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Linezolid is a member of a novel class of antibiotics, with resistance already being reported. We used whole-genome
sequencing on three independent Streptococcus pneumoniae strains made resistant to linezolid in vitro in a step-by-step
fashion. Analysis of the genome assemblies revealed mutations in the 23S rRNA gene in all mutants including, notably,
G2576T, a previously recognized resistance mutation. Mutations in an additional 31 genes were also found in at least one
of the three sequenced genomes. We concentrated on three new mutations that were found in at least two independent
mutants. All three mutations were experimentally confirmed to be involved in antibiotic resistance. Mutations upstream
of the ABC transporter genes sprl021 and spri887 were correlated with increased expression of these genes and neigh-
boring genes of the same operon. Gene inactivation supported a role for these ABC transporters in resistance to linezolid
and other antibiotics. The hypothetical protein sprO333 contains an RNA methyltransferase domain, and mutations
within that domain were found in all S. pneumoniae linezolid-resistant strains. Primer extension experiments indicated that
sprO333 methylates G2445 of the 23S rRNA and mutations in sprO333 abolished this methylation. Reintroduction of
a nonmutated version of sprO333 in resistant bacteria reestablished G2445 methylation and led to cells being more
sensitive to linezolid and other antibiotics. Interestingly, the sprO333 ortholog was also mutated in a linezolid-resistant
clinical Staphylococcus aureus isolate. Whole-genome sequencing and comparative analyses of S. pneumoniae resistant isolates
was useful for discovering novel resistance mutations.

[Supplemental material is available online at www.genome.org. The sequence data from this study have been submitted to

GenBank under accession nos. ABZCO0O000000 and ABZTO0000000.]

Linezolid contains an oxazolidinone ring and represents a novel
class of synthetic antibiotics. Linezolid is highly effective against
a number of clinically important gram-positive pathogens such as
Staphylococcus aureus and its methicillin-resistant version (MRSA),
Streptococcus pneumoniae, enterococci, and their vancomycin-
resistant versions (VRE), and several others (for review, see Vara
Prasad 2007). Linezolid binds to the 50S subunit of the bacterial
ribosome via interactions with the central loop segment of do-
main V of the 23S rRNA to block the formation of protein syn-
thesis initiation complexes. Recent cross-linking experiments
have shown that oxazolidinone antibiotics interact with the A site
of the bacterial ribosome and possibly interfere with the place-
ment of the aminoacyl-tRNA (Leach et al. 2007). This has been
further substantiated by the crystal structure of linezolid bound to
the 50S ribosome subunit, where the antibiotic was suggested to
perturb the correct positioning of tRNAs on the ribosome (Wilson
et al. 2008).

S. pneumoniae is the most common human respiratory path-
ogen, causing mainly pneumonia, acute otitis media, and bacterial
meningitis. This pathogen is also frequently involved in life-
threatening infections that are being further aggravated by the
appearance and spread of drug-resistance to several classes of an-
timicrobial agents. For example, a recent survey of U.S. isolates
indicated that 25% of S. pneumoniae were resistant to at least two
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antibiotics, and a third of these isolates were resistant to at least
four antibiotics (Thornsberry et al. 2008), but all studies confirmed
that linezolid is still very active against S. pneumoniae (Jones et al.
2007). However, it was shown that linezolid-resistant strains
(minimal inhibitory concentration [MIC] = 8 pg/mL) of S. pneu-
moniae can be generated in vitro (Carsenti-Dellamonica et al.
2005), that clinical S. pneumoniae strains not susceptible to line-
zolid (MIC = 4 pg/mL) have been reported (Wolter et al. 2005),
and that one resistant clinical isolate of Streptococcus oralis has
been described (Mutnick et al. 2003). With the use of linezolid
steadily increasing in the Western world, the potential for an in-
crease in resistance to linezolid is likely to be inevitable.
Resistance to linezolid was described in the enterococci
(Prystowsky et al. 2001) and the staphylococci (Tsiodras et al.
2001) and is usually due to point mutations in key genes. It was
first studied in gram-positive pathogens selected for resistance in
vitro, and mutations were noted in domain V of the 23S rRNA.
Several mutations have been pinpointed in the 23S rRNA, but the
most common mutation is G2576T when using the Escherichia coli
numbering system (for review, see Meka and Gold 2004). The same
mutations were also observed in clinical isolates of S. aureus
(Tsiodras et al. 2001; Meka et al. 2004), Staphylococcus epidermidis
(Hong et al. 2007; Kelly et al. 2008), and in enterococci (Gonzales
et al. 2001; Sinclair et al. 2003; Bourgeois-Nicolaos et al. 2007)
resistant to linezolid. There are four to six copies of the 23S rRNA
genes in most gram-positive pathogens, and the level of resistance
generally correlates with the number of mutated copies of 23S
rRNA, as shown in the enterococci (Marshall et al. 2002; Ruggero
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et al. 2003) and in the staphylococci (Tsakris et al. 2007; Besier
et al. 2008). Domain V of the 23S rRNA is also the binding site of
other antibiotics such as chloramphenicol, and linezolid-resistant
bacteria are consequently often cross-resistant to these other
classes of antibiotics.

In addition to mutations in the 23S rRNA, a 6-bp deletion
in the ribosomal protein L4 has been described in two clinical
isolates of S. pneumoniae that were resistant to chloramphenicol
and not susceptible to linezolid (Wolter et al. 2005). Recently, an
integrated plasmid 23S rRNA methyltransferase coded by the cfr
gene (for chloramphenicol-florfenicol resistance) was shown to
confer resistance to linezolid in S. aureus (Toh et al. 2007; Mendes
et al. 2008). There are also other linezolid-resistant strains (selected
in vitro or clinical isolates) that do not seem to carry any of the
main known mutations (Sander et al. 2002; Carsenti-Dellamonica
et al. 2005; Richter et al. 2007); thus, it is possible that other
mutations or the acquisition of additional genes may also con-
tribute to linezolid resistance. Recently, with the emergence of
new genome analysis technologies such as comparative genome
sequencing (CGS) and massively parallel DNA sequencing tech-
niques, whole-genome sequencing has become a powerful
method to detect mutations linked to drug resistance or mode
of action of antibiotics (Albert et al. 2005; Andries et al. 2005;
Manjunatha et al. 2006; Mwangi et al. 2007). We report the use of
whole-genome sequencing of three S. pneumoniae strains selected
independently for in vitro linezolid resistance in a step-by-step
fashion to find known (23S rRNA) and novel (RNA methyl-
transferase, ABC proteins) genes involved in resistance to this
novel drug.

Results

Generation of mutants and cross-resistance

Two independent mutants for each of two S. pneumoniae strains
(R6 and CCRI 1974) were generated by iterative selection for
linezolid resistance in vitro. Cells were selected for progressive
resistance to 1, 2, 4, 8, 16, and then 32 pg/mL of linezolid. The
MICs of the progenitor-susceptible isolates were 0.5 ng/mL for R6
and 0.75 pg/mL for CCRI 1974. The MICs of the most highly re-
sistant isolates were 32 pg/mL and were named R6M1 and R6M2
when derived from S. pneumoniae R6, and CCRI 1974M1 and
1974M2 when derived from S. pneumoniae CCRI 1974. These
linezolid-resistant isolates were cross-resistant to chloramphenicol
and florfenicol (Table 1), which are antibiotics that also target the
23S rRNA. The mutants were not cross-resistant to vancomycin or
to erythromycin (Table 1). Vancomycin does not target the 23S

Table 1. Susceptibility levels of S. pneumoniae isolates

MIC (pg/mL)

S. pneumoniae

strains LZD CHL FFC ERY VAN
R6 WT 0.5 3 1.6 0.064 0.38
R6M1 32 24 6 0.064 0.38
R6M2 32 32 12 0.047 0.38
1974WT 0.75 3 3.2 0.064 0.5
1974 M1 32 24 12 0.047 0.5
1974 M2 32 24 20 0.047 0.38

Average of at least three independent measures. (WT) Wild-type; (LZD)
linezolid; (CHL) chloramphenicol; (FFC) florfenicol; (ERY) erythromycin;
(VAN) vancomycin.

rRNA, and while erythromycin does interact with the 23S rRNA
within the peptidyl transferase center, it is at a distinct site from
linezolid (Schlunzen et al. 2001).

Whole-genome sequencing of S. pneumoniae linezolid-resistant
strains

The two independent R6 mutants R6M1 and R6M2 were rese-
quenced using the comparative genome sequencing (CGS)
method developed by NimbleGen (http://www.nimblegen.com/).
The CGS technique uses tiled DNA microarray hybridizations and
rapidly surveys entire microbial genomes, identifying the loca-
tions of SNPs, insertions, or deletions. The mutations are further
characterized by a subsequent step of array sequencing. These
mutations were then confirmed by PCR sequencing of the regions
suspected to be mutated. Both highly resistant R6 mutants R6M1
and R6M2 had a point mutation in each of their four 23S rRNA
gene copies at position G2576T (Table 2). In addition to the 23S
rRNA gene, CGS pinpointed nine additional mutations in the
highly resistant mutant R6M1 and 10 additional mutations in
R6M2 (Table 2). Six mutations in R6M1 were located in coding
regions and were nonsynonymous. A single synonymous muta-
tion (spr0525) and two deletions causing frameshifts were ob-
served in the genes coding for hypothetical protein spr0333 and
the ribosomal large subunit pseudouridine synthase D (spr1824)
(Table 2). Nonsynonymous mutations in coding sequences were
also the most prevalent in R6M2. Interestingly, two of these
mutations were in the same open reading frame coding for the
ABC protein spr1887. The only mutation found in noncoding
sequences was also found 46 bp upstream of the spr1887 ATG
(Table 2). A nonsense mutation in the argininosuccinate synthase
gene spr0102 was detected by CGS in R6M2 (Table 2). Only two
mutations were found in common between R6M1 and R6M2,
which were the 23S tRNA gene copies and hypothetical protein
spr0333. To extend this analysis and to test for the putative re-
currence of resistance mutations to eventually find novel re-
sistance mutations, we sequenced an independent linezolid-
resistant isolate derived from the clinical isolate CCRI 1974. By
multilocus sequence typing (MLST) analysis (see Methods), it was
determined that 1974 was of the sequence type “124” while R6’s
sequence type was “595.” Genome-wide assessments of SNPs as
a marker of genetic diversity also confirmed that 1974 and R6 were
different (see below).

Since the sequence of wild-type S. pneumoniae 1974 was not
known, it was not possible to use the NimbleGen CGS technique.
We instead used the massively parallel 454 Life Sciences (Roche)
GS-FLX DNA sequencing platform to generate a 20X sequence
coverage genome assembly for both the wild-type CCRI 1974
progenitor and the 1974M2 isolate. The draft genome assemblies
are available at NCBI/DDBJ/EMBL/GenBank under the project
accession numbers ABZC00000000 and ABZT00000000. A genome-
wide alignment between R6 and 1974 indicated that the overall
genome colinearity has been disrupted by a dispersed set of 18
insertions/deletions representing 4.2% of the CCRI 1974 genome.
We used candidate SNPs as a further surrogate for divergence, and
the CCRI 1974 strain genome assembly alignment comparisons
generated 11,000 to 15,000 candidate SNPs when compared with
R6, TIGR4, or other S. pneumoniae strains recently sequenced
(Hiller et al. 2007). This number is similar to the 13,000 SNPs that
we have measured between the R6 and TIGR4 genomes.

Comparative sequence analysis of 1974M2 and its sensi-
tive parent revealed 25 mutations that were confirmed by PCR
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Table 2. List of mutations found in S. pneumoniae isolates selected for linezolid resistance

S. pneumoniae strains

Name of gene Locus name R6? R6M1 R6M2 1974M2 1974M1°
23S rDNA spr_rrnaD23S G2576T G2576T T1743T A2503G G2576T
23S rDNA spr_rrnaC23S G2576T G2576T A1743T A2503G G2576T
23S rDNA spr_rrnaB23S G2576T G2576T A1743T A2503G G2576G
23S rDNA spr_rrnaA23S G2576T G2576T A1743T A2503G G2576T
Hypothetical protein spr0333 282-288 deletion G623A C208Y° G626T G209V G503T S168/
ABC transporter, protein spr1021 G-291¢ G-291¢
ABC transporter, protein spr1021 C1419G H473Q
ABC transporter, protein spr1887 G-46T9 G-46T9 G-32T1¢
ABC transporter, protein spr1887 G593A G198D
G498T L166F
Acyl-carrier-protein S-malonyltransferase spr0380 G896T 52971
ABC transporter, protein spr0525 C234T R78R
Phosphoenolpyruvate carboxylase spr0947 A406C T136P
Glycosyltransferase spr0981 G347A G116E
Hypothetical protein spr1130 G1562A R521H
Phosphoglucosamine mutase spr1417 G887C R296P
Aspartate aminotransferase spr1808 A806G N269S
Ribosomal large subunit pseudouridine spr1824 C208 deletion
synthase D
Argininosuccinate synthase spr0102 G116A W39stop
Phosphotransferase system sugar-specific spr0421 C113A P38H
Ell component
ABC transporter, protein spr1121 G514T D172Y
Hypothetical protein spr1195 G921A M3071
Hypothetical protein spr1316 G337A ET13K
Hypothetical protein spr1465 C317T P106L
Magnesium transporter spr0170 G-31¢
Competence-induced protein Ccs4 spr0182 T1380G N460K
50S ribosomal protein L4 spr0189 G211A G71R
Single-strand-DNA-specific exonuclease Rec| spr0537 C1400T T467M
Elongation factor Tu family protein spr0598 A-52c¢
Spermidine synthase spr0819 G146T G49V
Translation initiation factor IF-3 spr0861 C454A H152N
Hypothetical protein spr1236 C277T Q93stop
Putative oxidoreductase spr1325 A393C E131D
ABC transporter, substrate-binding protein spr1534 C50A A17D
Sialidase A precursor spr1536 G430T D144Y
Sucrose operon repressor spr1569 G191T G64V
Capsular polysaccharide biosynthesis protein spr1654 C1032A H344Q
Xanthine phosphoribosyltransferase spr1662 C-216A1

2All S. pneumoniae loci number (spr#) are according to the annotation of R6.

®The genome of this mutant was not sequenced. Only the genes found mutated in 1974M2 were PCR amplified and sequenced in 1974M1.
“‘When the mutations are within coding regions, the change in amino acids is also indicated in italics.
94In noncoding sequence. The number preceded by “- indicates the position upstream of the ATG.

amplification and conventional DNA sequencing. Sequence
analysis highlighted mutations in the 23S rRNA genes of 1974M2,
although they differed from the two R6 mutants, with mutations
at position 1743 for three out of four 23S rRNA gene copies and at
position 2503 for the four copies (Table 2). Eighteen additional
mutations were found and confirmed in 1974M2 when compared
with the wild-type sequence. Five of the 18 mutations were in
noncoding regions. Interestingly, the same mutation (G to T) 46
bp upstream of the ABC gene spr1887 found in R6M2 was also
present in 1974M2 (Table 2). The 13 other mutations were in
coding regions, with 12 nonsynonymous substitutions and one
nonsense mutation. The hypothetical protein spr0333 mutated in
both R6 mutants was also mutated in 1974M2 (Table 2). We also
PCR amplified and sequenced all the genes that were found to be
mutated in 1974M2 in the independent mutant 1974M1. We
found that the 23S rRNA gene was mutated in 1974M1 at the
G2576T position in three of the four 23 S rRNA gene copies (Table
2). Mutations in three additional genes (not necessarily at the
same position as in 1974M2) were common between 1974M1 and

1974M2. One was in the coding region of the hypothetical protein
spr0333, and the two other mutations were upstream of two
operons, each encoding for ABC proteins (spr1021 and spr1887)
(Table 2).

Mutations in known loci associated with linezolid resistance

The sequencing of three independent linezolid-resistant mutants
and PCR analysis of targeted regions of a fourth mutant (1974M1)
highlighted mutations in two genes already linked to linezolid
resistance but also in 27 genes never previously associated with
resistance. In the category of known mutations, the G2576 posi-
tion within the domain V region of the 23S rRNA is central to
linezolid resistance. In staphylococci and enterococci, the number
of mutated copies of the 23S rRNA is generally correlated with
linezolid MIC (see above), and this correlation was generally true
for the four S. pneumoniae isolates studied in this report. In
the R6M1 and R6M2 mutants, three copies of the 23S rRNA
were mutated at position 2576 in cells with a MIC of 2 pg/mL, and
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the fourth copy was mutated in cells resistant to 4 pg/mL of
linezolid (Supplemental Table 2). Three copies were also mutated
at the same position in 1974M1 with a MIC of 2 pg/mL, but
the fourth copy remained nonmutated even in the most resistant
cells (Supplemental Table 2). The position G2576 was not mu-
tated in 1974M2. Instead, positions 1743 and 2503 were mutated
and three copies of the domain V 23S rRNA had the A2503G
mutation at 16 ug/mL, while the fourth copy was mutated when
cells reached a MIC of 32 pg/mL (Supplemental Table 2).

Small deletions in the 50S ribosomal protein L4 were ob-
served in clinical strains of S. pneumoniae with decreased suscep-
tibility to linezolid (Wolter et al. 20035). It is salient to point out
that in mutant 1974M2, whole-genome sequencing revealed that
the L4 protein is mutated to G71R, a conserved region of L4.

ABC transporters and linezolid resistance

In addition to the known loci associated previously with linezolid
resistance, we found 31 additional genes that were mutated in at
least one of the three resistant strains that were sequenced. As an
initial strategy to confirm the role of these novel mutations in
resistance, we concentrated on genes that were mutated in at least
two independent mutants. We reasoned that a recurrent mutation
may increase the likelihood that it is associated with resistance,
whereas a unique mutation may simply be a random replication
error due to stress. Members of the ABC proteins can act as drug
efflux pumps in some organisms (Ouellette et al. 1994), and five
ABC protein genes were mutated in the linezolid-resistant mu-
tants. This included spr0525 in R6M1, spr1534 in 1974M2, and
spr1121 in R6M2. However, mutations in both the upstream and
coding regions of two ABC protein genes, spr1021 and spr1887,
were noted in three of the four linezolid-resistant isolates studied
(Table 2). Consistent with our strategy of recurrent mutations, we
attempted to assess the role of the latter two ABC genes in linezolid
resistance. The mutations upstream of these two genes occurred
early during the selection process in both 1974M2 and R6M2 but
later in 1974M1 (Supplemental Table 2). Both genes are part of
predicted operons (Fig. 1), and we used qRT-PCR to test whether
a correlation existed between the mutation upstream of these

A

operons and their expression. The ABC spr1021 gene is part of
a three-gene operon (Fig. 1A), and the expression of the three
genes was found to be increased seven- to 13-fold in the 1974M1
and 1974M2 mutants (Fig. 1A). The expression of these genes was
not altered in the R6M2 that had no mutation upstream of this
operon (Fig. 1A). The genes spr1020 and spr1024 were not over-
expressed in 1974M2 (Fig. 1A), indicating that they are not part of
the same operon as spr1021.

G to T transversions were found either at position 32 or 46
upstream of the operon containing spr1887. We similarly tested
by qRT-PCR whether these mutations were correlated with in-
creased expression of these genes. This was indeed the case, with
a seven- to 13-fold increase in expression (Fig. 1B). The spr1884
and spr1888 genes were not overexpressed as determined by qRT-
PCR (Fig. 1B).

The increased expression of these ABC protein genes may be
linked to resistance, but since they are co-overexpressed with
other genes, we assessed the role in resistance of each of these
genes by gene inactivation in S. pneumoniae. The three genes of the
spr1021 operon (spr1021, an ABC protein; spr1022, a putative
transcriptional regulator; spr1023, a putative transmembrane
protein) were individually inactivated by insertional duplication
mutagenesis using the nonreplicative plasmid pFF6 (Supplemen-
tal Table 1) containing a kanamycin resistance marker. Inacti-
vation of the three genes in the wild-type background did not lead
to any changes in susceptibility to linezolid (results not shown).
However, when the three genes were inactivated independently
in S. pneumoniae 1974M2, a phenotype of a threefold decrease
in linezolid resistance was found in cells in which spr1021 was
inactivated (Table 3). No phenotype was observed in 1974M2
in which spr1022 or spr1023 was inactivated (not shown). In-
terestingly, cells in which spr1021 was inactivated not only were
more susceptible to linezolid but also were less cross-resistant to
chloramphenicol and florfenicol (Table 3). We have attempted to
overproduce spr1021 (wild-type or mutated versions) in wild-type
cells. Resistance was minimal and not significant when compared
with controls (results not shown).

The spr1887 gene is part of an operon containing two
ABC protein genes (spr1885 and spr1887). These ABC proteins,

also known as PatA and PatB, have been
linked to resistance to a number of drugs,

| including fluoroquinolones (Marrer et al.

2006b). This prompted us to test and sub-

sequently verify that both the 1974M1

,—>
| spr1019> | spr102> |

spr1021 >| spr1022 > | spr1023> |spr102‘>

and 1974M2 mutants, with increased

1974M2 1204 0.98£0.4 84+26 13328 93+25 153+0.5 patA and patB expression (Fig. 1), were
1974t 6716 108221 79£19 also cross-resistant to ciprofloxacin (Table
ReM2 1002 13£05 1303 3). We inactivated both genes in both the
CCRI1974 and in the 1974M2 back-

B — | ground. In the wild-type background, we
11668 > | orige > <::| | Sor7665 > | Spr188‘> faile.d to sbow a decrease in susceptibility

to linezolid (results not shown). How-

1974M2 11403 12.7+35 11+38 0.86 + 0.29 ever, a small but reproducible decrease in
1974M1 11.4£38 70+18 linezolid resistance was observed when
R6M2 7421 04+26 any of the two genes was inactivated

Figure 1. Monitoring mRNA expression by qRT-PCR in linezolid-resistant Streptococcus pneumoniae.
Two genomic regions are shown, one containing the ABC protein gene spr1021 (A) and one containing
the ABC protein genes spr1887 and spr1885 (B). Between spr1887 and spr1885 there is a putative ORF,
although it is not clear whether it is real. The spr# is according to the nomenclature of strain R6. The
RNAs were normalized with 16S rRNA. The expression ratios shown are the cycle threshold (Ct) ratios
between the resistant cells and the parent wild-type cells for each individual gene shown. Possible sites
of transcription initiation (arrows) and termination (vertical bars) of the operons are indicated. Values

represent an average of three independent experiments.

in the 1974M2 background (Table 3).
Interestingly, resistance to several other
drugs targeting the 23S rRNA was de-
creased significantly when either spr1887
or spr1885 were inactivated in 1974M2
(Table 3). Consistent with the known role
of PatA and PatB in ciprofloxacin resistance
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Table 3. Functional analysis of S. pneumoniae genes in antibiotic
resistance

MIC (png/mL)
§. pneumoniae
strains Plasmid LZD CHL FFC cip
1974WT — 0.75 3 3 0.25
1974M2 — 32 24 20 2
1974 M2 pJF_1021KO 12 12 8 1
1974 M2 pJF_1887KO 20 6 8 0.25
1974 M2 pJF_1885KO 24 8 8 0.38
1974 M1 pDL289 32 24 12 1.5
1974 M1 pJF_0333 12 12 6 1.5
R6 WT — 0.5 3 1.6 0.38
R6 WT pJF_0333KO 0.5 — — —
R6 M1 pDL289 32 — — —
R6 M1 pJF_0333 16 — — —

Average of at least three independent measures. (LZD) linezolid; (CHL)
chloramphenicol; (FFC) florfenicol; (CIP) ciprofloxacin; (KO) knock-out
construct.

(Marrer et al. 2006b), inactivation of either of these ABC genes led
to a 10-fold decrease in ciprofloxacin resistance back to wild-type
levels (Table 3).

RNA methyltransferase and linezolid resistance

Other than genes corresponding to the 23S rRNA, only one
other gene was mutated in all four mutants, which corresponded
to the hypothetical protein spr0333 (Table 2). Further analysis
revealed that spr0333 corresponded to a protein of 385 amino
acids containing PFAM domains for
S-adenosylmethionine (SAM)-dependent
methyltransferases (PFAM UPF0020). The
spr0333 protein exhibited 32% sequence

93

blocks AMV reverse transcriptase during primer extension ex-
periments, thus causing a stop one nucleotide before the modified
guanosine. A reverse transcription stop was observed at position
G2445 when the 23S rRNA template was extracted from the
wild-type cells CCRI1974 (Fig. 3B, lane 1). Mutant 1974M1 had
a point mutation leading to a mutated spr0333 protein with
S$168I (Table 2). When the 23S rRNA was derived from 1974M1 and
used as a template in reverse transcription reactions, we did not
observe a stop at position 2445 (Fig. 3B, lane 2). To ascertain that the
lack of methylation as measured by primer extension was due to
a mutated version of spr0333, we transformed pJF0333 (the
spr0333 gene cloned into a shuttle vector replicating in S. pneu-
moniae, Supplemental Table 1) in the strain 1974M1. When the
mutant was transformed with the empty vector, we still did not
observe a stop at position 2445 (Fig. 3, lane 4), but in mutant cells
transformed with pJF0333, cells gained back the methylation of
ribonucleotide G2445 as shown by the stop of reverse transcription
on the 23 S rRNA template (Fig. 3, lane 3).

The regain of methylation at position G2445 in 1974M1 was
associated with an increased susceptibility to linezolid, but also to
other antibiotics (Table 3). As susceptibility testing is simpler than
primer extension, we also transformed pJF0333 in R6M1 (which
had a 7-bp deletion in the spr0333 gene), and these cells were
also shown to be more susceptible to linezolid (Table 3). The
R6M2 with a C208Y mutation and 1974M2 with a G209V muta-
tion in the spr0333 protein were also more susceptible to linezolid
when these cells were transformed with pJFO333 (results not
shown), demonstrating that different mutations in spr0333 are
directly linked to linezolid resistance. Mutations in spr0333 were
a relatively late event, being detected in cells resistant to either 16

100 [~ Shigella dysenteriae Sd197
100 _E Escherichia coli UTI89

identity with a domain of the 702-amino-
acid E. coli gene product YcbY, which en-

86

65

—— Klebsiella pneumoniae Kp342

Vibrio cholerae O395

codes an RNA methyltransferase respon-
sible for the N?-methylation of G2445

Shewanella denitrificans OS217

in the 23S rRNA (Lesnyak et al. 2006).

Methylococcus capsulatus Bath

Orthologs of spr0333 were found in
many bacterial species, including several
pathogens (Fig. 2). Mutations in spr0333

Legionella pneumophila Paris

Ralstonia eutropha JIMP134

Nitrosomonas europaea ATCC 19718

were at different positions and included
nonsynonymous mutations and a frame-

Geobacter metallireducens GS-15

shift deletion (Table 2), but all were

Anaeromyxobacter dehalogenans 2CP-C

in the conserved SAM-methyltransferase

Myxococcus xanthus DK 1622

domain. These mutations may render

Clostridium difficile QCD-32g58

spr0333 inactive and may be linked to

linezolid resistance. Methylation of ribo- 7

Lactobacillus acidophilus NCFM

56

somal RNA is a frequent mechanism of
acquired resistance to antibiotics such
as erythromycin (for review, see Roberts

Staphylococcus aureus Mu50
Streptococcus pneumoniae R6

e

Streptococcus agalactiae 515

2008). It has recently been argued that
one role of endogenous RNA methylases
may be in 23S rRNA protection against
natural xenobiotics (Toh and Mankin
2008). Therefore, we tested by primer ex-
tension whether spr0333 had 23S rRNA
methylation activity, and in particular
whether residue G2445 (E. coli number-
ing) was modified to m?G in the 23S rRNA
of S. pneumoniae. N*-methylguanosine

P
0.1

Figure 2.

78

Enterococcus faecalis V583

—

Leuconostoc mesenteroides ATCC 8293

Phylogenetic analysis of a class of RNA methyltransferases related to spr0333. Amino acid
sequences of the RNA methyltransferase proteins were aligned using the ClustalW algorithm, and
evolutionary trees were constructed using the Neighbor-Joining method with Poisson correction as
implemented in the MEGA3.1 package for the most conserved part of the proteins. The reliabilities of
each branch point were assessed by the analysis of 1000 bootstrap replicates. A similar tree was
obtained also when the whole protein was used for carrying the phylogenetic analysis (not shown).
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Figure 3. Mutations and modifications in the 23S rRNA related to linezolid resistance. (A) Secondary-structure model of part of the V domain of the 23S
rRNA of S. pneumoniae. (Blue) Mutations in the 23S rRNA linked to linezolid resistance; (boxed residues) positions 2445, 2447, 2503, and 2576 found in
this study; (red) new mutations or resistance mechanisms; (shaded) nucleotides that directly interact with linezolid as determined from several structural
studies cited in the text. (B) Reverse transcription analysis of the S. pneumoniae 23S rRNA. U, A, C, G correspond with sequencing lanes. Primer extension
results of the 23S rRNA from the control susceptible strain 1974 (lane 7), 1974M1 (lane 2), 1974M1 with pJF0333 (lane 3), 1974M1 with vector pDL289
(lane 4) are shown. The block (when present) in the reverse transcription reaction at position G2445 is indicated.

or 32 ng/mL linezolid (Supplemental Table 2), suggesting that this
mutation may occur after other mutations such as in the 23S
rRNA. Consistent with this hypothesis, we did not observe
a change in susceptibility when the spr0333 gene was inactivated
in wild-type cells (Table 3).

Mutations in a chromosomally encoded RNA methylase and
clinical resistance to linezolid

The complete genome sequencing of several isolates has pin-
pointed a novel linezolid resistance marker. There are few if any
reports of S. pneumoniae linezolid-resistant isolates, but there have
been reports of linezolid-resistant staphylococci and enterococci.

The staphylococci and the enterococci have a spr0333 ortholog
(Fig. 2). In the NARSA collection (www.narsa.net) of vancomycin-
intermediate MRSA (VISA) that we have studied in the past
(Drummelsmith et al. 2007), we confirmed that three isolates, NRS
119, 127, and 271, were linezolid-resistant (Table 4). Sequencing
of the Vregion of the 23S TRNA gene of these isolates indicated the
mutation G2576T in both NRS271 and NRS119, but a G2447T
mutation for NRS127 (Table 4). The spr0333 ortholog in S. aureus is
SAV1444 (nomenclature of S. aureus MuS0) (Kuroda et al. 2001),
and it shares ~45% identity with the S. pneumoniae ortholog. In
the isolate NRS119, which had the highest MIC against linezolid,
the sequence of the SAV1444 gene revealed a 39-bp deletion in the
SAM-methylation domain (Table 4). No mutations were observed

Table 4. Mutations in linezolid-resistant Staphylococcus aureus clinical isolates

Staphylococcus aureus Linezolid MIC Multilocus sequence Mutations in SAV1444 Mutation in
strains (ng/mL) type (homolog of spr0333) 23S rDNA
Clinical isolates
NRS127 1.5 STS No mutation G2447T
NRS271 14 ST22 No mutation G2576T°
NRS119 48 ST507 39-bp deletion (931-969) G2576T°
Resistant mutants selected in vitro
NRS127M1 128 STS No mutation G2447T
NRS271M1 256 ST22 60-bp deletion (775-834) G2576T°

“These mutations were also reported by Tsiodras et al. (2001) and Wilson et al. (2003).
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in the two other VISA isolates that were less resistant to linezolid.
NRS271 and NRS127 were selected in vitro for increased linezolid
resistance, and their SAV1444 gene was resequenced. A 60-bp
deletion was observed in the in vitro linezolid-selected NRS271
(Table 4).

Discussion

Complete bacterial genome sequencing is emerging as a cost-
effective approach for identifying candidate genes and de-
termining the mode of action and resistance to drugs (Albert et al.
2005; Andries et al. 2005; Fournier et al. 2006; Manjunatha et al.
2006; Mwangi et al. 2007; Howden et al. 2008). We used whole-
genome sequencing of linezolid-resistant S. pneumoniae strains
to find novel resistance mutations. Our strategy was based on se-
quencing several isolates selected for resistance in vitro. In vitro
selected isolates were studied because (1) S. pneumoniae linezolid-
resistant clinical isolates are not yet available; (2) the poly-
morphism between field isolates is such that it would be difficult
to discriminate between resistance mutations and natural poly-
morphisms; (3) resistance to linezolid has been shown so far to be
due mostly to point mutations that were shared between in vitro
selected organisms and clinical isolates. Linezolid is a novel class
of antibiotics to which resistance has only recently been described
and involves primarily mutations in the 23S rRNA gene and most
notably the mutation G2576T (for review, see Meka and Gold
2004). Indeed, this mutation was found in three out of the four
S. pneumoniae (Table 2) and two out of three S. aureus (Table 4)
strains resistant to linezolid. Resistant cells not having this key
mutation usually have other mutations in the 23S rRNA gene (Fig.
3A), and this was also found to be the case for 1974M2 (Table 2) or
NRS127 (Table 4). Mutation G2447T was previously linked to
linezolid resistance (Xiong et al. 2000). The mutations A2503G
and A1743T in 1974M2 are associated with linezolid resistance
for the first time. A recent crystal structure of linezolid bound to
the 50S ribosomal subunit has shown interaction between the
antibiotic and A2503 (Leach et al. 2007; Ippolito et al. 2008;
Wilson et al. 2008), and mutation of this residue was observed in
some chloramphenicol-resistant mutants (Gregory et al. 2005).
Interestingly, methylation of the A2503 residue by the acquired
cfr gene also led to linezolid resistance (Toh et al. 2007). Muta-
tion at G2447 was also correlated with resistance to several anti-
biotics, including chloramphenicol (Gregory et al. 2005), tiamulin
(Pringle et al. 2004), and anisomycin (Blaha et al. 2008) in addi-
tion to linezolid (this study) (Xiong et al. 2000). The A1743 resi-
due is not in the V region of the 23S rRNA, and further work
would be required to test whether it is involved in linezolid
resistance.

The sequencing of several independent mutants from ge-
netically different backgrounds has allowed the identification of
independently recurring mutations. We hypothesized that re-
current mutations in independent mutants increase the likelihood
that a particular gene is involved in resistance. In addition to the
23S rRNA, few mutations were common to at least two in-
dependent mutants. ABC proteins are involved in multidrug re-
sistance in several microbial eukaryotic pathogens (Ouellette and
Légaré 2002), but also in bacteria (Lubelski et al. 2007), and
mutations within putative promoter regions of operons coding for
ABC proteins were observed in more than one mutant (Fig. 1).

S. pneumoniae encodes 14 ABC proteins, and disruption of 13
of them was possible. However, the disruption of only two ABC
genes, spr1887 (patA) and spr1885 (patB), was shown to lead to

more susceptible bacteria (Robertson et al. 2005). The expression
of these two genes was also shown to be up-regulated in cells
treated with fluoroquinolones (Marrer et al. 2006a). The spr1887
and spr1885 proteins are the closest homologs of the well-studied
multidrug-resistant proteins LmrC and LmrD of Lactococcus lactis
(Lubelski et al. 2007). The increased expression of their genes in
linezolid-resistant mutants (Fig. 1) indicated a direct involvement
in linezolid resistance. Our gene disruption experiments of re-
sistant cells provided evidence that PatA and PatB are associated
with resistance to linezolid, although their role seems to be minor
(Table 3). It has been suggested that they form heterodimers
(Lubelski et al. 2007), and inactivation of both genes in the same
cell may lead to further resistance. In addition to their role in
linezolid resistance, analysis of the phenotype of either patA or
patB disruptants clearly implicate the two ABC proteins in a mul-
tidrug resistance phenotype due to increased RNA expression (Fig.
1; Table 3).

Inactivation of spr1021 in a wild-type context did not lead to
decreased susceptibility to drugs (Table 3), confirming the results
of others (Robertson et al. 2005). However, the disruption of the
same ABC gene in the linezolid-resistant background 1974M2 led
to increased susceptibility to linezolid and also to chloramphenicol
and florfenicol (Table 3). Since the expression of the mutated gene
was increased by sevenfold, inactivation of the gene may explain
the gain in sensitivity of the mutant. Indeed, a similar observation
was noted for the major facilitator efflux pump PmrA in S. pneu-
moniae, where inactivation in wild-type cells did not increase sus-
ceptibility (Robertson et al. 2005) but did render resistant cells more
susceptible to drugs (Gill et al. 1999). Alternatively, mutations in
primary targets (23S rRNA) may lead to an increased concentration
of free unbound linezolid that needs to be extruded by an efflux
system. Disruption of the latter system would lead to the decreased
resistance as observed (Table 3). The work highlights how mutations
in putative promoter regions can increase the expression of efflux
pumps (PatA, PatB, spr1021), hence contributing to resistance to
clinically useful drugs including linezolid.

In addition to describing a novel role for ABC proteins in
linezolid resistance, our complete genome sequencing approach
has led to the identification of a novel resistance mechanism
and to finding a cellular function for a hypothetical protein
of S. pneumoniae. The spr0333 protein corresponds to an rRNA
methyltransferase modifying the G2445 residue. This protein is
only distantly related to the RImL (YcbY) protein of E. coli (Fig. 2),
which modifies the G2445 residue of the 23S rRNA in E. coli
(Lesnyak et al. 2006). Inactivation of the rlmL gene in E. coli did
not lead to changes in drug susceptibilities including linezolid
(Toh and Mankin 2008), and, similarly, inactivation of spr0333 in
susceptible S. pneumoniae R6 also did not change resistance to
linezolid (Table 3). However, in all S. pneumoniae cells highly re-
sistant to linezolid, spr0333 was mutated (Table 2), and this was
even seen in one S. aureus clinical isolate (Table 4). The role of
spr0333 in 23S rRNA methylation was tested experimentally (Fig.
3). Transformation of spr0333 in resistant cells rescued the
methylation defect at position G2445 and restored susceptibility
to linezolid but also to other antibiotics (Table 3). Thus, the loss of
methylation is clearly involved in resistance but first requires
other mutations, most likely in the 23S rRNA (e.g., position
G2576T). Indeed, mutation in spr0333 occurred late during the
selection process (Supplemental Table 2), and we propose a hier-
archy in mutation selection. It is possible that some specific
mutations would be required before the methylation status at
position 2445 would be implicated in linezolid resistance. Indeed,
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it was intriguing that we could not detect a mutation in spr0333
while selecting for increased resistance in S. aureus NRS127, which
had another mutation close to position 2445 in the 23S rRNA
(G2447) (Table 4). This would suggest the possibility of additional
resistance mechanisms.

While we concentrated on recurrent mutations, the sequence
analysis has revealed other strain-specific mutations, several of
which could also contribute to resistance to linezolid. They are
certainly worth investigating in additional studies, but it is pos-
sible that some of these mutations, despite further experimenta-
tion, may not be directly involved in the resistance phenotype.
Two sequencing techniques were used in this study: microarray
hybridizations and massively parallel DNA sequencing (MPS).
Although we used a 454 Life Sciences (Roche) system, and oth-
er technologies are available (Illumina GAII and ABI SOLiD), de
novo sequencing is still a sizable investment; however, costs
are decreasing and it is becoming a routine technique (Kahvejian
et al. 2008). Resequencing (microarray-based or low-coverage
MPS) is less expensive, but the requirement of a prior reference
sequence limits the species that can be analyzed. However, with
improved bioinformatic tools and increasingly longer read
lengths, including paired ends, it will likely become routine also to
sequence de novo bacterial isolates using MPS short-read systems
(Hernandez et al. 2008; Holt et al. 2008). This cost-effective de
novo sequencing will allow the sequencing of clinical isolates.
While several natural polymorphisms would be detected (Joyce
et al. 2002), recurrence of a mutation in independent clinical
isolates would provide a strong argument to pursue the more
labor-intensive biological validation. This could prevent one of
the main limitations in our current approach that requires a se-
quenced parent strain. These approaches are already leading to
novel factors or concepts in bacterial virulence (Fouts et al. 2005;
Gill et al. 2005; Highlander et al. 2007; Holt et al. 2008; Kennedy
et al. 2008) and as suggested (Fournier et al. 2007; Francois et al.
2007; Kahvejian et al. 2008) will certainly contribute to a better
understanding of the mutations and adaptations required to de-
velop and maintain resistance. This study and other ongoing
studies in the laboratory are certainly in agreement with the
premise that whole-genome sequencing will be useful for un-
derstanding resistance mechanisms.

Methods

Bacterial strains, growth conditions, and MIC determinations

Key strains are listed in Supplemental Table 1. S. pneumoniae R6,
whose genome sequence has been determined (Hoskins et al.
2001), and one clinical isolate, S. pneumoniae CCRI 1974, were
chosen for the laboratory-induced development of resistance to
linezolid. Pneumococci were grown in brain heart infusion broth
(BHI, Difco) supplemented with 0.5% yeast extract, or in blood
agar containing 5% defibrinated sheep’s blood as described pre-
viously (Munoz et al. 1992). Cultures were incubated for 16-24 h
in a 5% CO, atmosphere at 37°C. In order to select resistant cells,
we subcultured R6 or CCRI 1974 in medium containing increasing
concentration gradients of linezolid as described previously for
other antibiotics (Martineau et al. 2000; Soualhine et al. 2005).
Mutants were selected in a stepwise fashion by picking colonies
growing at the highest antibiotic concentration at each stage. Six
selection cycles were required to obtain two resistant mutants (M1
and M2) for each strain of S. pneumoniae. Minimal inhibitory
concentration (MIC) to linezolid was determined by the E-test or
the macrodilution method according to the guidelines of the

Clinical and Laboratory Standards Institute (CLSI). For the E-test,
colonies from a fresh overnight plate were resuspended in phos-
phate saline buffer (PBS) to 0.5 McFarland units. The suspension
was layered on Mueller-Hinton agar plates and then overlaid with
E-test strips (AB Biodisk). For macrodilution, cation-adjusted
Mueller-Hinton broth with lysed horse blood containing twofold
concentration increments of linezolid was inoculated with a 5 X
10° cfu/mL bacterial suspension. The MIC was recorded as the
lowest dilution showing no growth. All measurements were done
at least in triplicate after 12-16 h of incubation, depending on the
strain.

Multilocus sequence typing (MLST)

The MLST analysis was performed as described at http://
www.mlst.net. The aroE, gdh, gki, recP, spi, xpt, and ddl genes for the
S. pneumoniae strains and the arcC, aroE, glpF, gmk, pta, tpi, and yqiL
genes for the S. aureus strains were PCR amplified and sequenced.
The sequence type (ST) of strains was obtained from the MLST
database on the basis of the resulting allelic profile.

Whole-genome sequencing

Genomic DNAs were prepared from mid-log phase cultures of S.
pneumoniae strains using the Wizard Genomic DNA Purification
Kit (Promega) according to the manufacturer’s instructions.
Mutants R6M1 and R6M2 were sequenced using the NimbleGen
whole-genome sequencing approach (http://www.nimblegen.
com/). Briefly, DNA of each mutant isolate and the DNA of the
progenitor isolate (which were differentially labeled with fluores-
cent markers) were co-hybridized on DNA tiling microarrays.
Regions hybridizing differently were sequenced by a second
round of sequencing hybridization arrays. The sequencing of
both mutants and their analyses were performed by NimbleGen
(Albert et al. 2005). The CCRI 1974 wild-type strain and the
CCRI 1974 M2 mutant were sequenced by the massively paral-
lel sequencing using the 454 Life Sciences (Roche) GS-FLX sys-
tem. Genome sequencing, assemblies, and comparative analyses
were performed at the McGill University and Génome Québec
Innovation Center. The draft genome assemblies for CCRI 1974
and CCRI 1974 M2 have been submitted to NCBI/DDBJ/EMBL/
GenBank under the project accession numbers ABZC00000000
and ABZT00000000. The versions described in this study are
the first versions, ABZC01000000 and ABZT01000000. The CCRI
1974 shotgun sequencing led to an assembly of 121 contigs
with an aggregate genome size of 2,000,683 bp. The 1974M2
isolate sequencing project produced an assembly of similar qual-
ity (130 contigs, 1,998,515 bp). Whenever possible, the order
and orientation of assembled contigs was done in accordance
with the genome assembly of the S. pneumoniae TIGR4 isolate
(accession number NC_003028). Mutations, deduced either from
array hybridizations or massively parallel sequencing, were con-
firmed by PCR amplification and conventional DNA sequencing.
The primers were designed on the basis of the published S. pneu-
moniae TIGR4 strain (Tettelin et al. 2001). Specific primers target-
ing the four individual 23S rRNA genes were designed.

RNA isolation and qRT-PCR

Wild-type and linezolid-resistant mutant S. pneumoniae strains
were grown in BHI in the absence of antibiotics. Bacterial cells
were harvested for RNA isolation during the logarithmic growth
phase at an ODgoonm of 0.35-0.45. Total RNAs from sensitive and
resistant derivatives were isolated using the Qiagen RNeasy Mini
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Kit (Qiagen) according to the manufacturer’s instructions. Con-
taminating DNA was digested with DNase I (Ambion). The quality
and integrity of the starting RNA material were assessed with an
Agilent Technologies 2100 BioAnalyzer using the RNA 6000 Nano
LabChlIP kit (Agilent). The cDNAs were generated from total RNAs
using a random hexamer primer following the protocol for Su-
perscript II (Invitrogen). Real-time quantitative RT-PCR assays
were carried out in a BioRad Cycler using SYBR Green I (Molecular
Probes). The reactions were carried out in a final volume of 20 pnL
containing specific primers, and iQ SYBR Green Supermix (Bio-
Rad). All real-time RT-PCR data were normalized with the real-time
amplification of the 16S rRNA. The expression data are shown
relative to the data for the wild-type strain.

DNA constructs

The genetic constructs used in this study are described in Sup-
plemental Table 1. Gene inactivation was done by insertional
duplication mutagenesis using the nonreplicative plasmid pFF6,
a pGEMT Easy (Promega) derivative where the ampicillin re-
sistance marker was replaced by the kanamycin resistance gene
marker of pDL289 (Buckley et al. 1995), which is expressed
through the amiC promoter (F Fani, J] Feng, and M Ouellette,
unpubl.). PCR fragments of the selected genes were derived from
strain S. pneumoniae R6 or CCRI 1974 and cloned into the multiple
cloning sites of pFF6. For episomal expression, the entire coding
sequences of genes of interest were PCR amplified with primers
containing BamHI and Xbal and cloned into the S. pneumoniae-E.
coli shuttle vector pDL289 (Buckley et al. 1995), a kind gift of D.
Cvitkovitch (University of Toronto). The plasmid DNAs (2 ng)
were introduced in S. pneumoniae in which competence was in-
duced using a competence peptide as described (Soualhine et al.
2005). Transformants were selected in media containing 500 pg/
mL kanamycin. Proper integration leading to gene inactivation
was confirmed by PCR.

Primer extension analysis

The primer (5'-TACAGCCCCAGGATGCGAC-3’), corresponding
to the reverse complement of nucleotides 2512-2531 of S. pneu-
moniae 23S TRNA, was [5'-3*P]-labeled. Total S. pneumoniae RNA (1
rg) and the labeled primer were annealed by heating the tubes at
60°C followed by cooling for 10 min at room temperature. The
AMV reverse transcriptase (Promega) was added and incubated for
30 min at 42°C. The c¢cDNA products of the primer extension
reactions were separated on 8% polyacrylamide sequencing gels.
The gels were transferred to Whatman paper, dried, and revealed
using autoradiography.
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