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During a 6-month period, 37/513 (7.2%) Pseudomonas aeruginosa isolates belonging to 13 pulsed-field gel
electrophoresis (PFGE) groups from Puerto Rican hospitals were carbapenem nonsusceptible. Seven of 37
isolates from four PFGE groups carried bla,,,p_,4, and 25/37 isolates from seven PFGE groups carried blayp.
The results indicated the clonal spread of blay,-positive P. aeruginosa isolates into several Puerto Rican
hospitals and the dissemination of bla,,p_,s and blay, into genetically unrelated isolates.

Pseudomonas aeruginosa is a problematic nosocomial patho-
gen because it can cause complicated infections in immuno-
compromised and critically ill patients and can survive therapy
through chromosomal mutations or acquisition of resistance-
encoding genes. Carbapenems, including imipenem and
meropenem, are -lactam antibiotics used extensively for
the treatment of P. aeruginosa infections. However, carbap-
enem resistance can emerge and involves several mecha-
nisms, including porin downregulation, efflux pump overex-
pression, and the production of carbapenem-hydrolyzing
enzymes (11, 12). In the absence of hydrolyzing enzymes, loss
of the porin, OprD, can result in imipenem resistance and
decreased meropenem susceptibility (10). Meropenem resis-
tance requires OprD loss coupled with mexAB-oprM pump
overexpression (7).

During a 2006 surveillance study of nosocomial pathogens
from U.S. medical centers, 10.7 and 6.4% of the P. aeruginosa
isolates were resistant to imipenem and meropenem, respec-
tively (15). This report did not include hospitals from Puerto
Rico, a U.S. commonwealth with close social and economic ties
to the United States. In 1998, a study comprising seven differ-
ent Puerto Rican hospitals reported that 11.3% of P. aerugi-
nosa isolates were imipenem resistant (5). A retrospective sur-
veillance study in 2000 at the Puerto Rico Medical Center
(PRMC) found that 46.9% of P. aeruginosa isolates were imi-
penem resistant, but this high percentage may be an overesti-
mation due to multiple isolations from individual patients (18).

The mechanism(s) associated with carbapenem resistance in
P. aeruginosa isolates from Puerto Rico is unknown. The ob-
jectives of this study were to collect imipenem-resistant P.
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aeruginosa isolates from hospitals associated with the PRMC,
determine the genetic relatedness of the isolates, and identify
the mechanism(s) associated with the carbapenem-resistant
phenotype.

The PRMC is located in the San Juan metropolitan area and
includes six teaching hospitals, an emergency room, and a
central laboratory. Between October 2006 and March 2007,
513 P. aeruginosa isolates were isolated at the PRMC labora-
tory. During this period, 37/513 (7.2%) unique, consecutive P.
aeruginosa isolates were identified as being imipenem nonsus-
ceptible, according to microdilution testing using the Vitek
DCS-RS system. MICs for piperacillin-tazobactam, ceftazi-
dime, imipenem, and meropenem were obtained for the 37
isolates by using agar dilution (3). Thirty-one of 37 and 29/37
isolates had high MICs (=32 pg/ml) to imipenem and mero-
penem, respectively (Table 1). The remaining isolates had
MICs ranging from 8 to 16 pg/ml for both carbapenems, cor-
responding with an intermediate or resistant phenotype. Twenty-
eight of 37 isolates were piperacillin-tazobactam resistant
(MIC = 128 pg/ml), while 31/37 isolates were ceftazidime
resistant (MIC = 32 pg/ml) (Table 1). Of the 37 carbapenem-
nonsusceptible isolates, 70.2% (26/37) were resistant to all four
B-lactams tested.

Genetic relatedness of the carbapenem-resistant P. aerugi-
nosa isolates from Puerto Rico was determined using pulsed-
field gel electrophoresis (PFGE) (8). The 37 isolates were
divided into 13 major PFGE groups (Fig. 1). Group 11 con-
tained the largest number of isolates (25/37), was comprised of
four highly related (i.e., =93% similarity) subgroups (11A to
11D), and was resistant to all B-lactams tested. Groups 1, 3, 4,
7, 9, and 10 consisted of at least two isolates cultured from
different patients. Isolates in each respective group shared a
common susceptibility pattern, except for isolates belonging to
group 9. PS1 (group 9C) had a PFGE pattern that was 90%
similar to those of PS4 (group 9B) and PS33 (group 9A) but
had ceftazidime MICs that were at least 64-fold lower and
carbapenem MICs fourfold lower than those of PS4 and PS33
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TABLE 1. Characteristics of the P. aeruginosa isolates from Puerto Rico
- d Expression
Strain  Sample oo e Hospital PFGE MIC (pg/ml) PCR result I Sequence poff': OprD
site P ward”  group P analysis® production®
P/T CAZ IPM MEM IMP VIM KPC OXA mexA  oprD
PAOL1 4 1 1 0.5 1.0 1.0 +
PS1 Sputum 1 General 9C 8 2 16 8 Neg Neg Neg 42 0.008
PS2 Urine 1 ICU 10B 4 128 64 16 Pos Neg Neg Pos 8.0 IMP-18, OXA-2
PS3 Sputum 2 ICU 12 8 4 16 8 Neg Neg Neg 1.0 0.002 -
PS4 Sputum 3 General 9B 64 >128 >04 64 Pos Neg Neg Neg 54,75, =85 IMP-18
PS5 Sputum 1 ICU TA >256 64 >64 >064 Neg Neg Pos Neg 6.7, =85 KPC-2 1.8 0.005 -
PS6A  Sputum 4 ICU 11A >256 32 >64 >64 Neg Neg Pos 1.8 0.0005 -
PS7A  Urine 4 ICU 11D >256 64 >64 >64 Neg Neg Pos
PS9 Sputum 1 General 3B 64 8 8 16 Neg Neg Neg
PS10  Blood 1 General 1A >256 64 >64 >064 Neg Neg Pos Neg 6.7, =85 KPC-2 1.5 0.003 -
PSI11A  Sputum 1 ICU TA >256 32 >64 >o64 Neg Neg Pos
PS12 Sputum 1 General 7B >256 64 >o64 32 Neg Neg Pos
PS13 Sputum 1 ICU 11E  >256 64 >64 >64 Neg Neg Pos
PS14 Sputum 1 ICU 10C 4 64 64 16 Pos Neg Neg
PS15A  Blood 1 General  10A 8 128 32 16 Pos Neg Neg
PS17B  Blood 1 ICU 11D >256 64 >64 >04 Neg Neg Pos Neg 6.7, =85 KPC-2 2.0 0.0004 -
PS18A CSF 1 ICU 11D >256 32 >64 >64 Neg Neg Pos
PS19A  Urine 1 General 11C  >256 64 >64 >64 Neg Neg Pos
PS20A  Skin 5 General 11D >256 64 >64 >64 Neg Neg Pos 1.9 0.0003 -
PS21 Skin 4 General 11F  >256 64 >64 >064 Neg Neg Pos
PS22  Urine 4 General 3A 256 16 8 16 Neg Neg Neg
PS23  Blood 1 General 4A >256 128 >64 >64 Neg Neg Pos 6.7, =85 KPC-2
PS25 Sputum 1 General 1A >256 64 >64 >64 Neg Neg Pos
PS26  Sputum 3 ICU 3A 128 8 8 16 Neg Neg Neg Pos 75,80 OXA-2
PS28  Skin 5 General 6 128 128 >64 >64 Neg Neg Pos 7.65, =8.5 KPC-5
PS29  Sputum 4 General 11D >256 64 >64 >o04 Neg Neg Pos
PS30 Sputum 4 General 11D >256 64 >64 >64 Neg Neg Pos
PS31 Skin 4 General 11B  >256 64 >64 >64 Neg Neg Pos
PS33  Blood 1 General  9A 32 >128 64 32 Pos Neg Neg
PS34  Blood 1 ICU 4A >256 64 >64 >064 Neg Neg Pos
PS35  Urine 4 General 11A  >256 64 >64 >04 Neg Neg Pos
PS36  Urine 4 General 11B  >256 64 >64 >04 Neg Neg Pos
PS37 Sputum 4 General 11D >256 64 >064 >64 Neg Neg Pos
PS39  Urine 1 General 8 128 >128 >64 64 Pos Neg Neg Neg 54,6.0,75 =85 IMP-18 41 0.015 -
PS40 Urine 6 General 5 128 32 >64 >64 Neg Neg Pos Pos 6.7, 8.0, =85 KPC-2, OXA-2
PS41  Urine 4 General 11D >256 64 >64 >o04 Neg Neg Pos
PS43  Skin 1 ICU 2 256 16 16 32 Neg Neg Pos Pos 6.7, 80, =85 KPC-2, OXA-2 1.8 0.56 -
PS44  Blood ER NR 13 32 >128 64 32 Pos Neg Neg Neg 54,660, 75 =85 IMP-18 33 036 -

“ ER, emergency room.

? ICU, intensive care unit (includes medical, surgical, pediatric, and neurosurgical units); NR, not reported.
¢ P/T, piperacillin-tazobactam; CAZ, ceftazidime; IPM, imipenem; MEM, meropenem.

4 Neg, negative for amplification; Pos, positive for amplification.

¢ The blagpc and blayp_ig sequence represents the entire structural gene. The blagxa_, sequence was obtained from 555 bp of the amplified fragment.
/Expression data are presented as fold differences compared to the wild-type strain PAO1.

& OprD production was assessed by outer membrane analysis.

(Table 1). Groups 2, 5, 6, 8, 12, and 13 were represented by
single isolates.

A majority of isolates (19/37) were collected from hospital 1
and belonged to eight distinct PFGE groups (Table 1). Hos-
pital 4 had the second highest number of isolates (11/37) but
consisted only of two groups (groups 3 and 11), with group 11
isolates comprising the majority (10/11). The remaining hospi-
tals had isolated =2 carbapenem-resistant P. aeruginosa iso-
lates during the 6-month period. Group 11D isolates were
from patients in three different hospitals, hospitals 1, 4, and 5
(Table 1), suggesting the clonal spread of this highly resistant
isolate. Group 3 isolates were also present in three different
hospitals, group 3A in hospitals 3 and 4 and group 3B in
hospital 1.

All 37 isolates were evaluated for the presence of metallo-
B-lactamases, using the MBL Etest strip (AB Biodisk, Solna,
Sweden). Thirty-two of 37 isolates were positive for a metallo-
B-lactamase (data not shown). The MBL Etest-negative iso-
lates were PS1, PS3, PS9, PS22, and PS26. All 37 isolates were
screened by PCR for blayp, bla 1, and blaype (17), using the
following primers: IMP-1F (5'-GGAATAGAGTGGCTTAAT
TC-3') and IMP-1R (5'-CAACCAGTTTTGCCTTACC-3");

VIMIF (5'-GGTGTTTGGTCGCATATCGC-3") and VIM1R
(5'-CCATTCAGCCAGATCGGCATC-3"); KPCF2 (5'-GTA
TCGCCGTCTAGTTCTGC-3") and KPCR2 (5'-GGTCGTG
TTTCCCTTTAGCC-3"). Seven of 37 isolates, representing
four genetically distinct PFGE groups from patients in two
different hospitals and the emergency room, were positive for
blayp (Table 1). Sequence analysis of blap from represen-
tatives of each group identified the gene as bla;p_,5 (Table 1).
Twenty-five of 37 isolates were positive for blayp (Table 1).
The blayp isolates were collected from four different loca-
tions and represented seven genetically distinct (<80% simi-
larity) PFGE groups (Table 1). Sequence analysis of blaypc
from representatives of each group revealed that six isolates
contained blaypc, while one isolate harbored a new variant,
blaypc_s (GenBank accession number EU400222) (21). All of
the isolates were PCR negative for bla, . Interestingly, all
IMP and KPC PCR-positive isolates were metallo-p-lactamase
positive by the MBL Etest, as mentioned above. Upon retest-
ing of several isolates from different PFGE groups by the MBL
Etest, the IMP PCR-positive strains (PS2, PS4, PS39, and
PS44) were positive, as previously determined. However, seven
KPC PCR-positive strains (PS5, PS10, PS17B, PS23, PS28,
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FIG. 1. PFGE of the 37 isolates analyzed. The names and PFGE types of the isolates are shown at the right of the figure. The dendrogram
depicting genetic relatedness and generated using BioNumerics is shown at the left of the figure. The scale for the dendrogram represents
percentage of relatedness. Staphylococcus aureus strain NCTC 8325 was used for the gel-to-gel normalization required to generate the dendrogram.

PS40, and PS43) were negative after repeat testing, indicating  blap-positive isolates, four blay,p-positive isolates, and one
that the initial results were false positives. isolate negative for both. Six KPC PCR-positive isolates pro-

Twelve isolates belonging to different PFGE groups were duced a B-lactamase with a pl of 6.7, whereas no band was
further evaluated by isoelectric focusing (17), including seven observed for KPC PCR-negative isolates at this pI (data not
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shown). PS28, containing blaypc.s, produced a B-lactamase
with a pI of 7.65, differing from the other KPC-positive iso-
lates. All KPC enzymes were partially inhibited by clavulanate
(data not shown). In addition to KPC, these isolates produced
chromosomal AmpC (pI = 8.5). PS40 and PS43 also produced
an enzyme with a pl of 8.0, indicative of an OXA-2-like B-lac-
tamase (Table 1). The presence of blagx ., Was verified by
PCR, using OXA-2 family-specific primers (13), and sequenc-
ing the generated product. Of the IMP PCR-positive isolates,
PS2 had a B-lactamase with a pl of 8.0, correlating with the
presence of blax A (Table 1). PS4, PS39, and PS44 produced
at least three additional B-lactamases (Table 1). PS26 was
negative for both blayp and bla,p but produced an enzyme
with a pl of 8.0, corresponding to OXA-2.

To determine if OprD downregulation and/or increased
mexAB-oprM pump expression contributed to the observed
carbapenem MICs, mexA and oprD expression (20) and OprD
production (20) were analyzed in 10 selected P. aeruginosa
isolates. These isolates represented eight genetically distinct
(<80% identity) PFGE groups from five different locations.
Regardless of location or genetic relatedness, 8/10 isolates had
a drastic decrease (between ~65- and 3,000-fold) in oprD tran-
script (Table 1), correlating with OprD protein loss, compared
to wild-type strain PAO1. Two isolates, PS43 and PS44, had a
small decrease (two- to threefold) in oprD expression; how-
ever, OprD protein was absent (Table 1). OprD loss in PS44
resulted from a mutation within the structural gene (Gsgy—T
substitution) creating a premature stop codon. No mutations
were observed in oprD of PS43. The oprD genes from PS5 and
PS39 contained a nucleotide insertion (C,3) or a base substi-
tution (Gsgy—T) resulting in a frameshift or premature stop
codon, respectively. Sequence analysis revealed the insertion
of IS element IS7394 1 bp upstream of the oprD translational
start codon in PS17B. IS1394 insertion between the promoter
and start codon most likely contributed to the significant de-
crease (2,500-fold) in oprD expression.

Three isolates (PS1, PS39, and PS44) belonging to PFGE
groups 9C, 8, and 13, respectively, produced mexA transcript
levels three- to fourfold higher than that produced by the
wild-type isolate, PAO1 (Table 1), which was comparable to
the level produced by the mexAB-oprM overexpressing control
strain, PS1454 (4.3-fold higher) (data not shown). PS1 had a
meropenem MIC of 8 pg/ml, corresponding with OprD loss
and mexAB-oprM overexpression. PS39 and PS44 had higher
meropenem MICs (=32 pg/ml), which were attributed to a
combination of OprD loss, mexAB-oprM overexpression, and
IMP-18 production.

Characteristics of the 37 patients with carbapenem-resistant
P. aeruginosa isolates included a mean age of 50 years (range,
1 month to 99 years), with a statistically significant male gender
distribution (70% male versus 30% female; P = 0.05) (Table
1). The most common anatomical site of infection was the
respiratory tract (41%), followed by the urinary system (25%)
and blood (19%).

P. aeruginosa can utilize numerous resistance mechanisms to
counteract therapeutic selective pressures, as evident in the
isolates examined from the PRMC hospitals. Although KPC
B-lactamases have been predominantly encountered in the
Enterobacteriaceae (1, 2, 4), the first report of KPC-producing P.
aeruginosa isolates was described in three genetically related
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isolates from Colombia in 2007 (19). Therefore, we were sur-
prised to find 25/37 blayp-positive P. aeruginosa isolates rep-
resenting seven genetically unrelated PFGE groups, collected
from patients of various ages, from multiple sites of infection,
and from four different PRMC hospitals. KPC enzymes have
recently been identified in Klebsiella pneumoniae and Esche-
richia coli isolates from PRMC hospitals (16). Whether these
organisms represent the source of blaypc transmission to P.
aeruginosa in Puerto Rico remains unknown. However, the
spread of blayp into different genera is most likely associated
with its residence within mobile genetic elements on plasmids
of various sizes (14).

Little information is available regarding the metallo-B-lac-
tamase, IMP-18. bla\,p_,5-positive single isolates of P. aerugi-
nosa were identified in hospitalized patients from Mexico and
the southwestern United States (6, 9). The spread of IMP-18
into multiple unrelated isolates from Puerto Rico indicates the
movement of bla;,p_,5 by mobile genetic elements.

The OprD porin was absent in all of the isolates examined.
In the absence of acquired carbapenemases, carbapenem
MICs were =16 pg/ml. The presence of KPC in OprD-defi-
cient isolates often correlated with increased carbapenem
MICs (>64 pg/ml). PS43, with imipenem and meropenem
MICs of 16 wg/ml and 32 pg/ml, respectively, was the only
exception. The presence of IMP-18 in OprD-deficient isolates
PS39 and PS44 also corresponded with increased carbapenem
MICs (32 to >64 pg/ml). In addition, these isolates overex-
pressed the mexAB-oprM pump, which may have further ele-
vated the meropenem MICs. The absence of OprD coupled
with KPC or IMP-18 appeared to have a synergistic effect on
the carbapenem MICs. Since all KPC/IMP-18-positive isolates
were also OprD deficient, the effect of these enzymes alone on
carbapenem susceptibilities has yet to be determined.

In Puerto Rico, the carbapenem resistance rates are similar
to those observed in the continental United States (15), but the
high percentage of P. aeruginosa isolates producing a KPC is
unique to this region. Our study has shown the dissemination
of blaypc into several unrelated isolates of P. aeruginosa in
addition to the spread of a clonal isolate into multiple PRMC
hospitals. Therefore, the widespread carbapenem resistance
observed in these P. aeruginosa isolates was not exclusively a
hospital infection control issue.

This research was conducted with support from the Investigator-
Sponsored Study Program of AstraZeneca.
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