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The extent and nature of tetracycline resistance in bacterial populations of two apple orchards with no or
a limited history of oxytetracycline usage were assessed. Tetracycline-resistant (Tc") bacteria were mostly gram
negative and represented from 0 to 47% of the total bacterial population on blossoms and leaves (versus 26 to
84% for streptomycin-resistant bacteria). A total of 87 isolates were screened for the presence of specific Tc"
determinants. Tc" was determined to be due to the presence of Tet B in Pantoea agglomerans and other members
of the family Enterobacteriacae and Tet A, Tet C, or Tet G in most Pseudomonas isolates. The cause of Tc" was
not identified in 16% of the isolates studied. The Tc" genes were almost always found on large plasmids which
also carried the streptomycin resistance transposon Tn5393. Transposable elements with Tc" determinants
were detected by entrapment following introduction into Escherichia coli. Tet B was found within Tn10. Two of
eighteen Tet B-containing isolates had an insertion sequence within Tn10; one had IS911 located within IS70-R
and one had TnZ000 located upstream of Tet B. Tet A was found within a novel variant of Tn/721, named
Tn1720, which lacks the left-end orfI of Tn1721. Tet C was located within a 19-kb transposon, Tn1404, with
transposition genes similar to those of Tn501, streptomycin (aadA2) and sulfonamide (sull) resistance genes
within an integron, Tet C flanked by direct repeats of 1S26, and four open reading frames, one of which may

encode a sulfate permease. Two variants of Tet G with 92% sequence identity were detected.

Oxytetracycline is currently being used in the United States
on a limited basis in apple and pear orchards for the control of
fire blight caused by Erwinia amylovora and on a more wide-
spread basis in peach and nectarine orchards for control of
bacterial spot caused by Xanthomonas campestris pv. pruni.
Although it provides a lower level of disease control than does
streptomycin, it is used in apple and pear orchards as a re-
placement for streptomycin where streptomycin resistance
(Str") in the pathogen has become a serious problem. Re-
peated use of streptomycin for fire blight control over the past
decades has led to the establishment of Str* E. amylovora
populations in many pome fruit-growing regions. These bacte-
ria possess either mutations which confer ribosomal insensitiv-
ity to streptomycin (12, 42) or the streptomycin-modifying
genes strA-strB acquired from other orchard bacteria in asso-
ciation with Tn5393 on conjugative plasmid pEa34 (11, 13) or
with RSF1010-type plasmid pEa8.7 (41). Although E. amylo-
vora cannot easily develop tetracycline resistance (Tc") by
chromosomal mutation (27), the use of oxytetracycline may
lead to the selection of E. amylovora strains that have acquired
tetracycline resistance genes from other orchard bacteria. The
time frame of resistance development would depend in part on
the availability of tetracycline resistance determinants in or-
chard bacterial populations and the ability of these determi-
nants to be transferred to E. amylovora.

Tc' in gram-negative bacteria has been found to be con-
ferred by two distinct mechanisms: removal of tetracycline
from the cell by an energy-dependent efflux mechanism and
protection of the ribosome from the action of tetracycline (for
a review, see reference 39). Among enteric genera, only deter-
minants encoding a tetracycline efflux mechanism have been
described. Although Tc" can be mediated by chromosomal
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multidrug resistance genes such as mexA-mexB-oprM in several
Pseudomonas species (28, 29) and marRAB in Escherichia coli
(19, 20), in most gram-negative species resistance is due to
acquisition of a resistance operon of the Tet A family. The
resistance operon consists of a structural gene (tetd) and a
repressor gene (fetR) that are divergently transcribed from
overlapping operator regions. Nine classes of the Tet A family
have been described (Tet A to E, G, and H to J). All except Tet
I have been sequenced. The structural genes of this family have
nucleotide identity ranging from 49 to 75%. Two other exam-
ples of Tet A-type determinants have recently been found. A
resistance gene, tetY, was found on an IncQ plasmid in E. coli
independent of fefR (49), and a dysfunctional Tc" operon was
identified on the chromosome of Agrobacterium tumefaciens
C58 (30).

The tetracycline resistance genes of the Tet A family have
frequently been described in association with conjugative plas-
mids. The more detailed genetic context of these resistance
determinants has been studied in only a few cases. These
studies have demonstrated that the Tc" determinants are at
least sometimes located in mobile or potentially mobile ele-
ments: Tet A in TnZ721 (4), Tet B in TnZ0 (15), Tet D flanked
by copies of IS26 in a 5.2-kb composite transposon-like struc-
ture (3, 26), Tet G within a putative integron (8), and Tet H in
Tn5706 (25).

In addition to concerns about antibiotic use leading to the
development of resistant plant-pathogenic bacteria, there has
recently been some discussion about the impact of agricultural
uses of antibiotics on the development of multidrug-resistant
human pathogens. The presence of multidrug resistance in
bacteria of the phylloplane has not been thoroughly analyzed.
It is therefore unclear what the impact of oxytetracycline would
be on the establishment of bacterial populations in this envi-
ronment carrying transferable multidrug plasmids. Further-
more, the extent to which bacteria of the phylloplane can serve
as a reservoir of resistance determinants for human pathogens
is unknown.
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In an effort to address these issues, a study in which reser-
voirs of Tc" in apple orchards were assessed was initiated. The
likelihood that tetracycline resistance would become prevalent
in populations of E. amylovora following oxytetracycline appli-
cation was evaluated by identifying which Tc" determinants
were present in orchard bacterial populations and whether the
determinants were associated with mobile genetic elements.
The role that Tc" bacteria might play in problematic multidrug
resistance was also assessed by screening for resistance to other
antibiotics.

MATERIALS AND METHODS

Orchard treatments and sample collection. In 1996 and 1997, blocks of trees
three to four rows wide by 12 to 30 trees long were sprayed three times during
bloom with 290 g of streptomycin sulfate per ha (orchard 1), 290 g of oxytetra-
cycline hydrochloride per ha (orchard 2), or 290 g of each compound per ha
(orchards 1 and 2). Each treatment was replicated three times. Both orchards
have long histories of streptomycin usage. Orchard 2 also had a history of
approximately two applications of oxytetracycline per season from 1991 to 1995.
Orchard 1 had no history of Str" E. amylovora, whereas in orchard 2 Str" E.
amylovora had previously been detected.

Samples of 40 to 50 blossoms and 9.6 to 39.2 g of leaves (one per replicate,
1996; three per replicate, 1997) were collected during bloom and 2 weeks post-
bloom, respectively. Blossom and leaf washes were plated on Luria-Bertani (LB)
or King’s B agar amended with 100 wg of cycloheximide per ml plus either 100
g of streptomycin per ml, 2 pg (1996) or 10 g (1997) of oxytetracycline per ml,
both streptomycin and oxytetracycline, or no antibiotics. Colony counts were
made after 3 days at 22°C.

One to eight colonies were subcultured from each sample that yielded Tc"
bacteria (347 total). Gram stain tests were performed on each isolate by using the
Accustain Gram stain kit (Sigma Chemical Co., St. Louis, Mo.) and a KOH lysis
technique (48). In each case, the results from the two methods were in agree-
ment. Seven isolates were gram positive. Gram-negative isolates were used in
further studies.

Standard PCR. Reaction mixtures (20 pl) consisted of 1X PCR buffer (10 mM
Tris-HCI [pH 8.3], 50 mM KCl), 1.5 mM MgCl,, 0.5 to 1 pM (each) primer, 0.16
mM deoxynucleoside triphosphates (Pharmacia LKB, Piscataway, N.J.), 0.5 U of
Taq Polymerase (Gibco BRL, Grand Island, N.Y.), and either 0.1 to 100 ng of
template DNA or 1 pl of bacterial culture diluted to an optical density at 600 nm
of between 0.1 and 0.5. Reactions were performed in a PTC-100 Thermocycler
(MJ Research, Watertown, Mass.). Reaction products were analyzed on 1.5%
(wt/vol) agarose gels in 0.5X Tris-borate-EDTA (TBE) buffer run at 10 V/cm
followed by ethidium bromide staining.

Fragments of tetracycline resistance genes (293 bp) were amplified with prim-
ers TET1-F (5'-GCYRTVGGSATHGGCYTKRTYATGC), TET1-R (5'-ACM
GCMCCWGTVGCBCCKGTGAT), TET2-F (5'-GCBATKGGDMTYGGBM
TNATYATGC), and TET2-R (5'-ACVGCDCCDGTBGCRCCNGTRAT) with
cycling parameters of 94°C for 60 s followed by 30 cycles of 94°C for 30 s, 60°C
for 45 s, and 72°C for 30 s. Haelll digestion of PCR products was analyzed by
electrophoresis through 10% polyacrylamide gels in 1X TBE followed by
ethidium bromide staining.

Streptomycin resistance genes and transposon Tn5393 were identified by am-
plification with primers specific for the sorB gene (strB-F [5'-GGAACTGCGT
GGGCTACA] and strB-R [5'-GCTAGATCGCGTTGCTCCTCT]; 303 bp) and
the tnpA gene of Tn5393 (tnp5393-F [5'-GGCGGGATCTGCTTGTAGAG] and
tnp5393-R [5'-CTCCGGAGATGTCTGGCTTACT]; 300 bp). A portion of the
3" conserved region of integrons was amplified with primers TniB (5'-GCCGG
AAATGGAGCAACT) and orf5 (5-CAGGGGAGCGAATGGACA). A
223-bp fragment of the sulfonamide resistance gene sull was amplified with
primers sull-F (5'-CCGGGGATGGGATTTTTCT) and sull-R (5'-GGGTGCG
GACGTAGTCAGC). Thermocycling parameters were 94°C for 2 min followed
by 30 cycles of 94°C for 30 s; 58°C (strB and Tn5393), 61°C (3’ conserved region),
or 59°C (sull) for 30 s; and 72°C for 30 s or 2 min (3’ conserved region).

Plasmid purification and analysis. Plasmids were purified by using the
Nucleobond Plasmid Midi kit (Clontech, Palo Alto, Calif.), according to the
manufacturer’s directions for low-copy-number plasmids, or by an alkaline lysis
minipreparation procedure. Plasmid samples were run on 0.8% agarose gels in
0.5X TBE at 6 V/cm and visualized after staining with ethidium bromide.

Probes for tet genes and strB were generated by PCR as described above with
substitution of the following nucleotide mixture: 0.2 uM (each) dATP, dCTP,
and dGTP; 0.135 uM dTTP; and 0.65 pM digoxigenin-dUTP (Boehringer Mann-
heim, Indianapolis, Ind.). Hybridization and detection of digoxigenin-labelled
probes were performed according to the manufacturer’s instructions (Boehringer
Mannheim) with standard hybridization buffer at 68°C and detection with CDP-
Star.

DNA sequencing. Sequencing reactions were performed at the Michigan State
University Department of Energy Plant Research Laboratory Sequencing Facil-
ity with ABI dye terminator chemistry. The similarity between new sequences
and sequence databases was assessed by use of BLAST 2.0 (5), including algo-
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rithms blastn and blastx, via the National Center for Biotechnology Information
internet server.

Long PCR for detection and analysis of Tnl0, Tnl720, and Tnl404. PCR
fragments longer than 3 kb were amplified by using the Expand Long Template
PCR system (Boehringer Mannheim Biochemicals). Reaction mixtures (50 jl)
consisted of 1X buffer (either no. 1 or no. 3), 0.35 mM deoxynucleoside triphos-
phates (Gibco BRL), 0.6 uM primer (TnZ0) or 0.3 wM (each) primer (all others),
2.6 U of enzyme mix, and 10 to 100 ng of template DNA.

Full-length Tn70 fragments were amplified with a single PCR primer comple-
mentary to the most distal sequences of IS/0-L and IS70-R (IS10-1: 5'-CTGA
TGAATCCCCTAATG) with buffer 1. Cycling parameters were 92°C for 2 min;
25 cycles of 92°C for 10 s, 55°C for 30 s, and 68°C for 8 min with an additional
20 s/cycle added to the 68°C extension for cycles 11 through 25; and then 68°C for
7 min.

Tni720 fragments were amplified with primers IRL-F (5'-GGGGCATAGA
GAAAACGG) and TETA-R (5'-GCAGGCAGAGCAAGTAGAG) with buffer
3. Cycling parameters were 95°C for 5 min; 30 cycles of 95°C for 30 s, 63°C for
30 s, and 68°C for 4 min with an additional 20 s/cycle added to the 68°C extension
for cycles 11 through 30; and then 68°C for 7 min.

The left and right halves of Tn/404 were amplified with primers specific for the
5" end of orfA (Tn1404left [5'-AGCGCCCACATCCAAACACTTACT]) and
the region downstream of tetR(C) (TETCleft [5'-CCGGCCCGAACTGGAGC
GAGGAAC]) and primers specific for the region downstream of zetR(C) (TET
Cright [5'-GCACCTGCCGCCCCCTGTCATTC]) and the 3’ end of tnpA
(Tn1404right [5'-GGCCGAAACTTCCCGTCCTC]). Reactions were per-
formed with buffer 3 with cycling parameters of 94°C for 2 min; 30 cycles of 94°C
for 10 s, 62°C for 30 s, and 68°C for 13 min with an additional 20 s/cycle added
to the 68°C extension for cycles 11 through 30; and then 68°C for 7 min. The gene
cassette region of the Tn/404 integron was amplified with primers intR (5'-CA
TAAGCCTGTTCGGTTCGTAA) and sulR (5'-GGGTGCGGACGTAGTCA
GC) with buffer 1 with cycling parameters of 94°C for 2 min; 30 cycles of 94°C for
10 s, 58°C for 30 s, and 68°C for 4 min with an additional 20 s/cycle added to the
68°C extension for cycles 11 through 30; and then 68°C for 7 min.

Electroporation. Electroporation-competent bacteria (50 to 100 wl) (43) were
mixed with 1 pl of purified plasmid and pulsed at 25 wF, 200 (), and 2.5 kV in a
Gene Pulser II apparatus (Bio-Rad Laboratories, Richmond, Calif.) with a
0.2-cm electroporation cuvette. SOC (43) (1 ml) was immediately added. After
1 h at 37°C (E. coli) or 22°C (Pseudomonas sp.), aliquots were plated on LB
medium amended with 10 wg of oxytetracycline per ml and incubated overnight.

Detection of transposition. Plasmids carrying Tet A or Tet C genes were
introduced into E. coli IM109[pGEM3zf(+)] by electroporation; pACY177 pro-
viding kanamycin resistance was introduced into Tet G-carrying Pseudomonas
isolate R82. Transformants were selected on LB medium containing 50 pg of
ampicillin (E. coli) per ml or 30 ug of kanamycin (R82) per ml and 10 ug of
oxytetracycline per ml. Plasmids were purified from transformants and intro-
duced into E. coli JIM109 by electroporation. Transformants resistant to both
antibiotics were selected on amended LB medium.

Antibiotic susceptibility testing. Antibiotic susceptibility of E. coli IM109
transformants was tested on Mueller-Hinton agar supplemented with 50 pg of
ampicillin per ml, 200 pg of sulfathiazole per ml, or 20 pg of chloramphenicol
per ml and by use of antibiotic-impregnated test discs (gentamicin, 10 pug;
kanamycin, 30 wg; trimethoprim, 5 pg; cefoxitin, 30 pg; cefotaxime, 30 pg;
cephalothin, 30 wg; piperacillin, 100 pg; ciprofloxacin, 5 pg; oxytetracycline, 30
wg; carbenicillin, 100 wg; Becton Dickinson, Cockeysville, Md.) on a seeded
bacterial lawn on Mueller-Hinton agar. The susceptibility of transformants was
compared to the sensitivity of E. coli JM109.

Nucleotide sequence accession numbers. The following nucleotide sequences
were entered into GenBank: Tn/720 left end (AF157802), IRRI region
(AF157803), and right end (AF157804); Tnl404 left end (AF157797), aadA2
region (AF157798), 1S26-flanked Tet C element left (AF157799) and right
(AF157800) ends, and right end (AF157801); Tet G from pPSTG1 (AF133139);
and Tet G from pPSTG2 (AF133140).

RESULTS

Orchard surveys. To assess reservoirs of antibiotic resis-
tance within apple orchards, bacterial populations in two Mich-
igan orchards were screened for the presence and prevalence
of streptomycin and oxytetracycline resistance (Table 1). Both
orchards had a long history of streptomycin usage and were
treated with streptomycin and/or oxytetracycline during the
study period. The application of oxytetracycline regardless of
whether it was alone or in combination with streptomycin
generally resulted in lower bacterial populations than did the
application of streptomycin used alone. Streptomycin resis-
tance was common at all study sites and did not diminish at
orchard 2 over the 2 years of the study in the absence of
selection pressure. The number of bacteria in the 1997 strep-
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TABLE 1. Recovery of bacteria from apple blossoms and leaves sprayed during bloom with oxytetracycline and/or streptomycin
Treatment® Bacterial population” on:
Yr Orchard ' ' Blossoms Leaves

Streptomycin Oxytetracycline Total Str* Tcr Str" Tc* Total Str" Tc* Str" Tc*

(CFUblossom) (%) (%) (%) (CFU/g) (%) (%) (%)

1996 1 + - 36,000 a 28 a 2b NA“ 220,000 a 43 a Sa NA

1 + + 2,900 b 56a 0b NA 58,000 b 63 a <la NA

2 - + 1,900 b S6a 2la NA 4,500 b 28a S53a NA

2 + + 5,400 b 26 a 0b NA 320b 22a 6a NA

1997 1 + - 1,500,000 a 59a 0b 0b 1,700,000 a 51b <lb <lb

1 + + 150,000 b S5la <1lb <lb 330,000 a 42b <1lb <lb

2 - + 12,000 b 48 a 9b 7b 35,000 a 46b 8b 6b

2 + + 3,400 b 68 a 47 a 23 a 110,000 a 84 a 21a 18 a

“ Antibiotics were applied three times at 290 g/ha. Each treatment pair was replicated three times on three blocks of trees at each orchard. Orchard 1 had not been
treated with oxytetracycline prior to the initiation of this experiment, while orchard 2 had been treated approximately twice per season beginning in 1991.

® Serial dilutions of washes of 50 blossoms or 100 leaves from three to nine samples per treatment were plated in duplicate on medium with no antibiotics and medium
amended as indicated (100 mg of streptomycin sulfate per ml; 2 [1996] or 10 [1997] mg of oxytetracycline per ml). Bacterial colonies were counted after 3 days of
incubation at 22°C. Data from each year were tested separately by analysis of variance and Fisher’s range test. Means which were significantly different are indicated
by different range indices (a or b). Differences indicated were significant at 0.05.

¢ NA, not assayed.

tomycin treatment was quite high due to fire blight infection in
one section of orchard 1. The majority of these bacteria were
Str" E. amylovora isolates carrying pEa34 and Tn5393 (data not
shown) detected at this location for the first time. Tetracycline
resistance was much less common than was streptomycin re-
sistance. At orchard 1, Tc" bacteria represented less than 5% of
the population. At orchard 2, they were more prevalent but
their detection was sporadic; in 20% of the samples from

orchard 2, no Tc" bacteria were found, and in 20% of the
samples, less than 5% of the population was Tc" (data not
shown). Interestingly, most Tc" bacteria also appeared to be
Str'.

Tc" colonies (44 from 1996 and 303 from 1997) were sub-
cultured from the orchard survey plates. Gram-negative iso-
lates, representing 98% of the total, were categorized into 87
groups (20 from orchard 1 and 67 from orchard 2) according to

TABLE 2. Tetracycline resistance genes detected in gram-negative bacteria isolated from Michigan apple orchards

Tc" operon Bacterial identification® 1996 isolate(s)” 1997 isolate(s)
Tet B Pantoea (Enterobacter) agglomerans R79A, R164A, R166A, R168A, W112, Wi120, W129, w130, Wi31, w219,
R172A W227, W235, W243, W251, W259,
W275, R3, R34, R49, R56, R64, R65,
R91, R96, R103, R320, R322, R330,
R342, R347, R362, R380, R381, R396,
R408, R416, R420, R422, R432, R433
Erwinia chrysanthemi R35, R107
Erwinia stewartii R392
Escherichia vulneris W260
Tet A Fluorescent Pseudomonas sp. RI1, R88
Nonfluorescent Pseudomonas sp.—tan R944, R1714, R173A
Nonfluorescent Pseudomonas sp.—yellow W267, R97, R354, R413, R428
Unidentified—fluorescent R41
Unidentified—nonfluorescent RI100, R389
Tet C Fluorescent Pseudomonas sp. R96A RY, R17, R25, R33
Nonfluorescent Pseudomonas sp.—tan R37
Nonfluorescent Pseudomonas sp.—yellow R326, R372
Unidentified—tan R6
Unidentified—yellow R104
Tet G Fluorescent Pseudomonas sp. R36, R57, R67, R82
Nonfluorescent Pseudomonas sp.—yellow RI21A4
Unknown Fluorescent Pseudomonas sp. WI101A, W113A, W205A

Nonfluorescent Pseudomonas sp.—yellow

WI199A

W123, W125, R334, R388

Nonfluorescent Pseudomonas sp.—tan R370
Unidentified—yellow R72, R338, R407
Unidentified—white R349
Unidentified—tan R424

“ Identification based on MicrologGN plates (Biolog).

® Isolates beginning with a W are from orchard 1, and those beginning with an R are from orchard 2. Tsolates used in further studies are indicated in bold italics.
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FIG. 1. Amplification of tetracycline resistance genes from gram-negative
bacteria from apple orchards with primers TET1-F-TET1-R (A) and TET2-F-
TET2-R (B) and Haelll restriction analysis of PCR products (C). Lanes 1 to 10
are isolates R171A, R41, R416, W251, R326, R9, R82, R36, R121A, and water
control, respectively. Lane M is 1-kb Ladder Plus (Gibco BRL). Amplification
results and restriction patterns are consistent with resistance genes fet4 (lanes 1
and 2), tetB (lanes 3 and 4), fetC (lanes 5 and 6), and fetG (lanes 7 and 8). Isolate
R121A (lane 9) produced a novel result. Similar results were obtained for 64
additional isolates, but no band was amplified from 14 other isolates.

source, colony color and morphology, production of fluores-
cent pigments, and antibiotic resistance levels (data not
shown). A representative from each of the 87 groups was
tested with Biolog GN Microplates (Table 2). Most isolates
were identified as Pantoea (Enterobacter) agglomerans or fluo-
rescent and nonfluorescent Pseudomonas species; several iso-
lates could not be identified by the Biolog system.
Identification of tetracycline resistance determinants by re-
striction analysis of PCR products. Alignment of the deduced
amino acid sequences of Tet A, B, C, D, E, G, and H (2, 4, 21,
23, 35, 50, 58) revealed several areas of high homology, includ-
ing regions in putative transmembrane-spanning domains 1
and 4 (16). Two degenerate oligonucleotide primer pairs were
designed based on the nucleotide sequences corresponding to
these regions. Primers TET1-F and TET1-R were based on the
sequences of tetA, -B, and -C, and TET2-F and TET2-R were
based on the sequences of tetD, -E, and -H. A PCR product was
obtained with at least one pair of primers for 73 of 87 isolates
(Fig. 1A and B). TET1-F-TET1-R yielded products for 68
isolates; for several of these isolates TET2-F-TET2-R also
gave a product, although it was generally fainter (example in
Fig. 1A and B, lane 4) and not always reproducible. For five
isolates, a band was obtained only with TET2-F-TET2-R. Iso-
late R121A gave an additional band of approximately 500 bp
which was not observed in other isolates (Fig. 1B, lane 9).
The tet PCR fragments were further classified according to
their Haelll restriction digestion patterns (Fig. 1C). Within the
targeted region, tetA to -E, -G, and -H have predicted Haelll
restriction sites which would yield five distinct patterns of ma-
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FIG. 2. Detection and analysis of Tn/0 in tetB-containing isolates. (A) PCR
amplification of Tn/0 with primer IS10-1. Lanes 1 to 10 are isolates R34, R49,
R65, W120, W130, W131, W219, W251, R380, and R416, respectively. Reaction
products of 9.3 kb were obtained for an additional eight isolates not shown. (B)
Variation in BamHI (lanes 1 to 3) and Bg/II (lanes 4 to 6) restriction digests of
Tnl0 PCR products from isolates W251 (lanes 1 and 4), R34 (lanes 2 and 5), and
R380 (lanes 3 and 6). Lanes M are 1-kb Ladder Plus.

jor digestion products: 130 and 75 bp (tetA4), 240 and/or 254 bp
depending on sites within the degenerate primers (fetB and
tetG), 123 and 104 bp (tetC), 293 bp (tetE and tetH), and 153
and 140 bp (tetE). Among isolates which yielded products with
primers TET1-F-TET1-R, three patterns consistent with the
presence of tetA4 (13 isolates), either tetB or tetG (45 isolates),
and tetC (10 isolates) were observed (Table 2). Two patterns
were seen among isolates which yielded products only with
primers TET2-F-TET2-R: one similar to tetB and fetG (four
isolates) and one novel pattern (one isolate). Sequencing of a
fragment from each group confirmed the presence of tetA, tetB,
and fetC in isolates which yielded products with TET1-F-
TET1-R and revealed that the products produced with TET2-
F-TET-2R represented distinct variants of tetG which differed
at 32 nucleotide positions (data not shown).

Tet B associated exclusively with Tnl0. Eighteen tetB-con-
taining isolates were screened for the presence of Tni0 by
PCR with a single primer complementary to the ends of the
transposon. A 9.3-kb product was amplified from 16 isolates;
larger products were amplified from isolates R34 and R380
(Fig. 2A). Restriction analysis of the 9.3-kb product from iso-
late W251 yielded the expected Bg/II and BamHI fragments of
Tnl0 (18). Restriction analysis of the large PCR products from
isolates R34 and R380 suggested that isolate R34 possessed an
extra 1.2 kb in the right end of the transposon and that isolate
R380 contained an extra 5 to 6 kb between the first BamHI and
Bglll sites (Fig. 2B). The location of the variation in isolate
R34 was mapped to within IS10-R, and a partial sequence of
the insert (167 bases of the outer end) was obtained with an
IS10-specific primer. The insertion site was found to be 814 bp
from the right end of IS70-R. The sequence of the insert was
95% identical to the 3" end of 1S911, a 1,250-bp insertion
sequence previously described for Shigella dysenteriae (37)
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FIG. 3. Map of Tnl0 variants found in isolates of P. agglomerans from Michigan apple orchards. Locations of insertions within TnZ0 from isolates R380 (Tnl000)
and R34 (IS917) are shown; the sequence flanking the insertion site is given to the right of each element. The positions of BamHI and Bgl/II restriction sites are shown.
The priming sites for oligonucleotide IS10-1 used for PCR analysis are indicated by small arrows.

(Fig. 3). These findings are consistent with the presence of a
copy of an insertion sequence very similar to IS977 within TnZ0
in this isolate.

The variation in isolate R380 was mapped to the region
downstream of tetR(B). Analysis of the sequence revealed an
insertion 332 bp downstream of tetR(B) near the first Bg/II site
of Tnl0. The first 435 bases of the insert were sequenced, and
they matched the sequence of TnZ000 (9), a 6-kb transposon
originally described for E. coli (Fig. 3).

Tet A. The Tet A operon was located on plasmids in all 10
tetA-containing isolates as determined by Southern blotting of
purified plasmids (data not shown). Restriction analysis and
partial sequencing of adjacent 11.5- and 12-kb Ncol fragments
of the Tc' plasmid from isolate R171A showed that the Tet A
operon was located in a 9.3-kb variant of transposon Tnl721,
which has been designated Tn/720 (Fig. 4A). Tnl720 and
Tnl721 appear to be nearly identical from the resolvase gene
(tnpR) region through the final inverted repeat, IRRII. How-
ever, at the transposon cointegrate resolution site, located
within the first resolvase binding site (res/), the sequences
abruptly diverge (Fig. 4B) with Tn/720 lacking the 1,575-bp
open reading frame (ORF), orfl, of Tni721. Minor variation
between each of the three inverted repeat sequences was also
present (Fig. 4B and C).

Transposition of Tn/720 was detected in cultures of E. coli
JM109 carrying both pGEM3zf(+) and the Tc" plasmid from
isolate R171A. A plasmid of approximately 12 kb conferring
Tc* was recovered from these cultures (Fig. 5A). Digestion of
the plasmid with Sunl yielded the predicted digestion products
of Tn1720, a 3.8-kb fragment carrying the tnpR and tmpA genes
and a 5.5-kb fragment carrying the Tet A operon, and a frag-
ment the size of pGEM3zf(+). Tnl720 was detected in isolate
R171A by PCR with primers specific for the IRL and the 3’
end of fet4. The resulting 6-kb product yielded the expected
Sunl restriction digestion products (Fig. 5B). All 10 tet4-con-
taining isolates yielded PCR products with identical restriction
patterns, indicating that all carry the Tet A operon in Tni720.

Tet C. Southern blotting analysis revealed that the Tet C
operon was located on plasmids in all nine terC-containing
isolates (data not shown). When the Tc" plasmid from isolate
R9 and pGEM3zf(+) were both introduced into E. coli JM109,
a plasmid of approximately 20 kb conferring Tc" could be
recovered. This plasmid consisted of pGEM3zf(+) with a
19-kb insertion between the Sspl sites at positions 2142 and
2580 (Fig. 6A). The insertion was characterized by restriction
analysis and sequence analysis of the ends of the element and
the regions flanking the Tet C operon (Fig. 7). Inverted repeats

of 38 bp similar to those of Tn507 and Tn/721 were found at
both ends of the inserted element, and a 5-bp direct repeat of
the target sequence flanked the element; the sequence ob-
tained from the right end of the insertion included part of an
ORF with high homology (>87%) to the 3’ ends of the tnpA
genes of Tn501 and Tnl721. A tandem duplication of the last
216 bp was present, including a portion of the ORF and the
38-bp repeat. The location of Pvull sites matched those pre-
dicted for tmpR and tnpA of Tn501, suggesting that both re-
solvase and transposase genes were present. These data sug-
gest that the mobile element is a transposon related to Tn501,
and it has been given the designation Tn/404.

Analysis of the Tet C region demonstrated that copies of
IS26 in direct orientation (IS26-L and IS26-R) flank a 3.7-kb
sequence whose central portion matches the Tet C region of
pSC101 including 622 bases downstream of fetR(C) and 754
bases downstream of fetC. The 145 bases adjacent to 1S26-L
and the 280 bases adjacent to IS26-R bore no similarity to
known sequences.

The sequence surrounding the I1S26-flanked Tet C element
matched that of the integrase gene (int) of class I integrons and
suggested that the Tet C element had been inserted into an int
gene 426 bp from the end of an integron. The presence of the
sulfonamide resistance gene sull, found in many class I inte-
grons, was verified by PCR (Fig. 7, primers 4 and 5, and data
not shown). A single aadA2 gene cassette (7) was present as
determined by analysis of the PCR product from the gene
cassette region between sull and int (Fig. 7, primers 4 and 6).
The size of the PCR product from the i region to down-
stream of sull (Fig. 7, primers 2 and 3) was similar to that
expected from an integron with truncated tniB but without
insertion sequences IS/353 and IS71326, which are found in this
region of many class I integrons.

The integron appears to have been inserted into the trans-
poson upstream of the res site. The location of the insertion
and the sequence of the res site match exactly the sequence
reported for Tn/403 (51), a 19.9-kb transposon from Pseudo-
monas aeruginosa carrying resistance cassettes PSE-1 (ampicil-
lin), cat (chloramphenicol), and aadA (streptomycin-spectino-
mycin) within the integron and an additional Str* gene, aphC.

The left end of Tn/404 contained four ORFs of 1,485 (orfA4),
849 (orfB), 357 (orfC), and 960 (orfD) bp. The predicted prod-
ucts of orfA and orfB are similar to those from adjacent ORFs
in the transposon region of plasmids found in Yersinia entero-
colitica (24): a 492-amino-acid (aa) sulfate permease (74%
identity; 91% similarity) and a 288-aa protein of unknown
function (42% identity; 68% similarity). The predicted orfC
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B 1721 GGGGGAACCGCAGAATTCGGAAAAAATCGTACGCTAAGCTAACGGTGTTCTCGTGACAGCTCTTTGACTAGGCTTTCTAAGGCCATTCTGATAGCCCTGA 100
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Tn1721 CTTCCTGAAAAGCCATGGCTAAAATTTGTGCGGCTAAAAGGGATAACCGATGGTAAAGTAAGTTATCCCTGTCGAGATACTGAAAAGCG. . .1575 bp. 189
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Tnl721 ORF I..AAGAACCTCAAGGGTTGGCTGTTTTATTTTATTGTTTTCGGCATTAAGCCCAATTTCTTGAGCGTTACGATAAAGCTAGCATGGAAACGATAG 282
res I resII
TN1720 ~-----crmmmmm e m e TCGGTGTCCGAATGGGGTATACCCTAARCTTGATGTCAGGCAGGGCCGCGCCGCTTCGTCAGAATAGAGTCTGCT 148
Tn1721 GTGCAAGCAAGTTAAGGGTTGCATCGCGCATGTCAATCTAGGCTATACCCTAACTTGATGTCAGGCAGGGCCGCGCCGCTTCGTCAGAATAGAGTCTGCT 382
resIII
T™nl1720 TTCCCATTTTTTGACACATGCCCGCGAAGGTTATAGATTTCAGCCTGACAGAAATGGGCTTTGAGG. . .« 214
Tnl1721 TTCCCATTTTTTGACACATGCCCGCGAAGGTTATAGATTTCAGCCTGACAGAAATGGGCTTTGAGG. .. 448
IRR I
Tl720 ...CTTAGCGTACGATTTTTTCCGAATTCTGCGGGCTCCCC. . .
C ™i721 . . CTTAGCTGACGATTTTTTCCGAATTCTGCGGGCTCCCC. . -
IRR II
Tnl720 ...CTTAGCGTACGATTTTTTCCGAATTCTGCGGGCTCCCC
Tn1l721 . - CTTAGCTGACGATTTTTTCCGAATTCTGCGGGCTCCCC

FIG. 4. Comparison of Tn/720, a transposon found on the Tc" plasmid from nonfluorescent Pseudomonas isolate R171A, with Tn721. (A) Genetic and physical
map of Tnl720 and corresponding map of Tn/721. Sequenced regions of Tnl720 are shown as dotted lines beneath the map. Inverted repeat sequences are indicated
by open arrowheads and labelled as inverted repeats left (IRL), right I (IRRI), and right II (IRRII). Genes for resolvase (tnpR), transposase (tnpA), tetracycline
resistance repressor (fetR), tetracycline resistance protein (tet4), and methyl-accepting chemotaxis-related protein (orfl) and the partial duplication of the transposase
gene (tnpA') are indicated with large filled arrows. Restriction sites are indicated as follows: S, Sunl; P, Pvull; St, Stul; R, EcoRV; Ss, SspI; and N, Ncol. The locations
of genes indicated in Tn720 are inferred from similarity of sequence and restriction sites with those of Tn1721. The locations of primer binding sites for IRL-F (1)
and TETA-R (2) used for PCR analysis are indicated with numbered small arrows. (B) Alignment of the sequences of Tnl720 and Tnl721 upstream of tnpR. IRL and
resolvase binding sites resl, resII, and resIII (40) are underlined. (C) Alignment of the IRRI and IRRII sequences from Tn/720 and Tnl72]. Differences within the

inverted repeats and res sites are indicated by thick lines under the sequences.

product was weakly homologous to DnaK suppressor proteins
(DskA) with 43% similarity (22% identity) to the 151-aa prod-
uct of the E. coli dskA gene. The predicted product of orfD had
some similarity (20 to 30% identity; 45 to 48% similarity) to
the predicted products of ORFs in a Salmonella typhimurium
plasmid (22) (328 aa), the E. coli genome 12 kb upstream of
mcrB (10) (323 aa), and an E. coli O157:H7 pathogenicity
island (36) (272 aa). Approximately 0.5 kb of sequence from
both ends of Tn/403 has been reported; these sequences are
identical, suggesting a duplication of the terminal sequences in
Tnl403. The sequence from the left end of Tn/404 matched
the Tn7403 terminal sequence, and this region of identity in-
cluded a portion of orfA.

Tnl404 was detected in isolate R9 by PCR amplification of
the left (Fig. 7, primers 1 and 7) and right (Fig. 7, primers 8 and
9) halves of the transposon. Fragments of 8.5 to 9.5 kb were
obtained and yielded the expected BamHI restriction patterns
(Fig. 6B). Identical restriction patterns were obtained from
nine additional Tet C-containing isolates (Table 3), implying
that all carry Tet C within Tn7404.

Tet G. Five isolates carrying Tet G were detected. Isolate
R121A, collected in 1996, contained a variant of Tet G which
differed from that found in the four 1997 isolates. In all cases,
Tet G was associated with a plasmid; Tet G from isolate
R121A was located on a plasmid (pPSTG1) that was smaller
than the Tet G-containing plasmids from the four isolates from
1997 which showed identical restriction patterns (data not
shown). Of the Tet G plasmids, only pPSTG1 was successfully
introduced into E. coli JM109. No transposition of either Tet G
operon onto recipient plasmids was detected, suggesting either
that transposition of these elements is a rare event or that
neither variant resides on a functional mobile element.

The complete sequences of the Tet G operons from pPSTG1
and the plasmid from isolate R82, pPSTG2, were obtained. Tet
G from pPSTG2 was identical to the Tet G from S. typhi-
murium previously reported (8). The Tet G sequence from
pPSTG1 was 92% identical to that from pPSTG2. The tetG
sequences differed at 85 nucleotide positions, resulting in 20
predicted amino acid differences, resulting in overall 93% nu-
cleotide and 95% amino acid identity. The fetR(G) sequences
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FIG. 5. (A) Transposition of Tn/720. Shown are results of agarose gel elec-
trophoresis of pGEM3zf(+) undigested (lane 1) and PstI digested (lane 3) and
the Amp" Tc" plasmid recovered from E. coli IM109 carrying both pGEM3zf(+)
and the Tc" plasmid from Pseudomonas isolate R171A undigested (lane 2), PstI
digested (lane 4), and Sunl digested (lane 5). Lane M is HindIlI-digested lambda
DNA. (B) PCR detection of Tn7720. Shown is the PCR product from isolate
R171A undigested (lane 1) and Sun I digested (lane 2). Lane M is 1-kb Ladder
Plus.

were 89% identical at both the nucleotide and the amino acid
levels with 66 and 22 differences, respectively. Ten nucleotide
differences were observed in the regulatory region.
Properties of the resistance plasmids. All but 1 of the 87
representative isolates were able to grow in the presence of 100
pg of streptomycin per ml. The nature of the streptomycin
resistance was evaluated by PCR screening for the strA-strB
gene pair and Tn5393, the transposon which is a common

A

FIG. 6. (A) Detection of transposition of a Tet C element (Tn/404) from the
Tc* plasmid of Pseudomonas sp. isolate R9 to pGEM3zf(+). Shown are the Tc"
plasmid from isolate R9 (lane 1), pGEM3zf(+) undigested (lane 2) and Sspl
digested (lane 4), and the Amp" Tc" plasmid derived from E. coli JM109 carrying
both pGEM3zf(+) and the Tc" plasmid from isolate R9 undigested (lane 3) and
Sspl digested (lane 5). The 0.4-kb SspI fragment of pPGEM3zf(+) is not visible in
lane 4. Lane M is HindIIl-digested lambda DNA. (B) Detection of Tn/404 by
PCR with primers pairs Tn1404left-TetCleft and TetCright-Tn1404right. Shown
are PCR products from isolate R9 representing the left and right halves of
Tnl404 undigested (lanes 1 and 3, respectively) and BamHI digested (lanes 2 and
4, respectively). Lane M is 1-kb Ladder Plus.
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carrier of the strA-strB resistance genes in plant-associated
bacteria (46, 47). The strB and tnpA genes of Tn5393 were
present in 42 of 42 selected isolates (data not shown). The
location of strB was evaluated by Southern blotting analysis of
uncut plasmid DNA; in most isolates, strB was located on the
same plasmid as the fet gene (Table 3).

The ability of the Tc" plasmids to be maintained in other
species was tested by electroporation of purified plasmids into
E. coli JM109 (Table 3). Plasmids from 3 of 10 Tet A-, 7 of 7
Tet B-, 4 of 7 Tet C-, and 1 of 5 Tet G-containing isolates were
successfully introduced into and maintained by E. coli. The
three Tet A plasmids had nearly identical EcoRV restriction
patterns; the restriction fragment patterns of the four Tet C
plasmids were also similar to each other. The Tet B plasmids
showed more variation in restriction pattern (data not shown),
suggesting that Tet B may be located on a wide variety of
plasmids. The Tet A, Tet C, and Tet G plasmids which could
not be propagated in E. coli were presumably structurally dif-
ferent from their broader-host-range counterparts.

Even though Tn5393 has been shown to confer streptomycin
resistance when introduced into E. coli JIM109 (13), none of
the E. coli strains transformed with the Tc" Str* plasmids were
resistant to streptomycin. Even Tet C transformants, which
carried both Tn5393 and aadA2, were sensitive to streptomy-
cin.

The Tc" E. coli transformants were screened for the presence
of additional resistance genes by testing their sensitivity to
sulfathiazole, chloramphenicol, ampicillin, gentamicin, kana-
mycin, trimethoprim, cefoxitin, cefotaxime, cephalothin, pip-
eracillin, and ciprofloxacin. As expected, the transformant with
Tnl404 was resistant to sulfathiazole. However, resistance to
the other antibiotics was not detected in any of the transformants.

DISCUSSION

Detectable numbers of Tc" bacteria were found on apple
blossoms and leaves collected from both sites included in this
study, even in blocks of trees which had never received an
oxytetracycline treatment. Although not all samples from ei-
ther location yielded Tc" bacteria, orchard 2, which received
oxytetracycline applications during the 5 years prior to the
study, tended to have higher numbers of Tc" bacteria, suggest-
ing that selection pressure may have been responsible for the
greater extent of Tc" and that future applications of oxytetra-
cycline may further increase the populations of Tc" orchard
epiphytic bacteria. The detection of a pool of Str" bacteria in
the orchard environment is consistent with a number of studies
on the evaluation of Str' in plant-pathogenic (31, 33, 45) and
nonpathogenic (34, 44) bacteria. The long history of strepto-
mycin usage at both sites is probably responsible for the pres-
ence of easily detectable populations of Str" bacteria. Consis-
tent with this observation is the finding that in 1996 the site
sprayed with streptomycin alone had more surviving bacteria
than the sites which received oxytetracycline. Str* appears to be
persistent, as evidenced by the significant Str" populations
found on trees at orchard 2 which had not received strepto-
mycin treatment for several years.

To identify the genes responsible for Tc" in orchard bacteria,
a PCR-based screening assay was developed for the detection
of members of the Tet A resistance gene family. By using two
sets of primers and Haelll restriction analysis of the resulting
PCR products, tet4, -B, -C, and -G as well as tetD and tetE
(data not shown) could be identified. This method allows iden-
tification of Tet A family members without gene-specific
probes and the differentiation of variants of tet genes, which is
not possible with hybridization-based detection methods.
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FIG. 7. Physical and genetic map of transposon Tn404 from Pseudomonas sp. isolate R9. Sequenced regions are indicated with dotted lines beneath the map. Genes
for transposase (tnpA), resolvase (tnpR), integrase (int), aminoglycoside adenyltransferase A2 (aadA2), sulfonamide resistance protein (sull), tetracycline efflux protein
class C (tetC), and tetracycline resistance repressor class C (tetR) as well as ORFs designated orfA4, orfB, orfC, and orfD are indicated with bold arrows. Insertion
sequences are shown as open rectangles (IS26-L and IS26-R) with the direction of the IS26 transposase gene indicated by an arrow. Inverted repeat sequences are
indicated by open arrowheads (transposon, 38 bp) and filled arrowheads (integron, 25 bp). Restriction enzyme sites are indicated as follows: D, Dral; E, EcoRI; B,
BamHI; and P, Pvull. The locations of primers used for PCR analysis are indicated as numbered small arrows. Primer pairs used for analysis included 1 (Tn1404left)

and 7 (TetCleft), 8 (TetCright) and 9 (Tn1404right), 2 (TniB) and 3 (orf5), 4 (sullR) and 5 (sullF), and 4 (sullR) and 6 (intR).

Five distinct Tc" determinants representing four classes of
the Tet A family were detected in a group of gram-negative
phyllosphere bacteria inhabiting apple orchards in Michigan.
The Tc" determinants primarily were associated with bacteria
in two genera—Pantoea and Pseudomonas—and most often
were located on plasmids. Tet B was found exclusively in P.
agglomerans and a few other rare isolates of the family Enter-
obacteriaceae. Tet B has previously been found in many bac-
terial genera and, although it has never been found in Pseudo-
monas sp., appears to have the widest distribution of all the Tet
A family members (39). Tet A, C, and G were found primarily
in Pseudomonas sp. Tet G had previously been detected in
Vibrio anguillarum (58) and S. typhimurium (8); this is the first
report of Tet G in Pseudomonas species.

Two variants of Tet G were found among the orchard iso-
lates. The sequences of the variants showed 7% nucleotide
sequence divergence. This is a greater degree of divergence
than has been reported for other Tet A family members. For
example, the sequences of Tet A from Tn/721 (4) and plasmid

RK2 (52) show less than 2% nucleotide variation. None of the
20 predicted amino acid differences between the two Tet G
proteins correspond to positions identified as essential for the
function of other classes of tetracycline efflux pumps (1, 32,
53-57).

Tc" determinants were not identified in some of the isolates.
It is unlikely that these isolates harbor variants of Tet A to E
or G because DNA from these isolates failed to hybridize with
probes for fetA to -E and -G (41a). These isolates may possess
Tet H, I, or J or a previously uncharacterized member of the
Tet A family, or they may have resistance to tetracycline con-
ferred by multidrug efflux pumps or another mechanism.

Analysis of the genetic context of Tc" in orchard environ-
ments revealed that three of the identified Tc" operons were
present on transposons. The presence of Tet B in Tn/0 was not
surprising, because this determinant has been described only in
conjunction with this transposon. In two isolates, an inserted
element, either TnZ000 or 1S911, was found within Tn/0. Nei-
ther of the inserted elements carries any known resistance

TABLE 3. Association of tetracycline resistance with plasmids, transposons, and other resistance genes

No. of isolates with:

Other resistance Replication of Tc" Phenotype of

Tc" operon  No. of Tc' operon on detected i lasmid in E. coli E coli

class isolates  Tc" operons detected on  Tn5393 detected on transposon genes detected in plasmic In . ol ccon
plasmids Tc* plasmid transposon JM109 transformants'

B 18 7 7 Tnl0 (n = 18) None 777 Tc*

A 10 10 10 Tni720 (n = 10) None 3/10 Tc"

C 9 9 8 Tni404 (n = 9) aadA2, sull 4/9 Tc" Sul”

G’ 4 4 4 Unknown 0/4

G 1 1 1 Unknown 1/1 Tc"

“The presence of Tet B on plasmids in the remaining 11 isolates could not be confirmed due to poor plasmid integrity in preparations from these isolates.

? Variant found in isolates R36, R57, R67, and R82.
¢ Variant found in isolate R121A.
4 Number of plasmids which were replicated/total number of plasmids tested.

¢ Transformants were tested for growth on oxytetracycline, streptomycin, sulfathiazole, ampicillin, gentamicin, kanamycin, trimethoprim, cefoxitin, cefotaxime,
cephalothin, piperacillin, and ciprofloxacin. Unless otherwise indicated, isolates were sensitive to the antibiotics.
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genes. It is unclear whether their presence would have an effect
on Tnl0 transposition or resistance gene expression; TnZ000
has been shown elsewhere to enhance the segregational stabil-
ity of plasmids (6).

Tnl720, a variant of Tn/721, was found to be the sole source
of Tet A in the two populations surveyed. Tn/720 differs from
Tnl721 from the left inverted repeat to the first resolvase
binding site, resl. In this region, Tn/721 contains a gene en-
coding a 56-kDa protein (4) which is not present in Tnl720.
The divergence between the two transposons begins precisely
at the transposon cointegrate resolution site within resl. Per-
haps illegitimate recombination at res/ between a Tnl721-type
transposon and a related transposon with similar 38-bp in-
verted repeats and res site led to the formation of Tn1720.

The Tet C operon was carried by a 19-kb transposon desig-
nated Tn7404 which appears to consist of a base transposon
into which an integron and an IS26-flanked Tc" element have
been inserted. Within the base transposon, four ORFs were
identified in addition to the transposition genes. One of these
is predicted to encode a sulfate permease protein; the function
of the remaining three is unknown.

Tn1404 appears to be similar to Tn/403, which was originally
identified in P. aeruginosa. Although Tn7403 does not confer
Tc*, the transposons have identical terminal inverted repeats,
integron insertion sites upstream of res, and sequence of the
orfD end extending through at least the first 535 bp. The
transposons have different complements of gene cassettes
within their integrons: Tn1403 has bla, cat, and aadA cassettes,
whereas Tn1404 has a single aadA2 cassette.

Transposition of Tet G was not detected with either Tet G
variant. Recent analysis of the ampicillin, chloramphenicol,
streptomycin, sulfonamide, and tetracycline resistance gene
cluster of S. typhimurium DT104 has revealed the presence of
Tet G flanked by integrons in this strain (8). The sequences
upstream of the Tet G operons in the Pseudomonas sp. isolates
appear to be related to the sequence upstream of Tet G in S.
typhimurium DT104 (41a), and further analysis of the Tet G
region may provide clues about the divergence and dissemina-
tion of these genes.

Given that in Michigan apple orchards, several plasmid-
borne Tc" elements, the majority of which are associated with
transposable elements, are found in epiphytic bacteria, what is
the risk of development of populations of Tc" plant pathogens
such as E. amylovora? E. amylovora has been shown to become
Tc* upon introduction of pBR322 (tetC; data not shown) or
RP1 (tetA) (14, 27), demonstrating the function of these genes
in E. amylovora. Because E. amylovora has not been shown to
be naturally transformation competent and bacteriophage ca-
pable of infecting E. amylovora cannot readily infect P. agglo-
merans or Pseudomonas sp. (38, 41a), making them unlikely
transducing agents, acquisition of resistance genes would most
likely occur via conjugation. However, attempts to transfer Tc"
plasmids from orchard isolates into E. amylovora or E. coli via
conjugation failed. In one Tet A-carrying plasmid, Tn1720
appears to have been inserted within a gene cluster responsible
for mating pair formation (data not shown), suggesting that
this plasmid would be nonconjugative. Among the plasmids
carrying Tn/720 and the plasmids carrying Tn/404 were exam-
ples where the restriction pattern of the Tc" plasmid from a
fluorescent Pseudomonas sp. matched that from a nonfluores-
cent Pseudomonas sp., suggesting that the plasmid had been
mobilized from one species to another. Furthermore, the plas-
mids which appear to have been transferred from one Pseudo-
monas sp. to another could be maintained in E. coli when
introduced by electroporation, suggesting that they may be
broad host range.

APPL. ENVIRON. MICROBIOL.

In the case of Str" in Michigan apple orchards, the presence
of resistance genes in a bacterial population placed under
selection pressure has not lead to rapid dissemination of these
genes between all species. The linked aminoglycoside phosph-
otransferase-encoding genes strA-strB have been shown to be
present in variants of Tn5393 on a variety of plasmids in many
orchard bacterial species (17, 44). However, only strA-strB in
conjunction with a specific variant of Tn5393 on conjugative
plasmid pEa34 (11, 31) found in P. agglomerans (Erwinia her-
bicola) (17, 44) appears to have been transferred to E. amylo-
vora. Furthermore, despite the long history of aggressive
oxytetracycline use in peach orchards in the southern United
States for control of bacterial spot caused by X. campestris pv.
pruni and in pear orchards in the western United States for
control of fire blight, there have been no reports of oxytetra-
cycline resistance in these pathogens even though miscella-
neous bacteria inhabiting the peach and pear orchards presum-
ably carry Tc' determinants. There have also been no reports
of resistance problems in the control of fire blight with oxytet-
racycline during the 20 years that it has been used in some
regions of the United States. These observations taken to-
gether suggest that development of Tc" E. amylovora will not
necessarily be a short-term consequence of oxytetracycline ap-
plication in apple orchards.

To better understand the potential impacts of the agricul-
tural use of oxytetracycline on human health, the association of
Tc" with resistance to other antibiotics was studied. In the
majority of the isolates, Tc" plasmids also carried Str” genes. In
the case of Tet C-carrying plasmids, Tc" was also linked to
sulfonamide resistance and an additional streptomycin resis-
tance determinant. No other resistance phenotypes were de-
tected in association with the broader-host-range Tc" plasmids
(i.e., those capable of being maintained in E. coli in addition to
the original isolate) which were screened for resistance to a
variety of antibiotics. These results suggest that application of
oxytetracycline to apple orchards could lead to increasing num-
bers of commensal bacteria inhabiting the aerial parts of apple
trees which possess resistance to tetracyclines, streptomycin,
and sulfonamides on plasmids which may be transferred to
other bacterial species but that buildup of resistance to other
antibiotics in these populations would not be an immediate
consequence.
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