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ABSTRACT

E.coli ST131 is a global concern because of its high multi-drug resistance and several virulence factors. In this
study, the contribution of acrAB-TolC efflux system of E.coli ST131 to fluoroquinolone resistance was evaluated.
A total of non-repetitive 111 ciprofloxacin resistant E.coli isolates were included in the study. Multi-locus
sequence typing (MLST) was used for genotyping. Expressions of acrA, acrB and tolC efflux pump genes were
measured by RT-PCR. Mutations in marA, gyrA, parC, and aac(6’)-Ib-cr positivity were studied by Sanger
sequencing.

Sixty-four (57.7%) of the isolates were classified as ST131 and 52(81.3%) of the ST131 isolates belonged to H30-
Rx subclone. In ST131, CTX-M 15 positivity (73%) and aac(6’)-Ib-cr carriage (75%) were significantly higher
than non-ST131 (12.8% and 51%, respectively) (p<0.05). The ampicillin-sulbactam (83%) resistance was higher,
gentamicin resistance (20%) was lower in ST131 than non-ST131 (64% and 55%, respectively) (p=0.001 and
p=0.0002). Number of the isolates with MDR or XDR profiles did not differ in both groups. Multiple in-dels (up
to 16) were recorded in all quinolone resistant isolates. However, marA gene was more overexpressed in ST131
compared to non-ST131 (median 5.98 vs 3.99; P=0.0007). Belonging to H30-Rx subclone, isolation site,
ciprofloxacin MIC values did not correlate with efflux pump expression.

In conclusion, the marA regulatory gene of AcrAB-TolC efflux pump system has a significant impact on quinolone
resistance and progression to MDR profile in ST131 clone. Efflux pump inhibitors might be alternative drugs for

the treatment of infections caused by E.coli ST131 if used synergistically in combination with antibiotics.

INTRODUCTION

Escherichia coli ST131 clone has been widely disseminated throughout the world and associated with severe
infections [1]. Fluoroquinolone resistance in E.coli has become a global concern after the emergence of ST131
clone [2]. H30 clonal subset of ST131 contains allele 30 of the type-1 fimbriae adhesin gene fimH. Recently
described H30RXx clade of ST131-H30 is associated with fluoroquinolone resistance and usually produces CTX-
M-15[3].

Quinolone resistance is mostly mediated by target site mutations in quinolone resistant determining regions
(QRDR) [4], overexpression of efflux pumps [5] and plasmids[6]. AcrAB-TolC pump is the main component of
efflux systems in E.coli [7]. Several studies previously showed the overexpression of AcrAB-TolC efflux pump
among fluoroquinolone resistant E.coli [5, 8, 9]. This pump is regulated by MarA, SoxS and Rob proteins [10].
MarA protein is associated with multi-drug resistance (MDR) [11].

E.coli ST131 was shown to have higher quinolone resistance than non-ST131 E.coli with high numbers of
mutations at QRDR and carriage of plasmid encoding aminoglycoside/fluoroquinolone-agent modifying enzyme
(aac(6’)-1b-cr) [12]. Johnson et al. reported lower efflux pump activity among strains belonged to ST131
compared to the non-ST131 quinolone resistant isolates by using organic solvent tolerance test; however, the role
of AcrAB-TolC system in quinolone resistance in ST131 is still unclear [13]. In this study, contribution of AcrAB-
TolC pump and regulatory MarA protein to quinolone resistance of E.coli ST131 was evaluated among urinary

tract and bloodstream isolates.



MATERIAL AND METHODS

Bacterial isolates

A total of non-repetitive 111 ciprofloxacin resistant E.coli isolates from Baskent University Hospital (Ankara,
Turkey) between 2010 and 2013 were included in the study. Seventy of the isolates were from bloodstream
infections and 41 were isolated from the patients with acute cystitis.

ST131 Determination

Multilocus sequence typing (MLST) was used for genotyping according to the protocol published at University
College Cork website (http://mlst.ucc.ie/mlst/). Sequences of 7 housekeeping genes (adk, fumC, purA, recA, mdh,

gyrB and icd) were analyzed by multiple alignment analysis using Applied Maths version 7.0, Bionumerics [14].
Typing of H30 and H30-Rx

A previously described PCR analysis of fimH allele was conducted for determination of H30 subclone. H30-Rx
subclone was identified based on a single nucleotide polymorphism (SNP) (G723A) within the allantoin-encoding
gene, ybbW [15].

Antibiotic Susceptibility tests

Disk diffusion test according to CLSI criteria was used for detection of resistance against amikacin (AMK),
gentamicin (GEN), ampicillin-sulbactam (SAM), ampicillin (AMP), ertapenem (ETP), cefazolin (CFZz),
cefuroxime (CXM), ceftriaxone (CRO), imipenem (IMP), levofloxacin (LVX), norfloxacin (NOR) and
trimethoprim-sulfamethoxazole (SXT)[16]. Ciprofloxacin MIC was determined by agar dilution method. E.coli
ATCC 25922 was used as quality control [13]. The isolate resistant to three or more antibiotic groups were defined
as multi-drug resistant and resistance to 5 or more groups were as described extensively drug resistant (XDR) [17].
ESBL production was investigated based on CLSI standards[13]. CTX-M was detected by PCR and amplicons
were sequenced by Sanger sequencing with ABI3500 analyzer. The results were analyzed using Applied Maths

version 7.0, Bionumerics.

Molecular quinolone resistance mechanisms

QRDR mutations and plasmid mediated resistance

Topoisomerase mutations (gyrA and parC) and aac(6°’)-Ib-cr were detected by PCR and Sanger sequencing using
primers described previously [18, 19].

Efflux gene expressions

RNA isolation (Macherey-Nagel GmbH) and cDNA synthesis (Invitrogen, Thermo Fisher Scientific Inc) were
done according to manufacturer’s recommendations [9, 20]. For expressions of acrA, acrB, tolC, and marA genes
gRT-PCR was used. Housekeeping gene was chosen as gapA. All expressions were normalized with E.coli ATCC
25922. Experiments were done in duplicate. Overexpression of efflux pump genes was defined as >1 increase in -
AA(cy) value.

Mutations in marRAB operon

The mutations in marRAB were studied by Sanger sequencing with ABI 3500 analyzer by using primers previously

described by Keeney et al [21]. Quinolone sensitive clinical E.coli isolate (No: 95) was used as reference strain.
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Statistical analysis

Statistical analysis was performed using the computing environment R[3]. -AA(cy) values of efflux pump genes
were normalized to generate a heat map with dendrogram of rows and columns. We used hierarchical clustering
with complete linkage [22]. Wilcoxon rank-sum test (also known as the Wilcoxon-Mann-Whitney test or the
Mann-Whitney U test) was used to make statistical comparisons between two samples [23, 24] and test whether
null hypothesis that two samples come from the same population against the alternative hypothesis which is they
do not come from the same population. Number of isolates which showed overexpression of efflux pump genes
were analyzed by Fisher’s exact test. The results were given in the supplementary file.
(https://midaslab.shinyapps.io/efflux_pumps_analysis/)

RESULTS

In total of 111 fluoroquinolone resistant E.coli isolates, 64 (57.7%) were classified in ST131 clone and 52(81.3%)
of the ST131 isolates belonged to H30-Rx subclone. Forty-three (67.2%) of the ST131 isolates were obtained
from bloodstream and 21 (32.8%) of the isolates were from urinary tract infections. ESBL production was detected
in 54 (84.4%) of the ST131 isolates and in 28 (59.6%) that of non-ST131.

Antibiotic susceptibility test results were given in Table 1. None of the isolates were resistant to carbapenems. The
resistance of ST131 isolates to ampicillin-sulbactam (83%) was found to be significantly higher than non ST131
group (64%, p=0.01). However, gentamicin resistance of ST131 clone (20%) was lower than non-ST131 (55%,
p=0.0002). The proportion of MDR and XDR isolates did not vary between ST131 and non-ST131 (92% vs %98;
52% vs 55%, p=0.2 and p=0.7, respectively). The MICs, and MICy values for ciprofloxacin in ST131 clone were
64 pg/ml and 512 pg/ml. In non-ST131 isolates, MICsp was 32 pg/ml and MICg was >512 pg/ml. Forty-seven
(73%) of the isolates in ST131 were CTX-M-15 positive whereas it was 13% (n=6) in non-ST131 group
(p<0.0001). Forty eight (75%) of ST131 isolates and 24 (51.1%) of non-ST131 isolates harbored aac(6’)-1b-cr
(p=0.016).

Table 1 Antibiotic susceptibility results of ST131 and non-ST131 isolates

ST131 (n; %) non-ST131 (n; %)

(64; 57.7) (47, 42.3) P value
Amikacin 3(4.7) 2 (4.3) 1,00
Gentamicin 13 (20.3) 26 (55.3) 0,0002
Ampicillin-sulbactam 53 (82.8) 30 (63.8) 0,01
Ampicillin 62 (96.9) 46 (97.9) 1,00
Ertapenem 0 0
Cefazolin 51 (79.7) 30 (63.8) 0,07
Cefuroxime 22 (34.4) 18 (38.3) 1,00
Ceftriaxone 37 (57.8) 18 (38.3) 0,12
Levofloxacin 61 (95.3) 44 (93.6) 0,57
Nofloxacin 21 (32.8) 19 (40.4) 0,48
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Trimethoprim-

sulphamethoxazole 45 (70.3) 37 (78.7) 0,64
MDR 59 (92.2) 46 (97.9) 0,23
XDR 33(51.6) 26 (55.3) 0.70

All the isolates had at least one mutation in gyrase (gyrA) and topoisomerase (parC) genes and there was no

difference between ST131 and non-ST131 isolates for the number of mutations.

The median level of marA expression (5.98) was significantly higher in ST131 than non-ST131 group (3.99),
(P=0.0007). The AcrA component was found to be significantly downregulated in non-ST131 isolates compared
to ST131 ones (p=0.0024). There was no significant difference in the expressions of AcrB and TolC in both groups
(p=0.24, p=0.75, respectively). (Figure 1). The expressions in ST131 clone did not differ between H30-Rx and

non-H30-Rx isolates (supplementary file).
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Figure 1 Efflux gene expressions in ST131 and non-ST131 isolates

The proportion of acrA overexpressed isolates (-AA(ci)>1) in ST131 was 23.4% and it was 6.4% in non-ST131
group (p=0.02).

In mutation analysis of marA, alignment of sequence reads of susceptible strains were identical, therefore one
strain (No= 95) was selected as reference. No missense mutation was detected in QR ST131 and non-ST131
groups. Multiple in-dels (up to 16) were recorded in all quinolone resistant isolates.

A heat map was generated to demonstrate the expression of efflux pump genes in correlation with ST131 or H30-
Rx status, ciprofloxacin MIC, and isolation site (bacteremia or UTI). AcrA was found to be closely associated
with marA, while AcrB was with TolC pump. The ciprofloxacin MIC’s were elevated with the increased
expressions of marA and acrA; however, the correlation was not statistically significant. There was no significant
difference  of efflux expression levels between the bloodstream and urinary isolates

(https://midaslab.shinyapps.io/efflux_pumps_analysis/).

DISCUSSION
Emergence of E.coli ST131 has been associated with increased fluorogquinolone resistance [12, 25, 26] and has

arisen the need for new treatment options. Furthermore, ST131 clone is known to be more virulent than other
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E.coli isolates because of its several virulence genes [2]. For development of new targeted therapy approaches, it
is sorely needed to understand mechanisms of the resistance in ST131.

In this study, higher expression levels of marA in ST131 clone (5.98 fold) compared to non-ST131 (3.99 fold) was
detected among quinolone resistant E.coli isolates. Moreover, the proportion of isolates with overexpressed acrA
was significantly higher in QR ST131 than QR non-ST131 E.coli. The role of efflux pumps in quinolone resistance
of E.coli has been demonstrated in previous studies [4, 8, 19, 20]. In one study focusing on ST131, efflux pump
activity of H30-Rx was found to be lower than the isolates belonging to non H30-H3Rx [12]. Yasafuku et al.
reported 25.8-fold increased expression of regulatory gene marA in quinolone resistant UT]I isolates and recorded
significant correlation of marA overexpression with ciprofloxacin MIC values [20] . Singh et al. showed
approximately 4-fold increase in acrA and acrB gene expressions and elevated quinolone MIC’s when E.coli
isolates were exposed to sequentially increasing levels of levofloxacin [4]. In our study, ciprofloxacin MIC’s did
not correlate with the expression of efflux pump genes; however, significantly higher marA overexpression in QR
ST131 than other QR isolates suggested us that these pumps may support quinolone resistance of ST131.

Mutations in marA or overexpression of the gene stimulate acrAB efflux system [8, 27, 28]. Pantel et al. showed
that a 1-bp deletion in repressor gene (marR) of marRAB system caused a significant increase in the activity of the
AcrAB-TolC pump[29]. However, in another study, acrB-overexpressing fluoroguinolone-resistant clinical and
veterinary E. coli isolates without mutations in marRAB region were reported [30]. In our ST131 and non-ST131
groups, multiple in-dels in marA gene were detected and number of mutations were not different between two
groups.

Inactivation of acrB gene of ST131 E.coli caused significant increase in susceptibility of the isolates to several
antibiotics when there was no mutation in the regulatory gene [13]. In our study, acrB of the ST131 isolates were
found to be downregulated (median AA(c:) -0.95).

Efflux pumps contribute to quinolone resistance along with QRDR mutations and plasmid mediated resistance
mechanisms [20]. These pumps are known to be associated with low level of quinolone resistance and high level
resistance is usually acquired with QRDR mutations. QRDR mutations dominates over efflux pumps once high
level resistance occurs [4]. Johnson et al. showed more synonymous QRDR mutations in H30 isolates than non-
H30 ST131 E.coli in correlation with higher quinolone MICs[12]. In our study, ciprofloxacin MIC values of ST131
and non-ST131 isolates were very high and number of mutations in gyrA and parC regions did not differ between
these two groups. The other quinolone resistance mechanism, carried by aac(6’)-lb-cr, was found to be
significantly higher in ST131 isolates compared to non-ST131 group (p<0.05). This result supports findings of
Periano et al. higher presence of aac(6’)-Ib-cr in ST131 E.coli isolates compared to non-ST131 group [31].

A recent study has shown that ST131 isolates overproducing efflux pump genes can survive in stress conditions,
and may pose serious threat in terms of host colonization and virulence [29]. The increased activity of efflux pumps
of ST131 isolates in our study might be another reason of selective expansion of ST131 clone throughout the
world. Therefore, inhibition of these pumps could be a new option for prevention of dissemination of this clone.
Effect of efflux pump inhibitors were analyzed in recent studies [32, 33]. Several efflux pump inhibitors such as
phenyl-arginine beta-naphthylamide (PABN) reduced MIC values in gram negative bacteria[32] but further clinical
investigations are required.

In conclusion, the marA regulatory gene of AcrAB-TolC efflux pump system has a significant impact on quinolone

resistance. These systems contribute to development of MDR profile in ST131 clone, as well. Efflux pump
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inhibitors might be alternative drugs for the treatment of infections caused by E.coli ST131 if used synergistically

in combination with antibiotics.
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