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Two multiresistant Klebsiella pneumoniae strains isolated from cerebrospinal fluid of human neonates were
analyzed for their plasmid content. Two of the plasmids harbored by these strains, pJHCMW1 (11 kilobase
pairs) and pJHCMW4 (75 kilobase pairs), carried genetic determinants for amikacin resistance. These
plasmids also encoded resistance to kanamycin, tobramycin, and ampicillin which could be transferred to
Escherichia coli by conjugation. Extracts from transconjugant derivatives carrying pJHCMW4 produced an
acetyltransferase activity that acetylated all three aminoglycosides. Transconjugant derivatives carrying
pJHCMW1 encoded both acetylating and phosphorylating activities. Southern blot hybridization analysis
indicated considerable DNA homology between these two plasmids.

Nosocomial infections caused by gram-negative bacilli
result in considerable morbidity and mortality (26). Kleb-
siella pneumoniae, in particular, has assumed a prominent
role and has been recognized as an important cause of
meningitis in neonates and infants, with a mortality rate for
both of about 90% (5). The problem has been complicated by
the appearance of drug-resistant strains, especially to ami-
noglycoside antibiotics. As a result, aminoglycosides have
been used sparingly to reduce the selection of resistant
strains. Despite these precautions, resistance to these anti-
biotics is now being identified in a number of isolates from
different geographical locations (3, 5, 13, 17, 19, 24). Ami-
kacin (Ak), a semisynthetic derivative of kanamycin A
which was introduced in 1976 (18), is the most resistant to
enzyme inactivation of all the aminoglycosides currently
available for therapeutic use (29). However, there have
recently been reports of chromosome- and plasmid-mediated
resistance to amikacin (3, 17, 19, 23, 24, 28). It seems
inevitable that a higher incidence of resistance will occur in
the United States as amikacin and other aminoglycosides are
increasingly used (19).
We recently initiated the analysis of aminoglycoside re-

sistance in K. pneumoniae strains isolated from cases of
bacteremia and meningitis in neonates and children in vari-
ous geographical locations. In this work, we report the
presence, in multiresistant K. pneumoniae strains, of plas-
mids carrying resistance to Ak.

MATERIALS AND METHODS
Bacterial strains. Klebsiella strains were isolated in

pediatric units in the United States (Seattle, Wash., and Little
Rock, Wash.) and Argentina (Children's Hospital of the City
of Buenos Aires). Those strains from Seattle were provided
by C. Clausen and those from Little Rock were provided by
R. Jacobs. Escherichia coli strains HB101 (4), JC2926
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(pMB8::Tnl700) (32), W677 (34), HB101(pRK231) (15), and
K-12 W1485-1 (7) have been described previously.
Enzyme determinations. Enzymatic activities were ana-

lyzed by the phosphocellulose paper binding assay (16) with
Ak, gentamicin (Gm), kanamycin (Km), and tobramycin
(Tm) as substrates. Each culture sonicate was screened in
triplicate. The following strains were used as controls: E.
coli JC2926(pMB8: :Tnl700) for acetyltransferase, E. coli
W677 for adenylyltransferase, and E. coli HB101(pRK231)
for phosphotransferase. The protein content of sonicates
was determined by the method of Lowry et al. (20).

Antibiotic susceptibility. Antibiotic susceptibility to Ak,
ampicillin (Ap), Gm, Km, and Tm was determined by the
method described previously by Bauer et al. (1). The strains
were considered to be resistant when the MICs were -16
jig/ml for Ak, -8 ,ug/ml for Gm and Tm, .25 ,g/ml for Km,
and -32 ,ug/ml for Ap (25).

Conjugation and transformation. Conjugation and trans-
formation were carried out as described previously (7, 37).
E. coli K-12 W1485-1 (7) and E. coli HB101 (4) were used,
respectively, in conjugation and transformation.

Isolation of plasmid DNA. Plasmid DNA was purified by
the alkaline method (2), followed by centrifugation in a
cesium chloride-ethidium bromide density gradient as de-
scribed previously (36).
Agarose gel electrophoresis of plasmid DNA. Electrophore-

sis of plasmid DNA in 0.7% agarose gels was carried out as
described previously (8) with plasmids from E. coli V517 (21)
or HindIII-digested XDNA as size references.

Labeling of plasmid DNA. Plasmid DNA was labeled by
nick translation (31).

Southern blot hybridizations. Restriction fragments were
transferred to nitrocellulose filters by the Southern blot
transfer method (35). Hybridization experiments were per-
formed by placing the filters in plastic bags containing 0.75 M
NaCl, 0.075 M sodium citrate, Denhardt solution (0.02%
Ficoll, 0.02% polyvinylpyrrolidone, 0.02% bovine serum
albumin) (14), 1 mM EDTA, 0.1% sodium dodecyl sulfate,
and 50% formamide. After 3 h at 37°C, heat-denatured,
32P-labeled plasmid DNA and 100 jig of carrier salmon testes
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TABLE 1. Acetyltransferase and phosphotransferase activitiesa

Acetylation (cpm, x 103) Phosphorylation (cpm, X 103)
Strain

Km Gm Tm Ak Km Gm Tm Ak

E. coli K12(pMB8::Tnl700) 105 114 123 0.6 NDb ND ND ND
E. coli K12(pRK231) ND ND ND ND 1.5 0 0.2 0
K. pneumoniae JHCK4 123 19 2 8.6 0 0 0 0
E. coli K12(pJHCMW4) 246 17 78 32 0 0 0 0
K. pneumoniae JHCK1 6.6 64 24 13 1.2 1.7 6 1.3
E. coli K12(pJHCMWl) 114 98 162 172 2 4.4 0.5 1

a Assays were performed by the phosphocellulose paper binding method (16). E. coli K12(pRK231) and E. coli K12(pMB8: :Tn) 700) were used as control strains
for phosphotransferase and acetyltransferase, respectively. Adenylylating activity was not detected.

b ND, Not determined.

DNA per ml were added. Hybridization was carried out by
incubation for 16 h at 37°C. Each increase of 1% in the
formamide concentration in the hybridization buffer lowers
the melting temperature of duplex DNA by 0.7°C (22);
therefore, the hybridization experiments were performed
under high stringency conditions. After hybridization, the
filters were washed at 65°C in a solution containing 0.3 M
NaCl, 0.03 M sodium citrate, and 0.1% sodium dodecyl
sulfate.

RESULTS AND DISCUSSION
Fifty K. pneumoniae strains, isolated in Seattle and Little

Rock, were susceptible to all aminoglycosides. One hundred
and sixty Klebsiella sp. were isolated from patients with
nosocomial infections in Buenos Aires, Argentina, during a

period of 1 year (January 1981 to January 1982). All of these
strains were multiresistant, and approximately 7% were
resistant to Ak. Two of the latter isolates, identified as K.
pneumoniae, isolated from cerebrospinal fluid from two
different neonates who finally died because of the infection,
were examined in detail. In addition to Ak the strains were

also resistant to Ap, chloramphenicol (Cm), Gm, Km, and
Tm. The plasmid content of each K. pneumoniae strain was
clearly different: JHCK1 harbored plasmids of 120, 93, 69,
11, 7.3, 4.8, and 3.1 kilobase pairs (kbp), while JHCK4
carried plasmids of 75, 10.6, 6.3, 5.5, 4, 3.7, and 3.4 kbp.

Analysis of the enzymatic activities in these two K.
pneumoniae strains is shown in Table 1. K. pneumoniae
JHCK4 possessed acetylating activity when measured
against the antibiotics Ak, Gm, Km, and Tm. Neither
adenylylating nor phosphorylating activity was found in this
strain. K. pneumoniae JHCK1 showed significant
acetylating and phosphorylating activities against all four
antibiotics and no adenylylating activity.
To identify the plasmids harboring these antibiotic resist-

ance genes, we performed conjugation experiments, using as

a recipient E. coli K-12 W1485-1. The E. coli transconjugants
were scored for antibiotic resistance, enzymatic activity,
and plasmid content. The results (Table 2) indicate that Ak
resistance is associated with a single plasmid in each donor
strain. Transconjugants 1, 24, and 30, obtained from strain
JHCK1, carried an 11-kbp plasmid, (pJHCMW1) and were
the only transconjugants obtained from this strain that
possessed resistance to Ak. They were also resistant to Ap,
Km, and Tm; in addition, exconjugants 24 and 30 were
resistant to Gm. Exconjugant 28, from the same K. pneumo-
niae strain, harbored a 120-kbp plasmid and was resistant to
Ap, Gm, Km, and Tm but not to Ak, confirming that the
genes for Ak resistance are located on the 11-kbp pJHCMW1
plasmid. Genes encoding resistance to Gm were carried by

the larger plasmid of 120 kbp. This plasmid also carried
resistance determinants for Ap, Km, and Tm. In an indepen-
dent experiment (Table 2) pJHCMW1 DNA was transformed
into E. coli HB101. The resulting transformants carried the
11-kbp plasmid and conferred resistance to Ak. Table 2 also
shows that these transformants, in addition, were resistant
to Km and Tm, as well as Ap, but not to Gm. These results
suggest the presence of two different enzymes which modify
Tm and Km in the original K. pneumoniae JHCK1 strain:
one encoded in the large 120-kbp plasmid and the other
coded for by the 11-kbp plasmid pJHCMW1. Table 1 shows
that a cellular extract made from E. coli exconjugant 1,
which harbors pJHCMW1, contained acetylating and
phosphorylating activities for Ak, Gm, Km, and Tm. The
level of acetylating activity for Ak was much higher in this
extract than that of the control E. coli (pMB8::Tnl700), and
the level of phosphorylating activity was similar to that of
the control E. coli (pRK231) for Km and Tm, while it was
higher for Ak and Gm. This suggests that plasmid
pJHCMW1 codes either for two aminoglycoside-modifying
enzymes or a bifunctional enzyme. No adenylylating activ-
ities were found in this extract.

Table 2 shows that transconjugant 17 obtained from K.
pneumoniae JHCK4 carries a 75-kbp plasmid (pJHCMW4)
which was responsible for the resistance to Ak, Ap, Km, and
Tm shown by this strain. This transconjugant had similar
enzymatic activities to those found in the original K. pneu-
moniae JHCK4 strain; i.e., there was an acetylating activity
for Ak, Gm, Km, and Tm (Table 1), but neither

TABLE 2. Plasmid content and susceptibility to antibiotics of
transconjuganta and transformantb strains of E. coli

Antibiotic susceptibilityc
Strain Plasmids (kbp) Ak Gm Tm Km Ap

C 1 11 r s r r r
C24 120,11,7.3,3.1 r r r r r
C 28 120 s r r r r
C30 120,11 r r r r r
F 1 11 r s r r r
C 17 75 r s r r r
F2 75 r s r r r

a Transconjugants derivatives (designated C) 1, 24, 28, and 30 were ob-
tained by conjugation between K. pneumoniae JHCK1 and E. coli K-12
W1485-1. Transconjugant 17 was generated by conjugation between K.
pneumoniae JHCK4 and E. coli K-12 W1485-1.

b Transformant strains (designated F) were obtained by transformation of
E. coli HB101 with either pJHCMWl or pJHCMW4 DNA.

c r, Resistant strains; s, susceptible strains.
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phosphorylating nor adenylylating activity was detected.
This result suggests that the enzyme responsible for resist-
ance to Ak in pJHCMW4 is an acetyltransferase. Transfor-
mation of pJHCMW4 DNA into E. coli HB101 confirmed
that this plasmid carried the genes for Ak resistance and also
encoded resistance to Ap, Km, and Tm but not to Gm (Table
2).
The position modified in the Ak molecule by the enzy-

matic activities coded for by pJHCMW1 and pJHCMW4 has
not yet been determined, although in the literature an
amikacin acetyltransferase has been described that modifies
position 6' (10, 11, 17, 23). In addition, there have been
reports of amikacin phosphotransferases (3' and 2") (3, 10,
11) and amikacin nucleotidyltransferases (4' and 2") (6, 10,
11).
The fact that both plasmids pJHCMW1 and pJHCMW4

encode enzymes that modify Gm, although they do not
confer in vivo resistance to this antibiotic, is not surprising
because resistance to an antibiotic is the result of competi-
tion between the rates of transport inside the cell and
modification of the drug (12). Therefore, an antibiotic may be
a substrate for a modifying enzyme, but it does not neces-
sarily follow that the bacterium producing this enzyme will
be resistant to the antibiotic (30).
To assess the possible genetic relationship between the

two K. pneumoniae plasmids encoding Ak resistance,
pJHCMW1 and pJHCMW4 DNA were digested with either
BamHI or HindIII restriction endonucleases and subjected
to agarose gel electrophoresis (Fig. la and c). The digested
DNAs were then transferred to nitroceilulose paper and
hybridized against either 32P-labeled pJHCMW4 DNA or
32P-labeled pJHCMW1 DNA (Fig. 1). The three BamHI
fragments of pJHCMW1 showed homology with the radio-
active probe pJHCMW4 (Fig. lb, lane C) indicating that both
plasmids share extensive regions of homology. No HindIII
sites were found in pJHCMW1. The two main bands seen in
Fig. la, lane B, correspond to covalently closed circular and
open circular DNA, respectively. The faint band of 11 kbp
corresponds to linear DNA that was probably generated by
shearing during manipulation. On the other hand, many,
although not all, fragments of pJHCMW4 showed homology
with the radioactive pJHCMW1 probe (Fig. ld, lanes B and
C), indicating that some DNA fragments of the larger plas-
mid pJHCMW4 are not present in pJHCMW1.
The results of this investigation demonstrate the presence

of plasmid-mediated Ak resistance in two multiresistant
strains of K. pneumoniae isolated in a pediatric unit. This is
of considerable importance because major clinical problems
have been associated with the transfer of plasmid-borne
antibiotic resistance from K. pneumoniae to other bacterial
pathogens. For instance, a 90-kbp plasmid, originally pre-
sent in a Klebsiella strain, was found during a nosocomial
outbreak in four different serotypes of K. pneumoniae, E.
coli, Enterobacter cloacae, and Proteus morganii (33). In
another case, an 87.5-kbp plasmid present in a nosocomial
isolate of K. pneumoniae was transferred to various strains
and species of members of the family Enterobacteriaceae in
a hospital environment (27). A 97.5-kbp plasmid encoding
multiresistance, originally carried by Klebsiella aerogenes
K-16 responsible for a nosocomial outbreak, was later found
in environmentally related strains of Citrobacter koseri and
E. coli (9).

K. pneumoniae JHCK1 and JHCK4, which have been
analyzed here, carry multiple plasmids of different molecular
weights. Resistance to Ak is coded for by specific plasmids
(pJHCMW1 and pJHCMW4) in strains JHCK1 and JHCK4,

FIG. 1. Agarose gel electrophoresis and Southern blot hybridiza-
tion of pJHCMW1 and pJHCMW4. (a) pJHCMW1 DNA treated
with HindIll (lane B) or BamHI (lane C). This plasmid does not
possess cleavage sites for HindIll; the two main bands correspond
to covalently closed circular and open circular DNA, respectively.
The faint band of 11 kbp corresponds to linear DNA generated by
shearing during manipulation. (c) pJHCMW4 DNA digested with
HindIll (lane B) or BamHI (lane C). In panels a and c, lane A
corresponds to XDNA digested with HindIII. (b and d) Autoradio-
graphs of experiments in which the gels in panels a and c were
blotted and hybridized against 32P-labeled pJHCMW4 (panel b) or
32P-labeled pJHCMW1 (panel d). Electrophoresis was performed as
described previously (8).
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respectively. The Ak resistance coded for by pJHCMW4 is
due to an enzyme that acetylates Km, Gm, and Tm, in
addition to Ak. Genetic determinants for two activities are
encoded in pJHCMW1: an acetyltransferase and a phospho-
transferase, both of which are able to modify Ak as well as
Km, Gm, and Tm. The two plasmids encoding Ak resistance
(pJHCMW1 and pJHCMW4) differ greatly in size. The sizes
of these two plasmids are 11 kbp for pJHCMW1 and 75 kbp
for pJHCMW4. However, Southern blot hybridization ex-
periments demonstrate that these K. pneumoniae plasmids
are highly related. A detailed study of the Ak resistance
genes in both plasmids is currently being carried out to
assess whether they have a common epidemiological origin.
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