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Abstract. — OBJECTIVE: Carbapenem-resis-
tant P. aeruginosa (CRPA) is particularly worri-
some because of its resistance against multiple
antimicrobial agents which reduces treatment
options. The efflux pump decreases antibiot-
ic abundance, and biofilm impairs the penetra-
tion of antibiotics. The aim of the present study
was to evaluate the role and relationship of ef-
flux pump and biofilm formation in CRPA iso-
lates obtained from different clinical samples.

PATIENTS AND METHODS: A total of 110 dif-
ferent clinical samples were collected from three
tertiary medical hospitals. The samples were
subjected to isolation and identification by stan-
dard operating procedures. Species level were
identified using Matrix-assisted laser desorp-
tion/ionization time-of-flight mass spectrometry
system. Antibiotic susceptibility testing was do-
ne by broth microdilution method. Crystal violet
(CV) staining for observing the biofilm forming
ability and amplification of efflux pump mexA
gene were also performed on clinical CRPA iso-
lates. Three efflux pump MexAB-OprM regulato-
ry genes were analyzed using sequencing meth-
ods. The expression of mexA gene both in bio-
film and planktonic bacteria was observed by
Quantitative real-time PCR (qRT-PCR).

RESULTS: The results showed that 110 sam-
ples were CRPA and among them 83 (75.5%)
were MDR isolates. The CV staining showed
105 (95.5%) isolates as biofilm producers while
78 (74.3%) MDR isolates showed biofilm forma-
tion. mexA hyperexpression was detected in 27
(24.5%) CRPA isolates while 26 (96.3%) in bio-
film forming isolates and 96.3% (26/27) in MDR
P. aeruginosa. Multiple mutations in nalC, nalD,
and mexR genes were detected. The distinct dif-
ference confirmed that the expression of mexA
gene in P. aeruginosa biofilm producer was sig-
nificantly higher than that of planktonic bacte-
ria in vitro, and the efflux pump inhibitor PABN
significantly inhibited biofilms in CRPA isolated
from clinical samples.
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CONCLUSIONS: The biofilm and efflux pumps
might be two intertwined processes involved
in CRPA isolates. Their synergistic effect mag-
nified the drug resistance characteristics of P.
aeruginosa.
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Introduction

P.  aeruginosa, an ultimate opportunistic
gram-negative pathogen, caused life threaten-
ing infections in patients with the compromised
immune system'. It is one of the main pathogen-
ic bacteria causing nosocomial infections (in-
cluding respiratory system, urinary system and
skin wounds), and often lead to repeated and
prolonged chronic infections in cystic fibrosis
patients>*. Carbapenem antibiotics, which have
wide antibacterial spectrum and high antibacte-
rial activity, are commonly used in the treatment
of multidrug-resistant gram-negative bacterial in-
fection. Due to the widely application and over-
use of carbapenem antibiotics, the P. aeruginosa
with multidrug resistance (MDR) and extended
drug resistance (XDR) had clinically emerged,
which brought huge burden and challenges to
clinical anti-infection treatment®. In 2018, the
World Health Organization (WHO) took the
carbapenem resistant P. aeruginosa (CRPA) as
one of the extremely important pathogens in
urgent need of the development and application
of new antibiotics®. P. aeruginosa belongs to the
“ESKAPE” group of bacteria, which includes
Enterococcus faecalis, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter Baumanii,
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P. aeruginosa, and Escherichia coli. These bacte-
ria usually “escape” antibiotics and disinfectants,
resulting in high morbidity and mortality and
economic burden’. Exploring the mechanisms of
drug resistance is of great significance for clini-
cians to reasonably use of antibiotics.

Multidrug resistance in P. aeruginosa can be
attributed to various mechanisms, including the
biofilm formation and efflux pumps activity®.
Biofilm is a complex and it is composed of a
large number of bacterial colonies, extracellular
polysaccharides, proteins, alginate and DNA, and
plays an important role in persistent infections’.
Since the barrier formed by biofilm can effec-
tively reduce the entry of antibiotics, the bacteria
could not reach the effective inhibitory con-
centration. According to reports, biofilms were
responsible for 65% of human infections, and
they had a 10 to 1,000-fold stronger resistance
than planktonic cells'®. Furthermore, compared to
planktonic bacteria, bacteria in biofilm had worse
air and nutrient interaction. Under such environ-
mental pressure, some bacteria had even evolved
to greatly improve their tolerance. As a result,
biofilm-related infections were more difficult to
eradicate'.

Efflux pump system widely exists in micro-
organisms, and it is another important cause of
bacterial resistance. It can timely discharge the
metabolism waste and can also actively excrete
toxic substances as well as antibiotics. Since it
has no selectivity for excreting antibiotics, its
overexpression plays an important role in the
mechanism of inherent drug resistance and multi-
ple drug resistance'?. Major facilitator super fam-
ily (MFS), resistance-nodulation division fami-
ly (RND), ATP binding cassette family (ABC),
small multidrug resistance family (SMR), and
multi-drug and toxic compound extrusion family
(MATE) are the five types of bacteria efflux sys-
tem". The RND mainly includes MexAB-OprM,
MexCD-Opr], MexEF-OprN, MexXY-OprM and
so on'*, MexAB-OprM, the first to be found in
the RND family, is most closely related to car-
bapenem resistance in P. aeruginosa®. The regu-
latory genes mexR, nalD and nalC'*'® negatively
regulate the expression of MexAB-OprM and
any type of mutant may lead to the upregulation
of MexAB-OprM, thereby increasing drug resis-
tance in P. aeruginosa.

To sum up, the efflux pump decreases antibiot-
ic abundance, and biofilm impairs the penetration
of antibiotics. However, the quantitative relevance
of efflux and biofilm formation in more relevant
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clinical isolates remained largely unknown. Here,
we aimed to explore the relationship between
them in order to provide new treatment strategies,
so as to better prevent and treat P. aeruginosa
related infection.

Patients and Methods

Bacterial Strains and Antimicrobial
Susceptibility Testing (AST)

This study was approved by the First Affili-
ated Hospital of Kumming Medical University
Ethics Research Committee (No. L-20/2021) and
exempted the application for informed consent.
110 carbapenems-resistant P. aeruginosa (CRPA)
strains used in this study were collected from
January 2017 to May 2021 in three tertiary med-
ical hospitals (both in the First and second Affil-
iated Hospital of Kumming Medical University,
and The First People’s Hospital of Yunnan Prov-
ince). P. aeruginosa, the first clinically isolated,
was defined as carbapenem-resistant with MIC>4
pg/mL for imipenem or meropenem according
to CLSI guidelines. Bacterial cultures were sub-
cultured on blood agar plates overnight to obtain
monoclonal colonies at 37°C. All the strains were
unrepeated isolated from hospitalized patients.
Identification and susceptibility testing were per-
formed using VITEK 2 compact automatic bac-
terial identification system according to Clinical
and Laboratory Standards Institute procedures
(CLSI M100-S30). Species levels were identi-
fied using matrix-assisted laser desorption/ion-
ization time-of-flight mass spectrometry system.
All were identified as CRPA. The P. aeruginosa
ATCC27853 was used as the quality control
strain.

Biofilm Formation Assay

Quantification of the biofilm-forming ability of
P. aeruginosa was determined using crystal vio-
let method"”. 110 CRPA strains were transferred
to Columbia blood plate and cultured in 37°C
incubator for 24 hours. Then, we prepared 0.5
McFarland standard bacterial suspension (1.5x108
CFU/ml) with LB broth and added 200 pl of the
prepared bacterial solution into a 96-well tissue
culture plate. P. aeruginosa ATCC 27853 was
used as control, while LB broth as negative con-
trol. We kept the plate in a 37°C incubator for
24 hours. Following that, the plates were gently
washed three times with Ixphosphate-buffered
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saline (pH 7.4) to eliminate the planktonic bac-
teria, and the adherent biofilms were stained for
15 min at room temperature with 200 pl of 0.1%
crystal violet solution. After washing it with run-
ning water and allowing 200 pl of 95% ethanol to
dissolve for 2 min, the sample was measured at
570 nm using a microplate reader and the process
was done three times.

The optical density cut-off value (ODc) was
established as three standard deviations (SD)
above the mean of the optical density (OD) of the
negative control: ODc=average OD of negative
control+3x SD of negative control. The biofilm
formation ability was classified into four catego-
ries as follows according to optical density (ODi):
ODi<ODc=negative; ODc<ODi<2x ODc=weakly
positive; 2x ODc< ODi<4x ODc=moderate posi-
tive; 4x ODc<ODi=strongly positive's-'”,

Quantitative Real-Time PCR (qRT-PCR)

The culture was made into bacterial suspen-
sion with LB broth, and cultivated overnight at
37°C, 180 rpm. The extraction of total RNA from
P. aeruginosa isolates was performed using the
total RNA extraction kit (Omega, USA) accord-
ing to the manufacturer’s instructions. The con-
centration and purity were determined by Nano-
Drop spectrophotometer (ND-1000, Wilmington,
DE, USA). Synthesis of cDNA was performed
using the Prime Scrip RT reagent Kit (TaKaRa,
Dalian, China) according to the manufacturer’s
instructions.

mexA mRNA level was determined using TB
Green Premix Ex Taq II (TaKaRa, Dalian, Chi-
na) and examined by Quantitative real-time PCR
system (SLAN-96P, Shanghai, China).

The sequences were as follows: mexA for-
ward 5-AACCCGAACAACGAGCTG-3’, re-
verse 5-ATGGCCTTCTGCTTGACG-3’; rpoD
forward 5-GGGCTGTCTCGAATACGTTGA-3’,
reverse 5- ACCTGCCGGAGGATATTTCC-3".

The cycling conditions were as follows: initial
denaturation at 95°C for 30 s, 40 cycles denatur-
ation at 95°C for 5 s, and elongation at 60°C for
30 s. Relative expression was determined using
the 2724t method. The P. aeruginosa ATCC
27853 was used as control. The RNase-free wa-
ter was as negative control. All gene expression
levels were compared with housekeeping gene
rpoD. The assay was performed three times for
each sample, and the mean was considered as
the expression level. When transcription level
was at least two-fold higher compared with that

of P. aeruginosa ATCC27853, it can be consid-
ered as overexpression of MexAB-OprM efflux

pump.

Detection of MexAB-OprM Regulatory
Genes mexR, nalC, nalD

Genomic DNAs were extracted using the ex-
traction kit (TTANGEN biochemical technology
Co., Ltd, Beijing) according to the manufactur-
er’s instructions. The PCR assay was performed
to detect the three regulatory genes mexR, nalC
and nalD. PCR amplification was performed in a
25 ul reaction mixture, containing 12.5 pl 2xTaq
Master Mix; 8 pl ddH,O; 1 ul primers of mexR,
nalC and nalD and 2 pl DNA template. The con-
ditions were as follows: 95°C for 5 min, followed
by 35 cycles of 95°C for 30 s, 55°C for 30 s, with
a final extension at 72°C for 10 min. The PCR
products were used to visualize in the 2% agarose
gel. The P. aeruginosa ATCC27853 and ddH,O
were used as controls.

Gene mexR, nalC, nalD Sanger Sequencing

The positive PCR amplicons (regulatory gene
mexR, nalC and nalD) were sent to Biomed
biotech Co. Ltd (Beijing, China) for sequenc-
ing. The results were spliced with DNAMAN
software and analyzed by MEGA-X. P. aeru-
ginosa PAO01877857, 880362 and 880183 were
used as the reference sequences of mexR, nal-
Cand nalD, respectively. The specific primers
were as follows: mexR forward 5-TGTTCTTA-
AATATCCTCAAGCGG-3’, reverse 5-GTTG-
CATAGCGTTGTCCTCA-3’;  nalC  forward
5>-TCAACCCTAACGAGAAACGCT-3’, reverse
5>"-TCCACCTCACCGAACTGC-3%; nalD forward
5’-GCGGCTAAAATCGGTACACT-3’, reverse
5’- ACGTCCAGGTGGATCTTGG-3".

Expression of MexAB-OprM both in
Biofilm and planktonic bacteria

Random 20 positive strains that the biofilm
formation ability was >2x ODc were selected
to detect the expression of MexAB-OprM. P.
aeruginosa strains incubated in 37°C for 18-24
h. A single colony was inoculated into fresh LB
(overnight at 37°C, 180 rpm) to prepare bacterial
suspension.

The bacterial suspension incubated overnight
at 37°C, 180 rpm, and the bacteria grew as
planktonic bacteria. At the same time, 4 ml bac-
terial suspension was added into 6-well plates
with a total volume 24 ml to incubation at 37°C
for 18-24 h. We carefully aspirated the superna-
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tant from the 6-well plate and discarded it, then,
gently washed it with saline solution to remove
planktonic bacteria. Finally, 4 ml saline solution
was added into each well, blew repeatedly to
make the attached biofilm fall off, and collected
biofilm bacterial solution into 50 ml centrifuge
tube. The planktonic bacteria and biofilm bac-
teria were centrifuged at 4000 g for 5 min to
collect bacteria precipitate. The process of total
RNA extraction, cDNA synthesis and qRT-PCR
were as above.

PABN Inhibited Biofilm Formation

The efflux pump inhibitor phenylalanine-ar-
ginine-B-naphthylamide (PAPN) (Sigma, Al-
drich, St. Lous, MO, USA) were diluted to
three concentrations (8 pug/ml, 4 pg/ml, 0 pg/
ml). The P. aeruginosa (ATCC27853) and the
LB broth were used as control. The biofilm for-
mation was mentioned above. After incubation
for 24 h at 37°C, the OD570 was quantified by a
microplate reader. All tests were repeated three
times independently.

Statistical Analysis

Statistical analysis was conducted using the
chi-square test using SPSS software version 25
(IBM, Armonk, NY, USA). The comparison
among different groups was performed by Chi-
square test. All statistical graphs were performed
using GraphPad Prism 8.0. p-value <0.05 were
considered as statistically significance.

Results

P. Aeruginosa Isolates from Diverse
Sources Display a High Prevalence for
Multidrug Resistance

110 strains of P. aeruginosa were isolated
from diverse sources: the urine (46/110), secretion
(17/110), sputum (16/110), blood (11/110), hydro-
thorax and ascites (11/110) and bronchoalveolar
lavage fluid (BALF) (9/110). All the strains were
identified as being carbapenem-resistant P. aeru-
ginosa (CRPA). 109 isolates (99.1%) displayed
resistance to imipenem and 90 (81.8%) strains
showed resistance to meropenem. In addition,
105 (95.5%) isolates were susceptible to colistin.
For fluoroquinolones, 75 (68.2%) isolates were
resistant to ciprofloxacin and 76 (69.1%) were
resistant to levofloxacin. For aminoglycosides,
50 (45.5%) were resistant to tobramycin. For
beta-lactam antibiotics, 66 (60.0%) were resis-
tant to ceftazidime and 60 (54.5%) to cefepime.
Based on the Centers for Disease Control and
Prevention’s (CDC, Atlanta, GA, USA) definition
of multi-drug resistance as “an isolate that is re-
sistant to at least one antibiotic in three or more
drug classes”, 83 isolates (75.5%) were deemed to
be multi-drug resistant (Figure 1).

Higher Biofilm-Forming Abilities Exist in
Clinically Isolated CRPA

The switch toward the biofilm mode of growth
was often considered to be a survival strategy

polymycin 4.6

Tobramycin

95.45%

Levofusacin | S
corofisacin [

%

Cotuame. GO e

" Resistance (%) = Intermediate(%)

 26.36%
29.09%
53.64%
| 50.00%

2000%
2636%

31.82% \
33.64% \

'Sensitive (%)

Figure 1. The resistance of P. aeruginosa isolates from different sources to antimicrobials.
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Figure 2. Biofilm-forming abilities of P. aeruginosa isolates analyzed by staining with crystal violet. Based on the OD values,
the strains were classified in four categories: non-biofilm producer (ODi<ODc), weakly biofilm producer (ODc<ODi<2xODc),
moderate positive (2xODc<ODi<4x0Dc) and strongly biofilm producer(ODi>4x0ODc). A, A representative diagram of biofilm
formation strength in clinically isolated Pseudomonas aeruginosa. B, The percentage of different biofilm categories: strongly
positive in purple, moderate positive in orange, weakly positive in green and the negative control in blue.

for bacteria®®, and we assessed whether all these
CRPA isolates could form biofilms. Biofilm was
classified into four groups according to crystal
violet staining: strongly positive (+++), moderate
positive (++), weakly positive (+) and negative
(-). As shown in Figure 2, 105 strain (95.5%)
produced significantly biofilm and only 5 (4.5%)
isolates were negative (OD,,<0.18). Besides,
strongly positive (+++), moderate positive (++),
and weakly positive (+) biofilm producing strains
accounted for 44.5% (49/110), 32.7% (36/110), and
18.2% (20/110) respectively.

As biofilms were shown to dramatically in-
crease resistance to antimicrobial agents, we
further analyzed resistance rates in the three
biofilm-positive groups. Overall, 105 positive bio-

film producing strains all showed high resistance
with the exception of polymyxin. Interestingly,
the resistance to tobramycin and amikacin was
lower in the strongly positive group than in the
moderate and weakly positive groups (p<0.05).
(Table I).

Significant correlations between the
Biofilm Formation and the Prevalence of
Efflux pump MexAB-OprM Phenotype

Of the 110 CRPA strains, 27 strains overex-
pressed mexA gene, accounting for 24.5%. On-
ly one strain was non-multidrug-resistant (no-
MDR), and the rest were all multidrug-resistant
(MDR). Among them, the relative expression of
mexA gene were more than two times, even 4

Table I. The antibiotic resistance ratio in different biofilm formation ability groups.

Strong Moderate Xeakly
positive Positive positive Total
Antibiotics (49) (36) (20) (105) p-value

Ceftazidime 55.10% 61.11% 60.00% 58.10% 0.869
Cefepime 46.94% 61.11% 55.00% 53.33% 0.440
Piperacillin tazobactam 59.18% 50.00% 65.00% 57.10% 0.552
cefoperazone sulbactam 55.10% 63.89% 70.00% 60.95% 0.507
Aztreonam 59.18% 69.44% 70.00% 64.76% 0.554
Imipenem 100.00% 97.22% 100.00% 99.05% 0.533
Meropenem 81.63% 80.56% 80.00% 80.95% 1.000
Tobramycin 30.61% 50.00% 70.00% 44.76% 0.009*
Amikacin 30.61% 50.00% 70.00% 44.76% 0.009*
ciprofloxacin 61.22% 77.78% 70.00% 68.57% 0.259
Levofloxacin 67.35% 75.00% 65.00% 69.52% 0.698
polymycin 6.12% 2.78% 5.00% 4.76% 0.847

*p<0.05 indicates that there is a difference between strongly positive and weakly positive group.

1733



X.-F. Li, H.-Q. Shi, Y. Liang, J. Li, B. Jiang, G.-B. Song

isolates had exceeding five times. Interestingly,
a high occurrence of biofilm phenotypes was
found: 59.3% (16/27) of the isolates produced
strong biofilm; 29.6% (8/27) produced moder-
ate biofilm; 7.4% (2/27) produced weak biofilm,
while 3.7% (1/27) of isolates were identified as
non-biofilm producer (Table II).

Multiple Mutations Occurred in
the Efflux Pump MexAB-OprM
Regulatory Genes

In light of regulatory gene’s role as a repres-
sor of MexAB-oprM expression, the mutation
reflected a loss of negative regulation. Three
important regulators were sequenced. Regarding
mexR, 40.7% (11/27) of the isolates showed point
mutation or deletion mutations leading to ami-
no acid changes, being V126E (8/11), the most
frequent. One strain (PA041) had a deletion of
the base fragment at position from 135" to 146"
(sequence: TATCGACGAACA). In relation to
nalC, 100% isolates showed point mutations, be-
ing G71E (27/27), S209R (24/27), Q182K (9/27),
and L206V (10/27) the most frequent. Regarding
nalD, 44.4% (12/27) of the isolates showed point
mutations, being W49S the most frequent in 75%
(9/12) of the isolates (Table I11I).

Evaluation of the Relationship Between
Biofilm Forming Potential and Efflux
Pump in P. Aeruginosa

As shown in Table 11, 96.3% (26/27) of CRPA
that upregulated efflux pump MexAB-OprM
were characterized by biofilm producer strains,
suggesting a significant relationship between the
biofilm-forming ability and the MexAB-OprM
overexpression phenotype. To identify this re-
lationship, the expression levels of gene mexA
in CRPA were compared under planktonic and
biofilm conditions. The results showed that the
expression level of mexA in biofilm bacteria was
significantly higher than that in planktonic bac-
teria (p<0.001) (Figure 3A), with a difference of

up to 177-fold in one strain. This result implied
that strains with upregulated Mex AB-OprM were
more prone to form biofilms. Moreover, the efflux
pump inhibitor phenylalanine-arginine-f-naphth-
amide (PAPN) significantly inhibited biofilms in
105 clinically isolated CRPA that produced bio-
film (Figure 3B).

Discussion

P. aeruginosa is a bacterium known to pro-
duce robust biofilms. The unique biofilm prop-
erties further complicate the eradication of the
biofilm infection, leading to limited treatment
options?'. The results of our study confirmed
this observation. CV staining showed a high
prevalence of biofilm-forming abilities (95.5%)
in clinically isolated CRPA, and strongly posi-
tive (+++), moderate positive (++), and weakly
positive (+) biofilm producing strains accounted
for 44.5% (49/110), 32.7% (36/110), and 18.2%
(20/110) respectively. Surprisingly, up to 75.5%
of them were MDR isolates. The results sug-
gested that multidrug resistant in P. aeruginosa
might be heightened due to the production of
biofilms. Consistent with our results, Karballaei
et al* conformed that biofilm formation was
higher in multidrug-resistant (MDR). This is
justified, in part, because the growth of bacteria
in the biofilm is about 64 times more resistant to
antimicrobial®.

Considering the high frequency of multidrug
resistant strains, we speculated that other resis-
tance mechanisms may coexist in these strains,
such as efflux pumps. Studies’** have shown
that the efflux pump can actively pumped antibi-
otics out of the bacterial cells to reduce the drug
concentration, resulting in drug resistance. Our
study also showed that overexpression of mexA
which characterized by the efflux pump Mex-
AB-OprM (24.5%, n=27) was detected in CRPA,
and only one was no-MDR, suggesting the efflux

Table Il. Relationship between biofilm characteristic and overexpressed mexA gene among clinical isolates CRPA.

Phenotypic pattern of

MexAB-OprM overexpression

Multiple drug resistance

biofilm phenotype no. (%) phenotype no. (%)
Strongly positive 16 (59.3%) 16 (61.5%)
Moderate positive 8 (29.6%) 7 (26.9%)
Weakly positive 2 (7.4%) 2 (7.7%)
Negative 1 (3.7%) 1 (3.9%)
Total 27 (100%) 26 (100%)
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Table Ill. Results of MexAB OprM regulatory genes mexR, nalC, nalD mutations.

MexR NalC NalD
N. | VI15E L119K V126E L135H R63H |G71E A145V Q182K L206V S209R| T1IN LI7ZR W49S N130S

PAOOI * * * * * + * + + + * * + *
PA003 * * + * * + * * * + * * nt89-A
PAOOS * * + * * + * + + + * * + *
PA014 * * * sk * + * + + + * * + B3
PA024 * * * * * + * + + + * * + *
PA025 * * * sk * + * + + + * * + B3
PA028 * * * * * + * + + + * * + *
PA030 * * * sk * + * * * + * * * B3
PA041 nt135-146 base deletion + + + + * * * + *
PA042 * * * * * + * * * + * * * +
PAO55 + + + + * + * * * + * * * *
PA061 * * * * * 4 * * * 4 * * * *
PA062 + + + + * + * * * + * * * B3
PAO76 * * * * * 4 * * * 4 * * * *
PA087 * * + sk * + * * * + * * * B3
PA0OS9 * * * * + 4 * * * 4 * * * *
PA095 * * * sk * + * * * * * + * k3
PA104 * * + sk * + * * * + * * * k3
+Denotes mutation, *Indicates no mutation.

pump to be an important factor for multidrug multiple mutation sites in the mexR, nalC and
resistance. Mutations in multiple genes (mexR, nalD, which negatively regulated MexAB-OprM
nalC, and nalD) were reported to be responsible were found. Regarding the mexR, 40.7% (11/27)
for mexA overexpression'®. In the current study, of the isolates showed point mutation or deletion

A Jekek B 100 =

mmm strongly positive(+++)
mmm morderate positive(++)
= weakly positive(+)

Inhibition rate(%)

Relative expression levels of mexA genes

Figure 3. Conferring the relationship between biofilm forming potential and mex4 in P. aeruginosa. A, The expression
levels of gene mexA in P. aeruginosa were compared under planktonic and biofilm conditions. B, The efflux pump inhibitor
phenylalanine-arginine-p-naphthylamide (PAPN) inhibited biofilm formation.
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mutations leading to amino acid changes, be-
ing V126E (8/11) the most frequent. One strain
(PAO41) happened nt135-146 base deletion (se-
quence: TATCGACGAACA). In relation to the
nalC, 100% isolates showed point mutations, be-
ing G71E (27/27), S209R (24/27), Q182K (9/27),
and L206V (10/27) the most frequent. Regarding
nalD, 44.4% (12/27) of the isolates showed point
mutation, being W49S the most frequent in 75%
(9/12) of the isolates.

Similar to our research, Pan et al®® reported
nalC mutation at position 718 and 209", nalD
mutations at 158" and mexR gene mutations sit-
ed at 39, 54" 55t 126% 137% and 138™ amino
acids. Quale et al* reported the same mutations
sited at 71** and 209" amino acids in nalC gene.
Our results also showed that the same mutation
in nalC gene were detected in all isolates (n=27)
overexpressing efflux pump, suggesting that nal/C
mutation was more common in CRPA. However,
scholars* have pointed out that the amino acid
mutations at position 126 of mexR and positions
71 and 209 of nalC were mostly nonsense mu-
tations. Another study?’ confirmed mutations in
mexR, nalC and nalD can yield increased Mex-
AB-oprM expression and multidrug resistance. In
our study, the point mutation found in the efflux
pump MexAB-OprM should be responsible for
carbapenem resistance. The deletion of base
fragment of the regulatory gene mexR (sequence:
TATCGACGAACA) caused a deletion mutation.
Whether this mutation affects the function of
the efflux pump MexAB-oprM remained to be
further studied.

Multifactorial carbapenem resistance mech-
anisms were detected in the higher frequen-
cy than carbapenem resistance caused by one
mechanism?®. Considering the co-existance of
efflux pump MexAB-OprM phenotype and bio-
film production, 59.3% (16/27) of the strains were
classified as strong producers. /n vitro, we clearly
observed that mexA4 was expressed up to 177-fold
higher in biofilms than in planktonic state. The
pathway by which the biofilm regulates it de-
served further investigation.

Conclusions

Our study strengthened the understanding that
biofilm and efflux pumps are two intertwined
processes involved in Carbapenem-resistant P.
aeruginosa phenotype. Their synergistic effect
magnified the drug resistance characteristics of
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P. aeruginosa. By understanding the role and
relationship between P. aeruginosa biofilm and
efflux pump, new and effective anti-biofilm drugs
can be developed to eradicate biofilm related in-
fection.

Conflict of Interest
The Authors declare that they have no conflict of interests.

Acknowledgements

This work was supported by grants from Special Founda-
tion for National Science and Technology Basic Research
Program of China (2019FY101200, 2019FY101209), Yun-
nan health training project of high-level talents (Grant No:
H-2018075) and Yunnan High-level Personnel training sup-
port plan (Grant No: YNWR-QNBJ-2020-261).

References

1) Wang BX, Wheeler KM, Cady KC, Lehoux S,
Cummings RD, Laub MT, Ribbeck K. Mucin Gly-
cans Signal through the Sensor Kinase RetS to
Inhibit Virulence-Associated Traits in P. aerugino-
sa. Curr Biol 2021; 31: 90-102.

2) Angeletti S, Cella E, Prosperi M, Spoto S, Fogo-
lari M, Florio LD, Antonelli F, Dedej E, Flora CD,
Ferraro E, Incalzi RA, Coppola R, Dicuonzo G,
Francescato F, Pascarella S, Ciccozzi M. Multi-
drug resistant P. aeruginosa nosocomial strains:
Molecular epidemiology and evolution. Microb
Pathog 2018; 123: 233-41.

3) Smith S, Ratjen F, Remmington T, Waters V.
Combination antimicrobial susceptibility testing
for acute exacerbations in chronic infection of P.
aeruginosa in cystic fibrosis. Cochrane Database
Syst Rev 2020; 5: CD006961.

4) Brao KJ, Wille BP, Lieberman J, Ernst RK, Shirtliff
ME, Harro JM. Scnnib-Transgenic BALB/c Mice
as a Model of P. aeruginosa Infections of the Cys-
tic Fibrosis Lung. Infect Immun 2020; 88: e00237-
20.

5) Muderris T, Durmaz R, Ozdem B, Dal T, Unaldi O,
Aydogan S, Celikbilek N, Acikgoz ZC. Role of ef-
flux pump and OprD porin expression in carbape-
nem resistance of P. aeruginosa clinical isolates.
J Infect Dev Ctries 2018; 12: 1-8.

6) EI-Mahdy R, El-Kannishy G. Virulence Factors Of
Carbapenem-Resistant P. aeruginosa In Hospi-
tal-Acquired Infections In Mansoura, Egypt. Infect
Drug Resist 2019; 12: 3455-3461.

7) Botelho J, Grosso F, Peixe L. Antibiotic resis-
tance in P. aeruginosa - Mechanisms, epidemi-
ology and evolution. Drug Resist Updat 2019; 44:
100640.

8) Lee CR, Lee JH, Park M, Park KS, Bae IK, Kim
YB, Cha CJ, Jeong BC, Lee SH. Biology of Acine-
tobacter baumannii: Pathogenesis, Antibiotic Re-



Interaction of biofilm and efflux pump in clinical isolates of carbapenem resistant P. aeruginosa

10)

11)

12)

13)

14)

15)

16)

17)

18)

sistance Mechanisms, and Prospective Treat-
ment Options. Front Cell Infect Microbiol 2017; 7:
55.

Heydari S, Eftekhar F. Biofilm Formation and be-
ta-Lactamase Production in Burn Isolates of P.
aeruginosa. Jundishapur J Microbiol 2015; 8:
e15514.

Sirijant N, Sermswan RW, Wongratanacheewin
S. Burkholderia pseudomallei resistance to an-
tibiotics in biofilm-induced conditions is related
to efflux pumps. Med Microbiol 2016; 65: 1296-
1306.

Koo H, Allan RN, Howlin RP, Stoodley P,
Hall-Stoodley L. Targeting microbial biofilms: cur-
rent and prospective therapeutic strategies. Nat
Rev Microbiol 2017; 15: 740-755.

Horna G, Lopez M, Guerra H, Saenz Y, Ruiz J. In-
terplay between MexAB-OprM and MexEF-OprN
in clinical isolates of P. aeruginosa. Sci Rep 2018;
8: 16463.

Puzari M, Chetia P. RND efflux pump mediated an-
tibiotic resistance in Gram-negative bacteria Esch-
erichia coli and P. aeruginosa: a major issue world-
wide. World J Microbiol Biotechnol 2017; 33: 24.

Suresh M, Nithya N, Jayasree PR, Vimal KP,
Manish Kumar PR. Mutational analyses of regu-
latory genes, mexR, nalC, nalD and mexZ of mex-
AB-oprM and mexXY operons, in efflux pump hy-
perexpressing multidrug-resistant clinical isolates
of P. aeruginosa. World J Microbiol Biotechnol
2018; 34: 83.

Pan YP, Xu YH, Wang ZX, Fang YP, Shen JL.
Overexpression of MexAB-OprM efflux pump in
carbapenem-resistant P. aeruginosa. Arch Micro-
biol 2016; 198: 565-571.

Choudhury D, Das Talukdar A, Dutta Choud-
hury M, Maurya AP, Paul D, Dhar Chanda D,
Chakravorty A, Bhattacharjee A. Transcriptional
Analysis of MexAB-OprM Efflux Pumps System
of P. aeruginosa and Its Role in Carbapenem Re-
sistance in a Tertiary Referral Hospital in India.
PloS one 2015; 10: e0133842.

Krishnamoorthy S, Shah BP, Lee HH, Martinez
LR. Microbicides Alter the Expression and Func-
tion of RND-Type Efflux Pump AdeABC in Bio-
film-Associated Cells of Acinetobacter bauman-
nii Clinical Isolates. Antimicrob Agents Chemoth-
er 2015; 60: 57-63.

Lopes LAA, Dos Santos Rodrigues JB, Magnani
M, de Souza EL, de Siqueira-Junior JP. Inhibito-
ry effects of flavonoids on biofilm formation by
Staphylococcus aureus that overexpresses efflux
protein genes. Microbial pathogenesis 2017; 107:
193-197.

19)

20)

21)

22)

23)

24)

25)

26)

27)

28)

Vuotto C, Longo F, Pascolini C, Donelli G, Balice
MP, Libori MF, Tiracchia V, Salvia A, Varaldo
PE. Biofilm formation and antibiotic resistance
in Klebsiella pneumoniae urinary strains. Microb
Pathog 2017; 107: 193-197.

N Hoiby, H Krogh Johansen, C Moser, Z Song, O
Ciofu, A Kharazmi. P. aeruginosa and the in vitro
and in vivo biofilm mode of growth. Microbes In-
fect 2001; 3: 23-35.

Lee K, Sang Sun Yoon. P. aeruginosa Biofilm, a
Programmed Bacterial Life for Fitness. J Microbi-
ol Biotechnol 2017; 27: 1053-1064.

Karballaei Mirzahosseini H, Hadadi-Fishani M,
Morshedi K, Khaledi A. Meta-Analysis of Bio-
film Formation, Antibiotic Resistance Pattern, and
Biofilm-Related Genes in P. aeruginosa Isolated
from Clinical Samples. Microb Drug Resist 2020;
26: 815-824.

Perez LR. Acinetobacter baumannii displays in-
verse relationship between meropenem resis-
tance and biofilm production. J Chemother 2015;
27: 13-16.

Adabi M, Talebi-Taher M, Arbabi L, Afshar M, Fa-
thizadeh S, Minaeian S, Moghadam-Maragheh
N, Majidpour A. Spread of Efflux Pump Overex-
pressing-Mediated Fluoroquinolone Resistance
and Multidrug Resistance in P. aeruginosa by
using an Efflux Pump Inhibitor. Infect Chemother
2015; 47: 98-104.

Cunrath O, Meinel DM, Maturana P, Fanous J,
Buyck JM, Saint Auguste P, Helena M B Seth-
Smith, Kérner J, Dehio C, Trebosc V, Kemmer C,
Neher R, Egli A, Bumann D. Quantitative contri-
bution of efflux to multi-drug resistance of clinical
Escherichia coli and P. aeruginosa strains. Ebio-
Medicine 2019; 41: 479-487.

Quale J, Bratu S, Gupta J, Landman D. Interplay
of efflux system, ampC, and oprD expression in
carbapenem resistance of P. aeruginosa clinical
isolates. Antimicrob Agents Chemother 2006; 50:
1633-41.

Denis M. Daigle, Cao L, Fraud S, Mark S. Wil-
ke, Pacey A, Klinoski R, Natalie C. Strynadka,
Charles R. Dean, Poole K. Protein Modulator of
Multidrug Efflux Gene Expression in Pseudo-
monas aeruginosa. J Bacteriol 2007; 189: 5441-
5451.

Memar MY, Adibkia K, Farajnia S, Kafi HS, Khali-
li'Y, Azargun R, Ghotaslou R. In-vitro Effect of
Imipenem, Fosfomycin, Colistin, and Gentami-
cin Combination against Carbapenem-resistant
and Biofilm-forming P. aeruginosa Isolated from
Burn Patients. Iran J Pharm Res 2021; 20: 286-
296.

1737



