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Abstract

Antimicrobial resistance is a major public-health concern. We evaluate chlorhexidine role in selection of resistant Pseu-
domonas aeruginosa mutants and their antibiotic cross-resistance. Mutation frequency and mutation rate after short-term
exposure to sub-inhibitory concentrations of chlorhexidine were compared to those after spontaneous chlorhexidine-exposure,
in P. aeruginosa PAOI1 strain. Chlorhexidine-resistant mutants were generated, either by serial passage in increasing chlo-
rhexidine concentrations or by single exposure to lethal chlorhexidine concentration. The generated mutants were tested for
cross-resistance to different antibiotics, by determination of minimum inhibitory concentrations (MIC). The accompanied
phenotypic changes in membrane permeability, outer membrane proteins (OMP), and efflux function were evaluated. The
effect of exposure to chlorhexidine on MexAB-OprM, MexEF-oprN, and MexXY efflux pumps expression was investigated.
No significant change was recorded between the mutation frequencies and mutation rates after short-term exposure to sub-
inhibitory concentrations of chlorhexidine and after spontaneous chlorhexidine-exposure, in P. aeruginosa PAO1 strain.
Twelve stable mutants, with > eight-fold increase in chlorhexidine MIC, were generated. Several mutants showed increase in
the MIC of colistin, cefepime, ceftazidime, meropenem, ciprofloxacin, and amikacin; seven mutants expressed meropenem
cross-resistance. This was accompanied by decreased outer membrane permeability and changes in OMP. Using efflux pump
inhibitor, chlorhexidine resistance was reverted in most isolates. Exposure to sub-inhibitory concentration of chlorhexidine
induced the expression of MexXY efflux pump. Some resistant mutants had overexpressed MexXY efflux pump. Chlorhex-
idine can select P. aeruginosa strains with antibiotic cross-resistance. This necessitates implementing special protocols for
chlorhexidine use and re-evaluation of its benefit versus risk in personal-care products.

Keywords Antibiotics - Chlorhexidine - Cross-resistance - Efflux pump - Multidrug resistance - MexXY - Pseudomonas
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Introduction Many studies addressed the role of irrational use of anti-

biotics as the main determinant of the spread of microbial

Antimicrobial resistance is undermining our ability to treat
the ever-increasing range of infections. According to the
center for disease control and prevention (CDC), resist-
ant bacteria cause more than 2.8 million infections with
35,000 deaths per year, in the USA [1]. Antibiotic resistance
approximately kills 700,000 people each year worldwide,
and some experts predict that a continued rise in resistance
would lead to 10 million people dying yearly, by 2050 [2].
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resistance but fewer focused on the possible effect of the use
of non-antibiotic antimicrobial agents.

Non-antibiotic antimicrobials are widely used as antisep-
tics and disinfectants as well as a component of commercial
soaps and detergents. Their use can select resistant mutants
with cross-antibiotic resistance; for example, the exposure
of Pseudomonas aeruginosa to triclosan has led to the selec-
tion of multidrug-resistant (MDR) strains [3]. In addition,
some clinically important antiseptics such as benzalkonium
chloride and chlorhexidine gluconate—besides being a
substrate of some efflux systems—induce the expression of
some efflux pumps as MexCD-OprJ [4, 5]. In 2016, The U.S.
Food and Drug Administration (FDA) suspended the use of
certain non-antibiotic antimicrobial agents (e.g., triclosan)
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in medicated soaps, based on their ability to trigger cross-
antibiotic resistance with no known benefit [6].

Chlorhexidine (CHX) is one of the most widely used bio-
cides among antiseptics and disinfectants. It is also incor-
porated into different products as a preservative [7]. It was
reported that the excessive use of CHX, in the management
of patients with long-term bladder catheters, resulted in uri-
nary tract infections by CHX-resistant Gram-negative bacte-
ria (i.e., Pseudomonas aeruginosa); these strains were also
MDR [8]. Similarly, Stein and colleagues reported reduced
susceptibility to chlorhexidine in all carbapenem-resistant
Klebsiella pneumoniae isolates [9]. Recently, Wand and his
colleagues reported that exposure to CHX may be associated
with mutations in the two-component regulator, phoPQ, of
K. pneumoniae. These mutants had stable reduction in the
minimum inhibitory concentration (MIC) of the last-resort
antibiotic; colistin [10].

P. aeruginosa is a member of the “ESKAPE” group of
microbes and is considered one of the most common noso-
comial organisms with high mortality rates especially in
critically ill and immunocompromised patients. It is an
opportunistic human pathogen characterized by an intrinsic
resistance to multiple antimicrobial agents, leaving only few
treatment options and representing one of the greatest thera-
peutic challenges [11]. Carbapenem-resistant P. aeruginosa
was classified as critical in the World Health Organization
list of priority pathogens for drug development [12], while
MDR P. aeruginosa was classified as a serious threat by the
center for disease control and prevention [1].

Here, we test the effect of CHX in selection of P. aerugi-
nosa with cross-resistance to different antibiotics and some
associated phenotypic and molecular changes, such as the
change in membrane permeability, the change in outer mem-
brane proteins, efflux-mediated resistance, and the change
in gene expression of MexXY efflux pump. Also, the ability
of CHX to induce overexpression of different efflux pumps
was evaluated.

Methods
Bacterial strain and growth condition

P. aeruginosa PAO1 (P. aeruginosa ATCC 47085) strain
was kindly provided by Dr. Ahmed Sherif Attia [13]. Over-
night cultures were grown in Muller-Hinton (MH) broth at
37 °C unless otherwise stated.

Determination of CHX MIC
CHX was used as hydrochloride salt (Cat. number 220557,

Merk, Germany). The MIC of CHX was determined by
broth microdilution method, according to the clinical and
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laboratory standards institute guidelines [14]. CHX stock
solution was prepared as 0.5 g/L. Twofold serial dilutions
were made volumetrically in 50 uL MH broth (Oxoid, UK)
to obtain a final dilution range of 0.05 to 100 ug/mL after
the addition of inoculum suspension. Overnight culture in
MH broth was diluted to reach an optical density equivalent
to that of 0.5 McFarland. The adjusted inoculum was then
diluted 1:150 so that after inoculation each well contained
5% 10* CFU in 50 L of the diluted culture. The MIC was
defined as the lowest concentration of drug that inhibited
the visible growth of the organism after 24 h of incubation
at 37 °C.

Growth pattern of P. aeruginosa PAO1 in presence
of CHX

An overnight culture of P. aeruginosa PAO1 strain, in MH
broth, was diluted 1:100 in 50 mL MH broth, containing
either 0.25 or 0.5 the MIC of CHX (0.781 or 0.39 pg/mL,
respectively). Culture in MH broth without CHX was tested
simultaneously. All cultures were incubated at 37 °C with
shaking at 180 rpm. The effect of CHX addition in mid-log
phase (after 5 h of inoculation; t=5 h) was also tested, by
adding the same CHX concentrations (0.25 and 0.5 of the
MIC) to the P. aeruginosa PAO1 strain cultures in MH broth
after 5 h of incubation. Samples were withdrawn every hour
for the first 10 h then after 24 h post-inoculation, and their
optical density (OD) was measured at 600 nm. The growth
curve was constructed by plotting the optical density of the
culture versus time. The growth rate was calculated for the
cultures grown either in absence of CHX or with CHX added
at the start of experiment using the method described by
Tsuchiya and colleagues [15].

Determination of the spontaneous mutation
frequency

P. aeruginosa PAO1 was grown overnight to reach a viable
cell number of about 10° CFU/mL. This culture was diluted
to 10 CFU/mL (1:1000) with fresh MH broth. A 50 uL of
the diluted broth was inoculated into each of 13 independ-
ent tubes containing 450 uL fresh MH broth and allowed to
grow for 3 h, at 37 °C with shaking at 180 rpm, to obtain
parallel independent cultures. Spontaneous resistant mutants
were obtained by plating the whole culture (500 uL) onto
MH agar plates (ten plates) containing 50 ug/mL CHX,
as a selective concentration (32 times the MIC, maximum
solubility).

The total number of cells per culture was determined by
plating the appropriate dilutions of three cultures onto non-
selective medium (MH agar plates). Colonies on both selec-
tive and non-selective plates were counted after incubation
for 48 h at 37 °C. The mutation frequency (the resistance
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index) was expressed as the mean number of resistant cells
divided by the total number of viable cells per culture [16].
The experiment was done as three independent biological
replicates each with 13 parallel cultures (three of which were
used for viable count determination and the remaining ten
cultures were plated on CHX-containing plates).

Determination of the mutation frequency
after short-term exposure to sub-inhibitory
concentrations of CHX

P. aeruginosa PAO1 was grown overnight and diluted to
10® CFU/mL as described previously, then 50 uL of the
diluted broth culture was inoculated into three sets of 13
independent 450 uL fresh MH broth tubes. Each set of
the MH broth tubes contained CHX at a final concentra-
tion of either 0.125, 0.25, or 0.5 of MICs (0.2, 0.4, or
0.8 pg/mL, respectively). The cultures were incubated
for 30 min at 37 °C with shaking at 180 rpm, to obtain
parallel independent cultures.

The number of resistant mutants and the total number of
cells as well as the mutation frequency (the resistance index)
were determined as described previously.

Estimation of mutation rates after spontaneous
and short-term exposure to CHX

Trial to estimate possible variations in mutation rates after
spontaneous and short-term exposure to different concentra-
tions of CHX, using the data generated during spontaneous
mutation frequency and mutation frequency after short-term
exposure to CHX, was done using the fluctuation assay. The
mutation rates were calculated using the p, method for deter-
mination of m, where m is the most likely number of muta-
tions per culture. The mutation rate was then calculated to
be equal to m/N,, where N, is the total number of cells per
culture [17].

Generation of CHX-resistant mutants

CHX-resistant mutants were generated by serial passage in
increasing concentrations of CHX. Briefly, different con-
centrations of CHX were prepared in 10 mL. MH broth by
serial dilution (0.2 to 12.5 pg/mL). They were inoculated by
10 pL of an overnight culture of P. aeruginosa PAO]1 strain
and incubated at 37 °C for 48 h.

The highest CHX concentration that showed positive
growth was used to inoculate another set of MH broth with
increasing CHX concentrations as mentioned above (0.2 to
12.5 pg/mL) and the same procedure was repeated until the
tested culture was able to grow in a higher CHX concentra-
tion than its MIC, for three successive passages. This culture
was tested for its CHX MIC, by broth microdilution method

as described previously, and considered resistant phenotype
from passage 1 (P1); P1 was stored in glycerol stock for
further testing.

P1 was then isolated on MH agar plates and one colony
was used to inoculate another set of increasing CHX con-
centrations as described before. The previous procedure was
repeated until we were able to obtain a strain that can grow
at 32 times the MIC of CHX (50 pg/mL).

In addition, ten colonies were picked randomly from dif-
ferent plates (mutation frequency plates), after exposure to
CHX either spontaneously or after short-term exposure to
sub-inhibitory concentrations of CHX; they were stored in
glycerol for further testing.

Determination of the phenotypic stability
of the obtained resistant phenotypes

The stability of resistant phenotypes, generated by single or
continuous exposure to CHX, was examined. One isolated
colony from each culture was subjected to serial passage
in MH broth, without CHX, daily for ten consecutive pas-
sages. This was followed by determination of the MIC val-
ues by broth microdilution method, using the culture from
the tenth passage as an inoculum. Cultures that maintained
an elevated MIC of more than or equal to eightfold of the
MIC of parent strain (> 12.5 ug/mL) were considered stable
resistant mutants. Glycerol stocks were prepared from the
obtained resistant mutants. Prior to any experiment, the test
strain was retrieved by isolation on MH agar and its MIC
was retested as described previously to confirm maintenance
of the same level of CHX resistance.

Confirmation of the purity of the mutant strain

The purity of the mutant strains was tested phenotypically,
by API 20 NE (analytical profile index, BioMerieux, USA)
following the manufacturer’s instruction, and genotypically
by random amplification of polymorphic DNA (RAPD) typ-
ing, using short primer sequence (Table 1; [16]).

Testing the phenotypic and genotypic changes
in the generated mutants

Cross-resistance to different antibiotics

For the parent strain as well as the resultant mutants, the
MIC values were determined against selected group of anti-
microbial agents (cefepime, ceftazidime, meropenem, cip-
rofloxacin, amikacin, and colistin), by broth microdilution
method, as described previously in determination of CHX
MIC. Each antimicrobial agent was tested in a concentration
range from 0.0625 to 128 pug/mL. The results of MIC were
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Table 1 Primers used in this study

Primer Sequence Source
RAPD 5'-AGCGGCCAA 3’ [18]
typing
primer
mexA F: 5- TGAACGGCATCATCCTCAAG 3" This study
R: 5'-GTAGTCGGCCTCGTAGGT 3’
mexE F: 5'- CGGCAACCTGGTCAACT 3’ This study
R: 5'- CTCGACGTACTTGAGGAACAC 3’
mexX F: 5'-CGATCCGATCTACGTGAACTT 3’  This study
R: 5'-ACGGCGATGTCCTTGTC 3’

interpreted as sensitive, intermediate, and resistant following
clinical and laboratory standards institute guidelines [19].

Change in membrane permeability

The possible changes in the membrane permeability of
the mutant strains, relative to that of the parent strain, was
assessed using the fluorescent probe, 8-anilino-1-naphthyl-
enesulfonic acid (ANS, Sigma-Aldrich, Germany); ANS is a
neutrally charged hydrophobic probe that fluoresces weakly
in aqueous environments and exhibits enhanced fluorescence
in hydrophobic environments [20]. Relative fluorescence
was calculated as the ratio of ANS fluorescence in mutant
cells to that in the parent P. aeruginosa PAO1 cells. The
assay was performed in independent triplicates with each
biological replicate consisting of three technical replicates.

Changes in outer membrane proteins

Outer membrane vesicles (OMV) were obtained from the
culture of parent P. aeruginosa PAO1 strain as well as the
tested mutants using the ethylenediaminetetraacetic acid
(EDTA)-based method described by Murphy and Loeb
[21] with slight modifications [22]. Briefly, overnight bac-
terial cells were spun down by centrifugation at 6000 X g
for 30 min and re-suspended in 15 mL of EDTA buffer.
The collected bacterial cells in EDTA were transferred to a
100-mL flask whose bottom was covered with 3-mm glass
beads and shaken vigorously at 250 rpm for 45 min at 55 °C.
Cell debris was removed by centrifugation at 10,000 X g for
15 min at 4 °C and the OMV were obtained by centrifu-
gation of the supernatant at 22,000 X g for 90 min at 4 °C.
Membrane vesicles in the pellet were re-suspended in 150
pL cold phosphate buffered saline.

Protein content of OMV was determined using Brad-
ford assay [23] and sample volumes equivalent to 10 pg of
outer membrane proteins were further analyzed by sodium
dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE). The SDS-PAGE gel was prepared using separating
gel concentration of 17.5%.
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Detection of efflux-mediated resistance

Chlorpromazine (CPZ; Sigma-Aldrich, Germany) was used,
as an efflux pump inhibitor, for detection of presence of
efflux-mediated resistance [24]. To confirm the absence of
any antimicrobial activity of CPZ, its MIC was determined
by broth microdilution method, as described previously. CPZ
was tested in a concentration range from 12.5 to 400 ug/mL,
against the parent P. aeruginosa PAO1 strain and the gen-
erated mutants. The MIC values of CHX were determined
in absence and presence of 100 ug/mL of CPZ, against the
parent P. aeruginosa PAO1 strain and the generated mutants,
using broth microdilution method.

Effect of exposure to sub-inhibitory concentration of CHX
on expression of P. aeruginosa multidrug efflux pumps

The effect of exposure to sub-inhibitory concentrations of
CHX on the level of expression of P. aeruginosa PAO1
multidrug efflux pumps MexAB-oprM, MexEF-oprN, and
MexXY was tested by real-time reverse transcription-pol-
ymerase chain reaction (RT-PCR). An overnight culture,
of P. aeruginosa PAO1 strain, was diluted 1:100 in 50 mL
MH broth, with and without 0.5 MIC of CHX (0.781 pg/
mL), representing test and standard conditions, respec-
tively. The broth tubes were incubated at 37 °C with shak-
ing at 180 rpm. RNA was extracted, at logarithmic phase
(OD600=0.45+0.05), using the RNeasy Mini Kit (Qiagen,
Germany), according to the manufacturer’s instructions.

Complementary DNA (cDNA) was prepared using
Quantitect reverse transcription kit (Qiagen, Germany),
according to the manufacturer’s instructions. Two negative
controls were included; a no template control (NTC), with-
out RNA template to serve as a general control for extra-
neous nucleic acid contamination, and a no reverse tran-
scriptase control (NRT) to assess the presence of any DNA
contamination in the RNA preparation.

The concentration and purity, of the resultant cDNA,
were evaluated using nanophotometer (IMPLEN GmbH,
Germany). The expression of the genes for the membrane
fusion proteins mexA, mexE, and mexX was used to rep-
resent the expression of the efflux pumps MexAB-oprM,
MexEF-oprN, and MexXY, respectively. rpsL gene was used
as a house keeping gene to normalize the results. The reac-
tion primers were designed using integrated DNA technolo-
gies primer quest tool (https://eu.idtdna.com/primerquest/
home/index). All primers (Macrogen Inc., South Korea)
were designed to have an annealing temperature of 62 °C
and expected amplicon sizes of nearly 100 bp (Table 1).

The real-time RT-PCR reaction was carried out in a
Rotor-Gene Q real-time PCR cycler (Qiagen, Germany)
using GoTag® qPCR Master Mix (Promega, USA), follow-
ing the reaction conditions and instructions recommended
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by the manufacturer. Each sample was tested in duplicates.
NRT control was used to guard against any possible DNA
contamination.

Determination of MexXY efflux pump expression level
in CHX-resistant mutants

The level of mexX gene expression in the generated CHX-
resistant mutants was determined and compared to that in
the parent P. aeruginosa PAOLI strain, using real-time RT-
PCR as described above.

Statistical analysis

Statistical analysis was performed using GraphPad Prism
5.01 (GraphPad software Inc., CA, USA). A p-value <0.05
was considered significant. The results of mutation fre-
quency, mutation rate, and growth rate experiments were
compared using the Kruskal-Wallis test. Results of RT-
PCR were compared using the paired student t-test, while
one-sided unpaired t test was used to compare the relative
fluorescence (mutant/parent) of the mutants to that of the
parent strain, to test presence of significant reduction in
permeability that might be responsible for CHX resistance.
The pairwise correlation between fold increase in mutants’
MICs of CHX and of tested antibiotics was explored using
Spearman’s correlation coefficient.

Results
CHX minimum inhibitory concentration

The MIC of CHX against the standard P. aeruginosa PAO1
strain was 1.56 pg/mL as determined by broth microdilution
method.

Mutation frequency and mutation rate
after spontaneous and short-term exposure to CHX

The spontaneous mutation frequency after exposure to lethal
concentration of CHX (32 times the MIC; 50 pg/mL) and
the mutation frequencies after short-term exposure to sub-
inhibitory concentrations of CHX (0.125, 0.25, and 0.5 of
the MIC) were evaluated through determination of the resist-
ance index in each case. The resistance index (the mean of
the number of resistant cells divided by the total number of
viable cells per culture) was calculated in three independ-
ent biological replicates. Using the Kruskal-Wallis test, no
significant difference (p >0.99) was detected between the
resistance index determined after spontaneous exposure to
CHX (mean of resistance index + standard deviation was
4.7x1077+5.2x1077) and after short-term exposure to

sub-inhibitory concentrations of CHX ( mean of resistance
index + standard deviation were 8.8x 1077 +6.8x 107/,
1.1x107°+£1.2x107% and 4.99x 1077 +4.5%x 1077 after
exposure to 0.125, 0.25, and 0.5 of the CHX MIC, respec-
tively). Similarly, no significant difference (p > 0.05) was
recorded between the mutation rates calculated after spon-
taneous exposure to CHX (mean of mutation rate + stand-
ard deviation was 1.55x 1077+ 1.2x107%) and after
short-term exposure to sub-inhibitory concentrations
of CHX (mean of mutation rates + standard deviation
were 7.9% 1077 +6.2x 1077, 1.4x107°+1.4x 107°, and
5.5%1077+4.9% 1077 after exposure to 0.125, 0.25, and
0.5 of the CHX MIC, respectively).

Growth of P. aeruginosa PAO1 strain in presence
of sub-inhibitory concentrations of CHX

The effect of presence of sub-inhibitory concentrations of
CHX on the growth pattern of P. aeruginosa PAO1 strain
was monitored by measuring the optical density, of the
growth culture, at 600 nm for a period of 24 h (until reach-
ing the stationary phase). Similar growth patterns were
observed in the presence of 0.25 and 0.5 CHX MIC and in
absence of CHX, regardless of its addition from the start of
the incubation period (at time=0 h) or after 5 h of incuba-
tion (Fig. 1). In addition, calculation of growth rate con-
firmed the lack of any effect of CHX addition on the growth
rate of P. aeruginosa (p>0.05 using Kruskal-Wallis test).
A mean growth rate + standard deviation was determined to
be 0.42+0.11 h™!, 0.4567+0.12 h™", and 0.431+0.04 h™"
for culture without CHX, with 0.25 of CHX MIC and for
culture with 0.5 of CHX MIC, respectively. It was not prac-
tical to calculate growth rates for cultures with CHX added
at t=>5 h; however, these cultures had superimposed growth
pattern to that of other cultures (Fig. 1).

Generation of CHX-resistant mutants

Serial passage of P. aeruginosa PAOI strain in increas-
ing concentrations of CHX generated 18 different resist-
ant phenotypes that were able to grow at the higher CHX
concentrations than the MIC of the parent strain, for three
successive passages. In addition, ten resistant colonies were
picked randomly from those exposed to CHX (32 times the
MIC), either spontaneously or after short-term exposure to
sub-inhibitory concentrations of CHX (mutation frequency
plates).

Only twelve out of the 28 resistant phenotypes were stable
after serial cultivation overnight in MH broth without CHX;
these mutants had CHX MIC more than or equal to eight-
fold (>12.5 pg/mL) the MIC of the parent P. aeruginosa
PAO1 (1.56 pg/mL; Table 2). The MIC of each resistant
phenotype after passage in increasing CHX concentrations
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Fig. 1 Growth curve of P. aer-
uginosa PAO1 strain in absence
and presence (0.25 and 0.5 of
the minimum inhibitory concen-
tration; MIC) of chlorhexidine
(CHX) added either at start of
incubation (t=0 h) or after 5 h
of incubation (t=5 h)
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Table2 The generation method of the stable resistant mutants and
their chlorhexidine minimum inhibitory concentration after ten serial
passages in Muller-Hinton broth without chlorhexidine

Mutants Generation method Minimum inhibitory
concentration (ug/
mL)

M1 Serial passage 12.5

M2 Serial passage 12.5

M3 Serial passage 12.5

M4 Serial passage 12.5

M5 Serial passage 12.5

M6 Serial passage 25

M7 Serial passage 25

M8 Serial passage 12.5

M9 Serial passage 25

M10 Single chlorhexidine exposure 25

Ml11 Single chlorhexidine exposure 12.5

MI12 Single chlorhexidine exposure 12.5

and the MIC of the corresponding mutants after passage in
MH broth without CHX are indicated in Fig. 2.

Confirmation of the purity of the mutant strains

The purity of the mutant strains was confirmed phenotypi-
cally using API 20 NE identification system. All the mutants
produced an API 20 NE profile identical (99.9%) to that of
parent strain (P. aeruginosa PAO1). Their purity was also
confirmed genotypically using RAPD Typing; the band pat-
terns of the stable resistant mutants were similar to that of
the parent strain.

Cross-resistance of the generated mutants
to different antibiotics

The MICs of different antibiotics (amikacin, ciprofloxacin,

meropenem, ceftazidime, colistin, and cefepime) against the
parent strain and the generated mutants were determined
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by broth microdilution method. All mutants had a two to
fourfold increase in MIC values against amikacin while
only some of them had an increase in MIC against cipro-
floxacin, meropenem, ceftazidime, colistin, and cefepime
(Table 3). The fold change in MIC against cefepime and
meropenem was partially and significantly correlated with
the fold change in MIC of CHX (0.58 and 0.83, respectively;
p<0.05).

Several mutants shifted to a higher resistance level against
some of the tested antibiotics. The mutants M3, M7, and M8
changed their pattern from sensitive to intermediate resist-
ance against cefepime while the mutants M3, M4, M6, M7,
MS, and M9 changed their pattern from sensitive to inter-
mediate in case of ciprofloxacin. With meropenem, several
mutants became resistant: M2, M3, M4, M5, M7, M8, and
M12. For amikacin, ceftazidime, and colistin antibiotics, all
mutants remained sensitive although there was a reported
increase in their MIC values.

Change in membrane permeability

The changes in membrane permeability of the mutant
strains, relative to that of the parent strain, were evaluated
using the fluorescent probe ANS. The relative fluorescence
was calculated as the ratio of ANS fluorescence in mutant
cells to that in the parent P. aeruginosa PAO1 cells. Several
mutants showed a decrease in relative fluorescence and
hence the membrane permeability, while others showed
increase in the relative fluorescence. Applying one-sided
unpaired t test, in comparing the relative fluorescence of
the mutants (mutant/parent), only M8 and M12 showed
a significant decrease in relative florescence (p <0.05;
Fig. 3).

Changes in the outer membrane protein
The OMP were separated from the parent strain (P. aer-

uginosa PAO1) and all mutants. They were compared by
visualization using SDS-PAGE. All mutants, except M12,
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Fig.2 Minimum inhibitory concentration (MIC) of chlorhexidine
(CHX)-resistant phenotypes and CHX-resistant mutants generated
by serial passage in increasing CHX concentrations. The circles on
the black line represent the resistant phenotypes isolated after each
passage sequentially (P1 to P18 from passages 1-18). The triangles
on the red line represent the corresponding mutants after passage in

showed a protein band at 20 KDa that was not detectable
in the parent strain. In addition, two proteins of about 35
KDa disappeared in M4 and M7 mutants compared to the
parent strain, while showing reduced detectability in the
remaining strains (Fig. 4).

Detectability of efflux-mediated resistance
CPZ was used as efflux pump inhibitor. Its antimicrobial

activity against the parent strain (P. aeruginosa PAO1)
and the tested mutants was assessed by determination of

15
Number of passages

CHX-free Muller Hinton broth sequentially (M1 to M9 for mutants
with MIC>12.5 pg/mL). Dotted horizontal line represents the cut-
off value for selection of resistant mutants that had maintained
MIC >eight-fold (12.5 pg/mL) that of parent P. aeruginosa PAO1
strain after passage in CHX-free broth

its MIC; CPZ had no antimicrobial activity below 250 pg/
mL (MIC =400 pg/mL). The presence of efflux-mediated
resistance to CHX was tested by determination of CHX
MIC, for the parent strain and the tested mutants, in the
presence and absence of CPZ. In the presence of 100 ug/
mL CPZ, all mutants showed > four-fold decrease in their
CHX MIC. CPZ was also able to reverse CHX resist-
ance phenotype for all tested mutants except M8 and M9
(Table 4). In M6 and M7, partial reversion in resistance
toward CHX was recorded where the MIC of CHX in the
presence of CPZ was equal to that of the CHX MIC against
the parent P. aeruginosa PAOL1 strain in absence of CPZ.

Table 3 Minimum inhibitory

. Strain Minimum inhibitory concentration (ug/mL)

concentrations (pg/mL) of the

tested antibiotics against the Cefepime Ceftazidime Meropenem Ciprofloxacin Amikacin Colistin

parent P. aeruginosa PAO1

strain and the mutants PAO1 4 2 4 1 1 0.5
M1 8 4 4 1 4 0.5
M2 8 2 16 1 4 1
M3 16 4 2 4 0.5
M4 8 4 2 2 0.5
M5 8 4 0.5 4 1
M6 4 2 2 1
M7 16 4 16 2 2 1
M8 16 4 16 2 2 0.5
M9 8 2 4 2 2 0.5
M10 8 2 4 1 4 1
Mil1 4 2 4 1 4 1
Mi12 8 4 8 2 2 1

Italic values: sensitive, bold values: intermediate, bold italic values: resistant
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Fig.3 The relative fluorescence
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Fig.4 SDS-PAGE of the outer

membrane protein profile of the
parent P. aeruginosa PAO1 and
the generated mutants (M1 to 97.
M12) 66.
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20

14.

Effect of short-term exposure to sub-inhibitory
concentration of CHX on the expression of selected
efflux pumps

The expression of the selected efflux pump genes (mexA,
mexE, and mexX) in presence of 0.5 value of CHX MIC
(0.781 pug/mL) was determined in the parent strain P. aer-
uginosa PAO]1 as fold change relative to the expression in
absence of CHX, by real-time RT-PCR. Presence of CHX at
concentration equal to 0.5 of MIC significantly upregulated
the expression of mexX gene. However, the expression of
mexA and mexE genes did not change significantly (Fig. 5).

@ Springer
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Determination of the level of expression of MexXY
efflux pump in the generated mutants

The level of expression of mexX gene was determined in the
generated mutants and was compared to its level of expres-
sion in the parent strain, as indicative of MexXY efflux pump
expression. All of the mutants except M6 and M9 recorded
a higher level of expression of mexX gene compared to that
in parent P. aeruginosa PAO1 with seven out of 12 mutants
had a significant level of overexpression that reached about
43-fold (M1, M3, M4, M5, M7, M11, and M12) compared
to the parent strain (p <0.0001; Fig. 6).
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Table 4 The minimum inhibitory concentration of chlorhexidine (ug/
mL) in absence and presence of chlorpromazine against P. aerugi-
nosa PAO1 parent strain and the mutants

Strain Chlorhexidine minimum inhibitory concentration
(ug/mL)
In absence of chlor- In presence of 100 pg/
promazine mL chlorpromazine

PAO1 1.5625 0.78125

M1 12.5 0.78125

M2 12.5 0.78125

M3 12.5 0.78125

M4 12.5 0.78125

M5 12.5 0.78125

M6 25 1.5625

M7 25 1.5625

M8 12.5 3.125

M9 25 3.125

M10 25 <0.195

M1l 12.5 <0.195

Mi12 12.5 <0.195

Discussion

In this study, the possible effect of CHX exposure, on the
generation of resistant mutants in P. aeruginosa PAO1
strain, was tested. No significant difference was detected,
in the mutation frequency or the mutation rate, after short-
term exposure to different sub-MICs of CHX. However,
some stable resistant mutants were generated and used for
further testing. In a similar observation, the presence of
triclosan did not increase the mutation frequency of Sal-
monella enterica serovar Typhimurium but was able to

Fig.5 Fold change in the level
of expression of tested efflux
pump genes, in presence of 0.5
the minimum inhibitory concen-
tration (MIC) of chlorhexidine
(CHX) relative to that measured
in absence of CHX. Error bars
represent the standard error.

*#p <0.05

2.5-
2.0
1.5-

1.04

0.5+ T

0.0- T

select bacterial strains with increased antibiotic resistance
[16].

Different methods can be used to generate the adapted
resistant strains, depending on the concentration of the agent
exerting the selective pressure, whether it is applied in lethal
or sub-lethal concentration, and the repetition of exposure
whether single or repeated [25]. In this study, resistant
strains were generated through two different models; contin-
uous exposure by serial passage in increasing concentrations
of CHX and single exposure to lethal CHX concentration,
by randomly selecting the resistant colonies that grew in 32
times the value of CHX MIC (50 mg/L).

Growth of P. aeruginosa in gradually increasing CHX
concentration resulted in generation of strains with increased
CHX MIC. Similar to our results, the increase in chlorhex-
idine MIC, by serial passage in gradually increasing CHX
concentrations, was reported previously in about 45 bacterial
species including P. aeruginosa. Also, some of these stud-
ies reported an increase in CHX MIC in P. aeruginosa after
passage in fixed sub-inhibitory CHX concentration [25, 26].

To rule out the unstable resistance phenotypes, the gener-
ated resistant phenotypes were subjected to serial passage in
plain MH broth. Finally, 12 stable mutants were generated
with eight to 16-fold increase in CHX MIC. The genera-
tion of stable CHX resistance, in P. aeruginosa, following
exposure to gradually increasing concentrations of CHX was
reported previously [25, 27]. However, the resistant P. aer-
uginosa mutants generated by Forbes et al. and Tattawasart
et al. rapidly lost their CHX resistance [28, 29]. The devel-
opment of stable CHX resistance in Klebsiella pneumoniae
and Enterococcus faecium has been recorded [30, 31].

The generated stable mutants have shifted to a higher
MIC level (two to four-fold) against some of the tested anti-
biotics (cefepime, ceftazidime, meropenem, amikacin, colis-
tin, and ciprofloxacin). The increase in MIC of meropenem

% @B No CHX
0.5 MIC of CHX

Fold change in gene expression

&

& ny

&0 &0

Efflux pump genes
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Fig.6 Fold change in the level
of expression of mexX gene

in the generated chlorhexidine
(CHX)-resistant mutants
(M1-M12) compared to that
in parent P. aeruginosa PAO1
strain. Error bars represent the
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and cefepime was significant and partially correlated with
CHX MIC increase in the generated mutants, indicating the
possible involvement of common resistance mechanism. It is
highly worrisome that seven out of the 12 generated mutants
gained meropenem resistance by chlorhexidine exposure;
the World Health Organization considered carbapenem-
resistant P. aeruginosa among the critical list of pathogens
for development of new antimicrobials [12]. Carbapenems
are among the most active and potent agents against MDR
Gram-negative bacteria and development of resistance to
carbapenems leaves few therapeutic options [32]. This cross-
resistance, between the antibiotics and CHX, is consistent
with the reported decrease in antibiotic susceptibility of
chlorhexidine-resistant Gram-negative bacteria [33]. How-
ever, Thomas and colleagues reported preservation of the
susceptibility, to different antibiotics, in the generated CHX-
resistant P. aeruginosa strains [25].

No cross-resistance to colistin antibiotic was detect-
able; conversely, other studies have reported an associa-
tion between CHX adaptation and development of colistin
resistance in P. aeruginosa and K. pneumoniae [27]. This
variation in detectability of colistin resistance among CHX-
resistant strains may have resulted from different non-syn-
onymous mutations and consequently different proteomic
changes. Further studies are therefore required to elucidate
the possible mutations responsible for the development of
colistin resistance in CHX-resistant mutants.

Although the resistant mutants were generated by expo-
sure to CHX concentrations ranging between 0.78 and
50 pg/mL which are lower concentrations than those used

@ Springer
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in pharmaceutical CHX products, however, low concentra-
tions of CHX may remain on the skin after use and select for
CHX resistance. In addition, some eye preparations contain
50 mg/L of CHX as a preservative [34] which may select
CHX-resistant mutants that are able to contaminate such
preparations. Contamination of CHX-containing prepara-
tions by P. aeruginosa was reported previously [33]. This
generation of CHX-resistant mutants with antibiotics cross-
resistance is highly worrying, especially in hospital environ-
ment, where it was reported recently that CHX-resistant P.
aeruginosa cells have proteomic changes promoting their
tissue colonization and virulence [27].

To evaluate the impact of CHX exposure on the emer-
gence of antibiotic resistance, it was important to understand
the possible mechanisms that contribute to such phenotype.
The detected cross-resistance to antimicrobial agents from
different classes suggested the possibility of non-specific
mechanisms of resistance. Decreased accumulation of the
drug is an important mechanism of resistance in many clini-
cal isolates of P. aeruginosa. This type of resistance arises
from either restricted outer membrane permeability, and/or
drug efflux [11, 35].

Two of the generated mutants (M8 and M12) showed a
statistically significant decrease in membrane permeabil-
ity compared to the parent strain. This could account for
their CHX resistance, where CHX enters the cell through
simple diffusion that is self-promoted by the compound
itself [36]. This decrease in permeability could have arisen
from the upregulation of several membrane proteins, such
as LptD, MurD, and PagL, following CHX exposure [27].
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The permeability decrease, in the generated P. aeruginosa
mutants, could not explain their increased resistance to some
antibiotics as cefepime, meropenem, and ciprofloxacin;
these antibiotics use porin for their penetration [35]. In this
case, other mechanisms of resistance, such as efflux pumps
or porin modification, may account for antibiotic resist-
ance. The absence of decreased membrane permeability in
mutants other than M8 and M 12 suggested the possibility of
other CHX resistance mechanisms than reduced membrane
permeability.

Analyzing the OMP profile, of the generated resistant
mutants, revealed loss of two OMP of about 35 KDa in M4
and M7 mutants, compared to the parent strain. Furthermore,
the detectability of these two proteins was reduced in the rest
of mutants where OMP may function as a porin, facilitating
the uptake of antibiotics such as meropenem, ceftazidime,
and cefepime. The absence of the outer membrane protein
T-OMP of similar size (35 KDa) was recorded to affect the
onset of antimicrobial susceptibility in P. aeruginosa [37].
In addition, the effect of porin loss, on the resistance to sev-
eral antimicrobial compounds in P. aeruginosa strains, was
reported previously [35, 38]; however, no studies are avail-
able on the role of porins in CHX resistance.

All mutants, except M12, showed a protein band at nearly
20 KDa that was not detectable in the parent strain. Presence
of a new OMP in resistant mutants is diagnostic for MDR
systems [39]; these proteins can represent a component of an
overexpressed efflux pump. Tabata and colleagues reported
a significant overexpression of OprR protein (approximately
26 kDa) in mutants adapted to quaternary ammonium com-
pounds [40]. CHX also induces the expression of OprH,
an outer membrane protein of approximately 20 kDa, in P.
aeruginosa [41]. The overexpression of the OMP H1 precur-
sor (OprH) limits the transportation of cationic antimicrobial
agents as aminoglycosides and polymyxins [42]. The self-
promoted uptake of CHX, being a cationic agent, can also
be reduced by the overexpression of this OMP which needs
further investigation.

Although several researchers have denied the role of
efflux in chlorhexidine resistance [43], however, there is
several evidences that efflux pumps could explain decreased
susceptibility to CHX as well as to other antibiotics, in P.
aeruginosa strains [44]. In this study, CPZ was able to
reverse or reduce CHX resistance phenotype for all tested
mutants. This confirmed the role of efflux in CHX resist-
ance. Reduction in CHX MIC in P. aeruginosa and K.
pneumoniae, by the presence of efflux pump inhibitors, was
reported previously [10, 45]. This efflux-mediated resistance
may be responsible for cross-resistance to different antimi-
crobial agents [11].

Exposure of P. aeruginosa to sub-inhibitory concentra-
tions of some antimicrobial agents upregulates the expres-
sion of the MDR efflux systems, Mex [41]. In this study,

exposure to 0.5 the value of CHX MIC upregulated the
expression of the MexXY multidrug efflux pump. In addi-
tion, nearly half of CHX-resistant mutants recorded a sig-
nificantly increased level of MexXY efflux pump expression
(seven out of 12) indicating the role of CHX in selection
of P. aeruginosa—resistant strains overexpressing MexXY
efflux system. To the best of our knowledge, this is the
first report on the role of CHX in induction or selection of
MexXY efflux pump overexpression. Previous proteom-
ics analysis on P. aeruginosa, exposed to serial passage of
CHX, reported upregulation of multidrug-resistance protein
MexA, the periplasmic linker component of the MexAB-
OprM efflux system that confers multidrug resistance [27].
Also, CHX-resistant environmental isolates with MexAB
overexpression and cross-resistance to different antibiotics
were recently reported [46]. Fluoroquinolones, B-lactams,
tetracyclines, aminoglycosides, macrolides, and chlo-
ramphenicol are substrates for MexXY efflux pump [47].
Overexpression of MexXY efflux pump was reported to be
responsible for resistance to different antimicrobial agents
as aminoglycosides, fluoroquinolone, and cefepime [47, 48].
Hence, CHX may have contributed to the reduced antibiotic
susceptibility.

This is a preliminary study to detect the possible phe-
notypic changes associated with CHX resistance and
their role in antibiotic resistance. However, these detected
changes need to be fully and specifically elucidated due to
the complex nature of the detected changes and the complex
response of P. aeruginosa to various antimicrobial agents.
Further studies are still required to determine the specific
type of the protein that was induced or disappeared from
the OMP of CHX-resistant mutants and their possible role
in CHX and antimicrobial resistance. The level of OprM
protein needs to be determined in MexXY overexpressing
mutants, where OprM protein is necessary for MexXY func-
tioning. Similarly, the effect of CPZ on efflux pump expres-
sion and the specific type of efflux pump affected by CPZ
needs further studies, where about 12 resistance-nodulation-
division efflux pumps were reported to be implicated in P.
aeruginosa PAO1 antimicrobial resistance. Fewer number
of efflux pumps from other families were also found to play
a role in antimicrobial resistance [49]. The possible over-
expression of efflux systems other than MexAB-OprM or
MexXY in CHX-resistant mutants and their possible role
in cross-resistance to different antibiotics need further
investigation.

Conclusion
Exposure to CHX, either single or repeated, has a selec-

tive pressure for resistant P. aeruginosa strains with cross-
resistance to antibiotics from different classes. This can be
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mediated by different phenotypic and genotypic mecha-
nisms. Therefore, special protocols are required to be imple-
mented during the use of CHX containing preparations; the
benefit versus risk for personal-care products containing
CHX needs further assessment.
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