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Background: Heteroresistance is a phenomenon that occurs in all bacteria and can cause

treatment failure. Yet, the exact mechanisms responsible for heteroresistance still remain

unknown. The following study investigated the mechanisms of imipenem-heteroresistance

and -resistance in Pseudomonas aeruginosa clinical isolates from Wenzhou, China.

Methods: Imipenem resistance was detected by the agar dilution method; heteroresistance

was determined by population analysis profiles. Biofilm formation assay and modified

carbapenem inactivation methods were also performed. Polymerase chain reaction (PCR)

was conducted to detect oprD, and quantitative real-time PCR was used to determine

expression levels of oprD, ampC and four efflux pump coding genes (mexB, mexD, mexE

and mexY).

Results: Six imipenem-heteroresistant and -resistant P. aeruginosa isolates were selected

respectively. Deficient oprD was detected in all resistant isolates and two heteroresistant

isolates. No strains produced carbapenemases. Expression levels of oprD were down-

regulated in heteroresistant isolates. Transcription levels of the mexE and mexY were

significantly increased in all heterogeneous subpopulations compared with their respective

native ones. Compared with the susceptible group, increased mean relative expression levels

of mexE and mexY or the decreased mean relative expression levels of oprD were observed in

the resistant group (P < 0.05), whereas transcription levels of the mexB and mexD remained

unchanged.

Conclusion: Down-regulation of oprD contributed to the resistance and heteroresistance of

imipenem in our P. aeruginosa clinical isolates. In addition, the marginal up-regulation of

efflux systems may indirectly affect imipenem resistance. Contrarily, defective oprD was less

common in our experimental heteroresistant strains than resistant strains.

Keywords: Pseudomonas aeruginosa, imipenem, resistance, heteroresistance, molecular

mechanism, oprD

Introduction
Pseudomonas aeruginosa (P. aeruginosa) is a Gram-negative non-fermenting bacil-

lus highly resistant to antibiotics and among the leading causes of nosocomial

infections, such as pneumonia, bloodstream infections, surgical site infections,

and urinary tract infections.1 Despite carbapenem-resistant P. aeruginosa, which

has been frequently reported worldwide and is characterized by massive intrinsic

resistance to multiple classes of antibiotics, carbapenems, primarily imipenem, is

still considered the most potent agent of P. aeruginosa.2,3

Heteroresistance is a phenomenon that occurs in both Gram-positive and -negative

bacteria, which was first time identified in Haemophilus influenzae in 1947.4 It is
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generally described as a phenotype where treated bacteria

contain subpopulations with lower susceptibility to the anti-

biotic compared to the dominant population, which, in turn,

may cause treatment failure.5,6 Heteroresistance may have

certain similarities and differences when compared to homo-

genous resistance.7 Heteroresistance to carbapenems has

been detected in clinical isolates of Acinetobacter bauman-

nii, Enterobacter cloacae, Klebsiella pneumoniae,

Escherichia coli and P. aeruginosa at high frequencies.8–14

Yet, unlike inherited resistance, the exact mechanisms

responsible for heteroresistance still remain unknown.

Carbapenem homogenous resistance develops mainly

due to the expression of the intrinsic AmpC β-lactamase,

overexpression of Mex–Opr-type efflux pumps and produc-

tion of metallo-β-lactamases (MBLs), as well as mutations

or repression of OprD porin.15,16 Moreover, studies12,17,18

have suggested that low expression of the OprD porin,

overexpression of efflux systems and intrinsic AmpC β-
lactamase or metallo-β-lactamases (MBLs) contributed to

imipenem-heteroresistant P. aeruginosa.

The aim of this study was to investigate the mechanisms

for imipenem heteroresistance in clinical strains of P. aeru-

ginosa isolated from a teaching hospital in Wenzhou, China.

We hypostasized that mutations of oprD gene might regulate

the imipenem-heteroresistant of P. aeruginosa.

Materials and Methods
Bacterial Strains
A total of 131 P. aeruginosa clinical isolates susceptible to

imipenem were collected from the First Affiliated Hospital of

Wenzhou Medical University, in 2017. All isolates were iden-

tified to species level using a VITEK® MS automated system

(BioMérieux, Hazelwood, MO, USA). MICs of imipenem

were additionally analyzed by the agar dilution method. The

MICbreakpoint of imipenem forP. aeruginosawas interpreted

following the latest CLSI guidelines (CLSI 2019):19 suscepti-

ble, ≤ 2 μg/mL; intermediate, 4 μg/mL; resistant, ≥ 8 μg/mL.

The disk diffusion method was performed to detect the

presence of heterogeneous resistant subpopulations in 131

susceptible isolates. If a visible colony was found inside the

clear zone of inhibition, the strains were suspected to be

imipenem-heteroresistant. The experiment was carried out

three times to see the reproducibility of emergence of colonies.

Population Analysis Profiles (PAPs)
Randomly selected six populations with suspected heterore-

sistance to imipenem were analyzed based on population

analysis profiles (PAPs)1 with minor modifications. Briefly,

0.1 mL starting bacterial suspension with an optical density

corresponding to 0.5 McFarland and serial dilutions were

spread onto Muller-Hinton agar (OXOID, Basingstoke,

United Kingdom) plates containing imipenem in serial two-

fold dilutions for concentrations ranging from 0.0625 to 128

μg/mL. The agar plates were then incubated at 37 °C for 48

hours before the Colony-Forming Units (CFU) were calcu-

lated. The frequency of heteroresistant subpopulations at the

highest drug concentration was counted by dividing the num-

ber of colonies grown on the imipenem-containing plate by the

colony counts from the same bacterial inoculum grown on

antibiotic-free plates. The imipenem-susceptibleP. aeruginosa

strains ATCC 27853 and PAO1were used as the control strain.

For each isolate, a single colony was selected from the highest

antibiotic concentration, and the imipenem MIC was tested

using the agar dilution method after serial passaging on anti-

biotic-freemedium for oneweek to evaluate the stability of the

heteroresistant phenotype. Interestingly, the imipenem-

heteroresistant subpopulations showed at least fourfold higher

MICs than their parental populations (unstable heteroresistant

phenotype was excluded). Cultures with resistant or suscepti-

ble subpopulations were isolated from the highest imipenem

concentration and drug-free medium for further studies,

separately. Furthermore, six wild-type imipenem-susceptible

(TL-2874, TL-2875, TL-2891, TL-2892, TL2907 and

TL-2908, in which heteroresistance did not exist) and -

resistant (TL-2854, TL-2858, TL-2859, TL-2878, TL-2958

and TL-2997) strains were selected for further experiments.

Pulsed-Field Gel Electrophoresis (PFGE)
Pulsed-field gel electrophoresis (PFGE) of SpeI-digested

genomic DNA of P. aeruginosa isolates was performed

with a CHEF-DRIII system (Bio-Rad, Hercules, CA);

banding patterns were analyzed as previously

described.20 Briefly, genomic DNA was extracted from

the P. aeruginosa isolates, followed by restriction

enzyme SpeI (Takara, Japan) digestion for 2.5 h. PFGE

was performed using a CHEF-Mapper XA PFGE system

(Bio-Rad, USA) for 18h with a switch time 5–25

s. Then DNA fingerprints were analyzed by GelRed

staining. The banding patterns were visualized by

GelDoc XR gel imaging system (Bio-Rad, USA), and

cluster analysis of similarity values of the PFGE profiles

was finally performed by Quantity One program

(BioRad Laboratories, USA).
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Antimicrobial Susceptibility Testing
The MICs of clinical routine antimicrobial agents including

amikacin (AMK), ceftazidime (CAZ), ciprofloxacin (CIP),

levofloxacin (LEV), tobramycin (TOB), cefepime (FEP),

piperacillin/tazobactam (TZP) and meropenem (MEM)

were determined by the agar dilution method, and carbape-

nemases were detected using mCIM in accordance with the

latest guidelines of CLSI.

Polymerase Chain Reaction (PCR) and

Sequencing
Genomic DNAs of imipenem-resistant, -susceptible and -

heteroresistant isolates were extracted using the Biospin

Bacteria Genomic DNA Extraction Kit (Bioflux, Tokyo,

Japan) following the manufacturer’s instructions, were used

as templates stored at −20°C for subsequent analysis. Primers

for oprD gene amplification (oprD-F, 5ʹ-AATGAGGAAG

ACCTGGTGGC-3ʹ; oprD-R, 5ʹ-TCGGAACCTCAACTAT

CGCC-3ʹ) were designed from sequences in the GenBank

nucleotide sequence database (https://www.ncbi.nlm.nih.

gov/tools/primer-blast/). The amplified productions were

sequenced by Shanghai BGI Technology Co., Ltd., and the

deduced amino acid sequences of oprD were compared with

that from wild-type imipenem-susceptible P. aeruginosa

strain PAO1 by BLAST (http://blast.ncbi.nlm.nih.gov/

Blast.cgi).

Quantitative Real-Time PCR (qRT-PCR)
Total RNAs of resistant isolates and heteroresistant isolates

(including susceptible and resistant subpopulations) at the

exponential phase of growth were extracted by the Bacterial

RNAMiniprep Kit (Biomiga, Shanghai, China) according to

the manufacturer’s protocol. RNA from each isolate

was used as a template for cDNA synthesis using the

RevertAid First Strand cDNA Synthesis Kit (Thermo

Fisher, Shanghai, China). The expression levels of ampC

β-lactamase gene, the genes coding for porin (oprD) and

efflux pumps (mexB, mexD, mexE and mexY) were analyzed

by qRT-PCR. The rpsL gene was used as an internal refer-

ence. These primers were previously described.21,22 Gene

expression levels of heteroresistant subpopulations were

expressed as the fold increase relative to the respective

parental populations that were used as controls.18

Correspondingly, increases or decreases in gene expression

of ≥ 2-fold and ≤ 0.5-fold were considered to be significant.

Student’s t-test was used to compare changes of expression

levels between susceptible and resistant groups based on

P. aeruginosa PAO1, which was assigned a value of 1.0.23

Biofilm Formation Assay
Biofilm formation assay was assayed by crystal violet stain-

ing of adherent cells as previously described.24 Briefly,

eight parental strains and the respective mutants, as well

as 12 susceptible and resistant isolates, adjusted to 1 × 106

CFU/mL were inoculated in LB broth in 96-well polystyr-

ene plates. Following incubation at 37 °C for 18–24 h, the

plates were washed two times with phosphate-buffered

saline (PBS) and then stained with 1% crystal violet for

15 min. The absorbance of incorporated dye was deter-

mined at an optical density of 595 nm. Each isolate was

assayed in three wells and the experiments were repeated

three times.

Analysis of Outer Membrane Proteins
The extraction of outer membrane proteins was performed

according to methods described elsewhere, with minor

modifications.14 In brief, cells from an overnight culture

in LB broth were harvested by centrifugation at 4000 ×g

for 10 min at 4 °C, and the supernatant was removed.

Samples were then mixed with 20 mL 50 mM PBS

(PH 7.0), and washed in autoclaved ultrapure water. The

cell pellets were suspended in suspension buffer (10 mM

Tris-HCl [pH 8.0]) supplied with protease inhibitor phe-

nylmethylsulfonyl fluoride (PMSF), followed by sonica-

tion for 10 min on ice to break the cells. Next, the

unbroken cells were centrifugated at 1600 ×g for 10 min

at 4 °C, and the membranes in the supernatant were further

pelleted at 21,500 ×g for 30 min at 4 °C, suspended in

3 mL 10 mM PBS containing 2% sodium dodecyl sarco-

sine, and left on room temperature for 30 min before

centrifugation at 20,500 ×g at 4 °C for an additional

40 min. The remaining precipitated outer membrane pro-

teins were suspended in 10 mM PBS (PH 7.0) and quanti-

fied using Enhanced BCA Protein Assay Kit (Beyotime

Biotechnology) before 1% sodium dodecyl sulfate–poly-

acrylamide gel electrophoresis (SDS-PAGE) analysis.

Samples mixed with loading buffer (Takara 9173, Japan)

were first denatured by heating at 100 °C for 3 min, then

they were separated by SDS-PAGE using 12% of separation

gel and 5% of concentration gel. Bands were visualized by

dyeing the gels with 0.2% Coomassie brilliant blue (Solarbio

C8430, China) in 10% acetic acid and 45% methanol. PAO1

served as a control strain for OMPs profiling.
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Statistical Analysis
Data were analyzed using the GraphPad Prism analysis pack-

age 8.01. The Microsoft Visio Drawing 2019 was performed

to the plot. Differences in the biofilm formation and expres-

sion of each gene of interest were tested using the Student’s

t-test. P < 0.05 was considered statistically significant.

Results
Antibiotics Susceptibility and Homology

Characteristics of Susceptibility,

Resistance and Heteroresistance Among

P. aeruginosa Isolates
After performing a disk diffusion method, 46 of 131 isolates

were found within the inhibition zones around the imipenem

disks (35.1%, 46/131), suggesting the possibility of inducible

resistance to antibiotics in P. aeruginosa under antibiotic pres-

sure. To confirm the heteroresistance in P. aeruginosa, six

isolates were randomly selected to perform population analy-

sis profiles (PAPs). Six isolates appeared in a heteroresistant

subpopulation (TL-2856, TL-2862, TL-2870, TL-2872,

TL-2873 and TL-2877). Minimal inhibitory concentrations

(MICs) of the subpopulations were 4- to 8-fold higher than

those of the parental cells and the frequency of heteroresistant

subpopulations ranged from 2×10−7 to 5.3×10−6 (Table 1). The

stability of the heteroresistance subpopulations was main-

tained after one week of subculturing in antibiotic-free med-

ium. Six stable heteroresistant subpopulations were

determined by 16s RNA sequence as P. aeruginosa, and the

parental cells and their heteroresistant subpopulations exhib-

ited identical PFGE profiles (Figure S1). The results of sus-

ceptibility tests showed four- to sixteen-fold higher MICs

values of meropenem in the six isolates compared to suscep-

tible populations (Table 2).

Detection of Carbapenemases and
Analysis of Levels of Biofilm
Formation
mCIM method indicated that all of the resistant and het-

eroresistant isolates were negative for carbapenemases.

Moreover, the results showed that all heteroresistant sub-

populations, except for TL-2856, had a stronger biofilm

formation than their respectively native strains (P > 0.05)

(Table 1). Moreover, compared with the susceptible group,

the resistant group did not produce far-off equivalent bio-

film (Figure 1).

Mutations in oprD Gene
In this study, oprD was sequenced in six resistant isolates,

twelve susceptible isolates (including six wild-type suscep-

tible strains and native susceptible populations of heterore-

sistance) and six heteroresistant isolates to investigate

possible resistance mechanisms. Various types of amino

acid substitutions in oprD gene were found in resistant,

heteroresistant subpopulations and susceptible strains

(including heteroresistant native susceptible populations

and wild-type imipenem-susceptible strains). Furthermore,

two 3 bp deletions at nt 1116–1118 and nt 1147–1149

occurred in three heteroresistant strains (TL-2856,

TL-2872, and TL-2877), one resistant isolate TL-2997, and

some susceptible strains. Interestingly, compared with their

respective native strains, a subpopulation of the isolate

TL-2870 deleted 1 bp at nt 348 of the oprD gene, causing

amino acid 127 premature stop. Besides, a heteroresistant

subpopulation of the isolate TL-2873 deleted 15 bp at nt

256–270, causing amino acid 439 premature stop. The

sequence of isolate TL-2862 was similar to susceptible

strains. In resistant isolates, TL-2854, TL-2859 and

TL-2958 showed amino acid 417 premature stop translation.

Table 1 Characteristics of Heteroresistant Isolates Determined Using PAP, MICs of Imipenem and Levels of Biofilm Formation

Strain MIC of

Native

Population

(μg/mL)

Highest Drug

Concentration

in PAP (μg/mL)

Heterogeneous

Subpopulation MIC

After Free-Drug

Subcultures

(μg/mL)

Frequency of

Resistant

Subpopulations in

Highest Drug

Concentration

Biofilm Formation (OD595)

Native

Population

Subpopulation P value

TL-2856 1 8 8 5.3×10−6 0.46±0.08 0.98±0.15 0.0001

TL-2862 1 4 8 3.8×10−6 0.65±0.03 0.66±0.09 0.78

TL-2870 1 8 16 8.0×10−7 0.64±0.13 0.69±0.09 0.94

TL-2872 2 4 16 4.2×10−7 0.45±0.12 0.54±0.02 0.17

TL-2873 2 4 8 2.8×10−7 0.61±0.24 0.62±0.09 0.9

TL-2877 2 8 16 2×10−7 0.37±0.04 0.45±0.08 0.14
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TL-2858 and TL-2878 deleted 379 bp in nt 410–788, causing

amino acid 219 premature stop translation. TL-2997 showed

1 bp deletion in nt 917, causing amino acid 345 premature

stop translation (Figure 2).

Analysis of Gene Expression Levels
Twenty-four non-carbapenemases-producing isolates (six

heteroresistant and their respective native strains, six wild-

type susceptible and resistant strains) were used to deter-

mine the expression levels of AmpC, efflux pumps

and OprD porin by real-time RT-PCR tests. As shown in

Figure 3A, all heteroresistant isolates, except for TL-2873

(0.966-fold), showed significantly lower expression levels

in oprD compared to their native isolates (ranging from

0.121- to −0.33, P < 0.05). Nevertheless, compared with

their native isolates, expression levels of ampC (ranging

from 0.998- to 1.21-fold), efflux pump encoding genes

mexB (ranging from 1.03- to 1.326-fold) and mexD (ran-

ging from 1.056- to 1.824-fold) in heteroresistant isolates

were not statistically significant (P > 0.05). Interestingly,

increased expression levels of efflux pump-related genes

mexE (ranging from 1.541- to 8.234-fold) and mexY (ran-

ging from 1.561- to 3.398-fold) in all heteroresistant iso-

lates were statistically significant (P < 0.05) relative to

their native strains (Figure 3B–F).

Table 2 The Profile of Routine Antibacterial Resistance in P. aeruginosa

Strain MICs of Clinical Routine Antimicrobial Agents (μg/mL)

IPM MEM AMK CAZ CIP LVX TOB TZP FEP

TL-2856 a1 0.25 1 2 ≤0.125 0.25 0.5 8/4 2
b8 2 2 2 ≤0.125 0.5 0.5 4/4 2

TL-2862 a1 1 2 2 ≤0.125 0.5 0.5 4/4 1
b8 4 2 2 ≤0.125 0.5 0.5 4/4 2

TL-2870 a1 0.25 2 2 ≤0.125 0.25 1 4/4 1
b16 4 2 2 ≤0.125 0.25 1 4/4 2

TL-2872 a2 1 1 4 ≤0.125 0.5 1 8/4 4
b16 8 1 4 0.25 0.5 1 8/4 4

TL-2873 a2 1 2 2 ≤0.125 0.5 1 8/4 4
b8 4 2 2 ≤0.125 0.5 1 8/4 4

TL-2877 a2 0.25 2 2 ≤0.125 0.5 1 2/4 1
b16 4 4 2 ≤0.125 0.25 1 4/4 1

TL-2854 8 4 4 2 0.25 1 1 4/4 8

TL-2858 16 4 2 64 0.5 2 0.5 ≥128/4 32

TL-2859 16 4 8 2 1 1 32 4/4 8

TL-2878 16 4 2 64 0.5 1 0.5 ≥128/4 16

TL-2958 16 4 4 4 0.5 1 2 4/4 4

TL-2997 8 4 2 2 0.25 0.5 1 4/4 4

TL-2874 1 0.25 4 2 0.25 0.5 1 4/4 2

TL-2875 1 0.125 2 2 0.25 0.5 0.5 4/4 2

TL-2891 1 0.25 4 4 ≤0.125 0.5 1 4/4 2

TL-2892 1 ≤0.125 1 1 ≤0.125 0.25 0.5 2/4 1

TL-2907 1 0.125 4 2 ≤0.125 0.25 2 4/4 2

TL-2908 1 0.5 4 32 ≤0.125 0.25 1 128/4 2

Notes: aSusceptible population; bheteroresistant subpopulation; resistant and susceptible strains were shown in blue shading and gray shading, respectively.

Abbreviations: MEM, meropenem; AMK, amikacin; CAZ, ceftazidime; CIP, ciprofloxacin; LVX, levofloxacin; TOB, tobramycin; TZP, piperacillin/tazobactam; FEP, cefepime.

Figure 1 Levels of biofilm formation between wild-type susceptible and resistant

isolates. IPM-WTS, wild-type imipenem susceptibility strains; IPM-WTR, wild-type

imipenem resistance strains.
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On the other hand, the expression levels of efflux pump

genes and outer membrane protein-encoding gene oprD

were analyzed in imipenem-resistant strains and an equal

number of susceptible strains. The results of qRT-PCR

showed that compared with PAO1 the expression levels

of efflux pump-related genes mexE in wild-type suscepti-

ble group and the resistant group ranged from 0.443-

to 1.173-fold and from 1.853- to 6.262-fold, respectively.

The difference between a susceptible group and a resistant

group was statistically significant (P < 0.05). Similarly, the

relative expression level of oprD in resistant strains was

lower than in susceptible strains (P < 0.05). Furthermore,

ampC gene and efflux pumps encoding genes mexB

and mexD were approximately equal to susceptible strains

(P > 0.05). Expression of mexY in resistant isolates, except

for strain TL-2997, was increased (ranging from 3.414- to

5.022-fold), and the difference was statistically significant

(P < 0.05) (Figure 4).

Analysis of Outer Membrane Proteins
Further analysis of outer membrane proteins by SDS-

PAGE was performed. The results of expression of an

approximately 46 kDa OprD protein are shown in supple-

mentary materials Figure S2. It could be seen that hetero-

resistant isolate TL-2856 and TL-2870 did not show an

OprD band; the OprD porin band in other heteroresistant

and resistant isolates were weaker than PAO1 and suscep-

tible strains TL-2892.

Discussion
Heteroresistance is not detected generally by automated

susceptibility assays or the official MIC breakpoint-based

criterion.25 Currently, PAP test is the most commonly used

method for assessing heteroresistance.26 According to pre-

vious reports, heteroresistance is in an intermediate phase,

ie, a transition from susceptibility to full resistance under

certain conditions.27,28 So far, many studies have analyzed

the levels of heteroresistance and its association with

patients’ treatment and clinical outcomes.5,11,17 Still, the

exact underlining mechanism of heteroresistance remains

poorly understood.

In this study, the imipenem-heteroresistant resistance

rate was 35.1% in P. aeruginosa. Although the rate was

lower than previously reported in Chongqing, China

(54.3%),17 the imipenem-heteroresistant P. aeruginosa

should be carefully considered at our hospital.

Mutations of oprD have a crucial role in imipenem-

resistant P. aeruginosa.21,29,30 According to previous studies,

mutational inactivation of OprD was primarily responsible

for the resistance to imipenem, and was reported to be the

most commonmechanism in China and Korea.31,32 Recently,

a prospective observational study reported that mortality rate

caused by OprD-defective P. aeruginosawas higher than that

caused by OprD-intact P. aeruginosa in bloodstream

infections.33 These results further disclosed that OprD is

essential in the process of resistance to imipenem in

P. aeruginosa. Through oprD sequence analysis of

Figure 2 oprD mutations in imipenem-(hetero) resistant P. aeruginosa clinical isolates. aIn imipenem-heteroresistant populations (IPM-HRP); bwild-type imipenem resistant

isolates (IPM-WTR); ctwo 3 bp deletion at nucleotide 1116–1118 and nucleotide 1147–1149 in external loop7; d1 bp deletion at nucleotide 348; e379 bp deletion at

nucleotide 410–788; f1 bp deletion at nucleotide 917; g1251G > A; h15 bp deletion at nucleotide 256–270; *premature stop codon; blue circle, amino acid substitutions were

detected in wild-type imipenem susceptible isolates and native imipenem susceptible populations of heteroresistance and the amino acid substitutions were predicted neutral

using http://provean.jcvi.org/seq_submit.php; orange circle, oprD mutation only was detected in heteroresistance and resistance.
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24 isolates, we found two 3 bp deletions at nt 1116–1118 and

nt 1147–1149 in three heteroresistant strains (TL-2856,

TL-2872, and TL-2877), one resistant isolate TL-2997, and

some susceptible strains. Previous studies on mutated oprD

located in the external loop7 (oprD-Group 1A Allele

with deletion of short stretches of amino acids in loop7)

reported no effect on the OprD assembly into outer

membranes,34,35 thus suggesting that these substitutions

may not be related to imipenem resistance. Nevertheless,

a more recent study reported that a specific shortening in

loop 7 might likely induce a formation of carbapenem-

resistant P. aeruginosa.30 We believe that the deletion of

two 3 bp at nt 1116–1118 and 1147–1149 has an important

role in the development of heteroresistance and resistance in

P. aeruginosa, thus, should carefully considered when asses-

sing drug resistance. Interestingly, in the present study,

a deficient oprD was identified in our heteroresistant strains.

Amino acid substitutions (eg T103S and V189T) were

detected in our (hetero) resistant and susceptible strains,

which were also reported in other studies, thus suggesting

that these substitutions were not directly involved in imipe-

nem resistance. Certainly, these mutations were located in the

Figure 3 Expression levels of genes in heteroresistant subpopulations. (A) Expression levels of oprD. (B) Expression levels of ampC. (C) Expression levels of mexB. (D)

Expression levels of mexD. (E) Expression levels of mexE. (F) Expression levels of mexY. IPM-SP, native imipenem-susceptible populations; IPM-HRP, imipenem-heteroresistant

subpopulations; *P < 0.05.
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external loops of OprD that were responsible for the binding

of carbapenems;21,30,34,36,37 nonetheless, the effect of these

amino-acid substitutions on the development of resistance to

imipenem needs to be further elucidated. Simultaneously, we

found that OprD premature stop translation occurred in all

resistant isolates. However, this diversification only appeared

in two heteroresistant isolates (TL-2870 and TL-2873),

implying that the premature stop translation of OprD may

be more commonly observed in resistant isolates than hetero-

resistant isolates.

Inconsistent with He et al study,17 the levels of biofilm

formation were not increased in both (hetero) resistant and

susceptible strains, except for resistant subpopulation of

TL-2856, which indicated that biofilm formation was unre-

lated to resistance or heteroresistance in our clinical tested

isolates. In addition, no strains produced carbapenemases,

which suggested that carbapenemases were not contribut-

ing to resistance in P. aeruginosa. Consequently, the detec-

tion of carbapenemases was essential in heteroresistance

and resistance in our clinical setting. The susceptibility

results indicated that MICs of heteroresistance to imipe-

nem were slightly changed in other classes of antibiotics.

Therefore, the combination of imipenem and other anti-

biotics may be more optimal against the heteroresistant

strains to imipenem compared to imipenem alone.

Previous studies have suggested that oprD, ampC and

efflux pump encoding genes (mexB, mexD, mexE and

mexY) may regulate the mechanisms of imipenem hetero-

resistance and resistance in P. aeruginosa.12,17,18

Consistent with data from previous reports, heteroresistant

subpopulations expressed lower levels of oprD compared

with the respective parental isolates in this study.

A correlation between mexE and mexY was observed in

imipenem heteroresistant and meropenem non-resistant

isolates, and was consistent with previous reports.17,18

Conversely, the current results revealed that ampC, mexB

and mexD might not be associated with imipenem hetero-

resistance and resistance. Similar results were seen in the

susceptible and resistant groups. In the present study, there

was no significant difference in the mechanisms between

imipenem resistance and heteroresistant P. aeruginosa.

This phenomenon may be due to different resistance pat-

terns and external stimuli such as imipenem or other anti-

bacterial drug pressure.

Notably, as the results of SDS-PAGE, we found that

heteroresistant subpopulation of TL-2873 was a mutant

with down-regulated or deficient OprD protein. However,

the transcription level of oprD was not down-regulated in

this isolate. It is possible that the discrepancy among OprD

protein and oprD transcription levels occurred due to the

existence of post-transcriptional regulatory pathways.38

Interestingly, a fragment of mutL of heteroresistant

strain TL-2856 was sequenced and had a mutation

(S515G) which may be related to hypermutator phenotype.

Conclusion
Our data suggested that oprDmutations may regulate hetero-

resistance of P. aeruginosa to imipenem. Decreased oprD

expression and mutations of oprD contributed to imipenem

heteroresistance and resistance mechanisms of P. aeruginosa

isolates from Wenzhou, China. In addition, marginal up-

regulation of efflux pump encoding genes mexE and mexY

might play a role in imipenem heteroresistance; yet, future

studies are necessary to further verify these findings.

Comparative results consistently revealed that resistance

and heteroresistance might be mainly triggered by decreased

and mutant oprD in P. aeruginosa. Indeed, the difference in

resistance mechanisms was prevalent between them in which

resistance may also be mainly caused by premature stop

translation of oprD. The high rate of heteroresistance should

be worth our attention.
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