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P seudomonas aeruginosa is a relevant 
opportunistic pathogen particu-

larly problematic due to its low intrinsic 
susceptibility to antibiotics. Intrinsic 
resistance has been traditionally attrib-
uted to the low permeability of cellular 
envelopes together with the presence of 
chromosomally-encoded detoxification 
systems such as multidrug efflux pumps 
or antibiotic inactivating enzymes. 
However, some recently published 
articles indicate that several other ele-
ments can contribute to the phenotype 
of intrinsic resistance of bacterial patho-
gens. In a recently published article, we 
explored the chromosomally-encoded 
determinants that contribute to the phe-
notype of susceptibility of P. aeruginosa 
to ceftazidime, imipenem and carbape-
nem. Using a comprehensive library of 
transposon-tagged insertion mutants, 
we found 37 loci in the chromosome of  
P. aeruginosa that contributed to its 
intrinsic resistance, because mutants 
in these loci were more susceptible to 
antibiotics than their parental strain. 
Forty one further loci could potentially 
be involved in the acquisition of resis-
tance, because mutants in these loci 
were less susceptible than their wild-type 
counterpart. These results indicate that 
the intrinsic resistome of P. aeruginosa 
involves several elements, belonging to 
different functional families and cannot 
be considered as a specific mechanism of 
adaptation to the recent usage of antibi-
otics as therapeutic agents. In the current 
article, we summarize the findings of the 
paper and discuss their implications for 
understanding the evolution of antibiotic 
resistance and for defining novel targets 
for the search of new antimicrobials. 

Finally, the validity of recent theories on 
the mechanisms of action of antibiotics 
is discussed taken into consideration the 
results of our paper and other recently 
published works on the mechanisms 
of intrinsic resistance to antibiotics of  
P. aeruginosa.

Antibiotic resistance is frequently con-
sidered as an acquired trait of bacterial 
populations, which has become promi-
nent very recently (in evolutionary terms) 
as the consequence of the introduction 
of antibiotics for the treatment of infec-
tious diseases.1,2 Since resistance can be 
achieved either as the consequence of 
mutation3 or due to the horizontal acqui-
sition of resistance genes,4 it has been 
largely assumed that the origin of such 
resistance genes are the microorganisms 
producing antibiotics, since they need 
to carry resistance elements to avoid the 
inhibitory action of the antibiotics they 
produce.5,6 Possibly due to these views 
regarding the origins of resistance, and 
the forces that shape its evolution, intrin-
sic resistance has not been analyzed in 
full detail until recently. It is of critical 
importance in opportunistic pathogens 
that present a characteristic low natu-
ral susceptibility to antibiotics. Intrinsic 
resistance has traditionally been attrib-
uted to a reduced permeability of the cell 
envelope due to decreased uptake. This is 
a dependent mechanism in the sense that 
restricted permeability is hard-wired into 
the cell and slows down rather than pre-
vents the uptake of antibiotic. The char-
acterization of chromosomally-encoded 
antibiotic-inactivating enzymes (such 
as b-lactamases) and multidrug (MDR) 
efflux pumps demonstrated that bacterial 
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cells harbor further intrinsic mecha-
nisms that can act in synergy with slowed 
uptake to reduce the activity of the antibi-
otics. Differing from reduced permeabil-
ity, the latter are detoxification elements 
that resemble the classical determinants 
of antibiotic resistance acquired by hori-
zontal gene transfer. However, since these 
elements are widespread, can be encoded 
in the core-genome and, in the case of 
MDR efflux pumps, are present in the 
chromosomes of all organisms, including 
those that do not produce antibiotics,7,8 
they might have evolved for purposes 
other than just avoiding the activity of 
a given antibiotic. Indeed, the recent 
analyses of comprehensive transposon-
tagged mutant libraries in different 
organisms such as Escherichia coli 9,10 or 
Pseudomonas aeruginosa11-14 demonstrated 
the existence of several genes that cause 
changes in antibiotic susceptibility when 
they are inactivated. Among those genes, 
several encode for proteins involved in 
bacterial metabolism, indicating that 
intrinsic antibiotic resistance is not just 
the consequence of bacterial adaptation 
to the presence of antibiotics, but rather 
a characteristic phenotype highly depen-
dent on the metabolic networks of each 
bacterial species. Indeed it may reflect 
an adaptation to a distinct growth state 
such as afforded by biofilm development 
and swarming motility both of which are 
multigenic phenomena associated with 
major increases in antibiotic resistance 
and metabolic changes.15,16

In a recent paper, we analyzed a com-
prehensive library of transposon-tagged 
insertion mutants with the aim of find-
ing genes that changed the susceptibil-
ity of P. aeruginosa to b-lactams upon 
inactivation.17 This bacterial species is 
one of the most important opportunistic 
pathogens,18 causing severe infections in 
hospitals and being the major pathogen 
associated with eventually fatal chronic 
infections that afflict patients with cys-
tic fibrosis, the most prevalent inher-
ited disease in Caucasian populations.  
P. aeruginosa is particularly problematic 
due to its low intrinsic antibiotic suscep-
tibility19 in part based on its exceptionally 
low outer membrane permeability.20 The 
antibiotics chosen for the analysis were 
a cephalosporin (ceftazidime) and two 

carbapenems (meropenem and imipe-
nem) that are currently used for treating 
P. aeruginosa infections. Two carbapen-
ems were included in order to check 
whether intrinsic resistance to drugs 
belonging to the same structural family 
might have some degree of specificity. 
We studied mutants that showed a higher 
susceptibility, reflecting proteins that 
contribute to intrinsic resistance, as well 
as mutants with decreased susceptibil-
ity, which define the genetic reservoir of  
P. aeruginosa for evolving towards resis-
tance without acquiring foreign DNA.

One of our main objectives was to 
look for small changes in antibiotic sus-
ceptibility. Antibiotic resistance can be 
defined using operational criteria, which 
take into account the pharmacokinetics 
and pharmacodynamics of the antibiot-
ics to establish those values above which 
a therapeutically useful concentration is 
difficult to achieve. If the MIC for a bac-
terium is above these values, a risk exists 
that the infection cannot be successfully 
treated. Because of this, it is usually 
assumed that the microorganisms should 
be categorized as resistant when their 
MICs are above a pre-defined threshold. 
This definition, which has a clear rele-
vance in the clinical world, does not take 
into consideration low-level resistance 
mechanisms. In our work we took into 
consideration this type of mutants because 
low-level resistance is relevant to the 
development of high level resistance21,22  
and is also likely the cause of MIC-creep, 
defined as the constant rise over time in 
the basal intrinsic resistance of an average 
isolate of a given bacterial species.23 Low-
level resistance is difficult to track using 
conventional double-dilution tests of 
antibiotic susceptibility. Because of this, 
we confirmed our screen results by deter-
mining MICs using the Epsilon-Test, 
which allows for the accurate discrimi-
nation between small changes in MIC 
values. Applying a threshold on MIC 
change of two-fold, we found that 37 loci 
in the chromosome of P. aeruginosa con-
tributed to its intrinsic resistance to anti-
biotics (mutants in these loci were more 
susceptible than their wild-type parental 
strain), whereas 41 could potentially be 
involved in the acquisition of resistance 
upon their inactivation (mutants in these 

loci were less susceptible than the wild-
type). As these studies were restricted to 
transposon mutants it is likely that there 
are other genes in the resistome that can-
not be knocked out due to their essenti-
ality for growth on common lab media. 
Additionally other proteins expressed in 
infection of the host may not be expressed 
in vitro and such proteins contributing to 
the resistome would not have been found 
in our study. 

The antibiotics used in our screen 
affect cell wall synthesis by interacting 
with penicillin-binding proteins and 
murein hydrolases, therefore we expected 
to detect a core set of loci involved in the 
susceptibility to this family of antibiot-
ics. To our surprise, the overlap among 
the different phenotypes was very low. 
Only one mutant (in PA0908) presented 
reduced susceptibility to all three antibi-
otics and two (in glnK and ftsK ) showed 
an increased susceptibility to all three 
antibiotics. These last two mutants 
revealed genes that are potential good 
targets in looking for drugs that, like 
the b-lactamase inhibitors, increase the 
efficacy of antibiotics against resistant 
organisms. 

Those genes that when inactivated 
resulted in changes in susceptibility to 
b-lactams encode for proteins that belong 
to a variety of functional groups, includ-
ing metabolic enzymes such as phospho-
enolpyruvate carboxiquinase, elements 
involved in cell attachment and motility 
such as fimbrial proteins or chemotaxis 
proteins, elements involved in the biosyn-
thesis of LPS and in alginate production, 
and transcriptional regulators. More clas-
sical resistance elements such as the trans-
porter of carbapenems, OprD2, regulators 
of efflux pumps like NalC, elements of 
these efflux pumps, like OprM or elements 
involved in the regulation of the expres-
sion of the P. aeruginosa chromosomally-
encoded b-lactamases, like those encoded 
by dacB, mpl, ampR and ampD emerged 
as well in our screening further validating 
our experimental approach. Altogether our 
results indicate that the intrinsic resistome 
of P. aeruginosa involves several differ-
ent elements and might be considered as 
an emergent property of the system more 
than a specific mechanism of adaptation 
to the presence of antibiotics. A recently 
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published theory on the mechanism of 
action of bactericidal antibiotics suggests 
that they share a common pathway in 
bacterial killing involving the generation 
of oxygen radicals, through the interfer-
ence of such antibiotics with the bacte-
rial metabolism.24,25 From this model, it 
can be predicted that mutations in genes 
coding for proteins involved in the bacte-
rial metabolism might be relevant in the 
development of resistance or supersuscep-
tibility. Unfortunately, our results did not 
support a general role of oxygen radicals 
in killing. Indeed although some of the 
mutations analyzed in our work were pre-
viously found to be involved in the intrin-
sic resistance of P. aeruginosa to other 
drugs, most of the mutants were specific, 
indicating that the mechanisms of activ-
ity of the antibiotics and thus the mecha-
nisms of intrinsic resistance are not as 
general as might be expected based on the 
common pathway concept. Furthermore, 
the percentage of mutants presenting the 
same phenotype (increased or decreased 
susceptibility) for imipenem and merope-
nem was not high, despite both antibiotics 
being carbapenems. Another interesting 
issue, raised as well in other studies on 
intrinsic resistomes26 is the finding of some 
degree of strain-specificity. Whereas some 
elements contributed to resistance in both 
P. aeruginosa strains PAO1 and PA14, 
others are strain-specific. This might be 
due to different expression levels of these 
elements in either of the strains or to the 
existence of changes in their respective 
metabolic and/or regulatory networks. 

As a conclusion of our work, and con-
sistent with other published studies, it 
can be stated that the intrinsic resistome 
of P. aeruginosa involves a large array of 
elements. Furthermore, the analysis of 
mutants causing a reduced susceptibility 
to b-lactams indicates that this bacte-
rial species has a high potential to evolve 
towards resistance. Given that mutation 
is the main mechanism whereby P. aeru-
ginosa develops resistance during chronic 
infections,27,28 the results presented in 
our article and others dealing with the 
intrinsic resistome of this bacterial patho-
gen might help to define novel elements 
involved in the acquisition of resistance 
during such infections.

Acknowledgements

Research in JLM laboratory was supported 
by BIO2008-00090 from the Spanish 
Ministerio de Ciencia e Innovación, 
and KBBE-227258 (BIOHYPO) and 
HEALTH-F3-2010-241476 (PAR) from 
European Union. REWH was supported by 
the Canadian Cystic Fibrosis Foundation. 
CA is the recipient of a JAE contract from 
CSIC. JO is the recipient of a fellowship 
from Programa Beca Chile, CONICYT. 
REWH holds a Canada Research 
Chair. IW thanks the Juergen Manchot 
Foundation and the Mukoviszidose e.V., 
Bonn, Germany (German Cystic Fibrosis 
Association), for financial support.

References
1.	 Martinez JL, Fajardo A, Garmendia L, Hernandez A, 

Linares JF, Martinez-Solano L, et al. A global view 
of antibiotic resistance. FEMS Microbiol Rev 2009; 
33:44-65.

2.	 Alekshun MN, Levy SB. Molecular mechanisms 
of antibacterial multidrug resistance. Cell 2007; 
128:1037-50.

3.	 Martinez JL, Baquero F. Mutation frequen-
cies and antibiotic resistance. Antimicrob Agents 
Chemother2000; 44:1771-7.

4.	 Davies JE. Origins, acquisition and dissemination of 
antibiotic resistance determinants. Ciba Found Symp 
1997; 207:15-27.

5.	 D’Acosta VM, McGrann KM, Hughes DW, Wright 
GD. Sampling the antibiotic resistome. Science 
2006; 311:374-7.

6.	 Benveniste R, Davies J. Aminoglycoside antibiotic-
inactivating enzymes in actinomycetes similar to 
those present in clinical isolates of antibiotic-resistant 
bacteria. Proc Natl Acad Sci USA1973; 70:2276-80.

7.	 Alonso A, Rojo F, Martinez JL. Environmental and 
clinical isolates of Pseudomonas aeruginosa show 
pathogenic and biodegradative properties irrespective 
of their origin. Environ Microbiol 1999; 1:421-30.

8.	 Martinez JL, Sanchez MB, Martinez-Solano L, 
Hernandez A, Garmendia L, Fajardo A, Alvarez-
Ortega C. Functional role of bacterial multidrug 
eff lux pumps in microbial natural ecosystems. FEMS 
Microbiol Rev 2009; 33:430-49.

9.	 Liu A, Tran L, Becket E, Lee K, Chinn L, Park E, 
et al. Antibiotic sensitivity profiles determined with 
an Escherichia coli gene knockout collection: gen-
erating an antibiotic bar code. Antimicrob Agents 
Chemother 2010; 54:1393-403.

10.	 Tamae C, Liu A, Kim K, Sitz D, Hong J, Becket 
E, et al. Determination of antibiotic hypersensitiv-
ity among 4,000 single-gene-knockout mutants of 
Escherichia coli. J Bacteriol 2008; 190:5981-8.

11.	 Schurek KN, Marr AK, Taylor PK, Wiegand I, 
Semenec L, Khaira BK, et al. Novel genetic deter-
minants of low-level aminoglycoside resistance in 
Pseudomonas aeruginosa. Antimicrob Agents 
Chemother2008; 52:4213-9.

12.	 Breidenstein EB, Khaira BK, Wiegand I, Overhage 
J, Hancock REW. Complex ciprofloxacin resistome 
revealed by screening a Pseudomonas aeruginosa 
mutant library for altered susceptibility. Antimicrob 
Agents Chemother 2008; 52:4486-91.

13.	 Fajardo A, Martinez-Martin N, Mercadillo M, Galan 
JC, Ghysels B, Matthijs S, et al. The neglected 
intrinsic resistome of bacterial pathogens. PLoS ONE 
2008; 3:e1619.

14.	 Girgis HS, Hottes AK, Tavazoie S. Genetic architec-
ture of intrinsic antibiotic susceptibility. PLoS ONE 
2009; 4:e5629.

15.	 Overhage J, Bains M, Brazas MD, Hancock REW. 
Swarming of Pseudomonas aeruginosa is a com-
plex adaptation leading to increased production of 
virulence factors and antibiotic resistance. J Bacteriol 
2008; 190:2671-9.

16.	 Stewart PS, Costerton JW. Antibiotic resistance of 
bacteria in biofilms. Lancet 2001; 358:135-8.

17.	 Alvarez-Ortega C, Wiegand I, Olivares J, Hancock 
REW, Martinez JL. Genetic determinants involved in 
the susceptibility of Pseudomonas aeruginosa to beta-
lactam antibiotics. Antimicrob Agents Chemother 
2010; 54:4159-67.

18.	 Navon-Venezia S, Ben-Ami R, Carmeli Y. Update on 
Pseudomonas aeruginosa and Acinetobacter bauman-
nii infections in the healthcare setting. Curr Opin 
Infect Dis 2005; 18:306-13.

19.	 Lister PD, Wolter DJ, Hanson ND. Antibacterial-
resistant Pseudomonas aeruginosa: clinical impact 
and complex regulation of chromosomally encoded 
resistance mechanisms. Clin Microbiol Rev 2009; 
22:582-610.

20.	 Hancock REW, Brinkman FSL. Function of 
Pseudomonas porins in uptake and eff lux. Ann Rev 
Microbiol 2002; 56:17-38.

21.	 Baquero F. Low-level antibacterial resistance: a gate-
way to clinical resistance. Drug Resist Updat 2001; 
4:93-105.

22.	 El’Garch F, Jeannot K, Hocquet D, Llanes-Barakat 
C, Plesiat P. Cumulative effects of several nonenzy-
matic mechanisms on the resistance of Pseudomonas 
aeruginosa to aminoglycosides. Antimicrob Agents 
Chemother 2007; 51:1016-21.

23.	 Steinkraus G, White R, Friedrich L. Vancomycin 
MIC creep in non-vancomycin-intermediate 
Staphylococcus aureus (VISA), vancomycin-suscep-
tible clinical methicillin-resistant S. aureus (MRSA) 
blood isolates from 2001-05. J Antimicrob Chemoth 
2007; 60:788-94.

24.	 Kohanski MA, Dwyer DJ, Collins JJ. How antibiot-
ics kill bacteria: from targets to networks. Nat Rev 
Microbiol 2010; 8:423-35.

25.	 Kohanski MA, Dwyer DJ, Hayete B, Lawrence 
CA, Collins JJ. A common mechanism of cellular 
death induced by bactericidal antibiotics. Cell 2007; 
130:797-810.

26.	 De Groote VN, Verstraeten N, Fauvart M, Kint CI, 
Verbeeck AM, Beullens S, et al. Novel persistence 
genes in Pseudomonas aeruginosa identified by high-
throughput screening. FEMS Microbiol Lett 2009; 
297:73-9.

27.	 Mena A, Smith EE, Burns JL, Speert DP, 
Moskowitz SM, Perez JL, et al. Genetic adaptation 
of Pseudomonas aeruginosa to the airways of cystic 
fibrosis patients is catalyzed by hypermutation. J 
Bacteriol 2008; 190:7910-7.

28.	 Macia MD, Blanquer D, Togores B, Sauleda J, 
Perez JL, Oliver A. Hypermutation is a key factor in 
development of multiple-antimicrobial resistance in 
Pseudomonas aeruginosa strains causing chronic lung 
infections. Antimicrob Agents Chemother 2005; 
49:3382-6.


