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The lack of mutation in the 23S rRNA suggested that changes
could be present in L4 and L22 ribosomal proteins associated with the
peptidyl transferase region. Changes in the L4 and L22 have been
implicated in decreased susceptibility of S. pneumoniae to telithro-
mycin and erythromycin.15,16,32 The L4 protein genes of 02J1095,
J II 8 [erm(B) +], 02J1175 and M IV [mef(A) +] were amplified and
sequenced. No changes, insertions or deletions occurred in either
resistant strain in comparison to the susceptible TIGR 4 strain or the
macrolide-resistant parent strains. Using primers described by Tait-
Kamradt et al., the genes encoding the L22 protein of 02J1095, J I 1,
J II 1, J II 4, J II 5, J II 6, J II 7, J II 8, J II 9, 02J1175 and M IV were
amplified and sequenced.15 Again, there were no changes present in
any of the strains tested except one strain, J II 8, in which a Lys-94 to
Gln-94 change was determined (Figure 4). This change was due to an
adenine to cytosine change. This is the first incidence of a Lys-94 to
Gln-94 change in L22 being associated with telithromycin resistance.

Discussion

The mutants generated from a strain with the erm(B) gene were
stable, unlike the mutants from a mef(A)-positive strain. However,
the mef(A) revertants only required the presence of telithromycin to
return immediately to the highest telithromycin MIC once more.
They did not return to the telithromycin MIC of 8 mg/L by stepwise
selection but merely in one step, which suggests a compensatory
mutation. Strain NCTC 13593 did not have either the erm(B) or
mef(A) genes present. The highest telithromycin MIC of any NCTC
13593 mutant was 0.5 mg/L, which is still clinically susceptible. It is
interesting to note that in the erythromycin A-resistant strains either
due to the erm(B) gene or mef(A) gene, telithromycin resistance
emerged after only two generations. To date telithromycin-resistant
mutants have usually been derived from macrolide-susceptible
parent strains, which could explain why the results of this study vary
from many of those previously published. However, Davies et al.
passaged S. pneumoniae strains, which were mef(A)-positive, erm(B)-
positive or macrolide-susceptible on a variety of antimicrobial
agents.26 The number of passages required for telithromycin resist-
ance to emerge varied. The macrolide-susceptible strain required 24
passages on telithromycin for a strain with a telithromycin MIC of
8 mg/L to emerge, whereas a strain with an erm(B) gene required only
three passages in telithromycin to result in a mutant with a telithro-
mycin MIC of 8 mg/L.

The results of the erm(B) and mef(A) gene sequencing indicated
that no changes in either gene were associated with telithromycin
resistance. Therefore, whereas these genes are required for the selec-
tion of telithromycin resistance, they themselves do not change to
facilitate telithromycin resistance.

Deletions in the erm gene attenuator region in Streptococcus pyo-
genes, S. pneumoniae and S. agalactiae have all been associated with
constitutive expression of their Erm methylases. In S. pyogenes, dele-
tions of 163 base pairs or six base pairs and a duplication of 101 base
pairs in the erm(TR) upstream region resulted in an increase in clinda-
mycin MIC from 1 to 128 mg/L when transformed into E. coli.33 The
S. pyogenes strains with mutated attenuators were mutants, which
had been selected on clindamycin, and the parent strain was inducibly
intermediate to erythromycin and fully susceptible to clindamycin.
Tait-Kamradt et al. described two S. pneumoniae clinical isolates
with truncated erm(B) leader peptides of 15 and 19 amino acids.8

Figure 3. Induction experiment results. (a) Parent strain 02J1095 with discs of
erythromycin, clarithromycin and telithromycin; (b) mutant J I 1 with discs of
erythromycin, clarithromycin and telithromycin.

Table 4. Telithromycin MICs of erythromycin 
generated mutants

E4, E8, E16, E32, E64 and E128 numbered 1 to 3 are
the mutants subcultured on erythromycin at 4, 8, 16, 32,
64 and 128 mg/L, respectively.

Strain Telithromycin MIC (mg/L)

02J1095 0.06
No antibiotic 0.06
E4 1–3 1
E8 1–3 1
E16 1–3 1
E32 1–3 1
E64 1–3 1
E128 1–3 1
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These two strains had telithromycin MICs of 1 and 256 mg/L,
respectively and both also had changes in the gene itself, leading to
three amino acid changes. The strain with the 256 mg/L telithromycin
MIC also contained L4 riboprotein amino acid mutations of glycine,
threonine and glycine at amino acids 69 to 71 to threonine, proline
and serine, respectively.

The results of the PCR experiments of the erm(B) upstream region
carried out with the parent 02J1095 and the mutants derived from
it showed that the J II 8 strain had a large deletion of 210 bp in this
section. This result is very similar to that found with the clindamycin-
resistant S. pyogenes. Therefore, it is possible that a mechanism of
resistance exists that alters the erm(B) attenuator of strains inducibly
resistant to erythromycin in order to confer resistance to other anti-
microbial agents within the same group, such as clindamycin and
telithromycin. The results of Tait-Kamradt et al. are similar to the
findings of this study in that the telithromycin-resistant strains both
had truncated regions upstream from the erm(B) gene.8 The other
mutants investigated in this study, which were also highly telithro-
mycin-resistant, did not however have such a deletion. Therefore,
whereas the mutation in the erm(B) attenuator may be at least partly
responsible for telithromycin resistance in J II 8, this is not the case
for the other five highly telithromycin-resistant strains.

The mutated nucleotides of the strains investigated at positions
292, 297 and 319 are the same nucleotides as those of plasmid pAM 77
from Streptococcus sanguis and the nucleotide change at position
318 was found previously in an oral streptococcus.7,27 These muta-
tions were in the parent 02J1095 and all the mutants, except J II 8, and
as such do not appear to be involved in the development of telithro-
mycin resistance. It is, however, interesting to note the nucleotide
changes at 318 and 319 are just at the end of the deletion in J II 8. Two
previously reported S. pneumoniae isolates with the same 318 and
319 mutations were both inducibly erythromycin-resistant but sus-
ceptible to the ketolide HMR 3004.27 The other single mutations in

J II 1, J II 4, J II 7 and J II 9 have not previously been associated with
changes in resistance patterns. But as each strain has a different
mutation, it is unlikely that these mutations individually lead to
telithromycin resistance.

The disc diffusion experiments indicated, from the D-shaped
zones of inhibition around the telithromycin disc, that erythromycin
and clarithromycin are both inducers of telithromycin resistance in
the strains 02J1095 and J I 1. This finding was verified by two further
induction studies with erythromycin at concentrations from 4 to
128 mg/L. There were variations in the increase in telithromycin MIC
but the increase in telithromycin MICs in all strains caused a change
from telithromycin-susceptible to non-susceptible or resistant. This
is the first report of erythromycin induction of telithromycin resistance
in S. pneumoniae.

The high-level telithromycin MICs for the mutants are not all
caused by the same mutation in the erm(B) attenuator. Although the
large deletion in J II 8 is such that it is probably part of the mechanism
used by this strain to overcome telithromycin, the sizes of the
upstream and downstream regions from the mef(A) genes suggest
that no large nucleotide deletions have occurred. The presence of the
mel genes in these strains confirms previous studies of the mef(A)
operon, which suggested the presence of the mel gene downstream
from the mef(A) gene. From this study, it can be seen that deletions
of large numbers of nucleotides from either the upstream or down-
stream nucleotide regions of the mef(A) gene are not responsible for
the increase in telithromycin MIC and resistance.

The main regions of interest to date for macrolide resistance in
S. pneumoniae in the 23S rRNA are the domains II and V. The area of
consequence in domain II is the hairpin 35. A deletion in one adenine
in the series of four located at positions 749 to 752 resulted in a
500-fold increase in the telithromycin MIC for a S. pneumoniae strain.
In this case, it became resistant to telithromycin (4 mg/L).16 Pre-
viously, a single point mutation (U754A) in a laboratory strain of

Table 5. Telithromycin MICs of erm(B) + mutants in the presence of increasing concentrations of erythromycin

TEL, telithromycin; ERY, erythromycin.

Strain
TEL MIC 
(no ERY)

TEL MIC 
(ERY 4 mg/L)

TEL MIC 
(ERY 8 mg/L)

TEL MIC 
(ERY 16 mg/L)

TEL MIC 
(ERY 32 mg/L)

TEL MIC 
(ERY 64 mg/L)

TEL MIC 
(ERY 128 mg/L)

02J1095 0.06 1 1 1 1 2 2
J I 1 1 8 4 8 8 16 16
J I 2 2 8 8 8 4 32 16
J I 3 0.25 4 4 4 4 8 16
J I 4 0.5 8 8 16 8 16 32
J I 5 0.5 4 4 4 4 8 8
J I 6 0.5 8 8 8 8 32 32
J I 7 2 8 8 8 8 32 32

J II 1 4 16 16 16 16 32 32
J II 2 32 64 64 32 64 64 64
J II 3 32 16 32 16 16 32 32
J II 4 16 4 4 4 4 4 8
J II 5 32 32 32 32 32 64 32
J II 6 32 32 32 32 32 32 32
J II 7 >32 32 32 32 32 32 32
J II 8 >32 64 32 64 32 32 64
J II 9 >32 32 32 32 32 64 32

 at M
aynooth U

niversity on Septem
ber 23, 2016

http://jac.oxfordjournals.org/
D

ow
nloaded from

 

http://jac.oxfordjournals.org/


F. Walsh et al.

352

E. coli resulted in the cells being resistant to telithromycin.30 For
domain V there is less specificity with regard to one macrolide-
resistant region. Nucleotide changes have been located at 2058, 2059
and 2611. There is also variation in the nucleotide changes for these
sites.13,15,16,32 These two regions were the starting points of the search
for answers to the increase in telithromycin MIC or resistance. How-
ever, as no nucleotide changes or deletions were identified in either
region, the possibility of domain II or V providing the answers was
ruled out.

The L4 protein has been associated with large increases in telithro-
mycin MIC in S. pneumoniae. Insertion of six amino acids into a
highly conserved area of ribosomal L4 protein (63KPWRQKGTGRAR74)
has been associated with a 500-fold increase in the MIC of telithro-
mycin.32 Once again, there were no changes in the nucleotide
sequences and so the amino acid sequence of either J II 8 or M IV.
Changes within the L22 protein amino acid sequence have also been
reported as a cause of increased telithromycin MIC from 0.008 to
0.25 mg/L. This was due to three simultaneous amino acid mutations:
alanine-93 to glutamic acid-93, proline-91 to serine-91 and glycine-
83 to glutamic acid-83.16 The L22 protein binds primarily to the 23S
rRNA. Mutations in this protein could change the conformation of
23S rRNA and thus affect ketolide binding.19 In this study, the only
mutation that was found was in the L22 of J II 8, a highly telithro-
mycin-resistant strain. The mutation did not occur in mutants of the
same parent with MICs of 4 or 1 mg/L. The change at amino acid 94
from lysine to glutamine was between two previously documented
changes: glycine-95 to aspartic acid-95 and alanine-93 to glutamic
acid-93. The glycine-95 to aspartic acid-95 mutation was associated

with increases in erythromycin MIC from 0.03 to 1 mg/L and 0.015
to 0.25 mg/L. The two strains were selected with erythromycin and
roxithromycin, respectively.16 The alanine-93 to glutamic acid-93
mutation was in combination with two other changes as previously
mentioned. The change from ionic lysine to the neutral glutamine
near the 3′ end of the protein could result in a conformational change
of the protein and thus prevent telithromycin binding. The previously
documented changes at amino acids 93 and 95 may also cause a con-
formational change in the L22 protein and thus prevent erythromycin
binding.

No telithromycin resistance could be created from a macrolide-
susceptible strain. Therefore although telithromycin has high activity
against macrolide-resistant strains, if the strain is exposed to telithro-
mycin in vitro, the activity of telithromycin will fall such that the
strain becomes telithromycin-resistant within a few generations. The
highly telithromycin-resistant strain J II 8 had two mutations, one in
the erm(B) attenuator and the other in the L22 riboprotein. Whereas
this strain had two mutations, none of the other strains had any
mutations. Therefore, whereas in this strain these mutations are the
most probable cause of telithromycin resistance, this is not the case
with the other telithromycin-resistant strains.
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