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Abstract: Mycobacteria form some of the most notorious and difficult-to-treat bacterial pathogens. As
a group, they are intrinsically resistant to many commonly used antibiotics, such as tetracyclines and
beta-lactams. In addition to intrinsic resistances, acquired multidrug resistance has also been observed
and documented in Mycobacterium tuberculosis (MTB), Mycobacterium leprae and non-tuberculous
mycobacteria (NTM). To combat multidrug resistant infections by these pathogens, innovative
antimicrobials and treatment regimens are required. In this regard, linezolid, an oxazolidinone
introduced for clinical use just two decades ago, was added to the therapeutic armamentarium for
drug-resistant mycobacteria. It exhibits antibacterial activity by binding to the 50S ribosomal subunit
and inhibiting protein synthesis. Unfortunately, linezolid resistance has now been documented in
MTB and NTM, in many parts of the world. Most linezolid-resistant mycobacterial strains show
mutations in the ribosome or related genes, such as in the rplC, rrl and tsnR genes. Non-ribosomal
mechanisms appear to be rare. One such mechanism was associated with a mutation in fadD32, which
encodes a protein that plays an important role in mycolic acid synthesis. Mycobacterial efflux proteins
have also been implicated in linezolid resistance. This review summarises current knowledge of
genetic determinants of linezolid resistance in mycobacteria, with the aim of contributing information
that could facilitate the discovery of new therapeutic approaches to overcome, delay or avoid further
developments of drug resistance among these important pathogens.

Keywords: Mycobacterium tuberculosis; non-tuberculous mycobacteria; Mycobacteroides abscessus;
linezolid resistance; genetic determinants

1. Introduction
1.1. Drug Resistance in Mycobacteria

The genus Mycobacterium incudes well-established pathogens, such as Mycobacterium
tuberculosis (MTB), the cause of tuberculosis (TB), Mycobacterium leprae and Mycobacterium
lepromatosis, the causative agents of leprosy, as well as more than 1800 species of NTM,
many of which are opportunistic pathogens associated with a wide spectrum of skin,
soft tissue and deep organ infections, especially among the immunocompromised [1].
The morbidity and mortality resulting from mycobacterial infections are significant, and
recovery is heavily dependent on effective antimicrobial therapy.

Unfortunately, mycobacteria are intrinsically resistant to many antibiotics [2,3]. This
is due in part to the mycolic acids in their cell walls as well as the presence of various
proteins that promote antibiotic resistance, such as ribosomal protection proteins and efflux
pumps [4,5]. In addition, there has been an increasing number of reports on acquired
resistance against previously effective antibiotics, including tigecycline, fluoroquinolones
and streptomycin [6–12], following extensive and possibly inappropriate antibiotic use.

Treating TB requires the use of drug combinations over long periods. The standard ini-
tial treatment regimen for tuberculosis has been the administration of four drugs (isoniazid,
rifampicin, pyrazinamide and ethambutol) together for 4 to 6 months. However, incidents
of MTB infections resistant to these antibacterials have been reported for decades [13].
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In 2021, the World Health Organisation (WHO) estimated around 450,000 people to be
infected with multidrug-resistant tuberculosis (MDR-TB, resistant to rifampicin and isoni-
azid) worldwide [14]. XDR-TB (extensively drug-resistant TB), originally defined by its
resistance to isoniazid, rifampicin, plus any fluoroquinolone and at least one aminoglyco-
side/aminocyclitol, was also detected in multiple countries between the years 2000 to 2004,
forming an average of about 10% of MDR-TB isolates [15]. In January 2021, WHO redefined
XDR-TB as TB caused by MDR-TB strains which are also resistant to any fluoroquinolone
and at least one additional Group A drug (levofloxacin, moxifloxacin, bedaquiline and
linezolid) [16].

Leprosy is one of the oldest infectious diseases, first reported more than 2000 years
ago. It is caused by M. leprae and M. lepromatosis. The two species share 92% nucleotide
identity and can be co-infectants in a patient with leprosy [17–19]. Despite worldwide
elimination programmes and use of multidrug treatment under the guidance of WHO
in the past four decades, this devastating infection persists, particularly in less affluent
populations. As can be expected for protracted infections with poor treatment compliance,
drug resistance appeared and spread to cause relapses and therapeutic problems [20,21].
To delay the emergence of resistance, WHO recommended combination therapy with
different combinations of rifampicin, dapsone, fluoroquinolones, tetracyclines, macrolides,
clofazimine and bedaquiline, for different clinical presentations of leprosy [21]. Linezolid
was also found to be bactericidal against rapidly multiplying M. leprae. Unfortunately, it is
unsuitable for routine therapy as prolonged use of this antibacterial has been associated
with severe side effects in a large proportion of patients [22].

Drug resistance among the NTM has been reported for both slow and rapid-growing
species associated with human infections. The mainstay of treatment for most NTM
infections consists of a macrolide (clarithromycin or azithromycin) together with either
an aminoglycoside, cefoxitin, imipenem or tigecycline for fast growers [23] or ethambutol
and rifampicin for slow growers [24]. As resistance has appeared to all these drugs and
treatment failures are frequent [25], the discovery of new and more efficient therapies
against NTM is important and urgent.

1.2. Linezolid

Linezolid is a member of the oxazolidinones, which are fully synthetic drugs that
inhibit protein synthesis in bacteria. It was discovered in 1996 but only approved for clinical
use in the year 2000 [26].

1.2.1. Mechanism of Action

Initially, it was proposed that linezolid acts by binding to the 23S rRNA of the 50S
ribosomal subunit, near the peptidyltransferase centre (PTC) of the would-be-ribosome,
before the formation of the 70S initiation complex [27]. Upon binding to the subunit, the
antibiotic would inhibit the ability of the 50S ribosomal subunit to bind to the 30S subunit,
which would prevent the formation of the 70S initiation complex (consisting of the 50S
and 30S subunits, and the fMet-tRNA and mRNA), obstructing the early stages of protein
synthesis. This proposed mechanism of action is unique and unlike other antibiotics that
inhibit the elongation part of protein synthesis.

However, later studies and crystallography analyses suggested that it is more likely
that linezolid binds to the PTC of the ribosome, overlapping with the binding sites of
antibiotics such as clarithromycin and clindamycin [28]. In addition to this, it was found
that linezolid binds better to the A site of the ribosome when alanine is the penultimate
amino acid in the nascent chain [29]. This is because the alanine residue would fit into a
hydrophobic pocket within a structure of the linezolid, helping it to bind to the ribosome
and act as an obstruction within the PTC, sterically interfering with the formation of the
peptide bond between the tRNA in the A and E sites.
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1.2.2. Spectrum of Activity

Linezolid is active against both aerobic and anaerobic Gram-positive bacteria [30–32].
Among the Gram-negative bacteria, linezolid showed activity against anaerobes, such
as Bacteroides, Prevotella, Fusobacterium, Porphyromonas and Veillonella species [31], but is
largely ineffective against Gram-negative aerobes, except for some Pasteurella and Moraxella
species [32]. Its inactivity against most Gram-negative aerobes is presumed to be due to
its expulsion by endogenous efflux pumps in these bacteria [33]. Recently, however, it
was shown that it is possible to enlarge the activity spectrum of this drug to cover more
Gram-negative bacteria with the use of silica xerogel as a drug carrier [34].

1.2.3. Clinical Use

Linezolid is often used as a last-resort drug for infections caused by drug-resistant
Gram-positive bacteria, such as methicillin-resistant Staphylococcus aureus, penicillin and
macrolide-resistant pneumococci and vancomycin-resistant enterococci with VanA, VanB,
or VanC resistance determinants [32]. Against mycobacterial diseases, it has been recom-
mended for the treatment of NTM infections [35], including refractory cases of disseminated
infections [36]. It has also been classified by the WHO as a Class A drug for the treatment
of MDR-TB and XDR-TB in humans [37,38]. Conradie et al. (2020) reported 90% favourable
outcomes at 6 months after treatment of XDR-TB and MDR-TB patients with a combination
of bedaquiline, pretomanid and linezolid [39]. In this multidrug regimen, the efficacy of
linezolid is boosted by bedaquiline, which inhibits the mycobacterial proton pump that is
responsible for drug efflux, and pretomanid, which inhibits mycolic acid synthesis, result-
ing in a less hydrophobic cell wall that allows easier entry for hydrophilic drugs such as
linezolid. Synergism has also been observed with other ribosome-targeting antibiotics, such
as clarithromycin and capreomycin [40,41]. Interestingly, linezolid has been reported to
have an antagonistic effect with first-line drugs for TB, such as isoniazid and pyrazinamide,
in murine models [42]. The reason behind this antagonism has been hypothesised to be
due to linezolid’s effect on the absorption of first-line drugs, but the exact antagonistic
mechanism and interaction between these antibiotics are still not well understood.

1.3. Linezolid Resistance in Mycobacteria

Just 7 years after linezolid was approved for clinical use, the first case of linezolid-
resistant tuberculosis was reported in Germany [43]. In recent years, studies across the
United States of America, Europe, and Asia have shown a resistance rate of 4.2% among
MTB clinical isolates [44]. Wasserman et al. (2019) reported that a third of patients (13/39)
from a high-risk cohort in South Africa with linezolid-based treatment failure harboured
linezolid-resistant MTB [45]. Among the factors investigated, they found the number of
anti-TB drugs taken by patients to be significantly associated with the risk of developing
linezolid-resistant TB (with the resistant group taking a median of 10 drugs compared
to eight in the non-resistant group). In a study from India, linezolid-resistant MTB was
found in about 6.7% (23/343) of patients diagnosed with MDR-TB [46]. Researchers from
Moscow reported the emergence of linezolid-resistant strains from TB patients undergoing
treatment with Group A drugs that included linezolid [47]. In their cohort of XDR-TB
patients, 6.21% (20/322) were found to have linezolid-resistant MTB.

Linezolid resistance has also been reported in NTM. Among patients in the United
Kingdom, resistance had been detected in 51.7% (30/58) and 54.2% (13/24) of M. abscessus
and M. chelonae isolates, respectively [48]. In China, Ye et al. (2019) reported 43.8% resistance
among 194 M. abscessus isolates [49]. Similarly, reports from Taiwan indicated a high
prevalence of resistance with rates of 24.6% (17/69) among M. fortuitum, 5.1% (2/39)
among M. chelonae and 42.4% (39/92) among M. abscessus [50]. However, Tu et al. (2022)
found widely discordant resistance rates using different methods of testing. With broth
microdilution, they detected resistance in 45.5% (10/22) of M. abscessus isolates and 12.5%
(1/8) of M. fortuitum isolates. However, with the Etest (not endorsed by the European
Committee on Antimicrobial Susceptibility Testing and Clinical and Laboratory Standards
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Institute), the resistance rates for the same isolates increased to 90.9% for M. abscessus and
70.0% for M. fortuitum [51], a stark reminder of how MIC results could be affected by the
method used to determine them.

It is now evident that linezolid-resistant mycobacteria are an emerging problem all
over the world, and efforts have to be undertaken to better understand and manage these
infections so that they can be more adequately contained.

2. Mechanisms of Linezolid Resistance in Mycobacteria

Table 1 and Figure 1 summarise the linezolid resistance mechanisms that have been
reported for mycobacteria.

Table 1. Linezolid resistance determinants reported in mycobacteria.

Reference Source Nation Mycobacterial
Species Gene(s) Mutation(s) MIC (mg/L)

Wasserman et al.,
2019 [45] Clinical strains South

Africa M. tuberculosis
rrl g2814t, g2270t 2–8

rplC t460c, g546a 4–8

Ushtanit et al.,
2021 [47] Clinical strains Russia M. tuberculosis

rrl g2270t, a2801c,
g2714t 1–4

rplC t460c 2–16

Nambiar et al.,
2021 [52] Clinical strains India M. tuberculosis

rrl g2814t
>1rplC Cys154Arg ˆ

Beckert et al.,
2012 [53]

Laboratory-
derived mutants

and clinical
strains

Germany M. tuberculosis rplC t460c 4–16

Ye et al., 2019 [49] Clinical strains China M. abscessus rrl

g15a, t328c, g348a,
c1445t, c1582a,
t2138c, a2271c,
c2432t, g3048a

≥32

Ng and Ngeow,
2023 [54]

Laboratory-
derived mutants

Malaysia M. abscessus
fadD32 c880t 1

rrl g2244t and g2788t * >256

Li et al., 2021 [55] Clinical isolates
(in silico) #

Various
countries M. tuberculosis tsnR Various frameshift

mutations ND

Srivastava et al.,
2017 [56]

Laboratory-
derived
mutants

United
States M. tuberculosis

Rv0545c,
Rv0930, Rv2477

and Rv3331,
Rv0890c

Various
single-nucleotide

variants
>3

ND: Not described. ˆ The authors did not describe the DNA mutation. * These two mutations were developed
in a second-step mutant and were found together with the fadD32 mutation. # Mutations were identified in the
genome data of clinical isolates downloaded from databases.

2.1. Ribosomal Mechanisms

In mycobacteria, as in other Gram-positive pathogens such as staphylococci and
enterococci, the most frequently reported mechanism of linezolid resistance is a mutation in
the ribosome structure near the PTC. Mutations in or near the PTC would result in linezolid
being unable to bind to the ribosome (Figure 1a), thus preventing the normal process of
protein synthesis. These ribosomal mutations are commonly found in the rplC gene, the
23S rDNA, and genes encoding ribosomal enzymes, such as the methyltransferase [57].
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the synthesis of mycolic acid. This mutation may lead to the production of more mycolic acids, in-
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Figure 1. Mechanisms of linezolid resistance reported in mycobacteria. The tsnR loss-of-function
mutations are not shown in this figure due to a lack of information on the proposed mechanism
related to these mutations. (a) Ribosomal changes (mutations in either 23S rRNA or L3 ribosomal
protein) that alter the conformation of the rRNA at the binding site of linezolid, making it unable to
bind to the peptidyltransferase centre (PTC). (b) Mutations leading to the over-expression of efflux
pumps that remove intracellular linezolid molecules. (c) The mutation in FadD32 that is involved
in the synthesis of mycolic acid. This mutation may lead to the production of more mycolic acids,
increasing the hydrophobicity of the mycobacterial cell wall and reducing the intake of linezolid
(a hydrophilic drug). Red crosses indicate the reduced activity of linezolid.

2.1.1. Mutations in rplC

The rplC gene encodes the ribosomal protein L3, a constituent of the 50S ribosomal
subunit that is involved in the PTC of the ribosome. In MTB, the most frequent determinants
of linezolid resistance are mutations in this gene [53]. The dominant genetic determinant
was found to be a point mutation, t460c, that alters cysteine at position 154 to arginine.
Makafe et al. (2016) used gene-overexpression to study the effects of this mutation in
MTB [58] and found that overexpressing the mutated rplC gene increased the linezolid
minimum inhibitory concentration (MIC) four-fold (from 1 mg/L to 4 mg/L). They also
showed this increase in MIC to be dependent on the activity of the promoter, as linezolid
resistance was exhibited when rplC was cloned downstream of a strong promoter but not
downstream of a weaker promoter.

The Cys154Arg mutation is thought to function similarly to the Asn149Arg mutation in
the Escherichia coli L3 protein [59]. The Asn149 residue in the ribosome of E. coli corresponds
to the location of the Cys154 residue in MTB, and the Asn149Arg mutation in E. coli was
also linked with linezolid resistance. Computer modulations showed that the amino-acid
change at this location would affect interactions with other close-by residues, resulting in
slight conformational changes in the L3 protein which might inhibit the ability of linezolid
to bind to the PTC region. However, these interactions have not been studied in depth in
mycobacteria. Further investigations are needed to confirm their involvement in linezolid
resistance in mycobacteria.
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2.1.2. Mutations in 23S rRNA (rrl)

The 23S rRNA is an important component of the ribosome and forms a large part of
the 50S ribosomal subunit. It forms the PTC, is centred around Domain V of the rRNA,
and is one of the most targeted binding sites for ribosome-targeting antibiotics such as
chloramphenicol [60]. As such, mutations to the 23S rRNA are also quite frequently
observed in linezolid-resistant mycobacteria [61]. Mutations in the rrl gene, which encodes
the 23S rRNA, have been observed in many clinical isolates, particularly g2814t, which has
been reported in many locations as far apart as India, South Africa, and Russia [45–47,52].

Linezolid resistance-conferring mutations in the 23S rRNA have been found to be
mostly concentrated in its two domains, Domain V and Domain VI [62]. The effect of
mutations in Domain V on linezolid resistance should be expected, as this domain forms
the PTC of the ribosome, a site that linezolid binds to. However, it is not well understood
how mutations in Domain VI confer linezolid resistance on mycobacteria. One possible
mechanism is that mutations affect the interactions between the domain and the L6 ribo-
somal protein, which is an important protein that is located near the binding site of the
PTC [63]. Furthermore, there are cross-linkages between the helixes of Domain VI, the L6
protein, and Domain V, which are important in maintaining the secondary structure of
the ribosome. As such, mutations in Domain VI may affect the structure of the rRNA in a
manner that confers linezolid resistance [64]. More investigations are required to further
understand the link between these ribosomal structures and linezolid resistance.

Ng and Ngeow (2023) observed mutations in the 23S rRNA that conferred a high level
of linezolid resistance on M. abscessus [54]. They selected two stepwise mutants: the first-
step mutant carried a mutation in the fadD32 gene that is involved in mycolic acid synthesis,
and the second-step mutant accumulated more mutations in the 23S rRNA (g2244t and
g2788t). In the second-step mutant, these 23S rRNA mutations apparently increased the
linezolid MIC to >256 mg/L from 0.25 mg/L in the wild-type strain and 1 mg/L in the
first-step mutant. They correspond to the mutations (g2270t and g2814t, found in Domain
V [61]) in MTB that are the most prevalent 23S rRNA mutations in linezolid-resistant
mutant strains [65]. However, the level of resistance in MTB is generally much lower than
that observed in M. abscessus by Ng and Ngeow (2023) in their study [54]. Furthermore, in
MTB, these mutations have so far been observed only separately and not together in the
same strain. It is possible that the two mutations work in tandem to achieve a high level of
linezolid resistance in M. abscessus.

2.1.3. tsnR Loss of Function

In an analysis of clinical MTB strains, Li et al. (2021) observed that loss-of-function
mutations in the putative tsnR gene occurred in some of these strains [55,66]. The tsnR gene
hypothetically encodes the 23S rRNA methyltransferase in MTB. In their study conducted
using the CRISPRi system, Li et al. found that the knockdown of tsnR conferred resistance
to linezolid. Their observations concurred with those of a study in S. aureus, in which
tsnR-knockout mutants also exhibited increased resistance to linezolid [67].

However, while a link between tsnR and linezolid resistance has been observed, the
gene itself and its functions are still not well understood in MTB. Furthermore, the exact
mechanism as to how the decreased expression or loss of function of tsnR confers linezolid
resistance is still not clear. In many cases, such as in Streptomyces spp., methyltransferases
confer resistance to ribosome-targeting antibiotics through the addition of a methyl group
to the 23S rRNA, which would sterically interfere with the binding of the antibiotics [68].
This appears to be the opposite of the relationship between the tsnR loss of function and
linezolid resistance observed in MTB and S. aureus.

2.2. Non-Ribosomal Mechanisms
2.2.1. Efflux

In recent years, gene mutations leading to the increased translation of genes respon-
sible for uptake and efflux have been reported to be the cause of linezolid resistance in
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previously linezolid-susceptible strains of mycobacteria (Figure 1b). Srivastava et al. (2017)
found single-nucleotide variants in genes encoding efflux pump/transporters (Rv0545c,
Rv0930, Rv2477 and Rv3331) and a transcriptional regulator Rv0890c in MTB isolates from
patients who failed linezolid-based treatment [56]. Furthermore, the addition of efflux
pump inhibitors, thioridazine or reserpine, reduced the MIC of these MTB isolates from
1 mg/L to 0.25 mg/L. Sander et al. (2002) considered it likely that linezolid resistance in
M. smegmatis mutants with non-ribosomal mutations is caused by either decreased drug
uptake into the bacterial cell or increased active efflux of the drug, caused, for example,
by altering the specificity or activity of an efflux transporter [69]. Using whole-genome
sequencing, Ye et al. (2019) sequenced 194 M. abscessus isolates and found that only 8.2%
of linezolid-resistant strains harboured mutations in the 23S rRNA. Upon performing
RT-qPCR assays to determine the up-regulated genes responsible for the resistances, it
was found that there were higher transcriptional levels of the efflux pumps lmrS and
mmpL9 [49].

2.2.2. Mutations in fadD32

Ng and Ngeow (2023) observed that a mutation, c880t (His294Tyr), at the fadD32
gene in M. abscessus conferred linezolid resistance to the mutant, increasing the MIC four-
fold (0.25 mg/L to 1 mg/L) [54]. Aside from linezolid, the mutant also demonstrated
cross-resistance to other hydrophilic antibiotics such as imipenem and vancomycin. These
observations are reminiscent of the findings of Carroll et al. (2011), who demonstrated
increased susceptibility to ethambutol (2 mg/L to 1 mg/L) and ampicillin (>32 mg/L
to 1 mg/L), both of which are hydrophilic antibiotics, in a fadD32-knockdown MTB mu-
tant [70]. The fadD32 gene is a highly conserved gene in mycobacteria that encodes for
a fatty acyl-AMP ligase, which plays a role in the biosynthesis of mycolic acid, a major
constituent of the mycobacterial cell wall [71]. In mycobacteria, mycolic acid in the cell
wall is known to reduce the permeability of the cell wall towards hydrophilic substances
by creating a hydrophobic, waxy shield [72]. Thus, the c880t mutation in fadD32 could have
led to linezolid resistance by increasing mycolic acid synthesis, leading to the creation of a
more hydrophobic cell wall which inhibited the entry of hydrophilic antibiotics (Figure 1c).

3. Conclusions and Future Perspectives

In general, most of the mutations responsible for linezolid resistance in mycobacteria
are found at the binding site of linezolid, involving structures immediately adjacent to the
PTC area of the ribosome, such as the L3 protein and Domain V of the 23S rRNA, as well
as structures close by, such as Domain VI. These mutations, being the most prevalent, are
the most studied determinants of linezolid resistance in mycobacteria. The mutation in the
fadD32 gene represents a resistant determinant that is not directly related to the structure of
the rRNA. The FadD32 protein is an essential protein involved in the synthesis of mycolic
acid, the component that gives the mycobacterial cell wall its signature waxy, hydrophobic
characteristic. The exact nature of the mutation, its direct effect on the cell wall, and its
interactions with hydrophilic antibiotics have not yet been studied in depth. Another gene
in mycobacteria that is still largely unstudied for its role in linezolid resistance is tsnR, which
encodes a 23S rRNA methyltransferase. Its implications in protein synthesis disruption and
possible interactions with other ribosome-targeting antibiotics await further elucidation.

Currently, most of the studies concerning linezolid resistance in mycobacteria focus
on MTB, which is understandable owing to its being the flagship pathogen among my-
cobacteria. However, many NTM species among both slow and rapid growers also exhibit
multidrug-resistance phenotypes [35,49,54], and subspecies such as those of M. abscessus
can show different antibiotic susceptibilities [73]. Hence, future endeavours should be
made to better understand the prevalence and mechanisms of linezolid resistance across
different NTM species and subspecies.

Horizontal transfer of the linezolid resistance gene, cfr (encoding a 23S rRNA methyl-
transferase), has been reported in Gram-positive organisms, such as staphylococci and
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enterococci [74]. While horizontal gene transfer has rarely been reported in mycobacteria,
some, such as M. canettii and M. smegmatis, have exhibited the ability to acquire genes via lat-
eral DNA transfer [75–77]. Therefore, another area for future studies could be the horizontal
gene transfer of linezolid resistance, which has yet to be reported for mycobacteria.

Linezolid is an important drug for the treatment of multidrug-resistant mycobacteria.
A thorough understanding of resistance mechanisms and efficient monitoring of drug
resistance are essential for improved clinical and public health management. The inclusion
of new gene targets for routine drug susceptibility testing will lead to the rapid detection
of linezolid-resistant strains and the selection of appropriate therapy. The designing of new
drugs or drug combinations based on resistance mechanisms can help to curb the global
spread of linezolid resistance.
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