
Polish Journal of Microbiology
2020, Vol. 69, No 3, 349–356
https://doi.org/10.33073/pjm-2020-038

ORIGINAL PAPER

#	These authors contributed equally to this work.
*	 Corresponding authors: A. Li, The Fifth Affiliated Hospital, Wenzhou Medical University, Lishui, Zhejiang, China; e-mail: liaifang06@126.com
	 T. Xu, Institute of Translational Medicine, Baotou Central Hospital, Baotou, China; e-mail: xuteng@wmu.edu.cn
	 H. Xu, The Second Affiliated Hospital and Yuying Children’s Hospital, Wenzhou Medical University, Wenzhou, China; 
	 e-mail: 387602676@qq.com
©	2020 Qing Chen et al.
This work is licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License (https://creativecommons.
org/licenses/by-nc-nd/4.0/).

Introduction

Pseudomonas aeruginosa is a Gram-negative path-
ogen without saccharide fermentation capability. It is 
one of the mains pathogens causing nosocomial and 
community infections. P. aeruginosa has a high colo-
nization ability and can secrete many virulence pro-
teins. It can often cause infections of the respiratory 
tract, urethra, digestive tract, skin, and other parts of 
the human body as well as bacteremia. Moreover, it is 
also a common pathogenic bacterium in patients with 
weakened immunity, and it is frequently associated with 
opportunistic infections in elderly and infirm individu-

als (Madhusudhan et al. 2003; Paterson 2006; Tripathy 
et al. 2007). Due to the extensive and unreasonable 
use of a large number of broad-spectrum antibiot-
ics, P. aeruginosa infections have become increasingly 
severe due to their resistance to various antibiotics, 
especially β-lactams, aminoglycosides, quinolones, and 
sulfonamides. Multidrug-resistant (MDR) or pan drug-
resistant (PDR) pathogens have continuously emerged, 
resulting in severe problems for the clinical treatment 
of infectious diseases (Miyoshi-Akiyama et al. 2017).

Macrolide antibiotics not only have anti-inflam-
matory effects on multi-drug resistant P. aeruginosa 
infections (Kobayashi 1995), but also inhibit alginate 
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A b s t r a c t

In analyzing the drug resistance phenotype and mechanism of resistance to macrolide antibiotics of clinical Pseudomonas aeruginosa 
isolates, the agar dilution method was used to determine the minimum inhibitory concentrations (MICs), and PCR (polymerase chain 
reaction) was applied to screen for macrolide antibiotics resistance genes. The macrolide antibiotics resistance genes were cloned, and their 
functions were identified. Of the 13 antibiotics tested, P. aeruginosa strains showed high resistance rates (ranging from 69.5–82.1%), and 
MIC levels (MIC90 > 256 μg/ml) to macrolide antibiotics. Of the 131 known macrolide resistance genes, only two genes, mphE and msrE, 
were identified in 262 clinical P. aeruginosa isolates. Four strains (1.53%, 4/262) carried both the msrE and mphE genes, and an additional 
three strains (1.15%, 3/262) harbored the mphE gene alone. The cloned msrE and mphE genes conferred higher resistance levels to three 
second-generation macrolides compared to two first-generation ones. Analysis of MsrE and MphE protein polymorphisms revealed that 
they are highly conserved, with only 1–3 amino acids differences between the proteins of the same type. It can be concluded that even 
though the strains showed high resistance levels to macrolides, known macrolide resistance genes are seldom present in clinical P. aerugi­
nosa strains, demonstrating that a mechanism other than this warranted by the mphE and msrE genes may play a more critical role in the 
bacteria’s resistance to macrolides.
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production at the guanosine diphospho-d-mannose 
dehydrogenase (GMD) level (Mitsuya et al. 2000). 
Biofilm formation by P. aeruginosa is inhibited by 
macrolides, diminishing P. aeruginosa infection in 
the clinical settings. It was shown that when macrolide 
antibiotics combined with cefoperazone/sulbactam 
were used to treat children with P. aeruginosa pneumo-
nia, there was a significant difference in the clinical effi-
cacy (Huang et al. 2015). Another clinical study focused 
on extensive burns infected with PDR P. aeruginosa and 
demonstrated that macrolide combined with β-lactam 
antibiotics and β-lactamase inhibitor could effectively 
control this infection (Ning et al. 2011). Other stud-
ies have shown that macrolides should be used to treat 
P. aeruginosa pneumonia in children due to its potential 
therapeutic ability to overcome the resistance mecha-
nisms (Huang et al. 2015). However, with increasing 
macrolides applications in clinical practice, the resist-
ance against these antibiotics has started to spread 
worldwide (Pereyre et al. 2016). For example, compari-
son of the 2007 edition (Fokkens et al. 2007) and 2012 
edition (Fokkens et al. 2012) of papers on rhinosinusitis 
and nasal polyps (EPOS) have shown that over time 
macrolides were significantly less effective in treating 
the patients with chronic sinusitis caused by P. aerugi­
nosa. Macrolides, lincosamides, and streptogramins 
(MLSs) share overlapping binding sites on the ribo-
some 50S subunit, although these drugs show distinct 
chemical properties (Roberts 2008); however, they are 
usually considered together (Vester et al. 2001; Zhanel 
et al. 2001). The following three different mechanisms 
mainly confer the resistance to macrolide-lincosamide-
streptogramin B (MLSB) antibiotics: ribosome modi-
fications promoted by 23S rRNA methylases (such 
as ErmA, ErmB, and ErmC) together with mutations 
in the rRNA (Mustafa et al. 2017) and ribosomal pro-
tein genes (Wekselman et al. 2017; Golkar et al. 2018); 
mutations in efflux proteins (such as MefA, MsrA, 
and lsaA), and mutations in proteins expressed by 
MLS-inactivating genes. These can be further subdi-
vided into esterases (such as EreA, EreB, and EreC), 
lyases (such as VgbA and VgbB), phosphotransferases 
(such as MphA, MphB, MphC, MphD, and MphE), and 
transferases (such as lnuA, lnuB, and VatA) (Roberts 
et al. 1999; Roberts 2008; van Hoek et al. 2011; Golkar 
et al. 2018). The most prominent ribosome modifica-
tion is methylation of the 23S rRNA encoded by the 
erm gene, which adds one or two methyl groups to 
a single adenine in the 23S rRNA (Poehlsgaard et al. 
2005; Golkar et al. 2018). The mef and msr subfamilies 
of efflux pumps, which are members of the MSF and 
ABC families are particularly relevant to macrolide 
antibiotics (Gomes et al. 2017). The mphE gene encodes 
a macrolide-2’-phospho-transferase, an intracellular 
enzyme with the ability to transfer the γ-phosphate 

of one nucleotide triphosphate to the 2’-OH group of 
macrolide compounds, thereby destroying the critical 
interaction between macrolides and A2058 (Fyfe et al. 
2016). The msrE gene belongs to the ABC-F subfam-
ily of ATP-binding cassette protein, which mediates 
a recently described new mechanism of resistance to 
macrolides (Janvier et al. 2017; Ero et al. 2019).

In this study, we analyzed the resistance spectrum, 
and the MIC levels of clinical P. aeruginosa isolates to 
commonly used in the clinic antibiotics and further 
analyzed the molecular mechanisms of the bacteria’s 
resistance to macrolides. Understanding the molecular 
mechanisms of drug resistance will help clinicians treat 
infectious diseases and prevent the spread of resistance 
more effectively.

Experimental

Materials and Methods

Bacterial strains collection, genomic DNA extrac-
tion, and high-throughput sequencing. The 262 no 
duplicate clinical P. aeruginosa strains, isolated from 
clinical samples from the Fifth Affiliated Hospital of 
Wenzhou Medical University (Zhejiang, China) from 
March 2015 to October 2017, were randomly collected. 
They were isolated from purulent-infiltration (7/262, 
2.7%), blood (5/262, 1.9%), urine (11/262, 4.2%), nasal 
secretions (63/262, 24.0%), and sputum (176/262, 
67.2%). The strains were identified with a VITEK-60 
microbial autoanalyzer (bioMerieux, Lyon, France). 
For the pooled genomic DNA sequencing, each strain 
was incubated independently in 5 ml of Luria-Bertani 
(LB) broth at 37°C for approximately 16 hours. All 
the cultures were pooled together, and genomic DNA 
was extracted from the mixed bacteria using an Axy-
Prep Bacterial Genomic DNA Miniprep kit (Axygen 
Scientific, Union City, CA, USA). The genomic DNA 
was sequenced on a HiSeq 2500 DNA sequencer at 
Annoroad Gene Technology Co., Ltd. (Beijing, China). 
The SOAPdenovo software (https://github.com/ablab/
spades) was used to assemble the HiSeq 2500 sequenc-
ing reads to acquire the genomic sequence contigs. We 
used the glimmer software (http://ccb.jhu.edu/software/
glimmer) to predict potential open reading frames 
(ORFs) > 150 bp in length with BLASTX (https://blast.
ncbi.nlm.nih.gov) against the NCBI non-redundant 
protein database, with an e-value threshold of 1 e–5. 
CD-HIT (http://bioinformatics.ljcrf.edu/cd-hit) was 
used to cluster protein sequences to remove redun-
dant sequences. We followed the methods of Wu and 
coworkers (Wu et al. 2018).

The collection and sequencing reads mapping to 
the reference resistance-related genes. The nucleotide 
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sequences of the macrolide resistance-related genes 
were obtained from the Comprehensive Antibiotic 
Resistance Database (CARD) (https://card.mcmaster.
ca/). The HiSeq 2500 sequencing reads were mapped 
to the macrolide resistance-related gene sequences. 
The relative abundance (sequencing depth) of a  spe-
cific gene was calculated as the accumulated nucleotide 
length of the mapped short reads on the gene divided 
by the gene size (Wu et al. 2018).

Screening of the macrolide-resistant gene-positive 
strains and cloning of the mphE and msrE genes. As 
mentioned above, to confirm the presence of the genes 
related to macrolides resistance, P. aeruginosa strains 
were screened by PCR, and the positive PCR products 
were sequenced. The primers for cloning the com-
plete ORFs with promoter regions and a pair of flank-
ing restriction endonuclease adaptors (EcoR I for the 
forward primers and Hind III for the reverse primers) 
were designed using the Primer Premier 5.0 software 
package (Table  I). The AxyPrep Bacterial Genomic 
DNA Miniprep kit (Axygen Scientific, Union City, 
CA, USA) was used to extract the template DNA from 
each clinical P. aeruginosa isolate (Wu et al. 2018). The 
PCR amplification was performed under the follow-
ing conditions: an initial cycle of 94°C for 5 min; fol-
lowed by 33 cycles of 10 s at 94°C, 1 min at a specific 
annealing temperature (Table I), and 1 min 45 s at an 
extension temperature of 72°C; and a final extension 
step for 10 min at 72°C. Positive amplification products 
were verified by sequencing with an ABI 3730 auto-
mated sequencer (Shanghai Sunny Biotechnology Co., 
Ltd., Shanghai, China), and the sequencing results were 
compared with the reference resistance gene sequences 
using BLAST algorithms. The amplicons of the two tar-
get genes (mphE and msrE) with its promoter regions 
were digested with the corresponding restriction endo-
nucleases and ligated into pUCP18 vectors. The recom-
binant plasmids were transformed into competent cells 
(E. coli DH5α) using the calcium chloride method, and 
positive clones were selected on LB agar plates supple-

mented with 100 μg/ml ampicillin. The transformants 
were further verified by PCR, and Sanger sequencing. 
In this work, for the amino acid polymorphism analysis, 
in addition to the genes, all other the mphE and msrE 
gene sequences were retrieved from the NCBI nucleo-
tide database using both genes as key search terms.

Antimicrobial susceptibility testing. In addition 
to other classes of antibiotics, the five macrolide anti-
biotics used in this work included two first-genera- 
tion macrolides (erythromycin and kitasamycin), 
and three second-generation macrolides (roxithromy-
cin, clarithromycin, and azithromycin). The minimum 
inhibitory concentrations (MICs) were determined 
using the agar dilution method, and the results of the 
antibacterial susceptibility testing were interpreted 
according to the CLSI breakpoint criteria and the 
guidelines of the European Committee on Antimi-
crobial Susceptibility Testing for P. aruginosa. Using 
ATCC 27853 as a quality control strain and E. coli 
DH5α with or without a pUC18 plasmid as the nega-
tive controls, the MICs were determined in triplicate 
from MH-broth agar plates with 2-fold serial dilutions 
of the antibiotics.

Sequence polymorphism analysis. The multiple 
sequence alignment of the MphE and MsrE amino acid 
sequences was performed using MAFFT (Katoh et al. 
2013). Additional bioinformatics software was writ-
ten using Python (https://www.python.org/), and Bio- 
python (Cock et al. 2009).

Results

Antimicrobial susceptibility of Pseudomonas 
aeruginosa isolates. The results of the MIC tests for 
262 P. aeruginosa strains against 13 compounds from 
four classes of antibiotics (β-lactams, aminoglycosides, 
polypeptides, and macrolides) demonstrated that the 
bacteria showed highest resistant rates (ranging from 
69.5–82.1%) and MIC levels (MIC50 ≥ 64 μg/ml, and 

mphE	 mphE-SF	 ATGCCCAGCATATAAATCGC	 Screening			   271	 60°C
	 mphE-SR	 ATATGGACAAAGATAGCCCG
	 mphE-OF	 CGGAATTCTATTCAAAAAAACTTATCCGACTTA	 Cloning	 EcoR I	 pUCP18	 885	 60°C
	 mphE-OR	 CCAAGCTTTTATATAACTCCCAACTGAGCTTTT		  Hind III
msrE	 msrE-SF	 TATAGCGACTTTAGCGCCAA	 Screening			   395	 62°C
	 msrE-SR	 GCCGTAGAATATGAGCTGAT
	 msrE-OF	 CGGAATTCTTTTTGGGAGGACACTGTGATGCTA	 Cloning	 EcoR I	 pUCP18	 1,467	 62°C
	 msrE-OR	 CCAAGCTTTTATATAACTCCCAACTGAGCTTTT		  Hind III

Table I
Primers used in this study for the detection of macrolide resistance-related genes.

Gene Primer Sequence (5’→3’) VectorPurpose
Restriction

endo-
nuclease

Ampli-
con

size (bp)

Annealing
tem-

perature
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MIC90 > 256 μg/ml) to four macrolide antibiotics. They 
showed the lowest resistance rate of 26.2% to colistin, 
followed by resistance rates to β-lactams and amino-
glycosides (below 45%, except for ceftazidime with 
a resistance rate of 52.1%) (Table II).

Mapping macrolide resistance genes in pooled 
DNA sequencing. To elucidate the molecular mecha-
nism of macrolide resistance, the pooled genomic DNA 
of 262 strains was sequenced. It generated 330 million 
reads ranging from 100 to 110 nucleotides in length, 
accounting for a total of approximately 34.0  giga- 
bases. Additionally, a total of 131 macrolide resist-
ance gene sequences were collected from the CARD 
(Table  SI). Bacterial resistance genes were identified 
by mapping the pooled genomic DNA sequencing 
reads onto the reference resistance gene sequences. 
The number of mapped reads on a specific reference 
was used to determine the relative abundance of the 
reads from the sequenced samples. The results revealed 
that there were only two hits related to macrolide resist-
ance genes, including mphE and msrE, and the sequenc-
ing depths of mphE and msrE were 26 and 24, respec-
tively (Table III).

Distribution of macrolide resistance-related genes 
in P. aeruginosa clinical isolates. The PCR screen-

ing results for the two genes revealed that among the 
262 strains msrE was identified in four isolates (1.53%, 
4/262; PAO1609, PAO1623, PAO2276, and PAO2883), 
and mphE was identified in seven isolates (2.67%, 7/262; 
PAO1609, PAO1623, PAO2276, PAO2883, PAO2228, 
PAO2231, and PAO2889). Among them, four strains 
(PAO1609, PAO1623, PAO2276, and PAO2883) har-
bored both resistance genes (msrE and mphE), while 
three strains (PAO2228, PAO2231, and PAO2889) har-
bored only the mphE resistance gene.

Cloning and functional determination of two 
resistance genes. The msrE genes from four strains 
and mphE genes from seven strains were sequenced. 
The sequencing results showed that they had identical 
nucleotide sequences (Tables III and IV). To identify 
the function of these two resistance genes, the ORFs 
of the genes with their promoter regions (msrE from 
PA2883 and PA1609; mphE from PA2883 and PA2276) 
were randomly selected and cloned. The MIC lev-
els of two first-generation macrolides (erythromycin 
and kitasamycin) and three second-generation mac-
rolides (roxithromycin, clarithromycin, and azithro-
mycin) were determined for the macrolide resistance 
gene-positive clinical strains and recombinant strains 
with the cloned macrolide resistance genes (pUCP18-
mphE/DH5α and pUCP18-msrE/DH5α) (Table IV). 
The results showed that the cloned mphE and msrE 
genes were functional and more effective against the 
three second-generation macrolides than the two 
first-generation macrolides. Compared with pUCP18/
DH5α (a  negative control), the MIC values of the 
recombinants with msrE or mphE increased eight- 
fold for the three second-generation macrolides (rox-
ithromycin, clarithromycin, and azithromycin). There 
was a  four-fold increase in the MIC values of eryth-
romycin (first-generation macrolide antibiotics), but 

Cefuroxim	 0.5–32	 16	 > 32	 44.1
Cefepime	 1–64	 8	 64	 36.7
Meropenam	 0.0125–32	 4	 32	 30.1
Ceftazidime	 1–64	 16	 > 64	 52.1
Gentamicin	 0.125–64	 16	 64	 32.1
Tobramycin	 0.5–32	 4	 > 32	 29.6
Amikacin	 >256	 2	 > 256	 34.9
Netilmicin	 0.5–512	 8	 > 512	 42.1
Colistin	 0.25–16	 2	 > 16	 28.2
Azithromycin	 0.5–256	 64	 > 256	 78.1
Clarithromycin	 1–1024	 256	 > 1024	 69.5
Roxithromycin	 0.5–1024	 256	 > 1024	 76.8
Erythromycin	 1–1024	 512	 > 1024	 82.1

Table II
The MIC values for 13 antibiotics against 262 clinical Pseudomonas aeruginosa isolates.

Antibiotics MIC range (μg/ml) MIC50 (μg/ml) MIC90 (μg/ml) Resistance (%)

Table III
Coverage and abundance of the macrolide resistance genes

in the pooled DNA from 262 Pseudomonas aeruginosa isolates.

a  –	 the ratio of the number of bases that mapped to the number of bases
	 in the reference sequence
b  –	 the number of copies of the reference sequence in the genomic data

mphE	 AY522431	 1.00	 26.0
msrE	 AY522431	 1.00	 24.0

Genotype Reference sequence Coveragea Abundanceb
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the other first-generation macrolide, kitasamycin, was 
not functional (Table IV).

Polymorphism analysis of the amino acid 
sequences from the two resistance genes. To analyze 
the polymorphisms in the amino acid sequences of the 
MsrE and MphE proteins, we collected all the protein 
sequences of the two genes available in the databases. 
A total of six and nine variants (including two MphE 
and two MsrE sequences from this work) were obtained. 
The multiple sequence alignment results showed that 
the two genes were highly conserved, as they only had 
1–3  amino acid differences. Using the MG585957.1 
sequence as a  reference, among the nine MsrE pro-
teins, eight sequences had different amino acid residues 
at position 183 (Glu-Asp). The two sequences from 
this work (MsrEPAO2276 and MsrEPAO2883) had the same 
amino acid sequences as CP032136.1, showing only one 
amino acid (Glu 183 Asp) difference from the reference 
(MG585957.1). Besides, except for CP011374.1 which 
had three different amino acid residues (Ser 128 Gly, 

Glu  183  Asp, and Glu  198  Lys), the remaining four 
sequences (MG585949.1, LS992184.1, CP026233.1, and 
CP021960.1) had two amino acid residue differences 
from the reference sequence (Table V). For the MphEs, 
the two sequences from this work (MphE1609 and 
MphE2883) showed the same amino acid sequences 
as CP035931.1 and had only one amino acid variant 
at position 17 (Ile-Leu) compared with the reference 
sequence (CP029638.1). Moreover, KX443408.1 had 
different amino acids at residues 17 (Ile-Leu) and 
133 (Glu-Asp), while CP011374.1 differed at positions 
17 (Ile-Leu), 28 (Ile-Leu), and 231 (Thr-Ile) compared 
with the reference (Table VI).

Discussion

Like in most bacterial species, the resistance mech-
anisms of P. aeruginosa to antibiotics are very com- 
plex. Although several macrolide-related resistance 

pUCP18-msrE/DH5α (PAO2276)	 512	 256	 1024	 256	 32
pUCP18-msrE/DH5α (PAO2883)	 512	 512	 1024	 256	 32
pUCP18-mphE/DH5α (PAO1609)	 512	 256	 1024	 256	 32
pUCP18-mphE/DH5α (PAO2883)	 512	 512	 1024	 256	 32
PAO2883	 1024	 512	 1024	 512	 > 128
PAO2276	 512	 256	 1024	 512	 > 128
PAO1609	 > 1024	 256	 1024	 512	 > 128
pUCP18/DH5α	 128	 256	 128	 32	 4
DH5α	 128	 512	 128	 32	 4
ATCC 27853	 32	 16	 64	 16	 < 1

Table IV
MIC results for the recombinants, clinical strains, and controls (μg/ml).

ERY – erythromycin, KIT – kitasamycin, ROX – roxithromycin, CLR – clarithromycin,
AZM – azithromycin

Strain ERY KIT ROX CLR AZM

MG585957.1	 Ser	 Glu	 Thr	 Ser	 Glu	 Glu	 Ile	 Gonzalez-Plaza et al. 2018
MG585949.1	 Ile				    Asp			   Gonzalez-Plaza et al. 2018
CP032136.1					     Asp			 
LS992184.1		  Gly			   Asp			 
CP026233.1					     Asp		  Val	 Weingarten et al. 2018
CP021960.1			   Lys		  Asp			 
CP011374.1				    Gly	 Asp	 Lys		
MsrE-2276					     Asp			   this study
MsrE-2883					     Asp			   this study

Table V
Amino acid polymorphisms in the MsrE variants.

a – amino acid positions using the protein sequence MG585957.1 as the reference

Accession
No.

Amino acid positiona

Reference
45 1288079 183 198 444
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mechanisms, including modification of 23S rRNA (such 
as ermB), efflux pumps (mefA, msrA, and msrD) and 
inactivating genes (such as ereA, ereB, mphA, mphB, 
and mphD) (Roberts 2008; van Hoek et al. 2011; Golkar 
et al. 2018) have been reported in the genus Pseudo­
monas, only a few publications have demonstrated the 
macrolide resistance mechanisms in this species, such 
as active efflux pumps (especially the RND-type efflux 
pump family) (Li et al. 2000; Li et al. 2003; Strateva et al. 
2009; El  Zowalaty et al. 2015), ABC-F subfamily of 
ATP-binding cassette proteins encoded by msrE (Ding 
et al. 2018) and mutations to the 23S rRNA (Mustafa 
et al. 2017). In this work, using large-scale sequenc-
ing of pooled genomic DNA of 262 strains, only two 
macrolide-related resistance genes, mphE and msrE, 
were identified in seven and four P. aeruginosa strains, 
respectively. This finding indicated that the known 
macrolide resistance genes are not prevalent in clinical 
P. aeruginosa isolates, although this was not the first 
time these two genes have been detected in P. aerugi­
nosa (Ding et al. 2018; Ero et al. 2019).

The msrE and mphE genes can be found on chro-
mosomes (Kadlec et al. 2011) or plasmids (Ho et al. 
2011; Dolejska et al. 2013; Zhao et al. 2015; Wang et al. 
2018) in many bacterial species. The two genes often 
cluster together and are separated by a  55 bp spacer 
sequence (Kadlec et al. 2011). The msrE-mphE gene 
cluster encoded on plasmids is generally related to 
mobile genetic elements, and they can be transmit-
ted between bacteria of the same or different species 
and cause resistance spreading (Dolejska M et al. 2013; 
Zhao J Y et al. 2015). However, whether the msrE and 
mphE genes are located on host strain chromosomes or 
plasmids remains to be further elucidated.

The different types of macrolide resistance mech-
anisms also differ in their drug resistance spectrum. 
Modification or mutation of the ribosome RNA subunit 
leads to bacterial resistance to macrolide antibiotics, 
lincosamides, group B streptogramins, and ketolide 
telithromycin (Vester et al. 2001; Tu et al. 2005; Roberts 
2008). Efflux pumps mediate broad resistance to most 

MLSB antibiotics (Roberts 2008). Inactivating enzymes, 
such as esterases, phosphotransferases, transferases, 
and lyases; however, show different antibiotic resistance 
spectra (Roberts 2008; Zhu et al. 2017). A few studies 
have demonstrated that the resistance genes msrE and 
mphE mediate resistance to erythromycin and azithro-
mycin (Schluter et al. 2007; Gonzalez-Plaza et al. 2018). 
In this work, both msrE and mphE facilitated resistance 
to three second-generation macrolides (roxithromy-
cin, clarithromycin, and azithromycin) and one first- 
generation macrolide (erythromycin). It was interest-
ing to find that the two genes showed higher resistance 
levels to the three second-generation macrolides than to 
the two first-generation macrolides. This finding may 
be since new generation macrolides have been more 
widely used in clinical practice in recent years, increas-
ing the resistance levels of bacteria to antibiotics. Also, 
the msrE gene had the same MIC level as azithromycin, 
which was similar to results reported in other studies 
(Schluter et al. 2007).

Conclusions

In this work, two known macrolide resistance genes, 
mphE and msrE, were identified in a small portion 
(2.67% and 1.53%, respectively) of 262 clinical P. aerugi­
nosa strains, even though the bacteria showed very high 
resistance rates and MIC levels to the five macrolide 
antibiotics detected. It indicated that other mechanisms 
aside from known resistance genes might play a role 
in bacterial resistance to macrolides. The cloning and 
functional determination of the mphE and msrE genes 
demonstrated that these genes warranted higher resist-
ance levels to three second-generation macrolides (rox-
ithromycin, clarithromycin, and azithromycin) than 
to two first-generation macrolides (erythromycin and 
kitasamycin). It may be because new generation mac-
rolides have been more widely used in clinical practice 
in recent years, resulting in an increased emergence of 
second-generation macrolide-resistant bacteria.

CP029638.1	 Ile	 Ile	 Glu	 Thr	 Beker et al. 2018
CP035931.1	 Leu
KX443408.1	 Leu		  Asp
CP011374.1	 Leu	 Leu		  Ile
mphE-1609	 Leu				    this study
mphE-2883	 Leu				    this study

Table VI
Amino acid polymorphisms in the MphE variants.

a – amino acid positions using the protein sequence CP029638.1 as the reference

Accession
No.

Amino acid positiona

17 28 133 231
Reference



Drug resistance of macrolide resistance genes3 355

Abbreviations
P. aeruginosa/PAO	 – Pseudomonas aeruginosa
PCR	 – polymerase chain reaction
MIC	 – minimum inhibitory concentration
MDR	 – multidrug resistant
PDR	 – pandrug resistant
GMD	 – guanosine diphospho-d-mannose
	    dehydrogenase
EPOS	 – European position paper on rhinosinusitis
	    and nasal polyps edition
MLS	 – macrolides, lincosamides, streptogramins
MLSB	 – macrolide-lincosamide-streptogramin B
BLAST	 – Basic Local Alignment Search Tool
ORF	 – open reading frame
LB	 – Luria-Bertani
CLSI	 – Clinical and Laboratory Standards Institute
ATCC	 – American Type Culture Collection

Authors’ contributions
QC, WL, DZ, HL, XZ, and AL collected the strains and per-

formed the experiments. ZS, WZ, CQ, and TX analyzed the experi-
mental results and performed the bioinformatics analysis. QC, QB, 
LN, TX, and AL wrote the manuscript. LN, TX, and HX designed 
the experiments.

Acknowledgments
This study was supported by the Science & Technology Project 

of Wenzhou City, China (Y20170205 and 2019Y0358); the Science 
and Technology Project of Lishui City, China (2017GYX07); the 
Science and Technology Foundation of Zhejiang Province, China 
(2015C33196); the Science & Technology Project of Inner Mon
golia Autonomous Region, China (201802125) and the Natural 
Science Foundation of Zhejiang Province, China (LQ17H190001 
and LY19C060002).

Conflict of interest
The authors do not report any financial or personal connections 

with other persons or organizations, which might negatively affect 
the contents of this publication and/or claim authorship rights to 
this publication.

Literature

Cock PJA, Antao T, Chang JT, Chapman BA, Cox CJ, Dalke A, 
Friedberg I, Hamelryck T, Kauff F, Wilczynski B, et al. Biopython: 
freely available Python tools for computational molecular biology 
and bioinformatics. Bioinformatics. 2009 Jun 01;25(11):1422–1423. 
https://doi.org/10.1093/bioinformatics/btp163
Ding Y, Teo JWP, Drautz-Moses DI, Schuster SC, Givskov  M, 
Yang L. Acquisition of resistance to carbapenem and macrolide-
mediated quorum sensing inhibition by Pseudomonas aeruginosa 
via ICETn43716385. Commun Biol. 2018 Dec;1(1):57.
https://doi.org/10.1038/s42003-018-0064-0
Dolejska M, Villa L, Poirel L, Nordmann P, Carattoli A. Com-
plete sequencing of an IncHI1 plasmid encoding the carbapenemase 
NDM-1, the ArmA 16S RNA methylase and a resistance-nodula-
tion-cell division/multidrug efflux pump. J Antimicrob Chemother. 
2013 Jan 01;68(1):34–39. https://doi.org/10.1093/jac/dks357
El Zowalaty ME, Al Thani AA, Webster TJ, El Zowalaty AE, 
Schweizer HP, Nasrallah GK, Marei HE, Ashour HM. Pseudomonas 
aeruginosa : arsenal of resistance mechanisms, decades of changing 
resistance profiles, and future antimicrobial therapies. Future Micro-
biol. 2015 Oct;10(10):1683–1706. https://doi.org/10.2217/fmb.15.48

Ero R, Kumar V, Su W, Gao YG. Ribosome protection by ABC‐F 
proteins – molecular mechanism and potential drug design. Protein 
Sci. 2019 Apr;28(4):684–693.
https://doi.org/10.1002/pro.3589
Fokkens WJ, Lund VJ, Mullol J, Bachert C, Alobid I, Baroody F, 
Cohen N, Cervin A, Douglas R, Gevaert P, et al. European posi-
tion paper on rhinosinusitis and nasal polyps 2012. Rhinol Suppl. 
2012 Mar;23(3):3, 1–298.
Fokkens W, Lund V, Mullol J; European Position Paper on Rhi-
nosinusitis and Nasal Polyps group. European position paper on 
rhinosinusitis and nasal polyps 2007. Rhinol Suppl. 2007;20:1–136.
Fyfe C, Grossman TH, Kerstein K, Sutcliffe J. Resistance to mac-
rolide antibiotics in public health pathogens. Cold Spring Harb 
Perspect Med. 2016 Oct;6(10):a025395.
https://doi.org/10.1101/cshperspect.a025395
Golkar T, Zieliński M, Berghuis AM. Look and Outlook on 
Enzyme-Mediated Macrolide Resistance. Front Microbiol. 2018 Aug 
20;9:1942. https://doi.org/10.3389/fmicb.2018.01942
Gomes C, Martínez-Puchol S, Palma N, Horna G, Ruiz-Roldán L, 
Pons MJ, Ruiz J. Macrolide resistance mechanisms in Enterobac­
teriaceae : focus on azithromycin. Crit Rev Microbiol. 2017 Jan 
02;43(1):1–30.
https://doi.org/10.3109/1040841X.2015.1136261
González-Plaza JJ, Šimatović A, Milaković M, Bielen A, Wich-
mann F, Udiković-Kolić N. Functional Repertoire of Antibiotic 
Resistance Genes in Antibiotic Manufacturing Effluents and Receiv-
ing Freshwater Sediments. Front Microbiol. 2018 Jan 17;8:2675.
https://doi.org/10.3389/fmicb.2017.02675
Ho PL, Lo WU, Yeung MK, Lin CH, Chow KH, Ang I, Tong AHY, 
Bao JYJ, Lok S, Lo JYC. Complete sequencing of pNDM-HK encod-
ing NDM-1 carbapenemase from a multidrug-resistant Escherichia 
coli strain isolated in Hong Kong. PLoS One. 2011 Mar 21;6(3): 
e17989. https://doi.org/10.1371/journal.pone.0017989
Huang X, Deng L, Lu G, He C, Wu P, Xie Z, Aqeel Ashraf  M. 
Research on the treatment of Pseudomonas aeruginosa pneumonia 
in children by macrolide antibiotics. Open Med. 2015 Jan 1;10(1): 
479–482. https://doi.org/10.1515/med-2015-0082
Janvier F, Otto MP, Jové T, Mille A, Contargyris C, Meaudre E, 
Brisou P, Plésiat P, Jeannot K. A case of multiple contamination 
with methylase ArmA-producing pathogens. J Antimicrob Chem-
other. 2017 Feb;72(2):618–620.
https://doi.org/10.1093/jac/dkw418
Kadlec K, Brenner Michael G, Sweeney MT, Brzuszkiewicz E, 
Liesegang H, Daniel R, Watts JL, Schwarz S. Molecular basis of 
macrolide, triamilide, and lincosamide resistance in Pasteurella mul­
tocida from bovine respiratory disease. Antimicrob Agents Chem-
other. 2011 May;55(5):2475–2477.
https://doi.org/10.1128/AAC.00092-11
Katoh K, Standley DM. MAFFT multiple sequence alignment soft-
ware version 7: improvements in performance and usability. Mol 
Biol Evol. 2013 Apr 01;30(4):772–780.
https://doi.org/10.1093/molbev/mst010
Kobayashi H. Biofilm disease: its clinical manifestation and thera-
peutic possibilities of macrolides. Am J Med. 1995 Dec;99(6) 6A: 
26s–30s. https://doi.org/10.1016/S0002-9343(99)80282-4
Li XZ, Barré N, Poole K. Influence of the MexA-MexB-OprM 
multidrug efflux system on expression of the MexC-MexD-OprJ 
and MexE-MexF-OprN multidrug efflux systems in Pseudomonas 
aeruginosa. J Antimicrob Chemother. 2000 Dec 1;46(6):885–893.
https://doi.org/10.1093/jac/46.6.885
Li Y, Mima T, Komori Y, Morita Y, Kuroda T, Mizushima T, 
Tsuchiya T. A new member of the tripartite multidrug efflux pumps, 
MexVW-OprM, in Pseudomonas aeruginosa. J Antimicrob Chem-
other. 2003 Sep 01;52(4):572–575.
https://doi.org/10.1093/jac/dkg390



Chen Q. et al. 3356

Madhusudhan KT, McLaughlin R, Komori N, Matsumoto H. Iden-
tification of a major protein upon phosphate starvation of Pseudo­
monas aeruginosa PAO1. J Basic Microbiol. 2003 Mar;43(1):36–46. 
https://doi.org/10.1002/jobm.200390002
Mitsuya Y, Kawai S, Kobayashi H. Influence of macrolides on 
guanosine diphospho-d-mannose dehydrogenase activity in Pseu­
domonas biofilm. J Infect Chemother. 2000;6(1):45–50. 
https://doi.org/10.1007/s101560050049
Miyoshi-Akiyama T, Tada T, Ohmagari N, Viet Hung N, Tharavi-
chitkul P, Pokhrel BM, Gniadkowski M, Shimojima M, Kirikae T. 
Emergence and spread of epidemic multidrug-resistant Pseudomonas 
aeruginosa. Genome Biol Evol. 2017 Dec 01;9(12):3238–3245. 
https://doi.org/10.1093/gbe/evx243
Mustafa MH, Khandekar S, Tunney MM, Elborn JS, Kahl BC, 
Denis O, Plésiat P, Traore H, Tulkens PM, Vanderbist F, et al. 
Acquired resistance to macrolides in Pseudomonas aeruginosa from 
cystic fibrosis patients. Eur Respir J. 2017 May;49(5):1601847.
https://doi.org/10.1183/13993003.01847-2016
Ning FG, Zhao XZ, Bian J, Zhang GA. Large-area burns with pan-
drug-resistant Pseudomonas aeruginosa infection and respiratory 
failure. Chin Med J (Engl). 2011 Feb;124(3):359–363.
Paterson DL. The epidemiological profile of infections with multi-
drug-resistant Pseudomonas aeruginosa and Acinetobacter species. 
Clin Infect Dis. 2006 Sep 01;43 Supplement_2:S43–S48.
https://doi.org/10.1086/504476
Pereyre S, Goret J, Bébéar C. Mycoplasma pneumoniae: Current 
knowledge on macrolide resistance and treatment. Front Microbiol. 
2016 Jun 22;7:974. https://doi.org/10.3389/fmicb.2016.00974
Poehlsgaard J, Douthwaite S. The bacterial ribosome as a target for 
antibiotics. Nat Rev Microbiol. 2005 Nov;3(11):870–881.
https://doi.org/10.1038/nrmicro1265
Roberts MC, Sutcliffe J, Courvalin P, Jensen LB, Rood J, Sep-
pala H. Nomenclature for macrolide and macrolide-lincosamide-
streptogramin B resistance determinants. Antimicrob Agents Chem-
other. 1999 Dec 01;43(12):2823–2830.
https://doi.org/10.1128/AAC.43.12.2823
Roberts MC. Update on macrolide-lincosamide-streptogramin, 
ketolide, and oxazolidinone resistance genes. FEMS Microbiol Lett. 
2008 May;282(2):147–159.
https://doi.org/10.1111/j.1574-6968.2008.01145.x
Schlüter A, Szczepanowski R, Kurz N, Schneiker S, Krahn  I, 
Pühler A. Erythromycin resistance-conferring plasmid pRSB105, 
isolated from a sewage treatment plant, harbors a new macrolide 
resistance determinant, an integron-containing Tn402-like element, 
and a large region of unknown function. Appl Environ Microbiol. 
2007 Mar 15;73(6):1952–1960.
https://doi.org/10.1128/AEM.02159-06

Strateva T, Yordanov D. Pseudomonas aeruginosa – a phenom-
enon of bacterial resistance. J Med Microbiol. 2009 Sep 01;58(9): 
1133–1148. https://doi.org/10.1099/jmm.0.009142-0
Tripathy S, Kumar N, Mohanty S, Samanta M, Mandal RN, 
Maiti NK. Characterisation of Pseudomonas aeruginosa isolated from 
freshwater culture systems. Microbiol Res. 2007 Sep;162(4):391–396.
https://doi.org/10.1016/j.micres.2006.08.005
Tu D, Blaha G, Moore PB, Steitz TA. Structures of MLSBK antibio
tics bound to mutated large ribosomal subunits provide a structural 
explanation for resistance. Cell. 2005 Apr;121(2):257–270.
https://doi.org/10.1016/j.cell.2005.02.005
van Hoek AHAM, Mevius D, Guerra B, Mullany P, Roberts AP, 
Aarts HJM. Acquired antibiotic resistance genes: an overview. Front 
Microbiol. 2011;2:203.
https://doi.org/10.3389/fmicb.2011.00203
Vester B, Douthwaite S. Macrolide resistance conferred by base 
substitutions in 23S rRNA. Antimicrob Agents Chemother. 2001 
Jan 01;45(1):1–12.
https://doi.org/10.1128/AAC.45.1.1-12.2001
Wang R, Liu H, Zhao X, Li J, Wan K. IncA/C plasmids conferring 
high azithromycin resistance in vibrio cholerae. Int J Antimicrob 
Agents. 2018 Jan;51(1):140–144.
https://doi.org/10.1016/j.ijantimicag.2017.09.009
Wekselman I, Zimmerman E, Davidovich C, Belousoff M, 
Matzov D, Krupkin M, Rozenberg H, Bashan A, Friedlander G, 
Kjeldgaard J, et al. The ribosomal protein uL22 modulates the shape 
of the protein exit tunnel. Structure. 2017 Aug;25(8):1233–1241.e3.
https://doi.org/10.1016/j.str.2017.06.004
Wu C, Lin C, Zhu X, Liu H, Zhou W, Lu J, Zhu L, Bao Q, Cheng C, 
Hu Y. The β-lactamase gene profile and a plasmid-carrying multiple 
heavy metal resistance genes of Enterobacter cloacae. Int J Genomics. 
2018 Dec 20;2018:1–12.
https://doi.org/10.1155/2018/4989602
Zhanel GG, Dueck M, Hoban DJ, Vercaigne LM, Embil JM, 
Gin AS, Karlowsky JA. Review of macrolides and ketolides: focus 
on respiratory tract infections. Drugs. 2001;61(4):443–498.
https://doi.org/10.2165/00003495-200161040-00003
Zhao J, Mu X, Zhu Y, Xi L, Xiao Z. Identification of an integron 
containing the quinolone resistance gene qnrA1 in Shewanella 
xiamenensis. FEMS Microbiol Lett. 2015 Sep;362(18):fnv146.
https://doi.org/10.1093/femsle/fnv146
Zhu XQ, Wang XM, Li H, Shang YH, Pan YS, Wu CM, Wang Y, 
Du XD, Shen JZ. Novel lnu(G) gene conferring resistance to lin-
comycin by nucleotidylation, located on Tn6260 from Enterococcus 
faecalis E531. J Antimicrob Chemother. 2017 Apr 1;72(4):993–997.

Supplementary materials are available on the journal’s website.


