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We investigated the degree of expression of Streptococcus pneumoniae genes associated with bacteriolysis
and cell death in relation to the rapid bactericidal activity of sitafloxacin. S. pneumoniae ATCC 49619 was
added to brain heart infusion containing sitafloxacin and garenoxacin concentrations equivalent to the
Cmax achieved with the usual single dose and 4 h post-Cmax concentration. RNAwas extracted and cDNA
was prepared using reverse transcriptase. Following RNA extraction and cDNA synthesis, quantitative PCR
was performed to determine the amount of gene expression for 13 genes associated with cell death.

Of the 13 genes analyzed, S. pneumoniae exposed for 10 min to a sitafloxacin concentration of 4 h
post-Cmax showed 3.9 times increased expression of lytA compared to the control strain. Furthermore,
we observed a slightly increased expression for cibA encoding a competence induced bacteriocin.

Our study suggests that the induction of a lytic enzyme and bacteriocin may reflect gene expression in
response to sitafloxacin accounting for part of its rapid bactericidal activity against S. pneumoniae.

© 2018 Japanese Society of Chemotherapy and The Japanese Association for Infectious Diseases.
Published by Elsevier Ltd. All rights reserved.
Sitafloxacin (STFX) is a fluoroquinolone with high affinity to
DNA gyrase and topoisomerase enzymes that has shown clinical
efficacy in respiratory infections [1]. STFX exhibits strong bacteri-
cidal activity against organisms resistant to other fluoroquinolones
[2]. We previously reported on the superior and more rapid
bactericidal activity of STFX compared to other respiratory fluo-
roquinolones against fluoroquinolone-resistant Streptococcus
pneumoniae, oral streptococci and anaerobes [3,4]. Furthermore, we
observed a non-protein synthesis dependent mechanism contrib-
uting to the rapid and potent bactericidal activity of STFX against
S. pneumoniae [3]. Our findings are consistent with the additive
effect described by Drlica et al. [5] in which cell death was not
dependent on protein synthesis.

While there have been other studies evaluating gene expression
of selected genes in response to bactericidal and bacteriolytic
antimicrobials, almost no previous studies have comprehensively
examined gene expression levels. In this study, we evaluated
ayashi).
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simultaneous expression of 13 genes associated with bacteriolysis
and cell death in relation to STFX's rapid bactericidal activity.

S. pneumoniae ATCC 49619 STFX MIC; 0.03 mg/mL, garenoxacin
(GRNX) MIC; 0.06 mg/mL [3] was added to brain heart infusion (BHI)
containing a STFX concentration equivalent to the blood-level Cmax
(1 mg/mL) achieved with the usual single oral administration dose
and 4 h post-Cmax (0.47 mg/mL) [3]. The initial concentration of
S. pneumoniae was 106 cfu/mL. Inoculated tubes were incubated at
35 �C. At 0, 10, 30 and 60 min after addition of S. pneumoniae, RNA
was extracted from a 50 mL aliquot of BHI and cDNA was synthe-
sized using SuperScript VILO Master Mix (Life technologies, CA)
from total RNA (500 ng) extracted using TRIzol Max Bacterial RNA
Isolation Kit (Life technologies). The cDNA samples were then pre-
amplified with TaqMan PreAmp Master Mix (Life technologies).
Real-Time Quantitative Reverse Transcription PCR was performed
using Taqman primers/probes (Table 1), BioMark 48.48 Dynamic
Array (Fluidigm, CA) and Taqman Fast Advanced Master Mix (Life
technologies) according to each manufacturer's instructions. In our
experiments, 16S rRNA was used as a reference gene for normali-
zation of expression of respective target genes. Data was analyzed
using BioMark Gene Expression Data Analysis software (Fluidigm)
ous Diseases. Published by Elsevier Ltd. All rights reserved.
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Table 1
Primers and probes used in this study for gene expression.

Forward Primer Reverse Primer Dye Probe Quencher

spxB AGCCAACGAAGTGGTCTTTGAA TGCTTCGTAAACTTCAGCAAATGC FAM CCTTGGTTCAAACTTC NFQ
clpP AGGCAGATGTCCAAACCATTGTTAT TGATGCGATGACTGTTCCCATAG FAM ATGCAGCCATTCCC NFQ
lytA CGTTGACCCTTATCCATATCTTGCT GCCGTTCTCAATATCATGCTTAAACTG FAM CTCACGGCTAATGCC NFQ
cibA TTGACATTCTTGACAATCAATTTTTATCCTT CCTTCCAAGATACTGCTACTCCAAA FAM ACCGCCATCAATATCT NFQ
cibB TCTAATAAGGAATTGCAAGAAATCAAGGGT ACCTGCCATAAATAAAGCGATACCAA FAM CACCTACACCAAAGCC NFQ
cbpD CTGCCTATAATGGAAGCTATCGTTATGT GTTGAAGAAAGAACAGAATTACCTAGAGGAT FAM CACAGCCTCCAATTGA NFQ
recA GTTTGCAGGCTCGTATGATGAG GGTTGATAAAAATGGCAATTGTTTTGGTT FAM CCATGCGTAAACTTG NFQ
sulA GCGACCTCAGCACCCTAG CTCTGTAAAAGCTTGACCAAAACCA FAM CTCGCTCATCTTCCC NFQ
relA AAGACCAGGCTGATGATGCTAAG AAACGTAAATCTCCTCAGCCAAATAGTT FAM CAGAGTCCACAAATTC NFQ
gyrA GCTAGACCATATCGACGAAGTGATT GACGTTCAGAAAGCTTAAACTTGCT FAM TCCGCATCCGTTTCAC NFQ
parC GCCAAGGAAAACCTCAAAGTTAGC ACGGTACAGTTGCAAAGTTACGATA FAM CTCAGCCTGTTCTTCC NFQ
rpoS TGGTATGCAGTTCCTTGACTTGATT TCAAACTTGTCAACCGCCTTCA FAM TCAAGCCCATATTTCC NFQ
ply AGAGTGGAAGCAGATTTTGGACAAT CTTGGGTCGCCCCCTAAAATAA FAM CCGCCTTCACTTCTG NFQ
16S rRNA CCCCTTATGACCTGGGCTACA CGGCTTGCGACTCGTTGT VIC CGTGCTACAATGGCT NFQ
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to obtain Ct values. Relative gene expression values were deter-
mined using the 2-⊿⊿CTmethod and shown as a fold change relative
to respective genes at 0 h [6].

cDNA was prepared using reverse transcriptase. Quantitative
PCRwas performed to determine the level of gene expression for 13
genes (spxB, clpP, lytA, cibA, cibB, cbpD, recA, sulA, relA, gyrA, parC,
rpoS, ply) associated with bacteriolysis and cell death [7].

Gene expression results for STFX were compared with GRNX at
concentrations equivalent to the Cmax (7.19 mg/mL) achieved with
the usual single dose and 4 h post-Cmax (5 mg/mL), as reported
previously [3].

Of the 13 genes associatedwith cell death, S. pneumoniae exposed
for 10 min to a STFX concentration equivalent to 4 h post-Cmax
showed 3.9 times increased expression of pneumococcal autolysin
lytA compared to the control strain (Table 2). Furthermore, after
60 min STFX exposure, we observed 1.7 to 1.8 times increased
expression of lytA, cibA encoding a competence induced bacteriocin
A (Fig. 1). Compared to STFX, no significant gene expression was
observed when S. pneumoniae was exposed to GRNX.

In this study, we investigated gene expression levels in 13 genes
associated with S. pneumoniae cell death in studying the bacteri-
cidal properties of STFX and GRNX.

Within 60 min of S. pneumoniae exposure to STFX, we observed
increased gene expression of lytA and cibA which are associated
with allolysis. When lytA gene expression to STFX C4 at 30 minwas
compared to expression levels at 10 and 60 min, expression level
was lower although slightly higher than the control. Furthermore,
in comparison to GRNX, the level of gene expression was higher
after exposure to STFX.
Table 2
Relative gene expression value.

STFX Cma STFX C4b GRNX Cm

min. 10 30 60 10 30 60 10 30

spxB 0.29 0.45 0.65 0.64 0.96 0.98 0.19 0.2
clpP 0.48 1.37 1.48 0.98 1.08 2.02 0.47 0.4
lytA 0.14 1.65 1.11 3.87 0.47 1.80 1.28 0.1
cibA 0.11 0.77 0.58 1.05 0.49 1.68 0.34 0.0
cibB 0.50 0.43 0.60 0.37 0.61 0.71 0.26 0.2
cbpD 0.69 0.88 1.15 0.86 1.10 1.25 0.51 0.6
recA 0.82 1.75 1.70 1.34 1.02 1.45 1.20 0.8
sulA 0.30 0.44 0.60 0.58 0.78 0.83 0.24 0.2
relA 0.22 0.66 0.63 0.86 0.61 1.35 0.30 0.1
gyrA 0.56 0.95 1.51 1.15 1.37 1.05 0.82 0.7
parC 0.28 0.63 0.77 0.73 0.81 1.19 0.21 0.2
rpoS 0.63 1.07 1.41 0.85 1.19 1.53 0.68 0.9
ply 0.66 0.69 0.77 0.65 0.73 0.53 0.65 0.5

a Cm: Cmax.
b C4: 4 h post-Cmax.
Accelerated lytA and cibA gene expression was detected at
relatively short time-intervals of 10, 30 and 60 min after exposure
to STFX concentrations at Cmax (1 mg/mL) and 4 h post-Cmax
(0.47 mg/mL).

The strong bactericidal activities of antimicrobials against
S. pneumoniae, such as penicillin and vancomycin, are felt to be
associated with LytA-induced lysis [8,9]. In time-kill studies of in-
duction of autolysis in S. pneumoniae by quinolones, Okumura et al.
showed that lytA mutants exhibited slower killing compared to
lytA-positive strains [10].

This finding suggests that, as with penicillin and vancomycin,
those quinolones with enhanced bactericidal activity against
S. pneumoniae exhibiting short-term bactericidal activity also
induce autolysis as the result of accelerated LytA-induced autolysis.
On the other hand, CibAB bacteriocin-mediated triggering of
allolysis is felt to be a general property of S. pneumoniae. Therefore,
rapid S. pneumoniae cell deathmay be the result of lytA-induced cell
lysis as well as lytA-induced lysis being a secondary effect of CibAB
allolysis.

The gene expression results clearly suggest that STFX influences
on 2 genes (lytA, cibA) associated with cell death. We have previ-
ously reported on the potent bactericidal properties of STFX [3]. The
findings from this study point to a potential mechanism of action
explaining the very interesting finding of rapid bacteria count
decline within a short one-hour time frame. The observation of
accelerated expression of those genes associated with cell death,
within the observed 10e60 min period, would be consistent with
increased gene expression from the beginning of exposure to STFX
leading to rapid decline in bacterial count.
GRNX C4 Control

60 10 30 60 0 10 30 60

1 0.34 0.20 0.34 0.48 1 1.49 1.55 1.46
5 0.85 0.30 0.67 1.03 1 1.62 1.59 1.48
4 0.13 0.67 0.50 0.37 1 0.47 0.31 0.11
7 0.12 0.10 0.22 0.28 1 0.75 0.66 0.69
5 0.38 0.15 0.29 0.74 1 1.51 1.03 1.59
1 1.01 0.54 0.75 1.02 1 1.72 1.35 1.44
9 0.92 0.99 1.30 1.22 1 1.16 0.79 0.34
5 0.30 0.26 0.35 0.52 1 1.43 1.17 1.16
4 0.14 0.15 0.20 0.28 1 1.28 1.17 1.06
9 1.20 0.80 1.17 1.57 1 1.30 1.21 0.25
6 0.50 0.24 0.42 0.57 1 1.50 1.23 1.41
5 1.61 0.59 1.02 1.32 1 1.71 1.40 2.22
0 0.44 0.63 0.49 0.86 1 1.05 0.43 1.18
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Fig. 1. Comparison of lytA and cibA gene expression of Streptococcus pneumoniae after treatment with sitafloxacin and garenoxacin. STFX Cm(Cmax), STFX C4(4 hours post-
Cmax), GRNX Cm, GRNX C4, Control.
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The concentrations used in the study was the Cmax achieved
with normal dosage and 4 h post-Cmax which corresponds to a
STFX concentrations of 1 mg/mL and 0.47 mg/mL, respectively, and
GRNX concentrations of 7.19 mg/mL and 5 mg/mL, respectively. The
difference in gene expression cannot be accounted for the relative
MIC differences between the two fluoroquinolones.

The MICs of the S. pneumoniae strain used in the study were
0.03 mg/mL, and 0.06 mg/mL to STFX andGRNX, respectively, reflecting
only a one 2-fold dilution difference. The antibiotic concentration
equivalent to 4 h post-Cmax and Cmax/MIC ratios for STFX were 15
and 30 times compared to 80 and 120 times for GRNX, respectively.

Our results suggest that the MIC is not directly related to gene
expression in those antimicrobials with rapid bactericidal properties.
Rapid bactericidal activity may be more associated with the unique
mechanisms of actions of an antimicrobial. Furthermore, although the
basis for this is not understood, even for the same antimicrobial, gene
expression may not be directly related to antibiotic concentration.

The observation of different gene expression profiles associated
with the respective bactericidal activity of STFX and GRNX against
S. pneumoniae is of great significance and requires further study.

Furthermore, a strong association between rapid bactericidal
activity of STFX and gene expression levels was observed. In
studying the determinants of bactericidal activity, the data suggests
that the rapid bactericidal activity of STFX against S. pneumoniae is
related to its effect on the genes associated with cell death. Since
our observation is restricted to an ATCC strain, there is a need to
reproduce our findings using clinical isolates as well as strains
missing these genes. Our study suggests that STFX might induce
expressions of lytic enzyme and bacteriocin to account for part its
rapid bactericidal activity against S. pneumoniae.
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