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Efflux

Outer membrane
PBP

• Outermembrane

permeability (100-fold less 

than that of E. coli)

• Efflux : at least twelve 

systems...

• Naturally-occurring

cephalosporinase and 

oxacillinase

Enzymes
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ß-Lactam resistance = +++ ß-lactamases



Wild-type P. aeruginosa

Natural resistance Natural resistance ::

!! aminopaminopéénicillines nicillines ;;
aminopaminopéénicillinenicilline/a. /a. clavclav..

!!C1G, C2GC1G, C2G

!! C3G (C3G (cefotaximecefotaxime,,
ceftriaxoneceftriaxone))

!! ertapertapéénnèèmeme

NaturalNatural susceptibilitysusceptibility::

!! carboxypenicillins carboxypenicillins 
((ticarcillinticarcillin))

!! ureidopenicillins ureidopenicillins 
((piperacillinpiperacillin))

!! cephalosporins cephalosporins ((ceftazidimeceftazidime, , 
cefsulodincefsulodin, , cefepimecefepime,,
cefpiromecefpirome))

!! monobactam monobactam ((aztreonamaztreonam))

!! carbapenems carbapenems ((imipenemimipenem, , 
meropenemmeropenem))



Acquired resistance Acquired resistance to to ßß--lactamslactams; ; ßß--lactamaseslactamases

!! Overexpression Overexpression of of cephalosporinasecephalosporinase

!! RestrictedRestricted--spectrum penicillinasesspectrum penicillinases

!! ExpandedExpanded--spectrum spectrum ßß--lactamaseslactamases ((ESBLsESBLs))

!! Carbapenemases Carbapenemases ((metallometallo--ßß--lactamaseslactamases))

!! ExpandedExpanded--spectrum oxacillinasesspectrum oxacillinases



In-vitro spectrum of ß-lactamasesIn-vitro spectrum of ß-lactamases

Pénicillinss Cephalosporinss
1st et 2nd

generation*

ß-lactamins/
Inhibitors of

ß-lactamases

CarbapenemssCephalosporins
3rd génération
cefepime**,
cefpirome**Enzyme

ESBLs

Overexpression of cephalosporinases

Carbapenemases (metallo-enzymes)

Class

Penicillinases

Cephalosporinases 

A

B

C

D Oxacillinases 

* Cephamycins excluded for ESBLs
** Cefepime, cefpirome excluded for overexpressed cephalosporinase 



Overexpressed cephalosporinases

!! ResistanceResistance to all to all ββ--
lactams except lactams except to to 
carbapenems carbapenems 

!!99--12 % of12 % of the strainsthe strains



NarrowNarrow--spectrum penicillinasesspectrum penicillinases

!! Carbenicillinases Carbenicillinases (PSE), oxacillinases (OXA), TEM(PSE), oxacillinases (OXA), TEM

resistance resistance to : to : ticarcillinticarcillin, , piperacillinpiperacillin, , cefsulodincefsulodin
intermediated susceptibility intermediated susceptibility to : to : cefepimecefepime, , cefpiromecefpirome, , aztreonam  aztreonam  
susceptibility susceptibility to : to : ceftazidimeceftazidime, imipenem,, imipenem,meropenemmeropenem

!! 10 % of  10 % of  P. aeruginosaP. aeruginosa strains strains ( 90 % ( 90 % with with PSEPSE--1).1).

!! NonNon--inhibitory activity inhibitory activity of  of  inhibitors againstinhibitors against oxacillinasesoxacillinases and and PSEPSE--11



OXA-4



ExtendedExtended--spectrumspectrum ßß--lactamases; ESBL lactamases; ESBL 
(Ambler class A)(Ambler class A)

!! TEM, SHV, VEB, PER, GES,  BELTEM, SHV, VEB, PER, GES,  BEL

ressitance ressitance to all to all ßß--lactams except lactams except to to carbapenemscarbapenems
inhibition by inhibition by clavulanic acidclavulanic acid, , tazobactamtazobactam, , sulbactamsulbactam

!! An exception : GESAn exception : GES--22

Additional resistance Additional resistance to to carbapenemscarbapenems



PER-1 VEB-1



BEL-1



ESBLs in P. aeruginosa 

DetectionDistribution in France





P. P. aeruginosaaeruginosa:  GES:  GES--22

GES-1/GES-2: Gly170Asn

170170



ESBLs and P. aeruginosa

•• ESBLESBL genes associated with genes associated with insertion insertion sequence and sequence and transposons (SHV, transposons (SHV, 
PERPER--1) ,1) ,withwith class 1 class 1 integron and specificintegron and specific sequences sequences ((ReRe); VEB, GES, ); VEB, GES, 
BELBEL--1 1 

intI1intI1

intI1intI1

5'CS5'CS 3'CS3'CS

5'CS5'CS

(P2)
Pantant

3'CS3'CS
GeneGene-- cassette cassette 

•• Consequences Consequences : : coco--expression ; coexpression ; co--selectionselection; ; coco--resistance resistance 





Metallo-
ß-lactamases



• Resistance to all ß-
lactamins except to 
aztreonam

• Genetic background; 
plasmids, transposons, 
integrons…

• Associated resistance; 
aminoglycosides ++

Metallo-ß-lactamases: carbapenemases 
(Ambler class B)

VIM-2









Heterogeneous Heterogeneous expression of expression of metallometallo--enzymesenzymes
(Senda et al. Antimicrob. Agents Chemother. 1996 ; 40, 349-353)

MICs MICs ((µµg/ml)g/ml)

IMPIMP MPMMPM CAZCAZ AZTAZT

P. P. aeruginosaaeruginosa

MNA 1456MNA 1456 >128>128 >128>128 >128>128 >128>128

MNA 14102MNA 14102 >128>128 >128>128 >128>128 6464

MNA 14115MNA 14115 3232 6464 >128>128 1616

MNA 1560MNA 1560 22 1616 >128>128 3232



Metallo-β-Lactamases: epidemiology

Senda et al., Antimicrob. Agents Chemother. 1996; 40:349
Kurokawa et al., Lancet 1999; 354:955
Yamasaki et al., J. Antimicrob. Chemother. 2003; 51:631

Country IsolatesYear(s) PrevalenceSpecies

Japan 92-94 P. aeruginosa 3700 (17 hosp.) 0.4% (IMP)

Japan 96-97 P. aeruginosa
S. marcescens

2533
3222 

1.3% (IMP)
4.4% (IMP)

Japan 98 & 00 P. aeruginosa
Enterobacteriaceae

200
800 0.7% (IMP)

Greece 98-00 Pseudomonas spp. 233 (1 hosp.) 0.9% (VIM)

Italy 01 P. aeruginosa 506 (1 hosp.) 0.8% (VIM)

Nationwide

Regional

Tsakris et al., Clin. Microbiol. Infect. 2003; 9:846
Luzzaro et al., Diagn. Microbiol. Infect. Dis. 2004; 48:13
Jones et al., Diagn. Microbiol. Infect. Dis. 2004; 49: 289
Kimura et al., J. Clin, Microbiol. 2005; 43: 458

Japan 98-02 Gram-negatives 801 (3 hosp.) 1.1% (IMP)

Japan 02 P. aeruginosa 594 1.9% (IMP/VIM)Nationwide



Metallo-β-Lactamases: Impact on resistance

Senda et al., Antimicrob. Agents Chemother. 1996; 40:349
Hirakata et al., Antimicrob. Agents Chemother. 1998; 42:2006
Shibata et al., J.Clin.Microbiol. 2003; 41:5407

Country PhenotypeYear(s) PrevalenceSpecies

Japan 92-94 P. aeruginosa IMI-R CAZ-R 11% (IMP)

Japan 91-96 P. aeruginosa
Enterobacteriaceae CAZ-R

25% (IMP)
32% (IMP)

Japan 01-02 P. aeruginosa
Other GNNFs
Enterobacteriaceae

CAZ-R
PER/SUL-R

62% (IMP)
11% (VIM)

Korea 00-01 Pseudomonas spp.
Acinetobacter spp. IMI-R/I 11% (VIM)

14% (VIM/IMP)

Greece 01 P. aeruginosa IMI-R/I 62% (VIM)

Italy 99-02 P. aeruginosa IMI-R 39% (VIM/IMP)

Lee et al., Emerg. Infect. Dis.. 2003; 9:868
Giakkoupi et al., J.Clin.Microbiol. 2003; 41:822
Toleman et al., J. Antimicrob. Chemother. 2005; 55:61   



Associated resistance….

Nordmann P, Poirel L. Emerging carbapenemases in Gram-negative aerobes. Clin Microbiol Infect. 2002 .
Walsh TR, Toleman MA, Poirel L, Nordmann P. Metallo ß-lactamases; the quiet before the storm. Clin Microbol Rev 2005 



Extended-spectrum oxacillinases  (Ambler class D)

ß-Lactamase TIC TCC PIP TAZ CAZ FEP ATM   IMP

OXA-2 128 64 32 4 16 2 2 4
OXA-15 128 64 32 8 128 4 8 2
OXA-32 256 64 32 16 128 8 32 4

OXA-10 512 64 2 4 16 2
OXA-11 512 64 512 4 128 2
OXA-14 512 256 64 32 512 64 16 2
OXA-16 128 64 32 16 128 32 4 1
OXA-13 256 256 32 32 2 8 1
OXA-19 256 256 64 64 256 16 1
OXA-28 128 128 16 16 256 16 32 0,25

OXA-18 256 64 64 32 128 16 256 2
OXA-31 512 512 256 256 2 256 32

TIC, ticarcillin, TCC, ticarcillin + clav.; PIP, piperacillin; TAZ, piperacillin + tazobactam; 
CAZ, ceftazidime; FEP, cefepime; ATM, aztreonam, IMP, imipenem

Detection ? Epidemiology ?



Diversity of oxacillinase resistance patterns

OXA-32 OXA-31



Aminoglycoside resistance

• Efflux
• Outer membrane permeability defect
• Modification enzymes
• Target alteration 
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Novel mechanism of resistance to 
rifampicin



ConclusionConclusion
!! Emerging mechanisms Emerging mechanisms of of resistanceresistance; ESBL, ; ESBL, metallometallo--ßß--lactamases, lactamases, novel novel 

aminoglycoside resistance genesaminoglycoside resistance genes……

!! Novel genetic elements Novel genetic elements for for their mobilitytheir mobility

!! Environmental reservoir Environmental reservoir of of resistance genes resistance genes ??

!! Increased Increased rate of rate of multidrugmultidrug--resistant resistant P. aeruginosaP. aeruginosa worldwideworldwide
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