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Twenty strains of Pseudomonas syringae pv. tomato were examined for the presence of plasmid DNA. P.
syringae pv. tomato plasmids were grouped into five size classes: class A ranged from 95 to 103 kilobases (kb);
class B ranged from 71 to 83 kb; class C ranged from 59 to 67 kb; class D ranged from 37 to 39 kb; and class
E was 29 kb. All strains contained at least two plasmids in classes A and B. The conjugative ability of P.
syringae pv. tomato plasmids in three strains was demonstrated by mobilization of the nonconjugative plasmid
RSF1010 into Pseudomonas syringae pv. syringae recipients. Plasmids from the three conjugative strains were
labeled with Tn5. Four conjugative plasmids were identified by their repeated transfer to P. syringae pv.
syringae recipients. P. syringae pv. tomato strains varied in sensitivity to copper sulfate (CuSOg4): MICs were
0.4 to 0.6 mM for sensitive strains, 1.2 mM for moderately resistant strains, and 1.6 to 2.0 mM for very
resistant strains. One very resistant strain, PT23, functioned as a donor of copper resistance. Recipient P.
syringae pv. syringae strains PS51 and PS61 were inhibited by 0.1 mM CuSQOj,, whereas the CuSO, MICs for
transconjugant strains PS51(pPT23A) and PS61(pPT23C) were 1.8 and 2.6 mM, respectively. P. syringae pv.
tomato strains PT12.2 and PT17.2 were inhibited by 0.6 mM copper sulfate, but their copper sulfate MICs were
2.6 and 1.8 mM, respectively, when they acquired pPT23C. Therefore, copper resistance in PT23 was

controlled by two conjugative plasmids, designated pPT23A (101 kb) and pPT23C (67 kb).

Many pathovars of Pseudomonas syringae contain indig-
enous plasmids (3, 6, 7, 26-28). Most of these plasmids are
phenotypically cryptic; however, Comai and Kosuge (3)
have demonstrated the involvement of an indigenous plas-
mid from Pseudomonas syringae pv. savastanoi in the
production of indoleacetic acid, a compound essential for
gall development in the olive plant.

Although conjugative plasmids are important mediators of
genetic exchange, they have been identified in only two of
the 41 pathovars of P. syringae. pBPW1 is a 30-megadalton
conjugative plasmid isolated from Pseudomonas syringae
pv. tabaci BR2 (B. J. Staskawicz, M. Sato, and N. J.
Panopoulos, Phytopathology 71:257, 1984), and pCG131 is a
conjugative plasmid isolated from Pseudomonas syringae
pv. syringae (14). Both of these plasmids are phenotypically
cryptic. Since most P. syringae plasmids lack a selectable
marker, they must be labeled with a drug resistance trans-
poson or used to mobilize a nonconjugative drug resistance
plasmid to demonstrate conjugative transfer.

Plasmid-determined resistance to toxic metal ions has
been demonstrated for many bacterial species (13, 30) and is
a useful selectable marker for these DNA molecules. Copper
sprays are toxic to bacteria and are frequently applied for
control of diseases caused by phytopathogenic species.
Although copper resistance in bacteria is relatively rare,
resistant species have been isolated from several diverse
sources (2, 8, 9, 21, 32, 33). Copper resistance has recently
been reported in Xanthomonas campestris pv. vesicatoria,
which is pathogenic on tomato and pepper plants (24).
Although the genetic basis of copper resistance is not well
characterized, this phenotype has been associated with
conjugative plasmids in several instances (16, 32; R. E. Stall,
D. C. Loschke, and R. W. Rice, Phytopathology 74:797,
1984). Copper resistance has not been reported in Pseu-
domonas syringae pv. tomato, the cause of bacterial speck
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disease of tomato. However, copper sprays are often only
marginally effective in controlling the disease (10, 22). In a
preliminary study (C. L. Bender and D. A. Cooksey,
Phytopathology, 72:1325, 1985), we found that P. syringae
pv. tomato strains differed in sensitivity to copper sulfate.
The objectives of the present study were to screen P.
syringae pv. tomato strains for the presence of plasmid
DNA, to determine whether indigenous plasmids in P.
syringae pv. tomato were conjugative, and to assess the role
of plasmid DNA in the resistance of the organism to copper.

MATERIALS AND METHODS

Bacterial strains, plasmids, and media. The bacterial strains
and plasmids used in mating experiments are listed in Table
1. P. syringae pv. tomato and P. syringae pv. syringae strains
were maintained on mannitol-glutamate (MG) medium (19)
supplemented with yeast extract at 0.25 g/liter (MGY
medium); antibiotics were added as necessary to maintain
selection for resistance markers. P. syringae broth cultures
were grown in MGY medium on a rotary shaker (200 rpm) at
28°C; Escherichia coli cultures were grown in LB broth at
37°C. Selective antibiotic concentrations were as follows:
streptomycin sulfate, 25 wg/ml, rifampin, SO pg/ml, chloram-
phenicol, 50 pg/ml, spectinomycin, 12.5 png/ml; and kanamy-
cin, 10 pg/ml for P. syringae or 25 pg/ml for E. coli.

Plasmids from 20 strains of P. syringae pv. tomato were
isolated and sized in this study. These 20 strains were
consecutively numbered PT11 through PT30. With the ex-
ception of PT29, which was provided by D. Fulbright,
Michigan State University, East Lansing, Mich., all strains
originated in this study. P. syringae pv. tomato plasmids
were given the designation pPT, followed by a strain number
and letter designation. P. syringae pv. tomato plasmids were
sized as described by Crosa and Falkow (4).

Bacterial conjugations between P. syringae and E. coli
were performed on either KMB (20) or YDC (34) agar
medium. Conjugations between P. syringae pv. tomato and
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TABLE 1. P. syringae and E. coli strains and plasmids used in conjugation experiments

Strain Chromosomal Plasmids Construction (recipient X donor{s])
phenotype
P. syringae
pv. tomato
PT11 pPT11A, pPT11B
PT12 pPT12A, pPT12B
PT15 pPT15A, pPT15B, pPT15D
PT17 pPT17A, pPT17B )
PT23 pPT23A, pPT23B, pPT23C, pPT23D
PT2S pPT25A, pPT25B, pPT25D
PT29 pPT29A, pPT29B .
PT11.1 pPT11A, pPT11B, RSF1010 [PT11 x C600(RSF1010) x HB101(pRK2013)]
PT12.1 pPT12A, pPT12B, RSF1010 [PT12 x C600(RSF1010) x HB101(pRK2013)]
PT12.2 Rif Cm* pPT12B Rif* Cm* PT12 cured of pPT12A
PT12.21 Cu* pPT12B Cuf PT12.2
PT12.22 Rif" Cm’ pPT12B, pPT23C PT12.2 x PT23
PT15.1 pPT15A, pPT15B, pPT15D, RSF1010 [PT15 x C600(RSF1010) x HB101(pRK2013)]
PT17.1 pPT17A, pPT17B, RSF1010 [PT17 x C600(RSF1010) x HB101(pRK2013)]
PT17.2 Sp* pPT17A, pPT17B Sp* PT17
PT17.21 Sp* pPT17A, pPT17B, pPT23C PT17.2 x PT12.22
PT17.3 Rif" Cm’ pPT17A, pPT17B Rif" Cm" PT17
PT17.31 Rif" Cm" pPT17A, pPT17B, pPT23C::Tn5 PT17.3 x PS52.3
PT23.1 pPT23A, pPT23B, pPT23C pPT23D, RSF1010 [PT23 x C600(RSF1010) x HB101(pRK2013)]
PT29.1 pPT29A, pPT29B, RSF1010 [PT29 x C600(RSF1010) x HB101(pRK2013)]
P. syringae
pv. syringae
PSS No plasmids
PSS1 Rif* Cm" No plasmids Rif" Cm" PS5
PS51.1 Rif* Cnt pPT11B, RSF1010 PT11.1 x PSS1
PS51.2 Rif" Cm" pPT23A::Tn5 PS51 x PT23::Tn5 mutants
PS51.3 Rif* Cm" pPT23C::Tn5 PSS51 x PT23::TnS mutants
PSS51.4 Rif" Cm" pPT11B::Tn5 PSS51 x PS52.1::Tn5 mutants
PS51.5 Rif Cm" pPT17A::TnS PS51 X PS62.1::Tn5 mutants
PS51.6 Rif Cm" pPT17B::Tn5 PS51 x PS62.1::Tn5 mutants
PTS51.7 Rif" Cm" pPT23A PS51 x PT23
PS52 Sp* No plasmids Sp* PSS
PS52.1 Sp* pPT11B, RSF1010 PSs52 x PT11.1
PS52.2 Sp* pPT23A PS52 x PS51.7
PS52.3 Sp* pPT23C::Tn5 PS52 x PS51.3
PS6 pPS6
PS61 Rif Cm" pPS6 Rif" Cm" PS6
PS61.1 Rif" Cm" pPT17A, pPT17B, pPS6, RSF1010 PS61 x PT17.1
PS61.2 Rif* Cm" pPT23C-pPS6 cointegrate PS61 x PT23
PS61.3 Rif Cm" pPT23C::TnS5, pPS6 PS61 x PS52.3
PS62 Sp* pPS6 Sp* PS6
PS62.1 Sp" pPT17A, pPT17B, pPS6, RSF1010 PS62 x PT17.1
PS62.2 Sp* pPT23C, pPS6 PS62 x PS61.2
E. coli
HB101¢ pRK2013
C600° RSF1010
WAB803¢ pGS9::Tn5

2 The phenotype of E. coli HB101 is described by Maniatis et al. (23); plasinid pRK2013 is described by Figurski and Helinski (11).
b The phenotype of E. coli C600 is described by Maniatis et al. (23); plasmid RSF1010 is described by Guerry et al. (15).
< The phenotype of E. coli WA803 is described by Wood (35); plasmid pGS9::TnS5 is described by Selvaraj and Iyer (29).

P. syringae pv. syringae were performed on MG or MGY
agar plates.

Mating conditions. All matings were performed with over-
night cultures of E. coli grown on LB plates and 36- to 48-h
cultures of P. syringae pv. tomato and P. syringae pv.
syringae grown on MGY or minimal A (25) agar plates. Two
different agar surface matings were used in this study.
Conjugations between the E. coli transposon donor
C600(pGS9::TnS5) and P. syringae recipients were performed
by a method similar to that described by Anderson and Mills
(1). These matings were conducted on YDC agar plates by

mixing loopfuls of approximately 10'° cells from both donor
and recipient cultures in a 1:1 ratio. The plates were incu-
bated at 28°C for 12 h, and cells were suspended in sterile
distilled water, serially diluted, and plated onto MG agar
plates containing kanamycin.

All other matings were performed by combining equal
volumes of donor and recipient cultures containing approx-
imately 5 x 108 cells per ml in sterile distilled water and
plating 0.1 ml of the mixture to the mating medium. All
matings were performed for 12 to 16 h at 18, 28, or 37°C as
indicated.
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RSF1010 mobilization. The nonconjugative plasmid
RSF1010 was mobilized into P. syringae pv. tomato recipi-
ents by the récombinant helper plasmid pRK2013. E. coli
C600(RSF1010), HB101(pRK2013), and various P. syringae
pv. tomato recipients were combined in a 1:1:1 ratio and
mated on KMB agar plates at 28°C. After mating, P.
syringae pv. tomato (RSF1010) transconjugants were se-
lected by plating on MG medium with streptomycin. Sm" P.
syringae pv. tomato colonies were purified to single colonies
four times, and the presence of RSF1010 was confirmed by
agarose gel electrophoresis. P. syringae pv. tomato
(RSF1010) transconjugants were then mated with P.
syringae pv. syringae recipients PS51 and PS61. After mat-
ing, mobilization of RSF1010 irito the P. syringae pv.
syringae recipients was selected on medium containing
rifampin, chloramphenicol, and streptomycin. Sm" recipi-
ents were purified and analyzed for the presence of plasmid
DNA.

Plasmid-labeling experiments. The transposon suicide vec-
tor pGS9::Tn5 was transferred to E. coli C600 by mating the
recipient C600 (Sm") with E. coli WA803(pGS9::Tn5) on LB
agar at 37°C. Transconjugants were selected on medium
containing streptomycin, chloramphenicol, and kanamycin;
the transfer of pGS9::TnS to C600 was confirmed by agarose
gel electrophoresis.

E. coli C600(pGS9::Tn5) was used to mutagenize P.
syringae pv. tomato strain PT23 and P. syringae pv.
syringae strains PS52.1 and PS62.1. Between 400 and 450
Km" mutants were recovered from each of these three
matings after a 5-day incubation at 28°C. Mutants from each
mating were removed and suspended separately in 4 ml of
sterile distilled water. Two milliliters of the mutant mixture
was then combined with an equal volume of the recipient
PSS1. The entire mixture was plated onto MG agar plates
and incubated at 18°C for 16 h. The transfer of Tn5-labeled
P. syringae pv. tomato plasmids was selected on medium
containing rifampin, chloramphenicol, and kanamycin and
confirmed by gel electrophoresis.

The transmissibility of Tn5-labeled P. syringae pv. tomato
plasmids was further investigated by mating donor strains
(Rif" Cm" Km") with the recipient strain PS52 (Sp"). After
mating, Sp* Km" colonies were screened for the donor
markers (Rif" Cm") and analyzed by gel electrophoresis.

Copper resistance experiments. All 20 P. syringae pv.
tomato strains and P. syringae pv. syringae strains PS51 and
PS61 were tested for sensitivity or resistance to copper
sulfate. Cultures to be screened were grown for 36 to 48 h on
MGY agar plates at 28°C. Strains were then streaked to
MGY agar plates containing copper sulfate at concentrations
ranging from 0.05 to 4.0 mM.

Potential donor (Cu”) and recipient (Cu® Rif" Cm' or Cu®
Sp") strains were mated on MGY agar plates for 12 to 16 h at
28°C. After mating, the transfer of Cu' to recipient strains
was selected on medium containing the appropriate antibi-
otics and 0.4 mM CuSO, for P. syringae pv. syringae
recipients or 1.0 mM or 1.6 mM CuSO, for P. syringae pv.
tomato recipients.

Plasmid DNA isolations. Plasmid DNA was isolated by a
modification of the method described by Crosa and Falkow
(4). Overnight cultures (5 ml each) were centrifuged, and
each pellet was washed once in 1.0 ml of TE buffer (0.05 M
Tris hydrochloride, 0.02 M EDTA; pH 8.5). After sodium
dodecyl sulfate-alkaline lysis, the suspension was incubated
over ice for 4 h. Plasmid DNA was separated by electropho-
resis through a horizontal slab gel of 0.7% agarose sub-
mersed in recirculated Tris-borate running buffer at 4°C for
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the times indicated in the figures. The gels were stained with
ethidium bromide and photographed with Polaroid type 55
Land film and Wratten yellow and red filters (no. 9 and 23A)
under 302-nm UV light.

DNA hybridizations. Biotinylated DNA probes were made
from pPT23C, pPS6, and an intérnal fragment of TnS5.
Plasmid DNA from PT23 and PS6 was obtained as described
above. Approximately 1 pg of pPT23C and pPS6 was ob-
tained from gel electrophoresis of 5 and 2 pg of PT23 and
PS6 plasmid DNA, respectively. The plasmids were sepa-
rated at 5 V/cm for 12 h in a 0.7% low-melting-point agarose
gel submersed in Tris-acetate buffer (5). Gel slices containing
pPT23C and pPS6 were weighed in separate microfuge
tubes, and the volume in each tube was brought to 500 pl by
addition of TE buffer. Gel slices were then melted at 70°C for
15 min, 500 pl of warm phenol (50°C) and 200 ul of
chloroform were added to each tube, and the mixture was
chilled at —20°C for 10 min. The aqueous phase was obtained
by a 15-min centrifugation in an Eppendorf microfuge; this
was followed by two phenol-chloroform extractions and a
final chloroform extraction. The two volumes of cold 95%
ethanol were added, and the NaCl concentration was ad-
justed to 0.1 M. DNA was precipitated at —20°C for 30 min.
Pellets were obtained by a 10-min centrifugation in an
Eppendorf microfuge; these were washed once with 1 mil of
95% ethanol. 4

A 3.3-kilobase (kb) HindIII internal fragment of Tn5 (18)
was used as a probe to verify plasmid labeling. This fragment
was obtained by digesting approximately 4 pg of ColEI::Tn5
DNA with HindIIl (purchased from Bethesda Research
Laboratories and used as recommended). Linear fragments
were separated by gel electrophoresis at 8.6 V/cm for 3 h in
a 0.7% low-melting-point agarose gel submersed in Tris-
acetate buffer. Nick translation of pPT23C, pPS6, and the
3.3-kb Tn5 fragment was performed as specified in the nick
translation reagent kit from Bethesda Research Laborato-
ries. Unincorporated nucleotides were removed by spun-
column chromatography (23).

DNA fragments from agarose gels were denatured and
transferred to nitrocellulose filters as described by Maniatis
et al. (23). Posthybridization washes, filter blocking, and
detection of homologous sequences were performed as spec-
ified in the alkdline phosphatase DNA detection system
manufactured by Bethesda Research Laboratories.

RESULTS

P. syringae pv. tomato plasmids. P. syringae pv. tomato
plasmids could be grouped into five size classes: class A,
which ranged from 95 to 103 kb; size class B, which ranged
from 71 to 83 kb; class C, which ranged from 59 to 67 kb;
class D, which ranged from 37 to 39 kb; and class E, which
was 29 kb. All 20 strains contained plasmids in classes A and
B. Seven strains contained only the class A and B plasmids,
10 strains contained three plasmids (classes A, B, and D),
two strains contained four plasmids (classes A, B, C, and D),
and one strain contained class A, B, and E plasmids (Fig. 1).
. RSF1010 mobilization. The nonconjugative plasmid
RSF1010 was mobilized into P. syringae pv. tomato at
frequencies ranging from 1.0 X 107* to 3.5 X 107 The
conjugative ability of P. syringae pv. tomato plasmids was
investigated by determining whether they would mobilize
RSF1010, which codes for streptomycin resistance, into P.
syringae pv. syringae recipients. P. syringae pv. syringae
strains PS51 and PS61 were chosen as recipients because
they do not contain resident plasmids in the same size class
as the P. syringae pv. tomato plasmids. The frequency of
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FIG. 1. Agarose gel electrophoresis of indigenous plasmid DNA from P. syringae pv. tomato. Electrophoresis proceeded for 12 h at 5
V/cm. Plasmid bands are identified from top to bottom. Lane 1, PT11; lane 2, PT12; lane 3, PT13; lane 4, PT14; lane 5, PT15; lane 6, PT16;
lane 7, PT17; lane 8, PT18; lane 9, PT19; lane 10, PT20; lane 11, PT21; lane 12, PT22; lane 13, PT23; lane 14, PT24; lane 15, PT25; lane 16,
PT26; lane 17, PT27; lane 18, PT28; lane 19, PT29; lane 20, PT30. The migrations of the molecular weight standards, ColE1::Tn5 (12 kb), RP4
(58 kb), and the indigenous plasmids in Agrobacterium tumefaciens K84 (188 and 46 kb), are indicated to the left of the gel. The mobilities
of plasmid size classes A through E are indicated to the right of the gel. Chr, Chromosomal DNA.

streptomycin resistance in PS51 and PS61 after mating with
the P. syringae pv. tomato (RSF1010) donors ranged from
1.3 x 1073 to <1.6 X 10~°. Control platings of PS51 and
PS61 onto media containing streptomycin indicated that
their spontaneous frequencies of streptomycin resistance
were 6.2 X 107° and <5.2 x 10710, respectively. The
frequency of streptomycin resistance was higher than the
spontaneous level in five matings. Streptomycin resistance
was transferred to PS51 at frequencies of 2.0 x 10~* and 3.7
x 1073 when donor strains were PT11.1 and PT23.1, respec-
tively. When PS61 was the recipient in matings with PT11.1,
PT17.1, and PT23.1, streptomycin resistance was trans-
ferred at frequencies of 1.3 x 1073, 1.4 x 107%, and 5.0 X
1074, respectively. Ten Sm" recipients from each of these
five matings were purified, and plasmid DNA was isolated.
When the donor PT11.1 was mated with PS51, Sm* recipient
colonies contained both RSF1010 and pPT11B. When
PT17.1 was mated with PS61, Sm" recipients contained
RSF1010 and both pPT17A and pPT17B. In the other three
matings (PT11.1 x PS61, PT23.1 x PSS51, and PT23.1 X
PS61), RSF1010 was present in the Sm" recipient colonies,
but P. syringae pv. tomato plasmids were absent.

Plasmid labeling with Tn5. The transposon Tn5 was used
to label several P. syringae pv. tomato plasmids with kana-
mycin resistance. This experiment was designed to deter-
mine which of the four plasmids in PT23 was conjugative and
how pPT11B, pPT17A, and pPT17B were transferred to the
P. syringae pv. syringae recipients in the RSF1010 mobili-
zation experiment. Conjugative TnS5-labeled plasmids would
be self-transmissible and selectable (Km"), whereas Tns5-
labeled, nonconjugative plasmids would not be transferred in
the absence of a second conjugative plasmid.

The suicide vector pGS9::Tn5 was used in E. coli C600
rather than the original E. coli strain, WA803, because
preliminary work indicated a higher frequency of mutagen-
esis in P. syringae pv. tomato with C600(pGS9::Tn5). PT23
and two P. syringae pv. syringae transconjugants, PS52.1(p-
PT11B) and PS62.1(pPT17A, pPT17B), were mutagenized
with C600(pGS9::Tn5). The frequencies of mutagenesis in
PS52.1, PS62.1, and PT23 were approximately 5.0 x 1073,
5.2 x 1078, and 6.5 x 1078, respectively.

When transposon mutants of PS52.1, PS62.1, and PT23
were mated with PS51, kanamycin resistance was trans-
ferred to PS51 at frequencies ranging from 1.9 X 107 to 1.3
x 1077. No spontaneous Km" mutants were recovered in
control platings of recipient cells alone. Therefore, these
frequencies suggested the transfer of TnS5-labeled P.
syringae pv. tomato plasmids to the Km" recipients. Ten
Km" recipient colonies from each of the three matings were
purified, and plasmid DNA was obtained. Two different
kinds of transconjugants were recovered when TnS5 mutants
of PT23 were mated with PS51. Three transconjugants
contained pPT23A::Tn5, and seven received pPT23C::Tn5
(Fig. 2A). All Km" transconjugants contained pPT11B::Tn5
when Tn5 mutants of PS52.1 were mated with the recipient
PS51. When Tn5 mutants of PS62.1 were mated with PS51,
eight transconjugants contained pPT17A::Tn5, and two
transconjugants received pPT17B::Tn5. Plasmid labeling
with Tn5 was confirmed by hybridizing pPT23A::TnJ,
pPT23C::TnS5 (Fig. 2B), pPT17A::Tn5, pPT17B::Tn5, and
pPT11B::Tn5 (data not shown) with the biotinylated 3.3-kb
HindlIl fragment of Tn5.

PS51 transconjugants containing TnS-labeled P. syringae
pv. tomato plasmids were mated with the recipient PS52
(Sp") to determine whether these plasmids were conjugative.
Control platings of the recipient PSS52 indicated that the
spontaneous frequency to Km" was less than 1071°. Control
platings of the donor PS51 (Rif Cm") indicated that the
spontaneous frequency to Sp” was 5.0 X 10~7. When PS51.2,
PS51.3, PS51.4, and PS51.6 were used as donors, Km" was
transferred at frequencies of 3.1 x 1073, 1.1 x 1073, 1.5 X
1072, and 1.0 X 107*, respectively. Ten transconjugants
from each of these four matings were purified, checked for
Rif* Cm®, and analyzed for plasmid DNA. Transconjugants
from these four matings were RifS Cm® Sp'; plasmid DNA
isolations indicated the conjugative transfer of
pPT23A::Tn5, pPT23C::Tn5, pPT11B::Tn5, and
pPT17B::Tn5 when the donor strains were PS51.2, PS51.3,
PS51.4, and PS51.6, respectively. When PS51.5 was used as
a donor, the transfer frequency of Km® was 3.5 X 10~7. This
was similar to the spontaneous mutation frequency of PS51
to Sp". The Sp* Km' colonies obtained in this mating were
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found to be Rif* Cm"; therefore, pPT17A::Tn5 was not
transferred to PS52 at a detectable level.

Screening for copper resistance. The CuSO, MIC was
designated as the concentration of copper sulfate which
prevented confluent growth of the culture after a 48-h
incubation at 28°C. P. syringae pv. tomato strains could be
grouped into three sensitivity classes based on their MICs.
Group I was sensitive to concentrations of copper sulfate
ranging from 0.4 to 0.6 mM. There were eight strains in this
group; seven strains contained two plasmids in classes A and
B; one strain contained three plasmids in classes A, B, and
E. Group II contained two strains which could tolerate
copper sulfate up to 1.2 mM; these had three plasmids
(classes A, B, and D). Copper sulfate MICs for strains in
group III ranged from 1.6 to 2.0 mM. There were 10 strains
in this group containing either three (A, B, and D) or four (A,
B, C, and D) plasmids. Group I was classifed as sensitive to
copper sulfate, group II was classified as moderately resist-
ant, and group III was classified as very resistant. Copper
sulfate MICs for P. syringae pv. syringae strains PS51 and
PS61 were both 0.1 mM.

To determine whether the copper resistance determinant
of group III strains PT15, PT23, and PT25 was borne on a
transmissible plasmid, these strains were used as Cu’ donors
in mating experiments with a Cu® group I strain, PT12.2.
Resistance to 1.0 mM CuSO, was transferred to PT12.2 at
frequencies ranging from 1.9 X 1079 to 6.6 X 10~7. These
values were similar to the spontaneous mutation frequency
of PT12.2 to copper resistance, which was 1.8 x 107°.
However, two types of Cu" colony morphology were ob-
served when PT23 was mated with PT12.2. Most colonies
were very small and resembled the spontaneous Cu" mutants
obtained in control platings of PT12.2; however, a few large
fluorescent colonies were obtained. Plasmid DNA was iso-
lated from both colony morphology types to determine

FIG. 2. TnS5-labeling of indigenous plasmids in P. syringae pv.
tomato PT23. (A) Agarose gel electrophoresis of plasmid DNA in
the donor PT23 and recipient PS51. Electrophoresis was at 5 V/cm
for 12 h. (B) Hybridization of a biotin-labeled 3.3-kb HindIII internal
fragment of Tn5 to nitrocellulose filters containing plasmid DNAs
shown in panel A. Bands are identified from top to bottom. Lane 1,
PT23, pPT23A, pPT23B, pPT23C, and pPT23D; lane 2, PS51; lane 3,
PS51.2 and pPT23A::Tn5; lane 4, PS51.3 and pPT23C::TnJS; lane S,
ColE1::TnS, open circular, and covalent closed. Chr, Chromosomal
DNA.
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FIG. 3. Agarose gel electrophoresis of plasmid DNA from PT23
and Cu" P. syringae pv. syringae transconjugants. Electrophoresis
was at 5 V/cm for 24 h. lane 1, PT23, pPT23A, pPT23B, pPT23C,
and pPT23D; lane 2, PS51; lane 3, PS51.7 and pPT23A; lane 4, PS52;
lane 5, PS52.2 and pPT23A. Chr, Chromosomal DNA.

whether a PT23 plasmid was transferred to PT12.2. The gel
patterns indicated that the large fluorescent Cu" colonies of
PT12.2 contained an extra plasmid with a mobilty identical
to that of pPT23C. The small, restricted Cu" colonies con-
tained only pPT12B, the single indigenous plasmid present in
PT12.2. The Cu’ transconjugant PT12.22 (pPT23C) was
mated with the group I strain PT17.2 to determine whether it
could serve as a Cu' donor in subsequent conjugations.
Resistance to 1.6 mM CuSO, was transferred to PT17.2 at a
frequency of 7.8 x 1076, Plasmid isolations indicated that
Cu" colonies of PT17.2 contained the pPT23C plasmid.

Mating experiments were also conducted between the
donor strain, PT23, and PS51 and PS61 to determine whether
copper resistance could be transferred to P. syringae pv.
syringae. Cu" was transferred from PT23 to PSS1 at a
frequency of 2.9 x 1073. This was significantly higher than
the PS51 frequency of spontaneous mutation to copper
resistance, which was 4.0 X 10~%. To confirm that a plasmid
was transferred from PT23 to PSS51, plasmid DNA was
isolated from 10 Cu" PS51 colonies (Fig. 3, lanes 1 through
3). The gel patterns showed that the recipient strain PS51
contained no plasmids (Fig. 3, lane 2), but all Cu" PSS51
transconjugants contained a single plasmid with a mobility
identical to that of pPT23A (lanes 1 and 3). The PS51
transconjugant, PS51.7, was used as a Cu" donor in a
subsequent mating with the Cu® recipient, PS52. Copper
resistance was transferred to PS52 at a frequency of 2.0 %
1071, Copper-resistant PS52 colonies contained the pPT23A
plasmid from PS51 (Fig. 3, lanes 3 through 5).

Copper resistance was transferred from PT23 to PS61 at a
frequency of approximately 3.8 x 1073 per recipient cell; the
PS61 frequency of spontaneous mutation to copper resist-
ance was less than 1.6 x 107!°, When plasmid DNA was
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FIG. 4. Transfer of Cu' from PT23 to Cu® P. syringae recipients. (A) Agarose gel electrophoresis of plasmid DNA from PT23, Cu® P.
syringae recipients, and Cu’ P. syringae transconjugants. Electrophoresis was at 5 V/cm for 8 h. (B) Hybridization of biotin-labeled pPT23C
to nitrocellulose filter containing plasmid DNA shown in panel A. (C) Hybridization of biotin-labeled pPS6 to nitrocellulose filter containing
plasmid DNA shown in panel A. Lane 1, PT23, pPT23A, pPT23B, pPT23C, and pPT23D; lane 2, PS61 and pPS6; lane 3, PS61.2 and a
pPT23C-pPS6 cointegrate; lane 4, PS62 and pPS6; lane S, PS62.2, pPT23C, and pPS6. Chr, Chromosomal DNA.

isolated from Cu" PS61 colonies, they were found to contain
a single band of approximately 101 = 9 kb; the indigenous
pPS6 plasmid band was absent (Fig. 4A, lanes 1 through 3).
When the Cu' transconjugant, PS61.2, was used as a Cu’
donor in a mating with PS62 (Sp Cu®), Cu’ was transferred to
PS62 at a frequency of approximately 1.7 x 1073 per
recipient cell. The Cu" PS62 recipients contained two plas-
mid bands with mobilities approximating that of pPT23C and
the indigenous plasmid pPS6 (Fig. 4A, lanes 3 through 5).
This suggested that the 101-kb plasmid present in the PS61
Cu' transconjugant was actually a cointegrate of pPT23C and
pPS6. This was demonstrated when pPT23C and pPS6 were
nick translated and hybridized to the plasmid patterns shown
in Fig. 4A. Both pPT23C and pPS6 hybridized to the 101-kb
band in lane 3 (Fig. 4B and C). pPT23C also hybridized to
itself and pPT23D (Fig. 4B, lane 1) and to the larger plasmid
band in lane 5. pPS6 hybridized to pPT23D (Fig. 4C, lane 1),
itself (lanes 2 and 4), and both plasmid bands in lane 5.
Table 2 summarizes the CuSO, MICs for donors, recipi-

TABLE 2. MICs of copper sulfate for P. syringae pv. tomato
and P. syringae pv. syringae

Strain Plasmids M[Cél ?ﬁh)
PT23 pPT23A, pPT23B, pPT23C, pPT23D 1.8
PT12.2 pPT12B 0.6
PT12.22 pPT12B, pPT23C 2.6
PT17.2 pPT17A, pPT17B 0.6
PT17.21 pPT17A, pPT17B, pPT23C 1.8
PT17.22 pPT17A, pPT17B, pPT23C::Tn5 0.6
PSS1 None 0.1
PSs51.1 pPT11B, RSF1010 0.1
PS51.2 pPT23A::Tn5 1.8
PS51.3 pPT23C::Tn5 0.1
PS51.4 pPT11B::Tn5 0.1
PS51.7 pPT23A 1.8
PS61 pPS6 0.1
PS61.1 pPT17A, pPT17B, pPS6, RSF1010 0.1
PS61.2 pPS6::pPT23C 2.6
PS61.3 pPT23C::Tn5, pPS6 0.1
PS62 pPS6 0.1

ents, and various transconjugants obtained in this study. The
CuSO4 MICs for the donor strain PT23 and transconjugants
PT17.21, PS51.2, and PS51.7 were all 1.8 mM. The wild-type
recipients PT17.2 and PS51, however, were inhibited at 0.6
and 0.1 mM CuSO,, respectively. The CuSO4 MICs for the
transconjugants PT12.22 and PS61.2 were both 2.6 mM; the
wild-type recipient strains PT12.2 and PS61, however, were
inhibited at 0.6 and 0.1 mM CuSO,, respectively.

Three pPT23C-containing transconjugants, PT12.22,
PT17.21, and PS61.2, were more resistant to copper than
were the original recipient strains (PT12.2, PT17.2, and
PS61, respectively). However, PS51.4, which contained
pPT23C::Tn5, was Cu®. Transconjugants PT17.31 and
PS61.3, which contained this same plasmid (pPT23C::Tn5),
were also Cu®. The transfer of pPT23A and pPT23A::TnS to
PS51 resulted in the Cu® transconjugants, PS51.7 and
PSS51.2. All transconjugants containing pPT11B, pPT17A,
and pPT17B were Cu®.

DISCUSSION

All strains of P. syringae pv. tomato were found to contain
at least two indigenous plasmids in size classes A and B.
DNA restriction patterns from strains containing plasmids in
the same size class indicate that class A, B, C, and D
plasmids from different strains are highly homologous (un-
published data). Four conjugative plasmids were identified in
this study: pPT11B, pPT17B, pPT23A, and pPT23C. One
other plasmid, pPT17A::Tn5, could not be transferred from
PS51 to PS52 after TnS-labeling. Therefore, this plasmid was
probably originally mobilized into PS51 by pPT17B, the
conjugative plasmid present in the donor strain, PT17.

Two conjugative plasmids in P. syringae pv. tomato PT23
were involved in the copper resistance phenotype, pPT23A
and pPT23C. When PS51 was mated with PT23, Cu’ trans-
conjugants contained pPT23A. PS51.2, a transconjugant
containing pPT23A::Tn5, was also Cu’. The recipients
PT12.2, PT17.2, and PS61 became Cu" when they acquired
pPT23C. However, PS51.3, a PS51 transconjugant contain-
ing pPT23C::Tn5, was Cu®. This phenotype might be attrib-
uted to TnS5 inactivation of some function involved in Cu’
because the transfer of pPT23C::Tn5 to PT17.2 and PS61
also resulted in Cu®.
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When PT23 was mated with PS61 and copper resistance
was selected in the latter, Cu" PS61 transconjugants con-
tained a 101-kb plasmid band. Nick-translated pPT23C and
pPS6 both hybridized to this band, which indicated that it
was a cointegrate of these two plasmids. When the Cu’
transconjugant PS61.2 was mated with the Cu® recipient
PS62, Cu" PS62 transconjugants contained two plasmid
bands (Fig. 4A, lane 5). Both pPT23C and pPS6 showed
homology to the larger band, but only pPS6 hybridized to the
smaller band. Therefore, the larger band in lane 5 was
probably mainly pPT23C DNA with a short stretch of pPS6
DNA sequences. This band migrated slightly slower than the
wild-type pPT23C, which supports this hypothesis. Both
pPT23C and pPS6 showed homology to pPT23D. The ho-
mology between pPS6 and pPT23D was surprising because
PS6 and PT23 originated from diverse sources; PT23 was
isolated from southern California tomato plants, and PS6
originated from woody hosts in the Pacific Northwest. Both
pPT23D and pPS6 are cryptic plasmids, so the significance of
this homology is unknown.

Transconjugants PT12.22 and PS61.2, which contained
pPT23C, were more resistant to copper than were the donor
PT23 and the transconjugants PS51.7 (pPT23A) and PT17.21
(pPT23C). The reason for the difference in sensitivity is not
clear, but it may involve regulation of plasmid copy number.
pPT23C is smaller than pPT23A and might be maintained at
higher copy numbers in a cell with one or no plasmids. In
strain PT17.21, which contains two large indigenous plas-
mids in addition to pPT23C, Cu" was expressed at the same
level as the wild-type PT23.

To our knowledge, this is the first report of plasmid-
controlled resistance to copper in a wild-type Pseudomonas
strain. pPT23A is similar in size to the conjugative copper
plasmid identified in E. coli (32). However, it is smaller than
the 125-megadalton plasmid identified in X. campestris pv.
vesicatoria (Stall et al., Phytopathology 74:797, 1984) and
Rtsl, the 140-megadalton Cu" plasmid obtained from Proteus
(16, 31). pPT23C is smaller than any previously reported Cu*
plasmid. Possible homologies between Cu" genes on PT23
plasmids and other Cu' plasmids are being investigated.

The presence of two distinct plasmid species encoding
heavy metal resistance within a single bacterial strain has not
been previously reported. Acquisition of multiple copies of a
resistance gene is one way in which an organism can adapt to
elevated levels of a toxic material. For example, spontane-
ous Cu" in yeast cells has been associated with tandem gene
amplification of the CUPI" locus (12). The possession of
multiple copies of a transposon is another way in which
bacteria can adapt to elevated levels of a toxic material. For
example, cultivation of Haemophilus influenzae cells har-
boring a plasmid with a Tc" transposon in subinhibitory
concentrations of tetracycline results in the emergence of
variants harboring plasmids with two, three, or four copies
of the transposon (17). A similar event may explain why
PT23 contains two plasmids with Cu" determinants. We have
cloned the Cu’ genes from PT23 plasmid DNA and plan to
use fragments of the clone as probes to detect homologous
sequences on the class A and C plasmids.

This is the second report of plasmid-coded Cu in a
phytopathogenic bacterium. Copper resistance in X.
campestris pv. vesicatoria was associated with failure to
control race 2 of the bacterium with fixed-copper sprays (24).
Subsequent studies have indicated that the Cu" phenotype
was associated with a conjugative plasmid (Stall et al.,
Phytopathology 74:797, 1984). X. campestris pv. vesicatoria
and P. syringae pv. tomato are both seed-borne pathogens of

J. BACTERIOL.

tomato which occur together in many habitats. Copper
sprays are commonly used to control these pathogens be-
cause of their low cost and low toxicity to mammals.
However, the prophylactic administration of copper sprays
may increase the selective pressure for acquisition of copper
resistance plasmids.
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