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Pyrosequencing was used to detect rapidly and estimate the number of 23S rRNA genes with a G2576T
mutation in 43 linezolid-resistant and -susceptible clinical isolates of enterococci. The method showed 100%
concordance with PCR-restriction fragment length polymorphism for detecting isolates homozygous for either
G2576 or T2576 or heterozygous for this mutation. A good correlation was found between linezolid MICs and
the number of 23S rRNA gene copies carrying the mutation.

Enterococci, particularly Enterococcus faecium, are often re-
sistant to multiple antibiotic classes, and therapy of serious
infections caused by them may be problematic. In conse-
quence, linezolid, a novel oxazolidinone (4), is increasingly
used to treat enterococcal infections. Linezolid-resistant en-
terococci (LRE) are rare but may emerge during linezolid
therapy. This resistance is associated with chromosomal muta-
tions that affect the peptidyltransferase domain of 23S rRNA
(9). In clinical LRE isolates, linezolid resistance is mediated by
a G2576T single nucleotide polymorphism (SNP) in multiple
alleles encoding 23S rRNA (1, 5, 9); other mutations, which
have been reported in laboratory-generated linezolid-resistant
mutants of enterococci (9), have not yet been detected in
clinical isolates. This SNP was also present in the two reported
linezolid-resistant isolates of methicillin-resistant Staphylococ-
cus aureus (MRSA) (11, 12).

Previously, rapid detection of the G2576T polymorphism in
enterococci by real-time PCR was described (13). That work,
and the results of others (6, 12), indicated that some LRE and
linezolid-resistant staphylococci were homozygous for T2576
but that more were heterozygous, containing some 23S rRNA
gene copies with T2576 and others with G2576. Homozygosity
for T2576, but not heterozygosity, has been associated with
decreased fitness in vitro in the absence of linezolid selective
pressure (W. Mazur, C. Knob, and H. S. Fraimow, Abstr. 42nd
Intersci. Conf. Antimicrob. Agents Chemother., abstr. C1-
1607, 2002). We report here the use of pyrosequencing, which
is an innovative technology suitable for the rapid detection of
SNPs (http://www.pyrosequencing.com) (3, 7, 10), to detect
and estimate the number of 23S rRNA genes containing T2576
mutations in clinical isolates of LRE.

Forty-three clinical isolates of E. faecium (n � 27, from 10
patients) or Enterococcus faecalis (n � 16, from 5 patients)
were studied: 31 isolates were LRE (linezolid MICs, �8 �g/

ml) known to contain the T2576 mutation (13); 12 isolates
were susceptible to linezolid (MICs, �4 �g/ml).

Pyrosequencing was performed by using a PSQ 96 sample
preparation kit and a PSQ 96MA analyzer (Pyrosequencing
AB, Uppsala, Sweden) in accordance with the manufacturer’s
instructions. Briefly, a 96-bp fragment of 23S rRNA genes,
spanning the G2576T SNP, was amplified from all isolates by
using whole cells as the template and with previously published
primers (13), except that the forward primer was labeled at the
5� position with biotin. All the primers for pyrosequencing
were purified by high-performance liquid chromatography
(Sigma-Genosys Ltd., Pampisford, United Kingdom). The
PCR product was captured, and the biotin-labeled (forward)
strand was separated by using streptavidin-Sepharose beads
(Amersham Biosciences, Little Chalfont, United Kingdom).
The resulting single-stranded DNA was used as a template for
pyrosequencing with a primer (5�-CGT TCT GAA CCC AGC-
3�) located downstream of the G2576T SNP (Fig. 1). The
pyrosequencing primer was designed to be complementary to
the captured strand and was suitable for detecting this SNP in
isolates of E. faecalis and E. faecium.

During the pyrosequencing reaction, the sequencing primer is
hybridized to the single-stranded template and incubated with the
enzymes DNA polymerase, ATP sulfurylase, luciferase, and
apyrase and the substrates adenosine 5� phosphosulfate and lu-
ciferin. Four nucleotides are added to the reaction sequentially.
Incorporation of each nucleotide complementary to the template
initiates a cascade and results in separate releases of light. These
are detected and presented as peaks on a data trace called Pyro-
gram (for full details, see http://www.pyrosequencing.com). In the
G2576T SNP assay described here, extension of the pyrosequenc-
ing primer resulted in the incorporation, first of T (in all isolates),
followed either by C (complementary to G2576, wild type) or by
A (complementary to T2576, mutant), followed by nucleotides
complementary to those upstream of the SNP (Fig. 1). As the
amount of light released at each extension step is directly pro-
portional to the amount of nucleotide added, the relative num-
bers of T2576 and G2576 23S rRNA gene copies could be esti-
mated from the relative peak heights on data traces and based on
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the assumption of six copies in E. faecium and four copies in E.
faecalis (http://rrndb.cme.msu.edu). In parallel experiments, qual-
itative detection of the G2576T SNP was performed by PCR-
restriction fragment length polymorphism analysis by using NheI
digests of a 633-bp 23S rRNA gene fragment (13).

Qualitatively, the pyrosequencing data were in complete
agreement with the PCR-restriction fragment length polymor-
phism results. Thus, the new method clearly identified isolates
that were homozygous for either G2576 or T2576 or heterozy-
gous at this position (Fig. 2). The estimation of the numbers of
T2576 copies was based on averaging data from three pyrose-
quencing experiments (and expressing them as a whole number
of gene copies); each experiment was performed with a sepa-

rate batch of amplified template DNA. Estimates of copy num-
ber were reproducible between runs; they were identical in all
three experiments for 19 isolates and varied by no more than
one gene copy for other isolates. To allow for this variation,
estimates for each isolate were considered to be a range of
copies rather than a precise value (Table 1). There was a good
correlation between the estimated number of T2576 copies and
an increasing linezolid MIC, particularly for the E. faecium
isolates (Table 1). Pyrosequencing confirmed the presence of
the T2576 polymorphism in one to two 23S rRNA genes of an
E. faecium isolate that was susceptible to linezolid (MIC, 4
�g/ml), thereby confirming the qualitative data obtained pre-
viously by real-time PCR (13).

FIG. 1. Pyrosequencing assay to detect the G2576T mutation in LRE and linezolid-resistant staphylococci. PCR primers used to amplify a 96-bp
fragment of 23S rRNA genes spanning the mutation are shaded in grey; the forward primer was biotin labeled. The pyrosequencing primer
(complementary to the forward strand) is shaded in black. Nucleotide G2576 is underlined and in upper case.

FIG. 2. Detection by pyrosequencing of the G2576T mutation in 23S rRNA genes of linezolid-resistant and -susceptible enterococci. (a) A
homozygous isolate with wild-type sequence (G2576) in all gene copies; (b) a homozygous isolate with a mutation (T2576) in all gene copies; (c)
a heterozygous isolate with both mutant and wild-type copies of the gene. The shaded region shows the polymorphism at position 2576. The
additions of enzymes and substrates to the reaction mix are indicated by E and S, respectively.
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In conclusion, pyrosequencing was an effective, rapid
method for detecting and estimating copy numbers of the
G2576T polymorphism in LRE. The assay reported here might
also be useful for detecting this SNP in linezolid-resistant iso-
lates of methicillin-resistant S. aureus. The manual setup of
each experiment (for 43 isolates) took less than 90 min, and the
actual pyrosequencing SNP analysis runs (of up to 96 samples)
were completed in less than 15 min. Pyrosequencing was,
therefore, slightly quicker than the real-time PCR assay re-
ported previously (13) and had the additional benefit of being
semiquantitative. Pyrosequencing setup time could be reduced
further with automation (http://www.pyrosequencing.com) (2).
Previous attempts to estimate the number of 23S rRNA gene
copies containing the T2576 mutation in LRE or linezolid-
resistant staphylococci have usually been time-consuming, in-
volving either the cloning of pooled 23S ribosomal DNA am-
plicons, followed by analysis of multiple recombinants (6),
Southern hybridization of suitable probes to NheI-digested
genomic DNA (8), or specific amplification and sequencing of
every 23S rRNA gene in the genome of the isolates investi-
gated (8, 12). None of these approaches is convenient for the
analysis of multiple isolates. Another approach, based on the

densitometric analysis of digested PCR amplicons, has also
been reported (Mazur et al., 42nd ICAAC). Pyrosequencing
provided an extremely rapid alternative, and its application to
other medical microbiological purposes deserves investigation.

We are grateful to Pyrosequencing AB for their support of this work.
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TABLE 1. Correlation between linezolid MIC and the estimated
number of 23S rRNA genes containing the T2576 mutation for

clinical isolates of enterococci

Linezolid
MIC

(�g/ml)

No. of isolates with indicated no. of T2576 gene copiesa

E. faecium (n � 27) E. faecalis (n � 16)

0–1 1–2 2–3 3–4 4–5 5–6 0–1 1–2 2–3 3–4

1
2 4
4 3 1 4
8 2 1

16 2
32 4 3 2 2
64 2 2 3 2 3

128 1 2

a Determined by averaging data from three pyrosequencing runs, each per-
formed with a separate batch of amplified template DNA and based on six gene
copies in E. faecium and four copies in E. faecalis (http://rrndb.cme.msu.edu).
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