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Abstract 

Background Pseudomonas aeruginosa is well known for its intrinsic ability to resist a wide range of antibiotics, thus 
complicates treatment. Thus, understanding the response of the pathogen to antibiotics is important for developing 
new therapies. In this study, proteomic response of P. aeruginosa to the commonly used anti-pseudomonas antibiot-
ics, ceftazidime (Caz) and meropenem (Mem) was investigated.

Methods P. aeruginosa ATCC 9027, an antibiotic-susceptible strain, was exposed to sub-MIC values of antibiot-
ics either Caz or Mem for 14 days to obtain E1 strains and then cultured in antibiotic-free environments for 10 days 
to obtain E2 strains. Proteomes of the initial and E1, E2 strains were identified and comparatively analyzed using 
isobaric tags for relative and absolute quantitation (iTRAQ) in cooperation with nano LC–MS/MS. Noted up and down-
regulated proteins were confirmed with quantitative reverse transcriptase PCR (qRT-PCR).

Results Overall, 1039 and 1041 proteins were identified in Caz and Mem-exposed strains, respectively. Upon antibi-
otic exposure, there were 7–10% up-regulated (Caz: 71, Mem: 85) and down-regulated (Caz: 106, Mem: 69) proteins 
(1.5-fold change cut-off ). For both Caz and Mem, the DEPs were primarily the ones involved in metabolic process, 
membrane, virulence, protein synthesis, and antibiotic resistance in which proteins involved in antibiotics resistance 
tended to be up-regulated while proteins involved in protein synthesis and metabolic process were down-regulated. 
Noted proteins included beta-lactamase AmpC which was up-regulated and OprD which was down-regulated 
in both the antibiotic-exposed strains. Besides, biofilm formation related proteins TssC1 and Hcp1 in Caz- exposed 
strains and the membrane/ periplasmic proteins Azu and PagL in Mem-exposed strains were found significantly 
down-regulated. qRT-PCR results confirmed the expression change of AmpC, Hcp1 and OprD proteins.

Conclusion Exposure of Pseudomonas aeruginosa to sub-MIC values of Caz and Mem resulted in around 10% change 
in its proteome. Not only proteins with confirmed roles in antibiotic resistance mechanisms changed their expression 
but also virulence- associated proteins. Both Caz and Mem response involved up-regulation of AmpC and down-
regulation of OprD. While TssC1 and Hcp1 were responsible for Caz response, Azu and PagL were more likely involved 
in Mem response.
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Background
Pseudomonas aeruginosa (P. aeruginosa) is a well-known 
opportunistic Gram-negative bacterium that is known 
to cause infections in plants and animals [1]. In humans, 
this pathogen rarely affects healthy individuals. How-
ever, it has a significant morbidity and mortality rate in 
immunocompromised and cystic fibrosis (CF) patients, 
causing roughly 20% of acute and chronic infections [2]. 
Additionally, it is also responsible for approximately 10% 
of all nosocomial infections [2]. Due to the growing drug 
resistance, standard antibiotic regimens against P. aerugi-
nosa are becoming increasingly ineffective [3].

Ceftazidime (Caz) and meropenem (Mem) are among 
standard anti-pseudomonas regimens. However resistant 
mechanisms of clinical P. aeruginosa are well recorded 
including altered membrane barrier, increased drug 
efflux pump, changed biofilm, resistant genes, and gene 
transfer [4–6]. Horizontal acquisition of beta-lactamases 
or altered expression of the chromosomal drug-induci-
ble wide-spectrum class C beta-lactamase AmpC is the 
cause of a considerable proportion of Caz resistance 
[7]. MexAB-OprM, MexCD-OprJ, MexEF-OprN, and 
MexXY-OprM are the four most common Mex efflux 
systems and overexpression of MexAB-OprM efflux 
pumps could be the major source of Caz resistance in P. 
aeruginosa [8]. Regarding Mem resistance, the interac-
tion between the efflux pump and porin D were impor-
tant mechanisms [6]. Despite numerous investigations 
into the antibiotic resistance of P. aeruginosa, the mecha-
nisms underlying the emergence of resistant traits, par-
ticularly in chronic infections remain unexplained [9].

Recently, the rapid development of novel proteomic 
technologies has allowed the detection of differential 
protein expression across samples in a single experi-
ment. Isobaric tags for relative and absolute quantitation 
(iTRAQ) assay is an advanced high-throughput quantita-
tive proteomics approach with excellent sensitivity that 
has been swiftly developed and widely utilized to explore 
the pathophysiology of a wide range of infectious patho-
gens and has been used to investigate a wide range of dis-
orders, including depression, cancer, and cardiovascular 
disease [10, 11]. In this study, the response of P. aerugi-
nosa to sub-MIC values of Caz and Mem was analyzed 
using comparative proteomic approach.

Materials and methods
Bacterial strains
P. aeruginosa ATCC 9027 (initial strain) was exposed 
to sub-MIC values of Caz and Mem by macro-dilution 
method in 24-well plate. The process was performed 
daily with the plate containing bacteria solution and the 
antibiotics diluted by the standard twofold dilution series 

in Muller-Hinton broth (MHB). The negative control 
(sterilized MHB) and the positive control (MHB and bac-
terial inoculum) were included in each plate. The plate 
was then incubated for 18 to 24 h at 37 °C. After that, the 
MIC value was recorded to evaluate the antibiotic resist-
ance development of P. aeruginosa under the influence of 
Caz and Mem. Daily samples were collected and stored 
in 30% glycerol TSB at -80  °C. The  14th day sample was 
designated as exposed-1 strain (Caz-E1, Mem-E1). The 
exposed-2 strain (Caz-E2, Mem-E2) was generated by 
cultivating the exposed-1 strain for 10 days in antibiotic-
free media [12].

Protein extraction and iTRAQ labeling
The bacteria protein was extracted by the sonication 
method and the concentration was measured by the 
Bradford kit. Briefly, cell pellets were collected from 
overnight broth culture by centrifugation at 13,000 rpm 
for 30  min at 4  °C. Cell membranes were disrupted by 
sonication and protein samples were collected after cen-
trifugation. Protein samples were quantitated using a 
Bradford Kit (Bio-Rad, Hercules, CA) and checked the 
quality by SDS-PAGE electrophoresis, then stored at 
–80 °C for further analysis.

Protein samples were sent to be analyzed by the 
National University of Singapore. Briefly, iTRAQ labeling 
was performed using an iTRAQ Reagent Kit (AB SCIEX, 
Foster City, CA) according to the manufacturer’s pro-
tocol. Trypsin was added to lyse the protein overnight. 
The protein was labeled with the eight iTRAQ® Rea-
gents – 8plex kit and incubated at room temperature. The 
iTRAQ-labelled mixture was desalted, purified, and ana-
lyzed by the liquid chromatography-tandem mass spec-
trometry (LC–MS/MS) and iTRAQ analysis.

Proteomic analysis
Raw MS/MS data were analyzed using Protein Pilot Soft-
ware 4.5 (AB SCIEX). Proteins were identified by search-
ing the Swiss-Prot/UniProt protein database. For protein 
identification, a threshold applied was > 0.05 (CI, 10%) 
with setting ProtScore at 2.0 and FDR 1%. For analysis 
of differentially expressed proteins (DEPs), the proteins 
were considered as DEPs if their iTRAQ ratios were > 1.5 
(upregulation) or < 0.667 (-1.5 after normalization: down-
regulation) in exposed strains compared with the initial P. 
aeruginosa ATCC 9027.

A Venn diagram was constructed to analyze the com-
mon DEPs among exposed strains. Gene Ontology (GO) 
analysis software (PANTHER; Version 11.0, Protein 
Analysis Through Evolutionary Relationships; http:// 
panth erdb. org) was used to evaluate the biological sig-
nificance of the DEPs. Information on protein–protein 
interactions (PPIs) of the studied proteins was retrieved 

http://pantherdb.org
http://pantherdb.org
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using the Search Tool for Retrieval of Interacting Genes/
Proteins software (STRING; http:// string- db. org/).

Quantitative RT‑qPCR
Noted DEPs identified via iTRAQ, were verified using 
RT-qPCR [13]. Briefly, total RNA was isolated by RNA 
isolation kit (New England Biolab, UK), according to the 
manufacturer’s protocol, cDNA was produced using the 
SensiFast cDNA synthesis kit (Meridan/Bioline, Canada). 
Primers (PHUSA Co, Vietnam) used in the study were 
listed in Table  1. Primers were designed using primer-
BLAST, checked with Primer3 and practically verified 
using gradient PCR. qRT-PCR was carried out with Sen-
siFast SYBR no-ROX (Meridan/Bioline, Canada) accord-
ing to the manufacturer’s protocol. Transcription values 
(Ct, cycle threshold) were analyzed as described in [14]. 
All experiments were done in triplicate. Foldchange and 
confidence level 95% CI (error bar) were calculated in MS 
Excel (Office 365, Microsoft Corporation) according to 
standard practice [15].

Results
Comparative proteome analysis of P. aeruginosa
In total, 1039 and 1041 proteins were identified in Caz 
and Mem-exposed strains, respectively. There were 
more down-regulated than up-regulated proteins (cut-
off, 1.5-fold change). In Caz-exposed strains, Caz-E1 
had 288 DEPs and Caz-E2 had 301 DEPs (see Fig. 1A). 
In addition, total 71 proteins were irreversibly up-
regulated, and 106 proteins were irreversibly down-
regulated after exposure to Caz. A total 281 DEPs were 
identified in Mem-E1 strain, including 155 that were 
down-regulated and 126 that were up-regulated. In 
Mem-E2 strain, there were only 235 DEPs, including 
121 proteins that were up-regulated and 114 proteins 
were down-regulated (see Fig. 1B).

GO annotation of the DEPs of Caz- and Mem-
exposed strains was classified into several categories 
and analyzed using Panther software. Similar DEP pro-
files were observed in both Caz- and Mem-exposed 
strains. Markedly changed DEPs involved in molecu-
lar functions, mostly in catalytic activity, binding, and 
structural molecule activity (Fig. 2A). The highest dif-
ference was found in proteins with catalytic activity 
( Caz-E1: 80, Caz-E2: 88, Mem-E1: 83, Mem-E2: 65). 
However, only in Mem-exposed strains, DEPs of tran-
scription regulators and molecular transducers were 
found. In addition, the Caz-E1 strain also did not have 
DEPs that are involved in signaling (Fig. 2B). The bio-
logical process annotation revealed that found DEPs 
were involved in four classes of GO terms, including 
cellular process and metabolic process, which were 
chemical reactions and pathways including anabolism 
and catabolism, small molecules transformation, and 
DNA repair and replication (Fig. 2).

Table 1 Primers used in qRT-PCR

Genes Sequence (5’‑3’)
(F: forward; R: reverse)

References

rpsL F- CGG CAC TGC GTA AGG TAT GC
R- CGT ACT TCG AAC GAC CCT GCT 

[16]

rpoD F- GGG CGA AGA AGG AAA TGG TC
R- CAG GTG GCG TAG GTG GAG AA

[17]

ampC F—CGG CGA CAT CAG CAA CAC C
R—CGA TGC TCG GGT TGG AAT AGA GGC 

[18]

mexA F- GGC GAC AAC GCG GCG AAG G
R- CCT TCT GCT TGA CGC CTT CCTGC 

[16]

oprD F- GGG CCG TTG AAG TCG GAG TA
R- GGC GAC AAC GCG GCG AAG G

[18]

hcp1 F-GAC GTC AAG GGT GAG TCC AAGG 
R-CAG GTT GGG CGT GGA CTT GTC 

[19]

Fig. 1 Comparison of DEPs found in Caz and Mem-exposed strains. A Total DEPs of Caz-exposed strains, B Total DEPs of Mem-exposed strains. 
Numbers of common DEPs were indicated at the intersections of the circles of the Venn diagram

http://string-db.org/
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Protein–protein interaction network among DEPs
DEPs were classified using GO and PPI analysis for 290 
DEPs of Caz-E1 (Fig. 3A), 308 DEPs of Caz-E2 (Fig. 3B), 
281 DEPs of Mem-E1 (Fig. 3C), and 237 DEPs of Mem-E2 
(Fig. 3D).

DEPs were mainly distributed in the ribosome, 
metabolism, DNA replication, regulation, and trans-
membrane transporter. These processes were all asso-
ciated with transmembrane transport and protein 
biosynthesis, indicating the importance of these pro-
cesses in Caz and Mem resistance in particular and 
antibiotic resistance in general.

Antibiotic resistance‑ related DEPs in Caz‑exposed 
and Mem‑exposed strains
 In both Caz-exposed and Mem-exposed, the prot-
eomic analysis indicated that there were DEPs directedly 
involved in antibiotic resistance.

Notable DEPs that were associated with antibiotic 
resistance in Caz and Mem-exposed strains were shown 
in Tables  2 and 3, respectively. They included beta-lac-
tamase AmpC, multidrug resistance proteins (MexA: 
Caz-E1_5.15, Mem-E1_9.73; MexB: Caz-E1_1.94, 
Mem-E1_2.54), which were  upregulated  and porin 
D (OprD: Caz-E1_-6.54, Mem-E1: -6.98) which  was 

Fig. 2 Classification of DEPs in Mem and Caz-exposed strains by (A). GO-Slim molecular function and (B). GO-Slim biological process. Annotation 
of DEPs was from PANTHER database



Page 5 of 9Ngo et al. Proteome Science           (2023) 21:15  

Fig. 3 Protein–protein interaction network for DEPs of (A). Caz-E1, (B). Caz-E2, (C). Mem-E1, and (D). Mem-E2. Only known interactions were 
included. Disconnected nodes were hidden. Information on protein–protein interaction was retrieved using the STRING database

Table 2 Some notable DEPs involved in antibiotic resistance in Caz-exposed strains

Accession # Name Caz‑E1 Caz‑E2

AMPC_PSEAE Beta-lactamase 20.32 12.47

MEXA_PSEAE Multidrug resistance protein MexA 5.15 4.74

MEXB_PSEAE Multidrug resistance protein MexB 2.54 1.57

Q9I0Y8_PSEAE Efflux pump membrane transporter 1.61 1.56

Q9HXU8_PSEAE Lipotoxon F 2.01 2.31

RECA_PSEAE Protein RecA -1.71 -4.88

PORD_PSEAE Porin D -6.54 -3.13

Q9HWW1_PSEAE Outer membrane protein OprG -5.70 -1.79

TSSC1_PSEAE Type VI secretion system sheath protein TssC1 -3.87 -3.34

HCP1_PSEAE Protein Hcp1 -18.18 -8.87
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down-regulated in the both antibiotic exposed strains. 
In addition, down-regulated proteins  were  Azu (Caz-
E1:1.02, Mem-E1: -4.70) and PagL (Caz-E1: -1.15, Mem-
E1: -4.17) in Mem-exposed strains and  TssC1 (Caz-E1: 
-3.87, Mem-E1: 1.54) and Hcp1 (Caz-E1: -18.18, Mem-
E1: -1.79) in Caz-exposed strains.

RT‑qPCR reflected proteomic changes
Four genes (oprD, mexA, ampC, and hcp1) from Caz-
E1 and Mem-E1 were selected for qRT-PCR analysis to 
quantify their transcriptional levels. Compared to the ini-
tial strain, there were decreases in oprD and hcp1 gene 
expression in Caz-E1 and Mem-E1 (see Table 4, Fig. 4). 
On the other hand, ampC and mexA results showed a 
slight increase in Caz-E1 but a decrease in Mem-E1 (see 
Table 4, Fig. 4). The expression level trend of oprD, mexA, 
ampC, and hcp1 was consistent in Caz-E1 between qRT-
PCR and proteomics results. In Mem-E1, expression 
level trend was in agreement between qRT-PCR and pro-
teomics results for oprD and hcp1 but not for mexA and 
ampC (Table 4, Fig. 4). These results suggested that pro-
tein abundance was also affected by post- transcriptional 
and translational modifications.

Discussions
Pseudomonas aeruginosa was a major opportunistic 
pathogen, causing a wide range of acute and chronic 
infections. Penicillins, carbapenems, monobactams, and 
cephalosporins were examples of beta-lactam antibiot-
ics that are important in the management of P. aerugi-
nosa infections. Noticeably, many P. aeruginosa isolates 
were resistant to beta-lactams, which complicated the 
management of infections and worsened patient out-
comes [21]. Our study was designed to use a proteomic 
approach to highlight the physiological responses of P. 
aeruginosa regarding Caz-resistant and Mem-resistance 
mechanisms. In contrast to conventional biochemi-
cal procedures that only analyzed one or a few specific 
proteins, iTRAQ analysis paired with LC–MS/MS was a 
non-targeted research strategy for gene expression and 
might track the expression of numerous genes directly at 
the protein level [12]. This approach could offer compre-
hensive insights into how global proteins express differ-
ently under various physiological. Concomitant analysis 

Table 3 Some notable DEPs involved in antibiotic resistance in 
Mem-exposed strains

Accession # Name Mem‑E1 Mem‑E2

AMPC_PSEAE Beta-lactamase 5.70 -5.34

MEXA_PSEAE Multidrug resistance protein 
MexA

2.54 4.21

MEXB_PSEAE Multidrug resistance protein 
MexB

1.94 1.91

OPRM_PSEAE Outer membrane protein OprM 3.80 2.51

Q9HXU8_PSEAE Lipotoxon F 5.11 4.41

Q9HZM1_PSEAE Probable tolQ-type transport 
protein

8.17 -1.07

PORD_PSEAE Porin D -6.54 -3.13

RECA_PSEAE Protein RecA -2.05 -1.16

AZUR_PSEAE Azurin -4.70 -1.51

PAGL_PSEAE Lipid A deacylase PagL -4.17 -1.22

Fig. 4 RT-qPCR analysis of selected genes in Caz-E1 and Mem-E1 strains. Fold change and confidence level 95% CI (error bar) were calculated using 
MS Excel. The average expression of housekeeping genes rspL and rpoD were used as the reference gene value [20]. Foldchange and confidence 
level 95% CI (error bar) were calculated in MS Excel according to standard practice [15]

Table 4 Comparison of normalized protein and mRNA fold 
change of Caz-E1 and Mem-E1 strains. Protein fold change was 
analyzed based on Itraq data. mRNA fold change was analyzed 
based on Ct values in RT-qPCR

Protein Protein fold change mRNA fold change

Caz‑E1 Mem‑E1 Caz‑E1 Mem‑E1

OprD -6.54 -6.98 -1.14 ± 1.30 -7.29 ± 0.72

MexA 5.15 9.73 1.05 ± 1.54 -2.25 ± 0.35

AmpC 20.32 5.7 2.16 ± 5.48 -1.20 ± 1.49

Hcp1 -18.18 -1.79 -1.39 ± 0.03 -10.47 ± 2.17
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of proteomic results from the Caz and Mem-exposed 
strains of P. aeruginosa facilitated our understanding of 
how this pathogen responds to Caz and Mem antibiotics.

The DEPs analysis showed a broad diversity of cellu-
lar functions which was affected the antibiotic exposure, 
including mainly the “metabolic process” and “cellular 
process”. One of notable DEPs is AmpC is found in both 
Caz and Mem response indicated its important role. In 
clinical bacterial isolate, the ampC mutation led to AmpC 
overproduction [22, 23]. In our study, the regulator for 
AmpC, including AmpR, AmpD, and AmpG was not 
identified among all strains. AmpC beta-lactamase was 
able to hydrolyze cephalosporins despite the low con-
centration of the substrate [24]. Furthermore, reduced 
number of porin entry channels or increased production 
of efflux pumps could reduce the antibiotic inflow and 
further enhance enzyme efficiency. Interestingly, in this 
study, AmpC upregulated significantly in Mem-E1 (5.70) 
when Mem presented in the culture then reduced mark-
edly in Mem-E2 (-5.34) when Mem was no longer in the 
culture. In contrast, in Caz response, AmpC was highly 
upregulated even when Caz was removed (Caz-E1: 20.32, 
Caz-E2: 12.47) (Fig. 5).

As mentioned earlier, membraned proteins included 
efflux pumps and porin have high impact on antibi-
otic resistance [25, 26]. In this study, OprD showed sig-
nificant down-regulation in Caz (Caz-E1: -6.54) and 

Mem-exposed (Mem-E1: -6.98) strains which well 
aligned with previous findings [23].

The Mex efflux pump system, MexAB, which were 
expressed together with OprM to form one of the most 
important efflux pumps of P. aeruginosa resulted in the 
ability of P. aeruginosa to resist multiple antibiotics and 
its overexpression confers cross-resistance or reduced 
susceptibility to several antibiotics [27]. In the present 
study, the MexAB-OprM was also found increased in Caz 
response in Pseudomonas aeruginosa.

LptF, outer membrane protein that involves in the 
adhesion to lung epithelia and resistance to reactive oxy-
gen species [28]. The up-regulation of LptF (Caz-E1: 2.01, 
Mem-E1: 5.11) contributed to the increase of virulence 
in the presence of beta-lactam antibiotics. Besides, the 
role of Tol-pal system (TolQ) and PhoP/PhoQ-induced 
Lipase/ Lipid A deacylase (PagL) is noticeble. Mem-E1 
showed the up-regulation in TolQ (Mem-E1: 8.17) and 
down-regulation in PagL (Mem-E1: -4.17, Mem-E2). 
TolQ and PagL were known to be involved in antibi-
otic resistance because of their ability in maintenance 
of outer membrane integrity in Gram-negative bacteria 
[29–31] (Fig. 5).

Two significantly decreased DEPs in Caz and Mem 
response were Hcp1 and TssC1 proteins which were 
components of the type VI (H1-T6SS) secretion sys-
tem. These proteins involved in biofilm formation and 

Fig. 5 Proposed mechanisms for the development of Caz and Mem resistance. The common resistance mechanisms in Caz and Mem response: 
1. Up-regulation of beta-lactamase AmpC, 2) Down-regulation of Porin D (OprD), 3) Up-regulation of efflux pump system (MexAB-OprM) and 4) 
Down-regulation of SOS response (RecA). The distinguished mechanisms: Type VI secretion proteins (TssC1 and Hcp1) showed their important role 
in Caz resistance, while Azurin (Azu) was important response in Mem resistance
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virulence of P. aeruginosa [32]. These proteins were 
observed to be significantly decreased in Caz-exposed 
and Mem-exposed strains. The clear decrease of Azu in 
Mem- exposed strains was seen not only in this study but 
also in a previous study working with polymyxin resist-
ance [33]  (Fig.  5). The role of this small electron donor 
protein in antibiotic resistance still remains unclear and 
should be further investigated.

Conclusions
In conclusion, most DEPs associated in antibiotic 
response were associated with stress responses, cellular 
components, metabolism, protein synthesis, and viru-
lence. Common proteomic response to Caz and Mem 
involved AmpC and OprD. While Azu and PagL were 
more likely involved in Mem response, TssC1 and Hcp1 
were responsible for Caz response.

Abbreviations
P. aeruginosa  Pseudomonas aeruginosa
ATCC   American type culture collection
iTRAQ  Isobaric tags for relative and absolute quantitation
LC–MS/MS  Liquid chromatography with tandem mass spectrometry
Caz  Ceftazidime
Mem  Meropenem
MHB  Mueller hilton broth
MHA  Mueller hilton agar
DEP  Differentially expressed protein
CF  Cystic fibrosis
PPI  Protein–protein interaction
qRT-PCR  Quantitative reverse transcriptase PCR
GO  Gene ontology

Authors’ contributions
H.L.N was responsible for Caz data and initiated the manuscript. T.Q.H., N.B.V.T, 
and N.H.B.N were responsible for Mem data. T.H.T, T.T.L.T, V.D.N. involved in data 
analysis. P.P.D, T.K.L, and Q.L worked on generating proteomic data. Q.L and 
T.T.H.N designed the study, analyzed the data and revised the manuscript. All 
authors read and approved the final manuscript.

Funding
This research is funded by Vietnam National Foundation for Science and Tech-
nology Development (NAFOSTED) under grant number 108.04–2018.08.

Availability of data and materials
The datasets used and/or analysed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 School of Biotechnology, International University, Ho Chi Minh City, Vietnam. 
2 Viet Nam National University Ho Chi Minh City, Ho Chi Minh City, Vietnam. 
3 Research Center for Infectious Diseases, International University, Ho Chi Minh 
City, Vietnam. 4 Department of Biological Sciences, Protein and Proteomics 
Centre, National University of Singapore, Singapore, Singapore. 

Received: 22 July 2023   Accepted: 12 September 2023

References
 1. Saghai-Maroof MA, Soliman KM, Jorgensen RA, Allard RW. Ribosomal 

DNA spacer-length polymorphisms in barley: mendelian inheritance, 
chromosomal location, and population dynamics. Proceedings of the 
National Academy of Sciences [Internet]. 1984 Dec 1;81(24):8014. Avail-
able from: http:// www. pnas. org/ conte nt/ 81/ 24/ 8014. abstr act

 2. Sadikot RT, Blackwell TS, Christman JW, Prince AS. Pathogen-host interac-
tions in Pseudomonas aeruginosa pneumonia. Am J Respir Crit Care Med. 
2005;171(11):1209–23.

 3. Chatterjee M, Anju CP, Biswas L, Anil Kumar V, Gopi Mohan C, Biswas R. 
Antibiotic resistance in Pseudomonas aeruginosa and alternative thera-
peutic options. Int J Med Microbiol. 2016;306(1):48–58.

 4. Moyá B, Beceiro A, Cabot G, Juan C, Zamorano L, Alberti S, et al. Pan-
β-lactam resistance development in Pseudomonas aeruginosa clinical 
strains: Molecular mechanisms, penicillin-binding protein profiles, and 
binding affinities. Antimicrob Agents Chemother. 2012;56(9):4771–8.

 5. Castanheira M, Doyle TB, Smith CJ, Mendes RE, Sader HS. Combination 
of MexAB-OprM overexpression and mutations in efflux regulators, PBPs 
and chaperone proteins is responsible for ceftazidime/avibactam resist-
ance in Pseudomonas aeruginosa clinical isolates from US hospitals. J 
Antimicrob Chemother. 2019;74(9):2588–95.

 6. Ko¨hler T, Ko¨hler K, Michea-Hamzehpour M, Epp SF, Pechere JC. Carbap-
enem Activities against Pseudomonas aeruginosa: Respective Contribu-
tions of OprD and Efflux Systems [Internet]. Vol. 43. 1999. Available from: 
http:// www. inter chg. ubc. ca/ bobh/

 7. Kos VN, McLaughlin RE, Gardner HA. Elucidation of mechanisms of ceftazi-
dime resistance among clinical isolates of pseudomonas aeruginosa by 
using genomic data. Antimicrob Agents Chemother. 2016;60(6):3856–61.

 8. Poole K. Efflux pumps as antimicrobial resistance mechanisms. Annals 
Medicine. 2007;39:162–76.

 9. Nolan C, Behrends V. Sub-Inhibitory Antibiotic Exposure and Virulence in 
Pseudomonas aeruginosa. Antibiotics (Basel). 2021;10(11):1393.

 10. Wang Y, Arthur EW, Liu N, Li X, Xiang W, Maxwell A, et al. iTRAQ-Based Quanti-
tative Proteomics Analysis of HeLa Cells Infected With Chlamydia muridarum 
TC0668 Mutant and Wild-Type Strains. Front Microbiol. 2019;7:10.

 11. Karlowsky JA, Kazmierczak KM, Bouchillon SK, de Jonge BLM, Stone GG, 
Sahm DF. In Vitro Activity of Ceftazidime-Avibactam against Clinical 
Isolates of Enterobacteriaceae and Pseudomonas aeruginosa Collected 
in Latin American Countries: Results from the INFORM global surveillance 
program, 2012 to 2015, vol. 63. Antimicrobial Agents and Chemotherapy: 
American Society for Microbiology; 2019.

 12. Yang N, Liu Y, He P, Ke R, Zhao Y, Feng Y, et al. ITRAQ-based differential 
proteomic analysis reveals the pathways associated with tigecy-
cline resistance in acinetobacter baumannii. Cell Physiol Biochem. 
2018;51(3):1327–39.

 13. Nolan T, Hands RE, Bustin SA. Quantification of mRNA using real-time RT-
PCR. Nat Protoc [Internet]. 2006;1(3):1559–82. Available from: https:// doi. 
org/ 10. 1038/ nprot. 2006. 236

 14. Riedel G, Rüdrich U, Fekete-Drimusz N, Manns MP, Vondran FWR, Bock 
M. An Extended ΔCT-Method Facilitating Normalisation with Multiple 
Reference Genes Suited for Quantitative RT-PCR Analyses of Human 
Hepatocyte-Like Cells. PLoS One [Internet]. 2014 Mar 21;9(3):e93031-. 
Available from: https:// doi. org/ 10. 1371/ journ al. pone. 00930 31

 15. Kumar A, Lorand D. Robust ΔΔct estimate. Genomics. 2021;113(1):420–7.
 16. Horna G, López M, Guerra H, Saénz Y, Ruiz J. Interplay between MexAB-

OprM and MexEF-OprN in clinical isolates of Pseudomonas aeruginosa. 
Sci Rep. 2018;8(1):16463.

 17. Savli H, Karadenizli A, Kolayli F, Gundes S, Ozbek U, Vahaboglu H. Expres-
sion stability of six housekeeping genes: A proposal for resistance gene 
quantification studies of Pseudomonas aeruginosa by real-time quantita-
tive RT-PCR. J Med Microbiol. 2003;52(5):403–8.

 18. Tomás M, Doumith M, Warner M, Turton JF, Beceiro A, Bou G, et al. Efflux 
pumps, OprD porin, AmpC β-lactamase, and multiresistance in Pseu-
domonas aeruginosa isolates from cystic fibrosis patients. Antimicrob 
Agents Chemother. 2010;54(5):2219–24.

http://www.pnas.org/content/81/24/8014.abstract
http://www.interchg.ubc.ca/bobh/
https://doi.org/10.1038/nprot.2006.236
https://doi.org/10.1038/nprot.2006.236
https://doi.org/10.1371/journal.pone.0093031


Page 9 of 9Ngo et al. Proteome Science           (2023) 21:15  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 19. Dadashi M, Chen L, Nasimian A, Ghavami S, Duan K. Putative RNA Ligase 
RtcB Affects the Switch between T6SS and T3SS in Pseudomonas aerugi-
nosa. Int J Mol Sci. 2021;22(22):12561.

 20. Remans T, Keunen E, Bex GJ, Smeets K, Vangronsveld J, Cuypers A. Reli-
able gene expression analysis by reverse transcription-quantitative PCR: 
Reporting and minimizing the uncertainty in data accuracy. Plant Cell. 
2014;26(10):3829–37.

 21. Glen KA, Lamont IL. pathogens β-lactam Resistance in Pseudomonas 
aeruginosa: Current Status, Future Prospects. 2021 [cited 2022 Sep 27]; 
Available from: https:// doi. org/ 10. 3390/ patho gens1 01216 38

 22. Schmidtke AJ, Hanson ND. Model system to evaluate the effect of ampD 
mutations on AmpC-mediated β-lactam resistance. Antimicrob Agents 
Chemother. 2006;50(6):2030–7.

 23. Hansen GT. Continuous Evolution: Perspective on the Epidemiology of 
Carbapenemase Resistance Among Enterobacterales and Other Gram-
Negative Bacteria. Infect Dis Ther. 2021;10(1):75–92.

 24. Toth M, Antunes NT, Stewart NK, Frase H, Bhattacharya M, Smith CA, et al. 
Class D β-lactamases do exist in Gram-positive bacteria. Nat Chem Biol. 
2016;12(1):9–14.

 25. Delcour AH. Outer membrane permeability and antibiotic resistance. 
Biochim Biophys Acta. 2009;1794(5):808–16.

 26. Hirakawa H, Yan A, Kumar S, Nishino K, Yamasaki S, Nakashima R, et al. 
Function and Inhibitory Mechanisms of Multidrug Efflux Pumps. 2021; 
Available from: www. front iersin. org

 27. Pan Y ping, Xu Y hong, Wang Z xin, Fang Y ping, Shen J lu. Overexpression 
of MexAB-OprM efflux pump in carbapenem-resistant Pseudomonas 
aeruginosa. Arch Microbiol [Internet]. 2016;198(6):565–71. Available from: 
https:// doi. org/ 10. 1007/ s00203- 016- 1215-7

 28. Digital Scholar Theses M, Heath Damron F. Regulation of Alginate Produc-
tion of Pseudomonas Aeruginosa Pseudomonas aeruginosa [Internet]. 
2009. Available from: http:// mds. marsh all. edu/ etd

 29. Mari´ M, Llamas MA, Ramos JL, Rodri´guez JJ, Rodri´guez-Herva R. Muta-
tions in Each of the tol Genes of Pseudomonas putida Reveal that They 
Are Critical for Maintenance of Outer Membrane Stability [Internet]. Vol. 
182, JOURNAL OF BACTERIOLOGY. 2000. Available from: https:// journ als. 
asm. org/ journ al/ jb

 30. Dennis JJ, Lafontaine ER, Sokol PA. Identification and Characterization 
of the tolQRA Genes of Pseudomonas aeruginosa [Internet]. Vol. 178, 
JOURNAL OF BACTERIOLOGY. 1996. Available from: https:// journ als. asm. 
org/ journ al/ jb

 31. Hoa Binh Nguyen N, Thuy Vy Pham T, Quyen Huynh T, Hiep Nguyen T, Thu 
Hoai Nguyen T. SAMPLE PREPARATIVE PROCEDURE FOR PSEUDOMONAS 
AERUGINOSA OBSERVATION UNDER SCANNING ELECTRON MICROSCOPE. 
Vietnam J Biotechnol. 2022;20(4):717–26.

 32. Zhang L, Hinz AJ, Nadeau JP, Mah TF. Pseudomonas aeruginosa tssC1 links 
type VI secretion and biofilm-specific antibiotic resistance. J Bacteriol. 
2011;193:5510–3.

 33. Gutu AD, Sgambati N, Strasbourger P, Brannon MK, Jacobs MA, Haugen 
E, et al. Polymyxin resistance of Pseudomonas aeruginosa phoQ mutants 
is dependent on additional two-component regulatory systems. Antimi-
crob Agents Chemother. 2013;57(5):2204–15.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.3390/pathogens10121638
http://www.frontiersin.org
https://doi.org/10.1007/s00203-016-1215-7
http://mds.marshall.edu/etd
https://journals.asm.org/journal/jb
https://journals.asm.org/journal/jb
https://journals.asm.org/journal/jb
https://journals.asm.org/journal/jb

	Proteomic analysis of ceftazidime and meropenem-exposed Pseudomonas aeruginosa ATCC 9027
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Background
	Materials and methods
	Bacterial strains
	Protein extraction and iTRAQ labeling
	Proteomic analysis
	Quantitative RT-qPCR

	Results
	Comparative proteome analysis of P. aeruginosa
	Protein–protein interaction network among DEPs
	Antibiotic resistance- related DEPs in Caz-exposed and Mem-exposed strains
	RT-qPCR reflected proteomic changes


	Discussions
	Conclusions
	References


