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Objectives: Identify molecular mechanisms responsible for the in vitro non-

susceptibility to ceftolozane/tazobactam (TOL) in a group of 158 clinical 

isolates of Pseudomonas aeruginosa from five Latin American countries 

collected before the introduction of TOL into the clinical practice.

Methods: Clinical isolates of P. aeruginosa (n = 504) were collected between 

January 2016 and October 2017 from 20 hospitals located in Argentina, Brazil, 

Chile, Colombia, and Mexico. Minimum inhibitory concentrations (MICs) to TOL 

were determined by standard broth microdilution and interpreted according 

to CLSI breakpoints. Initially, production of carbapenemases in TOL non-

susceptible isolates was assessed by Rapidec® followed by qPCR to detect 

blaKPC, blaNDM-1, blaVIM, and blaIMP. Illumina® WGS was performed for isolates in 

which non-susceptibility to TOL was not mediated by carbapenemases.

Results: A total of 158 (31.3%) isolates were non-susceptible to TOL. In 

74 (46.8%) of these isolates, non-susceptibility to TOL was explained by 

the production of at least one carbapenemase. WGS revealed that some 

isolates carried ESBLs, mutated blaPDC and ampD, associated with decreased 

susceptibility to TOL.
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Conclusion: Substitutions found in PDC and carbapenemase production were 

the most common presumed mechanisms of resistance to TOL detected in 

this study. This study shows that epidemiological surveillance is warranted to 

monitor the emergence of novel mechanisms of resistance to TOL that might 

compromise its clinical utility.
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Introduction

Increased bacterial resistance to antibiotics in conjunction with 
the lack of new drugs has become a major public health concern 
worldwide. This is especially worrisome in the case of Pseudomonas 
aeruginosa, a non-fermenter Gram-negative bacillus recognized by 
its ability to become resistant to multiple drugs, by simultaneously 
expressing multiple enzymatic and non-enzymatic mechanisms of 
resistance (Pang et al., 2019). The lack of therapeutic alternatives 
means that infections caused by these multidrug resistant (MDR) 
bacteria pose a considerable threat regarding morbidity and 
mortality worldwide (Mesaros et al., 2007).

Ceftolozane/tazobactam (TOL) is a combination of a fifth-
generation cephalosporin with a well-known β-lactamase inhibitor 
(Liscio et al., 2015). Ceftolozane exhibits a high affinity for penicillin 
binding proteins PBP1b, PBP1c, and PBP3, improved outer 
membrane permeability, increased stability against efflux and 
enhanced stability against chromosomal AmpC β-lactamase, 
resulting in potent in vitro activity against P. aeruginosa (Bush and 
Bradford, 2016). However, due to the inability of tazobactam to 
inhibit carbapenemases, TOL is not active against carbapenemase 
producers (Yahav et al., 2021). Besides this intrinsic liability, other 
resistance mechanisms to TOL have been described. Among these, 
mutational derepression of ampC, the gene encoding the inducible 
Pseudomonas-derived cephalosporinase (PDC) β-lactamase, is one 
of the most frequently reported. Genes involved in ampC 
overexpression include ampR, ampG, ampD, and dacB (Cabot et al., 
2014). Substitutions in the regulator AmpR (e.g., D135N/G) have 
been associated with the development of high-level resistance to TOL 
(Fournier et al., 2021). Resistance to TOL has also been described in 
P. aeruginosa strains producing PDC with improved catalytic activity 
toward ceftolozane, due to substitutions at the Ω-loop (F147L, 
Q157R, G183D, V211A, G214R, E219K, E219G, Y221H, E247K, or 
V356I; Cabot et al., 2014). Ceftolozane activity does not seem to 
be significantly impaired by active efflux mechanisms such as the 
Mex pumps (Takeda et al., 2007).

Herein, we describe the molecular mechanisms of resistance 
to TOL present in clinical isolates of P. aeruginosa recovered in  
20 different hospitals in 5 Latin American countries prior to  
the introduction of this antibiotic combination into the 
clinical practice.

Materials and methods

Bacterial isolates and susceptibility 
testing

This study was conducted on 504 clinical isolates of 
P. aeruginosa with the so called multidrug resistant (MDR) 
phenotype. Isolates were collected from 20 medical institutions 
located in Colombia, Brazil, Argentina, Chile, and Mexico from 
January 2016 to October 2017, prior to the introduction of TOL 
into the clinical practice in these countries. MDR was defined by 
non-susceptibility to ≥1 agent in ≥3 classes that are typically 
active against P. aeruginosa (Magiorakos et al., 2012).

Bacterial identification was performed using the MALDI-TOF 
MS system (BioMérieux, France). Minimum inhibitory 
concentrations (MICs) for TOL were determined by broth 
microdilution, following the guidelines of the Clinical and 
Laboratory Standard Institute (CLSI) M100 (CLSI, 2021). 
Escherichia coli ATCC 25922 and P. aeruginosa ATCC 27853 were 
used as controls.

Characterization of resistance 
mechanisms

Presence of carbapenemases in TOL non-susceptible 
P. aeruginosa isolates (MIC ≥ 8/4) was determined by Rapidec® 
Carba-NP test (BioMérieux, France), following manufacturer’s 
protocol and, molecular detection of carbapenemases was 
performed on all Carba-NP-positive isolates by in-house qPCR 
assays targeting genes encoding the following groups of 
carbapenemases: KPC, NDM, VIM, and IMP (Correa et al., 2015). 
P. aeruginosa isolates that were non-susceptible to TOL and did 
not harbor any of these carbapenemases, were randomly selected 
to undergo whole genome sequencing (WGS).

WGS analysis

Genomic DNA was extracted using DNeasy Blood and Tissue Kit 
(Qiagen, Hilden, Germany). DNA quality was verified by agarose gel 
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electrophoresis and quantified using Qubit 2.0 fluorometer 
(Invitrogen, Life Technologies Italia, Monza, Italy). Paired-end 
libraries were prepared from 1 ng of total bacterial DNA using 
Nextera XT DNA Sample Preparation kit and Nextera XT Index kit 
(Illumina Inc., San Diego, CA). Library concentration and average 
fragment size were calculated by Qubit 2.0 fluorometer and Agilent 
2100 bioanalyzer (Agilent technologies, Santa Clara, CA), respectively. 
Sequences were obtained on the Illumina MiSeq platform with 300 nt 
paired end reads to achieve a coverage of about 80X per base, using 
MiSeq V3 flow cell. Raw reads underwent a series of steps for quality 
filtering which included a general quality check and the trimming of 
low-quality ends. de novo assembly were performed using Spades 
v3.13 software (Bankevich et al., 2012). Annotation was done by using 
RAST server, and the presence of resistance determinants were 
determined by BLAST tool and ResFinder database (Zankari et al., 
2012). The genome of P. aeruginosa PAO1 (GenBank ID: 
NC_002516.2) was used as reference to look for known substitutions 
associated with TOL resistance in AmpC and its regulators, AmpR, 
AmpG, AmpR, AmpD, and DacB. MLST 1.8 server1 was used to 
perform MLST of P. aeruginosa isolates, based on the seven 
housekeeping genes (acsA, aroE, guaA, mutL, nuoD, ppsA, and trpE), 
as previously described (Larsen et al., 2012). The pangenome of the 
isolates was determined with Roary v3.13.0 (Seemann, 2014). A 
maximum likelihood (ML) phylogenetic tree using a core genome 
definition of 99% was performed with RAxML 8.2.12 (Stamatakis, 
2014) with 400 bootstrap iterations using a general time reversible 
(GTR) substitution model with four gamma rate categories. 
Recombination events were assessed with Clonal Frame ML v1.12, 
using the core genome alignment and the ML tree (Didelot and 
Wilson, 2015). All phylogenomic trees were visualized with the 
interactive Tree Of Life (iTOL) v6 tool (Letunic and Bork, 2021).

Results

Among 504 P. aeruginosa isolates recovered in 5 Latin  
American countries, 228 (45.2%) were not susceptible to 
piperacillin-tazobactam, 295 (58.5%) were not susceptible to 

1 https://cge.cbs.dtu.dk/services/pMLST/

ceftazidime, 232 (46%) were non-susceptible to cefepime, and 158 
(31.3%) were non-susceptible to TOL. The complete susceptibility 
profile of these isolates was previously published (García-Betancur 
et al., 2022). From the TOL non-susceptible isolates, the Rapidec® 
Carba-NP detected the production of a carbapenemase in 74 
(46.8%) isolates. Results from the carbapenemase identification by 
qPCR performed on these 74 strains are shown in Table 1. TOL 
non-susceptibility in all these isolates was explained by the presence 
of at least one carbapenemase: KPC (n = 31), VIM (n = 32), IMP 
(n = 3), KPC + VIM (n = 7), and SPM (n = 1). From the remaining 
84 isolates, 57 (67.8%) were randomly chosen to be sequenced.

A summary of the resistome encoded by the 57 sequenced 
isolates is presented in Supplementary File 1. As expected, in all 
isolates the genes of the chromosomally-encoded β-lactamases PDC 
and OXA-50/PoxB were found; among the acquired β-lactamases 
genes blaOXA-2, blaOXA-4, blaOXA-101, blaPER-1, blaPER-1, blaGES-19, and blaGES-20 
were detected in 12, 6, 1, 1, 1, 5, and 1 isolates, respectively. One 
isolate harbored both blaOXA-4 and blaPER-1, whereas five isolates 
carried blaOXA-2 and blaGES-19 genes. Interestingly, one isolate harbored 
blaGES-19 and blaGES-20 in tandem. Analysis of the inferred amino acid 
sequence revealed that the most common PDC was PDC-3 (n = 18) 
followed by PDC-1 (n = 9), PDC-35 (n = 7), PDC-37 (n = 6), 
PDC-19a (n = 4), PDC-5 (n = 3), PDC-8 and PDC-16 (n = 2 each). 
PDC-11, PDC-24, PDC-33, PDC-64, PDC-67, and PDC-6 were 
each produced by one isolate (Figure 1).

Substitutions in PDC previously associated with decreased 
susceptibility to TOL, namely G1D, T79A, V179L, V329I, and 
G364A, were found in 20, 54, 22, 13, and 23 isolates, respectively. 
Twelve isolates were found to harbor all five mutations (G1D, 
T79A, V178L, V329I, and G364A), and 8 harbored four of these 
changes (G1D, T79A, V179L, and G364A). Only one isolate had 
mutation in V211A accompanied by T79A and G364A. On the 
other hand, AmpR substitutions E114A, G283E, and M288R were 
detected in 6, 20, and 21 isolates, respectively. Only four isolates 
carried all three mutations. Lastly, the mechanisms of resistance 
to TOL of isolate 40PAE could not be inferred, as mutations in the 
genes associated to TOL resistance (ampC, ampR, ampD, ampG, 
PBP3, and PBP4) were not identified. An overall summary of the 
results per country is provided in Figure 2.

As for the molecular epidemiology of the sequenced strains, in 
silico multilocus sequence typing (MLST) revealed the circulation of 

TABLE 1 Phenotypic and molecular screening of carbapenemases in 74 TOL non-susceptible clinical isolates of Pseudomonas aeruginosa from 5 
Latin American countries.

Country Number of 
isolates

TOL NS 
(%)

Carba-NP 
(+)

PCR (+)

blaKPC blaVIM blaKPC + blaVIM blaIMP blaSPM

Argentina 30 9 (30%) 2 0 0 0 2 0

Brazil 40 12 (30%) 2 1 0 0 0 1

Chile 62 12 (19,3) 7 3 4 0 0 0

Colombia 246 82 (33,3%) 58 27 24 7 0 0

Mexico 126 43 (34,1%) 5 0 4 0 1 0
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32 different sequence types (STs), including the high-risk clones 
ST235 and ST111, alongside several new STs. However, a predominant 
ST or clonal complex was not identified, as can be seen in Figure 3.

Discussion

Pseudomonas aeruginosa is a leading nosocomial pathogen 
with a remarkable ability to develop resistance. Consequently, the 
emergence of strains displaying the MDR phenotype is a serious 
public health threat that affects patients in specialized units such 

as intensive care units, hematology-oncology wards or burn units 
(Magiorakos et al., 2012; García-Betancur et al., 2021).

Ceftolozane is a novel expanded-spectrum cephalosporin, 
developed with the intention of being a powerful antipseudomonal 
β-lactam antibiotic. Structurally, ceftolozane is closely related to 
ceftazidime, which is a “first-line” treatment of P. aeruginosa 
infections, and also targets primarily PBP3 (Moyá et al., 2012). Its 
innovative design is intended to make the molecule stable to the 
hydrolysis by PDC, the chromosomally encoded class C 
β-lactamase of P. aeruginosa (Takeda et al., 2007). However, as 
with other oxyimino-cephalosporins, ceftolozane is labile to the 

FIGURE 1

Principal phenotypic and genomic characteristics of the Pseudomonas aeruginosa TOL-resistant isolates sequenced. Black squares mean 
presence, white squares mean absence.
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hydrolysis by some class A extended-spectrum β-lactamases (ESBLs) 
such as PER and GES, but not CTX-M-type enzymes; class D ESBLs 
(e.g., OXA-2 and OXA-10-like enzymes); and class A and B 
carbapenemases like KPC-, VIM-, IMP-, and NDM-like enzymes, all 
of which have been described in P. aeruginosa (Rodríguez-Martínez 
et al., 2009; Livermore et al., 2010; Ortiz De La Rosa et al., 2019). 
Tazobactam is a penicillin-based sulfone derivative β-lactamase 
inhibitor that inactivates most class A β-lactamases (e.g., CTX-M), 
with variable activity against class C and class D β-lactamases 
(Aronoff et al., 1984; Bush and Jacoby, 2010). Tazobactam do not 
inhibit any carbapenemase (Drawz and Bonomo, 2010).

Given this profile, TOL is not expected to be active against 
P. aeruginosa isolates that carry classes A or B carbapenemases, or 
classes A, C, and D ESBLs that are not readily inhibited by 
tazobactam (e.g., GES-6, PER-1, FOX-4, and OXA-539). 
Accordingly, 74 (46.8%) of our TOL resistant isolates were positive 
for the presence of at least one carbapenemase, mainly KPC and 
VIM. Of note, seven (9.5%) isolates from Colombia carried 
simultaneously KPC and VIM carbapenemases. Our group 
identified P. aeruginosa isolates co-harboring KPC and VIM for 
the first time in 2012, and according to local surveillance studies, 
strains co-producing these two carbapenemases and belonging to 
different STs have continuing spreading throughout the country 
(Villegas et al., 2007; Vanegas et al., 2014; Pacheco et al., 2019; 
Rada et al., 2021).

Resistance to TOL in isolates that do not carry carbapenemases 
is frequently mediated by amino acid substitutions, insertions, 
and/or deletions in PDC. To date, over 300 PDC variants have 
been reported.2 Several PDC variants such as PDC-50 (V213A); 
PDC-74, PDC-75, and PDC-78 (G216R); PDC-79 and PDC-86 
(E221K); PDC-80 (E221G); and PDC-85 (Y223H) originally 

2 https://arpbigidisba.com

identified in highly MDR P. aeruginosa clinical isolates conferred 
resistance to several antibiotics, including TOL (Berrazeg et al., 
2015). However, none of those PDC variants were found in our 
study. Some other PDC substitutions previously reported 
associated with TOL non-susceptibility G1D, T79A, V179L, 
V329I, and G364A were found in 20, 54, 22, 13, and 23 isolates, 
respectively. Twelve isolates were found to harbor all five 
mutations, and 8 isolates harbor four mutations (G1D, T79A, 
V179L, and G364A). High-level resistance to TOL has been 
reported in isolates overexpressing mutated blaPDC presenting 
multiple substitutions that result in structural modifications in the 
enzyme (Cabot et al., 2014).

Another successful way to attain TOL resistance is through 
overexpression of blaPDC. De-repression of blaPDC can result from 
mutations in the genes involved in its regulation, namely ampR, 
ampG, and ampD. P. aeruginosa isolates overproducing PDC have 
been shown to have elevated TOL MICs (Papp-Wallace et al., 2020). 
The G154R and D135N/G substitutions in AmpR have been shown 
to drive PDC overexpression, leading to TOL resistance (Cabot 
et al., 2014). We did not find these mutations in our isolates. Instead, 
AmpR substitutions E114A, G283E, and M288R were detected in 6, 
20, and 21 isolates, respectively. Only four isolates carried all three 
mutations. Further studies are needed to determine the effect of 
these substitutions, individually and collectively, on the levels of 
PDC production and TOL resistance. Alternatively, mutational 
inactivation of ampD genes have been commonly documented to 
lead to blaPDC hyperexpression (Papp-Wallace et  al., 2020). One 
isolate showed frameshifts in the ampD gene and eight had 
premature stop codon in H157. The H157R substitution in AmpD 
has been previously reported in P. aeruginosa isolates resistant to 
TOL and ceftazidime-avibactam (Juan et al., 2006; Zamudio et al., 
2019). In vitro studies have shown that specific mutations in PBP3 
(encoded by ftsI) and PBP4 (encoded by dacB) play a role in the 
emergence of β-lactam resistance. In specific, TOL resistance has 

FIGURE 2

Overview of the molecular mechanisms leading to TOL resistance in clinical isolates of Pseudomonas aeruginosa collected in five Latin American 
countries.
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been associated with the R504C/R504H and F533L substitutions in 
PBP3. However, we did not find any of these substitutions in our 
isolate. Instead, 11 isolates had a N117S substitution, which has not 
been reported associated with TOL resistance. Further studies are 
required to determine the consequence of that PBP3 substitution in 
ß-lactams binding. Finally, none of our isolates carried any mutated 
PBP-2 or PBP-4.

ESBLs have also been associated with decreased 
susceptibility to TOL. Indeed, ESBLs such as GES-like, PER-1, 
BEL-1, BEL-2, and VEB-1, and some OXA enzymes like OXA-2 
variants, OXA-10, and OXA-14 can significantly affect the 
efficacy of TOL (Vanegas et al., 2014; Rada et al., 2021). In this 
study only two isolates, one from Argentina and one from Chile 
were found to carry PER-1 and PER-3, respectively. In the case 
of the Argentinian strain (isolate 4PAE), it also harbored a 
mutated blaPDC that leads to the T79A substitution, previously 
associated with decreased susceptibility to TOL. Of notice, 
we  identified five strains carrying blaGES, all of them from 

Mexico. Genes encoding ESBL GES-19 and carbapenemase 
GES-20 are of high prevalence among imipenem resistant 
P. aeruginosa in that country (Garza-Ramos et al., 2015). As 
mentioned before, we found one isolate harboring blaGES-19 and 
blaGES-20 displaying high-level resistance to TOL (isolate 43PAE; 
MIC > 128 mg/L). P. aeruginosa strains belonging to the ST309 
producing GES-19 and GES-26 have been reported displaying 
resistance to TOL in Mexico (Khan et al., 2019). In this study, 
we found one strain from Mexico belonging to the ST309 that 
although only carried blaGES-19, also displayed high-level 
resistance to TOL (isolate 39PAE; MIC > 128 mg/L). Lastly, 
we also found three isolates belonging to the high-risk clone 
ST235 producing GES-19 and OXA-2  in the samples 
from Mexico.

Our study has many limitations. Due to budget restrictions, 
we  could only sequence a fraction of the isolates displaying 
resistance to TOL that did not produce a carbapenemase. That 
impaired us to have the complete picture of the molecular 

FIGURE 3

Genetic relatedness among TOL non-susceptible Pseudomonas aeruginosa isolates. The phylogenetic tree was obtained by RAxML from the core 
genome (ortholog genes present in more than 95% of included genomes) and drawn using the iTOL tool (Letunic and Bork, 2007).
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epidemiology of all the clinical isolates of P. aeruginosa and may 
explain why we only found a handful of isolates belonging to the 
high-risks clones ST111, ST175 and ST235. Also, we could only 
presume overexpression of blaPDC based on the mutation in the 
regulator genes. qRT-PCR and westerns blots are necessary to 
demonstrate hyperexpression of that gene. Finally, we  are 
reporting known mechanisms of reduced susceptibility to TOL in 
P. aeruginosa. More studies are needed to investigate novel 
mechanisms of resistance to TOL and to other novel antibiotic 
combinations in this important pathogen. Despite the study 
limitations, we believe it adds to the knowledge of circulating 
mechanisms of resistance in P. aeruginosa in Latin America and 
emphasizes the genomic plasticity of P. aeruginosa that allows it to 
develop resistance to antibiotics even before its clinical use.

In conclusion, our results show that production of 
carbapenemases and amino acid substitution in the 
chromosomally encoded PDC, leading to structural modifications 
and increased hydrolytic activity to TOL of the cephalosporinase, 
were the main mechanism leading to TOL resistance in selected 
MDR P. aeruginosa isolates in Latin America. Surveillance studies 
with contemporary isolates are needed to identify current 
mechanisms of resistance to this drug due to widespread use in 
the clinical practice.
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