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Background: Linezolid resistance in methicillin-resistant Staphylococcus aureus (MRSA) was reported frequently in recent years, 
but the mechanism underlying this process was less reported, especially for clinical isolates with different genetic background. Thus, 
this study aims to explore the adaptive evolution characteristics underlying linezolid resistance in MRSA clinical isolates exposed to 
continuous induction stress of linezolid in vitro.
Methods: The in vitro susceptibility of 1032 MRSA clinical isolates to linezolid was detected using commercial VITEK-2 equipment via 
broth microdilution. MRSA isolates with different minimum inhibitory concentration (MIC) values for linezolid were randomly selected to 
perform the assay of adaptive laboratory evolution with sub-inhibitory concentrations of linezolid. Polymerase chain reaction assays and 
sequencing techniques were performed to detect well-known molecular determinants related to linezolid resistance, including the expression 
of optrA and cfr, mutations of 23S rRNA gene and ribosomal protein (L3, L4, L22) encoding genes (rplC, rplD, rplV).
Results: After induction with sequentially increasing concentrations of linezolid, all four MRSA strains (L914, L860, L1096, and L2875) 
evolved into linezolid-resistant strains over various induction times (480, 384, 288, and 240 h) and universally formed small colony variants. 
A new mutation in the domain V region of 23S rRNA gene (C2404T) and one mutation in amino acid sequences of ribosomal protein 
(Met208Thr) were firstly identified among linezolid-resistant strains. Except G2576T mutations in 23S rRNA gene, the distribution of other 
mutations (A2451T, T2504A, C2404T, T2500A, G2447T) exhibited obvious strain heterogeneity. Furthermore, as the MIC to linezolid 
increased, the copy numbers of point mutations in the V region of 23S rRNA gene increased correspondingly.
Conclusion: Strain-specific evolution of resistance to linezolid among MRSA clinical isolates was firstly identified in this study. 
MRSA isolates with higher MICs for linezolid evolved more easily into resistant ones, which calls for precise monitoring of linezolid 
resistance levels in patients receiving treatment for MRSA infections with linezolid.
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Introduction
Methicillin-resistant Staphylococcus aureus (MRSA) is an important bacterial pathogen that causes multiple types of 
invasive infections and increases the mortality of inpatients.1 The available antimicrobials for treating MRSA infections 
include vancomycin, daptomycin, and linezolid. The more frequently appearance of linezolid-resistant MRSA worldwide 
recently is worthy of attention.2–4 Compared with glycopeptides and quinupristin–dalfopristin antimicrobials, stable 
resistance in MRSA is more easily achieved upon exposure to continuous linezolid in vitro.5 Therefore, linezolid 
resistance in MRSA poses a real challenge for clinicians.
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By binding to 23S rRNA on 50S ribosomal subunits, linezolid can exert its antibacterial effects by preventing the synthesis 
of bacterial proteins and interfering with the function of the 50S ribosomal subunit.6,7 The most prevalent mechanism 
contributing to linezolid resistance in S. aureus is point mutations within the domain V region of the 23S rRNA gene.8–10 

The linezolid-binding site at the ribosomal peptidyl transferase center (PTC) is composed entirely of RNA, and mutations 
within the 23S rRNA gene can block the binding of linezolid to PTC and lead to linezolid resistance. In addition, the S. aureus 
chromosome encodes 5–6 independent rRNA genes (rrn) or operons, and the number of mutations is approximately correlated 
with the level of linezolid resistance. Another determinant of linezolid resistance in S. aureus is mutations in the genes 
encoding ribosomal proteins. The main parts of ribosomal proteins L3 and L4 are positioned on the surface of the 50S subunit, 
but a loop ending in two tips extends into the PTC. It is reported that mutations in L3 can alter the conformation of PTC 
nucleotides by interfering with the binding of the A-site and P-site, further mediating resistance to antimicrobials targeting 
PTC.11,12 Furthermore, cfr and optrA were reported to be correlated with acquired linezolid resistance in Staphylococcus spp.13 

cfr RNA methyltransferase can methylate at position 2503 of the 23S rRNA gene, altering the potential of linezolid to bind to 
its targets and thus mediate bacterial resistance to linezolid.14 OptrA belongs to the ABC protein family, which is reported to 
be involved in mediating resistance to oxazolidinones. However, the actual mechanism by which OptrA mediates linezolid 
resistance remains unclear. Under exposure to repeated linezolid pressure in vivo and in vitro, multiple determinants have 
emerged that contribute to linezolid resistance in S. aureus.15,16

To date, most reports have focused on the specific molecular mechanisms that contribute to linezolid resistance among 
linezolid-resistant MRSA clinical isolates, as described above. Few studies have attempted to elucidate the mechanisms 
underlying the process of resistance evolution in vivo or in vitro, thereby providing guidance for preventing the emergence of 
linezolid resistance during linezolid treatment. Wu et al9 reported the rapid evolution of linezolid resistance in MRSA clinical 
isolates obtained from a patient receiving long-term treatment with linezolid, with five mutations identified in the domain 
V region within the 23S rRNA gene, including G2576T, T2537C, G2234A, T1557A, and C253A. Ono et al17 also reported the 
rapid acquisition of linezolid resistance in a patient after receiving linezolid treatment for 14 days and identified a common 
mutation in the 23S rRNA gene (G2576T). Staudacher et al18 obtained a series of linezolid-resistant S. aureus isolates using 
a stepwise in vitro induction model, and several partially novel single nucleotide variants (SNVs) were detected in the rplC 
gene, which encodes the 50S ribosomal protein L3 in S. aureus. The abovementioned three reports revealed a universal 
phenomenon of induced resistance to linezolid in S. aureus and the underlying complex resistance mechanisms. For patients 
infected with MRSA who are receiving long-term treatment with linezolid, active monitoring of linezolid resistance using 
phenotypic and genotypic methods appears to be even more important.

To the best of our knowledge, few studies have intensively explored the evolution mechanism of linezolid resistance 
in MRSA clinical strains under linezolid stress. Therefore, in this study, phenotypic and genetic techniques were 
employed to explore the evolution mechanism of linezolid resistance in MRSA using stress induction protocols with 
sequentially increased concentrations of linezolid in vitro.

Materials and Methods
Collection and Identification of MRSA Isolates
In this study, 1032 clinical MRSA isolates were collected from patients admitted to the Affiliated Hospital of Inner 
Mongolian Medical University between January 2011 and March 2022. All isolates were collected from routine clinical 
microbiological samples, and the isolates were frozen at −80°C until usage. The isolates were subcultured on blood agar 
plates during this study, and all isolates were revalidated using EXS 3000 matrix-assisted laser desorption ionization– 
time-of-flight mass spectrometry (MALDI-TOF MS) (Zybio, China).

Antimicrobial Susceptibility Test
The phenotypic resistance of all 1032 clinical MRSA isolates to linezolid was detected using an AST-GP67 card on 
VITEK-2 compact automation equipment, and the isolates with minimum inhibitory concentration (MIC) ≥1 μg/mL to 
linezolid were further determined using microdilution broth. Furthermore, an antimicrobial susceptibility test and data 
analysis were performed according to the procedure recommended by the Clinical and Laboratory Standards Institute 
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(M100 32th edition).19 According to the definition of CLSI-M100, the breakpoints for sensitive (S) and resistant (R) were 
set as follows, S: ≤4 μg/mL, R: ≥8 μg/mL. Based on the antimicrobial susceptibility testing results obtained from the 
VITEK-2 Compact system with a commercial AST-GP67 card (BioMérieux, France), the isolates with a positive 
cefoxitin screening and oxacillin phenotypic resistance (MIC ≥ 4 μg/mL) were identified as MRSA. The MRSA isolates 
were confirmed by the detection of the mecA gene using PCR.20

Protocol of Linezolid Stress Evolution
All four isolates were subcultured on blood agar and incubated for 24 h at 37°C under aerobic conditions. A single colony on 
blood agar originated from each isolate was inoculated into 5 mL of TBS liquid medium and aerobically grown at 37°C with 
agitation at 220 rpm until the exponential phase was reached. The bacterial suspension for each isolate was adjusted to 1.5×108 

CFU/mL. The initial concentration of the bacterial suspensions used for the resistance induction assay was set to 1.5×106 

CFU/mL. For each isolate, 0.5× MIC of linezolid was used as the initial induction concentration during the first round of 
induction generation, and then the induction concentrations of linezolid were increased sequentially to 1×, 2×, 4×, 8×, 16×, 
32×, and 64× MICs for each of the remaining rounds of induction generation until the MIC of the resistant isolates eventually 
reached 256 μg/mL. After the addition of the required quantity of linezolid, bacterial suspensions of 20 mL were subcultured at 
37°C for 24 h under agitation (220 rpm). The cultures were observed visually at 24-hour intervals until they were obviously 
turbid. Then, the next passage of subculture continued with the same initial concentration of bacterial density and linezolid 
until the MICs of the isolates were increased two-fold compared with the initial concentration within that round of induction 
generation.21 For each round of induction generation, the broth microdilution method was employed to detect the linezolid 
MICs of linezolid-induced derivates at intervals of four passages. In general, one passage will experience at least one 24-hour 
period of subculture and 4–12 passages were performed for each MRSA isolate during one round of induction generation. To 
exclude possible contamination during continuous induction culture, MALDI-TOF MS was employed to identify suspected 
colonies. For each isolate, the resistant derivates produced from the induction assay were cryopreserved in glycerol containing 
(40%) Mueller–Hinton Broth at −80°C until the end of the study. After the induction assay was completed, representative 
isolates with the highest level of resistance to linezolid (MIC ≥ 256 μg/mL) were inoculated onto blood agar medium without 
antibiotics and subcultured sequentially for 100 generations with a subculture period of 24 hours. During this process, the 
isolates were selected at ten-generation intervals and their MICs to linezolid were determined using the broth microdilution 
method. The flowchart for induction resistance was presented in Figure 1.

To ensure biosecurity during this study, all resistant strains were preserved in an independent freezer with a lock; upon 
completion of the study, they were destroyed by autoclaving. All operations were performed in a biosafety level 2 laboratory. 
After the completion of each experiment, cultures and related materials were sterilized using an autoclave. The sterilized 
cultures and related materials were further processed as medical waste in accordance with the regulations of Affiliated hospital 
of Inner Mongolian Medical University.

Detection of Resistance-Related Determinants
Each isolate was inoculated on blood agar medium at 35°C for 24 h, and the colonies were transferred into a 1.5-mL 
Eppendorf tube with 0.5-mL sterile distilled water. Lysozyme (1 mg/mL) was added to each tube and mixed thoroughly 
by vortexing. The tubes were then placed in a water bath and incubated at 35°C for 30 min. Total bacterial DNA was 
extracted using a bacterial genome DNA extraction kit according to the manufacturer’s instructions (Beijing Tiangen 
Company, China). The details of the primers used in this study and polymerase chain reaction (PCR) conditions are 
presented in Table 1.

The PCR amplification products of the V region of the 23S rRNA gene and ribosomal protein-encoding genes (rplC, 
rplD, and rplV) from four parental MRSA strains and their corresponding induction strains were separated by electro-
phoresis on a 1% agarose gel and purified using a DNA purification kit (Tiangen Biotech Co., Ltd, Beijing). Then, the 
purified PCR products were sequenced using the same primers used for PCR amplification, and Sanger sequencing was 
performed using an ABI 3730XL DNA Analyzer (Applied Biosystems, USA). The sequence alignment between the 
primary strains and their corresponding mutated strains was compared using Sequencher DNA sequence analysis 
software 5.4.6.
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To detect the number of copies of six 23S rRNA operons (rrn1-rrn6) and analyze the possible mutations for mutated MRSA 
strains originated from each parental MRSA strain, PCR technique was performed according to the procedure introduced by 
Meka et al.22 The PCR conditions in detail were listed in Table 1. Subsequent procedures of separation, purification and 
sequencing of the PCR products were same as that for analysis of the domain V region of 23S rRNA gene.

Molecular Typing Using MLST
In general, bacterial chromosomal DNA was extracted using a TIANamp Bacterial DNA kit (Tiangen Biotech, China) 
according to the manufacturer’s instructions. The PCR amplification protocol was based on the procedure suggested by 
Enright et al.24 Seven PCR assays were performed to amplify seven housekeeping genes for MRSA, including arc, aroE, 
glpF, gmk, pta, tpi, and yqil. The PCR products were sequenced using the same primers used for PCR amplification, and 
Sanger sequencing was performed using an ABI 3730XL DNA Analyzer (Applied Biosystems, USA). The sequences 
were compared with known alleles in the MLST database (http://saureus.mlst.net). The variable repeat region of the spa 
was amplified using the following primers: Spa-1113f (TAAAGAGGATCCTTCGGTGAGC) and Spa-1514r 
(CAGCAGTAGTGCCGTTTGCT).25 The PCR products were then sequenced an ABI 3730DL DNA Analyzer 
(Applied Biosystems, USA), and the sequences were analyzed using the Random web server (http://spaserver.ridom.de).

Figure 1 Flowchart for stepwise induction resistance by linezolid among four MRSA isolates. 
Note: Each MRSA isolate will experience 6–9 rounds of induction generations until the linezolid MICs of the mutated isolates reached up to ≥256 μg/mL.
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Results
Phenotypic Resistance and Molecular Typing
Of the 1032 MRSA strains, 8.3% (86/1032) and 91.7% (946/1032) were isolated from outpatients and inpatients, 
respectively. Isolates from male patients accounted for 65.9% of MRSA strains; 34.1% of strains were from female 
patients. The majority of the strains were isolated from sputum samples (53.8%), followed by wound secretion samples 
(22.5%), pus samples (6.6%), blood samples (6.2%), urine samples (3.7%), throat swabs (2.8%), drainage (1.1%), 
bronchoalveolar lavage fluid (0.6%), catheter (0.6%), and others (2.1%). Among these patients, 47.7% were older than 60 
years and 38.1% were aged between 18 and 60 years. The remaining patients (14.2%) were younger than 18 years. In 
addition, the highest proportion of patients (19.0%) was admitted to the neurosurgery department, followed by 
orthopedics (10.8%), ICU (10.0%), respiratory medicine (9.7%), rehabilitation (8.1%), dermatology (5.7%), pediatrics 
(5.1%), neurology (5.0%), general surgery (3.1%), cardio-thoracic surgery (3.0%), and others (20.5%). The linezolid 
MICs of 1032 MRSA clinical isolates were all ˂ 8 μg/mL, and no linezolid resistant isolate was identified. Among them, 
65% (670/1032) had an MIC value of 1 μg/mL, 31% (320/1032) had an MIC value of 2 μg/mL, 3% (33/1032) had an 
MIC value of 0.5 μg/mL, and 1% (9/1032) had an MIC value of 4 μg/mL. Furthermore, among the 1032 MRSA strains 
collected in this study, nine (0.87%, 9/1032) had MIC values of 4 μg/mL, of which seven were collectively isolated 
between 2018 and 2022. However, the MICs of these nine strains were <4 μg/mL using the VITEK 2 compact 
instrument, as shown in Table 2. The MLST and spa types of the nine MRSA isolates with MIC values of 4 μg/mL 
showed a diverse tendency; ST22-t005, ST239-t030, ST59-t437, and ST72-t548 accounted for 22% (2/9), 22% (2/9), 
22% (2/9), and 34% (3/9) of each ST type, respectively.

Table 1 Primers Used for PCR Amplification of Resistance Related Genes

Primers Sequence (5ʹ-3ʹ) Size (bp) PCR conditions Reference

23S_rRNA_F GCGGTCGCCTCCTAAAAG 390 94°C for five minutes, 32 cycles of 94°C for 30 seconds, 
55°C for 30 seconds, and 72°C for one minute

[22]
23S_rRNA_R ATCCCGGTCCTCTCGTACTA

optrA_F TACTTGATGAACCTACTAACCA 422 94°C for five minutes, 35 cycles of 94°C for 30 seconds, 

55°C for 30 seconds, and 72°C for one minute

[23]

optrA_R CCTTGAACTACTGATTCTCGG
cfr_F TGAAGTATAAAGCAGGTTGGGAGTCA 746

cfr_R ACCATATAATTGACCACAAGCAGC

cfr(B)_F TGAGCATATACGAGTAACCTCAAGA 293 94°C for five minutes, 35 cycles of 94°C for 30 seconds, 
58°C for 30 seconds, and 72 °C for one minutecfr(B)_R CGCAAGCAGCGTCTATATCA

L3_rplC_F AACCTGATTTAGTTCCGTCTA 822 94°C for 10 minutes, 35 cycles of 94°C for 30 seconds, 
55°C for 30 seconds, and 72°C for one minuteL3_rplC_R GTTGACGCTTTAATGGGCTTA

L4_rplD_F TCGCTTACCTCCTTAATG 1200

L4_rplD_R GGTGGAAACACTGTAACTG
L22_rplV_F CAACACGAAGTCCGATTGGA 350

L22_rplV_R GCAGACGACAAGAAAACAAG

23S_rrn1_F GCGGTGTTTTGAGAGATTATTTA 3657 94°C for one minute, 32 cycles of 94°C for 30 seconds, 
55°C for 30 seconds, and 68°C for seven minutes

[22]
23S_rrn1_R GCTTCATGATATACGCTTCCTTT

23S_rrn2_F GAAAGGCGTAACGATTTGGG 1688

23S_rrn2_R GATACCGTCTTACTGCTCTTCCT
23S_rrn3_F AGGCCGGCAATATGTAAG 5637

23S_rrn3_R GTCGTCAAACGGCACTAATA

23S_rrn4_F TGTGGACGGTGCATCTGTAG 6337
23S_rrn4_R ATCACCCGCTCCATAGATAAT

23S_rrn5_F GCCGATAGCTCTACCACTG 5850

23S_rrn5_R AGGTGCGATGGCAAAACA
23S_rrn6_F GAAAGGCGTAACGATTTGGG 1968

23S_rrn6_R CGTTGACATATTGTCATTCAG
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Induction of Linezolid Resistance
Four isolates with different MICs to linezolid were randomly selected to undergo induction assays in vitro, and the MICs 
of these isolates were 0.5 μg/mL (L914-F0), 1 μg/mL (L860-F0), 2 μg/mL (L1096-F0), and 4 μg/mL (L2875-F0). The 
MICs of the four MRSA strains exceeded 256 μg/mL after continuous induction in vitro; however, resistance induction 
times for the four isolates varied greatly from 240 to 480 h, as presented in Table 3. To verify the stability of induced 
resistance, L860-F56 was continuously passaged on blood agar medium without antibiotics, and resistance remained 
stable for 100 generations (256 μg/mL) as detected via broth microdilution. Excluding changes in phenotypic resistance 
to linezolid, the resistant strains grew slowly during 24-h culture, showing a feature of small colony variants (SCVs), as 
shown in Figure 2. Furthermore, SCVs showed decreased hemolytic activity compared with the parental strains.

Table 2 Phenotypic Resistance and Molecular Typing results of Nine MRSA Isolates With MIC of 4 μg/mL to Linezolid

Isolates Gender Age Department Sources of 
Sample

MIC (μg/mL) Seven Housekeeping Genes Used for MLST STs spa

VITEK-2 BMD arcC aroE glp gmk pta tpi yqi

L473 M 73 Derm Wound secretion 2 4 7 6 1 5 8 8 6 22 t005

L552 M 65 Neurology Sputum 2 4 19 23 15 2 19 20 15 59 t437

L1138 F 74 Neurology Sputum 2 4 1 4 1 8 4 4 3 72 t548

L1146 M 80 TCM Sputum 4 4 19 23 15 2 19 20 15 59 t437

L1161 M 74 Neurology Secretion 2 4 2 3 1 1 4 4 87 239 t030

L1679 F 60 Rehabilitation Urine 2 4 2 3 1 1 4 4 87 239 t030

L2612 M 64 Mongolian- Medicine Sputum 2 4 1 4 1 8 4 4 87 72 t548

L2658 F 68 Derm Secretion 2 4 7 6 1 5 8 8 6 22 t005

L2875 F 75 Neurology Sputum 2 4 1 4 1 8 4 4 3 72 t548

Abbreviations: M, male; F, female; TCM, Traditional Chinese Medicine; Derm, Dermatology; MLST, multilocus sequence typing; arcC, carbamate kinase; aroE, shikimate 
dehydrogenase; glpF, glycerol kinase; gmk, guanylate kinase; pta, phosphate acetyltransferase; tpi, triosephosphate isomerase; yqiL, acetyl coenzyme A acetyltransferase; BMD, 
broth microdilution; STs, sequence types.

Table 3 Dynamic Evolution of Phenotypic Resistance of Four 
MRSA Strains During Adaptive Resistance Evolution

Strains IC (μg/mL) IT (h) CT (h) MIC (μg/mL)

L914-F4 0.25 96 96 1

L914-F8 0.5 96 192 2

L914-F16 1 192 384 4
L914-F20 2 96 480 8

L914-F28 4 192 672 16
L914-F36 8 192 864 32

L914-F40 16 96 960 64

L914-F44 32 96 1056 128
L914-F48 64 96 1152 >256

L860-F4 0.5 96 96 2

L860-F8 1 96 192 4
L860-F16 2 192 384 8

L860-F24 4 216 600 16

L860-F28 8 120 720 32
L860-F40 16 336 1056 64

L860-F48 32 192 1248 128

(Continued)
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Detection of Linezolid Resistance-Related Mechanisms
In general, none of the resistant strains harbored optA, cfr, or cfr(B). Multiple mutations within the V region of the 23S 
rRNA gene sequences were identified among the resistant strains when the G2576T mutation was universally distributed 
among the four isolates. The mutations contributing to linezolid resistance were detected among all four MRSA isolates 
(F0) at the beginning of the induction assay. As shown in Table 4, only the G2523A mutation was observed within the 
V region of the 23S rRNA gene of L914-F0; however, this mutation was not detected in the other isolates. Based on the 
results of this study, it is speculated that the G2523A mutation has no or only negligible effects on linezolid resistance in 
MRSA. Moreover, the four MRSA isolates (F0) did not exhibit any other mutations at the beginning of the induction 
assay. Interestingly, only one type of point mutation (G2576T) within the V region of the 23S rRNA gene was found 
among the linezolid resistant generations (F16 to F52) of L860 strain, as shown in Table 4. In contrast, strain-specific 
mutations were found in the L914 (G2523A and T2504A) and L2875 (C2404T, T2500A, and G2447T) strains. C2404T 
was identified for the first time in S. aureus in this study (Table 4). Furthermore, the number of mutations among resistant 
strains increased correspondingly as the MICs of linezolid increased, including the types of mutations and copy numbers 
of the 23S rRNA gene (Table 5).

Moreover, multiple mutations were observed among the other types of resistance-related elements investigated in this 
study, namely, ribosomal protein-encoding genes. In this study, mutations mainly occurred in L3 (rplC) and L4 (rplD), 
and mainly eight types of mutation (Gly152Asp, Asp159Glu, Met208Thr, Phe147Ile, Val154Leu, Met156Thr, 
Ser158Phe, and Asp159Tyr) and one type of mutation (Lys68Asn) were detected among the L3 and L4, respectively. 
Except for L1096, the L3-Gly152Asp mutation was universally detected in the other three isolates. The L4-Lys68Asn 
mutation was detected only in the resistant strain L914-F48. As shown in Table 4, significant heterogeneity in the 
distribution of L3 mutations was observed among the four strains tested in this study. Except for the L914 and L2875 
strains, diverse L3 mutations were identically identified among the resistant strains.

Discussion
In this study, the phenotypic resistance of 1032 MRSA clinical isolates to linezolid was analyzed using a commercial 
system and broth microdilution method. Nine MRSA clinical isolates with an MIC value of 4 μg/mL were identified 

Table 3 (Continued). 

Strains IC (μg/mL) IT (h) CT (h) MIC (μg/mL)

L860-F52 64 192 1440 >256

L1096-F8 1 192 192 4
L1096-F12 2 96 288 8

L1096-F20 4 192 480 16

L1096-F28 8 192 672 32
L1096-F36 16 288 960 64

L1096-F44 32 288 1152 128

L1096-F52 64 288 1440 >256
L2875-F8 2 240 240 8

L2875-F20 4 336 576 16

L2875-F24 8 144 720 32
L2875-F32 16 240 960 64

L2875-F40 32 192 1152 128

L2875-F48 64 96 1248 >256

Notes: The MICs value of primary susceptible strains (L914, L860, L1096, and 
L2875) to linezolid was 0.5 μg/mL, 1 μg/mL, 2 μg/mL, and 4 μg/mL, respectively. 
F stands for “filial generation under induction by continuous linezolid.” For 
example, F4, F8, and F12 represent the fourth, eighth, and twelfth filial genera-
tions, respectively. The bold values indicated cumulative induction time (CT) 
for each MRSA isolate (L914, L860, L1096, and L2875). 
Abbreviations: MIC, Minimum inhibitory concentration, IC, induction con-
centration; IT, induction time; CT, cumulative induction time.
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between 2018 and 2022, indicating an increasing tendency toward linezolid resistance. A deviation in MIC values 
between these two methods was observed; the MICs of nine MRSA isolates decreased by at least 2 μg/mL using the 
VITEK-2 system. In contrast, Yoo et al23 found that the level of linezolid resistance was overestimated by the VITEK-2 
system. Meanwhile, four linezolid-susceptible MRSA isolates evolved into linezolid-resistant isolates after different 
induction times. The shortest induction time was observed for an MRSA strain with a MIC value of 4 μg/mL, which 
implies differentiation of the resistance capabilities of MRSA isolates to linezolid. Considering the aforementioned 

Figure 2 Growth characteristics of the parent MRSA strains and their corresponding derivatives with linezolid resistance. 
Notes: F stands for “filial generation under induction by continuous linezolid”. Photographs were captured when the blood agar plates were incubated at 37°C for 24 h. The 
growth rates of the induced derivates from each of the primary isolate slowed gradually as the resistance to linezolid increased. Over time, the hemolytic activities of the 
linezolid-resistant isolates weakened gradually (F24 and F40) or even disappeared (F52).
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Table 4 Mutations in Domain V Region of 23S rRNA Gene and Amino Acid Sequences of Ribosomal 
Proteins (L3 and L4) Among Four MRSA Strains and Their Resistant Derivates

Passages Domain V of 23S rRNA* Ribosomal Proteins**

L3 L4

L914-F0 (0.5 μg/mL) G2523A – –
L914-F20 (8 μg/mL) G2576T, G2523A Gly152Asp –

L914-F24 (8 μg/mL) G2576T, G2523A Gly152Asp –

L914-F28 (16 μg/mL) G2576T, G2523A Gly152Asp –
L914-F32 (16 μg/mL) G2576T, G2523A Gly152Asp –

L914-F36 (32 μg/mL) G2576T, G2523A, A2451T Gly152Asp –

L914-F40 (64 μg/mL) G2576T, G2523A, A2451T Gly152Asp –
L914-F44 (128 μg/mL) G2576T, G2523A, A2451T Gly152Asp –

L914-F48 (256 μg/mL) G2576T, G2523A, A2451T Gly152Asp, Asp159Glu Lys68Asn

T2504A
L860-F0 (1 μg/mL) – – –

L860-F16 (8 μg/mL) G2576T – –

L860-F20 (8 μg/mL) G2576T – –
L860-F24 (16 μg/mL) G2576T – –

L860-F28 (32 μg/mL) G2576T – –

L860-F32 (32 μg/mL) G2576T Gly152Asp –
L860-F36 (32 μg/mL) G2576T Phe147Ile, Met156Thr –

Met208Thr, Gly152Asp

L860-F40 (64 μg/mL) G2576T Phe147Ile, Met156Thr –
Met208Thr, Gly152Asp

L860-F44 (64 μg/mL) G2576T Phe147Ile, Met156Thr –

Met208Thr, Gly152Ala
L860-F48 (128 μg/mL) G2576T Gly152Ala, Phe147Ile,  

Met156Thr, Met208Thr, Gly155Asp

–

L860-F52 (>256 μg/mL) G2576T Gly152Ala, Phe147Ile, Val154Leu –

Met156Thr, Met208Thr, Gly155Asp

L1096-F0 (2 μg/mL) – – –
L1096-F12 (8 μg/mL) G2576T Phe147Ile, Val154Leu –

Met156Thr

L1096-F16 (8 μg/mL) G2576T Phe147Ile, Val154Leu –
Met156Thr

L1096-F20 (16 μg/mL) G2576T, A2451T Phe147Ile, Val154Leu –

Met156Thr
L1096-F24 (16 μg/mL) G2576T, A2451T Phe147Ile, Val154Leu –

Met156Thr

L1096-F28 (32 μg/mL) G2576T, A2451T Phe147Ile, Val154Leu –
Met156Thr

L1096-F32 (32 μg/mL) G2576T, A2451T Phe147Ile, Val154Leu –

Met156Thr
L1096-F36 (64 μg/mL) G2576T, A2451T Phe147Ile, Val154Leu –

Met156Thr

L1096-F40 (64 μg/mL) G2576T, A2451T Phe147Ile, Val154Leu –

Met156Thr

L1096-F44 (128 μg/mL) G2576T, A2451T Phe147Ile, Val154Leu –

Met156Thr
L1096-F48 (128 μg/mL) G2576T, A2451T Phe147Ile, Val154Leu –

Met156Thr, Ser158Phe

L1096-F52 (>256 μg/mL) G2576T, A2451T Phe147Ile, Val154Leu –
Met156Thr, Ser158Phe

(Continued)
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Table 4 (Continued). 

Passages Domain V of 23S rRNA* Ribosomal Proteins**

L3 L4

L2875-F0 (4 μg/mL) – – –

L2875-F8 (8 μg/mL) G2576T – –
L2875-F16 (8 μg/mL) G2576T – –

L2875-F20 (16 μg/mL) G2576T – –

L2875-F24 (32 μg/mL) G2576T, C2404T, T2500A – –
L2875-F28 (32 μg/mL) G2576T, C2404T, T2500A – –

L2875-F32 (64 μg/mL) G2576T, C2404T, T2500A – –

L2875-F36 (64 μg/mL) G2576T, C2404T, T2500A – –
L2875-F40 (128 μg/mL) G2576T, C2404T, T2500A – –

L2875-F44 (128 μg/mL) G2576T, C2404T, T2500A Gly152Asp –

G2447T
L2875-F48 (>256 μg/mL) G2576T, C2404T, T2500A Gly152Asp, Asp159Tyr –

G2447T

Notes: *Mutations in domain V region of 23S rRNA gene; **Mutations in amino acid sequences of ribosomal proteins (L3 and L4).

Table 5 Distribution of Point Mutations in Domain V Region of 23S rRNA Gene Copies 
(rrn1-rrn6)

Passages MIC (μg/mL) Point Mutations in Domain V of 23S rRNA Gene Copies

rrn1* rrn2* rrn3* rrn4* rrn5* rrn6*

L914-F0 0.5 – – – – – –
L914-F20 8 – – G2576T G2523A – G2576T

L914-F24 8 – – G2576T G2523A 

G2576T

– G2576T

L914-F28 16 – – G2576T G2523A 

G2576T

G2576T G2576T

L914-F32 16 G2576T – G2576T G2523A 
G2576T

G2576T G2576T

L914-F36 32 G2576T 

A2451T 
G2523A

– G2576T A2451T 

G2523A 
G2576T

G2576T G2576T

L914-F40 64 G2576T 

A2451T 
G2523A

– G2576T A2451T 

G2523A 
G2576T

A2451T 

G2523A 
G2576T

G2576T

L914-F44 128 G2576T 

A2451T 
G2523A

– G2576T A2451T 

G2523A 
G2576T

A2451T 

G2523A 
G2576T

G2576T

L914-F48 256 G2576T 

A2451T 
G2523A

– G2576T 

T2504A

A2451T 

G2523A 
G2576T

A2451T 

G2523A 
T2504A 

G2576T

G2576T 

T2504A

L860-F0 1 – – – – – –
L860-F16 8 – – – G2576T G2576T –

L860-F20 8 G2576T – – G2576T G2576T –

L860-F24 16 G2576T – – G2576T G2576T –
L860-F28 32 G2576T – – G2576T G2576T –

L860-F32 32 G2576T – G2576T G2576T G2576T –

L860-F36 32 G2576T – G2576T G2576T G2576T –

(Continued)
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Table 5 (Continued). 

Passages MIC (μg/mL) Point Mutations in Domain V of 23S rRNA Gene Copies

rrn1* rrn2* rrn3* rrn4* rrn5* rrn6*

L860-F40 64 G2576T – G2576T G2576T G2576T –

L860-F44 64 G2576T – G2576T G2576T G2576T –
L860-F48 128 G2576T – G2576T G2576T G2576T –

L860-F52 >256 G2576T – G2576T G2576T G2576T –

L860-F56 >256 G2576T – G2576T G2576T G2576T –
L1096-F0 2 – – – – – –

L1096-F12 8 G2576T – – – –

L1096-F16 8 G2576T – – G2576T G2576T –
L1096-F20 16 G2576T G2576T – A2451T 

G2576T

G2576T –

L1096-F24 16 G2576T G2576T – A2451T 
G2576T

G2576T –

L1096-F28 32 G2576T G2576T – A2451T 

G2576T

G2576T –

L1096-F32 32 G2576T G2576T – A2451T 

G2576T

G2576T –

L1096-F36 64 G2576T G2576T – A2451T 
G2576T

G2576T –

L1096-F40 64 G2576T G2576T – A2451T 

G2576T

G2576T –

L1096-F44 128 G2576T G2576T – A2451T 

G2576T

G2576T –

L1096-F48 128 G2576T G2576T – A2451T 
G2576T

G2576T –

L2875-F0 4 – – – – – –

L2875-F16 8 – G2576T – – – –
L2875-F24 32 G2576T G2576T – – – –

L2875-F28 32 C2404T 

T2500A

G2576T 

C2404T 
T2500A

– – – C2404T 

T2500A

L2875-F32 64 C2404T 

T2500A

G2576T 

C2404T 
T2500A

– – – C2404T 

T2500A

L2875-F36 64 C2404T 

T2500A

G2576T 

C2404T 
T2500A

– – – C2404T 

T2500A

L2875-F40 128 C2404T 

T2500A

G2576T 

C2404T 
T2500A

– – – C2404T 

T2500A

L2875-F44 128 C2404T 

T2500A 
G2447T

G2576T 

C2404T 
T2500A 

G2447T

– – G2447T C2404T 

T2500A

L2875-F48 >256 C2404T 
T2500A 

G2447T

G2576T 
C2404T 

T2500A 

G2447T

– – G2447T C2404T 
T2500A

Note: *Copies of 23S rRNA gene operons.
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results found in this study, it is reasonable to speculate that for MRSA-infected patients for whom linezolid treatment was 
initiated, active monitoring of phenotypic resistance to linezolid is essential, and classical broth microdilution method is 
strongly recommended, particularly for medical institutions with higher linezolid consumption.

To better understand the mechanisms underlying linezolid resistance in MRSA when exposed to continuous linezolid 
stress in vitro, several well-known resistance determinants related to linezolid resistance were investigated, including 
mutation in the V region of the 23S rRNA gene; ribosomal proteins encoding genes, L3 (rplC), L4 (rplD), and L22 (rplV); 
and the presence of plasmid-carrying genes, such as potrA, cfr, and cfr (B). Mutations in the V region of the 23S rRNA 
gene and ribosomal proteins encoding genes (rplC, rplD) were found to be the main resistance mechanisms with isolate- 
specific differences.

Considering the linezolid resistance mechanism mediated by the 23S rRNA gene, the distances between specific 23S 
rRNA nucleotides and PTC are a key factor in determining the strength of action mediated by point mutations within the 23S 
rRNA gene. For instance, the binding pocket is lined with the universally conserved nucleotides G2061, A2451, C2452, 
A2503, U2504, G2505, U2506, and U2585, which can interact directly with linezolid.26 In contrast, A2062, G2447, A2453, 
C2499, U2500, and G2576 are located more distally, and mutations in these nucleotides may affect the bacterial resistance by 
regulating the affinity between the above nucleotide sites and antibiotics.27 The types of mutations detected in the 23S rRNA 
gene in this study were strongly consistent with those found in previous studies,8,10,24 where the G2576T mutation was still the 
most prevalent, regardless of the genetic background of the MRSA isolates. Base G2576 can interact with U2506 and G2505, 
which constitute the majority of contact points in the oxazolidinone binding site.26,28 Another prevalent mutation, T2504C,29 

was not detected in this study; however, a similar mutation, T2504A, was identified in S. aureus (L914-F48). This mutation 
was frequently detected among S. epidermidis clinical isolates, which are considered to be associated with high levels of 
linezolid resistance.30 Another mutation, G2447U, may form a new base pair with A2451, thereby limiting the flexibility of 
A2451 and influencing drug binding.31 Coincidentally, in this study, mutations were detected at both bases, namely, A2451T 
and G2447T. Furthermore, the T2500A mutation of 23S rRNA exclusively appeared in resistant L2875 strains from 
generations F28 to F48. This type of mutation was found to be capable of altering the environment of the PTC, thus interfering 
with drug binding.32 However, the resistance phenotype resulting from T2500A mutation was considered to be unstable;22 

thus, it is difficult to speculate on the actual role of T2500A in this study considering its specific distribution among linezolid- 
resistant derivates from L2875. To the best of our knowledge, the additional C2404T mutation identified in this study has also 
not been reported previously and was exclusively identified among linezolid-resistant derivates of the L2875 strain. The 
relationship between mutations at this site and resistance requires further exploration.

As reported by Wilson et al,33 the linezolid MIC values of S. aureus isolates increased as the number of mutant 23S rRNA 
genes and their copy numbers increased.27 However, this gene dosage effect has also been reported in some other common 
clinical bacterial pathogens, such as Enterococcus faecium and E. faecalis.34 In this study, the increase in the linezolid MIC 
value in MRSA strains generated from the corresponding parental isolate was accompanied with increases in the number of 
mutation sites in 23S rRNA as well as copy numbers of this gene. However, the copy numbers of this gene in linezolid- 
resistant strains were not always consistent with the resistance levels of MRSA to linezolid. Thus, it is difficult to use MIC 
value as a precise index to predict the resistance of MRSA isolates to linezolid among strains obtained from different origins.

Another important mechanism that contributes to linezolid resistance is mutations in ribosomal proteins, including L3 and 
L4. Ribosomal proteins L3 and L4 are located further away from the bound drug, and their effects on linezolid are also 
indirectly achieved through PTC. Most of the known L3 mutations are found together with other resistance determinants, 
mainly mutations in the domain V region of 23S rRNA.35,36 Although previous studies have found that L3 mutations alone can 
cause an increase in the MIC of linezolid for MRSA,37 it is mostly considered to play an auxiliary role in the development of 
MRSA resistance to linezolid. In this study, the Gly152Asp mutation in L3 was universally identified in highly linezolid- 
resistant derivates generated from three MRSA isolates (L914, L860, and L2875) but not in linezolid-susceptible isolates. The 
mechanism of this mutation was likely to be correlated with the loss of oxazolidinone affinity by indirectly disrupting bases 
2505 and 2506 of 23S rRNA, which is analogous to the G2576T mutation.38 Similarly, Baos et al reported that linezolid- 
resistant S. epidermidis strains with a combination of the G2576T and Gly152Asp mutations exhibited higher linezolid MIC.39 

Furthermore, previous reports have shown that mutations in the L3 ribosomal protein alone can induce high levels of linezolid 
resistance in S. aureus (16 μg/mL).40 Mutations in Gly155Arg and Ser158Phe of L3 ribosomal proteins have previously been 
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reported as independent factors leading to linezolid resistance in Staphylococcus aureus.41 These mutations have been 
implicated in mediating linezolid binding by disrupting U2504 and were suggested to indirectly disturb the conformation 
of 23S rRNA G2576, resulting in high levels of resistance. Mutations in these two sites were also found in this study. 
Moreover, the Met156Thr mutation of L3 has been observed together with cfr and 23S rRNA G2576,42 which was also found 
in the resistant derivates in this study. Furthermore, two S. epidermidis isolates with Asp159Tyr and Ser158Phe mutations in 
L3 resulted in an increase in linezolid MIC, which were accompanied by cfr.43 A number of mutations and a deletion have 
been found in L3 at position 147 in S. epidermidis and S. aureus strains with reduced susceptibility to linezolid.44 In 
Mycobacterium tuberculosis, the Cys154Arg mutation in L3 was reported to be correlated with linezolid resistance.45 The 
Val154Leu point mutation was also observed among linezolid-resistant strains in this study. It is worth noting that the 
Met208Thr mutation of the L3 protein is reported for the first time in this study. As this site is far from the PTC, the role of the 
Met208Thr mutation in mediating linezolid resistance in S. aureus requires further study. As another important ribosomal 
protein, the Lys68Gln mutation of the L4 protein was closely correlated with oxazolidinone resistance to S. aureus.38 

Coincidently, this mutation was detected in this study among linezolid-resistant derivates. In this study, Lys68Asn was also 
detected among the linezolid-resistant strains. Based on the results of this study, mutations in the ribosomal proteins of L3 or 
L4 are more crucial role for determining the degree of MRSA resistance to linezolid.

The set of mutants with stronger resistance to linezolid varied among different isolates. It is not reasonable to compare the 
resistance levels among different isolates as the distribution of mutations varies greatly among them. However, for each of the 
four isolates, the set with the maximum number of mutations in the domain V of 23S rRNA operons and ribosomal protein- 
encoding genes (rpl3 and rpl4) showed higher resistance to linezolid than those with fewer mutations. The assumptions for this 
phenomenon may be explained as follows. First, it is well-recognized that a series of mutations within the domain V region of 
the 23S rRNA gene is the dominant mechanism for blocking the binding of linezolid to PTC, including those mutations 
detected in this study. Second, an increase in the copy number of the 23S rRNA gene with point mutations in MRSA was 
positively associated with linezolid resistance, which serves as a mechanism to promote linezolid-mediated resistance.46 

Third, a mutation in the gene encoding ribosomal L3 protein was recently recognized to be an independent factor mediating 
linezolid resistance in MRSA,40 the emergence of which is usually accompanied with mutations in the 23S rRNA gene. Thus, 
it is reasonable to speculate that strains with mutations in the domain V region of the 23S rRNA gene and ribosomal protein- 
encoding genes are more resistant to linezolid. These two mutations play dominant and auxiliary roles, respectively, in the 
process of linezolid resistance in MRSA.

Another phenomenon observed in this study was the global emergence of SCVs accompanied by linezolid resistance, 
indicating a slower growth of resistant colonies. A similar phenomenon was observed in an MRSA reference strain, ATCC29213, 
the reason of which was speculated to be associated with the inductive appearance of the SNVs p.G152D and p.G155R in the 
rplC gene.18 However, the type of mutations in the rplC gene among linezolid-resistant colonies varied greatly among different 
strains, which implies that the evolution of SCVs from a normal form of S. aureus under exposure to linezolid stress did not result 
from specific mutations in the rpl gene. As an important phenotype of S. aureus, S. aureus in the SCV form is closely correlated 
with recurrent infections.47–49 Based on the results of this study and other related studies, it is reasonable to speculate that the 
appearance of SCVs is the result of adaptive evolution in S. aureus upon exposure to continuous linezolid. In contrast, tedizolid 
exposure was recently reported to be a potent inducer in promoting SCV formation in methicillin sensitive Staphylococcus 
aureus (MSSA), the mechanism of which was probably related to the appearance of the SNVs p.G152D and p.G155R in rplC 
under exposure to continuous tedizolid.18 In contrast, owing to their reduced growth rate and fundamental metabolic changes, 
S. aureus in the SCV form displays elevated resistance levels to multiple types of antimicrobials or even alters the function of 
antibiotics by mediating specific metabolic pathways.48 Thus, the appearance of SCVs in S. aureus is an inevitable consequence 
of the continuous and stepwise induction with linezolid. More attention should be paid not only on the evolution of resistance in 
MRSA during linezolid treatment but also on virulence or survival fitness.

Conclusion
In conclusion, for resistant strains produced via stepwise induction, the major resistance mechanism was mutations in the domain 
V region of the 23S rRNA gene and ribosomal protein-encoding genes. The G2756T mutation within the 23S rRNA gene was 
found to be the most critical and prevalent resistance determinant in this study. Meanwhile, the cumulative increment in the 
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number of mutations in rRNA gene operons resulted in cumulative effects in promoting linezolid resistance. Another important 
resistance determinant, mutations in the ribosomal protein-encoding genes, was closely correlated with elevated linezolid 
resistance, and the role of this determinant in mediating linezolid resistance in S. aureus may have previously been under-
estimated. Because significant strain-specific resistance induction effects of linezolid on MRSA clinical isolates were observed in 
this study, it is essential to pay close attention to MRSA strains with higher MICs during clinical treatment with linezolid. 
Furthermore, linezolid exposure can induce the emergence of SCVs, further promoting the possibility of recurrent infections.
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