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E. faecium is the third most common cause of nosocomial infections. Linezolid (LNZ) is a reserve 

antibiotic recommended for infections caused by vancomycin resistant E. faecium (VREfm).  The 

aim of the present study was to investigate the prevalence of optrA gene among linezolid resistant 

E. faecium (LREfm) and to study the molecular epidemiology using pulse field gel 

electrophoresis (PFGE). Clinically significant LREfm were identified and antimicrobial 

susceptibility was performed by disc diffusion. Minimum inhibitory concentration (MIC) of 

linezolid, vancomycin, daptomycin and quinupristin/dalfopristin was determined by E-test. PCR 

and PCR-RFPL were performed for the detection of optrA/cfr gene and G2576T mutation 

respectively. Molecular epidemiology was studied by PFGE. A total of 1081 clinically significant 

Enterococci species were isolated which included E. faecium 63.5% (n=687) and E. faecalis 

36.5% (n=394). LREfm (30/687) were further studied. Multidrug resistance and vancomycin 

resistance was 100% and 80%, respectively. Linezolid MIC range was 8-256µg/ml and the most 

common mechanism of resistance was optrA gene (83.3%) followed by G2576T mutation 

(33.3%). PFGE analysis demonstrated 4 major clones. The optrA gene mediated linezolid 

resistance was high and PFGE suggests resistance was emerging in the different background 

strains irrespective of resistance mechanism. Studies are required to investigate factors driving 

the emergence of linezolid resistance. The review suggests that this is the first report of optrA-

mediated resistance in E. faecium from India. 
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Introduction 

Enterococci are commensal flora of the human gastrointestinal tract and are major causative agents 

of healthcare-associated infections (HAI) (1). The ability of Enterococci to survive under harsh conditions 

has contributed to its emergence as an important nosocomial pathogen. E. faecium and E. faecalis are the 

most pathogenic species. They are associated with serious infections like urinary tract infection (UTI), 

bacteremia, endocarditis, surgical site infections including burn wounds, gastrointestinal tract infections and 

infections associated with indwelling catheters and other implanted medical devices (2-4). 

Enterococci show intrinsic resistance to various antimicrobial agents such as aminoglycosides, most 

cephalosporins, clindamycin, and trimethoprim-sulfamethoxazole (5). Enterococci are also capable of 

acquiring resistance either through mutation or by horizontal transfer of genetic elements resulting in 

resistance to several currently available antibiotics such as glycopeptides, quinolones and newer antibiotics 

like linezolid, daptomycin, and quinupristin-dalfopristin (6-8). Vancomycin resistance was first reported in 

1980 from Europe and vancomycin-resistant Enterococci (VRE) have spread rapidly and increasing 

resistance is being reported globally. In a report published by the CDC in 2019, VRE caused approximately 

54,500 infections and 5,400 deaths among hospitalized patients in the United States (9). In India, the 

prevalence of vancomycin resistance Enterococci was reported to be 14.9% as per the national surveillance 

report (ICMR, 2021) with vancomycin resistance being 6 times higher among E. faecium (25.4%) compared 

to E. faecalis (3.8%). 

E. faecalis is associated with HAIs as it is more virulent than E. faecium but with modest levels of 

intrinsic and acquired antimicrobial resistance (10). However, there is an increasing trend for infections 

caused by E. faecium, mostly associated with the rise of vancomycin and β-lactam resistance.  Recent data 

have suggested that Vancomycin-resistant E. faecium (VREfm) is widely distributed in hospitals around the 

world, with the prevalence varying according to geographical location (4). Treatment options for invasive 

VREfm infections are very limited, resulting in high mortality. The VREfm has also been listed as  

high priority pathogen by the World Health Organization (WHO) for which new antibiotics are urgently 

needed (11). 

Linezolid was introduced in early 2000 as a novel therapeutic option for serious gram-positive 

infections, including multidrug-resistant organisms such as methicillin-resistant Staphylococcus aureus 

(MRSA) and vancomycin-resistant Enterococci (VRE) (12). Linezolid binds with the central sphere part of 

domain V of the 23S rRNA to the 50S subunit of the bacterial ribosome and prevents the formation of an 

initiation complex (13). Linezolid being a synthetic drug, there is a low risk of pre-existing or naturally 

occurring resistance (14) and it was predicted that resistance to linezolid would be rare. However, linezolid-

resistant Staphylococci and Enterococci have been increasingly reported in recent years (15).  

Resistance to linezolid is commonly mediated by a point mutation in the central region of domain V of 

the 23S rRNA. The commonly reported mutation among E. faecium is G2576T (16). Moreover, mutations 

in the particular region of L3, L4 and L22 ribosomal proteins, although less significant, have also been 

associated with linezolid resistance (17). More recently, linezolid resistance has been reported through the 

acquisition of cfr gene that confers transferable resistance to oxazolidinone in Enterococci of both human 

and animal origin (18). Besides oxazolidinones, cfr also confers resistance to phenicol’s, lincosamides, 
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pleuromutilin’s and streptogramin A (19). In 2015, optrA gene (oxazolidinone phenicol transferable 

resistance), was first reported from China among linezolid-resistant Enterococci isolated from both human 

and animal sources (20). Since then, optrA mediated resistance has been reported worldwide including 

Poland, USA, Spain, India, Ireland, Czech Republic (21-26). OptrA gene encodes an adenosine triphosphate-

binding cassette (ABC) transporter and carries the plasmid, which can be easily transferred among 

Enterococcus species (20). The plasmid-mediated resistance results in rapid dissemination between patients 

and bacteria during breaches in infection control practices (27). The reports of linezolid resistance are fast 

emerging and are a cause of serious concern (28, 29). Recently, Linezolid has been classified as a reserve 

antibiotic (WHO) (11). 

Limited studies have investigated the prevalence of the optrA gene among linezolid-resistant 

Enterococcus faecium (LREfm). The present study aimed to determine the antibiotic susceptibility profile 

and the prevalence of the optrA gene among linezolid-resistant Enterococcus faecium (LREfm). The 

molecular epidemiology of LREF using PFGE was also studied.  

Materials and methods 

Study setting 

The present study was conducted in the Department of Microbiology, VMMC & Safdarjung Hospital, 

New Delhi. This study was conducted over a period of one year (October 2019 to October 2020). Patients 

with suspected UTI, abdominal infections, Skin and soft tissue infections (SSTI), bacteremia, device and 

implant-associated infections were enrolled in the study.  Informed consent was obtained from all enrolled 

patients. The principles outlined in the Declaration of Helsinki were followed for the study and data were 

kept anonymized. This study was approved by the institutional ethics committee (IEC/ VMMC/ SJH/ 

PROJECT/ 2020-10/CC-79). 

The clinical samples were processed by standard methods for isolation of Enterococcus species. 

Enterococcus was identified by cultural characteristics, gram staining, and biochemical tests. Final 

identification was done by vitek 2 Compact (Biomerieux India, Pvt Ltd). Based on the antibiotic 

susceptibility profile, only LREfm was included in the study. 

Antibiotic susceptibility testing 

Antimicrobial susceptibility testing was performed by the Kirby-Bauer disk diffusion method for 

ampicillin (10 µg), ciprofloxacin (5 µg), gentamycin (120 µg), vancomycin (30 µg), erythromycin (15 µg), 

chloramphenicol (30 µg) and tetracycline (30 µg). All discs were procured from HiMedia, Pvt Ltd, India. 

Additionally, nitrofurantoin (300 µg) was tested for urinary isolates. Simultaneously AST was also 

performed using vitek GPAST628 cards. Minimum inhibitory concentration (MIC) of linezolid, 

vancomycin, daptomycin and quinupristin/dalfopristin was performed by E-test (BioMérieux, France). 

Results were interpreted as per CLSI guidelines (Clinical Laboratory Standard Institute, USA, 2019) (30). 

E. faecalis ATCC 29212 was used as the control strain for all susceptibility assays. The clinical isolates 

of S. haemolyticus and E. faecium positive for cfr and optrA gene were previously confirmed by 

sequencing and were used as positive controls.  
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Multidrug-resistant (MDR) was defined as non-susceptible to ≥1 agent in ≥3 antimicrobial categories 

and extensively drug-resistant (XDR) was defined as non-susceptible to ≥1 agent in all but ≤2  

categories (31).  

DNA extraction 

DNA was extracted by boiling preparation method (32). Briefly, 6-8 colonies from the overnight 

growth of E. faecium on nutrient agar were mixed in 200 µL of nuclease-free water. The mixture was 

vortexed for 15 s. The cell suspension was held in a heating block for 10 min at 99 ℃ for lysis of cells, 

followed by centrifugation at 12000 rpm for 5 min. The supernatant containing DNA was collected and used 

as the template for PCR. The quality of extracted DNA was checked by a Nanodrop spectrophotometer 

(Nanodrop 2000c Thermo Scientific). A ratio 260/280 = 1.8 indicates DNA is pure. DNA was stored at -

80oC for further use.  

Detection of Resistance genes 

PCR was performed for the amplification of cfr and optrA genes. Primer sequences (20, 33-34), 

amplicon size and annealing temperature are given in Table 1. Primers were procured from Eurofins 

Genomics (India Pvt. Ltd). All PCRs were performed in a 25 µL volume reaction by using 5 µL template 

DNA, 1x PCR buffer, 0.2 μM of forward and reverse primers, 200 μM of each deoxynucleotide triphosphate 

(dNTPs), 1.5 mM MgCl2 and 1U Taq DNA Polymerase. Amplification was done in a Thermal Cycler 

(Eppendorf Master cycler EPS thermo-module, Hamburg, Germany) with the following protocol: initial 

denaturation at 95 °C for 5 min followed by 30 cycles of denaturing (94 °C, 30 s), annealing (as given in 

table 1, 30 s), and extension (72 °C, 30 s) and a final extension of 10 min at 72 °C. Amplified PCR products 

were subjected to electrophoresis using 1.5% agarose gel along with a 100bp ladder (Thermo Scientific, 

Lithuania).  

Molecular detection of G2576T mutation 

 PCR-RFLP was performed for the detection of G2576T mutation in 23S rRNA. Amplified PCR 

product (389bp) of 23S rRNA gene was digested with the NheI restriction enzyme as described by Hong et 

al. (Hong et al., 2007) (35). After restriction treatment, the product was subjected to agarose gel 

electrophoresis. The presence of 244-bp and 145-bp fragments were indicative of G2576T mutation. 

Pulse field gel electrophoresis (PFGE) 

PFGE was performed for LREFm using the protocol described by Saeedi et al., (36). Briefly, 

the genomic DNA was digested with SmaI (Thermo Fisher Lithuania) and the DNA fragments were 

Table 1. Primer sequences used in the study for the investigation of the mechanism of linezolid 

resistance.  

Target Primer Sequences Amplicon 

(bp) 

Annealing 

temp 

Ref. 

23S rRNA FP-GCAGAAGGGAGCTTGACTGCGAG 

RP-ACCCAGCAATGCCCTTGGCAG 

389 62 ℃ 33 

cfr gene FP- TGAAGTATAAAGCAGGTTGGGAGTCA 

RP-ACCATATAATTGACCACAAGCAGC 

746 

 

62 ℃ 

 

34 

optrA gene FP-AGGTGGTCAGCGAACTAA 

RP-ATCAACTGTTCCATTCA 

 

1395 

 

50 ℃ 

 

20 
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separated on 1% agarose gel, using CHEF Mapper System III (BioRad Laboratories, USA). Enterococcus 

faecalis ATCC 29212 was used as a reference control strain. PFGE patterns were further analysed by using 

InfoQuesttm FP Software v.5.4 (Bio-Rad Laboratories, USA). 

Results 

Prevalence of LREFm 

During the study period (October 2019 to October 2020), a total of 1081 Enterococci species were 

isolated from clinical samples and included E. faecium (63.5%, n=687) and E. faecalis (36.5%, n=394). 

Among the Enterococci species, Vancomycin (MIC≥32µg/mL) and linezolid (MIC≥8µg/mL) resistance 

were detected in 155 (14.3%) and 30 (2.8%) isolates respectively. LNZ resistance was observed more 

frequently among VRE (15.4%, 24/155) and was rare among vancomycin susceptible (0.8%, 4/532) and this 

difference was statistically significant (P<0.001). There was a very good correlation between the results of 

the E-test and vitek for the detection of resistance to both vancomycin and linezolid. The distribution of 

linezolid and vancomycin resistance among Enterococci species, E. faecium and E. faecalis is given in 

Figure 1.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Showing distribution of linezolid and vancomycin resistant isolates among Enterococci species, E. 

faecium and E. faecalis. 

Linezolid and vancomycin resistance were observed only among E. faecium isolates (n= 687). The overall 

prevalence of LNZ and vancomycin resistance among E. faecium was 4.3%, (N=30) and 15.5% (n-155) 

respectively. A total of 30 clinically significant LREfm isolates were included in the study and further 

characterized. Only one isolate per patient was studied. The phenotypic and genotypic characteristics of 30 

LREfm, including isolation site, resistance profile, MICs, resistance mechanism and pulsotypes are 

summarized in Table 2. 

The majority of LREfm were isolated from UTI (56.7%, 17/30) followed by BSI (33.3%, 10/30), SSTI 

(10%,3/30). The highest number of LREfm was isolated from patients admitted to intensive care units 

(ICUs) (44%) followed by patients in non-ICU settings in the department of medicine (20%), paediatrics 

(13%), obstetrics & gynaecology (10%), dermatology (7%), oncology (3%), urology (3%). The distribution 
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of LREfm from various departments and clinical sites is summarised in Table 2. Blood isolates were 

predominantly from ICUs and urine isolates were from non-ICU patients (Table 3). 

Table 2. Phenotypic and genotypic characteristics of LREfm isolates analysed in this study. 

Sample 

/location  

Resistance 

profile 

MIC(µg/mL) Resistance 

mechanism 

PFGE 

pulsotypes 

LZ VA DP QD  G2576T 

mutation 

optrA 

 

1-Urine 

Paediatrics  

AMP CHL CIP ERY 

GEH LNZ NIT TCY VA 

8 256 0.75 32 - + A 1 

2-Urine  

Medicine 

AMP CHL CIP ERY 

GEH LNZ NIT TCY VA 

32 256 0.5 32 - + A 1 

3-Urine  

Surgery 

AMP CIP ERY GEH 

LNZ NIT TCY VA 

8 256 0.5 32 - + A 1 

4-Urine 

Medicine 

AMP CHL CIP ERY 

GEH LNZ NIT TCY VA 

8 256 0.75 32 - + A 3 

5-Urine 

ICU 

AMP CIP ERY GEH 

LNZ TCY VA 

24 256 1 32 - + A 3 

6-Blood 

ICU 

AMP CHL CIP ERY 

LNZ TCY 

24 1 0.75 1.5 - + A 1 

7-Blood 

ICU 

AMP CHL CIP ERY 

LNZ TCY 

8 1.5 0.75 1.5 - + A 1 

8-Urine 

Obstetrics 

&gynaecolo

gy 

AMP CHL CIP ERY 

GEH LNZ NIT TCY VA 

8 256 0.75 32 - - A 1 

9-Urine 

Oncology 

AMP CIP ERY GEH 

LNZ NIT TCY VA 

16 256 1 32 - - A 1 

10-Urine 

ICU 

AMP CHL CIP ERY 

GEH LNZ NIT TCY 

12 1 1 1.5 - + A 1 

11-Urine 

Obstetrics 

&gynaecolo

gy 

AMP CHL CIP ERY 

GEH LNZ NIT TCY VA 

24 256 0.75 32 - 

 

+ A 1 

12-Urine 

Medicine 

AMP CHL CIP ERY 

GEH LNZ NIT TCY VA 

12 256 2 32 - 

 

- A 1 

13-Pus 

Dermatolog

y 

AMP CHL CIP ERY 

GEH LNZ TCY VA 

8 256 0.75 32 - + A 1 

14-Pus 

Obstetrics 

&gynaecolo

gy 

AMP CIP ERY GEH 

LNZ  TCY VA 

16 256 0.5 32 - 

 

+ A 3 

15-Blood 

ICU 

AMP CIP ERY GEH 

LNZ VA 

8 256 0.25 32 - 

 

+ A 3 

16-Blood 

ICU 

AMP CHL CIP ERY 

GEH LNZ TCY VA 

32 256 3 32 - + A 3 

17-Blood 

ICU 

AMP CHL CIP ERY 

GEH LNZ TCY VA 

8 256 0.75 32 - + A 3 
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18-Urine 

Medicine 

AMP CHL CIP ERY 

GEH LNZ NIT TCY VA 

24 256 4 32 - + A 1 

19-Pus 

Paediatrics 

AMP CHL CIP ERY 

GEH LNZ TCY VA 

8 256 2 32 - + A 3 

20-Blood 

ICU  

AMP CHL CIP ERY 

LNZ TCY VA 

48 256 1.5 32 - + A 2 

21-Urine  

ICU  

AMP CHL CIP ERY 

GEH LNZ VA 

25

6 

256 0.75 32 + + A 1 

22-Blood 

ICU 

AMP CHL CIP ERY 

LNZ TCY VA 

25

6 

256 1 32 + + A 1 

23-Urine 

ICU 

AMP CHL CIP ERY 

GEH LNZ NIT TCY 

25

6 

1 0.75 1.5 + + A 3 

24-Blood 

ICU 

AMP CHL CIP ERY 

GEH LNZ TCY VA 

25

6 

256 1.5 32 + + A 3 

25-Blood 

ICU 

AMP CHL CIP ERY 

GEH LNZ TCY VA 

25

6 

32 0.75 32 + + A 2 

26-Urine 

Paediatrics 

AMP CHL CIP ERY 

GEH LNZ TCY 

25

6 

1 0.25 1.5 + + A 1 

27-Urine 

Medicine 

AMP CHL CIP ERY 

GEH LNZ NIT TCY 

25

6 

1.5 0.75 1.5 + + A 1 

28-Urine 

ICU 

AMP CHL CIP ERY 

GEH LNZ TCY VA 

25

6 

256 0.75 32 + + A 3 

29-Blood 

ICU  

AMP CHL CIP ERY 

GEH LNZ TCY VA 

25

6 

128 0.75 32 + - A 4 

30-Urine 

ICU 

AMP CHL CIP ERY 

GEH LNZ TCY VA 

25

6 

256 0.75 32 + - A 4 

*AMP: Ampicillin, CHL: Chloramphenicol, CIP: Ciprofloxacin, ERY: Erythromycin, GEH: High level Gentamycin, LNZ: 

Linezolid, TCY: Tetracycline, VA: Vancomycin, NIT: Nitrofurantoin, Dap: Daptomycin, QDA: Quinupristin/dalfopristin. # No 

cfr gene was detected in any isolate. 

 

Table 3. Isolation of LREF and its association with hospital locations (Non-ICU /ICUs) & site of 

infections. 

Location Sample type Total  P value 

Blood (%) Pus (%) Urine (%)   

ICUs 10 (71.4) 0 (0) 4(28.6) 14 P=0.001 

N-ICU 0 (0) 3(18.8) 13(81.3) 16 P=0.001 

Total  10 (33.3) 3(10) 17(56.7) 30  
*N-ICU: Non-ICU patients  

Antimicrobial susceptibility profile 

The antibiotic susceptibility profile of LREfm (n=30) is summarised in Table 4. All LREfm isolates 

(n=30) were resistant to ampicillin, ciprofloxacin and erythromycin and, 90% (n=27) isolates were resistant 

to high-level gentamicin and tetracycline. Resistance to chloramphenicol, quinupristin/ dalfopristin and 

vancomycin was seen in 80% (n=24) isolates, similarly resistance to nitrofurantoin was observed in 70% of 

the urinary isolates (12/17) (Table 4). High resistance was observed to all antibiotics except daptomycin. 

The majority of the LREfm were MDR (100%) and XDR (93%). MIC range of linezolid and vancomycin 

ranged from 8-256 µg/mL and1-256 µg/mL respectively. Only 6 isolates were vancomycin susceptible with 

MIC range 1-1.5 µg/mL MIC of linezolid (8-256 µg/mL) did not vary significantly among VREfm and 
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VSEfm isolates (Table 4). All isolates were susceptible to daptomycin (MIC ranged 0.5-4 µg/mL). 

Resistance to quinupristin/ dalfopristin was high. It was observed that all isolates resistant to 

quinupristin/dalfopristin were also resistant to vancomycin and vice versa (Table 2).  

 

Table 4. Antibiotic susceptibility pattern and minimum inhibitory concentration (µg/mL) of Daptomycin, 

Linezolid, Vancomycin and Quinupristin/dalfopristin for linezolid resistant Enterococcus faecium (n=30) 

by Disk diffusion and E-test method. 

Antibiotics Break points as 

per CLSI  

Resistant 

(%) 

Sensitive 

(%) 

MIC (µg/mL) 

Range 50 90 

Disk (µg) 

Ampicillin (10µg) ≥17-S 

≤16-R 

30(100) 0    

Gentamicin-High (120µg) - 27(90) 3(10)    

Ciprofloxacin (5µg) ≥21-S 

16-20-I 

≤15-R 

30(100) 0    

Erythromycin (15µg) ≥23-S 

14-22-I 

≤13-R 

30(100) 0    

Nitrofurantoin (300µg) ≥17-S 

15-16-I 

≤14-R 

12(70) 5(30)    

Chloramphenicol (30µg) ≥18-S 

13-17-I 

≤12-R 

24(80) 6(20)    

Tetracycline (30µg) ≥19-S 

15-18-I 

≤14-R 

27(90) 3(10)    

 MIC(µg/mL) 

Daptomycin ≥8-R 0(0) 30(100) 0.5-4 0.75 2 

Linezolid ≥8-R 

4-I 

≤2-S 

30(100) 0 8-256 32 256 

Vancomycin ≤4-S 

8-16-I 

≥32-R 

24(80) 6(20) 1-256 256 256 

Quinupristin/dalfopristin ≥4-R 

2-I 

≤1-S 

24(80) 6(20) 1.5-32 32 32 

S-Sensitive, I-Intermediated, R-Resistant 

 

Mechanisms of resistance 

OptrA gene was detected in 83% of isolates (25/30) with the amplicon size 1395bp. For the detection 

of G2576T mutation in 23S rRNA, the 389bp PCR amplified products were digested with the NheI 

restriction enzyme, the presence of 244-bp and 145-bp fragments indicative of G2576T mutation was 
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observed in 33.3% (10/30) isolates. Both optrA and G2576T mutation were detected in 8 isolates and only 

G2576T mutation was detected in 2 isolates. The cfr gene was not detected. No resistance mechanism was 

observed in 3 isolates, details are given in Table 4.  

Molecular epidemiology by PFGE  

To study the molecular epidemiology of the LREfm, PFGE was performed. A dendrogram of PFGE 

profiles of LREfm isolates (n=30) was constructed (Figure 2) and four clusters of related isolates (A1, A2, 

A3, A4) were observed. Further analysis of PFGE data revealed that the majority of isolates were clustered 

in A1 (n=16) followed by cluster A3 (n=10) and 2 isolates each in cluster A2 and cluster A4. The majority 

of isolates in Cluster A1 included isolates from patients with UTI (n=10) followed by BSI (n-5) and SSI 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Dendrogram of PFGE profiles of LREfm (n=30) isolates. 

(n=1). Cluster A2 included isolates from BSI only, cluster A3 (n=10) included an even number of isolates 

from urine and BSI (n=4) and 2 isolates of SSTI. Cluster A4 had an even number of isolates of UTI and BSI 

(Figure 2). The majority of vancomycin susceptible LREfm isolates (5/6) was associated with cluster A1. 
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Isolates positive for the optrA gene were present in Cluster A1, A2, and A3, While Isolates with point 

mutation G2576T were present in all 4 clusters. Phenotypic and genotypic characteristics of LREfm (n=30) 

with pulsotypes are given in Table 2.  

Discussion 

Enterococci are commensal flora of the human gastrointestinal tract and are associated with various 

clinical infections like BSI, SSTI, UTI and meningitis with high morbidity and mortality (1-3). Recent data 

have suggested that VRE is widely distributed in hospitals around the world, with the prevalence varying 

according to geographical location (37). Currently, E. faecium is emerging as an important nosocomial 

pathogen and has acquired resistance to different classes of antimicrobials. MDR E. faecium is common and 

is frequently associated with nosocomial infections with increased mortality rates (30, 38). 

Vancomycin-resistant E. faecium (VREfm) has been classified as high high-priority pathogen (WHO) 

and linezolid is a reserve antibiotic for the management of VRE isolates (4, 11). The first report of linezolid 

resistance was reported during a nosocomial outbreak of E. faecium. Isolates were resistant to both 

vancomycin and linezolid (39). Interestingly, in our study too, vancomycin (14.3%) and linezolid (2.8%) 

resistance were detected only among E. faecium isolates.  

Beata Krawczyk et al. studied 18 isolates of LREfm and reported high resistance to ampicillin (89.9%), 

and ciprofloxacin (94.3%), however resistance to high-level gentamicin, chloramphenicol & tetracycline 

was 49.1%, 31.6% and 5.3% respectively (40). In the present study, a high percentage of resistance was 

observed to all antibiotics except daptomycin, more than 70% of isolates were resistant to ampicillin, 

ciprofloxacin, erythromycin, high-level gentamicin, tetracycline, chloramphenicol, vancomycin, and 

quinupristin/dalfopristin. Resistance to nitrofurantoin was observed in 70% (12/17) of urine isolates.  

In our study, we observed that the resistance to linezolid among E. faecium (n=687) is relatively 

uncommon (30/687, 4.4%) compared to vancomycin (155/687, 22.6%). However, the important finding of 

our study was that linezolid resistance was frequently associated with vancomycin resistance. The majority 

of the LREfm were also vancomycin-resistant (24/30, 80%) and the majority were isolated from ICUs, 

where the burden of infections caused by VRE is high, these findings suggest that the use of linezolid for 

such infections may be one of the factors driving the emergence of LREfm. However, in this study, 6 patients 

with BSI and UTI were infected with vancomycin susceptible LREfm suggesting that vancomycin 

susceptibility does not exclude linezolid resistance.  Similar to our findings,two programs monitoring 

infections with linezolid-resistant strains: LEADER (in USA) and ZAAPS (Zyyox ®Annual Appraisal of 

Potency and Spectrum Program: worldwide) have also reported the emerging problem of simultaneous 

resistance to vancomycin and linezolid (40).  

Interestingly in our study, vancomycin resistance co-existed with resistance to quinupristin/ 

dalfopristin. All vancomycin susceptible linezolid resistant isolates (n=6) were susceptible to quinupristin/ 

dalfopristin too. This together has important implications as there are limited options for the management 

of linezolid and vancomycin-resistant E. faecium. In our study, daptomycin was the only antibiotic that can 

be used as a therapeutic option for the management of VREfm and LREfm.  
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In our study, MDR and XDR were observed in 100% & 93% of isolates respectively. The hospital 

setting is particularly responsible for selective pressure and facilitates the formation of MDR including 

LREfm and VREfm. This is likely to be driven by excessive use of cephalosporins, fluoroquinolones, 

aminoglycosides and glycopeptides. Other risk factors include prolonged hospitalization, contact with 

colonized patients and breach in infection prevention practices leading to cross-transmission.  

Linezolid was introduced in early 2000 as a novel therapeutic option for serious gram-positive 

infections. Linezolid-resistant Staphylococci and Enterococci have been increasingly reported in recent 

years (14). Linezolid binds to rRNA, specifically to domain V of the 23S rRNA of the 50S ribosomal 

subunit, which is encoded by genes (rDNA) present in 6 copies in E. faecium (39). Resistance to linezolid 

is commonly mediated by a point mutation in the central region of domain V of the 23S rRNA (G2576T) 

(16). There is a correlation between the number of rDNA gene copies carrying the G2576T mutation and 

the phenotypic level of resistance to linezolid. Resistant to linezolid can also be caused by mutations in the 

particular region of L3, L4, and L22 ribosomal proteins and through the acquisition of resistance genes (cfr) 

(18, 20). However, the acquired resistance mechanism is of great clinical and epidemiological importance. 

Recent studies have suggested that the frequency of isolates carrying the cfr gene are rising in animal-origin 

isolates (33, 41-43). Additional research on Enterococci that lack the cfr gene but still exhibit LNZ resistance 

has shown the importance of the oxazolidinone and phenicol transferable resistance A (OptrA) as another 

LND resistance determinant. OptrA gene was initially detected in E. faecalis of human origin, and 

subsequent studies have reported optrA gene in isolates of E. faecium, as well as most recently in S. aureus, 

S. sciuri, and S. suis (20, 44).  

Interestingly in our study, all linezolid-resistant E. faecium were negative for cfr gene and the main 

mechanism of linezolid resistance was optrA gene (83.33%) followed by point mutation G2576T in the 

domain V of the 23S rRNA (33.33%).  The MIC of linezolid was >256 µg/ml for the isolates with G2576T 

mutation irrespective of the presence or absence of optrA gene. As all isolates with G2576T demonstrate 

high MIC we did not investigate for any mutated copies of the 23Sr RNA gene. Previous studies have 

reported mutated gene dosage effects on linezolid MIC. 

The MIC of linezolid for isolates, positive for optrA gene alone, varied from 8-128 µg/ml, suggesting 

the role of other mechanisms of resistance that may be contributing to these variations in the MIC and need 

to be investigated. In three LREfm isolates, no linezolid resistance mechanism was detected and needs 

further investigation.  

Resistance mediated by optrA has been reported worldwide including in China, Poland, Spain, USA, 

Ireland, Czech Republic (42-45). In India, two cases of LREfm were investigated by WGS and were 

harbouring the optrA gene and G2576T point mutation in 23S rRNA (46). Linezolid resistance mechanisms 

vary with geographical regions. Studies from European countries have reported linezolid resistance is 

predominantly mediated by a mutation in domain V of the 23S rRNA, however, reports from China suggest 

that the predominant mechanism of resistance was optrA gene. Surveillance studies from China suggest that 

optrA is more frequently reported in Enterococci from food-producing animals than humans (20), but is now 

emerging in clinical isolates also. Another report from China shows the high prevalence of optrA gene 

(46.6%) in clinical human isolates of E. faecium (44). However, in our study, although the predominant 
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mechanism of linezolid resistance was optrA gene (83.33%), significant resistance was also mediated by 

point mutation G2576T in the domain V of the 23S rRNA (33.33%). Limiting linezolid use may partly 

curtail the spread of resistance, as the G2576T resistance mutation can arise in pathogens due to prolonged 

drug exposure. The optrA resistance gene is capable of horizontal transfer as they are often associated with 

mobile genetic elements. 

In the present study, the data from PFGE suggest that linezolid resistance was emerging in diverse 

clones that were isolated from patients with diverse clinical presentations and hospitalized in different 

clinical departments. Association of linezolid and vancomycin resistance was observed in all clusters; 

however, the majority of the vancomycin susceptible LREfm isolates were clustered to cluster A1 (Figure 

1). The majority of LREfm were also clustered in cluster A1, suggesting that linezolid resistance is emerging 

within the hospital and likely driven spread by a breach in infection prevention and control strategies. It was 

also observed that isolates with both resistance mechanisms, point mutation G2576T in the domain V of the 

23S rRNA and optrA gene were emerging in different clusters. These findings suggest that resistance was 

emerging in different background strains with likely horizontal gene transfer.  Another explanation for the 

diversity of LREfm is their commensal origin from the gut of patients. Further studies are required to 

investigate factors driving the emergence of linezolid resistance in different background strains. 

The strength of our study is that we investigated both mutational and plasmid-mediated resistance. 

PFGE was used to study the dissemination of resistance isolates in the hospital. The limitation of our study 

is that the other mechanism of resistance was not investigated and mutation G2576T in the domain V of the 

23S rRNA was not characterized for heterogeneity, which needs to be investigated to study the molecular 

epidemiology of LREfm.  

In this study, linezolid resistance was observed in 2.8% (30/1081) of Enterococci and all isolates were 

E. faecium. OptrA gene was the predominant mechanism and was detected in 83.3% of LREfm isolates, one 

third of isolates had the G2576T mutation in domain V of 23S rRNA. The association of linezolid and 

vancomycin resistance is a cause of concern as it limits the therapeutic options for the management of VRE. 

The data from PFGE suggest that linezolid resistance was emerging in diverse clones. As the optrA gene is 

frequently associated with plasmids, it has clinical implications and results in rapid dissemination between 

patients and species of bacteria, hence implementations of infection control practices are important to 

prevent further spread in the hospital. The literature review suggests that this is the first report on molecular 

characterization and epidemiology of linezolid-resistant E. faecium from a tertiary care centre, India. 
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