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Fluoroquinolones are not indicated for use for the treatment of pneumonia in children; however, non-
levofloxacin-susceptible Streptococcus pneumoniae (NLSSP) has emerged in South Africa among children
receiving treatment for multidrug-resistant tuberculosis. This study aimed to genotypically characterize
NLSSP isolates. Invasive isolates were collected through active national laboratory-based surveillance for
invasive pneumococcal disease (IPD) from 2000 through 2006 (z = 19,404). Carriage studies were conducted
at two hospitals for patients with tuberculosis in two provinces. Phenotypic characterization was performed by
determination of MICs and serotyping. Fluoroquinolone resistance mutations were identified, and clonality
was investigated by pulsed-field gel electrophoresis (PFGE) and multilocus sequence typing. Twelve non-
levofloxacin-susceptible cases of IPD were identified, and all were in children <15 years of age. Ten isolates
were serotype 19F and formed two clusters according to their PFGE profiles, antibiogram types, and fluoroquino-
lone resistance-conferring mutations. All nine carriage isolates from children in hospital A were NLSSP,
serotype 19F, were indistinguishable by PFGE, and were related to invasive isolates in cluster 2. Of 26 child
carriers in hospital B, 22 (85%) were colonized with NLSSP. The isolates were indistinguishable by PFGE,
although they displayed two serotypes, serotypes 19F and 23F. The isolates were related to invasive isolates in
cluster 1; however, higher levofloxacin MICs and different fluoroquinolone resistance mutations were sugges-
tive of horizontal gene transfer. A serotype 23F carriage isolate displayed increased fitness compared with the
fitness of an otherwise indistinguishable serotype 19F carriage isolate. These data suggest that a low-level
non-levofloxacin-susceptible strain transformed into a highly resistant strain under antibiotic pressure and

underwent capsular switching in order to have increased fitness.

The emergence of non-levofloxacin-susceptible Streptococ-
cus pneumoniae (NLSSP) in hospitalized children receiving
fluoroquinolones as part of treatment for multidrug-resistant
(MDR) tuberculosis (TB) in South Africa has recently been
reported (26). Prior to this report, only two cases of invasive
NLSSP disease among children had been described, and one of
these was from South Africa (11, 27). Even though fluoro-
quinolones are not currently indicated for use for the treat-
ment of pneumonia in children (16), von Gottberg et al. (26)
showed that the use of fluoroquinolones for the treatment of
MDR TB in children may lead to the development and spread
of NLSSP.

Fluoroquinolones inhibit bacterial DNA synthesis by target-
ing the DNA gyrase (GyrA-GyrB) and topoisomerase IV
(ParC-ParE) proteins, which have essential functions in DNA
replication. Fluoroquinolone resistance in pneumococci is me-
diated by stepwise mutations in the quinolone resistance-
determining regions (QRDRs) of the respective genes and
occurs more commonly in parC and gyrA (3, 6). Fluoroquin-
olone resistance has also been shown to occur by horizontal
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gene transfer (1, 21). Low-level resistance may be conferred by
the increased level of expression of an efflux pump, PmrA.
In this study, the invasive and carriage NLSSP isolates de-
scribed previously (26) were characterized at the molecular
level to determine the fluoroquinolone resistance mutations as
well as investigate the clonality and fitness of the isolates.

MATERIALS AND METHODS

Invasive disease surveillance. Isolates were collected as part of a national
laboratory-based surveillance system for invasive pneumococcal disease (IPD).
Clinical isolates and the clinical and demographic data for the patients from
whom they were recovered were sent to the National Institute for Communicable
Diseases in Johannesburg, South Africa, from approximately 120 laboratories
throughout South Africa. A case of IPD was defined as the isolation of S.
pneumoniae from a normally sterile site (e.g., cerebrospinal fluid, blood, or joint
fluid) from January 2000 through December 2006. In addition, cases included
patients with specimens testing positive by latex agglutination and supported by
positive results by either Gram stain microscopy or PCR. Only one isolate per
case was included in the analysis. Repeat isolates from the same patient received
within 21 days of receipt of the initial isolate were excluded. If an isolate was
received from the same patient more than 21 days after the initial isolate was
received, it was treated as an isolate responsible for a new episode of IPD.
Non-levofloxacin susceptibility was defined as a levofloxacin MIC of =4 mg/liter.
Children were defined as individuals <15 years of age.

Carriage study. To determine the prevalence of NLSSP carriage, cross-sec-
tional carriage studies were carried out at two hospitals for patients with TB
where invasive NLSSP disease was detected: a hospital in Gauteng Province
(hospital A) in August 2006 and a hospital in Western Cape Province (hospital
B) in May 2007. Details of the study have been described previously (26). Both
hospitals treat chronic TB and specialize in the treatment of MDR TB. Patients
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receive fluoroquinolones as part of treatment for MDR TB. Other reasons for
the use of fluoroquinolones include syndromic therapy for sexually transmitted
infections in adults.

Phenotypic characterization. Isolates were identified as pneumococci by stan-
dardized methodologies (23). Isolates were screened for fluoroquinolone resis-
tance with 5-pug ofloxacin disks (Mast Diagnostics, Merseyside, United King-
dom); and if they were found to be resistant, ofloxacin, levofloxacin, and
moxifloxacin MICs were determined by agar dilution (4) or Etest (AB-Biodisk,
Solna, Sweden). MDR was defined as nonsusceptibility to antibiotics in three or
more antimicrobial classes. Pneumococci were serotyped by the Quellung
method with specific antisera (Statens Serum Institut, Copenhagen, Denmark).

PFGE. Isolates were characterized by pulsed-field gel electrophoresis (PFGE)
by previously described methods (15, 17). Restriction profiles were analyzed with
GelCompar software (Applied Maths, Kortrijk, Belgium), and dendrograms
were generated by the unweighted pair group method with arithmetic averages.
The banding patterns were analyzed with the Dice coefficient, and an optimiza-
tion of 1.5% and a position tolerance of 1.5% were used for the band migration
distance. The PFGE profiles were visually examined, and clusters were assigned
on the basis of three band differences or less (25), congruent with a similarity
index of approximately 80%. Therefore, a cluster was defined as three or more
isolates sharing =80% similarity on the dendrogram.

MLST. Multilocus sequence typing (MLST) was performed, as described pre-
viously (7), on a random selection of isolates representative of the various
clusters generated by PFGE. Sequence types (STs) were assigned by submission
of the allele sequences to the MLST website (http:/spneumoniae.mlst.net). Al-
lelic profiles were compared with those of the global pneumococcal clones
(http://www.sph.emory.edu/PMEN). Isolates with two allele differences or less
were defined as related.

QRDR sequencing. DNA was prepared by boiling bacterial cultures; and the
QRDR regions of parC, parE, gyrA, and gyrB were amplified and sequenced as
described previously (18). Mutations were identified by comparison of the se-
quences with those of fluoroquinolone-susceptible pneumococcal strain R6.

Growth studies. Growth studies were performed for one invasive isolate and
one carriage isolate from hospital A and one invasive isolate and two carriage
isolates (of serotypes 19F and 23F, respectively) from hospital B. Pneumococci
were inoculated from glycerol stocks (optical density at 600 nm, 0.3) into tryp-
tone soy broth (dilution, 1:100) and incubated at 37°C in 5% CO,. Growth was
monitored by measurement of the optical density at 600 nm at intervals of 30
min, until the cultures reached the stationary phase of growth.

RESULTS

Invasive disease surveillance. From January 2000 through
December 2006, 21,521 cases of IPD were identified. Of these,
viable isolates could be obtained from 19,404 (90%). Of 19,572
cases whose ages were known, 44% (n = 8,692) were children.
Twenty-two of 19,404 (0.1%) isolates were nonsusceptible to
ofloxacin, and 12 of these were NLSSP. All 12 NLSSP were
isolated from children, 9 of whom were known to be receiving
TB treatment. Of the cases with known outcomes (n = 11), 5
(45%) died, 1 with a clinical diagnosis of meningitis (26).

Carriage study. At hospital A, 116 of 139 (83%) adult pa-
tients and all 19 pediatric inpatients were swabbed. Nine of 19
(47%) children and no adults were found to be pneumococcal
carriers. All nine isolates were NLSSP. Forty-six of 47 (98%)
children at hospital B were swabbed. Fifty-seven percent (26/
46) carried a pneumococcus, and of these, 85% (22/26) carried
NLSSP. Two children were found to be carriers of multiple
pneumococci during antimicrobial susceptibility testing and/or
serotyping.

Characterization of NLSSP strains. Of the 12 invasive iso-
lates, 10 (83%) were serotype 19F and formed two clusters by
PFGE (Fig. 1). The remaining two isolates were serotype 14
and were unrelated by PFGE. Seven invasive isolates formed
cluster 1. These isolates were characterized by the mutations
D78N in ParC, S81F in GyrA, and R447C in ParE (Table 1)
and were nonsusceptible to trimethoprim-sulfamethoxazole
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and rifampin (rifampicin). Two randomly selected invasive iso-
lates from this cluster were shown to be ST2067 (Fig. 1).

Three invasive isolates formed cluster 2 and contained the
mutations S52G, S791, and N91D in ParC and mutations S81Y
and S114G in GyrA (Table 1). The cluster 2 isolates were
nonsusceptible to penicillin, tetracycline, erythromycin, clinda-
mycin, rifampin, and trimethoprim-sulfamethoxazole. In addi-
tion, they had higher levofloxacin MICs than the cluster 1
isolates. MLST of one of these three invasive isolates identified
the strain as ST2066 (Fig. 1), a double-locus variant of ST236,
which is representative of the Taiwan'°F-14 global clone.

All nine carriage isolates from hospital A were serotype 19F;
had levofloxacin MICs >32 mg/liter; and were nonsusceptible
to penicillin, erythromycin, clindamycin, rifampin, and tri-
methoprim-sulfamethoxazole. PFGE profiles were available for
seven of the nine carriage isolates. They were indistinguishable
from each other and the invasive isolates in cluster 2, including
the invasive isolates from the same hospital (isolates 4 and 7) (Fig.
1). The fluoroquinolone resistance-determining mutations iden-
tified in the carriage isolates from this hospital were identical to
those identified in the invasive isolates (Table 1).

At hospital B, 24 isolates were obtained from 22 patients
carrying NLSSP, of which 12 each were serotype 19F and
serotype 23F. These included two patients carrying both sero-
type 19F and serotype 23F (isolates B24 and B33, respectively).
Isolate B33-23F was fluoroquinolone susceptible and was
therefore excluded from further analysis. All 23 NLSSP car-
riage isolates were also nonsusceptible to rifampin and tri-
methoprim-sulfamethoxazole. PFGE profiles were available
for 21 of 23 isolates, of which serotype 19F (n = 10) and
serotype 23F (n = 9) isolates, including isolate B24-19F, were
related by PFGE. They were classified as belonging to cluster
1 and were related to the invasive isolates from the same
hospital (isolates 3, 5, 6, and 8 in cluster 1) (Fig. 1). However,
carriage isolates had higher levofloxacin MICs (>32 mg/liter)
and had mutations S52G, S791, and N91D in ParC and muta-
tions S81Y and S114G in GyrA. Five randomly selected car-
riage isolates were ST2067. Strain B24-23F, which contained
the S81F mutation in GyrA and the D435N mutation in ParE,
was ST2813 and was identical by PFGE to one other serotype
23F carriage isolate from hospital B (Fig. 1). ST2813 is a
single-locus variant of ST242, which is representative of the
Taiwan®**-15 global clone.

Growth studies. Growth curves are shown in Fig. 2. The
invasive and carriage isolates from hospital A, which were
identical by PFGE and MLST and which had identical fluoro-
quinolone resistance mutations, displayed almost identical
growth curves. The invasive and carriage serotype 19F isolates
from hospital B, which were related by PFGE and which were
both ST2067, also displayed highly similar growth curves, de-
spite their different QRDR mutations. However, the serotype
23F carriage isolate from hospital B reached the exponential
and stationary phases of growth faster than the serotype 19F
carriage isolate, which was otherwise identical to the serotype
23F isolate by PFGE, MLST, and QRDR mutations.

DISCUSSION

The emergence of NLSSP among children receiving treat-
ment for MDR TB in South Africa has recently been described
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FIG. 1. PFGE dendrogram indicating the clonality of the fluoroquinolone-resistant invasive and carriage pneumococcal isolates. An “A” in the
isolate number indicates carriage isolates from hospital A; a “B” indicates carriage isolates from hospital B. GA, Gauteng Province; WC, Western

Cape Province; KZN, KwaZulu-Natal Province.

(26). The carriage rates of non-levofloxacin-susceptible pneu-
mococci among the children were notably high and likely due
to nosocomial spread. In this study, we genotypically charac-
terized these invasive and carriage isolates to investigate their
clonality as well as the molecular dynamics of these strains in
this setting of children in close contact and receiving fluoro-
quinolone treatment for MDR TB.

The carriage isolates recovered from hospital A in 2006
belonged to the same clone as invasive isolates causing disease
in that hospital recovered from 2004 to 2006. The isolates had
identical antibiograms, resistance mutations, and PFGE pat-
terns and were the same ST, indicating that this MDR clone
had persisted and remained genetically stable over the 3-year
period.

The carriage and invasive isolates from hospital B were

related by PFGE and MLST. However, the carriage isolates,
collected in May 2007, harbored different fluoroquinolone re-
sistance-determining mutations and had higher levofloxacin
MICs compared to the strains previously causing invasive dis-
ease in this hospital. The complete change in QRDR muta-
tions between the invasive and the carriage strains suggests
that horizontal gene transfer is likely responsible for the de-
velopment of the highly resistant strain under the selective
pressure of fluoroquinolone treatment. Pneumococci are nat-
urally transformable (14), and therefore, the cocolonization of
strains in the nasopharynx makes intra- and interspecies re-
combination possible (9). Interspecies and intraspecies hori-
zontal gene transfer of fluoroquinolone resistance-conferring
genes contributes to the spread of fluoroquinolone resistance
in S. pneumoniae (1, 8, 24). Interspecies recombination has
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TABLE 1. Non-levofloxacin-susceptible pneumococci causing invasive disease in children <15 years in South Africa, 2000 to 2006

MIC (mg/liter)

QRDR mutation(s)

. . “ PFGE
Isolate  Serotype Resistance antibiogram
Ofloxacin  Levofloxacin ~ Moxifloxacin cluster ParC GyrA ParE

1 14 32 16 8 PEN, RIF, SXT Unrelated S79F, K137N S81F 1460V
2 19F 32 4 2 RIF, SXT 1 D78N S81F R447C
3 19F 32 4 2 RIF, SXT 1 D78N S81F R447C
4 19F >32 >32 8 PEN, TET, ERY, CLI, 2 S52G, S791, N91D  S81Y, S114G

RIF, SXT
5 19F 16 4 2 RIF, SXT 1 D78N S81F R447C
6 19F 16 4 2 RIF, SXT 1 D78N S81F R447C
7 19F >32 >32 8 PEN, TET, ERY, CLI, 2 S52G, S791, N91D  S81Y, S114G

RIF, SXT
8 19F 32 4 2 RIF, SXT 1 D78N S81F R447C
9 19F 32 4 2 RIF, SXT 1 D78N S81F R447C
10 19F 32 4 2 RIF, SXT 1 D78N S81F R447C
11 19F >32 >32 8 PEN, TET, ERY, CLI, 2 S52G, S791, N91D  S81Y, S114G

RIF, SXT
12 14 4 4 0.25 PEN, TET, ERY, CLI, Unrelated S52G, S791, N91D, 1460V

RIF, SXT P140S

“ PEN, penicillin; TET, tetracycline; ERY, erythromycin; CLI, clindamycin; RIF, rifampin; SXT, trimethoprim-sulfamethoxazole.

been shown to occur frequently in the parC gene of Strepto-
coccus pyogenes (5); however, this is uncommon in the fluoro-
quinolone resistance-conferring genes in invasive pneumococci
in the United States (19). The similar growth characteristics of
the serotype 19F invasive and carriage isolates from hospital B
suggest that the more recently identified QRDR mutations of
the carriage isolates in the hospital B clone are not associated
with increased fitness. The QRDR mutations of the carriage
isolates are likely to have replaced the original mutations due
to the increased levels of fluoroquinolone resistance that they
confer under antibiotic pressure.

Furthermore, while the carriage isolates from hospital B
displayed identical PFGE patterns, STs, and mutations, they
expressed two different serotypes (serotypes 19F and 23F).
Again, this indicates that genetic material was transferred be-

tween strains that were carried simultaneously, resulting in
capsular switching (12). Capsular switching in a levofloxacin-
resistant Spain®*F-1 clone has been described previously (10).
The growth studies indicated that the serotype 23F carriage
isolate had increased fitness in comparison with the fitness of
the serotype 19F isolate, and this may have been the driving
force for the switch in capsule.

The invasive NLSSP isolates in South Africa formed two
serotype 19F clusters, one of which was related to the
Taiwan'?F-14 global clone. In addition, two serotype 23F
strains identified in carriers in hospital B were related to the
international clone, Taiwan®**-15. Increases in fluoroquino-
lone resistance have been shown to be due to clonal spread (13,
19). In Hong Kong, fluoroquinolone-resistant isolates were
related to the multidrug-resistant Spain®**-1 clone (10). This

1.2
——Invasive isolate 4 (19F)
1 77| —= Carriage isolate A137 (19F)
~
= —& Carriage isolate BO8 (23F)
=
O 0.8 +— —¢ Carriage isolate B11 (19F)
=
\e/ —B-Invasive isolate 5 (19F)
3t
= 0.6
2
[
Qo
2
04
<
0.2
0 T T T T T T

Time (Hrs)

FIG. 2. Growth curves at 37°C of a non-levofloxacin-susceptible invasive isolate (isolate 4) and a carriage isolate (isolate A137) from hospital
A (PFGE cluster 2) and an invasive isolate (isolate 5) and carriage isolates (isolates BO8 and B11) from hospital B (PFGE cluster 1). Serotypes

are indicated in parentheses.
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clone was also found to be predominant among levofloxacin-
resistant isolates in the United States (20). Non-levofloxacin-
susceptible pneumococci related to the Taiwan'®F-14 global
clone have been detected in the United States (22).

All the carriage and invasive NLSSP isolates were nonsus-
ceptible to rifampin. Whereas fluoroquinolones inhibit bacte-
rial DNA synthesis, rifampin binds to RNA polymerase and
inhibits transcription (2). Resistance to rifampin is conferred
by mutations in the RNA polymerase gene, rpoB. It is there-
fore likely that the rifampin resistance-conferring mutations
developed independently from the fluoroquinolone resistance-
conferring mutations in these organisms during treatment for
MDR TB.

This study highlights the ability of pneumococci to undergo
genetic recombination under antibiotic pressure. An environ-
ment in which children are in close contact, such as day care
centers and hospitals, provides the ideal habitat for the cocolo-
nization of multiple strains and species. In this study, all of the
invasive and carriage isolates were vaccine serotypes 19F, 14,
and 23F; and therefore, infection with these strains is preventable
by vaccination. However, carriage of a non-vaccine-serotype
strain and selective pressure due to the pneumococcal conjugate
vaccine may result in fluoroquinolone-resistant strains whose se-
rotypes are not covered by the vaccine and that have the potential
to spread in these environments.

There are no data on the rates of carriage of resistant
pneumococci in the South African community; however, we
hypothesize that the low number of levofloxacin-resistant
strains that were detected among more than 19,000 invasive
pneumococcal isolates tested suggests that fluoroquinolone-
resistant pneumococci are not able to ascend in frequency in
South Africa, given the current low levels of fluoroquin-
olone use by children and adults outside of the hospital
environment.
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