ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Apr. 1989, p. 551-559

0066-4804/89/040551-09$02.00/0
Copyright © 1989, American Society for Microbiology

Vol. 33, No. 4

Development of a DNA Probe from the Deoxyribonucleotide

Sequence of a 3-N-Aminoglycoside Acetyltransferase
[AAC(3)-I] Resistance Gene

FRED C. TENOVER,*3t* KATHERINE L. PHILLIPS,' TERESA GILBERT,* PETE LOCKHART,*
PATRICK J. O'HARA,* AND JAMES J. PLORDE"**?

Seattle Veterans Administration Medical Center, Seattle, Washington 98108*; Departments of Laboratory Medicine,’

Microbiology,® and Medicine,® University of Washington, Seattle, Washington 98195; and Zymogenetics, Inc.,

Seattle, Washington 98105*
Received 30 September 1988/Accepted 24 January 1989

The aacCI gene encoding the 3-N-aminoglycoside acetyltransferase [AAC(3)-I] was cloned from enteric
plasmid pJR88, and its deoxyribonucleotide sequence was determined. Significant nucleotide homology was
noted in the region extending from the proposed —35 sequences through the first 59 base pairs of the aacC1 gene
open reading frame (ORF) and the upstream flanking regions and ORFs of several other antibiotic resistance
genes. Sequences were noted to be homologous with the 6’-N-aminoglycoside acetyltransferase [AAC(6')-11,
2"-0-aminoglycoside adenylyltransferase [AAD(2")], and 3"-O-aminoglycoside adenylyltransferase [AAD(3")]
resistance genes; the OXA-1, OXA-2, and PSE-2 B-lactamase genes; and several dihydrofolate reductase genes.
Small regions of homology were noted in the 3'-flanking regions of these resistance genes as well. A DNA probe
for the qacCI gene was selected from the nucleotide sequence information and was tested against a series of
genetically and enzymatically defined strains. The probe, which proved specific for the aacCI gene, was then
tested against a series of 58 gentamicin-susceptible and 219 gentamicin-resistant gram-negative bacilli isolated
from patients at the Seattle Veterans Administration Medical Center. Only six clinical isolates were noted to
carry the aacCl gene. Each was resistant to gentamicin but susceptible to kanamycin, tobramycin, and
amikacin. The presence of homologous regions of DNA at both the 3’ and 5’ ends of the aacCI gene reinforces
the importance of choosing probes from within the ORFs of genes and of avoiding flanking sequences. When
the homology with other sequences extends into the ORF, as it does with the aacCI gene, development of a

specific probe may require determination of the nucleotide sequence.

DNA probes are useful tools for studying the epidemiol-
ogy of both infectious microorganisms and antimicrobial
resistance genes (52, 53). Probes directed against the se-
quences of the structural genes of a variety of antimicrobial
resistance determinants have been used to study the dissem-
ination of these genetic elements in hospitals and ecological
communities (13, 52, 55). Since the presence of flanking
sequences in probes to resistance genes can lead to false-
positive results, it is preferable to select a probe from within
the open reading frame (ORF) of the gene to be identified
(33, 51).

Recently, Cameron et al. reported the DNA sequence of
the 2"-O-aminoglycoside adenylyltransferase [AAD(2")] re-
sistance gene (12) and noted that the flanking sequences of
other aminoglycoside and trimethoprim resistance genes
were similar to the corresponding regions upstream and
downstream of the AAD(2") gene. Ouellette et al. made
similar observations while investigating hot spots of recom-
bination in transposon Tn2/ (41). Such regions of homology
are apparently common in transposons, such as Tn2],
Tn2411, and others (31, 45). The presence of such wide-
spread homology among resistance genes suggests that
probes developed for such genes must be carefully chosen so
as to avoid shared sequences.

We are interested in studying the epidemiology of the
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aminoglycoside acetylases, a diverse group of enzymes with
a broad distribution in nature (5, 9, 16, 37, 39, 46). Approx-
imately 5% of gentamicin-resistant gram-negative organisms
in the United States contain the 3-N-aminoglycoside acetyl-
transferase [AAC(3)-1] gene (37). This gene has been noted
in a hospital outbreak of gentamicin-resistant enteric bacilli
in England (11). Although the amino-terminal end of the
AAC(3)-I protein has been sequenced (26), the nucleotide
sequence of the aacCl gene has not been reported. Herein
we present the development of a DNA probe for the aacCl
gene from its nucleotide sequence and the testing of its utility
for screening a group of clinical isolates from the Seattle
Veterans Administration Medical Center.

MATERIALS AND METHODS

Bacterial strains and plasmids. Escherichia coli PS4221
(Schering Corp., Bloomfield, N.J.; no. 72091801) harboring
plasmid pJR88, also known as R135 and RIP135 (10, 30, 60),
was obtained from R. Hare of the Schering Corp. Frozen
competent cells of E. coli DHSa were obtained from Be-
thesda Research Laboratories, Inc., Gaithersburg, Md. E.
coli C600 was obtained from L. Tompkins (Stanford Univer-
sity, Stanford, Calif.). Both were used as recipient strains for
transformation of plasmids. The cloning vectors employed,
pBR322, pUC18, and pUC19, have been described previ-
ously (3). E. coli IM103 was the recipient strain for M13
bacteriophage vectors M13mp18 and M13mp19. The remain-
ing study isolates are listed below (see Tables 1 to 4).

Gene cloning. Restriction endonucleases and T4 DNA
ligase were purchased from New England BioLabs, Inc.,
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Beverly, Mass., or Bethesda Research Laboratories and
were used according to the specifications of the manufactur-
ers. Gentamicin was provided by Schering; ampicillin and
tetracycline were purchased from Sigma Chemical Co., St.
Louis, Mo. Plasmid DNA was transformed into E. coli C600
by the method of Cohen et al. (15). Transformed E. coli
isolates were selected for the presence of recombinant
plasmids on brain heart infusion agar (Difco Laboratories,
Detroit, Mich.) or L agar containing 5 pg of gentamicin per
ml and either 50 pg of ampicillin or 15 ug of tetracycline per
ml. The presence or absence of the AAC(3)-I phenotype
_ (gentamicin resistance; amikacin, kanamycin, and tobramy-
cin susceptibility) was determined by disk diffusion (4) or
microdilution MIC profiles (37). Susceptibility to sulfona-
mides was determined by disk diffusion with a 250-ug disk,
and resistance to mercury (defined as growth in the presence
of 20 p.g of HgCl, per ml) was determined by an agar dilution
method, using brain heart infusion agar.

Maxicells. Plasmid-encoded proteins were analyzed in E.
coli maxicells (JC2926) by the method of Sancar et al. with
[>SImethionine (specific activity, 1,072 Ci/mmol) (43).
[**SImethionine and *C-labeled molecular weight standards
were purchased from Dupont, NEN Research Products,
Boston, Mass.

DNA sequencing. Restriction fragments of the recombinant
plasmid pFCT4374, containing the aacCI gene, were sub-
cloned into phages M13mpl8 and M13mpl9. The DNA
sequence of the insert was determined by the dideoxy-chain
termination method (44) from overlapping restriction frag-
ments, using [>*>*SJdATP (New England Nuclear Corp., Bos-
ton, Mass.) (6). Sequencing reactions were catalyzed by the
Klenow fragment of E. coli DNA polymerase I (Pharmacia,
Piscataway, N.J.) or modified T7 DNA polymerase (Seque-
nase; U.S. Biochemical Corp., Cleveland, Ohio) (50) and
were primed with a universal M13 primer or with oligonu-
cleotides complementary to the AAC(3)-I sequences. Oligo-
nucleotides were synthesized on a model 380A DNA syn-
thesizer (Applied Biosystems, Foster City, Calif.). Both
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strands were sequenced throughout the ORF. To eliminate
band compression on the sequencing gels, especially when
sequencing regions containing inverted repeats capable of
forming secondary structures, dGTP was replaced by dITP
in sequencing reaction mixtures (38). In addition, the stan-
dard sequencing gel composition (35) was modified by the
addition of various concentrations of formamide (6).

Computer analysis. The DNA sequence of the aacC! gene
and the predicted gene product sequence were analyzed by
using Intelligenetics software (Mountainview, Calif.) and
homology search programs by Lipman and Pearson (32). The
sequences were compared with the GenBank (7) and EMBL
(24) nucleotide sequence data banks and the PIR (protein
identification resource) protein data bank (20, 34, 40).

Probe preparation. Recombinant plasmid pFCT4392 was
digested with Aval, and the fragments were separated on a
1.5% agarose gel. The 845-base-pair (bp) band was excised
from the gel, electroeluted into 0.1 M Tris borate buffer (pH
7.5), and purified by passage through an Elutip-d column
(Schleicher & Schuell, Inc., Keene, N.H.). The DNA was
then digested with EcoRV, and the fragments were electro-
phoresed through a 2.0% agarose gel. The 307-bp band was
excised, purified as described above, and nick translated
with 3?P, using a commercial labeling system (Bethesda
Research Laboratories).

DNA hybridization studies. Duplicate nitrocellulose filters
(Schleicher & Schuell) were spotted with 10 .l of organisms
grown overnight in Trypticase soy broth (BBL Microbiology
Systems, Cockeysville, Md.) (ca. 10> CFU/ml). Organisms
were lysed as previously described (21) and were hybridized
with the aacClI probe as described by Wahl et al. (58) at 42°C
in a buffer containing 50% formamide-5x SSPE (1x SSPE is
0.15 M NaCl-0.01 M NaH,PO,0.001 M EDTA)-10% dex-
tran sulfate-10° to 10° cpm of 3?P-labeled probe DNA.
Filters were washed three times for 5 min each in 2Xx
SSPE-0.1% sodium dodecyl sulfate at room temperature and
twice for 15 min each in 0.1xX SSPE-0.1% sodium dodecyl
sulfate at 50°C. Filters were air dried and exposed to X-ray
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FIG. 1. Restriction endonuclease maps of cloned DNA from pJR88. pJR8 DNA (——), portions of pBR322 DNA ( )s locatioqs of the
antimicrobial resistance determinants (—), and deletions of DNA segments (A) are indicated. Sm, Streptomycin; Su, sulfonamide; kb,

kilobase.
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GTCGACATAAGCCTGTTCGGTTCGTAAACTGTAATGCAAGTAGCGTATGCGCTCACGCAACTGGTCCAGAAC 72

-35 -10
CTTGACCGAACGCAGCGGTGGTAACGGCGCAGTGGCGGTTTTCATGGCTTGTTATGACTGTTTTTTTGTACA 144
GTCTATGCCTCGGGCATCCAAGCAGCAAGCGCGTTACGCCGTGGGTCGATGTTTGATGTTATGGAGCAGCAA 216

RBS ----
M L R S S N D v T Q Q G A X P K T
M L R S S N D v T Q Q G S R P K T
CG ATG TTA CGC AGC AGC AAC GAT GTT ACG CAG CAG GGC AGT CGC CCT AAA ACA 269
-—- >
K L G G
K L G G S S M G I I R T c R L G P D
AAG TTA GGT GGC TCA AGT ATG GGC ATC ATT CGC ACA TGT AGG CTC GGC CCT GAC 323
*end 5'homology
Q Vv K S M R A A L D L F G R E F G D
CAA GTC AAA TCC ATG AGG GCT GCT CTT GAT CTT TTC GGT CGT GAG TTC GGA GAC 377
v A T Y S Q H Q P D S D Y L G N L L
GTA GCC ACC TAC TCC CAA CAT CAG CCG GAC TCC GAT TAC CTC GGG AAC TTG CTC 431
Aval
R S K T F I A L A A F D Q E A v v G
CGT AGT AAG ACA TTC ATC GCG CTT GCT GCC TTC GAC CAA GAA GCG GTT GTT GGC 485
A L A A Y \'4 L P K F E Q A R S E I Y
GCT CTC GCG GCT TAC GTT CTG CCA AAG TTT GAG CAG GCG CGT AGT GAG ATC TAT 539

I Y D L A v S G E H R R Q G I A T A

ATC TAT GAT CTC GCA GTC TCC GGC GAG CAC CGG AGG CAA GGC ATT GCC ACC GCG 593
L I N L L K H E A N A L G A Y v I Y

CTC ATC AAT CTC CTC AAG CAT GAG GCC AAC GCG CTT GGT GCT TAT GTG ATC TAC 647
A Q A D Y G D D P AV A L Y T K L G

GTG CAA GCA GAT TAC GGT GAC GAT CCC GCA GTG GCT CTC TAT ACA AAG TTG GGC 701
I R E E A M H F D I D P S T A T k**%

ATA CGG GAA GAA GTG ATG CAC TTT GAT ATC GAC CCA AGT ACC GCC ACC TAA CAAT 756

EcoRV
TCGTTCAAGC( GAGATCGCTTCGCGGCCGCGGAGTTGTTCGGAAAAATTGTCACAACGCCGCGGCCGCAAAG 828
Eagl
CGCTCCGGCTTAACTCAGGCGTTGGGCAACAAGAAAACCGATATGAACGTACGCACTTGCACTGAATCTGAC 900
GTCGCCTCTATCGCAGTCGTATTTACTGAGTCTATTCATGTACTTGGAGCGTCTCACTATGACGCTTCGCAA 972

AGGAATGCGTGGGCACCGCGTCCCGCAGATATAGAGGCTTGGTCAGCTCGCTTATCTGGCCTACAGACTCTT 1044

CTAGCAATTGAGGGAGATGCGGTTATCGGGTTCATCTC

1082

FIG. 2. DNA sequence of the Hincll-Pvul fragment of pFCT4374. Proposed —35, —10, and ribosomal binding sites (RBS) are underlined.
Direct repeats (————) and insertions of DNA downstream of ORF (——) are indicated. The top row of letters represents single-letter amino
acid codes for the polypeptide determined by Hsiang et al. (26). The bottom row of letters represents amino acids predicted by DNA sequence
(X, unknown amino acid). The end of homology with other resistance determinants (*) is indicated. The aacCI DNA probe is the fragment

bounded by the Aval and EcoRYV sites.

film (X-Omat AR; Eastman Kodak Co., Rochester, N.Y.)
with intensifying screens at —70°C for 24 to 48 h.

RESULTS

Cloning and nucleotide sequence determination of the
AAC(3)-I gene. To facilitate the development of a specific
DNA probe, the aacCl gene was cloned from the enteric
plasmid pJR88 by inserting an 8.5-kilobase EcoRI fragment
from pJR88 into the EcoRI site of pBR322. The resulting
12.8-kilobase plasmid was named pFCT3111 (Fig. 1). The
restriction endonuclease map of the insert is similar to that of
Tn21, described by Kratz et al. (31). Indeed, this plasmid
confers both sulfonamide and streptomycin resistance to its
host strain, as is common for Tn2/-like elements (31, 45). A
mercury resistance determinant does not appear to be
present on pFCT3111, but pJR88 does contain a mercury
resistance gene, adding support to the presence of a Tn2/-
like element on pJR88. Two consecutive deletions of
pFCT3111 generated by Pvul and Hincll digestion produced

plasmid pFCT4374 (Fig. 1), which conferred the gentamicin
resistance (Gm") phenotype to recipient E. coli cells after
transformation. A 780-bp Hincll-Eagl fragment from
pFCT4374 was subcloned into the 3.6-kilobase Eagl-EcoRV
fragment of pBR322, producing a 4.4-kilobase plasmid,
designated pFCT4392 (Fig. 1), that produced the Gm" phe-
notype when transformed into E. coli recipients.

The nucleotide sequence of 1,082 bp of the Hincll-Pvul
fragment from pFCT4374 which includes the aacCI gene and
flanking sequences was determined (Fig. 2). The overall base
composition of the sequenced region is 22.7% A, 26.5% C,
26.7% G, and 24.1% T. Nucleotides 2 to 7 and 25 to 30
correspond to the —35 and —10 sequences of the aadB gene
described by Cameron et al. (12) while the sequence GGAG
at nucleotides 207 to 210 probably represents the ribosomal
binding site. Comparison of the predicted amino acid se-
quence with the previously determined amino-terminal se-
quence of the aacCI protein encoded by RIP135 (26) indi-
cates that the ATG at nucleotides 219 to 221 is the initiation
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aacC1 (pFCT4374) GTCGACATAAGCCT-GTTCGGTTCGTAAACTGTAATGCAAGTAGCGTA--TGCGCTCACGCAACTGGTCCAGAACCTTGACCGAA
aacAl (pFCT1163) ..G G
aad8  (pDGO100) ..T

OXA-1 (RGN238) «.G

dhfrll (pMT100) ..T

dhfrll (R388) ..T

aadA  (R538-1) ..G

dhfrll (R751) ..T

OXA-2 (R46) ..G

dhfrv (pLMO20) ..G

PSE-2 (pMON234)

-CGCAGCGGTGGTAACGGCGCAGTGGCGGTTTTCATGGCTTGTTATGAC-TGTTTTTTTG---TACAGTCTATGCCTCGGGCATCCAAGC-AGC-AAGCGCGT
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FIG. 3. DNA sequences of the 5’ ends of the genes indicated. The sequence data from the PSE-2 gene start at the Aval site. Dots indicate
identity with aacCI, whereas dashed (raised) lines represent the absence of a nucleotide at a particular sequence.

codon (Fig. 2). Only two differences were noted between the
amino acid sequence predicted from the DNA sequence and
that which was previously determined by biochemical meth-
ods. First, the DNA sequence predicts a serine residue in
place of an alanine at nucleotides 255 to 257. Second, an
arginine residue is predicted at nucleotides 258 to 260 which
was previously reported as an unidentifiable amino acid (Fig.
2, top row of amino acids). A translation termination codon
(TAA) is located at nucleotides 750 to 752. This results in an
OREF of 549 nucleotides and predicts a 177-amino-acid pro-
tein with a molecular weight of 19,388. Deletion of the 54-bp
EcoRV-Eagl fragment (bp 729 to 780), which encompasses
the TAA termination codon, inactivates the aacCl gene.
This novel plasmid, pFCT4400, no longer confers the Gm"
phenotype to E. coli transformants containing the altered
plasmid.

A search of the PIR (release 14.0) data bank failed to
reveal any significant matches with other protein sequences.
Specific searches of the protein sequences encoded by drug
resistance genes dhfrIl (dihydrofolate reductase type II)
from R388 (62), aadA from RS38-1 (25), OXA-2 from R46
(23), dhfrll from R751 (18), aadB from pDGO100 (12), aacA4
from pAZ007 (57), aacC4 from pWP7b (8), aacC3 from three
plasmids (1), aadA from pCN1 (14), OXA-1 from RGN238
(41), and aacAl from pFCT1163 (54) were unrevealing.

Expression of plasmid-encoded proteins in maxicells. To
confirm that the protein produced by the ORF of the cloned
aacCl gene was similar to that produced in vivo and to
confirm the direction of transcription of the aacCI gene, the
proteins encoded by plasmids pFCT3111, pFCT4374,
pFCT4392, and pFCT4400 were examined in E. coli maxi-

cells. Autoradiographs of 15 to 18% sodium dodecyl sulfate-
polyacrylamide gels showed a similar 19-kilodalton protein
in maxicell preparations from the three Gm" clones
pFCT3111, pFCT4374, and pFCT4392 (data not shown).
This 19-kilodalton protein was the only non-pBR322-derived
protein in these preparations and correlates well with the
19,388-dalton polypeptide predicted by using the first ATG
codon in the 549-nucleotide ORF. Preparations from gen-
tamicin-susceptible maxicells containing pFCT4400 demon-
strated a protein similar in size to that produced by the three
Gm" strains.

Nucleotide sequence homologies. A comparison of the first
277 bp of the aacCl sequence from the Hincll site at 0
through the first 59 bp of the ORF (bp 277) with the
5’-flanking regions of a number of plasmid-borne genes that
mediate antimicrobial resistance revealed extensive se-
quence homologies (Fig. 3). These genes include the aacAl
6'-N-aminoglycoside acetyltransferase [AAC(6')-I] gene on
pFCT1163, the aadB gene on plasmid pDGO100, the OXA-1
gene on RGN238, the dhfrll gene on pMT100 (49), the dhfrll
gene from R388, the dhfrll gene from R751, the aadA gene
from R538-1, the OXA-2 gene on R46, the dhfrV gene on
pLMO20 (48), and a portion of the PSE-2 gene from
pMON234 (27). A comparison of the sequence data suggests
that the aadB gene and the dihydrofolate reductase genes
from pMT100, R388, and R751, as well as the OXA-2 gene
and dhfrV gene, share the —35 and —10 sites with aacCl,
while the AAC(6')-1 gene, the OXA-1 gene on RGN238, and
the aadA from R538-1 utilize the —35 and —10 sequences
downstream at nucleotides 124 to 130 and 148 to 153 (Fig. 3),
where the insertion of the nucleotides GGG creates the
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Consensus: GYCTAACAATTCGTTCAAGCCGACGCCGCTTCGCGGC-GCGG---~--

n7: GTCTAACAATTCGTTCAAGCCGACGCCGCTTCGCGGC-GCGG==----

seesscscssasssnse seesee esssecsevse esse
eseescscsccacacccccnse . secsscsessss saee

aacC1: ACCTAACAATTCGTTCAAGCCGAGATCGCTTCGCGGCCGCGGAGT TGTTCGGAAAAAT TGTCACAACGCCGCGGCCGCAAAGCGCTCCGGL

™n7: GTCTAACAATTCGTTCAAGCCGACGCCGCT

P e L v
AGATTGCGAACTCAATTCGGC-GCGGCGC
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aacC1: ACCTAACAATTCGTTCAAGCCGAGATCGCTTCGCGGCCGCGGAGTTGTTCGGAAA

A

GGGTTGCGGACTCAATTCGGC-CTCGCGAAACGCCGGCGCCGCAACA CTGTTA

FIG. 4. (Top) Comparison of the 3’ hairpin region of the consensus sequence proposed by Cameron et al. (12), the sequence of the hairpin
structure 3’ to the dhfrll gene on Tn7 (19), and the aacCI sequence. The 48-bp insertion in the aacC1I gene (---) is shown. (Bottom) Potential
hairpin formation by Tn7 and the aacCI gene. Y, Pyrimidine; R, purine.

optimal 17-bp spacing between the —35 sequence TTGTTA
and the —10 sequence TACAGT. Nucleotides 213 to 250 of
the aacCl gene are composed of a pair of 19-base sequences
which are direct repeats of one another. This direct repeat,
which has not been observed in the sequence of the 5'-
flanking regions of other drug resistance genes, results in a
19-base insertion with respect to the other genes (Fig. 3).
Neither leader sequences nor signal peptides appear to be
encoded by these shared regions.

In addition to the sequence similarity observed in the
5’-flanking region of the ORF, similarities in the region 3’ to
the aacCl gene were also noted with the above genes.
Cameron et al. (12) proposed a consensus sequence of the
3’-flanking sequences that was 54 to 59 bp in length. This
consensus sequence and the Tn7 repeat of Fling et al. (19)
are compared with the corresponding region of aacC! in Fig.
4. Again, the aacCl sequence displays an insertion relative
to the other sequences. This insertion, 48 bp in length,
encompasses nucleotides 789 to 836 (Fig. 2). Even with this
insert, the 3’ flank of the aacCI gene is still capable of
forming a hairpin structure, as are the other sequences.
However, in this case, the hairpin encompasses 107 nucleo-
tides rather than 54 or 59 (Fig. 3) and is potentially more
stable. The potential structure is formed by a pair of se-
quences, each 47 nucleotides in length, which together form
an imperfect inverted repeat.

Finally, the 5’ recombinational hot spot (AAAGTT) de-
scribed by Ouellette et al. (41) as the site of integration of
resistance genes in Tn2/-like elements is located in the
aacCl sequence at nucleotides 269 to 274, while the 3’ hot
spot (GGCGTT) is at nucleotides 846 to 851.

Probe development. A restriction endonuclease map gen-
erated from the sequence of the aacCl gene revealed a
307-bp Aval-EcoRV fragment within the ORF that did not
overlap any of the shared sequences noted above (Fig. 2).
This fragment was purified, labeled, and hybridized to DNA
obtained from a series of genetically defined control strains
harboring a variety of aminoglycoside resistance genes
(Table 1). The probe hybridized only with the DNA of the
strain demonstrating AAC(3)-I activity (PS886). Second, the
DNAs from a series of reference strains demonstrating
3’-acetylating activity by phosphocellulose paper-binding
assay (22) or MIC profile (37) were examined with the probe
(Table 2). Homology was noted with four strains of Pseudo-
monas aeruginosa. One was previously classified as an
AAC(3)-I-producing strain, another as an unclassified
AAC(3) producer, the third as an AAC(3)-III producer, and
the last as an AAC(3)-Ia producer. The remaining isolates in
this group tested negative with the probe. A third group of 25
isolates obtained from the Seattle Veterans Administration
Medical Center, which had been characterized by the MIC
profile method, was examined (Table 3). Only two strains,

TABLE 1. Control strains for DNA probe studies

Strain Organism (plasmid) Aminoglycoside-modifying enzymes Source? (reference)
1009 Providencia stuartii AAC(2') + AAD(Q2") Bristol

886 Escherichia coli(pJR88) AAC@3)-1 Schering (30, 60)
892 Serratia marcescens AAC(3)-11 Schering

743 Escherichia coli(pMB8::Tn1700) AACQ3)-III + APH(3')-1 C. Rubens (42)
1685 Klebsiella pneumoniae AACQ3)-1V + APH(3')-1 + APH@3')-11 Bristol

2225 Escherichia coli(pBWH100) AAC(6')-1 K. Mayer (36)
823 Serratia marcescens AAC(6')-11 Bristol

873 S. marcescens AAC(6")-111 Schering

1 S. marcescens(pLST1000) AAD2") + AAC (6')-1 SVAMC (55)
1649 Escherichia coli(pIP71a) AAD@3") PRC (17)

1752 Staphylococcus aureus AAD®#') Schering

1688 Pseudomonas aeruginosa AAD®@4')-11 Bristol

1323 Escherichia coli(pGH54) APH(3')-1 N. Grindley (59)
1750 E. coli(pSAY16) APH(@3')-11 SVAMC (61)
2727 Staphylococcus aureus APH(@3')-1V Schering

736 Escherichia coli(pBR322) None L. Tompkins (3)

¢ As identified by phosphocellulose paper-binding assays (22) performed by Bristol Laboratories, Syracuse, N.Y., or MIC typing (37) performed by
Schering-Plough, Bloomfield, N.J. AAC, 2'-N (or 4’-N)-Aminoglycoside acetyltransferase; APH, 3'-O-aminoglycoside phosphotransferase.

b C. Rubens, Children’s Hospital, Seattle, Wash.; K. Mayer, Memorial Hospital, Providence, R.1.; SVAMC, Seattle Veterans Administration Medical Center;
PRC, Plasmid Reference Center; N. Grindley, Yale University, New Haven, Conn.; L. Tompkins, Stanford University, Stanford, Calif.
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TABLE 2. Hybridization of aacCl probe with DNA from enzymatically defined reference strains with AAC(3) activity

aacCl probe

Strain Organism Enzyme hybridization Source” (reference)
896 Pseudomonas aeruginosa AAC(3)-1 + Schering (9)
1683 P. aeruginosa AAC@3) + APH(3')-11 + Bristol

4219 P. aeruginosa AAC(Q3)-111 + Schering (5)
4227 P. aeruginosa AAC(3)-1a + Schering

744 Escherichia coli(Tnl1699) AAC(@3)-1 + APH(3')-1 - C. Rubens (42)
746 E. coli AAC(3)-111 - C. Rubens

898 Klebsiella pneumoniae AAC(3)-1 - Schering

1680 Acinetobacter anitratus AAC@3)-1 + APH(3')-1 - Bristol

4231 Salmonella enteritidis AAC(3)-1V - Schering (8)
4233 Klebsiella pneumoniae AACQ3)-V - Schering (56)
4236 Serratia marcescens AACQ3)-V - Schering (29)

“ The probe used was the Aval-EcoRV fragment of pFCT4374.
b See Table 1, footnote b.

one E. coli and one Klebsiella pneumoniae, each classified
as an AAC(3)-I-containing strain, were positive with the
probe. Finally, the DNAs from an additional 219 Gm" and 58
Gm*® gram-negative bacilli isolated from patients at the
Seattle Veterans Administration Medical Center were tested
with the probe (Table 4). The DNA from four isolates, two
K. pneumoniae and two Serratia marcescens, all demon-
strating the AAC(3)-I phenotype, demonstrated homology
with the probe. Although obtained from four different pa-
tients, the two K. pneumoniae strains were shown to be

TABLE 3. Hybridization of aacCI probe with DNA from
enzymatically defined clinical isolates”

aacCl
Strain Organism Enzyme h?l;:'?gi- Source
zation”
3780 Escherichia coli AAC®3)-1 + Urine
3846 Klebsiella pneumoniae  AAC(3)-1 + Urine
449 Providencia stuartii AAC(2") - Urine
923 P. stuartii AACQ2") - Urine
3593  P. stuartii AACQ2") - Urine
3940 P. stuartii AACQ2") - Urine
74 Serratia marcescens AAC@3)-111 - Urine
3598 Enterobacter cloacae AAC(3)-V - Urine
3592  Proteus mirabilis AAC®3)-V + - Urine
AAC(6)
4043  Providencia stuartii AAC@3)-V + - Urine
AAC(6')
3658 Citrobacter diversus AAD(2") - Urine
3692 C. diversus AAD(2") - Urine
3642 Escherichia coli AAD(Q2") - Urine
3834 E. coli AAD(2") - Urine
4035 E. coli AAD(2") - Urine
3781 Klebsiella oxytoca AAD(2") - Urine
3933 K. oxytoca AAD(2") - Urine
3833 Klebsiella pneumoniae  AAD(2") - Urine
3152  Proteus mirabilis AAD(2") - Wound
3571 Serratia marcescens AAD(2") - Sputum
3689 Escherichia coli AAD(2") - Urine
3966 E. coli AAD(2") - Urine
3775 Morganella morganii AAD?2") - Urine
3058 Serratia marcescens AAD(2") - Urine
1490  Escherichia coli APHQ@3')-111 - Urine

similar by plasmid fingerprinting, while the two S. marces-
cens strains appeared to be different isolates (data not
shown). None of the gentamicin-susceptible strains demon-
strated homology with the probe.

DISCUSSION

We have cloned and determined the DNA sequence of an
AAC(3)-1 gene (aacCl) from the enteric plasmid pJR88. The
amino-terminal sequence of the AAC(3)-1 protein, previ-
ously determined by Hsiang et al. (26), was helpful in
determining the initiation site of the protein. DNA sequence
homology was noted with a variety of other resistance

TABLE 4. Hybridization of aacC! probe with DNA from
gentamicin-resistant and -susceptible clinical isolates®

Organism No. tested No. positive

Gentamicin resistant 219
Klebsiella pneumoniae 64
Escherichia coli 58
Providencia stuartii 26
Citrobacter diversus 23
Serratia marcescens 21
Citrobacter freundii
Morganella morganii
Klebsiella oxytoca
Proteus mirabilis
Proteus rettgeri
Enterobacter aerogenes
Enterobacter cloacae
Providencia rettgeri
Klebsiella ozaenae

COCOOCOOOONOOONH

= NNWWR WUV

Gentamicin susceptible 58
Escherichia coli 16
Proteus mirabilis 15
Citrobacter diversus
Klebsiella pneumoniae
Providencia rettgeri
Serratia marcescens
Morganella morganii
Providencia stuartii
Proteus rettgeri
Enterobacter cloacae
Klebsiella oxytoca
Klebsiella ozaenae

—— = N W WA A ARN
COoOOoCOoCOoOOoOOoOCOoOOCOC

“ From the Seattle Veterans Administration Medical Center.
® The probe used was the Aval-EcoRV fragment of pFCT4374.

“ From Seattle Veterans Administration Medical Center. The probe used
was the Aval-EcoRV fragment of pFCT4374.
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determinants, including several B-lactamase, dihydrofolate
reductase, and aminoglycoside resistance genes, both at the
5’ and 3’ ends of the ORF of the aacCl gene. This is
consistent with the observations of Cameron et al. (12) and
Ouellette et al. (41), who noted areas of homology between
the aadB gene and the OXA-1 gene, respectively, and
several other resistance determinants.

In our previous report of the sequence of the aacAl gene
(54), we demonstrated by a series of deletion experiments
that the —35 and —10 sequences used by this determinant
were probably different from those described by Cameron et
al. (12). The unique feature of the aacAl gene was the
insertion of three guanine residues which resulted in an
optimal spacing of 17 bp between potential —35 and —10
sequences. Our analysis of the 5'-flanking region of aacC/
revealed that several other genes, previously reported to use
the —35 and —10 regions of Cameron et al., have the same
insert. We suggest that this alternate promoter region is also
used by the OXA-1 gene on RGN238 and the aadA gene
from R538-1. Deletion studies similar to those undertaken
for the aacAl gene will be necessary to confirm this,
however.

We also noted that the restriction map of the aacCl gene
and surrounding regions is consistent with areas of the Tn2/
family of transposons as described by Schmidt (45) and
Kratz et al. (31). The map of the pFCT3111 insert is similar
to the region between the EcoRlI sites at positions 11 and 16
on the map of Kratz et al. (see Fig. 1, panel C of reference
31), although our fragment shows two insertions in this area.
The first insertion is the aacCl gene, and the second does
not produce a detectable phenotype. The presence of sulfo-
namide and streptomycin resistance genes on the cloned
fragment in pFCT3111, in addition to the presence of a
mercury resistance gene on pJR88, supports the presence of
a Tn2I-like element on pJR88. However, the ability of the
aacCl gene to transpose from pJR88 to another replicon has
not been investigated. ’

With regard to probe development, our initial attempts to
prepare a restriction fragment probe for the aacCI gene
before determining the nucleotide sequence were unsuccess-
ful. Each restriction fragment probe we tested demonstrated
homology with plasmid DNA encoding aminoglycoside re-
sistance genes other than aacCI. The DNA sequencing data
from the aacCl gene revealed that those probes extended
beyond the boundaries of the AAC(3)-I ORF or included the
first 59 bp of the ORF of aacCI. This reinforces the benefits
of developing probes from known nucleotide sequences.

To test the specificity of the aacCI probe, it was necessary
to assemble a series of genetically defined strains containing
known aminoglycoside resistance genes. From our studies
with these organisms, and particularly with the so-called
enzymatically defined isolates, it was clear that probes are
superior to the MIC-typing method and phosphocellulose
paper-binding assay for classifying aminoglycoside resis-
tance genes in bacterial isplates. While the MIC method of
Miller et al. (37) is more reliable in our estimation than the
phosphocellulose paper-binding assay, it is limited by its
inability to detect and classify phosphotransferases and the
inability to detect certain combinations of enzymes, such as
AAC(2') in the presence of an aadB gene (46). The develop-
ment of additional probes for aminoglycoside, B-lactamase,
and trimethoprim resistance genes must be undertaken cau-
tiously so as not to include the flanking sequences that are so
commonly present, particularly among genes involved in the
Tn21 family of elements. It was for this reason that we chose
to determine the DNA sequence of the aacCl gene.
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Several studies using traditional methods have attempted
to delineate the presence of various resistance genes in
clinical isolates of bacteria (16, 29, 37, 46). These studies,
while important, have been hampered by the limitations of
the techniques employed. More recent studies using batter-
ies of DNA probes to various resistance genes demonstrate
the value of hybridization assays for screening large num-
bers of organisms quickly and efficiently, limited only by the
numbers of probes employed (2, 28, 47, 52). Additional
probe studies will help us to understand the epidemiology of
resistance genes, how genes disseminate in nature, and the
role of transposons, such as Tn2/, in this process.

ACKNOWLEDGMENTS

We thank Roberta Hare for the generous gift of pJR88; Roger
Levesque, Paul Roy, and Frank Grant for helpful discussions; and
Julian Davies for sharing his preliminary results with us.

This work was supported by the Medical Research Service of the
Veterans Administration.

LITERATURE CITED

1. Allmansberger, R., B. Briiu, and W. Piepersberg. 1985. Genes
for gentamicin-(3)-N-acetyl-transferases III and IV. II. Nucleo-
tide sequences of three AAC(3)-11l genes and evolutionary
aspects. Mol. Gen. Genet. 198:514-520.

2. Arthur, M., A. Andremont, and P. Courvalin. 1987. Distribution
of erythromycin esterase and rRNA methylase genes in mem-
bers of the family Enterobacteriaceae highly resistant to eryth-
romycin. Antimicrob. Agents Chemother. 31:404—409.

3. Balbas, P., X. Soberon, E. Merino, M. Zurita, H. Lomeli, F.
Valle, N. Flores, and F. Bolivar. 1986. Plasmid vector pBR322
and its special-purpose derivatives—a review. Gene 50:3-40.

4. Bauer, A. W., W. M. M. Kirby, J. C. Sherris, and M. Turck.
1966. Antibiotic susceptibility testing by a standardized single
disk method. Am. J. Clin. Pathol. 45:493-496.

5. Biddlecome, S., M. Haas, J. Davies, G. H. Miller, D. F. Rane,
and P. J. L. Daniels. 1976. Enzymatic modification of aminogly-
coside antibiotics: a new 3-N-acetylating enzyme from a Pseu-
domonas aeruginosa isolate. Antimicrob. Agents Chemother.
9:951-955.

6. Biggins, M. D., T. J. Gibson, and G. F. Hong. 1983. Buffer
gradient gels and 35S label as an aid to rapid DNA sequence
determination. Proc. Natl. Acad. Sci. USA 80:3963-3965.

7. Bilofsky, H. S., C. Burks, J. W. Fickett, W. B. Goad, F. 1.
Lewitter, W. P. Rindone, C. D. Swindell, and C.-S. Tung. 1986.
The GenBank genetic sequence database. Nucleic Acids Res.
14:14.

8. Briu, B., U. Pilz, and W. Piepersberg. 1984. Genes for genta-
micin-(3)-N-acetyl-transferasgs III and IV. I. Nucleotide se-
quence of the AAC(3)-IV gene and possible involvement of an
IS 140 element in its expression. Mol. Gen. Genet. 193:179-187.

9. Brzezinska, M., R. Benveniste, J. Davies, P. J. L. Daniels, and J.
Weinstein. 1972. Gentamicin resistance in strains of Pseudomo-
nas aeruginosa mediated by enzymatic N-acetylation of the
deoxystreptamine moiety. Biochemistry 11:761-766.

10. Bukhari, A. L., J. A. Shapiro, and S. L. Adhya (ed.). 1977. DNA
insertion elements, plasmids, and episomes, p. 625. Cold Spring
Harbor Laboratory, Cold Spring Harbor, N.Y.

11. Bullock, D. W., J. L. Bidwell, D. S. Reeves, L. O. White, A.
Turner, D. C. E. Speller, and P. J. Wilkinson. 1982. Outbreaks
of hospital infection in southwest England caused by gentami-
cin-resistant Serratia marcescens. J. Hosp. Infect. 3:263-273.

12. Cameron, F. M., D. J. G. Obbink, V. P. Ackerman, and R. M.
Hall. 1986. Nucleotide sequence of the AAD(2'') aminoglyco-
side adenylyltransferase determinant aadB. Evolutionary rela-
tionship with those surrounding aadA in R538-1 and dhfrIl in
R388. Nucleic Acids Res. 14:8625-8635.

13. Chaslus-Dancla, E., G. Gerbaud, J. Lafont, J. Martel, and P.
Courvalin. 1986. Nucleic acid hybridisation with a probe spe-
cific for 3 aminoglycoside acetyltransferase type IV: a survey of
resistance to apramycin and gentamicin in animal strains of



558

14.

15.

16.
17.

18.

19.

20.
21.

22
23.

24,
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

TENOVER ET AL.

Escherichia coli. FEMS Microbiol. Lett. 34:265-268.
Chinault, A. C., V. A. Blakesley, E. Roessler, D. G. Willis, C. A.
Smith, R. G. Cook, and R. G. Fenwick, Jr. 1986. Characteriza-
tion of transferable plasmids from Shigella flexneri 2a that
confer resistance to trimethoprim, streptomycin and sulfon-
amides. Plasmid 15:119-131.

Cohen, S. N., A. C. Y. Chang, and L. Hsu. 1972. Nonchromo-
somal antibiotic resistance in bacteria: genetic transformation of
Escherichia coli by R factor DNA. Proc. Natl. Acad. Sci. USA
69:2110-2114.

Davies, J., and D. I. Smith. 1978. Plasmid-determined resistance
to antimicrobial agents. Annu. Rev. Microbiol. 32:469-518.
Dickie, P., L. E. Bryan, and M. A. Pickard. 1978. Effect of
enzymatic adenylylation on dihydrostreptomycin accumulation
in Escherichia coli carrying an R-factor: model explaining
aminoglycoside resistance by inactivating mechanisms. Antimi-
crob. Agents Chemother. 14:569-580.

Flensburg, J., and R. Steen. 1986. Nucleotide sequence analysis
of the trimethoprim resistant dihydrofolate reductase encoded
by R plasmid R751. Nucleic Acids Res. 14:5933.

Fling, M. E., J. Kopf, and S. C. Richard. 1985. Nucleotide
sequence of the transposon Tn7 gene encoding an aminoglyco-
side-modifying enzyme 3''(9)-O-nucleotidyl-transferase. Nu-
cleic Acids Res. 13:7095-7106.

George, D. G., W. D. Barker, and L. T. Hunt. 1986. The protein
identification resource (PIR). Nucleic Acids Res. 14:11-15.
Gootz, T. D., F. C. Tenover, S. A. Young, K. P. Gordon, and
J. J. Plorde. 1985. Comparison of three DNA hybridization
methods for detection of the aminoglycoside 2'’-O-adenylyl-
transferase gene in clinical bacterial isolates. Antimicrob.
Agents Chemother. 28:69-73.

Haas, M. J., and J. E. Dowding. 1975. Aminoglycoside-modi-
fying enzymes. Methods Enzymol. 43:611-628.

Hall, R. M., and C. Vockler. 1987. The region of the IncN
plasmid R46 coding for resistance to B-lactam antibiotics, strep-
tomycin/spectinomycin and sulphonamides is closely related to
antibiotic resistance segments found in IncW plasmids and in
Tn21-like transposons. Nucleic Acids Res. 15:7491-7501.
Hamm, G. H., and G. N. Cameron. 1986. The EMBL data
library. Nucleic Acids Res. 14:5-9.

Hollingshead, S., and D. Vapnek. 1985. Nucleotide sequence
analysis of a gene encoding a streptomycin/spectinomycin ade-
nyltransferase. Plasmid 13:17-30.

Hsiang, M. W., T. J. White, and J. E. Davies. 1978. NH,-
terminal sequence of the aminoglycoside acetyltransferase (3)-1
mediated by plasmid RIP135. FEBS Lett. 92:97-99.

Huovinen, P., S. Huovinen, and G. A. Jacoby. 1988. Sequence of
PSE-2 B-lactamase. Antimicrob. Agents Chemother. 32:134-
136.

Huovinen, S., P. Huovinen, and G. A. Jacoby. 1988. Detection of
plasmid-mediated B-lactamases with DNA probes. Antimicrob.
Agents Chemother. 32:175-179.

John, .! F., and W. F. NcNeill. 1981. Characteristics of Serratia
marcescens containing a plasmid coding for gentamicin resis-
tance in nosocomial infections. J. Infect. Dis. 143:810-817.
Kagan, S. A., and J. E. Davies. 1980. Enzymatic modification of
aminocyclitol antibiotics: mutations affecting the expression of
aminocyclitol acetyltransferase-3. Plasmid 3:312-318.

Kratz, J., F. Schmidt, and B. Wiedemann. 1983. Characteriza-
tion of Tn2411 and Tn2410, two transposons derived from
R-plasmid R1767 and related to Tn2603 and Tn2/. J. Bacteriol.
155:1333-1342.

Lipman, D. J., and W. R. Pearson. 1985. Rapid and sensitive
protein similarity searches. Science 277:1435-1441.

Martin, P., P. Trieu-Cuot, and P. Courvalin. 1986. Nucleotide
sequence of the tetM tetracycline resistance determinant of the
streptococcal conjugative shuttle transposon Tnl545. Nucleic
Acids Res. 14:7047-7058.

Maruyama, T., T. Gojobori, S. Aota, and T. Ikemura. 1986.
Codon usage tabulated from the GenBank genetic sequence
data. Nucleic Acids Res. 14:r151-r197.

Maxam, A. F., and W. Gilbert. 1980. Sequencing end-labeled
DNA with base-specific chemical cleavages. Methods Enzymol.

36.

37.

38.

39.

41.

42.

43.

45.

47.

48.

49.

50.

51.

52.

53.

54.

55.

ANTIMICROB. AGENTS CHEMOTHER.

65:499-560.

Mayer, K. H., J. D. Hopkins, E. S. Gilleece, L. Chao, and T. F.
O’Brien. 1980. Computer assisted correlations between antibio-
types of clinical isolates and the endonuclease restriction frag-
ment types of their plasmids, p. 41-62. In S. Mitsuhashi, L.
Rosival, and V. Krcmery (ed.), Antibiotic resistance: transpo-
sition and other mechanisms. Springer-Verlag KG, Berlin.
Miller, G. H., F. ]J. Sabatelli, R. S. Hare, and J. A. Waitz. 1980.
Survey of aminoglycoside resistance patterns. Dev. Ind. Micro-
biol. 21:91-104.

Mills, D. R., and F. R. Kramer. 1979. Structure-independent
nucleotide sequence analysis. Proc. Natl. Acad. Sci. USA
76:2232-2235.

Mitsuhashi, S. 1975. Proposal for a rational nomenclature for
phenotype, genotype, and aminoglycoside-aminocyclitol modi-
fying enzymes, p. 115-119. In S. Mitsuhashi, L. Rosival, and V.
Krcmery (ed.), Drug inactivating enzymes and antibiotic resis-
tance. Springer-Verlag KG, Berlin.

. Novotny, J., and C. Auffray. 1984. A program for prediction of

protein secondary structure from nucleotide sequence data:
application to histocompatibility antigens. Nucleic Acids Res.
12:243-255.

Ouellette, M., L. Bissonnette, and P. H. Roy. 1987. Precise
insertion of antibiotic resistance determinants into Tn2/-like
transposons: nucleotide sequence of the OXA-1 B-lactamase
gene. Proc. Natl. Acad. Sci. USA 84:1-6.

Rubens, C. E., W. F. McNeill, and W. E. Farrar, Jr. 1979.
Evolution of multiple-antibiotic-resistance plasmids mediated
by transposable plasmid deoxyribonucleic acid sequences. J.
Bacteriol. 140:713-719.

Sancar, A., A. M. Hack, and W. D. Rupp. 1979. Simple method
for identification of plasmid-coded proteins. J. Bacteriol. 137:
692-693.

. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-

ing with chain terminating inhibitors. Proc. Natl. Acad. Sci.
USA 74:5463-5467.

Schmidt, F. 1984. The role of insertions, deletions, and substi-
tutions in the evolution of R6 related plasmids encoding amino-
glycoside transferase ANT-(2'’). Mol. Gen. Genet. 194:248-259.

. Shimizu, K., T. Kumada, W.-C. Hsieh, H.-Y. Chung, Y. Chong,

R. S. Hare, G. H. Miller, F. J. Sabatelli, and J. Hosard. 198S.
Comparison of aminoglycoside resistance patterns in Japan,
Formosa, and Korea, Chile, and the United States. Antimicrob.
Agents Chemother. 28:282-288.

Sougakoff, W., B. Papadopoulou, P. Nordmann, and P. Courva-
lin. 1987. Nucleotide sequence and distribution of gene tetO
encoding tetracycline resistance in Campylobacter coli. FEMS
Microbiol. Lett. 44:153-159.

Sundstrom, L., P. Radstrom, G. Swedberg, and O. Skold. 1988.
Site-specific recombination promotes linkage between trimeth-
oprim- and sulfonamide resistance genes. Sequence characteri-
zation of dhfrV and sull and recombination active locus of Tn21.
Mol. Gen. Genet. 213:191-201.

Swift, G., B. J. McCarthy, and F. Heffron. 1981. DNA sequence
of a plasmid-encoded dihydrofolate reductase. Mol. Gen.
Genet. 181:441-447.

Tabor, S., and C. C. Richardson. 1987. DNA sequence analysis
with a modified bacteriophage T7 DNA polymerase. Proc. Natl.
Acad. Sci. USA 84:4767-4771.

Taylor, D. E. 1986. Plasmid-mediated tetracycline resistance in
Campylobacter jejuni: expression in Escherichia coli and iden-
tification of homology with streptococcal class M determinant.
J. Bacteriol. 165:1037-1039.

Tenover, F. C. 1986. Studies of antimicrobial resistance genes
using DNA probes. Antimicrob. Agents Chemother. 29:721-
725.

Tenover, F. C. 1988. Diagnostic deoxyribonucleic acid probes
for infectious diseases. Clin. Microbiol. Rev. 1:82-101.
Tenover, F. C., D. Filpula, K. L. Phillips, and J. J. Plorde. 1988.
Cloning and sequencing of a gene encoding an aminoglycoside
6'-N-acetyltransferase from an R factor of Citrobacter diversus.
J. Bacteriol. 170:471473. .

Tenover, F. C., T. D. Gootz, K. P. Gordon, L. S. Tompkins,



VoL. 33, 1989

56.

57.

58.

59.

S. A. Young, and J. J. Plorde. 1984. Development of a DNA
probe for the structural gene of the 2'’-O-adenyltransferase
aminoglycoside-modifying enzyme. J. Infect. Dis. 150:678-687.
Thomas, F. E., R. T. Jackson, A. Melly, and R. H. Alford. 1977.
Sequential hospitalwide outbreaks of resistant Serratia and
Klebsiella infections. Arch. Intern. Med. 137:581-584.

Van Nhieu, G. T., and E. Collatz. 1987. Primary structure of an
aminoglycoside 6’-N-acetyltransferase, AAC(6')-4, fused in
vivo with the signal peptide of the Tn3-encoded B-lactamase. J.
Bacteriol. 169:5708-5714.

Wahl, G. M., M. Stern, and G. R. Stark. 1979. Efficient transfer
of large DNA fragments from agarose gels to diazobenzyloxy-
methyl-paper and rapid hybridization by using dextran sulfate.
Proc. Natl. Acad. Sci. USA 76:3683-3687.

Weinert, T. A., N. A. Schaus, and N. D. F. Grindley. 1983.

60.

61.

62.

DNA PROBE FOR THE aacC! GENE 559

Insertion sequence duplication in transpositional recombina-
tion. Science 222:755-765.

Witchits, J. L. 1972. Plasmid-mediated gentamicin resistance
not associated with kanamycin resistance in Enterobac-
teriaceae. J. Antibiot. 25:622-624.

Young, S. A., F. C. Tenover, T. D. Gootz, K. P. Gordon, and
J. J. Plorde. 1985. Development of two DNA probes for differ-
entiating the structural genes of subclasses 1 and II of the
aminoglycoside-modifying enzyme 3’-aminoglycoside phospho-
transferase. Antimicrob. Agents Chemother. 27:739-744.

Zolg, J. W., and U. J. Haenggi. 1981. Characterization of an
R-plasmid-associated, trimethoprim-resistant dihydrofolate re-
ductase and determination of the nucleotide sequence of the
reductase gene. Nucleic Acids Res. 9:697-710.



