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Cefoxitin resistance in Klebsiella pneumoniae and Escherichia coli strains isolated in Greek hospitals was
found to be due to the acquisition of similar plasmids coding for group 1 b-lactamases. The plasmids were not
self-transferable but were mobilized by conjugative plasmids. These elements have also been spread to
Enterobacter aerogenes. The most common enzyme was a Citrobacter freundii-derived cephalosporinase (LAT-2)
which differed from LAT-1 by three amino acids.

Emergence of plasmid-mediated group 1 b-lactamase has
been recently reported in several studies. The enzymes resem-
ble chromosomal class C b-lactamases in that they confer re-
sistance to cephalosporins, including cefoxitin, and are not
inhibited by clavulanate (3). Their presence appears to be
sporadic and limited mainly to Klebsiella pneumoniae (2, 7, 9,
11, 12, 18, 25). Genetic data show that plasmid-mediated group
1 b-lactamases have been derived from Citrobacter freundii (5,
24), Pseudomonas aeruginosa (7, 9), and Enterobacter cloacae
(18). The encoding plasmids differ in molecular mass, transfer
proficiency, and cotransferred resistance markers (20). These
facts suggest that ampC genes can translocate from the chro-
mosomes of several species into various plasmids. A consider-
able number of K. pneumoniae isolates from Greek hospitals
exhibit resistance to cefoxitin and b-lactam–inhibitor combi-
nations (13, 27). We show here that this phenotype is due to
the acquisition of plasmids coding for C. freundii-derived
cephalosporinases. We also found that such plasmids have
been spread to Escherichia coli and Enterobacter aerogenes.
Twelve K. pneumoniae, two E. coli, and two E. aerogenes

clinical strains resistant to cefoxitin (MIC $ 32 mg/ml) were
examined. The latter strains were collected as imipenem resis-
tant and were included in the study after they were found to be
able to transfer cefoxitin resistance. The K. pneumoniae and E.
coli strains studied represent all the cefoxitin-resistant strains
of these species isolated during October 1994 in five Athens
hospitals. E. coli strains used as recipients and strains produc-
ing standard b-lactamases have been described previously (25).
Typing of K. pneumoniae was done by a randomly amplified
polymorphic DNA PCR (4).
Susceptibilities to b-lactams were evaluated by the E test

(AB Biodisk, Solna, Sweden). Susceptibilities to other antibi-
otics were evaluated by standard antibiograms (16). Transfer
of resistance characters was carried out by conjugation using a
recipient E. coli 26R793 (Lac2 Rifr) (26). Transconjugants
were selected on media containing cefoxitin (20 mg/ml) or
ampicillin (40 mg/ml) plus rifampin (200 mg/ml). Analysis of
plasmid patterns was performed with the QIAGEN Plasmid
Kit (QIAGEN, Hilden, Germany). For transformation of E.
coli C600 and XL1-Blue cells, plasmid DNA preparations or

plasmids isolated from low-melting-point agarose gels were
used (21). Plasmid restriction patterns were obtained after
digestion with several endonucleases. Endonuclease-treated
plasmids were transferred to nitrocellulose and hybridized with
a blaLAT-1 probe and an E. cloacae MHN1 ampC probe under
high-stringency conditions (203 SSC [13 SSC is 0.15 M NaCl
plus 0.015 M sodium citrate], 658C). The former probe was a
288-bp SacII-MluI fragment from plasmid pBL23 (22), and the
latter was a 514-bp SphI-NruI fragment from plasmid pEC1E
(8). Both probes were internal to the respective cephalospori-
nase coding regions. They were labeled by random primer
incorporation of digoxigenin-dUTP (Boehringer, Mannheim,
Germany).
For b-lactamase studies, cell sonic extracts clarified by cen-

trifugation were used. The b-lactamase content was assessed
by measuring cephaloridine hydrolysis rates spectrophoto-
metrically at 295 nm and expressed as units of activity (1 U 5
1 mmol of cephaloridine hydrolyzed per min per mg of protein
at pH 7.0 and 378C). Hydrolytic activity against b-lactams was
evaluated by UV spectrophotometry. Determinations were
performed at pH 7.0 and 378C. The substrates, used at various
concentrations, and the respective wavelengths were as fol-
lows: penicillin G (233 nm), ampicillin (235 nm), cephalothin
(265 nm), cephaloridine (295 nm), ceftazidime (260 nm), ce-
fotaxime (264 nm), cefpirome (258 nm), and ceftibuten (260
nm). The maximum rate of hydrolysis (Vmax) and Km values
were determined by Lineweaver-Burk plots. The Vmax values
were expressed as hydrolysis rates relative to that of cephalo-
ridine set at 100. The concentrations of clavulanate, aztreo-
nam, and cefoxitin that inhibited 50% of the enzymatic activity
against nitrocefin were assessed as described previously (25).
Analytical isoelectric focusing was performed on polyacryl-
amide gels. The ampholytes covered a pH range from 3.5 to 9.5
(Pharmacia-LKB, Uppsala, Sweden).
Nucleotide sequencing was performed by the dideoxy chain

termination method (23) with a Sequenase 2.0 kit (U.S. Bio-
chemical Corp., Cleveland, Ohio). Three oligonucleotides that
correspond to positions 561 to 578 and 845 to 866 (sense) and
1101 to 1122 (antisense) of the C. freundii OS60 ampC gene
(14), as well as other universal primers, were used.
All cefoxitin-resistant E. coli (n 5 2) and K. pneumoniae

(n 5 12) strains were isolated from hospitalized patients. They
represented 1% of the E. coli strains and 14% of the K. pneu-
moniae strains isolated throughout the period of surveillance.
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The E. coli strains were from separate hospitals. The E. aero-
genes strains (n 5 2) were isolated in the intensive care unit of
a hospital during the same period. Typing of K. pneumoniae
isolates by randomly amplified polymorphic DNA PCR re-
vealed that they were scattered in five types (data not shown).
This, taken together with the differences in biotypes and plas-
mid patterns, indicated that they were distinct. Differences in
the respective biotypes were also observed for the E. coli and
E. aerogenes isolates.
Susceptibilities to antibiotics and b-lactamase contents of

the strains are presented in Table 1. The E. coli strains S95 and
S208 were resistant to amoxicillin-clavulanate, cefoxitin, az-
treonam, and oxyimino cephalosporins (ceftazidime and cefo-
taxime). This phenotype was observed for 10 K. pneumoniae
strains (N1 to N10). The remaining K. pneumoniae strains, T80
and L67, were resistant only to cefoxitin and amoxicillin-clavu-
lanate. The E. aerogenes strains Y15 and Y25 were resistant to all
b-lactams tested. Most of the strains were also resistant to
other non-b-lactam antibiotics. Isoelectric focusing showed
that the K. pneumoniae and E. aerogenes strains possessed a
b-lactamase focused at 9.1. The E. coli strains S95 and S208
exhibited b-lactamase bands with pIs of 8.9 and 9.4, respec-
tively (Fig. 1). In all K. pneumoniae strains, except L67 and
T80, and in the E. coli strain S208, the above-described en-

zymes were accompanied by additional bands focused at pIs of
8.2 and 5.4. It is likely that the latter bands represent the
SHV-5 and TEM-1 b-lactamases that are encountered fre-
quently in enterobacteria isolated in Greek hospitals (26, 27).
Conjugal transfer of b-lactam resistance was observed with

one E. coli strain (S208), one E. aerogenes strain (Y25), and five

FIG. 1. Isoelectric focusing of b-lactamases in representative clinical strains
and the respective E. coli 26R793 transconjugants (trc) and E. coli C600 trans-
formants (trf). Lanes: 2 to 4, E. coli S208 and trc S208-F; 5 and 6, E. coli S95 and
trf S95-F; 7 to 9, K. pneumoniae N5, trc N5-F2, and trf N5-F; 10 and 11, K.
pneumoniae L67 and trf L67-F; 12 to 14, E. aerogenes Y25, trc Y25-F, and trf
Y25-F. LAT-1 b-lactamase (pI 5 9.4) is in lane 1. The pIs of the enzymes
TEM-1, PSE-2, SHV-1, and SHV-5 in lane 15 are indicated on the right.

TABLE 1. E test MICs of b-lactam antibiotics, b-lactamase contents, and additional non-b-lactam resistance markers of
the clinical strains and representative E. coli 26R793 transconjugants and E. coli C600 transformants

Strain and trc(s)
and/or trfa

E test MIC (mg/ml)b b-Lactamase content Non-b-lactam resistance
markerseFox Caz Ctx Atm Amc pI(s)c Unitsd

E. coli S208 .256 .256 128 .256 64 5.4, 8.2, (8.5), 9.4 636 Gm Tb Cm Tp Tc
trc S208-Ff 256 .256 128 128 128 8.2, (8.5), 9.4 518 Gm Tb Tp Tc
trf S208-F 256 .256 64 64 128 (8.5), 9.4 404 None

E. coli S95 256 .256 128 48 64 8.9 400 None
trf S95-F 256 .256 64 64 128 (8.5), 8.9 411 None

K. pneumoniae N1 .256 .256 32 .256 32 5.4, (7.6), 8.2, 9.1 466 Gm Tb An Nt Cm Tp
K. pneumoniae N2 .256 .256 24 .256 48 5.4, (7.6), 8.2, 9.1 325 Gm Tb An Nt Cm Tp
K. pneumoniae N3 128 .256 64 .256 12 5.4, (7.6), 8.2, 9.1 228 Gm Tb An Nt Tp Tc
K. pneumoniae N4 .256 256 24 .256 48 5.4, (7.6), 8.2, 9.1 302 Gm Tb An Nt Tp
K. pneumoniae N5 .256 .256 .256 .256 64 5.4, (7.6), 8.2, 9.1 501 Gm Tb An Nt Cm Tp
trc N5-A1f 4 0.5 0.1 0.125 12 5.4, (8.5) 60 Gm Tb
trc N5-A2 4 128 24 128 6 8.2, (8.5) 140 Gm Tb An Nt Tp
trc N5-F1 256 .256 .256 64 128 5.4, 8.2, (8.5), 9.1 520 Gm Tb An Nt
trc N5-F2 256 .256 48 48 128 (8.5), 9.1 399 None
trf N5-F 256 .256 64 64 128 (8.5), 9.1 422 None

K. pneumoniae N6 .256 .256 24 .256 48 (7.6), 8.2, 9.1 330 Gm Tb An Nt Cm Tp
K. pneumoniae N7 .256 .256 24 .256 32 5.4, (7.6), 8.2, 9.1 315 Gm Tb An Nt Cm Tp Tc
K. pneumoniae N8 .256 .256 24 .256 32 5.4, (7.6), 8.2, 9.1 307 Gm Tb An Nt Cm Tp
K. pneumoniae N9 .256 .256 16 .256 32 5.4, (7.6), 8.2, 9.1 288 Gm Tb An Nt Tp
K. pneumoniae N10 64 .256 16 64 32 (7.6), 8.2, 9.1 122 Gm Tb An Nt Tp
trf N10-F .256 .256 32 24 128 (8.5), 9.1 410 None

K. pneumoniae T80 96 1.5 1 0.5 16 (7.6), 9.1 43 Cm Tp Tc
K. pneumoniae L67 32 8 3 3 32 (7.6), 9.1 44 None
trf L67-F 256 .256 64 64 128 (8.5), 9.1 430 None

E. aerogenes Y15 .256 32 24 24 32 (8.2), 9.1 722 Tb An Nt Cm Tp Tc
trf Y15-F .256 .256 24 24 128 (8.5), 9.1 394 None

E. aerogenes Y25 .256 .256 256 256 256 (8.2), 9.1 1,423 Tb An Nt
trc Y25-F 256 256 32 48 64 (8.5), 9.1 377 None
trf Y25-F 256 .256 64 64 128 (8.5), 9.1 417 None

E. coli 26R793 4 0.38 0.05 0.125 4 (8.5) NDg None
E. coli C600 4 0.25 0.05 0.09 4 (8.5) ND None

a trc, E. coli 26R793 transconjugant; trf, E. coli C600 transformant.
b Fox, cefoxitin; Caz, ceftazidime; Ctx, cefotaxime; Atm, aztreonam; Amc, amoxicillin plus clavulanate (2:1).
c b-Lactamase bands presumed to be the chromosomal enzymes of the host strains are in parentheses.
d Units are as described in the text.
e Gm, gentamicin; Tb, tobramycin; An, amikacin; Nt, netilmicin; Cm, chloramphenicol; Tp, trimethoprim; Tc, tetracycline.
f F and A, selection with cefoxitin and ampicillin, respectively.
g ND, not determined because the hydrolysis rate was too low.
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K. pneumoniae (N1 to N5) strains. Transfer frequencies ranged
from 1028 to 1027 per donor cell when cefoxitin was used for
selection. The frequencies were higher with ampicillin (1026 to
1024). Transconjugants selected with cefoxitin exhibited the
b-lactam resistance phenotype of the donors and had acquired
the b-lactamase with a pI of 9.1 or that with a pI of 9.4 when
the donor was E. coli S208. A small proportion of clones
selected on ampicillin were resistant to cefoxitin and expressed
the b-lactamase that focused at a pI of 9.1 or that which
focused at a pI of 9.4. The rest were resistant only to ampicillin
or to ampicillin, oxyimino cephalosporins, and aztreonam and
expressed b-lactamases focusing at 8.2 and 5.4. Other resis-
tance markers were also transferred. The resistance pheno-
types observed along with the isoelectric points suggest that the
latter clones had acquired SHV-5 and TEM-1. None of the
cefoxitin-susceptible transconjugants acquired any of the b-lac-
tamases that focused at pIs of 9.1 or 9.4. E. coli S95, exhibiting
the b-lactamase with a pI of 8.9, as well as E. aerogenes Y15
and K. pneumoniae N6 to N10, was not able to transfer cefox-
itin resistance by conjugation.
Plasmid analysis showed that small plasmids of 8.3 kb were

consistently present in all clinical strains and cefoxitin-resistant
transconjugants. Plasmid preparations from the clinical strains
were run in low-melting-point agarose. The 8.3-kb bands were
excised from the gel, purified, and used to transform E. coli
C600 and XL1-Blue cells. In all cases, cefoxitin-resistant trans-
formants were obtained. They were also resistant to oxyimino
cephalosporins, aztreonam, and amoxicillin-clavulanate. Anal-
ysis of b-lactamase patterns by isoelectric focusing showed that
the transformants derived by using K. pneumoniae and E. aero-
genes plasmid preparations expressed the enzyme that focused
at a pI of 9.1. Transformants derived from plasmids from
E. coli strains S95 and S208 displayed the same resistance
phenotype and expressed b-lactamases with pIs of 8.9 and
9.4, respectively. Notably, when plasmid preparations from K.
pneumoniae strains T80 and L67 were used, the E. coli trans-
formants obtained were also resistant to oxyimino cephalospo-
rins and aztreonam and expressed levels of b-lactamase higher
than those expressed by the respective clinical strains (Table
1). None of the E. coli C600 transformants were able to trans-
fer b-lactam resistance by conjugation. However, when trans-
formants of E. coliXL1-Blue, which contain the F9 factor, were
used as donors, b-lactam-resistant transconjugants were ob-
tained. All 8.3-kb plasmids gave similar restriction profiles

(Fig. 2A). These data indicated that closely related plasmids
coding for basic b-lactamases (with pIs of 8.9, 9.1, and 9.4) and
conferring a cephalosporinase phenotype have been spread to
the examined clinical strains. The plasmids were not self-trans-
missible but were mobilized by conjugative plasmids.
The b-lactamase displaying a pI equal to 9.1 was selected for

further characterization. Sonic extracts from transformant trf
N5-F (Table 1) were used for hydrolysis studies. As shown in
Table 2, the enzyme hydrolyzed cephaloridine and cephalothin
more efficiently than it hydrolyzed penicillin G and ampicillin.
It hydrolyzed ceftibuten and cefpirome but displayed low af-
finity for the antibiotic. The hydrolysis rate of ceftazidime was
higher than that of cefotaxime. Hydrolysis of cefoxitin and
aztreonam was very slow. Both antibiotics were, however, ef-
fective inhibitors of the hydrolysis of nitrocefin as shown by
their low 50% inhibitory concentrations for this activity (Table
3). Clavulanate was ineffective as an inhibitor.
Fragments of plasmids digested with endonuclease reacted

with a blaLAT-1 probe (Fig. 2B). The fragment of the blaLAT-1
gene used had a high degree of homology (96%) with the
respective SacII-MluI region of C. freundii OS60 (14) but less
than 80% homology with the corresponding regions of the E.
cloacae (6), Serratia marcescens (17), and P. aeruginosa (15)
ampC genes. None of the plasmids reacted with the E. cloacae
MHN1 ampC probe. It was estimated that under the stringent
conditions employed, more than 80% homology was required
to obtain a positive signal. Thus, the detected enzymes might
be LAT-like and derived from C. freundii. The enzyme that
focused at 9.1 was designated LAT-2, and the respective 8.3-kb
plasmid from trf N5-F was designated pMEL. The blaLAT-1

FIG. 2. (A) Comparison of restriction patterns of three 8.3-kb plasmids de-
rived from K. pneumoniae N5 (lanes 1, 4, and 7), E. coli S208 (lanes 2, 5, and 8),
and E. coli S95 (lanes 3, 6, and 9). The endonucleases used were RsaI (lanes 1 to
3), DraI (lanes 4 to 6), and HaeIII (lanes 7 to 9). Molecular weight markers are
in lanes 10 and 11 (sizes in kilobase pairs are on the right). (B) The same
preparations after hybridization with the LAT-1 probe.

TABLE 2. Substrate profiles of LAT-2 and reference
b-lactamases (BIL-1 and LAT-1)

Substrate

Relative Vmax by
b-lactamasea:

Result for
b-lactamase LAT-2b

BIL-1c LAT-1b Relative
Vmax

a Km (mM)

Cephaloridine 100 100 100 10
Cephalothin 1.2 140 169 54.5
Penicillin G NDd 3 3 12
Ampicillin ND 1 1 17
Ceftibuten ND 3 6.2 188
Cefpirome ND ND 14 360
Ceftazidime ND 2 2.2 ND
Cefotaxime ND ,1 1 ND

a Vmax values are relative to that of cephaloridine set at 100.
b For LAT-1 and LAT-2 enzymes, the respective values were determined in

parallel experiments.
c Vmax values for BIL-1 are from reference 19.
d ND, not determined.

TABLE 3. Inhibition profiles of LAT-2 and reference
b-lactamases (BIL-1 and LAT-1)

b-Lactamase
IC50 (mM) of inhibitora:

Clavulanate Cefoxitin Aztreonam

BIL-1 362 4.1 NDb

LAT-1 .250 0.8 0.03
LAT-2 250 0.65 0.02

a IC50, concentration that inhibited 50% of the enzymatic activity against
nitrocefin. Values for BIL-1 are from reference 19. For LAT-1 and LAT-2
enzymes, the respective values were determined in parallel experiments.
b ND, not determined.
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gene from pMEL was cloned into pBCSK(1), and its sequence
was determined and found to be highly homologous with those
of blaLAT-1 (24), blaCMY-2 (2), blaBIL-1 (5), and the C. freundii
OS60 ampC gene (14). The respective homologies of the de-
duced amino acid sequences were 99.2, 99.4, 97.8, and 95.3%
(Fig. 3).
In this report we show that the cause of cefoxitin resistance

in E. coli and K. pneumoniae strains isolated in Athens hospi-
tals is the acquisition of similar non-self-transmissible but mo-
bilizable plasmids that encode group 1 b-lactamases possibly
derived from C. freundii. The plasmids are not confined to
these species but have also been disseminated to E. aerogenes.
Plasmid-mediated cephalosporinases in K. pneumoniae and E.
coli may be detected by the phenotype they produce. Their
presence in enterobacters, as observed here, and citrobacters
(1) is phenotypically hidden because these species are able to
express large amounts of chromosomal cephalosporinase (22).
Hence, the spread of plasmid-mediated group 1 enzymes may
be wider than previously thought.
The enzyme described here behaved as a typical AmpC

b-lactamase. The hydrolysis rates of cefoxitin and aztreonam
were low. However, LAT-2 displayed high affinity for these
b-lactams. It is likely that high affinity compensates for the slow
hydrolysis, thus explaining the MICs of both antibiotics. In fact,
cefoxitin hydrolysis under the conditions that prevail in the
periplasmic space (high enzyme and low drug concentrations)
should be very efficient, since the respective MICs were higher
than those of the other cephalosporins. Hybridization provided
indications that the enzyme described above is closely related
to the previously reported LAT-1 and may be derived from C.
freundii (24). This notion was confirmed by sequencing of the
blaLAT-2 gene. The amino acid composition of LAT-2 was
closely related to those of LAT-1, CMY-2, BIL-1, and C. freun-
dii OS60 AmpC. LAT-2 differed from LAT-1 by three amino
acids: Gln for Lys at position 120, Glu for Gln at position 213,
and Gln for Arg at position 235.

In two K. pneumoniae strains the b-lactamase that could
confer resistance to cephalosporins was LAT-2. An enzyme
focusing at the pI of SHV-5 was concomitantly expressed in the
other K. pneumoniae strains. This may account for the different
MICs of oxyimino cephalosporins and aztreonam. The latter
strains were resistant to these drugs, whereas the former dis-
played decreased susceptibility. However, acquisition of LAT-
2-encoding plasmids by E. coli rendered strains resistant to
aztreonam and oxyimino cephalosporins. This result was ap-
parently due to the production of larger amounts of the en-
zyme, suggesting differences in the interaction of the two spe-
cies with the LAT-2-encoding plasmids. It is unlikely that there
is any direct regulation of plasmid b-lactamase expression by
the host’s genes. One possible explanation for the differential
enzyme production could be that the copy number of the
plasmids is higher in the E. coli hosts. Overexpression of com-
mon plasmid-mediated b-lactamases has little effect on resis-
tance to cephalosporins (10). In contrast, the effect of “gene
dosage” seems important for plasmid-mediated group 1 b-lac-
tamases and production of large amounts of the enzymes is
required to confer a derepressed-like phenotype.
Group 1 plasmid-mediated b-lactamases have been derived

from several species, and the respective plasmids seem to be
different. Despite the apparent variety of translocation events
that have led to the emergence of plasmids expressing these
enzymes, their presence so far appears to be sporadic and
confined mostly to K. pneumoniae. To date only one outbreak
of K. pneumoniae strains expressing MIR-1 in a U.S. hospital
has been reported (18). However, as has been shown here,
plasmid-mediated cephalosporinases, derived from C. freundii,
are established in the flora of Greek hospitals. The conjugation
experiments showed that the LAT-2-encoding plasmids are
mobilized by enterobacterial self-transmissible R plasmids. Co-
existence with such elements, frequently encountered in entero-
bacteria (26, 27), could explain, at least partly, their wide
spread.
Epidemics of R plasmids are mainly due to the heavy anti-

biotic pressure in the hospital setting. However, we cannot
provide a straightforward explanation to associate antibiotic
usage with the spread of these determinants. E. aerogenes
strains expressing LAT-2 were stable overproducers of the
chromosomal cephalosporinase, and therefore the enzyme
does not provide any particular selective advantage. In K. pneu-
moniae, production of LAT-2 expands resistance toward cefa-
mycins, but these antibiotics are not frequently prescribed in
Greek hospitals. The increasing use of b-lactam–inhibitor
combinations may explain the dissemination of plasmid-medi-
ated group 1 enzymes in the latter species.
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