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Abstract 

The cell envelope, ribosome, and nucleic acids are the main targets for antibiotics in staphylococci. ClpP, a protease, and 
FtsZ, a component of the cell division machinery, are two new targets discovered in recent targeted drug discovery programmes. 
Horizontal transfer of resistance determinants encoded by mobile genetic elements such as plasmids, transposons, and the 
staphylococcal cassette chromosome, or changes in chromosomal genes, are two ways resistance might emerge. The focus of this 
review is on the emergence of resistance to already used antibiotics, as well as the possibilities for novel antibiotics and the proper use 
of medication combinations. 
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1. Introduction  

Staphylococcus aureus is the most common cause of hospital- and community-acquired bacterial infections involving the 
bloodstream, skin and soft tissue, and other locations, with methicillin-resistant S. aureus (MRSA) accounting for the bulk of these 
pathogens [1].  MRSA is common in most hospitals, and invasive MRSA infections have been linked to greater fatality rates than 
comparable infections caused by methicillin-susceptible S. aureus (MSSA), even after controlling for host variables, with bacteremia 
mortality estimates of around 20%. [2]. Interspecies transfer of the mecA gene from an ancestral Staphylococcus species to S. aureus, 
mediated by a unique staphylococcal mobile genetic element, was used to confer methicillin resistance. Vancomycin resistance was 
obtained by crossing the genus barrier via a plasmid-borne vanA-gene transposon from vancomycin-resistant Enteriococcus to S. 
aureus. The other kind of vancomycin resistance is VISA, which is acquired through adaptive changes in genes that code for bacterial 
cell physiology regulation. Furthermore, S. aureus has a history of developing antibiotic resistance quickly after being introduced into 
the clinical setting, usually within 1–2 years [3].  

 
Mutations that change the drug binding sites on molecular targets, as well as increased production of endogenous efflux 

pumps, can cause resistance. Resistance can be decreased in theory by utilising inhibitors that target distinct locations in combination, 
or by requiring two or more mutations for resistance to pass the MIC breakpoint. Up to six mutations in distinct genes are required for 
vancomycin resistance, which results in cell envelope remodelling, reducing drug access to the deadly target. 
 

This review is divided into categories based on inhibitors of main biological targets, such as the cell envelope, protein 
synthesis, and nucleic acid synthesis, and it focuses on medications that are being utilised in human infection treatment and/or animal 
husbandry. Resistance mechanisms will be examined after a brief discussion of their methods of action. 
 
2. Great genetic competence of S. aureus to acquire antibiotic resistance-  
2.1 Methicillin resistance in S. aureus 

Until 1961, when Jevons discovered three MRSA strains among 5440 clinical S. aureus strains in England, virtually all S. 
aureus isolates were methicillin susceptible [4]. MRSA spread throughout the world, and more than half of S. aureus clinical strains 
acquired methicillin resistant after five decades. MRSA is formed when methicillin-susceptible S. aureus (MSSA) acquires the 
methicillin-resistance gene mecA by horizontal gene transfer mediated by the staphylococcal cassette chromosome of a mobile genetic 
element (SCC) [5]. SCC is a staphylococcal-specific transposon-like element that is only found in staphylococcal species [6]. The 
mec-gene complex encodes the methicillin resistance gene mecA and its regulator genes (mecR1 and mecI), as well as the ccr-gene 
complex, which encodes the staphylococcal chromosomal recombinase (CCR), which facilitates the element's integration and precise 
excision [from the staphylococcal chromosome]. [7]. In SCCmec, there are numerous structurally distinct types and subtypes. A more 
detailed description can be found elsewhere [8].  

 
2.1.1. oriC environ as the storage system for useful exogenous genes 

A gene called orfX is found in the S. aureus chromosomal region downstream of the origin of replication (oriC). A ribosomal 
RNA methyltransferase is predicted to be encoded by this gene [9]. Furthermore, after the first SCC element is integrated, the second 
SCC element can be integrated at the DR sequence on the first SCC element's distal side. Multiple elements can be integrated in 
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parallel in this way, resulting in a cluster of foreign genes downstream of orfX. As a result, a distinct chromosomal area known as 
'oriC environ' emerges [10, 11].  

 
In this approach, staphylococci can keep only the genes they need to survive in an ever-changing environment. Since the 

initial debut of methicillin in 1960, when a few S. aureus strains appeared to have gained mecA, mecA has clearly been the most 
beneficial gene [12].  SCC carries a number of functional genes from several metabolic pathways in the staphylococcal oriC 
environment. In the cell-wall production route, pbp4, which encodes penicillin-binding protein 4 (PBP4), is one example [13]. In 
addition to mecA, drug-resistance genes for mercury, cadmium, kanamycin, bleomycin, erythromycin, spectinomycin, and fusidic acid 
have been discovered in conjunction with SCC components in the oriC environment [14, 15]. SCC-mediated acquisition of a single 
copy of the mecA gene on the chromosome may have been less efficient against penicillin-G than plasmid-borne numerous copies of 
beta-lactamase producing blaZ genes for unknown reasons. MecA, on the other hand, codes for the PBP2 cell-wall production enzyme 
[16]. As a result, excessive PBP2' production may create turbulence in cell-wall synthesis and a significant fitness cost, particularly 
during growth in the absence of β-lactam antibiotics. Because the homologous mecA-gene repressor gene mecI is generally lost or 
inactivated by mutations, the BlaI gene also cross-represses the mecA gene [17].  
 
2.1.2. The origin of mecA gene 

On the plasmids and chromosomes of Macrococcus caseolyticus isolates, we previously discovered a mecA-gene homolog 
mecB [18, 19]. The macrococcal mecB was found diffused throughout macrococcal strains as a transposon, called Tn6045, and was 
distantly linked to mecA (61.7 percent nucleotide identity) [20]. The oriC environment showed spontaneous excision of an SCC and 
the mecB transposon as a closed circle DNA, implying that de novo synthesis of SCCmec is occurring in macrococcal species [18]. 
Using next-generation sequencing techniques, the third mecA gene homolog, mecC, was discovered in S. aureus isolates from cattle 
and a human. It shares 68.7% nucleotide identity with mecA [21]. The mecA gene had been vertically transmitted as an ortholog 
during the speciation of sciuri-group staphylococcal species such Staphylococcus fleurettii, Staphylococcus vitulinus, S. sciuri 
subspecies sciuri, and Staphylococcus carnaticus for some time. MecA, mecA1, and mecA2 are vertically transmitted orthologs that 
are found at the corresponding loci on the chromosomes of the sciuri-group species S. fleurettii, S. sciuri, and S. vitulinus. They have 
99.8%, 80%, and 91 percent nucleotide identity with the mecA gene encoded by SCCmec on the MRSA chromosome, respectively 
[22].  Surprisingly, the mecA locus was not maintained complete in some sciuri group strains. Instead of the functional mecA 
ortholog, some of them had SCCmec elements with either mecA or mecC in the oriC surroundings [23].  

 
2.1.3. Co-evolution of staphylococci and mammals and loss of mecA 

The colonisation of several staphylococcal species is clearly host-specific. Staphylococcus epidermidis, for example, is found 
in human microbiota, whereas Staphylococcus pseudintermedius is found only in canine hosts [24, 25]. The appearance of the genus 
Staphylococcus was estimated to be around 250 million years ago utilizing a molecular clock approach using genome-wide datasets 
based on this observation. Before their descendants successfully adapted to mammalian hosts, the antecedents of staphylococci, such 
as macrococcal species and old staphylococcal species of the S. sciuri-group, most likely required the benefit of mecA or mecC genes 
to protect themselves from β-lactam-producing environmental microorganisms. 
 
2.2 Vancomycin resistance in S. aureus 
2.2.1. hVISA, and VISA  

Vancomycin has long been thought to be a last-resort treatment for MRSA infections. The first VISA strain, Mu50, was 
identified from a surgical wound of a Japanese newborn whose illness had not responded to to long-term vancomycin therapy in 1997 
[26, 27]. Mu50's vancomycin MIC was 8 mg/L. [26]. One-step selection with vancomycin creates VISA at a frequency of 106 or 
higher from the precursor strains [28]. Such precursor strains are undetectable by MIC testing. We can distinguish the precursor 
strains from truly vancomycin-susceptible S. aureus by using 1000 times or more the number of cells utilized in the MIC approach 
(VSSA). Analysis of resistant subpopulation (population analysis (PA)) is a sensitive approach for studying vancomycin and 
methicillin resistance [29]. The plates were incubated for 48 hours at 370 Celsius.  

 
The number of colonies that had grown was then counted and plotted on a semi-logarithmic graph. The Mu3 precursor strain 

has a MIC of 2 mg/L, which is different from the VSSA strain IP (MIC of 1 mg/L). Unlike IP, which is entirely inhibited by 2 mg/L 
vancomycin, tiny quantities of Mu3 cells proliferated up to 12 mg/L vancomycin, despite the fact that 99.999 percent of the entire cell 
population is inhibited by 3 mg/L vancomycin.  

 
Unlike IP, which is completely inhibited by 2 mg/L vancomycin, minor amounts of Mu3 cells proliferated up to 12 mg/L 

vancomycin, despite the fact that 3 mg/L vancomycin inhibits 99.999 percent of the overall cell population [30,31]. For example, the 
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Mu50 VISA phenotype can be recreated in VSSA strain IP by introducing four mutations in the genes vraS, msrR, rpoB, and graR in a 
sequential order. The first two mutations in vraS and msrR transformed IP into a hVISA strain with a PA pattern similar to Mu3, and 
the rpoB mutation transformed the hVISA into VISA with a vancomycin MIC of 4 mg/L. Individually, they were injected into 
vancomycin-susceptible S. aureus cells. The above four mutations elevated the vancomycin MIC somewhat in the IP strain of 
Staphylococcus aureus.  

 
Vancomycin resistance was found to be increased by a single mutation in any of the 20 genes involved in several metabolic 

pathways [30].  
 

2.2.2. VRSA: cross-genus transmission of resistance gene  
VISA's vancomycin MIC is 4–8 mg/L, which was not considered resistant by CLSI criteria at the time. As a result, the term 

VISA was coined to describe Mu50's 'intermediate' vancomycin susceptibility. A VRSA clinical strain with a MIC of 16 mg/L was 
discovered five years later, in 2002 [32]. The vanA-gene complex, which included vanA, vanH, vanX, and vanY, was transported by 
the transposon. When the four genes work together, all of the D-Alanyl-D-Alanine residues in the PG substrate are changed with D-
Alanyl-D-lactate, which vancomycin cannot bind to [33]. Although growth retardation of the vanA plasmid-containing strain is shown 
to be minimal, the fitness cost of carrying the vanA plasmid has been postulated [34]. We first hypothesised that the degree of 
methicillin resistance would be greatly reduced due to the loss of D-Alanyl-D-Alanine residues from the cell wall, which PBP2' is 
predicted to bind, as an explanation for the resistance's unpopularity. However, we discovered that a VRSA clinical strain VRS1 was 
resistant to both vancomycin and oxacillin at the same time [35]. As a result, the availability of an efficient mobile genetic element 
carrying the vanA gene would be the sole remaining obstacle for MRSA to acquire it. 

 
2.2.3. ‘sVISA’ – an ingenious strategy to survive vancomycin chemotherapy-  

The first-line antibiotic against MRSA infection is still vancomycin. However, even when the vancomycin MICs are within 
the CLSI susceptible range (2 mg/L), its clinical usefulness is impaired [36,37]. Furthermore, the total treatment failure rates of 
vancomycin are far too large to be explained by latent VRSA or even VISA infection (MIC 4 mg/L) [36, 38, 39, 40]. However, in this 
scenario, hVISA is changed to VISA during therapy, and the VISA strain is blamed for the therapeutic failure. However, when using 
hVISA strain Mu3, we discovered a temporary VISA condition known as ‘slow VISA (sVISA),' which quickly returns to hVISA after 
vancomycin is removed from the culture [41]. 

 
In vitro, the first sVISA strain Mu3-6R-P (6R-P) was created by selecting hVISA strain Mu3 with 6 mg/L vancomycin [42]. 

6R-P expanded at a glacial pace and escaped our notice until lately. Then it was discovered that it had a high level of vancomycin 
resistance (MIC = 16 mg/L, as determined by an E-test after 72 hours of incubation) [43]. The VISA phenotype of strain 6R-P was 
comparable to that of existing VISA strains, with thicker cell walls and lower autolytic activity. 6R-P, unlike Mu50, does not form 
colonies on agar plates with 7 mg/L or higher concentrations of vancomycin after 48 hours of incubation, but it did after 72–144 
hours. 

 
PRs from 6R-P appeared at a rate of roughly 1 106, which was equivalent to the emergence rate of VISA from hVISA. [44].  

Mu3 yielded a total of 25 sVISA strains after selection with 6 mg/L vancomycinc [41]. After 72 hours (3 days) to 144 hours (6 days) 
of incubation at 37 °C, the colonies that developed on the vancomycin plates were chosen, colony-purified, and established as sVISA 
strains.  Their vancomycin MICs increased with time of incubation, while that of clinical VISA strains, represented by Mu50, did not 
[41]. After 48–96 hours of incubation, certain sVISA strains reached MIC values of 24 mg/L to 32 mg/L, but Mu50 remained at 12 
mg/L throughout the incubation time up to 144 hours [41].  
 
2.2.4. RNAP regulatory mutation is a frequent mechanism for VISA phenotype 

The RNAP mutation has been identified as one of the primary genetic events that causes VISA to increase [54]. This was also 
the situation with sVISA. The entire genome sequence of 6R-P revealed a single mutation in the rpoB gene, which codes for an RNAP 
component [41]. An allelic replacement approach was used to introduce the discovered mutation rpoB(R512P) into a VSSA laboratory 
strain IP [41]. In comparison to 1 mg/L of IP, the resulting strain IPrpoB(R512P) had a vancomycin MIC of 4 mg/L. sVISA's slow 
growth phenotype was also transferred to IP, causing its DT to increase from 26.7 to 41.2 minutes [41]. The fact that a single rpoB 
mutation conferred VISA-level resistance (MIC, 4 mg/L) on a VSSA strain was surprising. After two days of drug-free passages, the 
sVISA strain 21-4d produced large-colony PRs at an extraordinarily high frequency of 5.4 105 [41]. The presence of rpoB mutations 
in 25 sVISA strains was investigated [41]. They were all outside of the rifampin-resistance-determining region (RRDR) and did not 
appear to be associated with rifampin resistance. Aside from vancomycin, mutations in RNAP subunits have been observed to 
influence S. aureus susceptibility to antibiotics including β-lactam [46, 47], daptomycin [48,49,50,51], and linezolid [52].  
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3. Future chemotherapy for S. aureus infection 
3.2. Nybomycin as a reverse antibiotic for quinolone resistance 

S. aureus has been found in the anterior nares of approximately 20–30% of humans. This fact demonstrates that S. aureus is so 
well-tuned to the human body that it can never be eradicated from its natural habitat, no matter how hard we try to discover new 
medicines with novel targets of action. S. aureus can develop resistance to any antibiotic, as evidenced by the history of chemotherapy 
in the previous century. The bacteria of today are vastly different from those of the 1940s, when more than half of all hospital-
associated S. aureus is methicillin-resistant, and more than 80% of VISA are resistant to quinolones [53]. Most S. aureus infections 
would be curable if such anti-resistance drugs were taken in conjunction with currently available antibiotics. We discovered a strange 
chemical by screening 1928 Actinobacteria culture supernatants for bactericidal activity against fluoroquinolone-resistant VISA strain 
Mu50, but only a mild activity against fluoroquinolon- and methicillin-susceptible VSSA strain FDA209P [54]. We discovered that 
NYB(Nybomycin) substantially reduced the activity of quinolone-resistant Mu50's mutant DNA gyrase, but did not inhibit the 
function of quinolone-susceptible S. aureus's wild-type DNA gyrase [55].  

 
3.3. Dissolving the vicious cycle between antibiotics and antibiotic resistance 

Bacteria constantly find a way to acquire drug resistance. Mu50 did produce NYB-resistant mutants (temporarily characterised by 
MIC 4 mg/L), but at extremely low frequencies: the rates of emergence were 0.663–15.3 1011 per million [56]. The resistant mutants' 
gyrA genes have been back mutated to the wild type, according to nucleotide sequencing. As a result, the mutants that were resistant 
were genetic revertant [56]. As a result, we labelled NYB as a 'Reverse Antibiotic' (RA) for microorganisms resistant to quinolones 
[56]. NYB is a natural antibiotic as well. As a result, it's likely that nature has a large stockpile of antibiotics and reverse antibiotics. 
All living microbes coexisted on the planet by preserving natural balance, thanks to reverse antibiotics as a countermeasure to the 
emergence of antibiotic-resistant bacteria. As a result, by creating RAs and combining them with existing antibiotics produced in the 
previous century, we will be able to control the majority of multidrug-resistant bacterial infections without attempting the impossible 
objective of eradicating our natural flora.  

  
4. Conclusion 

The mecA gene was discovered on the chromosome of S. fleurettii. In S. cerevisiae, rpoB mutations were revealed to have a 
significant role in the establishment of vancomycin resistance. We must be watchful about S. aureus clinical MIC data and be prepared 
for the future by learning from nature's ecosystem to regulate them rather than trying to eradicate them. Many existing antibiotics will 
recover their efficacy thanks to reverse antibiotics, and the history of antimicrobial chemotherapy that began with Alexander Fleming's 
discovery will be finished. 
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