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The aadA genes, encoding resistance to streptomycin and spectinomycin, have been found as gene cassettes
in different gram-negative and gram-positive bacterial species. The present study has revealed the sequence of
a new gene, aadAS5, integrated as a gene cassette together with the trimethoprim resistance gene dfr7 in a class 1
integron. The integron was located on a plasmid and was identified in a pathogenic porcine Escherichia coli

isolate.

Hollingshead and Vapnek (12) were the first to describe
aadA [also called ant(3")—1], which encodes an adenylylation
enzyme that modifies streptomycin and spectinomycin. Sund-
strom et al. (20) sequenced aadAl as a gene cassette and the
class 1 integron from Tn2/ (GenBank accession no. 12870).
They found that the cassette could be translated, and they
recognized the target of a site-specific recombination site
(59-bp element). The gene cassettes identified so far have been
in the same orientation, and it is possible that the 59-bp ele-
ment has a role in determination of the orientation when gene
cassettes are integrated (19). The cassettes are expressed from
the common promoter P,,,, located on the 5’ conserved seg-
ment (CS) of the integron (7, 10), which also contains the gene
for an integrase that catalyzes integration and excision of the
cassettes (6). As part of the 3’ CS downstream from the gene
cassettes, gacEAI and sull are often found; they determine
resistance to quaternary ammonium compounds and sulfon-
amides, respectively (16).

The aadA genes are the only characterized genes that en-
code both streptomycin and spectinomycin resistance, and
many of these genes are found as gene cassettes (3, 5, 9, 17, 20)
(GenBank accession no. AF047479 and Z50802.3). The
present study characterizes the nucleotide sequence and ex-
pression of a novel streptomycin and spectinomycin resistance
gene located as a gene cassette in an integron.

A gentamicin-resistant Escherichia coli 9516014-1 serotype
101 isolate was collected in a previous study from a case of
diarrhea in a Danish pig herd. Salmonella enterica serotype
Typhimurium DT104 no. 9720921 (18) was used as a positive
control for integron PCRs. The recipient for conjugation was
E. coli K-12 J62-2 (F~ pro lac trp his), which is rifampin resis-
tant (15). All strains were stored at —80°C.

A plasmid DNA preparation from 9516014-1 was made ac-
cording to Kado and Liu (13), and conjugation of the plasmid
that contains the class 1 integron was performed by overnight
plate mating (1:10 ratio of donor to recipient) with E. coli K-12
J62-2 as the recipient. Luria-Bertani (LB) plates, to select for
transconjugants, contained rifampin at 50 pg/ml and strepto-
mycin at 30 pg/ml (Sigma Chemical Co., St. Louis, Mo.). Plas-
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mid DNA was prepared from the transconjugants (13), and the
size was determined. Susceptibility to antimicrobial agents was
demonstrated as MICs by using the Sensititre system according
to standard methods (Sensititre Ltd., West Sussex, United
Kingdom). Antimicrobial agents tested were gentamicin (0.25
to 32 pg/ml), neomycin (0.5 to 64 pg/ml), apramycin (0.5 to 64
pg/ml), streptomycin (2 to 256 pg/ml), spectinomycin (1 to 128
pg/ml), nalidixic acid (1 to 128 pg/ml), enrofloxacin (0.06 to
8 wg/ml), trimethoprim (0.25 to 32 pg/ml), sulfamethoxazole
(2 to 256 pg/ml), chloramphenicol (1 to 128 wg/ml), tetracy-
cline (0.5 to 32 pg/ml), ampicillin (0.5 to 32 pg/ml), and colistin
(1 to 64 pg/ml). Rifampin (0.5 to 64 pg/ml) (Sigma Chemical
Co.) was tested under the same conditions but was not in-
cluded in the Sensititre system.

PCR amplification was used to investigate the presence of
integrons and gene cassettes in the strains; DNA preparation
and PCR conditions were as described previously, and primers
used are shown in Table 1 (18). Temperatures used in PCR
amplification for denaturation, annealing, and elongation were
95°C for 45 s, 60°C for 45 s, and 72°C for 6 min, respectively,
all of which was repeated for 31 cycles after an initial 3 min of
denaturation at 94°C.

The PCR amplification product from primers Pant-F and
qacEA1-B was prepared for sequencing with the QIAquick
purification kit (Qiagen, Hilden, Germany), and the nucleotide
sequence was determined using a cycle sequencer as described
previously (18). For comparison to known sequences, the
FASTA search program and the advanced BLAST search pro-
gram were used (la, 14).

Cloning was performed with Pfu DNA polymerase (Strat-
agene Ltd., Cambridge, United Kingdom) and the Zero Blunt
PCR cloning kit (Invitrogen Corporation, San Diego, Calif.) by
using the pCR-Blunt plasmid as the vector and E. coli TOP10
(Invitrogen) as the recipient. The unknown sequence was am-
plified with the Pant-F and qacEA1-B primers; all other re-
agents were used according to the manufacturers’ instructions.
To select for vectors with inserts in the appropriate orienta-
tion, trimethoprim at 200 pg/ml was incorporated into LB
agar. Phenotypic susceptibilities to the antimicrobial agents
listed above were determined with the Sensititre system to
confirm expression of the cloned gene. The E. coli TOP10
recipient including the cloned vector was designated DS 160.

E. coli 9516014-1 was mated with E. coli K-12 J62-2 to
determine whether the integron was transferable. The plasmid
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TABLE 1. PCR primers for cloning and sequencing of a novel gene cassette isolated from a porcine E. coli strain

Designation” Sequence

Accession no.” Position (bp) Reference or source

Pant-F GTG GAA ACG GAT TAA GGC ACG
qacEA1-B CAA GCT TTT GCC CAT GAA GC
dfrA7-F CTG TTC ACG TTG AGG TTG AAG
aadAS-F CGG AAC ATG GCG ACC GCT GG

L06418 1007-1027 10
X12869 788-769 20
U31119 943-964 4
AF137361 303-322 This study

“F, forward sequence (5' to 3'); B, backward sequence (3’ to 5').

® Accession numbers are from published sequences in the GenBank database.

profile and resistance pattern of the transconjugant confirmed
the presence of a single conjugative plasmid. The class 1 inte-
gron, including the drf7 (dhfrVII) and aadA5 cassettes, was
located on this 22-kb transferable plasmid, which specified
resistance to streptomycin, spectinomycin, trimethoprim, and
sulfonamide only. The presence of the integron was confirmed
by PCR amplification with transconjugant DNA as the tem-
plate. Although the integron and gene cassettes were shown to
be plasmid located, the possibility that a copy of the integron
structure could also be located on the chromosome cannot be
excluded.

Antimicrobial resistance was determined for the wild-type
strain E. coli 9516014-1, the cloned DS160, the recipient J62-2,
and the transconjugant DS175. The MICs of trimethoprim
(>32 ng/ml), streptomycin (>256 pg/ml), and spectinomycin
(>128 wg/ml) were the same for E. coli DS160 as for E. coli
9516014-1. This indicates successful cloning of the two gene
cassettes and that the promoter expressed both cassettes. How-
ever, the sulfamethoxazole MIC for E. coli DS160 was 4.0 p.g/
ml; the strain did not contain the 3’ CS of the integron and was
therefore not expected to contain the sull gene, which is a nor-
mal part of a class 1 integron. The MICs of the antimicrobial
agents streptomycin, spectinomycin, trimethoprim, and sulfa-
methoxazole, >256 pg/ml, were the same for the transconju-
gant DS175 as for the wild-type strain.

With the Pant-F and qacEA1-B primers from both con-
served segments for amplification of the gene cassettes, a
2,100-bp amplicon was obtained. This product was sequenced
(Fig. 1) in both directions and found to contain a known tri-
methoprim resistance gene, dfr7, and an additional open read-
ing frame. The structure of the gene cassette and the integron
boundaries are shown in Fig. 1.

The sequences of the integrase (intl), the common promoter
(P,.0) (5), the attachment site (a#t), and the trimethoprim
resistance gene dfr7 (GenBank accession no. X58425) (4, 21)

5°- conserved segment

P ant

were located upstream from aadAS5. In Danish veterinary prac-
tice, the combination of trimethoprim and sulfonamides is
widely utilized to treat infectious diseases. That specific selec-
tion pressure would favor the acquisition or maintenance of a
trimethoprim cassette by a class 1 integron containing su/l in
the 3’ region.

The initiation codon, ATG, of the novel streptomycin and
spectinomycin resistance gene cassette is located at bp 64, and
the gene continues for the next 789 bp, or 263 amino acids. The
gene was designated aadA5 because it has the same features as
the known and characterized aadA genes but a different se-
quence (Table 2) (3, 5, 8, 9, 12, 20). The nucleotide sequence
contains a stop codon at position 850, which also can be found
in an aadA3 gene sequenced by Adrian et al. (1) (GenBank
accession no. Z50802.3). A comparison of the novel aadA5
resistance gene with previously sequenced aadA genes is shown
in Table 2.

The gene cassettes have two imperfect inverted recombina-
tion core sites flanking the central imperfect repeat within the
59-bp element. The imperfect inverted repeat core sites mark
the point of insertion of the gene cassettes into the integron (6,
19). The main part of the aadA5 59-bp element is located at bp
898 to 949, and the 5’ end of the inserted gene cassette recom-
bination core site for the site-specific insertion GTTRRRY
was found at bp 54 to 60, which could be interpreted as the
5'-end cassette boundary. The recombination site is between
the G and the first T, making the gene cassette begin at posi-
tion 55 with the TTRRRY sequence derived from the 59-bp
element (11). The gene cassette is bounded by an inverse core
site (RYYYAAC) adhering to the 3’ end of the resistance
gene, and this sequence is located at position 899 to 905. The
59-bp element ends at bp 949, where the next GTTRRRY
inverted recombination core site begins, which is interpreted as
the 3’ end of the gene cassette. A notable feature is the pres-

3"-conserved segment

P
it attl _‘  aadAs l. qacEA1 sult
<« '
P int T T T
500bp

FIG. 1. Positions of gene cassettes and integron CSs of E. coli 9516014-1. Designations are as follows: intl1, integrase; attl, recombination site; dfr7, dihydrofolate
reductase (trimethoprim resistance) gene; aadAS5, streptomycin and spectinomycin resistance gene; gacEAI, quaternary ammonium compound resistance gene; sull,
sulfonamide resistance gene. Horizontal arrows indicate putative promoters (P) and direction of translation, and vertical arrows show recombination hot spots where
the gene cassettes integrate. Black circles indicate the 59-bp elements, and the line beneath the integron structure indicates the sequenced area.
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TABLE 2. Comparison of the novel aadA5 gene cassette with previously published adenylylation enzyme genes
encoding streptomycin and spectinomycin resistance®

% Identity to aadA5 (no. identical/total)

Gene Gquank . Reference Origin Position - - -
accession no. or source (length) (bp) Nucleotide Amino acid
sequence (bp) sequence
aadAla X12870 20 Tn21 1299-2090 (792) 60 (447/745) 57 (149/261)
aadAlb M95287 9 R46 2324-3115 (792) 59 (443/745) 57 (149/261)
aadA2 X68227 3 PSA 166-945 (780) 59 (441/741) 56 (141/250)
aadA3 AF047479 8a NR79 1296-2087 (792) 62 (489/789) 55 (141/254)
aadA3°¢ 750802.3 1 E. coli 1306-2094 (789) 95 (750/789) 95 (249/262)
aadAS Af137361 This study E. coli 64-852 (789) 100 100

“ Comparisons between known aadA genes and aadAS5 were done with the advanced BLAST search program (1a, 14).

> GenBank accession numbers are examples of the particular genes inserted as gene cassettes.

¢ The aadA3 gene submitted to GenBank by Adrian et al. in 1999 has the same designation as the gene submitted by Gravel et al. in 1998 despite different nucleotide
sequences. The designation of GenBank accession no. Z50802.3 may be changed in the future.

ence of an additional copy of the inverted repeat core site at bp
848 to 854.

Downstream from the 59-bp element at position 1057, the
start codon and coding sequence of the gacEAI gene of the 3’
CS were found. Both CSs showed 100% identity to a number
of class 1 integrons previously sequenced (2, 11). The 3" CS
begins at bp 950 and continues downstream.

The present study has characterized a novel streptomycin
and spectinomycin resistance gene cassette found in a class 1
integron. The distribution of this gene is still to be investigated.
The novel gene cassette is present in a class 1 integron, which
is again located on a transferable plasmid. These factors en-
hance the transfer possibilities for the aadA5 gene, and the
conditions of transfer and the molecular epidemiology of gene
cassettes will need further attention in the future.

Nucleotide sequence accession number. The nucleotide se-
quence of the E. coli aadA5 gene has been deposited in the
GenBank database under accession no. AF137360.
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