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We examined the mutagenic specificity of the widely used antibiotic ciprofloxacin (CPR), which displays weak to moderate mu-
tagenic activity in several bacteria and generates short in-frame deletions in rpoB in Staphylococcus aureus. To determine the
spectrum of mutations in a system where any gene knockout would result in a recovered mutant, including frameshifts and both
short and long deletions, we examined CPR-induced mutations in the thymidylate synthase-encoding thyA gene. Here, any mu-
tation resulting in loss of thymidylate synthase activity generates trimethoprim (Trm) resistance. We found that deletions and
insertions in all three reading frames predominated in the spectrum. They tend to be short deletions and cluster in two regions,
one being a GC-rich region with potential extensive secondary structures. We also exploited the well-characterized rpoB-Rifr

system in Escherichia coli to determine that cells grown in the presence of sublethal doses of CPR not only induced short in-
frame deletions in rpoB, but also generated base substitution mutations resulting from induction of the SOS system. Some of the
specific point mutations prominent in the spectrum of a strain that overproduces the dinB-encoded Pol IV were also present
after growth in CPR. However, these mutations disappeared in CPR-treated dinB mutants, whereas the deletions remained.
Moreover, CPR-induced deletions also occurred in a strain lacking all three SOS-induced polymerases. We discuss the implica-
tions of these findings for the consequences of overuse of CPR and other antibiotics.

Several bactericidal antibiotics have been reported to have low
to moderate mutagenic activity when used at subinhibitory or

sublethal concentrations (1–14), usually ranging from 3- to 8-fold
over background levels of spontaneous mutations (with one ex-
ception [7]). In particular, ciprofloxacin (CPR) and its close de-
rivative norfloxacin (NOR) display mutagenic activity in different
detector systems (1–14). The mutagenic properties can result in
an increase in the appearance of resistant mutants (1, 2, 4, 5). A
previous study of CPR-induced mutations in the rpoB gene of
Staphylococcus aureus detected short in-frame deletions (5). How-
ever, the rpoB system cannot detect out-of-frame deletions or in-
sertions or in-frame deletions or insertions of more than 21 bp,
since the integrity of the RNA polymerase must remain intact.
Here, we have undertaken a study of the types of mutations result-
ing from treatment with CPR in Escherichia coli using the thyA-
Trmr system, which detects trimethoprim (Trm)-resistant mu-
tants that result from any mutations inactivating the thyA gene
(15), including large or small deletions or additions, both in frame
and out of frame. We also used the E. coli rpoB-Rifr system, which
monitors mutations leading to rifampin (Rif) resistance (16–23),
since the system is so extensively characterized that the spectra of
different mutagenic pathways leave telltale fingerprints. This al-
lows us to separate effects of CPR itself from those emanating from
the CPR-induced processes. Treatment with CPR leads to com-
plex changes in cellular metabolism and double-strand breaks
(24) that result in the induction of the SOS system (1, 3, 10, 13, 25,
26). In fact, CPR can induce the SOS system to higher levels than
UV irradiation (J. H. Miller, unpublished data). Using both the
thyA-Trmr and rpoB-Rifr systems, we show here that treating E.
coli with CPR results in an increase in both base substitution mu-
tations and short deletions and insertions and that some of the
base substitutions can be ascribed to the SOS system, while the
deletions can be attributed to the action of CPR alone. An analysis
of the deletions indicated that some cluster in a region that dis-
plays single-stranded DNA secondary-structure possibilities. CPR
binds to a complex of DNA gyrase and DNA and also to a complex

of topoisomerase IV and DNA, freezing it on the DNA (24). The
resulting replication blockage may allow short single-strand re-
gions to persist. We discuss the implications of these findings with
regard to antibiotic overuse.

MATERIALS AND METHODS
E. coli strains. The dinB-deficient strain used here is from the Keio col-
lection described by Baba et al. (27), made from the starting strain
BW25113 (lacIq rrnBT14 �lacZWJ16 hsdR514 �araBADAH33 �rhaBADLD78)
(28). The starting strain was used as the wild type (WT) in the experiments
reported here unless otherwise stated. The dinB mutant carries a complete
deletion of the dinB gene, with a kan insert in place of the gene. A second
wild-type background was the CC101 to CC107 series of strains (29, 30).
The background is ara (gpt-lac)5 thi-F=128 lacIZ proA� proB�. Each strain
carries a complete lac operon on the F= plasmid with a frameshift muta-
tion in lacI and a base substitution mutation in lacZ, except for CC107,
which carries a frameshift mutation in lacZ. Thus, the CC strains are
isogenic except for the base substitution or frameshift in lacZ. CC107 (30)
was used principally in the experiments carried out here with this back-
ground. The wild-type strain used (see Table 2), ZK126 (31), is W3310 �
lacU169 tna-2, and its derivative, SF2018 (32), deficient in all three SOS-
induced DNA polymerases (Pol II, Pol IV, and Pol V), is ZK126 polB::Spcr

dinB::Kanr umuDC::Camr. These two strains were a gift from Steven E.
Finkel.

Media. The following media (33) were used: LB (10 g tryptone, 5 g
yeast extract, 10 gm NaCl per liter) and minimal A [10.5 g K2HPO4, 4.5 g
KH2PO4, 1 g (NH4)2SO4, 0.5 g sodium citrate · 2H2O per liter] supple-

Received 30 June 2016 Returned for modification 11 July 2016
Accepted 26 July 2016

Accepted manuscript posted online 1 August 2016

Citation Song LY, Goff M, Davidian C, Mao Z, London M, Lam K, Yung M, Miller JH.
2016. Mutational consequences of ciprofloxacin in Escherichia coli. Antimicrob
Agents Chemother 60:6165–6172. doi:10.1128/AAC.01415-16.

Address correspondence to Jeffrey H. Miller, jhmiller@microbio.ucla.edu.

Copyright © 2016, American Society for Microbiology. All Rights Reserved.

crossmark

October 2016 Volume 60 Number 10 aac.asm.org 6165Antimicrobial Agents and Chemotherapy

http://dx.doi.org/10.1128/AAC.01415-16
http://crossmark.crossref.org/dialog/?doi=10.1128/AAC.01415-16&domain=pdf&date_stamp=2016-8-1
http://aac.asm.org


mented with 10 ml of 20% glucose, 1 ml of 1 M MgSO4, and 0.5 ml of 1%
thiamine hydrochloride (vitamin B1) per liter.

Growth conditions and mutant selection. Unless otherwise stated, all
genetic methods were as described by Miller (33). Overnight cultures
containing different concentrations of a given mutagen were seeded with
approximately 1 � 103 cells from a growing culture. For mutant frequency
(f) determination, cultures were grown for 18 h at 37°C on a rotor at 50
rpm. For mutant collection, cultures were grown for 18 h at 37°C on a
shaking platform at 250 rpm. The cells were plated on specific media, LB
plus 100 �g/ml rifampin to select for Rifr mutants and minimal A glucose
medium containing 50 �g/ml thymidine and 10 �g/ml trimethoprim to
select for Trmr mutants. For the collection of mutants shown in Fig. 1, in
the cases of spontaneous mutations in the CC107 background and CPR-
induced mutations in the CC107 and dinB backgrounds, four mutants
were sequenced per culture. Nonrepeating mutations within the same set
of four are shown. Repeated occurrences within the same culture are
represented by a plus sign, such as �1, or �4. None of the deletions or
insertions detected in this study had repeated occurrences within the same
culture, with a single exception. All the rest of the repeats were base sub-
stitutions. Since the total number of mutations sequenced, including the
repeated occurrences, was used in each total given in Results below, the
true percentage of deletions maybe somewhat underestimated, although
these effects are relatively small (see below). The same is true for the
CPR-induced deletions shown in Fig. 2, which shows the deletions result-
ing from CPR (10 ng/ml). All the other mutants were collected at only one
per culture, including the wild type and the triple mutant lacking all SOS
polymerases (see Table 2), the BW25113 controls in rpoB, the CC107
control in thyA, and the CPR (12 ng/ml and 14 ng/ml)-induced mutations
in thyA. The last two sets combined yielded 18 of 31 mutants that carried
deletions/insertions (58%), similar to what was seen for the other two sets
of CPR-induced deletions in thyA.

Determination of mutant frequencies. We inoculated 100 to 1,000
cells in a series of cultures in LB that were then grown for 18 h at 37°C with
aeration prior to plating on the appropriate medium (LB plates with or

without 100 �g/ml rifampin or glucose minimal medium plates contain-
ing 50 �g/ml thymidine plus 10 �g/ml trimethoprim). The frequencies of
Rifr mutants were determined as described previously (19). Briefly,
mutant frequency (f) was determined as the median frequency of a set
of cultures (the number of cultures varied from 12 to 45) by dividing
the number of Rifr mutants per milliliter by the titer of the culture as
determined by plating on LB medium without rifampin; 95% confi-
dence limits were determined according to the method of Dixon and
Massey (34).

Chromosomal DNA isolation and sequencing. For the rpoB gene,
these steps were carried out exactly as described by Garibyan et al. (19).
For the thyA gene, the PCR conditions were as follows: annealing tem-
perature, 62°C; elongation time, 1 min 15 s per cycle; number of PCR
cycles, 30. The primer sequences were as follows: thyA F/21mer, GGT
GTGATCATGATGGTCTGG; thyA R/17mer, CACACTGGCGTCGG
CTC; the sequencing primer was thyA F.

Secondary-structure predictions. Secondary structures were deter-
mined by the Mfold program.

Antibiotics. Ciprofloxacin and rifampin were purchased from Sigma
(St. Louis, MO).

RESULTS
CPR mutagenesis in rpoB. We grew cultures of two starting
strains (see Materials and Methods) in LB with and without CPR
at 10 ng/ml. The cultures were plated on LB plates containing 100
�g/ml Rif to look for resistant (Rifr) mutants. Table 1 shows that
the mutation frequencies were increased in the presence of CPR.
We purified mutants from different cultures for further analysis.
We used two different starting strain backgrounds to allow com-
parisons with work carried out on mutants derived from each of
the backgrounds.

DNA sequence analysis of rpoB mutations. Rifr mutants re-
sult from mutations in rpoB that alter the respective binding sites

FIG 1 Sequence changes in ropB. The locations of spontaneous mutations in the two wild-type backgrounds are shown above the DNA sequence. The letters
represent base substitutions. The locations of CPR-derived mutations in the wild-type CC107 background and a dinB-deficient strain are shown below. The solid
lines are aligned with deleted base pairs; the arrows indicate locations of insertions. The numbers with plus signs in parentheses show the number of additional
mutations at any given site that appeared more than once in a sample of four from the same culture. Mutants from three strains are shown in the following colors:
green, BW25113 background; black, CC107 background; red, a dinB derivative of BW25113.
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FIG 2 Sequence changes in thyA. The locations of spontaneous mutations in the CC107 wild-type background are shown above the DNA sequence (black); the
locations of CPR-derived mutations in the wild-type BW25113 background (red) and the CC107 background (black) are shown below. The letters represent base
substitutions, the circles indicate the A·T¡T·A base substitution at the hot spot at bp 131, the diamonds indicate deletions of a single base pair, the triangles
indicate insertions of a single base pair, the solid lines are aligned with deleted base pairs, and the arrows indicate the locations of insertions. The numbers with
plus signs in parentheses show the number of additional mutations at any given site that appeared more than once in a sample of four from the same culture.
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for Rif while not greatly affecting the essential functions of RNA
polymerase. Although most of these mutations described in E. coli
are base substitutions, some short in-frame deletions and inser-
tions have also been found (16, 23). So far, 92 different base sub-
stitution mutations have been characterized (16–23). We could
detect 80 of the 92 mutations in rpoB by using a single primer pair.
We analyzed this portion of rpoB in the study. There are 11
A·T¡G·C, 17 G·C¡A·T, 9 A·T¡T·A, 10 A·T¡CG, 18 G·C¡T·A,
and 15 G·C¡C·G mutations included in the set. Close to 90% of
the mutants did have mutational changes in this region; Fig. 1
shows the results. At the top of Fig. 1 are the 76 mutations found in
LB without CPR in cultures from the CC107 background (black
letters) from this study and 68 mutations from the BW25113
background (green letters), also from this study. These results
adequately mirror our previous results from 444 sequenced spon-
taneous mutations in CC107 and its parent strain background
(20). Note that all 588 spontaneous mutations from the latter
study and from the present study are base substitutions. In con-
trast, we found that 32 of 103 mutations (31%) from the cultures
grown in CPR were short deletions or insertions in rpoB. They are
depicted at the bottom of Fig. 1 (black lines). All of the deletions or
insertions involve a multiple of 3 bp, and they range in size from 3
bp to 21 bp, meaning that from 1 to 7 amino acids are deleted from
the RNA polymerase � subunit. Deletions outnumber insertions
by 28 to 4. Also apparent in the CPR spectrum is the large number,
10, of G·C¡C·G changes at position 1576. A signature of the
SOS-induced mutations in rpoB that we reported in the CC strain
background is the transversion at position 1576, as shown by the
shift in mutations at this site from the normal, spontaneous spec-
trum (G·C¡A·T) to those found in a dinB expression plasmid-
containing strain (G·C¡T·A and G·C¡C·G) (20). Therefore, we
looked at CPR-induced mutations in a dinB strain that lacks Pol
IV (Fig. 1, bottom, red). Here, it can be seen that the deletions still
constitute 46% of the mutations (17 of 37), whereas the transver-
sions at 1576 virtually disappear. (The percentage of CPR-induced
deletions for both the wild-type and dinB strains even represents a
slight underestimate [see Materials and Methods].)

CPR-induced deletions are not generated by SOS-induced
polymerases. We examined the spectra of mutations occurring in

rpoB in a strain lacking all three SOS-inducible polymerases (Pol
II, Pol IV, and Pol V). Table 2 shows that the deletions in rpoB that
occur in CPR-treated cells appear in the starting strain back-
ground for the experiment (ZK126) and also in the triple mutant
(SF2018; dnaB dinB umuC) lacking all three SOS polymerases. A
previous study showed that deletions are very rare in the spectra of
both of these strains in the absence of CPR, with no deletions and
only one insertion found in ZK126 out of 125 sequenced and no
deletions and one insertion out of 128 sequenced in SF2018 (23).
The results shown in Table 2 indicate that the deletions result from
the action of CPR itself. Thus, the spectrum of mutations in the
wild-type strain grown in the presence of CPR seen at the bottom
of Fig. 1 contains elements from the spontaneous background
(notably, the G·C¡A·T mutations at 1547); the induction of the
SOS polymerases, including Pol IV (see above); and mutations
directly induced by CPR itself.

DNA sequence analysis of thyA mutations. We sequenced
thyA mutations in the Trm-resistant mutants. In the absence of
CPR, the thyA spectrum is dominated by a large hot spot that
comprises nearly 60% of all the spontaneous mutations and re-
sults from an A·T¡T·A change at position 131 (15) (see below).
Viswanathan and coworkers have shown that it is caused by a
quasipalindrome fold-back structure in the single-stranded re-
gions of the DNA that induces repair enzymes to “correct” a “mis-
pair” in the stem of the fold-back structure (15). We also found
that this hot spot predominated when spontaneous mutations
were monitored in the absence of added CPR. In the CC107 back-
ground, 39 of 52 (75%) sequenced mutations were at this hot spot
(Fig. 2), and in BW25113, 104 of 145 (72%) sequenced mutations
were at this site (Table 3 and data not shown). Deletions and
insertions of more than 1 bp are virtually absent in these spectra
but are well represented in the spectra of CPR-treated cells (Fig. 2).
Even grouping the single-base-pair deletions and insertions with
the larger deletions shows a significant difference. In the absence
of CPR, they number 6 of 52 (11.5%) in CC107 and 14 of 145
(12.4%) in BW25113 (Table 3). However, in the presence of 10
ng/ml CPR, total deletions and insertions comprise 72% (30 of 42)
and 52% (23 of 44) of the mutations in the two wild-type back-
grounds, respectively, and 64% (21 of 33) in a dinB background
(Table 3). Note that CPR-induced mutations occur at a 4.4-fold-
higher rate in BW25113 than in the untreated control and at an
8.6-fold-higher rate in CC107. Multiplying the percentages of de-
letions and insertions by these factors showed that they occur at a
18.5-fold-higher rate in BW25113 and a 53.8-fold-higher rate in
CC107. Smaller sample sizes were analyzed in the CC107 back-
ground for CPR (12 and 14 ng/ml), but together, they showed that
13 of 31 sequenced mutations were deletions/insertions (42%)
(Table 3). Figure 2 shows the locations of the sequence changes in
thyA. Here, one can see that even though all sizes of deletions are

TABLE 1 rpoB mutant frequencies in BW25113 and CC107 strain
backgrounds

Strain background Medium f (10�8) in rpoBa

BW25113 LB 3.0 (1.8–4.7)
LB � CPR 25.8 (15.2–33.1)

CC107 LB 4.3 (3.8–5.7)
LB � CPR 18.9 (14–21.8)

a The values in parentheses are 95% confidence limits.

TABLE 2 rpoB mutant frequencies in ZK126 and SF2018 strain backgrounds

Strain background Medium f (10�8)a No. (%) of deletions/insertions No. (%) of base substitutions

ZK126 LB 3.1 (2.1–5.9) 0 (0.0) 10 (100.0)
LB � CPR 12.5 (8.9–15.5) 10 (50.0) 10 (50.0)

SF2018 LB 1.9 (0–3.4) 0 (0.0) 17 (100.0)
LB � CPR 8.4 (8.3–10.2) 13 (56.5) 10 (43.5)

a The values in parentheses are 95% confidence limits.
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permitted, the deletions are still mainly short, and they tend to
cluster in two regions of the gene. However, they are no longer
exclusively in-frame deletions and insertions. Thus, out of 52
CPR-induced deletions in wild-type backgrounds shown in Fig. 2
and Table 3, 10 are in frame, 21 are in the �1 reading frame, and
21 are in the �1 frame. Of 14 insertions, 4 are in frame, 3 are in the
�1 frame, and 6 are in the �1 frame.

Possible elements involved in formation of short deletions/
insertions. As pointed out above, no frame or size restrictions
exist for indels in thyA. The one requirement is that they result in
an inactive protein. However, although they can appear any-
where in the gene/protein, these events do tend to cluster near
bp 298 (14 of 53 deletions/insertions) (Fig. 2A) and near bp 511
(15 of 52 deletions) (Fig. 2B). Position 298 is centered in a
localized GC-rich region (Fig. 2A), and a plausible secondary
structure may form involving that region (Fig. 3). Given the
replication-blocking consequences of CPR binding to gyrase
(24) (see Discussion), one can envision such structures form-

ing transiently, as blocked replication promotes the existence
of single-stranded regions.

DISCUSSION

CPR and related fluoroquinolones, such as norfloxacin, induce
mutations in a dose-dependent manner in several bacterial sys-
tems, including Salmonella enterica serovar Typhimurium (3, 6,
10, 11, 13, 14), E. coli (2, 4, 9), Streptococcus pneumoniae (8), S.
aureus (5), Pseudomonas aeruginosa (12), and Mycobacterium for-
tuitum (7), although the level of mutagenesis (3- to 10-fold) is well
below that for standard mutagens, with the exception of M. for-
tuitum (7). For example, Rifr in E. coli is increased 5,800-fold by
alkylating agents, such as ethyl methanesulfonate (EMS) (19);
400-fold by UV light irradiation (19); and 150-fold and 4,800-fold
by the base analogs 2-aminopurine and 5-bromodeoxyuridine,
respectively (19, 35). However, the level of CPR-induced muta-
tions is sufficient to promote increased evolution of CPR-resistant
strains following exposure to CPR (1, 4, 5, 12), including in vivo
studies using mice (4). Studies on the nature of CPR-induced
mutations have been somewhat limited by the systems used or the
small sample sizes analyzed. Cirz et al. (4) looked at mutations
in E. coli after continuous growth in the presence of CPR and
then selected for CPR resistance and found point mutations
and a deletion of 3 bp at one position in the gyrA gene. The
point mutations did not appear in very small samples of strains
lacking any of the SOS-induced polymerases, Pol II, Pol IV, or
Pol V (7, 6, and 4 CPR-resistant mutants, respectively), or lack-
ing any pair of the polymerases (6, 2, and 3, respectively) grown
with CPR. A single sequenced CPR-resistant mutant from a
strain lacking all three polymerases resulted from the 3-bp de-
letion. Didier and coworkers (5) carried out the most comprehen-
sive study, looking at mutations in the rpoB gene of S. aureus that
resulted in Rifr mutants. They found that short in-frame dele-
tions or insertions of 3, 6, 9, or 12 bp were well represented in
the spectrum of mutations in a wild-type strain, but not in a
recA strain. Previous work in S. aureus had found no reduction
in CPR-induced mutation frequency in a lexA strain that can-
not induce the SOS system (36), whereas the opposite result
was reported for E. coli (4).

We used two systems to examine the nature of CPR-induced
mutations. We employed the rpoB-Rifr system in E. coli because of
the extensive characterization of mutational sites (19, 20). Here,
we found a significant percentage of small deletions and insertions
in rpoB resulting from CPR exposure (33 of 103 mutations se-

TABLE 3 thyA mutant frequencies in various strain backgrounds

Strain background Medium f (10�8)a No. (%) of deletions/insertions No. (%) of base substitutions

BW25113 LB 67.5 (46–77) 18 (12) 127 (88)
LB � 10 ng/ml CPR 474 (389–567) 23 (52) 21 (48)

CC107 LB 38.0 (33.9–43.7) 6 (11) 46 (89)
LB � 10 ng/ml CPR 110 (50.0–138) 30 (71) 12 (29)
LB � 12 ng/ml CPR 346 (199–659) 5 (38) 8 (62)
LB � 14 ng/ml CPR 730 (465–944) 8 (44) 10 (56)

dinB LB 41.8 (37.1–42.8) NDb ND
LB � 10 ng/ml CPR 327 (138–468) 21 (64) 12 (36)

a The values in parentheses are 95% confidence limits.
b ND, not determined.

FIG 3 Potential single-strand secondary structure in thyA. Position 298 is
centered within a region where a cluster of deletions of various lengths are
observed. The Mfold program revealed a putative secondary structure between
bp 261 and 320 (�16.4 kcal).
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quenced in the wild-type strain [Fig. 1 and Table 2]), as has been
detected in S. aureus rpoB (5) and very recently in a maximum-
depth sequencing study of E. coli (37). We have gone further in
this study by using a Pol IV-deficient (dinB) strain to pinpoint
specific point mutations that result from the induction of the SOS
system and by using a strain with the dinB, umuC, and polB genes
deleted, and thus lacking all three SOS-induced polymerases, to
show that the appearance of deletions in rpoB in response to CPR
was unaffected (Table 2). Therefore, we could ascertain that even
though recA strains are much more sensitive to CPR (38), the
deletion mutations are not generated by any of the SOS poly-
merases. Viable rpoB mutants are restricted in the sense that any
deletions or insertions must be small, confined to a specific region
in rpoB, and in the correct reading frame, namely, a multiple of 3
bp added or deleted. The thyA-Trmr system has no such restric-
tions, as any mutation in thyA resulting in the inactivation of
thymidylate synthase will yield a Trmr mutant. Figures 2 and 3 and
Table 3 show that deletions and insertions do predominate in the
spectrum of CPR-induced mutations, but now, out-of-frame de-
letions and insertions occur (25 in the �1 reading frame and 27 in
the �1 reading frame versus 14 in the correct reading frame).
Most importantly, even though the size restrictions are now re-
moved, the deletions are predominantly relatively short (Fig. 2
and 3) and in fact tend to cluster in two regions. The largest cluster
of deletions with different sizes contains a compelling secondary
structure (�16.4 kcal) (Fig. 3). Viswanathan and coworkers (15)
showed that a secondary structure emanating from a quasipalin-
drome earlier in the gene was responsible for the major hot spot
among spontaneous mutations, an A·T¡T·A change that ac-
counts for more than half of all spontaneous mutations in thyA.
This structure (�11.9 kcal) results in enzymatic (mismatch re-
pair) correction of one of the “mispairs” in the stem. Why would
we not see this type of mutation resulting from the same type of
correction of what is a stronger secondary stem-and-loop struc-
ture? The most likely explanation is that the potential amino acid
changes resulting from the correction of mispairs in the main stem
(Fig. 3) probably do not result in an inactive enzyme. Likewise, in
the stem for the hot spot at base 131 (15), correction of the mispair
at base 136 would result in an observed A¡G change, generating
a Thr¡Ala substitution, which is apparently not detrimental to
the protein, as the mutation is not observed.

The fact that CPR strongly induces the SOS system (1, 3, 10, 13,
25, 26) yet has a relatively low mutation rate itself in E. coli (2, 4, 9)
allows us to assess the levels of mutations resulting from the SOS
polymerases. The rpoB-Rifr system is well characterized, allowing
us to recognize the fingerprint of SOS induction, or at least the
mutations resulting from increased expression of the dinB-en-
coded Pol IV, since they have been identified in rpoB by analyzing
the spectrum of dinB overexpression (20). The fingerprint of Pol
IV expression involves a shift at position 1576 from G·C¡A·T
mutations to the two transversions G·C¡T·A and G·C¡C·G
(20). We can see this in Fig. 1, which shows a shift in the propor-
tion of G·C¡A·T versus G·C¡C·G mutations from 21:2 without
CPR to 7:10 with CPR. These mutations all but disappear in the
dinB spectrum with CPR (Fig. 1). The true contribution of muta-
tions caused by SOS-induced polymerases acting at undamaged
bases after DNA damage-stimulated expression has proved elusive
to measure because it is usually masked by the much higher fre-
quency of mutations occurring opposite damaged bases and be-
cause simulations with mutants constitutively expressing the SOS

system may not recreate levels of induction identical to those of
the SOS system. Figure 1 argues that the levels of mutations oc-
curring opposite undamaged bases, as reflected at the indicator
position 1576, are indeed part of the CPR-induced mutation spec-
trum, yet this level represents a relatively low absolute mutation
frequency.

What is the nature of the lesion that results in the CPR-induced
mutations, the majority of which are deletions or insertions? Ko-
hanski and coworkers and Foti and coworkers have presented ex-
tensive evidence that one pathway of killing for all bactericidal
antibiotics involves the generation of hydroxyl radicals that dam-
age DNA, leading to lethal double-strand breaks (39, 40). Addi-
tionally, it has been postulated that specifically 8-oxo-dG, partic-
ularly in the dGTP precursor, is the main DNA lesion responsible
(40). Although we did not observe the mutational fingerprint of
this lesion (A·T¡C·G) as a major part of the CPR-induced spectra
in the targets studied here (see also the recent study by Long and
coworkers [41]), clearly reactive oxygen species (ROS) are in-
volved in CPR mutagenesis (42). Are the mutational spectra from
different bactericidal antibiotics similar? We briefly analyzed am-
picillin (AMP)-induced mutations in rpoB, and although we
found a mutation frequency 5 times over background, as seen in
other work (2), we found only one deletion or insertion among 55
sequenced mutations with independent origins (data not shown).
Thus, the spectra of AMP-induced mutations and CPR-induced
mutations are not similar using this particular target gene. This
can be explained by the findings of Gutierrez and coworkers (43),
who showed that AMP promotes bacterial mutagenesis via an
RpoS-mediated reduction in replication fidelity by depleting the
cell of MutS. Kohanski and coworkers sequenced six norfloxacin-
resistant mutants induced by ampicilliin and found that the four
detected changes all resulted from base substitutions in either
gyrA, gyrB, or the promoter for the acrAB operon (2). However, all
three ampicillin-induced kanamycin-resistant mutants with de-
tected sequence changes showed insertions in either the rpsL or
arcA gene that resulted in truncation of the encoded protein (2).
The CPR-gyrase complex, which freezes on DNA (24), may pro-
mote deletions/insertions by strongly inducing SOS recombina-
tion functions that incorrectly repair damaged DNA (9, 44, 45).
Extensive secondary structures (Fig. 3) might increase incorrect
recombinational repair or certain slippage mechanisms (46).
There are several implications of the results reported here. As
noted previously, the level of CPR-induced mutations is sufficient
to accelerate the evolution of drug resistance in bacteria (1, 4, 5,
12). Because CPR is a widely used antibiotic, it should be appre-
ciated that the surviving populations within the microbiome will
have increased mutations and that the majority of them will be
deletions within genes. A higher proportion of these mutations
than of base substitutions have deleterious effects. Thus, although
these effects would not be seen in terms of immediately killing
bacteria, they can reduce the fitness of the commensal bacteria,
rendering them more susceptible to being outgrown and replaced
by unwanted strains. Also, the mutagenic effects of CPR are sub-
ject to being increased by synergy from other antibiotics used in
combination treatments. Synergy of antibiotics with regard to kill-
ing has been widely studied (47), but the synergy of mutagens with
regard to mutagenesis has not. Recently, we showed that certain
pairs of widely used mutagens, some of which are employed in
chemotherapy, display strong synergy with regard to mutagenesis
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(48). These studies should be expanded to examine certain anti-
biotic pairs.
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