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ABSTRACT

Stockwell, V. 0., Kawalek, M. D., Moore, L. W., and Loper, J. E. 1996,
Transfer of pAgK84 from biocontrol agent Agrobacterium radiobacter
K84 to A. tumefaciens under field conditions. Phytopathology 86:31-37.

Agrobacterium radiobacter strain K84 effects biological control of
crown gall disease caused by A. tumefaciens in part by the plasmid-
conferred production of agrocin 84, an antibiotic with specific activity
against certain strains of the pathogen. A transmissible plasmid (pAgK84)
resident in the biocontrol bacterium contains genes for agrocin 84 bio-
synthesis and immunity. The frequency of pAgK84 transfer from K84 to
A. tumefaciens strain B49c, a naturally occurring strain that is insensitive
to agrocin 84, in gall tissue of cherry seedlings was evaluated under field
conditions. Putative transconjugants were detected by colony hybridi-

zation in 4 of 13 galls evaluated. The identity of transconjugants recov-
ered from one of those galls was confirmed by serology, agrocin pro-
duction, pathogenicity, and Southern blot analysis using agrocin 84
biosynthesis, T-DNA, and nopaline synthase gene probes. In the four
galls in which transconjugants were detected, the estimated frequency of
plasmid transfer from K84 to B49¢ was approximately 10~ transcon-
jugants per recipient. A transconjugant strain and B49¢ did not differ in
their capacities to colonize the rhizosphere of cherry or to cause crown
gall under field conditions. The transconjugant retained pAgK84 for up
to 7 months in the rhizosphere of field-grown plants. These results con-
firm that Agrobacterium strains harboring both a tumor-inducing plas-
mid and pAgK84 can develop from plasmid transfer in the field and that
such newly derived strains can persist under field conditions.

Crown gall is a tumorigenic disease of many dicotyledonous
plants that is caused by the ubiquitous soilborne bacterium Agro-
bacterium tumefaciens. Crown gall results in significant econom-
ic losses to the stone fruit industry because galls can weaken or
kill the host plant. Losses to the nursery industry can be partic-
ularly severe, because symptomatic plants must be culled. Root
pruning of stone fruit seedlings prior to transplanting into nursery
fields is a routine practice, resulting in wounds that facilitate en-
try of the pathogen, which commonly inhabits nursery soils. Dur-
ing the infection process, the bacterium attaches to plant cells and
transfers the T-DNA region of its endogenous tumor-inducing (Ti)
plasmid into the plant cell (42). Incorporation of T-DNA into the
plant genome results in overproduction of plant growth regulators
and subsequent formation of the hyperplastic growth that is char-
acteristic of crown gall (18). In addition, the T-DNA encodes the
biosynthesis of opines, members of an uncommon class of metab-
olites found in crown gall tissue. Opines support growth of Agro-
bacterium spp. and induce conjugal plasmid transfer among agro-
bacteria (10). Nutrients, phenolic compounds, and other metabolites
produced by the host plant also are present in crown gall tissue
and are available to the pathogen and secondary invaders, such as
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other agrobacteria and pseudomonads that are common inhabi-
tants of plant tumors (3,28).

A. radiobacter strain K84 (K84) is an effective biological con-
trol agent for crown gall disease on stone fruit rootstocks (21,24,
31,34,36,38,39). In commercial settings, K84 commonly is ap-
plied to roots of nursery plants immediately after pruning to pro-
tect wounds from infection by A. tumefaciens (26). K84 produces
an antibiotic called agrocin 84, a disubstituted adenine analogue
that inhibits DNA replication (20). Agrocin 84 is transported into
cells of A. tumefaciens via agrocinopine permease, a periplasmic
protein required for uptake of the opine agrocinopine (27). Genes
encoding the agrocinopine permease are carried on the Ti plasmid
of sensitive strains of A. tumefaciens (15).

Two observations indicate that agrocin 84 production is an im-
portant determinant in biological control of crown gall by K84:
(i) mutants of K84 that do not produce agrocin 84 are only par-
tially effective in biological control of crown gall caused by agro-
cin 84-sensitive strains of A. tumefaciens (5), and (ii) K84 is more
effective in protecting plants from agrocin 84-sensitive than from
agrocin 84-insensitive strains of A. tumefaciens (21,36). Never-
theless, K84 provides some protection against strains of A. fume-
faciens that are insensitive to agrocin 84 (21,36,38), possibly
through site or nutrient competition. Because production of agro-
cin 84 contributes to the biocontrol activity of K84, development
and proliferation of agrocin 84-insensitive strains of the pathogen
could diminish the capacity of strain K84 to suppress crown gall
in the future.
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Agrocin 84-sensitive strains of A. tumefaciens can become in-
sensitive to the antibiotic by one of several mechanisms. After
exposure to agrocin 84, variants with resistance to the antibiotic
can be selected readily from a population of A. tumefaciens that is
sensitive to agrocin 84 (6,19,37). Certain variants are nonpatho-
genic due to loss of the Ti plasmid (including genes encoding
agrocinopine permease) (6,19) or deletions extending into Ti plas-
mid-borne genes required for virulence (6); these variants pose no
direct threat as K84-insensitive pathogens. Other agrocin 84-in-
sensitive variants are virulent (6,37) and, if ecologically fit, could
persist as pathogens with reduced sensitivity to biocontrol by
strain K84.

Horizontal gene transfer from A. radiobacter K84 to A. tume-
faciens also is a mechanism by which agrocin 84-insensitive path-
ogens may develop (10). The agrocin 84 biosynthesis genes and
the genes encoding immunity to agrocin 84 are present on pAgK84,
a conjugative plasmid of K84 (32,41). Conjugal transfer of pAgK&4
to strains of A. tumefaciens occurs in culture and in crown gall
tissue of infected plants (11,39). Cells of A. tumefaciens that har-
bor both pAgK84 and a Ti plasmid are pathogenic, due to viru-
lence genes present on the Ti plasmid. They produce and are
immune to agrocin 84, due to genes present on pAgK84. A. tume-
faciens strains that produce agrocins and have plasmids similar to
pAgK84 have been isolated from various parts of the world (23,
35,38). Although the origin of these strains is unclear, their exis-
tence suggests that conjugal transfer of plasmids occurred in the
environment and that strains containing pAgK84 are ecologically
fit.

Interstrain gene transfer undoubtedly occurs between bacteria
in the environment (9). Nevertheless, the frequency at which gene
transfer occurs, and the persistence and impact of resultant strains
in the environment are poorly understood. Although there is evi-
dence that pAgK84 can transfer to A. tumefaciens in agricultural
fields (39), the frequency of transfer and the environmental fate of
transconjugant strains that have received pAgK84 are unknown.
Knowledge of the transfer frequency of pAgK84 under conditions
found in the field and the relative fitness and pathogenicity of
transconjugants must be understood to assess the risk for loss of
effective disease control associated with horizontal gene transfer.

In this report, we examined the transfer of pAgK84 from the
biological control bacterium A. radiobacter K84 to an agrocin 84-
insensitive strain of A. tumefaciens in gall tissue of field-grown
cherry seedlings. The pathogenicity, survival, and stability of trans-
conjugants on cherry seedlings in field plots also were evaluated.
We used an agrocin 84-insensitive pathogen for three reasons: (i)
to maximize the probability that populations of both K84 and the
pathogen would be present in crown gall tissue; (ii) to reduce
biocontrol efficacy of K84 so an adequate supply of coinhabited
galls would be available for analysis; and (iii) to minimize sel-
ective pressure for transconjugants, which may have a competi-
tive advantage over an agrocin 84-sensitive parental strain in galls
also supporting populations of K84. Differential fitness of the
recipient and transconjugant strains could skew estimates of plas-
mid transfer frequency.

MATERIALS AND METHODS

Bacterial strains. A. radiobacter K84 contains pAgK84, a plas-
mid that carries genes for immunity to and synthesis of agrocin
84 (32,41), and pAtK84b, which carries genes for nopaline (4)
catabolism. A. tumefaciens B49c is a naturally-occurring biovar II
strain isolated from a crown gall tumor on apple in Washington
(3). Strain B49c is pathogenic on cherry and insensitive to agro-
cin 84, presumably due to lack of uptake of the antibiotic (36).
Strain K84Sm, a streptomycin sulfate (Sm)-resistant mutant of A.
radiobacter strain K84, and strain B49cRf, a rifampicin (Rf)-re-
sistant mutant of A. tumefaciens strain B49¢c, were described pre-
viously (36). K84Sm is similar to the wild-type strain in growth
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rate, agrocin 84 production, serology, and biocontrol efficacy in
field trials. B49cRf is similar to its parental strain with respect to
growth rate, serological reaction, insensitivity to agrocin 84, and
pathogenicity under field conditions. The resistances of K84 and
B49c resistance to Sm and Rf, respectively, are stable phenotypes
in laboratory and field experiments (36).

K845m and B49cRf were cultured on mannitol-yeast agar (19)
amended with 2 g of glutamate (MGY) per liter and Sm (500
pg/ml) or Rf (100 pg/ml), respectively. Plasmid pAgK84 was in-
troduced into B49cRf by transformation, and a transformant,
B49cRf(pAgK84), was detected by colony hybridization with an
agrocin 84 biosynthesis gene probe (agn). A. tumefaciens strain
K439, a derivative of A. tumefaciens C58 with enhanced sensi-
tivity to agrocin 84 (8), was provided by S. K. Farrand, University
of Illinois, Urbana. Agrobacterium strains used for evaluating the
specificity of the agrocin 84 biosynthesis gene probe were ob-
tained from the culture collection of L. W. Moore. One hundred
eighty-three strains of Agrobacterium, 105 of which were patho-
genic on tomato (‘Bonnie Best’), were originally isolated from the
United States, Africa, Australia, Europe, and Asia from host
plants that included almond, apple, birch, blueberry, boysenberry,
carrot, cedar, cherry, dahlia, euonymous, grape, peach, photinia,
rhododendron, rose, tomentosa, walnut, and willow. Three of the
Agrobacterium strains (K84, B49c(pAgK84), and A. tumefaciens
NT-1(pAgK84)) harbored pAgK84. Twenty-five additional soil-
inhabiting bacteria representing genera other than Agrobacterium
also were tested for homology to the probe. These strains, in-
cluding species of Alcaligenes, Bradyrhizobium, Erwinia, Entero-
bacter, Pseudomonas, and Streptomyces, were from the culture col-
lection of J. E. Loper. All bacterial strains were stored at —80°C in
nutrient broth amended with 15% glycerol.

Detection of Agrebacterium spp. containing agrocin 84 bio-
synthesis genes by colony hybridization. The agn probe con-
sisted of a 3.7-kb Smal fragment of pAgK84, designated frag-
ment G, which contains portions of the agnA, agnB, and immA
loci (41) cloned into pUC8 (40). The 3.7-kb Smal fragment cloned
into pSal52 (35) was provided by S. K. Farrand.

The sensitivity of colony hybridization in detecting single trans-
conjugants in a lawn of the recipient strain was evaluated. A 10-
fold dilution series of a B49cRf cell suspension was spiked with a
constant volume of a B49cRf(pAgK84) cell suspension to obtain
final cell ratios of 1 CFU of B49cRf(pAgK84) per 100 CFU of
B49cRf and decreasing on a logarithmic scale up to 1 CFU of
B49cRf(pAgK84) per 105 CFU of B49cRf, The resulting suspen-
sions (100 pl each) were spread on nylon membranes (Nytran,
Schleicher and Schuell, Keene, NH) placed on the surfaces of
MGY agar. Plates were incubated for 2 to 3 days at 27°C until
colonies were 2 to 3 mm in diameter. The cells were lysed, and
the DNA was fixed to the nylon membrane by standard methods
(33). The DNA probe was labeled with [0-**P]dCTP (New Eng-
land Nuclear, Boston) using a random primer labeling kit (GIBCO-
BRL Life Technologies, Gaithersburg, MD). Membranes were placed
in hybridization solution for 12 to 18 h at 42°C (33) prior to
incubation with 3?P-labeled agn probe for 24 h at 42°C. Mem-
branes were washed for at least 10 min three times in 2X SSC (1X
SSC is 0.15 M NaCl plus 0.015 M sodium citrate, pH 7.0)
containing 0.1% sodium dodecyl sulfate at 25°C, then twice for
20 min in 1X SSC at 55°C. Autoradiographs were prepared by
exposing X-ray film to the membranes with a single intensifying
screen (regular X-Omatic screen, Eastman Kodak Co., Rochester,
NY) for 6 to 7 days at -80°C.

Field plot locations. Experiments to measure the frequency of
pAgK84 transfer from A. radiobacter K84Sm to A. tumefaciens
B49cRf in crown gall tissue of 1-year-old cherry seedlings (Pru-
nus avium L. *Mazzard") were conducted at the Oregon State Uni-
versity Botany and Plant Pathology Farm near Corvallis and in com-
mercial nurseries in Ephrata and Moses Lake, WA. K84 had not
been introduced to any of these field plots previously. Survival and




pathogenicity of a recovered transconjugant, B49cRf(pAgK84),
were evaluated in cherry seedlings at the Oregon State University
Botany and Plant Pathology Farm,

Inoculation of cherry seedlings. K84Sm and B49cRf were cul-
tured for 5 days on MGY agar amended with Sm or Rf, respec-
tively. Bacterial cells were suspended in water to approximately
10® CFU of K84Sm per ml or approximately 10" CFU of B49cRf
per ml. Freshly root-pruned cherry seedlings were dipped in the
suspension of K84Sm for 5 min. The seedlings were air-dried for
1 h and dipped in the cell suspension of B49cRf for 5 min. Seed-
lings were planted within 6 h after treatment in 12 blocks, with 25
seedlings per block, at each site for each of two successive years.

Analysis of agrobacteria in gall tissue. Seedlings were har-
vested from plots 6 months after planting in Washington or 18
months after planting in Oregon. Crown gall tissue from each of
79 seedlings was placed in resealable plastic bags and transported
to the laboratory in an ice chest. Individual galls were rinsed with
distilled water, weighed, diced finely with a sterile razor blade,
and suspended in sterile 10 mM potassium phosphate buffer (pH
7.2) containing 1% peptone. After agitation for 30 min, gall ex-
tracts were diluted, and samples of dilutions were spread onto
Kerr 2E medium (2) amended with Sm at 500 pg/ml or Rf at 100
pg/ml to enumerate K84Sm or B49cRf, respectively. Gall extracts
were stored at 4°C for 4 to 30 days before analysis by colony
hybridization.

Extracts from 13 galls that contained at least 10° CFU/g fresh
weight of K84Sm gall tissue and at least 5 x 10° CFU/g fresh
weight of B49cRf gall tissue were selected for colony hybridi-
zation to detect and recover transconjugants, i.e., B49cRf harbor-
ing pAgK84. Gall extracts were diluted to approximately 10* CFU
of B49cRf per ml, and 100-pl samples from each gall were spread
on 10 replicate plates of Kerr 2E medium amended with Rf at 100
pg/ml and cycloheximide at 200 pg/ml. A dilution series of gall
extracts also was spread on the medium to quantify culturable
cells of B49¢cRf in the extract at the time of colony hybridization.
Plates were incubated at 27°C for 3 days until colonies were ap-
proximately 1 mm in diameter. Colonies were transferred with a
sterile velvet fabric replicator from the 10 master plates to nylon
membranes placed on the surface of Kerr 2E medium containing
Rf and cycloheximide. Plates were incubated for 1 to 2 days at
27°C until colonies on the nylon membranes were 2 to 3 mm in
diameter before colony hybridization. As a control, extracts of
two galls from plants inoculated only with B49¢Rf also were pro-
cessed. Membranes were processed for colony hybridization as
described above and incubated with *?P-labeled agn probe. Bac-
terial colonies were recovered from master plates that corresponded
to locations of hybridization with the agn probe on autoradio-
graphs, streaked for purity, and evaluated again by colony hy-
bridization. Colonies that hybridized to the agn probe in the sec-
ond colony hybridization experiment were evaluated as putative
transconjugants.

Characterization of putative transconjugant strains from
galls. The identity of the recovered transconjugants as B49cRf
was confirmed by testing for resistance to Rf, pathogenicity on
tomato (25), and the presence of a unique precipitin band with B49¢-
specific antiserum in Ouchterlony double-diffusion assays (1,36).
The presence of pAgK84 in putative transconjugants was as-
sessed by the agrocin 84 production assay, using K439 as the
sensitive indicator strain, as described previously (36,41).

Selected transconjugants were characterized by plasmid profiles
and Southern blot analysis with agn, T-DNA, or nopaline synthase
gene probes. The T-DNA probe was a 7.5-kb EcoRI fragment con-
taining tumor morphology genes, tms, tmr, and tml, of pTiB806
(14). The nopaline synthase (nos) gene probe was a 3.2-kb HindIII
fragment, designated fragment 23 of pTi37 (7). The plasmids con-
taining these fragments, pEco7 and pHindIII-23, were donated by
A. L. Montoya (deceased), Ciba-Geigy, Research Triangle Park,
NC. Plasmids of putative transconjugants were isolated by an al-

kaline lysis method (12) and electrophoresed in 0.5% agarose in
0.5% TBE (Tris-borate-EDTA) buffer (33) for 16 h at 4 to 5 V/cm.
Linearized DNA was separated by gel electrophoresis for 4 h at 1
to 2 V/em in 0.7% agarose with 0.5x TBE buffer. DNA in gels
was stained with ethidium bromide and visualized with UV light.
DNA fragments to be probed were transferred to nylon mem-
branes by standard methods (33) and incubated with **P-labeled
probes, and hybridizing fragments were visualized by autoradio-
graphy.

Survival of B49cRf and B49cRf(pAgK84) on cherry root-
stocks. The survival and pathogenicity of B49¢Rf and transcon-
Jjugants recovered from a cherry gall were compared in a field plot
at the Oregon State University Botany and Plant Pathology Farm.
The tap roots of freshly root-pruned cherry seedlings were placed
in 107 CFU/ml suspensions of B49cRf or B49cRf(pAgK84) for 5
min before planting. To monitor survival of bacteria in the rhizo-
sphere of cherry, inoculated seedlings were planted in a random-
ized complete block design, with 20 seedlings per block and 10
blocks per treatment. A 1.5-m zone of fallow soil was maintained
around each block. Ten seedlings per treatment were harvested
monthly. The tap and lateral roots were excised, weighed, placed
in sterile 10 mM potassium phosphate buffer (pH 7.2) containing
1% peptone, and agitated for 30 min. Dilutions of the root wash-
ings were spread on Kerr 2E medium containing Rf at 100 pg/ml.
At each sampling time, 48 randomly selected colonies recovered
from each treatment were tested for the precipitin banding pattern
with B49c-specific antiserum and for agrocin 84 production and
export, using K439 as the indicator strain. The presence of pAgK84
was determined by gel electrophoresis of plasmids from 48 iso-
lates per treatment recovered during the final harvest and from 10
isolates recovered from each earlier harvest.

To compare pathogenicity of B49cRf and an agrocin plasmid-
containing derivative strain under field conditions, 100 cherry seed-
lings each were inoculated with B49¢cRf and B49cRf(pAgK84).
Inoculated seedlings were planted in a randomized complete block
design, with five blocks per treatment and 20 seedlings per block
and a 1.5-m-wide fallow soil buffer between blocks. All plants
were harvested at 7 months after planting, and the incidence of
crown gall was recorded. Isolates were recovered from gall tis-
sues and characterized by the methods described above.

Data analysis. Bacterial population data were subjected to log-
arithmic transformation to achieve normality before analysis with
Statistical Analysis System software (SAS Institute, Cary, NC)
using analysis of variance and Fisher’s LSD procedure at P =
0.05 for mean comparison. Disease incidence data were subjected
to square root-arcsine transformation prior to statistical analysis.

RESULTS

Specificity of the agn probe and sensitivity of colony hybridi-
zation for detection of pAgK84. Of the 183 strains of Agrobac-
terium evaluated, only the 3 strains harboring pAgK84 (K84,
B49c(pAgK84), and A. tumefaciens NT-1(pAgK84)) hybridized
to the agn probe. The agn probe did not hybridize to B49c¢. Thus,
the agn probe was useful for specific detection of pAgK84 in
strains of Agrobacterium. The specificity of the probe was further
tested by hybridization to other genera of soil-inhabiting bacteria.
Of the 25 different strains of soil bacteria evaluated, only strains
of Enterobacter spp. hybridized to the agn probe, presumably be-
cause indigenous plasmids or chromosomal DNA hybridized to
pUCS.

The sensitivity of the colony hybridization method was suffi-
cient to detect single colonies of B49¢(pAgK84) in a background
of 10° B49c colonies (Fig. 1). About 20 single colonies of B49cRf
(pAgK84) were detected by colony hybridization in the presence
of 1 x 10* and 1 x 10* CFU per plate of B49cRf (plate and auto-
radiogram A and B in Fig. 1, respectively). Eight colonies of
B49cRf(pAgK84) were detected on membranes containing 1 x
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10° CFU of B49cRf (plate and autoradiogram C in Fig. 1). No
colonies of B49cRf(pAgK84) were detected by colony hybridi-
zation with higher cell numbers of B49¢Rf (plate and autoradio-
gram D and E in Fig. 1). Therefore, it appeared that colony hy-
bridization would be useful for detection of pAgK84-containing
cells among a population of less than 10° Agrobacterium colonies
isolated from plants and soil.

Detection of putative transconjugants, The pathogen B49cRf
was recovered from all of the 79 galls assayed and had an average
population size of 6.84 log(CFU/g fresh weight of gall). K845m
was recovered from 68 of the 79 galls. The average population
size of K84Sm in galls was 3.83 log(CFU/g fresh weight of gall).
The population size of K84Sm in gall tissues was consistently
less than that of B49cRf; in 29% of the sampled galls, however,
the difference in population sizes of the two bacteria was less
than 2 log units. Extracts prepared from a subsample of galls that
contained detectable populations of both bacteria were analyzed
for the presence of transconjugants. Putative transconjugants of
B49cRf containing pAgK84 were detected by colony hybridi-
zation in 4 of the 13 galls evaluated (3 galls from Corvallis, OR,
and 1 gall from Ephrata, WA). The population sizes of the re-
cipient and donor strains in each of the galls containing putative
transconjugants were (i) 1.1 x 107 and 5.3 x 10% (ii) 3.8 x 10°
and 2.5 x 10% (iii) 1 x 107 and 1.2 x 10% and (iv) 4 x 106 and 5 x
10* CFU/g fresh weight of B49cRf and K84Sm galls, respectively.
The frequency of detection of putative transconjugants ranged from
1.7 to 3.8 x 10 transconjugants per recipient among the four
galls. From one gall, seven regions of hybridization to the agn
probe were detected; the colonies at corresponding locations on
master plates were streaked to purity, Of the 200 purified colonies
that were evaluated again by colony hybridization, 47 hybridized
to the agn probe; these were considered putative transconjugants.
No colonies from gall extracts of seedlings inoculated with
B49cRf alone hybridized with the agn probe.

Characterization of transconjugants of A. tumnefaciens B49cRf.
The 47 putative transconjugants had a precipitin banding pattern
with B49c-specific antiserum that was characteristic of strain B49cRf
in Ouchterlony double-diffusion assays. Furthermore, all of the 47
putative transconjugants induced galls on tomato seedlings, were
resistant to Rf at 100 pg/ml, and produced detectable amounts of
agrocin 84 in bioassays.

Plasmid profiles revealed that the 47 transconjugants contained
pAgK84 and a large cryptic plasmid (pAtB49c1) of B49c, but the
sizes of pTiB49¢ and a second cryptic plasmid (pAtB49c2) of
B49cRf varied among the transconjugants (Fig. 2). Transconju-
gants fell into two groups based on plasmid profiles: (i) in 13% of
the transconjugants, pTiB49c and pAtB49c2 were the same size
as in B49cRf, and (ii) in the remainder of the recovered trans-
conjugants, both pTiB49¢ and pAtB49c2 were altered. Two dis-
tinct plasmid bands of consistent size were observed in the sec-
ond group of transconjugants.

Plasmids isolated from six of the recovered B49cRf(pAgK84)
strains, representing the two types of plasmid profiles, were eval-
uated by Southern hybridization analysis using agn, T-DNA, and
nos gene probes. BamHI fragments of plasmid DNA from K84
and the six B49cRf(pAgK84) transconjugants that hybridized to
the agn probe were indistinguishable in size (Fig. 3), confirming
the presence of pAgK84. The Smal fragments of plasmid DNA
from B49cRf and from B49cRf(pAgK84) transconjugants that
hybridized to the T-DNA probe were indistinguishable in size, in-
dicating that the tms, tmr, and tml genes present in the T-DNA of
B49c also were present in the transconjugants (Fig. 4). Plasmid
DNA from K84 did not hybridize to the T-DNA probe. The nos
probe hybridized to pTiB49c and pAtK84b, the nopaline catabol-
ism plasmid of K84, but the size of hybridizing restriction frag-
ments differed between the two plasmids, so they could be dis-
tinguished on Southern blots. The sizes of BamHI, Smal, and EcoRI
fragments of plasmids isolated from transconjugants that hybridized

Fig. 1. Detection of Agrobacterium tumefaciens transformant B49cRf(pAgK84) present in a population of A. tumefaciens B49cRf by colony hybridization using
the agrocin 84 biosynthesis gene probe. Each plate was inoculated with approximately 20 CFU of B49cRf(pAgK84) and A-E, 103, 10%, 10°, 10, or 107 CFU of
B49cRf, respectively. Colonies of B49cRf(pAgK84) were detected on autoradiographs corresponding to master plates inoculated with <10° CFU of B49cRf (A,

B, and C).
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to the nos probe were indistinguishable from hybridizing frag-
ments of pTiB49¢ and differed from hybridizing fragments of
pAtK84b (data not shown).

Survival and pathogenicity of B49cRf and B49cRf(pAgK84)
on cherry. One transconjugant (Fig. 2, lane 8, a strain that had an
unaltered plasmid profile) was further tested for pathogenicity
and rhizosphere colonization of cherry in a field experiment. The
incidence of crown gall on field-grown cherry seedlings inocu-
lated with B49cRf or B49cRf(pAgK84) did not differ signifi-
cantly and averaged 27 and 28%, respectively. The severity of
crown gall also was similar; both strains induced the formation of
one or two galls on each of the infected seedlings. B49cRf and
B49cRf(pAgK84) established similar rhizosphere population sizes
ranging from 10° to 10" CFU/g fresh weight of root (Fig. 5). The
population sizes of the bacteria were statistically similar at all
sampling times, except at 26 weeks after planting, when the pop-
ulation size of B49cRf(pAgK84) was less than that of B49cRf.

Rf-resistant bacteria recovered throughout the growing season
from the rhizosphere or galls of trees treated with B49cRf or
B49cRf(pAgK84) reacted with a precipitin banding pattern char-
acteristic of B49¢ with B49c-specific antiserum in double-diffu-
sion assays. Bacteria recovered from seedlings treated with B49cRf
(pAgK84) inhibited growth of K439, whereas none of the bac-
teria recovered from B49cRf-treated seedlings produced inhibi-
tion zones in the bioassay. Plasmids comigrating with pAgK84,
pTiB49c, pAtB49cl, and pAtB49c2 in agarose gels were detected
consistently in Rf-resistant bacteria reisolated from the rhizo-
sphere or galls of B49cRf(pAgK84)-treated cherry seedlings. Rf-
resistant bacteria recovered from B49cRf-treated seedlings con-
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Fig. 2. Plasmid profiles of lane 1, Agrobacterium tumefaciens BA9cRf; lane
2, A. tumefaciens transformant B49cRf(pAgK84); lanes 3-8, field transcon-
jugants (B49cRf(pAgK84)) recovered from a cherry gall; and lane 9, A. ra-
diobacter K84Sm. Lane 1, bands corresponding to pAtB49c1 and pAtB49c2,
two cryptic plasmids of strain B49c¢, and pTiB49c are indicated. Lane 9, bands
corresponding to pAtK84b and pAgK84, two plasmids of strain K84, are in-
dicated.
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Fig. 3. Southern hybridization with the agrocin 84 biosynthesis gene probe of
BamHI-digested plasmid DNA of lane 1, Agrobacterium radiobacter K84Sm:
lane 2, A. B49cRf; lane 3, A. tumefaciens transformant B49cRf(pAgK84);
and lanes 4-9, recovered field transconjugants (B49cRf(pAgK84)).

tained plasmids comigrating with pTiB49c, pAtB49c1, and pAtB49c2
in agarose gels but did not contain a plasmid comigrating with
pAgK84.

DISCUSSION

We have demonstrated conclusively that pAgK84, which car-
ries the agrocin 84 synthesis and immunity genes from A. radio-
bacter K84, transfers to A. tumefaciens in galls of cherry seed-
lings under field conditions in the Pacific Northwest of the United
States. Transfer of pAgK84 was detected at moderate frequencies
(approximately 10™) and low incidence (4 of 13 galls) in this
study. It is noteworthy that other researchers detected pAgK84
transfer from K84 to A. tumefaciens in galls from which fewer
than 500 colonies of Agrobacterium spp. were screened (29,39).
There are several possible explanations for the success that others
have had in recovery of transconjugants when so few colonies
were screened: (i) transfer frequency may have been higher than
observed here due to greater receptivity of the recipient to con-
jugation; (ii) different host plants may support greater population
sizes of the pathogen and K84, and thus, transfer frequency could
increase due to increased probability of interaction between strains
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Fig. 4. Southern hybridization with the T-DNA probe of Smal-digested plas-
mid DNA of lane 1, Agrobacterium K84Sm; lane 2, A. tumefaciens B49cRf;
lane 3, A. tumefaciens transformant B49cRf(pAgK84); and lanes 4-9, recov-
ered field transconjugants (B49cRf(pAgK84)).
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Fig. 5. Average rhizosphere population size of Agrobacterium tumefaciens
B49cRf (M) and A. tumefaciens field transconjugant B49cRf(pAgK84) (1)
on cherry seedlings grown in field plots near Corvallis, OR. Vertical bars rep-
resent 1 SD.
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or due to cell density effects on the conjugation process (30); and
(iii) transconjugants that acquire agrocin 84 immunity may have a
selective advantage over agrocin 84-sensitive parental strains in
galls colonized by strain K84, therefore, the transconjugants could
constitute a greater proportion of the pathogenic population and
be recovered at a greater incidence.

Agrobacteria present in crown gall tissue are both diverse and
abundant, constituting a significant background that obscures the
detection of transconjugants in field studies. For example, strains
of A. tumefaciens that produce an antibiotic and induce tumors
have been described (23,35,38), and their occurrence discredits
the coincident expression of those phenotypes as a sufficient cri-
terion for conclusive identification of a transconjugant. In this study,
an antibiotic resistance marker was used to select an introduced
strain of A. tumefaciens from among other bacteria present in gall
tissue. Serological tests with strain-specific antibodies provided
additional evidence that the Rf-resistant isolates had character-
istics of the introduced strain. The virulence phenotype cenferred
by pTiB49c and the restriction pattern of the T-DNA region were
indistinguishable among strain B49c¢ and the transconjugants har-
boring pAgK84. Nevertheless, the majority of transconjugants re-
covered from cherry gall tissue had variations in their plasmid
profiles. In contrast, migration of pTiB49c isolated from labora-
tory-constructed transconjugants and transformants that contained
pAgK84 was as expected. Rearrangements in the Ti plasmid of
pathogenic Agrobacterium strains recovered from field plots have
been reported by others (39). Fortin et al. (13) established that ex-
posure to acetosyringone, a phenolic in plants, results in mutations
in the Ti plasmid and particularly in the vir gene cluster. We did
not detect variations in pTiB49c restriction fragment length poly-
morphism analysis with a limited number of DNA probes. Further
efforts to identify the source and the potential ecological effects
of plasmid profile variation among the field transconjugants were
beyond the scope of this study.

Hybridization to the agn probe was an effective method for
specific detection of agrobacteria harboring pAgK84 in environ-
mental samples. In addition to K84, other strains of Agrobac-
terium harbor plasmids related to pAgK84 (35). Nevertheless,
such strains did not interfere with detection of transconjugants in
this study. No colonies isolated from galls obtained from field
plots inoculated with B49¢Rf alone hybridized to the agn probe.
Furthermore, colonies from 9 of the 13 galls evaluated (approxi-
mately 90,000 Rf-resistant colonies screened) from cherry coin-
oculated with K84Sm and B49cRf did not hybridize to the agn
probe. Plasmids isolated from putative transconjugants comigrated
with pAgK84 and had restriction patterns indistinguishable from
that of pAgK84, providing strong evidence that these transconju-
gants harbored pAgK84 rather than a similar but distinct plasmid.

The use of colony hybridization, coupled with selective media
containing antibiotics to recover and detect transconjugants in
gall extracts, allowed us to screen a large number of colonies and
to estimate the proportion of transconjugants in a population of
virulent A. tumefaciens. In the four galls in which B49cRf(pAgK84)
transconjugants were detected, they were present at a proportion
of 107 transconjugants per recipient. We consider this proportion
to be a relatively good estimate of pAgK84 transfer frequency,
because the presence of K84 in gall tissue did not select for
growth of transconjugants relative to the parental strain of the
pathogen, which is insensitive to agrocin 84 (36). While it was
difficult to recover colonies from the master plates that corres-
ponded to those hybridizing to the agn probe on X-ray film, it
was done successfully with one gall sample. The recovered col-
onies were identified as B49cRf(pAgK84) transconjugants.

In addition to pAgK84, K84 contains another self-conjugal plas-
mid, pAtK84b, that carries genes for nopaline catabolism (4,12).
We found no evidence of transfer of pAtK84b into B49c. pAtK84b
and pTiB49c are of similar size, comigrate in agarose gel electro-
phoresis (Fig. 2), and, thus, are difficult to distinguish. Neverthe-
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less, through Southern hybridization analysis of pTiB49c, pAtK84b,
and transconjugant plasmids with the nos gene probe, it was ap-
parent that transconjugants harbored pTiB49c and not pAtK84b.
The absence of pAtK84b in transconjugants harboring pTiB49c is
probably due to known incompatibility between pAtK84b and Ti
plasmids (4,12).

The biological control bacterium K84 has been used success-
fully to control crown gall for several decades in agricultural fields
throughout the world. The reported failures have been few and
have been attributed to the presence of indigenous populations of
agrocin 84-insensitive strains of pathogenic agrobacteria. Improper
application of the biological control agent could facilitate the
development of agrocin 84-resistant strains of A. tumefaciens. For
example, if K84 is applied at populations too low to control dis-
ease, then agrocin 84-sensitive Agrobacterium isolates can infect
the plant and develop galls. K84 could subsequently colonize the
developing galls and plasmid transfer could occur in the gall
tissue. Recently, Lu (22) reported the recovery of several patho-
genic Agrobacterium isolates containing pAgK84 from galls on
cherry and raspberry that developed on K84-treated plants grown
in commercial nurseries in Oregon and California, respectively.

Establishment of large populations of pathogenic agrobacteria
harboring pAgK84 could threaten the sustained efficacy of K84
as a biocontrol agent. To minimize the risk of acquisition of pAgK84
by A. tumefaciens, a derivative of K84 (A. radiobacter K1026)
that produces agrocin 84 but lacks the tra region required for con-
jugal transfer of pAgK84 has been developed (17,34). The effi-
cacy of A. radiobacter K1026 is similar to that of K84, and trans-
fer of pAgK84Atra into pathogenic agrobacteria has not been
detected in experimental plots (16,31,39). The use of A. radio-
bacter K1026 is expected to minimize the risk of pAgK84 transfer
into pathogenic Agrobacterium strains and to help preserve the
efficacy of A. radiobacter for biological control of crown gall.
Although the incidence of pAgK84 plasmid transfer observed in
the field studies described here was low, transconjugants were as
virulent as the parental strain, persisted in galls and the rhizo-
sphere, and retained both pAgK84 and the Ti plasmid in these en-
vironments. Thus, efforts to minimize pAgK84 transfer through
judicious use of K84 or K1026 should be encouraged as a means
of maintaining the efficacy of biocontrol.
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