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ABSTRACT

Fluoroquinolone resistance in Gram-negative bacteria is multifactorial, involving target
site mutations, reductions in fluoroquinolone entry due to reduced porin production,
increased fluoroquinolone efflux, enzymes that modify fluoroquinolones, and Qnr, a DNA
mimic that protects the drug target from fluoroquinolone binding. Here we report a
comprehensive analysis using transformation and in vitro mutant selection, of the relative
importance of each of these mechanisms in fluoroquinolone non-susceptibility, using
Klebsiella pneumoniae as a model system. Our improved biological understanding was
then used to generate 47 rules that can predict fluoroquinolone susceptibility in K.
pneumoniae clinical isolates. Key to the success of this predictive process was the use of
liquid chromatography tandem mass spectrometry to measure the abundance of proteins
in extracts of cultured bacteria, identifying which sequence variants seen in the whole
genome sequence data were functionally important in the context of fluoroquinolone

susceptibility.



INTRODUCTION

The use of whole genome sequencing (WGS) to predict antibacterial drug susceptibility/non-
susceptibility in the clinical setting has recently been subject to a subcommittee report from
the European Committee on Antimicrobial Susceptibility Testing (1). Aside from issues
around universal WGS data availability and quality, particularly regarding clinical samples
with low bacterial titres, the committee considered that a lack of basic biological
understanding of antibacterial resistance (ABR) mechanisms was slowing down progress in
this area (1). There have been some successes predicting susceptibility/non-susceptibility
direct from WGS in key Gram-negative human pathogens such as Escherichia coli and
Klebsiella pneumoniae carrying well-known plasmid encoded ABR mechanisms, or
commonly encountered antibacterial target site mutations (2, 3). However, when ABR is
multi-factorial, as typified by fluoroquinolone resistance, prediction of susceptibility/non-

susceptibility is more difficult (1, 4).

Fluoroquinolones have a fluorine atom attached to the central quinolone ring system (5-7).
They have a broad spectrum of activity against both Gram-negative and Gram-positive
bacteria and play an important role in clinical applications (8—10). Their mode of action
involves binding to type Il DNA topoisomerases, GyrA/B and ParC/E, resulting in lethal
double strand breaks in DNA (8, 11). A single point mutation in the quinolone resistance-
determining region (QRDR) of GyrA confers nalidixic acid resistance in E. coli but additional
factors are required for fluoroquinolone resistance. For example, QRDR mutations in ParC, a
secondary target of fluoroquinolones (12) or mutations in the transcriptional repressor
gene, ramR, which leads to over-production of the resistance nodulation cell division (RND)

family efflux pump AcrAB-TolC (13—-16). Over-production of OgxAB, another chromosomally-
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encoded RND efflux pump that probably works with TolC, also confers reduced
fluoroquinolone susceptibility in K. pneuomoniae, and results from mutations in the

transcriptional repressor gene ogxR (17).

When encoded on a plasmid in E. coli, 0ogxAB also confers fluoroquinolone resistance via
drug efflux (18, 19). Other plasmid-mediated quinolone resistance (PMQR) genes include
gnrA (20), which encodes a pentapeptide repeat protein that protects GyrA from inhibition
by fluoroquinolones, reducing susceptibility. Other gnr gene families: gnrB (21) gnrC (22)
gnrS (23) and gnrD (24) are commonly seen in clinical Enterobacteriaceae isolates, as is the
PMQR gene aac-6-lb-cr, encoding an aminoglycoside acetyltransferase capable of
acetylating fluoroquinolones at the amino nitrogen if they have a piperazinyl substituent,

e.g. ciprofloxacin (25).

Our aim in performing the work set out below was to complete an extensive analysis of the
individual and combined contributions of these known mechanisms to fluoroquinolone non-
susceptibility in K. pneumoniae using sequential mutant selection and transformation, with
LC-MS/MS proteomics being used to monitor protein production and DNA sequencing being
used to identify mutations. Our aim was to generate a series of “rules” that might be
applied to WGS data to predict fluoroquinolone susceptibility in K. pneumoniae. We then

tested our rules against 40 K. pneumoniae clinical isolates.



MATERIALS AND METHODS

Bacterial strains and antibacterial drug susceptibility testing

The isogenic pair K. pneumoniae Ecl8 (26) and Ecl8AramR (27) were used throughout. Forty
human K. pneumoniae clinical isolates were studied. Details of these isolates are given in
Table S1. Disc susceptibility testing was performed and minimum inhibitory concentrations
(MICs) were determined according to CLSI methodologies (28, 29). Susceptibility/non-

susceptibility was interpreted using CLSI performance standards (30).

Selection of in vitro K. pneumonige mutants conferring reduced fluoroquinolone

susceptibility and transformation with PMQR genes

Mutants were generated by plating 100 pl of an overnight culture on LB agar containing
ciprofloxacin or nalidixic acid at various doubling concentrations below the CLSI defined
non-susceptibility breakpoint. First step mutants were then re-selected using increasing
concentrations of ciprofloxacin to generate fluoroquinolone non-susceptible mutants. PCR-
sequencing to identify mutations was performed using primers listed in Table S2. The PMQR
genes gnrA1 and aac(6’)-Ib-cr, were synthesised (Eurofins Genomics) as defined in Table S2
to include native promoters and ligated into the pEX-K4 cloning vector (Eurofins).
Recombinant plasmids were used to transform K. pneumoniae to kanamycin (30 mg/L)

resistance using electroporation as standard for laboratory-strain E. coli.

Quantitative analysis of whole cell proteome via Orbitrap LC-MS/MS and gRT-PCR.

Cells were cultured in 50 ml nutrient broth (Oxoid) with shaking (160 rpm) at 37°C until the
optical density at 600 nm (ODsgo) reached 0.5-0.7. RNA was purified, and qRT-PCR was

performed as previously described (31, 32). For proteomics, cells in cultures were pelleted
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by centrifugation (10 min, 4,000 x g, 4°C) and resuspended in 20 mL of 30 mM Tris-HCI, pH 8
and broken by sonication with a cycle of 1 sec on, 0.5 sec off for 3 min at amplitude of 63%
using a Sonics Vibracell VC-505TM (Sonics and Materials Inc., Newton, Connecticut, USA).
Following centrifugation (15 min, 4°C, 8,000 rpm, Sorval RC5B with SS34 rotor), the protein
concentration in the supernatant was quantified using Biorad Protein Assay Dye Reagent
Concentrate according to the manufacturer’s instructions. One microgram of total protein
was separated by SDS-PAGE using 11% acrylamide, 0.5% bis-acrylamide (Biorad) gels and a
Biorad Min-Protein Tetracell chamber model 3000X1. Gels were run at 200 V until the dye
front had moved approximately 1 cm into the separating gel. Proteins in gels were stained

with Instant Blue (Expedeon) for 20 min and de-stained in water.

The one centimetre of gel lane containing protein was cut out and proteins subjected to in-
gel tryptic digestion using a DigestPro automated digestion unit (Intavis Ltd). The resulting
peptides were fractionated using an Ultimate 3000 nanoHPLC system in line with an LTQ-
Orbitrap Velos mass spectrometer (Thermo Scientific) according to our previously published
protocol (31, 32). The raw data files were processed and quantified using Proteome
Discoverer software v1.4 (Thermo Scientific) and searched against the UniProt K.
pneumoniae strain ATCC 700721 / MGH 78578 database (5126 protein entries; UniProt
accession 272620) using the SEQUEST (Ver. 28 Rev. 13) algorithm. Protein Area
measurements were calculated from peptide peak areas using the Top 3 method (33) and
were then used to calculate the abundance of each protein. Proteins with fewer than three
peptide hits were excluded from the analysis. Raw protein abundance for each protein was
divided by the average abundance of a ribosomal protein to normalise for sample to sample

loading variability.



Fluorescent Hoechst (H) 33342 dye accumulation assay

Envelope permeability was estimated as described previously (31, 32) in bacteria grown in
Cation Adjusted Muller-Hinton Broth (Sigma) using an established fluorescent dye

accumulation assay (34). H33342 dye (Sigma) was used at a final concentration of 2.5 uM.

Whole genome sequencing and data analysis

Genomes were sequenced by MicrobesNG (Birmingham, UK) on a HiSeqg 2500 instrument
(llumina, San Diego, CA, USA). Reads were trimmed using Trimmomatic (35) and assembled

into contigs using SPAdes 3.10.1 (http://cab.spbu.ru/software/spades/). The presence of

resistance genes was determined using MLST 1.8, PlasmidFinder (36) and ResFinder 2.1 (37),

and on the Center for Genomic Research platform (https://cge.cbs.dtu.dk/services/).

Assembled contigs were mapped to reference genome K. pneumoniae Ecl8
(GCA_000315385.1) obtained from GenBank using progressive Mauve alignment software

(38).

RESULTS & DISCUSSION

Fluoroguinolone non-susceptibility in K. pneumoniae requires combinations of different

mechanisms

A total of 192 mutants with reduced fluoroquinolone susceptibility were generated from K.
pneumoniae Ecl8 and Ecl8AramR. Among the 29 representative mutants that were
extensively characterised, 16 had quinolone target site mutations in gyrA clustered into four
different alleles, each encoding a single amino acid substitution within the QRDR: Ser83Phe,

Ser83Tyr, Asp87Tyr or Gly81Cys. Multiple mutations in gyrA or mutations in other
7


http://cab.spbu.ru/software/spades/
https://cge.cbs.dtu.dk/services/

topoisomerase genes, e.g. parC were not identified. Mutations in known regulators of drug
efflux were also seen. OgxR mutations were found in 12/29 fully characterised mutants,
including frameshift mutations and nonsense and missense mutations at various positions
(Table S3). In contrast, only a single (Thr124Pro) RamR mutation was found, and no
mutations in AcrR were identified. The roles of two PMQR genes were also assessed: gnr
(represented by the gnrA1 variant) and aac(6’)-1b-cr, both being provided on a vector with

expression driven by their native promoters.

No single acquisition event; whether GyrA mutations, RamR or OgxR mutations, or carriage
of a PMQR conferred clinically relevant ciprofloxacin non-susceptibility in K. pneumoniae
Ecl8. Combinations of an ogxR or ramR plus a gyrA mutation or of an ogxR or ramR mutation
plus carriage of gnr were the only double combinations that conferred ciprofloxacin non-
susceptibility. In 10 triple and five quadruple combinations tested, all conferred
fluoroquinolone non-susceptibility except the ramR/ogxR double mutant plus aac(6')-Ib-cr

(Table S4).

Predicting fluoroguinolone susceptibility in K. pneumoniae clinical isolates from WGS

The results from in vitro K. pneumoniae Ecl8 mutant and transformant characterisation
(Table S4) were used to generate a set of 31 rules to predict fluoroquinolone
susceptibility/non-susceptibility in K. pneumoniae as shown in Table S5. The 31 rules were
then applied to 10 K. pneumoniae clinical isolates based on WGS data. The presence of
PMQR genes was defined as a binary result from the WGS data, given that all genes were
fully intact. The presence of QRDR mutations in GyrA and of SNPs affecting the amino acid
sequence of RamR and OgxR were read directly from the WGS data. To confirm whether the

identified regulatory SNPs activated efflux pump production in these clinical isolates, whole
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cell LC-MS/MS proteomics was performed. Clinical isolates carrying Thri4llle and 194K
insertion mutations in RamR (6/10 clinical isolates carrying one or both) did not
hyperproduce AcrA and AcrB (Table 1), as would be expected from a true RamR loss of
function mutation (32), so these variants were considered functionally wild-type, and to
have arisen by random genetic drift. Two out of 10 isolates carried OgxR mutations, and

both were confirmed to hyperproduce OgxB (Table 1).

Applying our predictive rules (Table S5), WGS information for the 10 clinical isolates, with
proteomics being used to confirm/deny suspected ogxR/ramR loss of function mutations,
allowed correct prediction of ciprofloxacin susceptibility/non-susceptibility in 7/10 isolates.
The three remaining isolates were incorrectly predicted to be ciprofloxacin susceptible as
defined by Rule 15, which is production of Qnr and Aac-6’-lb-cr in an otherwise wild-type
background (Table S5). The Rule 15 clinical isolates were in fact ciprofloxacin non-

susceptible, though they were susceptible to all other fluoroquinolones tested (Table 1).

Clinical isolates with low OmpK35:0mpK36 porin ratios have reduced fluoroquinolone

susceptibility

We hypothesised that the three “Rule 15” clinical isolates incorrectly predicted to be
fluoroquinolone susceptible (Table 1) have reduced envelope permeability compared with
Ecl8, the isolate used to define our predictive rules (Table S4, S5). Fluorescent dye
accumulation assays revealed that the shape of the dye accumulation curve for
representative Rule 15 clinical isolates KP7 and KP8 (Fig. 1A, B) was like that seen previously
upon micF overexpression in Ecl8, i.e. causing reduced OmpF (OmpK35) porin production
(32). Porin reduction retards entry of the dye but does not prevent accumulation of the dye

over time. This phenotype is in stark contrast to efflux mediated reduced envelope

9



permeability, which gives a persistent level of reduced dye accumulation, as seen in the
Ecl8AramR mutant previously (32), and, for example, in clinical isolate KP21, having a ramR

mutation and over-producing AcrAB-TolC (Table 2, Fig. 1C).

During growth in the same medium used to perform the proteomic analyses on our clinical
isolates (nutrient broth), the OmpF:OmpC ratio seen in Ecl8 was approximately 1:1 (32). For
these 10 test clinical isolates, the OmpF:OmpC ratio was in a range of 0.25:1 to 0.40:1, or it
was zero due to apparent loss of OmpF (Table 1). This observed reduced OmpF:OmpC ratio
in the clinical isolates relative to Ecl8 rationalised the observed envelope permeability assay
data (Fig. 1) and supported our hypothesis that clinical Rule 15 isolates have reduced OmpF
porin levels compared with Ecl8, creating a ciprofloxacin non-susceptible phenotype in the

presence of Qnr and Aac-6’-1b-cr.

Following analysis of an additional 30 K. pneumoniae clinical isolates, proteomics revealed
that all the clinical isolates in our collection have an OmpF:OmpC ratio of <0.5 (Table 2), so,
we predicted that these clinical isolates also have reduced envelope permeability compared
with Ecl8. This proved to be correct, e.g. for representative isolate KP46, where the dye

accumulation curve was like that for the Rule 15 clinical isolates (Fig. 1A, 1B, 1D).

Based on this finding of reduced OmpF:OmpC ratio in the clinical isolates relative to Ecl8, we
set out to refine our predictive rules (Table S5), defined using Ecl8, to take this reduced
permeability into consideration. Comparisons between the MICs of ciprofloxacin against
Ecl8 variants and equivalent clinical isolates (having reduced OmpF:OmpC ratios) were
possible for Rule 4 (gnr): 0.063 mg.L?* for Ecl8 vs 0.25 mg.L* for KP1; Rule 5 (aac-6’-Ib-cr):
0.016 mg.L? for Ecl8 vs for 0.063 mg.L* for KP34; Rule 15 (gnr plus aac-6’-Ib-cr): 0.5 mg.L?

for Ecl8 vs 2 mg.L! for KP8; Rule 21 (gyrA plus gnr plus aac-6’-Ib-cr): 2 mg.L™! for Ecl8 vs 8
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mg.L'! for KP6. Based on the finding that in each case the reduced OmpF:OmpC ratio
increases the MIC of ciprofloxacin by 4-fold, we modified our predictive rules. To do this, we
first determined the ciprofloxacin MIC against the 12/31 ciprofloxacin susceptible Ecl8
derivatives (Table S5) and applied a 4-fold MIC increase correction to account for reduced
permeability (RP) caused by a reduced background OmpF:OmpC ratio. In this way, 5/31 of
the originally defined predictive rules were altered to predict ciprofloxacin non-

susceptibility based on MIC breakpoints after applying this RP correction (Table S5).

The impact of multiple QRDR mutations on fluoroquinolone susceptiblity

Following application of the revised rules, allowing for an OmpF:OmpC ratio of <0.5 (Table
S5), we were successful in predicting ciprofloxacin susceptibility/non-susceptibility in 29/30
additional clinical isolates not previously tested (Table 2). To understand the incorrect
prediction of ciprofloxacin susceptibly in isolate KP17 (predictive Rule 1RP), we considered
additional mechanisms that might be involved. We noted from the WGS data that isolate
KP17 carries both a GyrA and a ParC topoisomerase mutation, never seen in our Ecl8
mutants, and so not included in our 31 predictive rules, but relatively common in our clinical
isolates (Table 1, 2). To assess the impact of a second QRDR mutation we compared
ciprofloxacin MICs against clinical isolates having a single or double QRDR but otherwise
defined by the same predictive rule. For example, the ciprofloxacin MIC against KP6 (rule 21,
one QRDR mutation) was 8 mg.L™* and the MIC against KP3 (rule 21, two QRDR mutations)
was four-fold higher: 32 mg.L%. Applying this 4-fold MIC correction to the predicted MIC of
ciprofloxacin against a single QRDR mutant Rule 1RP isolate (1 mg.L?, susceptible) (Table
S5), led to a predicted ciprofloxacin MIC against a double QRDR mutant of 4 mg.L? (non-
susceptible, now correctly predicting the observed phenotype of KP17) (Table 2). We have
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therefore added additional predictive rules to consider the existence of double GyrA or

GyrA/ParC QRDR mutations, making 47 rules in total (Table S6).

Mutations in repressor binding sites upregulate efflux pump production and influence

fluoroquinolone susceptibility.

During our analysis, we noticed that, whilst clinical isolate KP27 has a wild-type ramR
sequence, the proteomics data showed that it hyper-produces AcrAB (Table 2). This was
confirmed using qRT-PCR for acrA relative to a wild-type control isolate, KP47, but ramA was
not over-expressed in KP27, validating the observation that RamR is wild-type (Fig. 2A, B,
Table 2) (32). WGS identified a mutation in the acrR-acrA intergenic region in KP27, causing
a T-C transition at the 5 position of the first AcrR binding motif (5’ TACATACATT3’) (Fig. 2C),
predicted to de-repress acrAB expression (39). Whilst it does not affect our designation of
KP27 as ciprofloxacin non-susceptible, this example shows how LC-MS/MS can allow the
identification of previously unknown regulatory mutations involved in phenotypically

relevant efflux pump over-production.

CONCLUSIONS

We have demonstrated step-wise combinations of mechanisms leading to fluoroquinolone
non-susceptibility in K. pneumoniae, as well as characterising the importance of each
mechanism and the interplay between them. Using this information, we have successfully
applied WGS to predict ciprofloxacin susceptibility/non-susceptibility in K. pneumoniae
clinical isolates. However, LC-MS/MS proteomics was essential for this process, and

particularly for determining the relative importance of different SNPs seen in the efflux

12



pump regulators OgxR and RamR. The more phenotypically relevant SNPs we can identify
(e.g. see Table S3 for a list of OgxR loss of function mutations uncovered here) the more we

will be able to rely on WGS alone to identify phenotypically relevant mutations.

LC-MS/MS also allowed us to uncover new biology in this study. We incorrectly predicted
ciprofloxacin susceptibility in genotypically Rule 15 clinical isolates, a particularly common
group, because they have reduced envelope permeability compared with Ecl8. LC-MS/MS
revealed that this is due to downregulation of OmpF, and a consequent reduction in the
OmpF:0OmpC porin ratio. In fact, it would seem likely that this difference is due to a genetic
change in Ecl8, rather than an equivalent genetic change in all the clinical isolates, so we
would propose that the predictive rules listed in Table S6, which allow for this reduced
OmpF:0OmpC ratio, are appropriate to use for all clinical isolates. Allowing for GyrA/ParC
double mutations expanded the non-wild-type rules to a total number of 47 of which only 7

predict ciprofloxacin susceptibility.

Overall, this work as enhanced our biological understanding of fluoroquinolone resistance in
K. pneumoniae and will improve our ability to predict ciprofloxacin susceptibility in clinical
isolates based on WGS data. Particularly, it shows the value of using proteomics to clarify
genotype to phenotype relationships, and to bridge the gap between WGS and antimicrobial

susceptibility testing where mechanisms of resistance are multi-factorial and complex.
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FIGURE LEGENDS

Figure 1: The accumulation of H33342 dye over a 30 cycle (45 minute) incubation period by
K. pneumoniae clinical isolates: (A) KP7, (B) KP8, (C) KP21, (D) KP46. In each case,
permeability was compared with Ecl8 (set to 100%) in cells grown in MHB. Each line shows
mean data for three biological replicates with 8 technical replicates in each and error bars

define the standard error of the mean (SEM).

Figure 2: Expression of (A) acrA and (B), ramA in K. pneumoniae clinical isolates KP21 (ramR
mutant) and KP27 (ramR wild-type) both normalised to expression in a control isolate KP17,
using qRT-PCR. Data are presented as means +/- SEM, n=3 preparations of RNA (C) shows

that a single nucleotide polymorphism is present in the putative AcrR binding site upstream

of acrAB in KP27.
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Table 1: Combination of disc test, proteomics, WGS and predictions of fluoroquinolone susceptibility for K. pneumoniae clinical isolates

' OmpkF:
GyrA OqgxR OqgxB RamR AcrA, B qnr aac(6)- Prediction CIP LEV NOR OFL ParC OmpC
Isolate Ib-cr !
ratio
Mutation Mutation Abundance Mutation Abundance  Presence Presence (Rule) Zone Zone Zone Zone Mutation
KP1 - - ND - 0.07,0.04 S - S (4) S S S S - 0.30
KP2 - - ND *Thri4llle 0.10, 0.03 B,S + S S S - 0.28
KP3 Ser83lle - ND *Thridllle 0.11, 0.03 B + NS (21) Ser80lle 0.00
Ser83Tyr Lys9lle
KP4 Asp87Gly ND “Thridille 0.26, 0.2 S NS (19) Ser80lle 0.00
oqgxR *Thri41lle
KP5 deleted 0.23 194K 0.08, 0.07 S (2) S S S S 0.28
KP6 Ser83Tyr - ND - 0.10, 0.03 B + NS (21) S - 0.25
KP7 - - ND - 0.13, 0.06 B + S - 0.25
KP8 - - ND *Thridllle 0.13,0.04 B + S - 0.25
Ser83Phe ramR/ramA
KP9 Asp87Ala Glu24STOP 0.06 deleted 0.08, 0.03 - - NS (6) Ser80lle 0.40
KP10 Ser83lle - ND *Thri41llle 0.10, 0.02 B + NS (21) Ser80lle 0.26

CIP: Ciprofloxacin; LEV: Levofloxcin; NOR: Norfloxacin; OFL; Ofloxacin

Susceptibilities were defined by reference to zone diameters that were the means of three repetitions rounded to the nearest integer.
Zones shaded blue are non-susceptible according to susceptibility breakpoints set by the CLSI (30).

Predictions shaded green and red show success and failure in predicting fluoroquinolone susceptibility using the preliminary rules (Table S5).
*Changes in amino acid not associated with changes in gene function, likely due to genetic drift.

+; gene is present, -; mutations not detected or gene is absent, ND; protein not detected.
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Table 2: Combination of disc test, proteomics, genome sequencing and predictions of fluoroquinolone susceptibility for K. pneumoniae
clinical isolates

F:
GyrA ParC OgxR OqgxB RamR AcrA, B qnr aac(6')-Ib-cr Omp QmpC
Isolate ratio
Mutation Mutation Mutation  Abundance Mutation Abundance Presence Presence

*Thri41llle

KP11 Ser83lle Ser80lle - ND Met184Val 0.24, 0.09 S - 0.00

*194K

KP12 Ser83lle Ser80Ile Asp3Tyr 0.11 *Thridllle 0.14,0.04 - - 0.00

KP13 Ser83lle Ser80lle - ND Lys63FS 0.39, 0.2 B, S + 0.00

Kp14 ; ; ; ND ramR/ramA 5o 0.04 B + 0.36

deleted

KP15 - - - ND - 0.14, 0.03 S + 0.21

KP16 Ser83lle Ser80lle - ND *Thri41lle 0.11, 0.03 S - 0.40

KP17 Ser83lle Ser80lle - ND *Thri41lle 0.11, 0.04 - - 0.35
*Alal9Vval

KP18 - - - . . + .

ND *Thri4ille 0.12,0.05 S 0.36
*Thri41llle

KP19 - - - ND *194K 0.1, 0.03 B + 0.42

KP20 - - Alal9Vval 0.08 *Thrl41llle 0.11,0.04 B - 0.00

KP21 - - - ND Argd4aFs 0.41, 0.23 S - 0.00
*Thrl41llle

KP22 - - - ND *194K 0.09, 0.06 B + 0.45
*Thrl41lle

KP23 - - - ND *194K 0.05, 0.03 B + 0.41
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cip LEV NOR OFL

Prediction (5) (5) (10) (5)

(Rule) Zone Zone Zone  Zone



KP24 - - - ND - 0.13, 0.07 B + 0.34

kP25 ) ; ; ND *Thridille  0.12,0.09 B + 0.29

KP26 ; ; ; ND *Thri4llle  0.08,0.02 B + 0.33

kp27 83TV soile ; ND *Thridllle  0.36,0.15 - + 0.00

Asp87Phe

kP28 ; ; Leu76FS 0.13 *Thri4llle  0.12,0.04 s - 0.00
Ala40Vval

KP30  Ser83lle  Ser8Olle  Val130Ala 0.14 *Thri4llle  0.87,0.33 ; ; 0.00

*194K

KP31 ; ; ; ND *Thri4llle  0.08,0.04 ; - 0.43

KP32 ; ; ; ND - 0.08, 0.04 ; ; 0.40

kP33 ; ; ; ND *Thri4llle  0.08,0.03 ; ; 0.37

KP34 ; ; ; ND *Thri4llle  0.16,0.07 ; + 0.36

KP38 ; ; ; ND *Thri4llle  0.05,0.31 ; ; 0.00
*Alal19Val

KP40 ; ; ; ND rtqaine 003,003 ; - 0.36

KP46 ; ; ; ND ; 0.03,0.01 ; ; 0.34

KP47 ; ; ; ND ; 0.10, 0.04 ; ; 0.32

KP4g ; ; ; ND - 0.08, 0.04 ; - 0.35
*1le106Ser

KP50 ; ; ; ND ertriaine 005,003 ; - 0.45

KP59 ; ; ; ND Thr50Ala  0.21,0.11 ; - 0.41

CIP: Ciprofloxacin; LEV: Levofloxcin; NOR: Norfloxacin; OFL; Ofloxacin
Susceptibilities were defined by reference to zone diameters that were the means of three repetitions rounded to the nearest integer.
Zones shaded blue are non-susceptible according to susceptibility breakpoints set by the CLSI (30).
Predictions shaded green and red show success and failure in predicting fluoroquinolone susceptibility using the RP rules (Table S5).
*Changes in amino acid not associated with changes in gene function, likely due to genetic drift; T KP27 is an AcrAB over-producer — see text.
+; gene is present, -; mutations not detected or gene is absent, ND; protein not detected.
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