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A Pseudomonas fluorescens isolate (PF-1) resistant to carbapenems was recovered during an environmental
survey performed with water from the Seine River (Paris). It expressed a novel Ambler class A carbapenemase,
BIC-1, sharing 68 and 59% amino acid identities with B-lactamases SFC-1 from Serratia fonticola and the
plasmid-encoded KPC-2, respectively. 3-Lactamase BIC-1 hydrolyzed penicillins, carbapenems, and cephalo-
sporins except ceftazidime and monobactams. The blay,-_, gene was chromosomally located and was also
identified in two other P. fluorescens strains isolated from the Seine River 3 months later.

Pseudomonas fluorescens is a psychrotrophic bacterium that
expresses a chromosomally encoded and inducible Ambler
class C B-lactamase (10, 15). Carbapenemases (serine- or me-
tallo-B-lactamases) remain the most common mechanism of
resistance to carbapenems in Gram-negative organisms (22,
23). To date, most acquired metallo-B-lactamase (MBL)-en-
coding genes (blayp or blay, variants) have been reported
from Pseudomonas aeruginosa and very rarely from P. fluore-
scens (8, 12). Class A carbapenemases are either chromosome
encoded or plasmid encoded and remain rarely identified in
Gram-negative organisms. Indeed, several class A carbapen-
emases are chromosomally encoded (NMC-A, SFC-1, SME-1
to -3, IMI-1), with the exception of the emerging KPC B-lac-
tamases, which are plasmid encoded (24). The chromosomal
location of the blagp_, gene could be the result of a horizontal
gene transfer into an environmental Serratia fonticola isolate
(5). The blagy, genes from Serratia marcescens are presumed
to be chromosomal. Genes encoding NMC-A and IMI B-lac-
tamases have been found sporadically, either in clinical or in
environmental isolates of Enterobacter cloacae and Entero-
bacter asburiae from rivers (2). The blayc.a gene was found
chromosomally located in several clinical isolates. The bla .,
gene was chromosomally located, whereas the bla;y,; ., genes
were identified on plasmids. The imiR-imi-2 gene tandem in E.
cloacae and E. asburiae appeared to be flanked by transposable
elements (2). Class A carbapenemases such as GES-2, GES-5,
and KPC-2 have been recently reported from P. aeruginosa
(16) but not from other Pseudomonas species.

Here, we characterize a novel class A carbapenemase iden-
tified from a P. fluorescens environmental isolate. This identi-
fication occurred during a survey aimed to study the spread of
multidrug-resistant Gram-negative organisms in the environ-
ment.
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MATERIALS AND METHODS

Bacterial strains and plasmids. P. fluorescens isolate PF-1 was recovered from
a water sample from the Seine River in downtown Paris. Water samples (100 ml)
were collected in sterile bottles in January 2009 and filtered through nitrocellu-
lose membranes (0.45-wm pore size; Millipore), and the filters were resuspended
in 1 ml of sterile water. Aliquots (0.1 ml) were plated on MacConkey agar plates
supplemented with imipenem (1 wg/ml), whereas 10-fold dilutions (0.1 ml) were
plated on antibiotic-free MacConkey agar plates for bacterial counts. Samples
were collected and processed on the same day of collection. Isolate PF-1 was
identified by sequencing of the 16S rRNA genes. Escherichia coli DH10B (In-
vitrogen, Life Technologies, Cergy-Pontoise, France) and P. aeruginosa PAO1
were used as hosts for cloning and transformation experiments as previously
described (20). The kanamycin-resistant pPBKCMV (Invitrogen, Life Technolo-
gies, Cergy-Pontoise, France) was used as the cloning vector. Bacterial cultures were
grown in Trypticase soy (TS) broth at 37°C for 18 h unless indicated otherwise.

Antimicrobial agents and MIC determinations. The antimicrobial agents and
their sources have been described elsewhere (14). MICs were determined by the
Etest (AB Biodisk, Solna, Sweden) technique and interpreted according to the
recommendations of the Clinical and Laboratory Standards Institute (3).

Plasmid extraction and conjugation assays. Extraction of natural plasmid
DNAs from P. fluorescens isolate PF-1 was attempted as described previously (7).
Recombinant plasmid DNA was prepared using Qiagen maxi columns (Qiagen,
Courtaboeuf, France). Transfer of the imipenem resistance marker into E. coli
DHI10B and P. aeruginosa PAO1 was attempted by electroporation as described
previously (20). Transformants were selected on ticarcillin (50 pg/ml)-containing
TS agar plates (Sanofi-Diagnostics Pasteur).

Cloning experiments, recombinant plasmid analysis, and DNA sequencing.
All enzymes for DNA manipulations were used according to the recommenda-
tions of the supplier (GE Healthcare, Orsay, France). PCR amplification of the
blag ., gene was performed by using the internal primers BIC-1A and BIC-1B
(Table 1). The genetic context of the blagc.; B-lactamase gene was further
analyzed by using primers BIC-1inv-1 and BIC-1inv-2 (Table 1).

Partially Sau3Al-restricted DNA was ligated into the BamHI-restricted
pBKCMYV plasmid and introduced into E. coli DH10B by electroporation as
described previously (14). Recombinant plasmids were selected onto amoxicillin
(50 pg/ml)- and kanamycin (30 wg/ml)-containing TS agar plates. The recombi-
nant plasmid, pSaul, with the smallest Sau3AI insert was retained for further
analysis. The recombinant plasmid pEco2 was obtained by ligation of EcoRI-
digested genomic DNA from P. fluorescens PF-1 in the EcoRI-restricted plasmid
pBKCMYV followed by amoxicillin/kanamycin selection (14). Both strands of the
cloned DNA inserts of recombinant plasmids were sequenced by using an Ap-
plied Biosystems sequencer (ABI 377). The nucleotide and deduced protein
sequences were analyzed with software available over the Internet from the
National Center for Biotechnology Information website (http:/www.ncbi.nlm.nih
.2ov/BLAST/BLAST)).

Southern hybridization and PFGE analysis. The probes were labeled using
the ECL labeling kit according to the manufacturer’s recommendation (GE
Healthcare, Orsay, France). To evaluate the genetic location of the blag; gene,
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TABLE 1. Nucleotide sequences of primers used for amplification
and sequence analysis

Reference or

Primer Sequence (5'—=3") GenBank

accession no.

BIC-1A TATGCAGCTCCTTTAAGGGC GQ260093

BIC-1B TCATTGGCGGTGCCGTACAC GQ260093

BIC-1inv-1 TTCAGCGAAGCTGGTGAAGG GQ260093

BIC-1inv-2 AACATAGCGATGCCGTTATTGC GQ260093

16S AGAGTTTGATCHTGGYTYAGA 25

23S ACGGYTA CCTTGTTACGACTT 25

whole-cell DNA of P. fluorescens strain PF-1 was restricted with the I-Ceul
restriction enzyme (New England Biolabs, Saint-Quentin-en-Yvelines, France)
and analyzed by pulsed-field gel electrophoresis (PFGE) as described previously
(4, 9). After a transfer onto a nylon membrane (20), DNA fragments were
hybridized with PCR-generated probes for 16S and 23S rRNA genes and for the
blagic., gene (Table 1). PFGE analysis of Xbal-restricted DNA from P. fluore-
scens isolates was done as previously described (4).

Protein analysis. Multiple nucleotide and protein sequence alignments were
carried out online using the program ClustalW, available over the Internet at the
University of Cambridge (http://www.ebi.ac.uk/Tools/clustalW2/index.html). The
B-lactamase extracts from cultures of P. fluorescens PF-1 and the E. coli DH10B
strain harboring the pSaul plasmid were subjected to analytical isoelectric fo-
cusing (IEF) analysis as described previously (14).

B-Lactamase purification. 3-Lactamase BIC-1 purification was carried out by
ion-exchange chromatography. E. coli DH10B (pSaul) was grown overnight at
37°C in 2 liters of TS broth containing amoxicillin (50 pg/ml) and kanamycin (30
pg/ml). The bacterial suspension was resuspended and disrupted by sonication in
10 ml 100 mM sodium phosphate buffer (pH 7), cleared by ultracentrifugation,
and dialyzed against 50 mM malonate (pH 6.1). The protein extracts obtained
were loaded onto a preequilibrated S-Sepharose column (Amersham Pharmacia
Biotech) with the same buffer. The B-lactamase recovered in the flowthrough was
subsequently dialyzed against 20 mM bis-Tris buffer (pH 7.2), loaded onto a
Q-Sepharose column preequilibrated with the same buffer, and eluted with a
linear NaCl gradient (0 to 500 mM). The fractions containing the highest B-lac-
tamase activity, as determined qualitatively using nitrocefin hydrolysis (Oxoid,
Dardilly, France), were pooled and dialyzed overnight against 50 mM sodium
phosphate buffer (pH 7). The protein content was measured by the Bio-Rad DC
protein assay. The protein purification rate and the relative molecular mass of
BIC-1 B-lactamase were estimated by sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE) analysis (14). The signal peptide cleavage
site was identified with the SignalP 3.0 server (http://www.cbs.dtu.dk/services
/SignalP/).

Kinetic studies. Kinetic measurements (k,, and K,,) of purified p-lactamase
BIC-1 were performed as described previously (11). The 50% inhibitory concen-
tration (ICsp) was determined for BIC-1 as the concentration of clavulanate,
tazobactam, or sulbactam that reduced the hydrolysis rate of 100 uM benzylpen-
icillin by 50%, under conditions in which BIC-1 was preincubated with various
concentrations of inhibitor for 3 min at 30°C, before the substrate was added.

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this paper will appear in the GenBank nucleotide database under the
accession no. GQ260093.

RESULTS

Susceptibility testing and IEF analysis. MICs of B-lactams
for P. fluorescens PF-1 showed resistance to amino- and car-
boxypenicillins, narrow- and broad-spectrum cephalosporins
(except ceftazidime), moxalactam, aztreonam, and carbapen-
ems (Table 2). The P. fluorescens PF-1 isolate did not present
any other additional resistance to antibiotics. The addition of
clavulanic acid did not modify significantly the resistance pat-
tern (Table 2). IEF analysis revealed that strain PF-1 produced
two B-lactamases with pl values of ca. 5.8 and 9, the latter pl
value likely corresponding to the natural AmpC B-lactamase of
P. fluorescens.
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TABLE 2. MICs of B-lactams for P. fluorescens PF-1, E. coli
DHI10B harboring recombinant plasmid pSaul, and the
E. coli DH10B reference strain

MIC (ug/ml)
B-Lactam(s) P. fluorescens E. coli DH10B E. coli
PF-1 (pSaul)® DH10B

Amoxicillin >256 >256 4
Amoxicillin + CLA? >256 16 4
Ticarcillin >256 >256 4
Ticarcillin + CLA >256 128 4
Piperacillin 4 256 1
Cephalothin >256 128 2
Cefuroxime >256 16 0.5
Cefoxitin >256 4 1
Ceftazidime 2 0.5 0.5
Cefotaxime >32 0.5 0.12
Cefepime >16 0.12 0.06
Moxalactam >256 0.12 0.12
Aztreonam >256 16 0.25
Imipenem >16 2 0.12
Imipenem + CLA >16 0.25 0.12
Meropenem >16 0.25 0.12
Ertapenem >16 0.25 0.12

“E. coli DH10B(pSaul) expressed B-lactamase BIC-1 from P. fluorescens
PF-1.
® CLA, clavulanic acid at a fixed concentration of 4 pg/ml.

Cloning and sequencing of the p-lactamase gene. Shotgun
cloning resulted in the selection of an E. coli DH10B(pSaul)
strain that expressed a clavulanic-acid-inhibited carbapen-
emase phenotype with resistance or reduced susceptibility to
penicillins, cephalosporins, imipenem, and aztreonam. The ad-
dition of clavulanic acid partially restored the activities of
amoxicillin and imipenem (Table 2). The MIC of imipenem for
E. coli DH10B(pSaul) was 2 wg/ml, an 8-fold-higher value
than that for E. coli DH10B. In addition, IEF analysis showed
that E. coli DH10B(pSaul) produced a B-lactamase with a pI
value of 5.8, identical to that identified in P. fluorescens PF-1
(data not shown).

Identification of B-lactamase BIC-1. DNA sequence analysis
of the 1,615-bp insert of pSaul revealed an open reading frame
(ORF) of 882 bp encoding a 294-amino-acid preprotein,
named BIC-1 (Bicétre carbapenemase), with a relative molec-
ular mass of 29 kDa. The G+C content of this ORF was
53.8%. The signal peptide cleavage site was identified between
the alanine and the glutamic acid residues at positions 24 and
25 (FA-ET) of BIC-1 (Fig. 1).

B-Lactamase BIC-1 contains four conserved motifs of class
A serine B-lactamases: 7°SSFK”3, 139SDN!33 166EXXXN!70,
and Z*KTG>* (6) (Fig. 1), where S7 is the active-site serine,
S130 1235 and T?*7 are involved in H-bond interactions, and
K**is involved in salt-bridge interaction (6, 13). BIC-1 shares
68 and 59% amino acid identities with class A carbapenemases
SFC-1 from Serratia fonticola (5) and the plasmid-encoded
KPC-2 (27), respectively (Fig. 1). The amino acid sequences of
class A carbapenemases aligned with that of BIC-1 showed
that the cysteine residues at positions 69 and 238 are conserved
whereas the His'® residue was conserved in B-lactamase
BIC-1, as in SFC-1, SME-1, and NMC-A, but not in KPC-2
(Fig. 1).

A dendrogram was generated from the amino acid sequence
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* * —_—
BIC-1 RDISTPHAIARSLQKIALGEALQTAPRQQLVDWLIGNTTGGARIRAGVPVEWVVGDKIGTCGVYGTANDYAVIWPKT SAPIVLATYTAKEN
SFC-1 ------K-V-E-M--L-F-NVLGLTE-H--M--FK S--BN VGH: V--5--D
KPC-2 ----S-R-VIE----LT--S--ABPQ---F----K-----NH---—A--AD-A V--TGR: V--RB—-
BIC-1 KEDKHSDAVIAEVTRAVLESFE 294
SFC-1 -NSK-----—- DAS-I-----] NIDALRMATGKSIGF 309
KPC-2 -D----E----BAA-LA--GLGVNGQ 293

FIG. 1. Amino acid sequence comparison of BIC-1 with those of SFC-1 from S. fonticola (5) and KPC-2 from K. oxytoca (27). Full stops indicate
the gaps that were inserted to optimize the alignment, and dashes indicate residues identical to those of BIC-1. The numbering is according to the
method described by Ambler et al. (1). The conserved domains of class A B-lactamases are underlined (6). The residues suggested to play a critical
role in carbapenemase activity are marked by asterisks (13, 15). The arrow indicates the cleavage site for the leader peptide of BIC-1.

alignment of BIC-1 with main class A B-lactamases (21). It
showed that BIC-1 is more closely related to the subgroup that
includes SFC-1 and KPC-2 than to SME-1 and NMC-A (Fig. 2).

Biochemical properties of B-lactamase BIC-1. The purifica-
tion rate of BIC-1 was estimated to be >95% by SDS-PAGE
analysis (data not shown). Kinetic parameters of the purified
B-lactamase BIC-1 showed that it had a hydrolysis profile includ-
ing penicillins, cephalosporins, carbapenems, and monobactams

(Table 3). The highest k., values were obtained with ampicillin,
cephalothin, and cephaloridine, being approximately 4-fold
higher than those for imipenem and piperacillin. Notably, &,
values for ticarcillin, cefotaxime, and oxacillin were approxi-
mately 2- to 3-fold lower than that for imipenem (Table 3).
Also, BIC-1 showed no detectable activity against ceftazidime.
The relatively weak catalytic efficiency (k.,/K,,) of BIC-1 for

most B-lactams resulted from a low affinity (high K, values) for
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FIG. 2. Dendrogram obtained for 13 representative class A B-lactamases by neighbor-joining analysis. The alignment used for the tree
calculation was performed with the ClustalX program. Branch lengths are drawn to scale and are proportional to the number of amino acid
changes. The distance along the vertical axis has no significance. Numbers in parentheses indicate percentages of amino acid identity with the
B-lactamase BIC-1. The B-lactamases (GenBank accession numbers indicated) are CARB-2 (Q0370), TEM-1 (AAG47772), SHV-1 (AAD18054),
VEB-1 (AAK14293), PER-1 (CAF18433), CTX-M-1 (CAJ01342), KPC-2 (AAO53443), SFC-1 (AAR06587), SME-1 (CAAS82281), NMC-A

(CAAT9967), GES-1 (AALS2589), and BEL-1 (AAZ(04368).
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TABLE 3. Steady-state kinetic parameters of the B-lactamase BIC-
1 and comparison of parameters obtained for
B-lactamase KPC-2 (13)“

Bt KPC-2 k., /K,
B-Lactam P K, e (mM! Cdsl/, 1';‘
G M) @M s

Benzylpenicillin 31 48 660 1,000
Ampicillin 185 1,150 160 700
Ticarcillin 15 250 60 ND
Piperacillin 40 175 210 800
Cephalothin 250 550 500 750
Cephaloridine 170 770 220

Ceftazidime ND ND ND ND
Cefuroxime 9®  >1,000 <9 410
Cefotaxime 20 2,200 9 380
Cefoxitin 1 825 1

Aztreonam 35° >1,000 <35 900
Moxalactam 3 1700 1

Oxacillin 15 110 100

Imipenem 50 300 170 230
Meropenem 1 12 80

Ertapenem 2 10 200

“ Data are means of results from three independent experiments. Standard
deviations were within 10% of the means. ND, not determinable or no detectable
hydrolysis (<0.01 s™1).

® Data determined for the corresponding K,,, value (2,000 or 1,000 uM).

most substrates. The highest affinities were found for ertap-
enem and meropenem, with K, values of 10 and 12 pM,
respectively. The highest k_,/K,,, values were obtained for ben-
zylpenicillin and cephalothin (660 and 500 mM ' - s, respec-
tively), approximately 2- to 3-fold higher than those for pip-
eracillin, cephaloridin, and ertapenem (210, 220 and 200
mM ™! - s7!, respectively). Compared with the hydrolytic effi-
ciencies of KPC-2, k_,/K,, values obtained with BIC-1 were
similar for most B-lactam substrates although substantially
lower for cefuroxime and cefotaxime (Table 3).

Inhibition studies as measured by ICs,s showed that BIC-1
activity was weakly inhibited by clavulanic acid (ICsy, 30 pM)
and tazobactam (ICs, 6.5 uM). These values are in the same
range as those found for KPC-1, with 10.5 and 0.37 puM for
clavulanic acid and tazobactam, respectively (26).

Genetic environment of the bla;_, gene. A partial fragment
of 4,135 bp of the ca. 10-kb insert of recombinant plasmid
pEco2 was sequenced to identify the flanking sequences of the
blag ., gene. Part of an ORF located 666 bp upstream of the
ATG codon of blag;~, encoded a 95-amino-acid peptide that
had 58% identity with a truncated transposase of IS//14 from
Azotobacter vinelandii (GenBank accession no. ACO77208).
Downstream of the blag; gene, part of a truncated ORF was
identified. Its deduced sequence shared 80% amino acid iden-
tity with 108 amino acids of a putative transposase of P. fluo-
rescens SBW25 (GenBank accession no. CAY48720).

No plasmid was detected from P. fluorescens PF-1, and elec-
trotransformation attempts using plasmid extracts from P. fluo-
rescens PF-1 into E. coli DH10B and P. aeruginosa PAO1 as
recipient strains failed to transfer any B-lactam resistance
marker. The blag;_-specific gene probe hybridized with an
endonuclease I-Ceul-generated fragment of chromosomal
DNA that hybridized also with the rRNA gene probe, reveal-
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ing the chromosomal location of the blag;-_, gene in P. fluo-
rescens PF-1 (data not shown).

Dissemination of blag;_,-like genes in water samples. In
order to evaluate the prevalence of the blag;-like genes,
water samples were collected 2 months later from three dis-
tinct city sites, taking into consideration that the Seine River
crosses Paris from southeast to northwest. Those samples,
therefore, included the same collecting site (site 2), another
site, located 2 km upstream (site 1), and another site, located
2 km downstream (site 3). PCR screening identified blag;c_;-
like genes in one (strain PF-2) out of nine isolates growing
onto imipenem-containing agar plates from site 1, in one
(strain PF-3) out of 18 isolates from site 2, and in none of the
17 isolates collected from site 3. Only BIC-1-positive isolates
were identified by sequencing of the 16S rRNA genes. Isolates
PF-2 and PF-3 were also identified as P. fluorescens, and PFGE
analysis did not show any clonality between PF-1, PF-2, and
PF-3 (data not shown).

DISCUSSION

Our study identified a novel chromosome-encoded class A
carbapenemase from water samples collected in the Seine
River, Paris. B-Lactamase BIC-1 shares the highest amino acid
identity with class A carbapenemases SFC-1 from S. fonticola
(5) and the plasmid-encoded KPC-2 (27). The cysteine resi-
dues conserved in class A carbapenemases at positions 69 and
238 may form a disulfide bond, as in KPC-2 and SFC-1 (13).
Interestingly, the His'% residue was conserved in B-lactamase
BIC-1, as in SFC-1, SME-1, and NMC-A, whereas KPC-2
possesses a tryptophan residue and SME-3, a tyrosine residue,
at that position. Tyrosine and tryptophan seem to be the most
common substitutions important for carbapenem hydrolysis
17).

The G+C content of this ORF (53.8%) differed from the
expected range of the G+C content of Pseudomonas genes (ca.
60%), perhaps indicating a non-Pseudomonas origin. More-
over, BIC-1 was chromosomally encoded although it was not
identified in all P. fluorescens isolates. This result suggests that
the B-lactamase BIC-1 is not a feature of the P. fluorescens
species, suggesting a mobile DNA structure.

Biochemical characterization of BIC-1 showed a significant
hydrolysis of piperacillin, although the MIC of piperacillin for
P. fluorescens was surprisingly low.

Several metallo-B-lactamases, such as VIM-2 from P.
pseudoalcaligenes (18) and P. aeruginosa (19) and IMP-22 from
P. fluorescens (12), were recovered from urban water samples.
The number of different class A B-lactamases with carbapen-
emase activity is still limited, and the occurrence of most class
A carbapenemases is at present sporadic (24), except for KPC
enzymes. Only the class A carbapenemase IMI-2 in E. asburiae
has been identified from U.S. rivers (2), and detection of a
novel member of this class of carbapenemases in a P. fluore-
scens isolate recovered from the Seine River is intriguing. The
blag~., gene is located on a possible transferable structure
that may be the source of its dissemination in urban water.
Multiple identification of blag;_-positive P. fluorescens iso-
lates in the same river may indicate a larger-than-expected
spread of multidrug-resistant bacteria. Further work should be
dedicated to the search for the spread of this novel broad-
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spectrum resistance determinant among human and animal
isolates.
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