lowest concentration that inactivated all the cells, which was confirmed by the growth inhibition in
solid medium.

2.4 Selection of Nisin-Resistant Strains

To select nisin-resistant strains of S. aureus, cultures were transferred every 12 hours to BHI medium containing
sublethal doses of the bacteriocin, that is, 50% of the MIC value. Bacteriocin activity against the strains was monitored after
each transfer using the agar diffusion method, where nisin was serially diluted (2-fold) in NaCl solution (100 mM, pH 2.0) and
tested for antimicrobial activity. One arbitrary unit (AU) was defined as the reciprocal of the highest dilution that showed an
inhibition zone. After the last transfer, when no inhibition zone was observed, MIC determinations were redone as described in
the previous section. To verify whether bacteriocin resistance is a stable phenotype, nisin-resistant strains were transferred to
BHI medium without bacteriocin and MIC was determined at the end of the experiment. These analyses were carried out with
MRSA strains (n=5) and MSSA strains (n=6) with different degrees of sensitivity to nisin, considering the MIC value of the
strains.

2.5 Antibiotic Disk Diffusion Susceptibility Test

Patterns of resistance/susceptibility to antibiotics of wild type and bacteriocin resistant variants were studied using the
disc diffusion method as recommended by CLSI ((Clinical and Laboratory Standarts Institute, n.d.). Antibiotic discs containing
erythromycin (ERI/10 pg), gentamicin (GEN/10 pg), cefoxitin (CFO/30 pg), clindamycin (CLI/02 pg), oxacillin (OXA/30 pg),
and ciprofloxacin (CIP/05 pg) were purchased from HiMedia. The susceptibility test was performed with wild type strains
(S1), nisin-resistant strains (S2- strains that were consecutively transferred to BHI medium containing sub lethal doses of nisin)

and with nisin-resistant strains consecutively transferred to BHI broth without nisin (S3).

2.6 Statistics

All experimental procedures were carried out in triplicate and repeated at least twice. The results obtained were
submitted to analysis of variance at 5% of probability, and means were compared with Tukey’s test using the SAS statistical
software (Statistical Analysis Systems, 2004). In the tables, data represent arithmetic mean values and, when applicable, the

standard deviation of the mean.
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3. Results

3.1 Genetic Characterization of MRSA and MSSA Strains

All the tested strains were positive for the presence of the nucA gene and negative to the mecC gene. The phenotypically
identified MRSA strains were also positive for the presence of the mecA and IukPV genes, confirming the methicillin-
resistance phenotype and that these strains are probably related to community settings. As expected, no methicillin resistance

or lukPV genes were detected in the MSSA strains (results not shown).

3.2 Antimicrobial Activity of Nisin Against MRSA and MSSA Strains

Among the MSSA strains (n=30) analyzed in this study, approximately 83% were sensitive to nisin forming inhibition zones.
The MIC values of nisin-sensitive MSSA strains ranged from 97.7 to 1250 1U/mL, but most strains had MIC values equal to
390.6 1IU/mL (Table 2). Among the sensitive strains, 40% showed MIC value equal to MBC value, indicating that the action of
nisin against these strains is bactericidal. However, for 48% of the MSSA strains, MBC reached a superior value of 50000
IU/mL, probably because in these strains nisin exerts only a bacteriostatic effect. For 3 strains (MSSA21, 27, and 29) the effect
of nisin was found to depend on the concentration, showing bacteriostatic effect at low concentrations and bactericidal effect at
high concentrations (Table 2). Among the MRSA strains (n=6), the inhibition zone was not observed only for one strain. The
MIC values ranged from 468.75 IU/mL to 1250 IU/mL and MBC values ranged from 625 IU/mL to values higher than 50000
IU/mL. MBC was always higher than MIC, indicating that for MRSA strains, nisin has bacteriostatic effect at low
concentrations and is bactericidal at high concentrations. However, similar to MSSA strains, in the case of MBC values higher
than 50000 1U/mL, nisin probably is only bacteriostatic (Table 2).

3.3 Selection of Nisin-resistant MRSA and MSSA

When MSSA were cultured in the presence of sublethal doses of nisin, a complete loss of bacteriocin activity (nisin-resistant
MSSA) was observed after 30 transfers (analyzed by the diffusion method, results not shown). In this case, MIC values
(MIC2) of all the strains increased up to 250 times, indicating nisin resistance (Table 3). Even after consecutive cultivation of
these strains in the absence of bacteriocin, MIC values remained high (MIC3, Table 3). For MRSA, 25 transfers were sufficient
to completely exclude nisin activity (analyzed by the diffusion method, results not shown), and the MIC values also increased
up to 250 times (MIC2, Table 3). This increase was stable even when the strains were cultured consecutively 20 times in the
absence of nisin (MIC3, Table 3). The results obtained for MSSA and MRSA were also obtained for the standard reference
strains S. aureus ATCC25923 (MSSA/mecA, mecC and lukPV negative) and S. aureus ATCC33591 (MRSA/mecA and lukPV

positive/mecC negative).
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Table 2. Nisin activity against methicillin-sensitive (MSSA) and methicillin-resistant (MRSA)
Staphylococcus aureus. Presence (+) or absence (-) of inhibition zone and MIC and MBC values are
shown. When applicable, the standard deviation of the mean is also indicated.

Strain Inhibition zone MIC(IU/mL) MBC (1U/mL)
MSSA01 - ND ND
MSSAQ2 + 97.70+.0.80* 97.70+.0.80
MSSAO03 + 781.10+1.10 >25000
MSSA04 + 390.60+0.50 390.60+0.50
MSSAO05 + 195.30+1.81 195.30+1.81
MSSA06 + 195.30+1.81 195.30+1.81
MSSAQ7 + 234.40+0.66 234.40+0.66
MSSAO08 + 781.20£0.70 >50000
MSSAQ09 + 390.60+0.50 >50000
MSSA10 + 390.60+0.50 >50000
MSSA11 + 312.50 >50000
MSSA12 + 1250 1250
MSSA13 + 390.60+0.50 >50000
MSSA14 + 292.90+1,40 292.90+0,14*
MSSA15 + 390.60+0.50 >50000
MSSA16 - ND ND
MSSA17 - ND ND
MSSA18 - ND ND
MSSA19 - ND ND
MSSA20 + 195.30+1.81 >50000
MSSA21 + 195.30+1.81 4688+0.81
MSSA22 - ND ND
MSSA23 + 351,60+1,6 >50000
MSSA24 + 312.50 312.50+0.88
MSSA25 + 234.30+0.66 234.30+0.66
MSSA26 + 390.60+0.50 >50000
MSSA27 + 156.20 195.30+1.81
MSSAZ28 + 390.60+0.50 >50000
MSSA29 + 488.20+4,8 878.90+0.66*
MSSA30 + 293.00+1,40 293.0+1,40*

S. aureus ATCC 25923 + 1250 >50000
MRSAOQ2 - ND ND
MRSAO03 + 1250 >5000
MRSA04 + 468.75+0.97* >5000
MRSAO05 + 625 >5000
MRSAO06 + 1250 2500
MRSAQ7 + 937.50+0.94 2500

S. aureus ATCC 33591* + 468.75+0.97 625

* Standard deviation ND = Not Determined® MSSA reference strains * MRSA reference strain.

Source: Authors.
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Table 3. Effect of nisin on the selection of resistant strains. The strains were transferred successively in the presence
of sublethal dose of nisin and the MIC values were determinate (MIC2). After transferring in the absence of nisin,
MIC values were measured again (MIC3). The initial MIC value of strains (MICL1) is also shown. When applicable,
the standard deviation of the mean is indicated.

Strain MIC1(1U/mL) MIC2(1U/mL) MIC3(1U/mL)
MSSA02 97.70+.0.80* >25000 >25000
MSSA07 234.40+0.66 15000 >25000
MSSA09 390.60+0.50 >25000 >25000
MSSA12 1250 10000 >25000
MSSA14 292.90+1,4 >25000 >25000
MSSA29 488.20+4,8 >25000 >25000
S. aureus ATCC25923° 1250 >25000 >25000
MRSA03 1250 >25000 >25000
MRSA04 468.750.97* >25000 >25000
MRSA05 625 >25000 >25000
MRSA06 1250 >25000 >25000
MRSA07 937.5+0.94 >25000 >25000
S. aureus ATCC33591* 468.75+0.97 >25000 >25000

* MSSA reference strains * MRSA reference strain.

Source: Authors.

3.4 Antibiotic Disk Diffusion Susceptibility Test

Three MSSA (07, 09 and 14) strains sensitive to CFO and OXA showed resistance to these antibiotics after growth in
the presence of nisin(S2) and then without nisin (S3). The same observation was made for the standard reference strain (S.
aureus ATCC25923) when tested against CFO. For CLI, GEN and CIP, no difference in sensibility was observed after transfer
with and without bacteriocin. Only MSSA09 showed resistance to ERI (Table 4).

MRSAO03 became CFO and OXA sensitive after being transferred in the presence of nisin (S2) and this phenotype
continued even after being transferred in absence of nisin twenty times (S3) (Table 5). The MRSA04 became sensitive to these
antibiotics after growth in the presence of sublethal dose of nisin, however, when the strain was grown in the absence of nisin,
the CFO and OXA resistance phenotype was resumed. The same occurred when OXA was tested against all the other MRSA
strains, including the standard reference strain S. aureus ATCC33591. For CLI, GEN, and CIP no altered sensibility was
present among MRSA strains (Table 5). Unlike MRSA strains, the standard reference strain (S. aureus ATCC33591) was
initially CLI resistant became CLI sensitive in the presence of nisin. Besides, all the MRSA tested, except for the standard
reference strain (S. aureus ATCC33591), which was initially sensitive to ERI, became ERI-resistant after growth in the

presence and later in the absence of nisin (Table 5).
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Table 4. Susceptibility to antibiotics in methicillin-sensitive Saphylococcus aureus (MSSA) wild type strains
(S1), nisin-resistant strains (S2) and nisin-resistant strains consecutively transferred in BHI broth without nisin

(S3).

Antibiotic

Strain

CFO CLI OXA ERI CIP GEN

MSSA02

S1
S2
S3

MSSAO07

S1
S2
S3

MSSA09

S1
S2
S3

MSSA12

S1
S2
S3

MSSA14

S1
S2
S3

MSSA29

S1
S2
S3

S aureusATCC25923

S1
S2
S3

TNV ONITONOLOVONITONVIOL OL OO
DU L, nnm—nl—uunoumvonm nlm vunm
DL OVBLLOIAOOVOOnnOITNnnnm nlm vunm
VDV W;WAO—T|VOOn—WOOnNueun —|n nnmn
DL LU OL O, nnm onnomom njlnm vunm

DL OLLOm nnunmomaonlnm —nluonm vl v —

CFO = Cefoxitin. CLI = Clindamycin. OXA = Oxacillin. ERI = Erythromycin. CIP = Ciprofloxacin.

GEN = Gentamicin.

Source: Authors.

Table 5. Susceptibility to antibiotics in methicillin-resistantStaphyl ococcus aureus(MRSA) wild type strains
(S1), nisin-resistant strains (S2) and nisin-resistant strains consecutively transferred in BHI broth without nisin

S3).
& Antibiotic CFO CLI OXA ERI CIP GEN
Strain
MRSAO03 S1 R S R S S S
S2 R S S | S S
S3 S S S R S S
MRSA04 S1 R S R S S S
S2 S S S S S S
S3 R S R R S S
MRSAQ5 S1 R S R S S S
S2 R S S S S S
S3 R S R R S S
S1 R S R | S |
MRSA06 S2 R S S | S S
S3 R S R I S S
S1 R S R S S S
MRSAOQ7 S2 R S S S S S
S3 R S R R S S
S aureusATCC33591 S1 R R R R S S
S2 R S S | | S
S3 R S R R S S
CFO = Cefoxitin. CLI = Clindamycin. OXA = Oxacillin. ERI = Erythromycin. CIP = Ciprofloxacin. GEN =

Gentamicin.

Source: Authors.
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4. Discussion

MRSA strains used in this study tested positive for the methicillin resistance gene mecA and negative for mecC,
similar to that reported by Ceballos et al. (2019). Initially, mecC gene was only related to MRSA from animal origin, but it was
rapidly detected in strains of human origin, making this pathogen an important zoonotic agent (Lozano et al., 2020). Lozano et
al. (2020) also reported that although the prevalence of mecC-MRSA human infections is very low, “mecC-carrying MRSA
should be taken into consideration in hospital, veterinary and food safety laboratories and in prevention strategies in order to
avoid possible emerging health problems”. Our results also showed that the MRSA strains produce the Panton Valentine
Leukocidin (PVL), which characterizes them as CA-MRSA (Dufour et al., 2002; Kateete et al., 2019). Studies have shown that
CA-MRSA has become the most significant pathogen in several parts of the world and its prevalence has surpassed HA-
MRSA cases. More worrying is the fact that CA-MRSA is becoming increasingly common in health facilities (Calfee, 2012;
Togneri et al., 2017; Vuong et al., 2016; Kateete et al., 2019). This raises concern as they are more virulent than HA-MRSA
and may further aggravate patient's health, thus development of alternative methods to control this pathogen are necessary.

Bacteriocins could be excellent candidates to control MRSA, as shown by several authors (Piper et al., 2009; Yang et
al., 2014; Du et al., 2020). These antimicrobial peptides have no approval for human clinical use yet, although studies have
shown their clinical potential as anti-cancer, anti-cariogenic, and to treat skin infections (Heunis et al., 2013; Ceotto-Vigoder et
al. 2016; Hosseini et al., 2020). More recently, nisin has been pointed as a potential treatment strategy for COVID-19, due to
the affinity to the same receptor used by Coronavirus to infect cells (Bhattacharya et al., 2021). Bacteriocins have also shown
the potential to control antibiotic-resistant pathogens (Jensen et al., 2020; Okuda et al., 2013; 1., 2014). In addition, bacteriocins
generally show high stability, low toxicity, and broad and narrow spectrum of activity (Cotter, et al., 2013).

The results presented in this study show that nisin is effective in controlling MSSA and MRSA. We tested both the
MRSA and MSSA to find out whether these strains show the same response to nisin with respect to its antimicrobial activity.
Nisin was found to be bactericidal against most of the tested strains and sensitivity to this bacteriocin was a heterogeneous
characteristic among MRSA and MSSA, considering their MIC and MBC values. Moreover, our results showed that,
generally, MRSA required higher doses of bacteriocin for inhibition or cell death, as more than 50% of MSSA tested showed
MIC values lower than the minimum value observed for MRSA. Dosler & Gerceker (2012) also compared the activity of nisin
against MRSA and MSSA, but they found no difference in sensitivity to nisin. Our findings reinforce the varied sensitivity to
bacteriocin among S. aureus strains and emphasizes the need for detailed investigation prior to its therapeutic application.

Although many studies have shown the effectiveness of nisin in controlling MRSA, in most cases the easiness with
which nisin-resistant strains can be selected is not verified. Only MSSA have been tested for the selection of resistance against
nisin. As stated by Blake et al. (2011), detailed resistance studies with relevant bacterial pathogens are lacking and little is
known about the impact that their use may have on the selection of bacteriocin resistant strains. In this study, after exposure to
the sublethal doses of nisin, both the MRSA and MSSA showed nisin resistance by increase in their MIC value of up to 250
times. Nisin resistance was maintained even when the strains were grown in the absence of nisin, indicating that a genetic
modification could be associated with nisin resistance. MRSA, which was less sensitive to nisin, required less contact with the
bacteriocin to eliminate completely the bacteriocin activity. This result indicated that MRSA could be more susceptible to
nisin-resistance than MSSA. Further studies will be carried out to analyze the nisin-resistance mechanisms in these strains.

Initially, bacteriocin resistance was mostly associated with easily reversible physiological adaptation (Mantovani &
Russell, 2001; Masias et al., 2017). However, studies indicate genetic modification as a determinant to bacteriocin resistance.
Blake et al. (2011) associated nisin resistance in S. aureus with modification in a sensor histidine kinase of a two-component

system. Hiron et al. (2011) also related nisin resistance with a two-component system and with an ABC-transporter used as a
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detoxification module. These results also suggest that several mechanisms may confer resistance to nisin.

Some authors emphasize that resistance to bacteriocins may alter the antibiotic susceptibility of bacterial strains, and
bacteriocin resistance may confer cross-resistance to antibiotics (Kaur et al. 2014; Martinez & Rodriguez, 2005). However,
specifically for S. aureus, Blake et al. (2011) found that resistance to nisin did not alter the antibiotic susceptibility of this
microorganism. Our results showed that nisin resistance affected antibiotic susceptibility of both MRSA and MSSA, mainly to
Cefoxitin, Oxacillin, and Erythromycin. Most of the strains that had sensitivity to CFO modified also had sensitivity to OXA
altered, which is explained by the fact that they share a similar mechanism of action.

Three MSSA strains became oxacillin-resistant and one MRSA strain became oxacillin-sensitive after exposure to the
sublethal doses of nisin. As the mecA gene, which confers resistance to methicillin and, consequently, to oxacillin, was not
detected in the MSSA strains (results not shown), another methicillin resistance mechanism may be involved, or nisin-
resistance mechanisms could confer cross-resistance to oxacillin. On the other hand, the mecA gene was still detected in
MRSA that became oxacillin-sensitive upon exposure to nisin, indicating that gene expression could probably be affected.
Alves et al., (2020) showed that MRSA strains treated with nisin and/or oxacillin showed altered protein expression compared
to the control treatment, including resistance and extress response genes. Lee et al. (2013) also tested the inhibitory activity of
bacteriocin KU24 against MRSA and verified that the bacteriocin impaired the mecA expression. However, our results showed
that even in the absence of nisin, the oxacillin-susceptible phenotype was maintained, indicating a permanent modification and
probable involvement of another mechanism. These results indicated that nisin resistance is a complex trait that have to be
further analyzed for a successful clinical application of this bacteriocin.

Although resistance to nisin is a trait possible to find in MRSA, bacteriocins have some advantages over antibiotics.
To date, bacteriocin resistance has been reported only in vitro. Therefore, considering that bacteriocins have not yet been used
on the same scale as antibiotics, a bacteriocin-resistant population does not exist (Draper et al., 2015). Besides, nisin have a
dual mechanism of action not shared by other therapeutic compounds in use, which reduces the probability of selecting
resistant strains (Van Heel et al., 2013). Unlike most antibiotics, which are secondary metabolites, bacteriocins are
ribossomally synthesized, which allows bioengineering to improve its efficiency (Yang et al., 2014), a tool that can be used to

overcome resistance mechanisms.

5. Final Considerations

Considering the nisin resistance phenotype observed in this study and reported in other studies as well, it can be concluded that
the clinical application of nisin will depend on the understanding of the resistance mechanisms and the development of
strategies to prevent the emergence of resistance in future. The best way to use nisin therapeutically maybe in combination
with traditional antibiotics. In addition, many other challenges such as a more effective way to administer bacteriocin

therapeutically need to be addressed.
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