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Background: In recent years, an increasing number of linezolid-resistant enterococci (LRE) was recognized at 
the German National Reference Centre (NRC) for Enterococci. National guidelines on infection prevention recom
mend screening for LRE in epidemiologically linked hospital settings without referring to a reliable and rapid 
diagnostic method. Since 2020, CHROMAgar™ provide a chromogenic linezolid screening agar, LIN-R, suitable 
to simultaneously screen for linezolid-resistant staphylococci and enterococci. 

Objectives: To assess the applicability of CHROMAgar™ LIN-R in clinical settings for detecting LRE directly from 
patient material and to infer prevalence rates of LRE amongst German hospital patients. 

Methods: During the 3-month trial period, clinical samples were plated on CHROMAgar™ LIN-R. Antimicrobial 
susceptibility testing was performed using VITEK2 or disc diffusion. At the NRC, linezolid resistance was deter
mined by broth microdilution, multiplex-PCR for cfr/optrA/poxtA and by a restriction-based assay for 23S 
rDNA mutations. 

Results: The 12 participating study sites used 13 963 CHROMAgar™ LIN-R plates during the study period. Of 442 
presumptive LRE, 192 were confirmed by phenotypic methods. Of these, 161 were received by the NRC and 121 
(75%) were verified as LRE. Most of LR-E. faecium 53/81 (65%) exhibited a 23S rRNA gene mutation as the sole 
resistance-mediating mechanism, whereas optrA constituted the dominant resistance trait in LR-E. faecalis [39/ 
40 (98%)]. Prevalence of LRE across sites was estimated as 1% (ranging 0.18%–3.7% between sites). 
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Conclusions: CHROMAgar™ LIN-R represents a simple and efficient LRE screening tool in hospital settings. A high 
proportion of false-positive results demands validation of linezolid resistance by a reference method.

Introduction
The synthetic antibiotic linezolid (LIN) can be applied as a last re
sort treatment option (https://www.who.int/publications/i/item/ 
2021-aware-classification) for infections caused by multidrug- 
resistant staphylococci and enterococci such as methicillin- 
resistant Staphylococcus epidermidis or S. aureus (MRSA) and 
vancomycin-resistant Enterococcus spp. (VRE). Shortly after the 
approval of linezolid in the year 2000, phenotypic resistance 
was reported1–4 and increased prescription of the substance 
has shown a clear association with resistance progression.5,6

Phenotypic resistance is either the result of chromosomal muta
tions within the drug-binding site in the 23S ribosomal RNA of the 
50S subunit and/or of expression of transferable resistance deter
minants such as the ribosomal protection proteins poxtA and 
optrA, or the methyltransferase cfr (reviewed by7,8). The extent 
of the contribution of transferable resistance genes, especially 
of cfr, in mediating resistance is still under debate, as some ex
perimental studies failed to demonstrate phenotypic resistance 
in the presence of cfr in enterococci.9,10 Nevertheless, genotypic 
identification of a resistance trait as mentioned must not be ne
glected even in the absence of phenotypic resistance, as these 
genes might confer resistance under linezolid selective pressure 
in vivo.

Generally, resistance surveillance systems did not report in
creasing resistance towards linezolid in clinical isolates since 
the approval of linezolid for clinical use.11–16 However, data 
from the German Antimicrobial Resistance Surveillance (ARS) de
monstrated a recent increase in linezolid resistance among inva
sive E. faecium isolates from 0.6% in 2019% to 1.2% in 2021 
(https://ars.rki.de/). A trend towards an increased prevalence of 
linezolid-resistant enterococci (LRE) and linezolid-resistant S. epi
dermidis (LRSE) clinical isolates has also been recognized at the 
German National Reference Centre for Staphylococci and 
Enterococci (NRC),17,18 and increasing prevalence has been linked 
to excessive clinical linezolid use.19 Nonetheless, a recent study 
suggests that the prevalence of LRE across Germany and 
Europe remains at low levels.15

To contain LRE in hospital environments and to avoid subse
quent transmission and outbreaks with multidrug-resistant en
terococci in immunocompromised individuals, appropriate 
infection prevention and control measures are of particular im
portance. Hence in 2018, the German Commission for Hospital 
Hygiene and Infection Prevention (KRINKO) published a national 
guideline recommending screening for LRE when more than one 
case is notified within 3 months in such a contained setting and 
when an epidemiological link cannot be excluded.20 A rapid diag
nostic screening tool was not available at that time. Since 2020, 
CHROMAgar™ provide a chromogenic screening agar, LIN-R, suit
able for selective detection of LRE and linezolid-resistant 
staphylococci (LRS). Implementation and performance of the 
screening agar was assessed to some extent, however, not on 
a large scale.21–23

We conducted an observational study at 12 study sites across 
Germany. We aimed (i) to investigate the applicability of 
CHROMAgar™ LIN-R under routine practice, (ii) to estimate and 
compare prevalence rates of LRE at study sites, (iii) to record 
the proportion of transmissible LIN-r genes and (iv) to correlate 
genotype with phenotype regarding the presence of LIN resist
ance genes/mutations and LIN minimal inhibitory concentrations 
(MICs).

Materials and methods
Study setting
Twelve laboratories serving mainly university hospitals in nine out of 16 
German federal states agreed to participate in the CHROMAgar™ LIN-R 
multicentre study. Study participants were provided with CHROMAgar™ 
LIN-R agar plates by the German distributor MAST Diagnostica 
(Reinfeld, Germany) in cooperation with the producer CHROMAgar™ 
(Paris, France). The study period was set to 3 months, between 
September 2021 and December 2021; however, in case of delayed agar 
plate delivery an extension was granted, resulting in a full-length, 
3-month screening period. Detected and verified LRE (see next for sus
ceptibility testing and species identification onsite) were sent to the 
NRC for Staphylococci and Enterococci, Wernigerode, Germany, for fur
ther analyses and data consolidation.

Study material
Study participants were asked to extend their routine VRE screening for 
LRE using CHROMAgar™ LIN-R focussing on rectal swabs. At one partner 
site, where routine rectal swabbing was not implemented, or on other 
rare occasions, clinical material such as urine samples were examined.

Antimicrobial susceptibility testing and species 
identification onsite
Participating laboratories received rectal swabs or other clinical material 
that were directly streaked on CHROMAgar™ LIN-R. Blue colonies, indicat
ing growth of LRE, were further analysed. MALDI-TOF mass spectrometry 
(VITEK® MS system, bioMérieux, Marcy-l’Étoile, France or MALDI 
Biotyper®, Bruker Daltonics GmbH & Co. KG, Bremen, Germany) was 
used for species identification and either VITEK2 or disc diffusion assays 
(bioMérieux, Nuertingen, Germany) were carried out for linezolid suscep
tibility testing. Verified LRE were then sent to the NRC for downstream 
analysis.

Antimicrobial susceptibility testing at the NRC
Isolates were cultivated on sheep blood agar followed by broth microdi
lution (BMD) using an in-house and accredited procedure and by applying 
EUCAST clinical breakpoints for resistance determination (EUCAST v.11; 
https://www.eucast.org/clinical_breakpoints). For Enterococcus spp., line
zolid resistance is defined as MIC > 4 mg/L. Linezolid MIC results were 
additionally assessed using Etest® (bioMérieux, Nuertingen, Germany). 
As BMD is considered the reference method, we will refer to LRE, deter
mined at the NRC, as isolates demonstrating an MIC > 4 mg/L in BMD.
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Determination of putative resistance mechanism(s)
All isolates received by the NRC were subjected to DNA extraction and 
multiplex-PCR in order to screen for cfr, cfr(B), optrA and poxtA resistance 
determinants as described recently.24 Further, G2576T 23S rRNA gene 
mutations were determined by an amplification-restriction-based pro
cedure as published previously.25

Data analysis
Statistical analyses were carried out using R/R Studio (v.4.1.2). For deter
mining LRE prevalence, only the first isolate of a patient was considered, 
copy strains were excluded. Repetitive screening of negative patients was 
not accounted for, meaning that a patient with a negative screening re
sult was potentially examined again. Hence, prevalence was defined as 
the proportion of verified LRE among all non-copy samples investigated 
on CHROMAgar™ LIN-R. (Table 1 and Figure S1 available as 
Supplementary data at JAC Online). For assessing urine-specific preva
lence, only those sites were considered that had analysed ≥10 urine sam
ples (study site 12 excluded, see Table 1). A Mann–Whitney U-test 
(significance level of 0.05) was carried out to compare material-specific 
prevalence rates. The number of false positives was calculated as the per
centage of linezolid-susceptible Enterococcus spp. (LSE) of all enterococci 
detected; here, copy strains were included.

Ethics
The LRE screening was implemented as part of the general screening pro
cedure for VRE or multidrug-resistant bacteria at participating sites and 
thus was exempt from additional ethical approval.

Results and discussion
The 12 study sites collectively used 13 963 CHROMAgar™ LIN-R 
agar plates (median 1188; IQR 468–1595) (Table 1). Around 
90% of all samples (11 511/12 788; information available from 
9/12 study sites) were retrieved from rectal swabs, followed by 
urine (9.5%; one study site solely collected urine) and other ma
terial (<1%; Table 1 and flowchart Figure S1).

Where visual inspection was documented (7/12 study sites), 
797 plates (median 53, IQR 48–235) showed growth of any 
type of microorganism and 48% of these plates revealed con
tamination by non-targeted organisms such Saccharomyces 
spp. or other fungi (numbers not shown). Growth of Candida 
spp., albeit to a lower extent, has also been observed by a recent 
study assessing the performance of CHROMAgar™ LIN-R from 
blood cultures and nasal swab screening samples.22 Although 
the technical note of CHROMAgar™ LIN-R states that growth of 
Gram-negative bacteria and yeast is inhibited (https://www. 
chromagar.com/wp-content/uploads/2021/11/NT_EXT_119_V1. 
0-1.pdf), residual contamination is obviously not avoided. 
However, LRS and LRE should easily be differentiated due to their 
typical colony appearance of pink and steel blue colour.

In total, 448 enterococci, appearing as blue colonies on 
CHROMAgar™ LIN-R, were identified within our study period of 
which 442 results from antimicrobial susceptibility testing (AST) 
were available (Figure S1). Of those, 192/442 (43%) enterococci 
were verified as LRE by either VITEK2 or disc diffusion assays on
site (Table 1 and Figure S1). For 250/422 Enterococcus spp. linezo
lid resistance could not be verified, corresponding to 57% false 
positives (ranging 0%–93% between study sites) (Table 1). The 
variability of false positives between sites could be the result of 

inconsistent storage or inappropriate usage of CHROMAgar™ 
LIN-R, but remained unresolved at the end of the study period. 
The overall percentage of LSE grown on CHROMAgar™ LIN-R is 
a strikingly high number compared to 7.5% of LSE, linezolid- 
susceptible staphylococci, Lactobacillus spp. and Gram-negatives 
as observed by Girlich et al.22 In another recent validation report 
of CHROMAgar™ LIN-R in routine practice, specificity was esti
mated at 90% due to growth of non-targeted organisms including 
LSE and linezolid-susceptible staphylococci.21 Although we would 
like to stress that comparing our results from rectal samples with 
those from nasal swabs or referring to accuracy of a test is imper
fect, it is known that heavily inoculated samples may cause 
growth of linezolid-susceptible bacteria (see CHROMAgar™ LIN-R 
technical note). Likewise, an incubation period of 36–48 h, which 
is indispensable to achieve sufficient growth and colouring of 
LRE, provides enough time for non-targeted organisms to thrive. 
The number of false positives is a trade-off for sensitivity at the ex
pense of specificity, but reasonable as CHROMAgar™ LIN-R is in
tended to be used as rapid screening tool. In any case, the 
manufacturer strongly recommends confirmation of species iden
tification and verification of linezolid non-susceptibility, which was 
also performed for isolates identified in our study.

Considering only LRE with a secondary AST result and by dis
missing all copy strains, we estimated the prevalence as 1% 
across all study sites (ranging 0.18%–3.7% between sites) 
(Table 1). Prevalence of linezolid-resistant E. faecium was 1.2% 
for blood culture isolates as inferred from the German ARS sys
tem for 2021 (https://ars.rki.de). It must be noted that the ARS 
system collected resistance rates for two Enterococcus species 
only (E. faecium and E. faecalis) and from invasive isolates rather 
than screening samples, thus preventing a direct comparison of 
the two outcomes.

In our study, information about screening material was avail
able for seven out of 12 participants with >90% of rectal swab 
origin (see previously). Three sites investigated urine samples, 
but only two collected >10 urine samples during our study peri
od. Material-specific prevalence was lower for urine samples 
(0.5%) than for rectal swabs (0.9%) (Table 1); however, this differ
ence was not statistically significant (P = 0.09).

When using CHROMAgar™ LIN-R to assess the prevalence of 
LRE and LRS, Dembicka and colleagues detected one single LRS 
among 159 patients tested, which corresponds to an overall 
prevalence of 0.63%.21 Although this was not the focus of our 
study, seven participating sites recorded the growth of LRS, yield
ing a prevalence of 0.34% (data not shown). We again would like 
to note that we defined prevalence as the proportion of LRS or 
LRE among all non-copy samples investigated, as we were un
able to exclude repetitive negative screening samples from our 
calculations. This could potentially introduce a bias towards a 
lower prevalence and is a limitation of this study. However, the 
risk of bias may be low due the high number of negative samples.

The NRC received 161 of 192 enterococcal isolates verified as LRE 
at the study sites that were further analysed with respect to AST and 
putative underlying resistance mechanisms. At the NRC, linezolid re
sistance was verified for 121/161 (75%) isolates using BMD and for 
111/161 (69%) isolates using Etest®. It is worth noting that the pre
dominant share of the linezolid-susceptible isolates (susceptible at 
the NRC, but resistant at study sites), demonstrated an MIC of 
4 mg/L in BMD (34/40, 85%) and Etest® (27/50, 54%), a value just 
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below the clinical breakpoint according to EUCAST (>4 mg/L). For 
some bacteriostatic antimicrobial agents, such as linezolid, EUCAST 
provides specific reading instructions to address the phenomenon 
of ‘trailing growth’ (https://www.eucast.org/fileadmin/src/media/ 
PDFs/EUCAST_files/Disk_test_documents/2022_manuals/Reading_g 
uide_BMD_v_4.0_2022.pdf). Since trailing growth often occurs 
around an MIC of 4 mg/L, some difficulty arises when aiming to dif
ferentiate between resistant and susceptible enterococci during vis
ual inspection. The resulting diagnostic dilemma is yet to be solved.

In our study, 21/27 (78%) linezolid-susceptible E. faecium 
and 10/13 (77%) linezolid-susceptible E. faecalis either har
boured a G2576T 23S rRNA gene mutation or any of the three 
resistance genes cfr, poxtA or optrA (Table 2). Of the 40 LSE, 
only 6 (2.4%) demonstrated an MIC of ≤2 mg/L by BMD but, in 
some instances, harboured resistance determinants or muta
tions (3× no mutation/no gene, 2× G2576T mutation/no gene, 
1× no mutation/poxtA). One linezolid-susceptible E. faecalis 
(BMD and Etest® MIC = 4 mg/L) harboured the cfr gene and 
turned out positive for optrA and poxtA. Unexpectedly, of 
the 40 LSE (n = 27 E. faecium and n = 13 E. faecalis), only nine 
(23%) neither showed a G2576T conversion nor one of the 
known acquired resistance loci (Table 2). It is well known that 

some of these mobile resistance determinants do not necessar
ily mediate phenotypical resistance under standard laboratory 
conditions.9,10 Also, a LIN MIC creep was demonstrated for 
MRSA isolates over a period of 11-years in bloodstream isolates 
from Taiwan, which could be the result of increased gene ex
pression or stepwise accumulation of allelic mutations.26

Thus, the presence of silent resistance genes or chromosomal 
alterations must not be neglected and those isolates could be 
considered ‘potentially resistant’, meaning they might develop 
phenotypic resistance under LIN selective pressure more 
rapidly.

Since BMD is still the gold standard for AST in enterococci, 
only those isolates with a linezolid MIC > 4 mg/L by BMD (n =  
121) were considered for the following analyses. Most of those 
LRE [94/121 (78%)] were vancomycin-susceptible, 26/121 
(21%) were vancomycin- and linezolid-resistant and one isolate 
additionally exhibited tigecycline resistance (vanB-positive E. 
faecium) (not shown). MALDI-TOF identification was verified 
by 23S-specific PCR assigning 40/121 (33%) to E. faecalis and 
81/121 (67%) to E. faecium (Table 2). Vancomycin resistance 
(n = 27) was solely detected for E. faecium isolates. This is an in
teresting and important finding, as most LRE isolates (94/121) 

Table 2. Distribution of acquired resistance genes cfr, optrA, poxtA and of 23S rDNA G2576T mutations in phenotypically linezolid-resistant and 
linezolid-susceptible E. faecium and E. faecalis isolates of the German CHROMAgar™ LIN-R multicentre study, 2021–2022

E. faecium (N = 108) cfr optrA poxtA 23S rDNA G2576T n Percentage (%)

Susceptiblea (n = 27)
− − − + 6 22.0
− − − − 6 22.0
− − + − 14 52.0
− + − − 1 4.0

Total 27 100
resistanta (n = 81)

− − − + 53 65.4
− − − − 1 1.2
− − + − 11 13.6
− + − − 14 17.3
− + + − 2 2.5

Total 81 100

E. faecalis (N = 53) cfr optrA poxtA 23S rDNA G2576T n Percentage (%)

Susceptiblea (n = 13)
− − − − 3 23.1
− − + − 2 15.4
− + − − 7 53.8
+ + + − 1 7.7

Total 13 100
resistanta (n = 40)

− − − + 1 2.0
− + − − 38 95.0
− + + − 1 2.0

Total 40 100

aAccording to BMD results determined at the NRC.
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would have been missed with a VRE-centred routine screening 
procedure. However, these vancomycin-susceptible LRE may 
constitute an important reservoir for transferable linezolid re
sistance determinants.

With respect to the prevalence of cfr, optrA, poxtA and the 
G2576T 23S rRNA gene mutation in our LRE isolates, we detected 
an uneven distribution among both species (Table 2). While the 
dominant resistance trait in E. faecium was represented by the 
23S rRNA gene mutation (53/81, 65%), almost all phenotypically 
resistant E. faecalis possessed the gene encoding the ribosomal 
protection protein OptrA (38/40, 95% & one optrA/poxtA-positive 
E. faecalis) (Table 2). Nonetheless, acquired resistance determi
nants optrA and poxtA were also present in linezolid-resistant E. 
faecium isolates albeit to a lesser extent (17.3% optrA, 13.6% 
poxtA and 2.5% optrA and poxtA). Interestingly, we could not de
tect a combination of the 23S rRNA gene mutation and optrA or 
poxtA in linezolid-resistant Enterococcus spp. (Table 2). Our obser
vations are in line with other studies analysing the basis of linezo
lid resistance in enterococci and demonstrating the imbalance of 
resistance traits between E. faecium and E. faecalis, the latter 
being in favour of transferable resistance determinants.27–29

The reason for this phenomenon is currently unknown and 
should be addressed in future investigations.

In summary, our multicentre study approach assessing the 
applicability of CHROMAgar™ LIN-R confirmed the ease and 
beneficial usage in routine screening practice. Confirmatory 
susceptibility testing is necessary to compensate for reduced 
specificity when using patient material. We identified an overall 
prevalence of 1% across all study sites and species-specific 
resistance traits for E. faecium and E. faecalis. As highlighted, we 
observed a markedly high number of genotypically resistant, but 
phenotypically susceptible Enterococcus spp. that might constitute 
latent risks and important reservoirs for mobile genetic resistance 
determinants.
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