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Pseudomonas syringae pv. phaseolicola is a pathogen

of common bean Phaseolus vulgaris, and strain LR719 has a

154 kilobase pair (kb) plasmid, pMMC7105, stably inte-

grated into its chromosome. Imprecise excision of the

pMMC7105 replicon has resulted in the formation of five,

unique excision plasmids, each composed of a subset of

pMMC7105 sequences. A 21 kb region, common to pMMC7105

and all the excision plasmids, was thought to contain the

plasmid origin of replication. The smallest excision

plasmid, pEXC8080 (34 kb), was selected for the charac-

terization of plasmid functions. This plasmid contains

BamHI fragment 9 (Bam-9) and Bam-10 of pMMC7105, as well

as 15 and 8 kb segments from Bam-1 and Bam-4 of pMMC7105,

respectively. A five-enzyme, restriction endonuclease



site map of this plasmid was constructed; selected re-

striction fragments were cloned into pMB1 derivatives and

then conjugated into Pseudomonas to map the replication

region. A 4.2 kb region from pEXC8080 conferred rep-

lication properties to these plasmids (which otherwise

failed to replicate in Pseudomonas). A 0.9 kb segment of

this 4.2 kb region was absolutely essential for replica-

tion activity. Two of the plasmids constructed should be

useful as cloning vehicles in Pseudomonas. The 4.2 kb

replication region did not include an incompatibility

determinant, and was unstable in Pseudomonas under non-

selective conditions. Incompatibility was mapped to a

13.6 kb region of pEXC8080, and although no sequences on

pEXC8080 were able to stabilize this replicon, sequences

from pMMC7105 fragment Bam-1 encoded this property. Re-

striction analyses mapped the pEXC8080 site of re-

combination to a 1.8 kb area, leading to the conclusions

that (i)the pEXC8080 replication region was derived from

pMMC7105 fragment Bam-1, and (ii)the incompatibility de-

terminant maps to two regions derived from Bam-4 and

Bam-1. These experiments could not determine whether both

regions were required for the expression of incompat-

ibility. A correlation was established between the plas-

mid content of several strains of this pathogen and the

occurrence of several phenotypic traits. In an attempt to

map genetic functions to these plasmids, the cloned



pEXC8080 incompatibility determinant was used to exclude

two excision plasmids, and one indigenous plasmid, from

their respective strains. No phenotypic change resulted

from these events. Southern-blot analysis of BamHI re-

stricted whole-cell DNA from two strains presumed to have

been cured of their excision plasmids revealed the pres-

ence of unique sequences from the two excision plasmids

integrated into the chromosome. This result is discussed

in relation to the published hypothesis regarding the

integration and excision of pMMC7105.
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CHARACTERIZATION OF THE REPLICATION, INCOMPATIBILITY

AND RECOMBINATION REGIONS OF PSEUDOMONAS SYRINGAE PV.

PHASEOLICOLA PLASMID pEXC8080

INTRODUCTION

I.PLASMIDS

A. GENERAL

Plasmids are covalently-closed, circular (CCC) mole-

cules of double-stranded DNA which are able to multiply

independently within host cells, and are regularly inher-

ited as these cells proliferate. Plasmids were first dis-

covered during the early 1950's, in connection with the

transfer of the genetic character of "maleness" from a

donor to a recipient strain of the bacterium Escherichia

coli (E. coli). Transfer of "maleness," or the fertility

factor (F), was not linked to any other known donor

genes; thus the term "plasmid" was coined to refer to

such extrachromosomal genetic systems in bacteria

(Meynell 1972). The subsequent discovery that multiple-

drug resistance could be transferred among strains of

clinically important bacteria (much in the same way as

F-factor was transferred) demonstrated that plasmids were

more commonplace than originally thought. Since then it

has been shown that plasmids are ubiquitous among the
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bacteria, and it has been demonstrated that plasmids or

plasmid-like molecules are also present in yeast (Gunge

1983), mitochondrial genomes of plants (Leaver and Gray

1982; Pring et al. 1982), and even the cellular genomes

of higher eucaryotes grown in culture (Krolewski et al.

1980.

Most of the work which has contributed to the under-

standing of plasmids has been done with bacterial plas-

mids. Plasmids are present in their bacterial hosts at

characteristic copy numbers (number of plasmids per chro-

mosome equivalent) varying from 1-2 (F-factor) to as many

as 20-30 (ColE1). The characteristic copy number results

from the coordination of the plasmid life cycle to that

of the cell. During cell elongation, prior to cell divi-

sion, the number of plasmids is approximately doubled by

DNA replication. Then, during cell division, the plasmid

copies are partitioned equally to the daughter cells.

Thus there are two events in the plasmid life cycle (rep-

lication and partitioning) responsible for maintaining a

characteristic copy number of the plasmid within a pop-

ulation of bacterial cells. Interference with either

event can lead to the loss of the plasmid from the

population.
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B. REPLICATION

The process of DNA replication involves the initia-

tion, elongation, and termination of strand synthesis.

This process is controlled by the frequency of initia-

tion. It has been found that initiation of DNA replica-

tion occurs at discrete sites called origins of replica-

tion. Most of the functions used for plasmid replication

are the same as those encoded and used by the bacterial

chromosome for that purpose. The only known exception is

the initiation factor encoded by the dnaA gene of E. coli

which is required for the initiation of replication at

the chromosomal origin (Kornberg 1980). Plasmids do not

require the E. coli initiation factor (with the exception

of pSC101 (Felton and Wright 1979) and must encode their

own functions for replication control. The proposed mod-

els for replication control in bacteria are of two types.

The positive control model (Jacob et al. 1963) postulates

the existence of a specific plasmid attachment site on

the cytoplasmic membrane. The duplication of this site

during cellular growth triggers the initiation of plasmid

replication. Thus, there is a specific (membrane-bound),

positive-acting effector of replication initiation. The

negative control model (R.E. Pritchard's "Inhibitor Dilu-

tion Model") postulates the existence of a replicon-

encoded, replicon-specific, diffusible inhibitor

(Pritchard et al. 1969; Pritchard 1978). Pritchard postu-
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lates that replication initiation stimulates a burst of

synthesis in which a specific amount of inhibitor is

made; the inhibitor binds reversibly to the origin until

increased cell volume dilutes it to the point at which

the origin is again open for initiation. The basic idea

of the latter theory is supported by most plasmid stud-

ies, although the details may vary.

The plasmid region required for autonomous replica-

tion (basic replicon) includes one, or even several, ori-

gins of replication, as well as a region for replication

control. The control region may include a structural gene

for a positive-acting function which allows replication

initiation (rep) as well as one or two genes for

negative-acting control functions which inhibit replica-

tion initiation (for recent review see Nordstrom 1983 and

Scott 1984). The latter genes are usually referred to as

cop genes since mutations within them lead to an

increased plasmid copy number. In most cases, the basic

replicon is between one and three kilobases (kb) in size

(Kolter and Helinski 1978; Wen et al. 1979; Koekman et

al. 1980; Danbara and Timmis 1980; Lane 1981; Veltkamp

and Stuitje 1981; Gryczan et al. 1982). The basic

replicons of the ColE1-like plasmids and plasmid R1 are

probably the most thoroughly defined at this point. Both

have an origin, a rep gene, and two cop genes. The ColE1

rep gene is transcribed to produce a pre-primer, which is
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later processed and used as a primer for initiation of

DNA synthesis at the origin. The first cop gene overlaps

the rep gene and is transcribed from the opposite strand.

It is thought that by an RNA-RNA interaction, processing

of the rep gene product (pre-primer RNA) is inhibited by

the cop gene product (Itoh and Tomizawa 1980; Cesarini

1981; Tomizawa and Itoh 1982; Wong et al. 1982). A second

cop gene encodes a small basic protein which inhibits

initiation of transcription at the ColE1 pre-primer pro-

moter (Cesareni et al. 1982). The R1 basic replicon is

about 3 kb in size, and includes a rep function (repA)

and two cop functions (copA and copB). The products of

these three genes are thought to interact in the same way

as the products of the ColE1 replicon (Nordstrom 1983;

Light and Molin 1983). The studies of ColE1 and R1 repli-

cation support one aspect of the "Inhibitor Dilution

Model": plasmid-encoded inhibitors are responsible for

the regulation of replication initiation. However, the

results of these studies differ from the model in that

the inhibitor target site is the rep gene product and not

the origin.

The basic replicon of the wide host range plasmid

RK2 (57 kb) has a completely different organization. Here

the origin of replication and trans-acting functions

required for replication are distributed over a 20 kb

region (Thomas 1981). Several functions within this re-
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gion appear to be involved with the control of replica-

tion, and it now appears that some of these functions

(kil functions), which are lethal in E. coli, can be

turned off by a second set of functions (Kor functions).

Presumably, the kil functions are necessary for replica-

tion in other bacterial hosts (Figurski et al. 1982;

Thomas et al. 1982; Pohlman and Figurski 1983).

C. PARTITIONING

Historically, it has always been thought that plas-

mid partitioning mechanisms must exist, since otherwise

(statistically), low copy number plasmids such as F or R1

could never be stable within a population of growing

cells (Nordstrom et al. 1980). Studies of several plas-

mids have revealed regions required for their stability.

Although it was originally thought that these regions

coded for functions involved in replication control, it

has recently been shown that, for some plasmids, there is

no connection between the stability region and replica-

tion control mechanisms: deletion of the stability region

causes no changes in plasmid copy number. Thus, it seems

that a separate mechanism can exist for the efficient

partitioning of plasmids to daughter cells. Most likely,

a specific plasmid site (par) attaches either to the cell

membrane or chromosome prior to cell division, and this

insures correct partitioning.
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It has been shown that the 9.0kb plasmid, pSC101,

encodes a partitioning locus (par) within a 375 b.p.

region. This region is necessary for the stable inher-

itance of pSC101 in a population of dividing cells, is

physically and functionally separate from the plasmid's

basic replicon, and is expressed only when it is in a cis

configuration (Meacock and Cohen 1980). A similar par

function has been located on the plasmid R1 in a region

over 30 kb distant from and functionally independent of

the R1 basic replicon (Nordstrom et al. 1980; Nordstrom

et al. 1981). Recent evidence with both R1 and pSC101

indicates that the binding of the plasmid, at the par

locus, to the outer membrane of the host cell allows ef-

fective partitioning (Gustafsson et al. 1983). Nick

translation of outer membrane-bound DNA, and filter hy-

bridization with homologous DNA, revealed that par+ plas-

mids were found in the outer membrane fraction, while par

plasmids were not. A 3.0 kb segment of F-factor DNA,

found outside the essential replicon, has been shown to

stabilize constructed plasmids utilizing the replication

origin from the E. coli chromosome. Three distinct func-

tional regions have been defined in this area: two of

these regions are thought to encode proteins needed for

binding the third region to the cell membrane during par-

titioning (Ogura et al. 1983).
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D. INCOMPATIBILITY

Plasmid incompatibility is the inability of two

plasmids to coexist stably in the same cell line. The two

plasmids may be distinguishable variants of the same

plasmid, or may appear completely unrelated to each other

(Datta 1979). A plasmid incompatibility group consists of

distinguishably different plasmids unable to co-exist in

the same cell line. However, two plasmids of different

incompatibility groups can co-habitate. Presently, over

50 plasmid incompatibility groups have been defined

(Bukhari et al. 1979).

The early work with plasmid incompatibility concen-

trated on mapping the plasmid regions responsible for the

expression of incompatibility with little attempt to

understand the underlying mechanisms. Recent evidence has

indicated that incompatibility is expressed by plasmids

that share either replication control or partitioning

mechanisms (Pritchard and Grover 1981; Nordstrom et al.

1981; Nordstrom 1983). If plasmid selection for replica-

tion or partitioning is random (Nordstrom et al. 1981),

and two distinguishably different plasmids have the same

essential replicon or par locus, then there will be in-

stances in which only one of the two is selected for rep-

lication or correct partitioning. This event, when re-

peated over many generations, will lead to the establish-

ment of two pure lines (each harboring only one of the
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plasmids) from a heteroplasmid population.

The evidence from ColE1 and pMB1 plasmids indicates

that incompatibility is specified by one of the inhib-

itors of replication initiation. Mutations which change

the nucleotide sequence of the RNA inhibitor, or its tar-

get sequence on the plasmid, also change the plasmid's

incompatibility properties (Lacatena and Cesarini 1981;

Tomizawa and Itoh 1981). It was originally shown that the

F-factor encoded at least three different incompatibility

determinants, and one of these (incB) was also involved

in replication control (Lane 1981). Recent results indi-

cate that a cis-acting partitioning locus (sopC) maps to

the same region as a previously identified incompat-

ibility determinant (incD) (Ogura et al. 1983). In a

study of plasmid R1, the R1 par locus was cloned into two

different replicons (Nordstrom et al. 1981). Although

each plasmid was stably inherited when present by itself,

incompatibility was expressed when the two were present

in the same cell line. By identical methods, Meacock and

Cohen (1980) demonstrated that the pSC101 par locus does

not specify incompatibility. With the B. subtilus plas-

mid, pE194, a mutation in a cop gene (thought to encode a

product that acts as a repressor of replication initia-

tion) not only increases copy number, but also inac-

tivates an incompatibility function (incA) (Gryczan et

al. 1982). In addition, there is evidence from the same
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study that a second incompatibility function (incB) is

not involved in partitioning. Plasmid RK2 has at least

two incompatibility determinants. incP1(I) is linked to

eight 17-base-pair direct repeats at the origin, and is

therefore thought to be associated with replication con-

trol. incP1(II) is separate from the essential replicon,

and does not seem to specify partition functions (Meyer

and Hinds 1982). Three generalizations can be made from

these studies. First, it is common for a plasmid to have

more than one incompatibility determinant (F, pE194,

RK2). Secondly, it is common for one of the incompat-

ibility determinants to also be involved in replication

control (ColE1, F pE194,RK2)--although a second incompat-

ibility determinant is not always involved in parti-

tioning (pE194, RK2). Finally, while some par loci (R1,

perhaps F) also specify incompatibility, others (such as

pSC101) do not.

II. PLASMID-ENCODED FUNCTIONS

A. GENERAL

Bacterial plasmids are known to encode a wide va-

riety of products which, generally, are not essential for

the survival of the host, but often give it a selective

advantage over other microrganisms in the environment.
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Perhaps the best known plasmid-encoded characteristic is

antibiotic resistance (for review see Foster 1983). Al-

though chromosomally-determined antibiotic resistance

does exist, most clinically-significant antibiotic re-

sistance is plasmid-encoded, and may also be encoded on a

transposable element. Conjugal transfer of these plasmids

causes the rapid spread of antibiotic resistance in na-

ture and clinical situations. Another well-known plasmid-

encoded trait among the enteric bacteria is colicin pro-

duction. These plasmids are called colicin factors.

Colicins are low molecular weight antibiotics which in-

hibit the growth of closely-related strains. Colicin fac-

tors also code for immunity to their own colicins; thus,

the host can eliminate competitors, but is not itself

adversely affected by the colicin (Hardy 1975).

More recent work has shown that plasmids of human

and animal pathogens are involved in the production of

toxins, virulence factors, iron uptake systems and colo-

nization or adherence antigens (for reviews see Elwell

and Shipley 1980 and Crosa 1984).

Finally, in the case of the soil saprophytes,

Pseudomonas putida and Pseudomonas aeruginosa, "degra-

dative plasmids" can confer on their hosts the ability to

degrade a wide variety of complex organic compounds

(Wheelis 1975; Kunz and Chapman 1981; Chatterjee et al.

1981).
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B. PHYTOPATHOGENIC BACTERIA

The most widely studied plasmids of plant-pathogenic

bacteria are the tumor-inducing (Ti) plasmids of the

crown gall pathogen, Agrobacterium tumefaciens and the

root-inducing (Ri) plasmids of the hairy root pathogen,

Agrobacterium rhizogenes. The role of the Ti plasmids in

tumor induction was demonstrated in the mid-70's (Van

Larebeke et al. 1974; Watson et al. 1975), and since then

the molecular basis for plant cell transformation has

been investigated vigorously (for recent review article,

see Hooykaas and Schilperoort 1984). Definitive proof

that the Ri plasmids are required for hairy root induc-

tion as well as evidence demonstrating the mechanism in-

volved has been obtained more recently (Moore et al.

1979; White and Nester 1980; Chilton et al. 1982;

Hooykaas et al. 1982). In the case of the Ti plasmid, a

region called the T-region is transferred to the plant

cell where it integrates into the nuclear DNA. This

causes the plant cells to become transformed (axenic

growth without an exogenous supply of the plant growth

hormones, auxin and cytokinin). Additionally, mutations

in the T-region alter subsequent tumor morphology after

plant cell transformation (Garfinkel et al. 1981; Leemans

et al. 1982); thus, it has been proposed that T-DNA in-

fluences the auxin and cytokinin activities in trans-
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formed plant cells (Ooms et al. 1981). This idea is fur-

ther supported by the demonstration that structural genes

present on Ti plasmids encode cytokinins and auxins

(Reiger and Morris 1982; Liv et al. 1982). The three

classes of tumors are defined by the three opines

(octopine, nopaline, or agropine) they produce. Although

virulent strains of the pathogen are able to utilize

these amino acids as sources of carbon and nitrogen, they

are only able to catabolize the opines found in the tu-

mors they produce. The genes for the production of the

opines by the tumors and their utilization by the bac-

terium are Ti- or Ri-plasmid borne (Bomhoff et al. 1976;

Kerr and Roberts 1976; Hooykaas et al. 1977; Montoya et

al. 1977; Guyon et al. 1980). Most strains of the bac-

terium have a wide host-range among dicotyledenous

plants, although narrow host-range strains have also been

isolated. In one case, determinants for the wide-host

range characteristic map within the T-region of an

octopine-type Ti plasmid (Knauf et al. 1983).

The virulence region of the Ti plasmid is separate

from the T-region, although it also encodes functions

necessary for oncogenicity. Sequences from the virulence

region have never been found in transformed plant cells,

and recent evidence indicates that virulence functions

are expressed only within the bacterium and not within

the plant tissue (Hille et al. 1983).
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The bacteriocin, Agrocin 84, which is produced by

certain strains of A. tumefaciens is encoded by a sep-

arate plasmid of about 25-30 megadaltons in size (Ellis

et al. 1979; Cooksey and Moore 1980; Slota and Farrand

1982). The nopaline Ti plasmid confers sensitivity to

Agrocin 84 (SUle 1980; Cooksey and Moore 1982) by the

presence on this plasmid of genes for an Agrocin 84 up-

take system (Murphy and Roberts 1979; Murphy et al.

1981).

The production of indole-3-acetic acid (IAA) by

Pseudomonas syringae pv. savastanoi causes the tumorous

outgrowths typical of the plant diseases olive and

oleander knot (Smidt and Kosuge 1978). Some strains of

the pathogen harbor a 52 kb indigenous plasmid, pIAA1,

which encodes the two genes responsible for IAA bio-

synthesis (Comai and Kosuge 1980, 1982, 1983a). These

genes are borne on the chromosome in other strains (Comai

and Kosuge 1983b). The pathway of IAA synthesis involves

conversion of L-tryptophan to indoleacetamide which is

then converted to IAA. This pathway may have evolved from

an ancestral pathway for the catabolism of L-tryptophan

(Comai and Kosuge 1983b).
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III.THE ORGANISM

A. GENERAL CHARACTERISTICS

Pseudomonas syringae pv. phaseolicola is the causal

agent of halo blight of common bean Phaseolus Vulgaris L.

Typical disease symptoms are water-soaked lesions sur-

rounded by chlorotic halos. Systemic symptoms consist of

interveinal chlorosis in young trifoliolate leaves.

Severe stunting and distortion of the plant can result

(Hoitink et al. 1966). The systemic symptoms are thought

to be the result of a pathogen-produced metabolite,

phaseolotoxin (Patil et al. 1972; Mitchell et al. 1977).

Attempts to correlate phaseolotoxin production to the

plasmid content of pathogen strains have been un-

successful (Jamieson et al. 1981), and, recently,

phaseolotoxin-minus Tn5 mutants were isolated which did

not have Tn5 insertion mutations in their plasmid DNA

(Romeo et al. 1984). Thus, all evidence to this date pre-

cludes the likelihood of phaseolotoxin being plasmid-

encoded. The ability of the pseudomonads to use a wide

variety of organic and inorganic compounds as sources of

carbon and/or nitrogen is well known, and the plant path-

ogenic pseudomonads are no exception (Misaghi and Grogan

1969; Schroth et al. 1971). Considering that plasmid-

borne genes for carbon source utilization are found in

the soil pseudomonads (discussed previously), it would
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not be surprising to find that such genes are plasmid-

encoded in pathovars of P. Syringae.

B. PLASMIDS

The general occurrence of plasmids in phyto-

pathogenic pseudomonads has been firmly established

(Coplin 1982). Among pathovars of Pseudomonas syringae

are strains which harbor single as well as multiple plas-

mid species ranging in size from approximately 4 to 165

kb (Curiale and Mills 1977; Gonzalez and Vidaver 1979;

Gantotti et al. 1979; Comai and Kosuge 1980; Jamieson et

al. 1981; Quant and Mills 1981; Piwowarski and Shaw

1982). These plasmids remain cryptic except for pIAA1 of

P. syringae pv. savastanoi (as previously discussed). In

addition, apparently the biology of these plasmids has

not been systematically studied before. Recent studies of

P. syringae pv. phaseolicola have demonstrated that plas-

mids of approximately 125 kb (from strains of diverse

origin of this pathovar) have extensive homology with a

150 kb plasmid, pMMC7105 (formerly pMC7105), found in

other strains (Quant and Mills 1984). Of possible impor-

tance to understanding the evolution of these plasmids

was the recent discovery that pMMC7105 has episomal prop-

erties (Curiale and Mills, 1982). Imprecise excision of

the integrated form has resulted in the formation of both

prime-like plasmids which contain 90 to 135 kb of chromo-
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somal DNA as well as smaller excision plasmids (35 to 73

kb) which contain only pMMC7105 DNA (Szabo and Mills

1984b ). Three distinct repetitive sequences, distributed

around pMMC7105, appear to act as sites for recombination

during excision from the chromosome (Szabo and Mills

1984a ). Two of these repetitive sequences are also pres-

ent in multiple copies on the bacterial chromosome.

A 24 kb region of pMMC7105, conserved in each of the

excision plasmids (common-DNA), was suggested to contain

the origin of replication from pMMC7105 and, possibly,

encode plasmid incompatibility (Szabo and Mills 1984b ).

The replication functions might be used to construct new

cloning vectors which could be maintained in phyto-

pathogenic pseudomonads in the absence of selection.

Furthermore, the plasmid incompatibility determinant from

pMMC7105, when cloned into a suitable vector, should be a

useful tool for excluding excision plasmids, and possibly

other, incompatible, indigenous plasmids, thereby pro-

viding a method for mapping functions to these cryptic

plasmids. This approach would eliminate problems inherent

to curing agents previously thought to have complicated

the mapping of plasmid-encoded functions in other

pathovars of P. syrinage (Gantotti and Patil 1979;

Gonzalez and Vidaver 1979; Jamieson et al. 1981; Gonzalez

and Olsen 1981 ).
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IV. RESEARCH PROPOSAL

There were three objectives to the following study:

first, to construct a physical map of the common-DNA,

using the excision plasmid pEXC8080, whose sequences are

almost entirely composed of this region; second, to iden-

tify and map regions of this plasmid important to its

biology (including regions important for replication,

stability, and expression of incompatibility, as well as

the site where recombination occurred in the formation of

pEXC8080); and third, to determine if pEXC8080 functions

can be used to further characterize the excision plas-

mids, as well as other indigenous plasmids, of P.

syringae pv. phaseolicola.
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MATERIALS AND METHODS

I. BACTERIAL STRAINS AND PLASMIDS

The bacterial strains and plasmids used in this

study are presented in Tables 1 and 2. Indigenous plas-

mids of P. syringae pv. phaseolicola which previously

carried the pMC or pEX prefix (Curiale and Mills 1982;

Szabo and Mills 1984a, Szabo and Mills 1984b) have been

changed to pMMC and pEXC, respectively, and registered

with the Plasmid Reference Center, Stanford University,

Stanford, California 94305-2499. P. syringae pv. syringae

FV-70-7b was used as the recipient strain in conjugal

transfer of plasmids because it is plasmidless, a prop-

erty uncharacteristic of strains of P. syringae pv.

phaseolicola. Plasmid pMMC1001 was constructed by cloning

fragment A from pRK2013 (Figurski and Helinski 1979) into

the EcoRI site of pBR325. Initially this plasmid was

utilized for cloning of pEXC8080 restriction fragments

and subsequent conjugal transfer from E. coli to

Pseudomonas. Alternatively, pBR322 and pBR325 derivatives

were mobilized into Pseudomonas utilizing HB101 MOB de-

rived by transformation with plasmids R64drd11 and pGJ28

from strain GJ23 (Van Haute et al. 1983). All trans-

formations were performed in E. coli K-12 strain HB101

using the methods described by Morrison (1979).



TABLE 1. E. COLI STRAINS USED IN THIS STUDY

RELEVANT

STRAINS CHARACTERS

PLASMID

PLASMID(S) CHARACTERISTICS

SOURCE OR

REFERENCE

HB101

HB101

HB101

HB101

HB101

HB101

HB101

r
B
-m

B
-leu pro thi

LacY recA endol- Smr

HB101 MOB "

GJ 23

pOSU0037a

pOSU0039a

pOSU0071a

pMMC1001

pMMC1009

pBR322

pBR325

R64drd11

pGJ28

R64drd11

pGJ28

Bam-1, Bam-4, Bam-9

Bam-10, Bam-16

Bam-4, Bam-7, Bam-9

Bam-10, Bam-15, Bam-16

Bam-1, Bam-11, Bam-12

Bam-17, Bam-19

Apr Ter Kmr

Bam-9 cloned into pBR322

Apr Ter

Apr Ter Cmr

Ter Smr

Kmr

Ter Smr

Kmr

Szabo 1983

Szabo 1983

Szabo 1983

This study

This study

Bolivar et

al. 1977

Prentki et

al. 1981

This study

G. Warren

aBamHI fragments from a partial digest of pMMC7105 cloned into pBR322.
b Advanced Genetic Sciences, Inc., 6701 San Pablo Ave., Oakland, CA 94608



TABLE 2. PSEUDOMONAS SYRINGAE STRAINS USED IN THIS STUDY

PATHOVAR

AND STRAIN

RELEVANT PLASMID(S)/SIZE(kb)/

CHARACTERS ORIGINa SOURCE OR COMMENTSb

pv. syringae

FV -70 -7b SprRifr none K. Rudolphc

pv. phaseolicola

LR700
d

Sm
r

pMMC7105/154/ind. Excision plasmids were de-
rived from the integrated
form of this plasmid (Szabo
and Mills 1984b).

LR743
d

Sm
r

pMMC7113 /52 /ex. Plasmid includes pMMC7105
fragments 1, 9, and parts of
10 and 12 (Curiale and Mills
1982).

LR745d Smr pMMC7115/87/ex. Plasmid includes pMMC7105 frag-
ments 7,15,16,4,10,9,1, and
parts of 8 and 12 (Curiale
and Mills 1982).

PP807 Smr pEXC8070/154/ex. Exact excision of pMMC7105
from the chromosome (Szabo
and Mills 1984b).

PP808
d Smr pEXC8080/34/ex. Plasmid includes pMMC7105 frag-

ments 9,10, and parts of 1 and
4 (Szabo and Mills 1984b).

(CONT..)



TABLE 2 (CONT.)

PP809
d

Sm
r

PP601
d

PP631
d

PP652

PP612

PP622

Sm
r

Smr

Rif
r

Rifr

Rifr

pEXC8090/73/ex.

pPP6010/42/ind.
pPP6015/128/ind.

pPP6310/41/ind.
pPP6015/128/ind.

pPP6520/45/ind.
pPP6525/122/ind.

pPP6120/6.8/ind.
pPP6125/154/ind.

pPP6220/155/ind.

Plasmid includes pMMC7105 frag-
ments 7,15,16,4,10,9, and parts
of 1 and 8 (Szabo and Mills
1984b).

Plasmid pPP6015 has extensive
homology to pMMC7105 (Quant
and Mills 1984).

Quant and Mills 1984

Plasmid pPP6525 has some homo-
logy to pMMC7105 (Quant and
Mills 1984).

pPP6125 appears identical to
pMMC7105 (Quant and Mills 1984)

pPP6220 differs from pMMC7105
by a single BamHI fragment
(Quant and Mills 1984).

a
ind., indigenous; ex., excision plasmids derived from the integrated form of pMMC7105

b
See Fig. 1A for a map of pMMC7105.

c
Institut fur Pflanzen-pathologie and P-flanzenechutz, der Georg-August University,FRG

d
Rifampicin resistant derivatives of these strains were used in this study.
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II. MEDIA AND CULTURE CONDITIONS

Pseudomonas strains were grown at 22-29°C in MaNY

medium (Curiale and Mills 1977) and E. coli strains were

grown at 37°C in LB medium (Davis et al. 1980). When ap-

propriate, media were supplemented with ampicillin (Ap),

chloramphenicol (Cm), nalidixic acid (Nal), rifampicin

(Rif), or spectinomycin (Sp) (each 100Ag/m1), kanamycin

(Km) or streptomycin (Sm) at 50/Ag/ml, tetracycline (Tc)

at 10Ikg/ml, or combinations of these drugs.

III. DNA ISOLATION

Large-scale preparations of plasmid DNA were ob-

tained from Pseudomonas using the procedure of Szabo and

Mills (1984a), whereas plasmid DNA was obtained from E.

coli using a cleared lysate procedure (Davis et al.

1980). The plasmid DNA was purified by two rounds of

equilibrium centrifugation in cesium chloride-ethidium

bromide (Davis et al. 1980). Rapid screening for recom-

binant plasmids in E. coli was achieved using the partial

lysis procedure of Kahn et al (1979). An alkaline lysis

procedure (Maniatas et al. 1982) was used to screen

Pseudomonas transconjugants for plasmid DNA. Individual

restriction endonuclease fragments were recovered from

agarose gels by electroelution into dialysis bags
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(Maniatis et al. 1982).

Total DNA was isolated by the alkaline lysis

procedure for plasmid DNA isolation (Maniatas et al.

1982) with the following modifications: a lysis solution

of 1% SDS was substituted for the 0.2M NaOH, 1% SDS

solution; the precipitation with potassium acetate was

omitted and an equal volume of buffer (20mM Tris, 1mM

EDTA, pH 7.0) was added instead; two phenol, two

chloroform, and two ether extractions were performed

prior to precipitation with 95% ethanol.

IV. RESTRICTION ENDONUCLEASE DIGESTION

Restriction endonucleases BamHI, EcoRI and PstI were

purified according to the procedures of Wilson and Young

(1980), P. Myers (personal communication), and Smith et

al. (1976), respectively. All other enzymes were pur-

chased from Bethesda Research Laboratories. The enzymes

were used according to procedures described by Davis et

al. (1980). The restriction map of pEXC8080 was generated

by single and double digestion of whole plasmid DNA and

of portions of pEXC8080 cloned into pBR322.
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V. AGAROSE GEL ELECTROPHORESIS

Restriction fragments were electrophoresed through

horizontal slab gels of 0.7 to 1.2% agarose submersed in

Tris-acetate running buffer (Davis et al. 1980), and run

at 1.5 to 2.4 V/cm for 12 to 24 hrs. Conditions for

staining, visualizing and photographing the gels have

been described (Szabo and Mills 1984a). HindIII fragments

of bacteriophage lambda DNA were used as molecular weight

standards.

VI. MOLECULAR CLONING

Equimolar concentrations of insert and vector DNA

(50 ng/A1) were ligated together in L-buffer (66mM Tris

pH 7.6, 6.6 mM MgC12, 10 mM dithiothreitol, 0.5 mM ATP)

with 10 units/ml of T
4

DNA ligase at 12.5 °C for 10-40

min. Ligation mixtures were then diluted 5 to 50-fold

with L-buffer and incubated at 12.5°C an additional 18-24

hrs before transformation of E. coli.

VII. BACTERIAL MATINGS

Donor E. coli cells containing recombinant plasmids

were grown overnight at 37°C on LB plates containing the

antibiotics characteristic of the plasmid antibiotic
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resistance determinants. Recipient P. syringae pv.

syringae cells were grown 1.5 to 2 days at room

temperature on MaNY plates containing rifampicin and, in

some cases, spectinomycin. Equal masses of donor and

recipient cells were mixed together on dry LB agar plates

without antibiotics and incubated for 12-16 hrs at room

temperature. Cells were then scraped from these plates,

diluted with LB broth, and spread onto MaNY plates

containing rifampicin and antibiotics specified by donor

plasmid antibiotic resistance determinants. Dilutions

were also spread onto LB plates described above which

lacked rifampicin and spectinomycin to determine the

number of donor colony forming units (CFU) for each

mating. Presumptive transconjugants were retested for

antibiotic markers, and subsequently tested for

fluorescence on Kings B medium (Sands et al. 1980) and

inability to grow at 37°C; characteristics associated

with the Pseudomonas strains used in this study.

VIII. PLASMID STABILITY

Each transconjugant was initially purified by single

colony isolation on medium lacking antibiotics. Single

colony isolates--which retained resistance to ampicillin

and rifampicin, showed the growth characteristics at 37°C

and on King's B medium expected of Pseudomonas, and
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harbored the expected plasmid as determined by plasmid

DNA extraction--were then used for testing of plasmid

stability. A purified transconjugant was taken from

medium containing ampicillin and streaked to medium

lacking antibiotics. After growth for two days at 28°C,

it was streaked again to medium lacking antibiotics.

After two further days at 28°C, one hundred single

colonies were picked from these plates and streaked to

ampicillin-containing plates to test for loss of the

plasmid. In cases where ampicillin-sensitive isolates

were found, a small sample was checked for plasmid

content by the alkaline lysis plasmid DNA extraction

procedure.

IX. DNA BLOT HYBRIDIZATION

DNA fragments were transferred from a 1.0% agarose

gel to diazobenzyloxymethyl (DBM) paper as described by

Alwine et al. (1979). Labeling of purified DNA withP2P]

-dCTP (800,kci/mM) to a specific activity of 1.4 to 12 x

10
7 cpm /Mg was performed with nick translation kits pur-

chased from Bethesda Research Laboratories or New England

Nuclear. DNA blot hybridizations were carried out in 14

mis of 50% formamide buffer at 42°C, containing 0.5 to

1.0 x 10 7 cpm of probe, for 16-24 hrs and then washed as

described (Alwine et al. 1979). Either Kodak No-Screen or
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X-Omat X-ray film was used for autoradiography.

X. CARBON SOURCE UTILIZATION TESTING

Strains of Pseudomonas syringae pv. phaseolicola

were tested for growth with the following substrates as

the sole source of carbon: 1)D-arabinose 2)D-mannitol

3)Glutamate 4)Hydroxymethylglutarate 5)m-hydroxybenzoic

acid 6)DL-phydroxybutyrate 7)L-ornithine 8)L-tyrosine

9)3-indoleproprionic acid 10)Gluconic acid 11)D-mannose

12)D(+) galactose 13)D-quinic acid 14)Citric acid

15)Sucrose 16)Succinate 17)D-glucose 18)L-aspartate

19)Pyruvate 20)DL-malic acid 21)L-alanine 22)Mucic acid

23)D-saccharic acid 24)Glycerol 25)y- aminobutyrate 26)D-d

-alanine 27)Aconitate 28)D(+) xylose 29)Betaine

30)Trigonelline 31)DL-serine 32)L-proline. The basal me-

dium (Lukezic 1979) was supplemented with each substrate

at a concentration of 0.1% (weight/volume). Bacterial

strains were first grown for two days on MaNY medium at

28°C, after which a loopful of cells was scraped from

each plate and resuspended in 0.4 ml of liquid basal

medium. A loopful of cell suspension was then streaked to

each type of medium. Amount of growth was recorded after

seven days at 28°C. Each test was performed at least

three times, and a strain was scored as "negative" for

growth on a particular medium only if it failed to grow
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in all three tests. In each case, a plate containing

basal medium with no carbon source was used as a control

to test for contamination with exogenous carbon sources.

XI. PLANT INOCULATIONS

Strains of P. syringae pv. phaseolicola were tested

for the ability to produce symptoms on the bean cultivar

"Red Mexican" UI-36. Each strain was grown on MaNY medium

for two days at 28°C, and the plants were grown at 28°C

for 6-7 days on a 12 hr light/12 hr dark cycle prior to

inoculation. Partially unfolded primary leaves were

opened and pricked three times with a pin. Fiftyjkl of

0.01M phosphate buffer (pH 7.2) was then applied to the

wound area. Cells were collected from the petri plate

with a toothpick and swabbed in the buffer over the

wound. Local symptomology was recorded 7-10 days after

incubation at 17 °C. Systemic symptomology was recorded

approximately one week later. Each strain was tested at

least three times and was scored "negative" for a certain

type of symptom only if it showed the absence of the

symptom in all tests.
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RESULTS

I. DERIVATION OF pEXC8080 AND CONSTRUCTION OF

RESTRICTION MAPS.

The relationship of pEXC8080 to pMMC7105 sequences

is presented in Figure 1A. pEXC8080 contains BamHI frag-

ment 9 (Bam-9, 7.1 kb) and Bam-10 (4.3 kb) from pMMC7105,

and a fusion fragment formed by recombination between

Bam-1 and Bam-4 (Barn-1-4, 23.2 kb). The region identified

as common-DNA includes nearly all of pEXC8080 and defines

sequences from pMMC7105 common to all excision plasmids.

It was reasoned that this region would contain the repli-

cation functions from pMMC7105 (Szabo and Mills, 1984b).

To identify smaller restriction fragments more suit-

able for mapping plasmid functions and the recombination

site on Bam-1-4, a restriction endonuclease cleavage site

map of pEXC8080 was constructed (Fig. 1B). The base pair

coordinates have been drawn so that the map begins and

ends at the BamHI site between Bam-10 and Bam-1-4. This

site also corresponds to the BamHI site between Bam-10

and Bam-4 of pMMC7105 (Fig. 1A).
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FIGURE 1: Structural maps showing the relationship
between the integrative plasmid, pMMC7105, and
excision plasmid pEXC8080. A.BamHI restriction
endonuclease map of pMMC7105, previously
determined by Szabo and Mills (19814b), showing
sequences present in pEXC8080 and DNA common
to all excision plasmids (common-DNA).
B.Restriction endonuclease site map of
pEXC8080. Abbreviations are as follows: B,
BamHI; Bg, BglII; E, EcoRI; H, HindIII; P,
PstI; and X, XbaI; rep refers to the
replication region identified in this study.
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II. MAPPING THE SITE FOR PLASMID RECOMBINATION ON

BAM -1-4

The position of XbaI restriction sites within Bam-1

and Bam-4 of pMMC7105 and Bam-1-4 of pEXC8080 were used

to more precisely define the region where recombination

occurred to produce pEXC8080 (Fig. 2). The XbaI site at

coordinate 22.0 of pEXC8080 (Bam-1-4) was determined to

correspond to a site on Bam-1 of pMMC7105, whereas sites

at 28.4 and 33.5 correspond to sites within Bam-4. Thus,

the site of recombination on Bam-1-4 resides within the

4.4 kb segment of DNA to the right of the XbaI site at

coordinate 28.4. If Bgl -2 (5.7 kb) of pEXC8080 was formed

during recombination, it would not be present in other

excision plasmids which contain Bam-1. The BglII digests

of excision plasmids pMMC7115 and pEXC8070 (which contain

Bam-1) each had Bgl -3 (5.3 kb), but neither had a 5.7 kb

fragment (Fig. 3, lanes 1 and 2). Therefore, Bgl -2 was

formed during excision of pEXC8080, and the site of re-

combination resides within a 3.7 kb region at the left

end of Bgl -2 (Fig.2). Two XhoI fragments (Xho-1 and

Xho-2) within this region were used to define the site of

recombination more precisely. Digestion of pOSU0039

(which contains Bam-4, Table 1) with XhoI did not produce

either one of these fragments (Fig. 4, lane 3). Digestion

of pOSU0037 (which contains Bam-1, Table 1) produced a
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1.2 kb fragment (Fig. 5, lane 3)--verified as Xho-2 by

the presence of an SstI site. SstI cleaves 0.1 kb in from

one end of Xho-2 (Fig.2), and double digestion of

pOSU0037 with XhoI and SstI yielded a 1.1 kb fragment,

but not a 1.2 kb fragment (Fig. 5, lane 4). A fragment

identical to Xho-1 in size was also produced by XhoI di-

gestion of pOSU0037. However, without an additional re-

striction site within Xho-1, definitive proof that they

are common fragments is lacking. Nevertheless, these re-

sults indicate that recombination occurred within a 1.8

kb segment at the extreme left end of Bg1-2 (Fig. 2).
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FIGURE 2: Restriction maps of the fusion fragment of
pEXC8080 and regions of pMMC7105 which were
involved in recombination during the excision
of pEXC8080 from the chromosome of Pseudomonas
syringae pv. phaseolicola. The map positions
of the XbaI sites on BamHI fragment 4 (Bam-4)
and Bam-1 of pMMC7105 were previously
determined by Szabo and Mills (1984b). Only
the left end (23.2 kb) of Bam-1 (41 kb) which
includes all of the common-DNA (Fig. 1A), is
shown. Bgl -2, which resides within the larger
Bam-1-4 fusion fragment, contains the site for
plasmid recombination on its left end (rec),
and the replication region on its right end
(rep); see text for details. Abbreviations are
Xh, XhoI and S, SstI; see Fig. 1 for
additional abbreviations.
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FIGURE 3: Agarose gel electrophoresis of three excision
plasmids digested with BglII: (1)pEXC8070,
(2)pMMC7115, (3)pEXC8OBT (4)lambda HindIII
digestion products as molecular weight
standards.
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FIGURE 4: Agarose gel electrophoresis of XhoI-digested
pMMC1008 and pOSU0039. (1)lambda HinaIII
digestion products as molecular weight
standards, (2)pMMC1008, (3)pOSU0039.
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FIGURE 5: Agarose gel electrophoresis of fragments
generated by single and double digestions of
pMMC1008 and pOSU0037. (1)lambda HindIII
digestion products as molecular weight
standards, (2)pMMC1008 XhoI, (3)pOSU0037 XhoI,
(4)pOSU0037 XhoI, SstI, (5)pMMC1008 XhoI,
SstI.
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III.MAPPING THE pEXC8080 REPLICATION REGION

A. DEFINING A SYSTEM FOR MAPPING THE REPLICATION REGION

It is well known that the pMB1 replicon is not func-

tional in Pseudomonas or other gram-negative bacteria of

agricultural importance. In fact, transposon suicide vec-

tors have been constructed which take advantage of this

property (Simon et al. 1983). Therefore, it was reasoned

that the pMB1 derivatives, pBR322 and pBR325, would be

useful in locating the pEXC8080 replication region. After

the cloning of pEXC8080 restriction fragments into

pBR322, and subsequent transfer to Pseudomonas, only the

chimeric plasmids containing the pEXC8080 replication

region would be found. Although no system for the effi-

cient transformation of DNA into P. syringae pv.

phaseolicola was known, it was thought that the trans-

formation procedure used successfully by Comai and Kosuge

(1980) with P. syringae pv. savastanoi might suffice.

Plasmid pRK290 (Ditta et al. 1981), known to replicate

and express tetracycline resistance in P. syringae pv.

phaseolicola (after conjugal transfer), was chosen to

test this possibility. It was found that neither this

procedure, nor modifications of it, would allow efficient

and reliable transfer of pRK290 to P. syringae pv.

phaseolicola. Consequently, it was decided to use con-

jugation as a means for transfer of chimeric plasmids to
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Pseudomonas.

A 42 kb EcoRI fragment of pRK2013 (Figurski and

Helinski 1979) encodes RK2 conjugal transfer functions

and kanamycin resistance. Insertion of this fragment into

the EcoRI site of pBR325 (resistant to tetracycline,

ampicillin, and chloramphenicol) resulted in a plasmid

(pMMC1001) with a BamHI site for insertional inactivation

of the tetracycline resistance determinant. This plasmid

also encodes genes for kanamycin resistance and conjugal

transfer, known to be functional with respect to P.

syringae pv. phaseolicola. Thus, pMMC1001 was used ini-

tially as a cloning vector to map the pEXC8080 repli-

cation region. The recently developed system for mobi-

lization of pBR322 derivatives (Van Haute et al.1983) has

many advantages over pMMC1001; thus, when it became

available, it was used for some of the later experiments.

B. pEXC8080 FRAGMENTS THAT SUPPORT REPLICATION OF pMB1

DERIVATIVES IN PSEUDOMONAS

Plasmid pMMC1001 is self-transmissible among E. coli

strains at frequencies of approximately 10
-2

per donor

cell. However, no transconjugants were observed in coat-

ings with pathovars of P. syringae (<1.9 x 10
-10

per do-

nor CFU), presumably because pMMC1001 fails to replicate

in Pseudomonas. To determine whether the replication re-

gion from pEXC8080 would stabilize pMMC1001 in
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Pseudomonas, its BamHI fragments and the entire plasmid

were cloned into the BamHI site, and the resulting plas-

mids were conjugated into P. syringae pv. syringae

FV-70-7b. The entire pEXC8080 plasmid (pMMC1013) and the

Bam-1-4 fusion fragment (pMMC1012) conferred stable

replication properties to pMMC1001 in Pseudomonas (Table

3). Transconjugants were detected at frequencies of ap-

proximately 7 to 50 x 10-7 per donor CFU with these plas-

mids, whereas no transconjugants (<1.3 x 10 -9 per donor

CFU) were observed in matings with Bam-9 and Bam-10

cloned into pMMC1001. These results indicated that the

replication functions from pEXC8080 reside within the

Bam-1-4 fusion fragment.



TABLE 3. CLONING VECTORS, CONSTRUCTED PLASMIDS, AND THEIR FREQUENCY OF
CONJUGAL TRANSFER TO PSEUDOMONAS SYRINGAE PV. SYRINGAE
STRAIN FV-70-7B

DRUG FRAGMENT OR REGION TRANSFER
PLASMID RESISTANCE OF pEXC8080 CLONED FREQUENCYa SOURCE
CLONING VECTORS

A)pMMC1001 AprTerice
This study

B)pBR322 AprTcr b Bolivar et

al. 1977

C)pBR325 AprTcrCmr NDb Prentki et

al. 1981

PLASMID/VECTORd

pMMC1013/A AprKmr pEXC8080 7.1 x 10-7 This study

pMMC1012/A AprKmr Bam-1-4 4.8 x 10-6 This study
pMMC1016/A AprKmr Bgl -2 2.4 x 10-6 This study

pMMC1008/B Apr Bgl -2 4.4 x 10-4 This study
pMMC1008a/B Apr Bgl -2 minus Xho-1 5.1 x 10-4 This study

pMMC1008b/B Apr Bgl -2 minus Xho-1 b This study

and Xho-2

pMMC1017/C AprTcr 2 EcoRI fragments 2.8 x 10-4 This study

18.7-28.3(Fig.1B)

pMMC1018/C AprTcr 1 EcoRI fragment b This study

18.7-23.8(Fig.1B)

pMMC1019/C AprTcr 1 EcoRI fragment b This study

23.8-28.3(Fig.1B)

pMMC1020/C Aprcmr Bgl -2 2.9 x 10-5 This study

aNumber of transconjugants per donor CFU.
bIn these cases no transconjugants were observed, see text for details.
cND, not determined.
d In each case the vector used in the plasmid construction is indicated by a

letter abbreviation (A,B, or C) as found in the first part of this table.
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To more precisely map the replication region,

Bam-1-4 was digested with BglII, the four fragments were

cloned into the BamHI site of pMMC1001, and the resulting

plasmids were conjugated into Pseudomonas strain

FV-70-7b. Only the internal 5.7 kb BglII fragment

(Bgl -2), previously shown to have resulted from the

recombination event which produced pEXC8080, supported

replication of pMMC1001. The frequency of transfer of

this plasmid (pMMC1016) was approximately 2.4 x 10
6

per

donor CFU (Table 3), whereas no transconjugants (<1 x

10
-9 per donor CFU) were detected with the other three

plasmids.

It was reasoned that plasmids pBR322 and pBR325

would be more convenient for characterizing the location

of the replication region within Bgl -2. Therefore, Bgl -2

was cloned into the BamHI site of these plasmids, and the

resulting plasmids (pMMC1008 and pMMC1020) were mobilized

by R64drd11 and pGJ28 (HB101 MOB) into strain FV-70-7b at

frequencies of ca 10 -5 transconjugants per donor CFU

(Table 3). No transconjugants (< 8.3 x 10
8

per donor

CFU) were observed in matings with pBR322. The left and

right ends of Bgl -2 contain sequences from Bam-4 and

Bam-1 of pMMC7105, respectively. That some excision

plasmids do not contain Bam-4 sequences (Szabo and Mills

1984b) suggested that replication functions would map

within Bam-1 sequences near the right end of Bgl -2 (Fig.
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2). A single EcoRI site in this region cleaves Bgl -2 into

segments of 1.8 and 3.9 kb--present in EcoRI fragments of

5.1 and 4.5 kb respectively (coordinates ca 19-28 Fig.

1B). These fragments were cloned separately into the

EcoRI site of pBR325 (pMMC1018 and pMMC1019), or together

in the correct orientation (pMMC1017), to determine if

they would confer replication properties to pBR325 in

Pseudomonas. Then, these plasmids were transformed into

HB101 MOB and mobilized to other E. coli strains at

frequencies of approximately 10
-4 per donor CFU. In

matings with Pseudomonas strain FV-70-7b, transconjugants

were detected using pMMC1017 (ea 10
-4 per donor CFU,

Table 3) but not using pMMC1018 or pMMC1019 (<10
-8

per

donor CFU). These results indicated that replication

functions were lost when Bgl -2 was cleaved with EcoRI.

Digestion of pMMC1008 (Bgl -2 cloned into pBR322)

with XhoI cleaves only within Bgl -2 sequences (Fig.2).

After partial digestion and re-ligation of pMMC1008,

plasmids were selected which had either Xho-1 (pMMC1008a)

or Xho-1 and Xho-2 (pMMC1008b) deleted. These plasmids

were transformed into HB101 MOB and conjugated to strain

FV-70-7b. Matings with pMMC1008a produced stable trans-

conjugants (Table 3), whereas no transconjugants were

observed with pMMC1008b (<1.0 x 10 -9 per donor CFU).

These results indicated that replication functions of

pEXC8080 map within a 0.9 kb region spanning the right-
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most XhoI site and the EcoRI site of Bgl -2 (Fig. 2). The

termini of this region within Xho-2 and the 1.8 kb

EcoRI/BglII fragment could not be determined from these

experiments.

C. PHYSICAL CHARACTERIZATION OF PLASMIDS IN PSEUDOMONAS

TRANSCONJUGANTS

It was necessary to confirm that expression of drug

resistance in Pseudomonas transconjugants was due to the

stable autonomous replication of plasmids, rather than

integration, into the chromosome. Therefore, randomly

selected transconjugants--which had received either

pMMC1008, pMMC1008a, pMMC1016, pMMC1017, or pMMC1020

(Table 3)--were subjected to rapid plasmid DNA isolation

and restriction endonuclease digestion analysis. All

transconjugants were shown to contain autonomously

replicating plasmids, and all those which had received

either pMMC1008, pMMC1008a, pMMC1017, or pMMC1020

exhibited plasmid DNA EcoRI fingerprints identical to

those of their donor parents. An example of a

transconjugant containing pMMC1008 is shown in Figure 6B.

pMMC1016 consists of the 42 kb vector fragment, as well

as 6.3 and 5.4 kb EcoRI fragments which contain both

vector and insert (Bgl -2) sequences (Fig. 6A, lane 1).

Although matings with this plasmid yielded some

transconjugants containing an unaltered form of pMMC1016
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(Fig. 6A, lane 3), others showed an altered, plasmid DNA

EcoRI fingerprint indicative of the loss of vector

sequences (Fig. 6A, lanes 4 and 5) and perhaps the loss

of insert sequences (Fig. 6A, lane 5).
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FIGURE 6: Agarose gel electrophoresis of EcoRI-digested
plasmid DNA's isolated from Pseudomonas
syringae pv. syringae FV-70-7b
transconjugants. A.Matings involving donor
plasmid pMMC1016. (1)HB101 pMMC1016 (donor
strain), (2)FV-70-7b (plasmidless recipient),
(3-5)representative plasmids found in
transconjugants. B.Matings involving donor
plasmid pMMC1008. (1)HB101 pMMC1008 (donor
strain), (2)representative plasmid found in
all transconjugants.
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IV. PLASMID STABILITY IN PSEUDOMONAS

A. INSTABILITY OF THE pEXC8080 REPLICATION REGION

It was not known whether the pEXC8080 replicon would

be stably maintained in Pseudomonas in the absence of

selective pressure. Initially, it was found that pMMC1016

(Table 3) was lost at a high frequency from strain

FV-70-7b. Since it was possible that this instability

might be associated with the plasmid's extensive re-

arrangments (as discussed in section III-C), no con-

clusions could be drawn from these results. Thus, the

stability of pMMC1008 (Bgl -2 cloned into pBR322) was

tested in strain FV-70-7b; seventeen of one hundred

isolates tested showed ampicillin sensitivity, so it was

clear that the pEXC8080 replicon was not completely

stable in the absence of selective pressure. The complete

stability of pMMC1012 (Table 4) indicated that either

vector sequences (pMMC1001) or Bam-1-4 sequences could

stabilize the pEXC8080 replicon. Testing pMMC1011 for

stability clarified this situation. pMMC1011 was

constructed by cloning pEXC8080 (opened at the BamHI site

between Bam-1-4 and Bam-10) into pBR322. Nine percent of

the single colonies isolated from Pseudomonas trans-

conjugants which had received pMMC1011 were sensitive to

ampicillin. Two conclusions could be drawn from this

result: first, since pMMC1011 contained all the pEXC8080
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sequences found on pMMC1012, but lacked pMMC1001 se-

quences, and also was unstable, pMMC1001 sequences were

capable of stabilizing the pEXC8080 replicon; second,

since pMMC1011 contained all pEXC8080 sequences, no se-

quences within pEXC8080 provided stability to the

pEXC8080 replicon--with the possible exception of those

found at the Bam-1-4, Bam-10 juncture.



TABLE 4. STABILITY OF CHIMERIC PLASMIDS IN STRAIN FV-70-7b

PLASMID/VECTORa
REGION OF PSEUDOMONAS

PLASMID DNA %AprISOLATESb

pMMC1012/pMMC1001

pMMC1008/pBR322

pMMC1011/pBR322c

pOSU0037/pBR322

pOSU0071/pBR322

Bam-1-4 (pEXC8080)

Bgl -2 (pEXC8080)

pEXC8080

Bam-1, Bam-4, Bam-9
Bam-10, Bam-16, (from pMMC7105)

100

83

91

100

Bam-1, Bam-12, Bam-19, Bam-17
and Bam-11 (from pMMC7105) 100

aEach plasmid was constructed by cloning Pseudomonas plasmid DNA
into either pBR322-or pMMC1001.

bSee text for details.

eThe entire pEXC8080 plasmid was cleaved at the BamHI site between
Bam-1-4 and Bam-10, and cloned into pBR322. Additionally, transconjugants

harboring this plasmid were transferred only once to non-selective medium before

isolation of single colonies. In all other cases, transconjugants were transferred

twice.
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B. IDENTIFICATION OF A pMMC7105 STABILITY REGION

Since pEXC8080 sequences did not confer complete

stability to the pEXC8080 replication region, other

pMMC7105 sequences were tested for this trait. The

pEXC8080 replication region was found within sequences

derived from pMMC7105 Bam-1 (Fig. 2); thus it was rea-

soned that any plasmid which contained Bam-1 and flanking

sequences would replicate in Pseudomonas and might con-

tain a stability region. Since the vector pMMC1001 was

able to stabilize the pEXC8080 replicon, the two plasmids

used for these experiments (pOSU0037 and pOSU0071) con-

tained Bam-1 and flanking sequences cloned into pBR322

(Table 1). These plasmids were mobilized into strain

FV-70-7b and tested for stability. Both of these plasmids

were completely stable in FV-70-7b in the absence of drug

selection (Table 4). Thus, the only pMMC7105 fragment

common to both plasmids, Bam-1, must contain a pMMC7105

stability region, and, since pEXC8080 cloned into pBR322

(pMMC1011) was unstable (see section IV-A), this region

must be within Bam-1 sequences not found on pEXC8080

(Fig.7).
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Mapping plasmid functions of pMMC7105.
Subcloned fragments of pMMC7105 are indicated
for each plasmid. Plasmid pMMC1012 contains
the Bam-1-4 fusion fragment from pEXC8080.
Plasmid pMMC1017 contains contiguous EcoRI
fragments from pEXC8080 (Fig. 1B, coordinates
ca 19-28), and plasmid pMMC1016 contains Bgl -2
from pEXC8080. Plasmids pMMC1011, pMMC1012,
pMMC1017 and pMMC1016 are shown opened at the
proposed sites on Bam-1 and Bam-4 where
recombination occurred to produce pEXC8080.
Plasmid pMMC7105 is shown opened at the BamHI
site between Bam-8 and Bam-14. In all cases
the vector used in construction of each
plasmid is shown in the correct position
relative to pMMC7105 sequences. Plasmid
pMMC1011 was constructed by cloning pEXC8080,
opened at the site between Bam-10 and Barn-1-4,
into pBR322. The phenotypes of these plasmids
(stability and incompatibility) is indicated
in parentheses. Abbreviations are as follows:
Stab, stability; r, region where recombination
occurred to produce pEXC8080; Inc,
incompatibility region identified from
pEXC8080; R, replication region identified
from pEXC8080.
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V. PHENOTYPIC CHARACTERIZATION OF P. SYRINGAE PV.

PHASEOLICOLA STRAINS

It was necessary to define phenotypic character-

istics of the strains to be used in attempts to map func-

tions to a particular plasmid. After loss of the plas-

mids, the strains could then be tested for loss or pos-

sibly acquisition of these characteristics. There was

precedence for virulence and pathogenicity factors, as

well as enzymes involved in the degradation of organic

compounds, to be plasmid-encoded (see Introduction).

Thus, these strains were characterized with respect to

their induction of symptoms on the host plant, and their

ability to use each of thirty-two different compounds as

a sole source of carbon for growth.

A. CHARACTERIZATION OF VIRULENCE

Four strains, each containing a different excision

plasmid, and six strains containing indigenous plasmids

were tested for their ability to produce symptoms on the

bean cultivar "Red Mexican" (Table 5). All ten strains

induced local lesion reactions. Each of the four strains

which contained an excision plasmid did not cause

systemic symptomology, and of the six strains containing

indigenous plasmids, only the three harboring plasmids of

about 150 kb induced systemic symptoms.



TABLE 5. PHENOTYPIC VARIATION AMONG TEN STRAINS OF P. SYRINGAE PV. PHASEOLICOLA

STRAIN PLASMIDS
a SYMPTOMOLOGY

b ABILITY TO USE FOR GROWTHC

D(+)xylose Betaine Trigonelline DL-serine L-proline

PP601 130 kb incl.
42 kb incl.

PP631 130 kb incl.
41 kb incl.

PP652 122 kb ind.
45 kb ind.

PP612 154 kb ind.
7 kb ind.

PP622 155 kb ind.

PP700 154 kb ind.

PP743 52 kb ex.

PP7145 87 kb ex.

pp808 34 kb ex.

PP809 73 kb ex.

L.L.

L.L.

-

- -

+

+

+

+

+

+

L.L. - - + + +

L.L., S. + + + + -

L.L., S. + + - + -

L.L.,

L.L.

S. +

+

+

+

+

+

+

+

+

+

L.L. + + + + +

L.L. + + + - +

L.L. + + + + +

a ind., indigenous; ex., excision plasmids derived from the integrated form of the strain

b
PP700 154 kb plasmid

L.L., local lesion; S., systemic
+, able to use; -, unable to use
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B. NUTRITIONAL CHARACTERIZATION

All ten strains tested were not able to use com-

pounds 1-9 (see Materials and Methods) as sole sources of

carbon for growth, but were able to use compounds 10-27

for this purpose. The ability of these strains to use

compounds 28-32 varied, and these results are presented

in Table 5. The ability to use D(+)xylose and Betaine as

sole sources of carbon for growth was correlated to the

presence of a ca 154 kb plasmid. Strain PP622 was unique

in its inability to utilize Trigonelline; PP808 was the

only strain unable to utilize DL-serine; and PP612 and

PP622 were the only strains unable to utilize L-proline

for growth.

VI. PLASMID INCOMPATIBILITY: EXPRESSION OF CLONED

SEQUENCES AND RECOVERY OF STRAINS LACKING INDIGENOUS

PLASMIDS

A. IDENTIFICATION OF THE pEXC8080 INCOMPATIBILITY REGION

It seemed possible to cure indigenous plasmids by

cloning and transferring the pEXC8080 incompatibility

region to appropriate Pseudomonas strains. Since incom-

patibility determinants are commonly linked to repli-

cation functions, pBR322 and pMMC1001 derivatives- -

containing the previously identified pEXC8080 replication

region and sequences to either side of it--were tested
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for incompatibility to pEXC8080 (strain PP808). When

plasmid pMMC1016 (Bgl -2) was transferred to strain PP808,

four independently-isolated, kanamycin-resistant trans-

conjugants were tested for the presence of EcoRI frag-

ments typical of each plasmid. Initially, all four ex-

hibited the EcoRI fingerprints characteristic of both

plasmids (Figure 8, lane 4). Several months later, one

isolate had changed; it had retained all of the pEXC8080

EcoRI fragments, but the two pMMC1016 EcoRI fragments of

42 and 5.4 kb were replaced with three fragments of 12.0,

7.9, and 6.8 kb in size (Fig. 8, lane 3). Apparently,

Bgl -2 did not encode incompatibility; thus, pMMC1017 was

tested for incompatibility to pEXC8080. This plasmid con-

tained two, adjacent EcoRI fragments from pEXC8080 cloned

in the correct orientation into pBR322 (Table 3). Two

tetracycline-resistant transconjugants resulting from the

transfer of pMMC1017 to PP808 were analyzed--revealing

EcoRI fingerprints typical of both plasmids, pMMC1017 and

pEXC8080 (Fig. 8, lanes 6 and 7). Thus, incompatibility

was not encoded by this 9.6 kb region of pEXC8080. Sub-

sequently, transfer of pMMC1012 (Bam-1-4) to strain PP808

resulted in kanamycin-resistant transconjugants (Table

6), most of which showed BamHI plasmid DNA fingerprints

identical to those of pMMC1012, and lacking BamHI frag-

ments typical of pEXC8080 (Fig. 9, lane 3), although oc-

casionally an aberrant pattern would be observed (Fig. 9,



59

lane 4). These results indicated that incompatibility was

encoded by sequences within Bam-1-4, exclusive of the 9.6

kb region between coordinates 18.7 and 28.3 (Fig. 1A).

These results are summarized with respect to sequences

present in pMMC7105 (Fig.7).
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kb

-4-6.0
-4-5. I
-4-4.5

EcoRI restriction endonuclease patterns of
plasmids present in transconjugants resulting
from the transfer of pMMC1016 and pMMC1017 to
PP808 (pEXC8080). (1)pEXC8080, (2)pMMC1016,
(3-4)transconjugants which received pMMC1016,
(5)pMMC1017, (6-7)transconjugants which
received pMMC1017. Densitometer tracings
indicated that the 6.8 kb band in lane 3, and
the 5.1 and 4.5 kb bands in lanes 6 and 7, are
doublets.
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TABLE 6. CONJUGAL TRANSFER FREQUENCY
PLASMID-CONTAINING STRAINS
PV. PHASEOLICOLA

OF pMMC1012 TO
OF P. SYRINGAE

STRAIN FREQUENCY OF CONJUGAL TRANSFERa

LR700 4.5 x 10-7

LR745 5.6 x 10-7

LR743 5.5 x 10-7

PP808 1.0 x 10-7

PP809 1.9 x 10
-6

PP652 7.1 x 10
-8

PP622 3.4 x 10-8

PP612 5.3 x 10-7

PP631 3.5 x 10-9

PP601 3.8 x 10-9

aNumber of transconjugants per donor CFU.
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FIGURE 9: Agarose gel electrophoresis of BamHI-digested
plasmid DNA isolated from parent strains and
transconjugants resulting from the cross E.
coli HB101 (pMMC1012) x PP808 (pEXC8080).
(1)pMMC1012, (2)pEXC8080, (3-4)plasmid DNA
profiles of typical transconjugants.
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B. CONJUGATION OF THE CLONED pEXC8080 INCOMPATIBILITY

REGION INTO PSEUDOMONAS

Bam-1-4 encodes functions which specify incom-

patibility to pEXC8080, and therefore should specify in-

compatibility to the other three excision plasmids, as

well as pMMC7105. Some indigenous plasmids of the other

five strains of P. syringae pv. phaseolicola (Table 2),

it seemed, might also be in the same incompatibility

group. Thus, HB101 (harboring pMMC1012) was mated to each

of these nine strains of P. syringae pv. phaseolicola and

isolates resistant to ampicillin, kanamycin, and

rifampicin were recovered at frequencies ranging from ca

2 x 10
-6 to 4 x 10 -9 per donor CFU (Table 6). In general,

strain PP700 and strains bearing excision plasmids

yielded transconjugants at a frequency about ten times

greater than the other five strains.

C. PLASMID CONTENT OF TRANSCONJUGANTS

Transconjugants were screened for plasmid content to

determine whether recipient plasmids were lost because of

incompatibility borne on the donor plasmid. BamHI diges-

tion of plasmid DNA revealed that in addition to pEXC8080

(of strain PP808), pMMC7113 and pPP6520 were absent from

transconjugants of strains LR743 and PP652, respectively.

BamHI digestion of the donor plasmid, pMMC1012, yielded a

42 kb vector fragment, and the 23 kb Bam-1-4 fragment
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(Fig. 10, lane 3). BamHI digestion of the recipient plas-

mid, pMMC7113, yielded Bam-1 (41 kb), Bam-9 (7.1 kb), and

a 3.7 kb Bam-10-Bam-12 fusion fragment (Fig. 10, lane 4).

All six transconjugants analyzed showed a BamHI finger-

print identical to that of pMMC1012 (Fig. 10, lane 5),

lacking fragments characteristic of pMMC7113. BamHI di-

gestion of plasmid DNA from strain PP652 yielded four

fragments distinctive to the 45 kb plasmid, pPP6520, and

additional fragments from the 122 kb plasmid pPP6525

(Fig. 10, lane 1). The analysis of plasmid DNA from two

transconjugants of this strain indicated that all of the

pPP6520 fragments were lost, while those of pPP6525 were

retained (Fig. 10, lane 2).
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pMMC 1001, Barn-1
Barn- 1-4

Bam-10 -12

FIGURE 10: Agarose gel electrophoresis of BamHI
restricted plasmid DNA isolated from parents
and transconjugants of the crosses HB101
(pMMC1012) x PP743 (pMMC7113) and HB101
(pMMC1012) x PP652 (pPP6520 and pPP6525):
(1)PP652, pPP6520 and pPP6525, (2)typical
PP652 transconjugant, (3)HB101, pMMC1012,
(4)PP743, pMMC7113, (5)typical PP743
transconjugant. Fragments corresponding to the
size designations shown in the left hand
column are derived fromplasmid pPP6520 (Quant
and Mills 1983).
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The plasmid restriction profiles from trans-

conjugants of the other seven strains could be placed

into two categories. The first category was comprised of

plasmids which retained some BamHI fragments while others

were lost. Transconjugants of strain PP622 contained an

indigenous plasmid, pPP6220, which had lost fragments

corresponding in size to Bam-9 and Bam-10 of pMMC7105.

Sometimes additional BamHI fragments from this plasmid

were missing. Gel patterns revealed that plasmids pPP6310

(41 kb) and pPP6010 (42 kb) were retained intact within

transconjugants of strains PP631 and PP601, respectively.

However, fragments (from a second plasmid present in

these strains, 128 kb pPP6015), corresponding in size to

Bam-9 and Bam-10 of pMMC7105, were usually missing from

these digests, as they also were from plasmid DNA digests

of LR745 transconjugants. BamHI fragments from the donor

plasmid, pMMC1012, were present in the plasmid digests of

some of the transconjugants in this category, but not

others: there seemed to be no correlation between the

absence of these donor plasmid fragments and the absence

of indigenous plasmid fragments. A BamHI digestion of

plasmid DNA from strain PP622 and transconjugants is

shown as an example of this category (Fig. 11A).
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FIGURE 11: Agarose gel electrophoresis of BamHI-digested
plasmid DNA in strains PP622 and PP700 after
conjugal transfer of pMMC1012. A.(1-2)typical
transconjugants of strain PP622, (3)PP622
(pPP6220), B.(1)PP700 (pMMC7105), (2-4)typical
transconjugants of PP700.
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The second category was distinguished by plasmid

restriction profiles which gave a general smear with a

light, barely discernible banding pattern somewhat char-

acteristic of the indigenous plasmid. This result was

observed with fifteen different transconjugants of

strains PP700, PP612, and PP809 (shown here with trans-

conjugants of PP700--Fig. 11B).

Transconjugants of strains PP808 and LR7143, of

strains belonging to the first category (which had lost

segments of their indigenous plasmids), and of each

strain from the second category, were tested for pheno-

typic changes. Each isolate was tested for its ability to

cause disease symptoms and its ability to grow on carbon

sources 10-32 (see Materials and Methods). None of the

transconjugants differed from their parents with respect

to any of these traits.

VII. PRESENCE OF EXCISION PLASMID SEQUENCES IN THE

CHROMOSOME

A unique sequence from pEXC8080 and pMMC7113 was

needed for use as a probe to determine if these plasmids

had integrated into the chromosome after transfer of

pMMC1012. Prior work indicated that although at least

three repetitive sequences were distributed around

pMMC7105, Bam-9 (present in pEXC8080 and pMMC7113) con-
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tained none of these sequences (Szabo and Mills 1984a).

To assure that Bam-9 did not contain other repetitive

sequences, plasmid pMMC1009 (Bam-9 cloned into pBR322)

was radiolabeled and used to probe digestion products of

pMMC7105 and whole-cell DNA from strain PP700 (both blot-

ted to DBM paper). Bam-9 was the only sequence in either

digest which showed strong homology to pMMC1009 (data not

shown). Thus, radiolabeled pMMC1009 was used to probe a

blot of BamHI-digested, whole-cell DNA isolated from

those transconjugants which apparently were cured of

pEXC8080 or pMMC7113. (Plasmid restriction endonuclease

profiles of these transconjugants are shown in Fig. 10,

lane 5 and Fig. 9, lanes 3 and 4). Only Bam-9 (of the

whole-cell DNA preparations from the recipient strains- -

PP808 and PP743) showed homology to the pMMC1009 probe

(Fig. 12B, lanes 2 and 5). As expected, pBR322 had no

homology to sequences in strains PP808 or PP743. Two

fragments from the whole-cell DNA digest of the PP743-

transconjugants showed homology to pMMC1009 (Fig. 12B,

lanes 3 and 4). One fragment corresponded in size to

Bam-9, while the size of the second fragment was esti-

mated to be 45 kb, which corresponds approximately to the

42 kb vector fragment (containing pBR322 sequences) of

the donor plasmid, pMMC1012. The same result was observed

with one of the PP808-transconjugants (Fig. 12B, lane 6).

However, in addition to Bam-9, the probe hybridized to a
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fragment in the second transconjugant--estimated to be ca

18 kb in size (Fig. 12B, lane 7). This fragment cor-

responded to the 16 kb fragment found in the BamHI plas-

mid digest of this isolate (Fig. 9, lane 4). These re-

sults indicated that all transconjugants contained Bam-9

within the chromosome. Additionally, it was possible that

Bam-9 sequences were present in the 16 kb plasmid frag-

ment of the transconjugant shown in Fig. 12B, lane 7. The

homology this fragment showed to pMMC1009 (Bam-9 cloned

into pBR322) may have been due to the presence of either

vector of Bam-9 sequences. To determine whether this

fragment was derived by recombination between the donor

plasmid, pMMC1012, and Bam-9 of pEXC8080, restriction

endonuclease digestion profiles of it and Bam-9 were com-

pared. EcoRI digestion of Bam-9 produced fragments of 3.0

and 2.0 kb (Fig. 13, lane 2) while PstI digestion pro-

duced fragments of 3.6 and 1.4 kb (Fig.13, lane 4). Di-

gestion of plasmid DNA from the transconjugant containing

the 16 kb plasmid fragment with either PstI or EcoRI

yielded none of these fragments characteristic of Bam-9

(Fig. 13, lanes 3 and 5). Thus, it is unlikely that the

16 kb BamHI fragment contains any Bam-9 sequences, but

instead appears to be comprised entirely of sequences

from the donor plasmid pMMC1012.
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FIGURE 12: Southern hybridization analysis of

BamHI-digested whole-cell DNA from P. syringae

pv. phaseolicola transconjugants which

appeared to be cured of plasmids pEXC8080 or

pMMC7113. (A)agarose gel electrophoresis of

BamHI fragments from (1)pMMC1009, (2)strain

PP743, whole-cell DNA, (3-4)transconjugants of

PP743, whole-cell DNA, (5)PP808, whole -cell.

DNA, (6- 7)transconjugants of PP808, whole-cell

DNA, (8)lambda HindIII restriction fragments

used as molecular weight standards.

(B)Autoradiogram of hybrids formed between

(32P) labeled pMMC1009 and DBM paper-bound

fragments from gel shown in A.
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FIGURE 13: Agarose gel electrophoresis of PstI and EcoRI
digested plasmid DNA isolated from pMMC1009
and an aberrant PP808 transconjugant: 1)lambda
HindIII digestion fragments used as molecular
weight standards, 2)pMMC1009 EcoRI, 3)aberrant
transconjugant EcoRI, 4)pMMC1009 PstI,
5)aberrant transconjugant PstI. Note: the 1.5
kb fragment in lane 5 is expected from the
-digestion of Bam-1-4 which is present in the
donor plasmid (pMMC1012).
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DISCUSSION

A portion of pMMC7105 sequences referred to as

common-DNA (Fig. 1A), was previously shown to be present

in all excision plasmids, including pEXC8080 (Szabo and

Mills 1984b), and considered to be essential for replica-

tion. In this study, it was shown that a 5.7 kb BglII

fragment (Bgl -2) from pEXC8080 conferred replication

properties to three pMB1 derivatives which otherwise

failed to replicate in Pseudomonas (Table 3). Other frag-

ments which did not contain this region failed to support

replication of these vectors in Pseudomonas. The replica-

tion region was defined further by the cloning of

pEXC8080 EcoRI fragments, and the deletion of XhoI frag-

ments from Bgl -2. By these methods, it was shown that all

functions necessary for replication are contained within

a 4.2 kb area (Bgl -2 minus Xho-1, Table 3), and that a

region spanning the rightmost XhoI site and the EcoRI

site of Bgl -2 (0.9 kb in size--Fig. 2) is absolutely re-

quired for replication. The 0.9 kb region was derived

from pMMC7105 Bam-1, although 0.3 kb of the 4.2 kb region

may have originated from pMMC7105 Bam-4 (Fig. 2). But,

the additional fact that plasmid pOSU0071 (Bath-1, no

Bam-4 sequences) is able to replicate in Pseudomonas

(Table 4), substantiates the conclusion that all func-

tions necessary for replication are found within se-
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quences derived from pMMC7105 Bam-1 (Fig. 7). Thus, the

replication region is found within the common-DNA as

originally proposed (Szabo and Mills 1984b), and it is

possible that pMMC7105 and all the excision plasmids use

this region for replication. These results, indicating

that the pEXC8080 replication region is between 0.9 kb

and 4.2 kb in size, agree with other plasmid studies: all

functions necessary for replication usually map to a

region 1 to 3 kb in size (Kolter and Helinski 1978; SOren

et al. 1979; Koekman et al. 1980; Danbara and Timmis

1980; Lane 1981; Veltkamp and Stuitje 1981; Gryczan et

al. 1982).

Although pMMC1008 (Bgl -2 cloned into pBR322) con-

tained the pEXC8080 replication functions, a stability

function was apparently lacking. This plasmid was lost

from strain FV-70-7b at a detectable frequency under

non-selective conditions (Table 4). The entire pEXC8080

plasmid, cloned into pBR322 at the BamHI site between

Bam-10 and Barn-1-4 (pMMC1011), gave similar results

(Table 4). This was not expected since the pEXC8080 rep-

licon is very stably maintained in its normal host; con-

tinuous culture of strain PP808 over a period of three

years had never yielded an isolate lacking pEXC8080. This

data indicated that either a stability function was en-'

coded by pEXC8080, but located at the juncture of Bam-10

and Bam-1-4 (the cloning of pEXC8080 at this site into
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pBR322 would have inactivated this function), or, a sta-

bility function was not encoded by pEXC8080, but rather

encoded by pMMC7105 sequences remaining in the chromosome

of strain PP808. Subsequently, it was shown that plasmids

pOSU0037 and pOSU0071 were stable in FV-70-7b. The only

pMMC7105 fragment they have in common is Bam-1 (Table 4).

Thus, the stability function is encoded on Bam-1 some-

where within 27 kb of sequences not found on pEXC8080

(Fig. 7). Since pEXC8080 is stable in strain PP808, this

stability function must be trans-acting; pEXC8080 is com-

plemented for stability in trans by this function- -

encoded by the pMMC7105 sequences still integrated in the

bacterial chromosome of strain PP808. This stability

function may actually be a partitioning locus. A parti-

tioning locus confers stability to a replicon, but is

physically and functionally separate from the replication

region (Meacock and Cohen 1980; Nordstrom et al. 1980).

Although the stability function identified on Bam-1 is

physically separate from the replication region located

on this fragment (Fig. 7), it is not known whether there

is also a functional independence. A gene which increases

the copy number of a replicon (replication control gene)

could possibly mimic the effects of a partitiOning locus.

One way to determine whether or not the stability func-

tion is a partitioning locus, would be to compare the

copy number of a stable pEXC8080 replicon (pOSU0071) to
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that of an unstable pEXC8080 replicon (pMMC1008). If they

were the same, then it could be concluded that the sta-

bility region is actually a trans-acting partitioning

locus. Trans-acting partitioning loci have been dis-

covered in conjunction with a cis-acting partitioning

locus (Ogura and Hiraga 1983). It is thought that the

trans-acting products interact with the cis-acting par-

titioning locus (sopC) to facilitate binding of the rep-

licon at sopC to the cell membrane. If an analogous situ-

ation existed with pMMC7105, a cis-acting partitioning

locus would be present within the Bam-1 sequences found

on pEXC8080 and mutations within this region would be

expected to lead to plasmid instability.

Previous results indicated that pEXC8080 was formed

by recombination between BamHI fragments 4 and 1 of

pMMC7105 (Szabo and Mills 1984). These fragments are

known to have a common repetitive sequence, RS-I, which

is believed to act as a site for homologous recombination

(Szabo and Mills 1984a). pMMC7105 is known to have at

least five copies of RS-I in various BamHI fragments

(Szabo and Mills 1984a). RS-I sequences were first

detected within a 0.65 kb area on the extreme left end of

Bam-8 (Fig. 1A). Bam-14 (2.0 kb), which is contiguous

with these sequences, also contains RS-I sequences. If

RS-I were conserved within pMMC7105, and spanned the

BamHI site between Bam-8 and Bam-14, one would expect
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other copies of RS-I located on pMMC7105 to contain a

BamHI site. No other BamHI fragments of pMMC7105

containing RS-I are contiguous (Szabo and Mills 1984b).

Thus, it is possible that separate RS-Is are present on

Bam-8 and Bam-14. If this were so, then RS-I would be

smaller than 0.65 kb in size. In this study, restriction

analyses of pMMC7105 and pEXC8080 sequences indicated

that the site of recombination on pEXC8080 is located

within a 1.8 kb region on the left end of Bgl -2 (Fig. 2).

The fact that Bam-1 and Bgl -2 both contain identically

sized XhoI fragments of 1.5 kb (Fig. 5) could indicate

that the site for recombination is within the 0.3 kb

region at the extreme left end of Bgl -2, and, if

recombination occurred within RS-I sequences, then RS-I

should be located within this region. This would be in

agreement with the proposed size of RS-I on Bam-8

(smaller than 0.6 kb). However, this cannot be positively

concluded since it is possible that recombination during

excision of pEXC8080 formed a 1.5 kb XhoI fragment

(Xho-1) which fortuitously was the same size as an XhoI

fragment present elsewhere in Bam-1. Identification of an

additional restriction site within the fragment, Xho-1,

or probing an XhoI digest of pMMC1008 with should

clarify this situation.

Restriction fragments of pEXC8080 (which included

the replication region) were tested for incompatibility
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by cloning them into vectors (pMMC1001, pBR322, or

pBR325) and transferring them to strain PP808; trans-

conjugants were then assayed for the presence of donor

and recipient plasmids. Since pMMC1016 (Bgl -2 cloned into

pMMC1001) did not specify incompatibility to pEXC8080, it

could be concluded that neither Bgl -2 nor pMMC1001 (con-

structed from pBR325 and RK2 sequences) encoded this

property. It was expected that pMMC1001 would be able to

co-habitate with pEXC8080 since it has been observed that

the IncP1 plasmid, RP4 (thought to be identical to RK2),

is able to co-habitate with pMMC7105 (Curiale 1980). Sub-

sequent experiments indicated that incompatibility was

encoded somewhere within a 7.3 kb region at the extreme

left end of Bam-1 and/or a 6.3 kb region at the right end

of Bam-4 (Fig. 7). Of the two, only the region on Bam-1

is common to both pMMC7113 and pEXC8080. Since both plas-

mids showed incompatibility to the cloned pEXC8080 incom-

patibility determinant, a cis-acting incompatibility

determinant would have to be located within this region.

As discussed above, a cis-acting partitioning locus could

be located within the left end of Bam-1. Since parti-

tioning loci have been associated with incompatibility

effects (Nordstrom et al. 1981; Ogura et al. 1983), it is

possible that a single locus, specifying both incompat-

ibility and partitioning, is located within the left end

of Bam-1.
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The plasmid functions identified from pEXC8080 and

pMMC7105 could have several uses. Since standard cloning

vectors derived from RK2 are not stably maintained in

Pseudomonas under non-selective conditions (Niepold et

al. 1984), these functions could be used to construct a

new cloning vector for Pseudomonas. Plasmids pMMC1020 and

pMMC1017 (Table 3, Fig. Al and A2) contain the pMB1 ori-

gin for replication in E. coli and can be mobilized into

Pseudomonas where they replicate from the pEXC8080 ori-

gin. pMMC1020 contains a unique Sall restriction endo-

nuclease site in addition to a unique PstI site for the

insertional inactivation of the ampicillin resistance

gene, while pMMC1017 contains unique BamHI and SalI sites

within the tetracyclyine resistance gene. Since pMMC1011

is unstable (Table 4), it is expected that neither plas-

mid would be stably maintained in Pseudomonas under non-

selective conditions, but either could be used to iden-

tify the stability function located within the right end

of Bam-1. This could be done by cloning SalI or PstI

fragments from this region into the two plasmids and sub -.

sequently testing for stability.

Plasmid pMMC1016 seems to undergo rearrangements and

deletions after transfer to Pseudomonas. ThiS was ob-

served after transfer to the plasmidless strain FV-70-7b

(Fig. 6A, lanes 4 and 5) and strain PP808 (Fig. 8, lane

3). In both cases the 42.0 and 5.4 kb EcoRI fragments are
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replaced with 7.9 and 6.8 kb EcoRI fragments. Since

FV-70-7b is plasmidless and, in the case of PP808, the

restriction profile of pEXC8080 is unaltered, it can be

concluded that these rearrangements are intramolecular

events which do not involve recombination between two

different replicons. The rearrangement of pMMC1012 se-

quences which occurs in strain PP808 (Fig. 9, lane 4)

also seems to result from a similar event, although the

changes observed after moving pMMC1012 into other strains

of the pv. phaseolicola cannot be so easily explained.

Using strain PP743 as the recipient, the indigenous plas-

mid (pMMC7113) was no longer present in the plasmid frac-

tion of transconjugants. Similar results were observed

with transconjugants of PP808. This was also expected

with the other excision plasmids and perhaps pMMC7105 as

well, since they should all be of the same incompat-

ibility group. But instead, two different types of re-

sults were found: (i)either transconjugants appeared to

retain all the sequences of the recipient plasmid, but

at a reduced copy number (pEXC8090, pMMC7105) as seen in

Fig. 11B, or (ii)some sequences of the recipient plasmid

were retained and some were lost (pMMC7115). In the

experiments performed with four of the other five strains

(PP601, PP612, PP622, PP631), the same two responses were

observed. However, in the fifth strain, PP652 appeared

to be cured of pPP6520 (Fig. 10). The observation that
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only the smallest excision plasmids are lost could

indicate that sequences on the larger plasmids encode

functions necessary for the viability of the organism. If

pMMC7105 and the large excision plasmids contain a second

replication region and incompatibility determinant, then

they could be maintained in the same cell as pMMC1012

which contains the pEXC8080 replication region and

incompatiblitiy determinant. It is possible that weak

incompatibility might still be expressed between the two

-plasmids--causing the apparent reduction in copy number.

Deletion of the pEXC8080 incompatibility region from the

indigenous plasmid (pMMC7105 or a large excision plasmid)

would alleviate this residual, weak incompatibility.

Plasmids have been found to contain multiple,

functionally-distinct replication regions (Danbara et al.

1980; Lane 1981), and in some cases two plasmids using

different replication regions still may exhibit weak in-

compatibility (Nordstrom et al. 1981). A number of trans-

conjugants identified in this study appear to have lost

Bam-9 and Bam-10 (such as those of PP715), or lost frag-

ments which co-migrate with Bam-9 and Bam-10 from their

indigenous plasmids (those of PP622, PP631, PP601). A

deletion which included these fragments, might also in-

clude the incompatibility determinant identified from

pEXC8080--either on the left end of Bam-4 or the right

end of Bam-1 (Fig. 7). These plasmids might then be able
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to co-habitate at normal copy numbers with pMMC1012,

which carries pEXC8080 incompatibility.

A strict correlation was observed between pMMC7105-

like plasmids and the ability to use D(+)xylose and

Betaine as sole sources of carbon for growth, as well as

the ability to cause systemic symptomology when inoc-

ulated onto the bean cultivar, Red Mexican (Table 5). In

addition, two of the three strains containing pMMC7105-

like plasmids (PP612, PP622) were unable to use L-proline

for growth, whereas all other strains could use it. It is

possible that proline utilization is encoded by the plas-

mids of 122 kb or 130 kb found in strains PP601, PP631,

and PP652, but is chromosomally encoded in strain LR700

and the excision plasmid strains.

Another significant observation was that, unlike all

the other excision plasmid strains, strain PP808 was un-

able to use DL-serine for growth. The excision of

pEXC8080 possibly could have interrupted the genetic in-

formation encoding this trait. Also, none of the strains

bearing excision plasmids were able to incite systemic

symptoms on the bean plant. This observation was made

previously and can be be attributed to mutagenesis of the

strain from which the integrated form of pMMC7105 was

isolated (Curiale and Mills 1982). Although indigenous

plasmids appeared to be lost from three strains after

transfer of pMMC1012, none of the correlations mentioned
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above could be substantiated. One alternative method for

investigating these questions would be to transfer a

clone bank of pMMC7105 DNA or LR700 whole-cell DNA into

strains PP601, PP631, or PP652 and select or screen for

D(+)xylose or Betaine utilization. Transfer of the clone

bank to strain PP808 might identify gene(s) for DL-serine

utilization. These methods would not be successful if

multiple, widely-dispersed genes encoded each of these

traits.

The integrated form of pMMC7105 in the bacterial

chromosome was originally found following mitomycin C

treatment (Curiale and Mills 1982). This was a singular

event and previously there was no evidence to indicate

that plasmid integration took place under natural con-

ditions. In this study, two pMMC7105 excision plasmids,

pMMC7113 and pEXC8080, were not detected in the plasmid

fractions of transconjugants which had received the

cloned pEXC8080 incompatibility determinant (pMMC1012).

BamHI fragment 9 from pMMC7105, which was present in both

of these excision plasmids, was used as a probe to deter-

mine whether or not these plasmid sequences were present

in the chromosome. The results indicate, unequivocally,

that Bam-9 is present in the chromosomal sequences of

these transconjugants (Fig. 12). Assuming that excision

occurs by a conservative mechanism of general recom-

bination at the repetitive sequences present on pMMC7105
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and the chromosome (as proposed by Szabo and Mills

1984a), then there are two possible reasons for the pres-

ence of Bam-9 in chromosomal sequences: (i)either

pMMC7105 or a related plasmid (see Table 2) bearing Bam-9

integrated into the bacterial chromosome sometime in the

past (the result of a natural event), or, (ii)pEXC8080

and pMMC7113 integrated into the chromosome in response

to the transfer of pMMC1012 into PP808 and PP743. Fifteen

independently-isolated transconjugants of strains PP808

and PP743 were analyzed for plasmid DNA and each showed a

loss of their excision plasmid. Four of these fifteen

transconjugants, were analyzed by Southern-blot hybrid-

ization and each showed Bam-9 to be present in the

chromosome. Thus, if the excision plasmids did integrate

into the chromosome due to transfer of pMMC1012, it seems

to be a common event--happening in response to the con-

jugal transfer of a plasmid belonging to the same incom-

patibility group. If this is the case, it is not clear

why the larger excision plasmids (pMMC7115 and pEXC8090),

as well as pMMC7105, did not integrate. Strains LR745

(pMMC7115), LR700 (pMMC7105), and PP809 (pEXC8090)

yielded transconjugants at about the same frequency as

strains PP743 and PP808 (Table 6), yet none showed a loss

of its indigenous plasmid. These results suggest that

pMMC7113 and pEXC8080 have actually been cured, and did

not integrate into the chromosome. A radiolabeled, non-
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repetitive segment of pEXC8080 fragment Bam-1-4 could be

used to probe whole-cell DNA BamHI digests of PP808

transconjugants to verify this hypothesis. Only Barn-1-4,

which is part of the pMMC1012 plasmid present in these

isolates, is expected to show homology to the probe if

these transconjugants are cured of their plasmids. If

this fragment, as well as two new fragments, show homol-

ogy to the probe, it can be concluded that pEXC8080 has

integrated into the chromosome. If a fragment the size of

pMMC7105 Bam-1 shows homology to the probe, then a copy

of sequences (Bam-9, Bam-1), previously thought to be

present only on the excision plasmid, must have been

present in the chromosome prior to the transfer of

pMMC1012. Although the latter case could be the result of

a natural integration of pMMC7105 or a related plasmid,

an alternative explanation exists: instead of excision

occurring by general homologous recombination at the

repetitive sequences as previously suggested (Szabo and

Mills 1984a), it might occur by a replicative mechanism.

Such a process might be analogous to the transposition of

Tn3 (Kleckner 1981).

Mapping of plasmid functions by utilizing cloned

incompatibility determinants from pEXC8080 to eliminate

incompatible excision plasmids may not be feasible be-

cause of the presence of pMMC7105 sequences on both the

excision plasmid and within the chromosome of a given
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strain. The existence of Bam-9 in the chromosome of

strains believed to be cured of plasmids bearing this

fragment (Fig. 12B) was unexpected. Either plasmid inte-

gration in P. syringae pv. phaseloicola is more common

than previously thought, or excision occurs by a repli-

cative mechanism instead of a conservative mechanism. It

is not known whether this complication will apply to

other indigenous plasmids of the phaseolicola pathovar,

such as pPP6520 which also appeared to be cured from

pp652 after transfer of pMMC1012.
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CONCLUSION

Imprecise excision of pMMC7105 from the chromosome

of P. syringae pv. phaseolicola has resulted in the for-

mation of several small excision plasmids (Szabo and

Mills 1984b) which should prove useful for mapping spe-

cific plasmid functions. The smallest excision plasmid,

pEXC8080 (35 kb), was used in this study to map the rep-

lication region, the incompatibility determinant, and the

site where recombination occurred during excision. The

replication region was found within sequences which ori-

ginated from Bam-1 of pMMC7105, and is between 0.9 and

4.2 kb in size. An incompatibility determinant maps to

regions of 7.3 kb and 6.3 kb derived from pMMC7105

fragments Bam-1 and Bam-4, respectively; it could not be

determined from these experiments whether both regions

were required for the expression of incompatibility. The

site where recombination occurred during the formation of

pEXC8080 is within a 1.8 kb region of Bam-1-4.

Additionally, a region of pMMC7105 fragment Bam-1 (not

included within pEXC8080) was found to stabilize the

pEXC8080 replication region in a strain of P. syringae

pv. syringae. Finally, although correlations between

pMMC7105-like plasmids and the occurrence of several

phenotypic traits were established, they could not be

confirmed by using the pEXC8080 incompatibility
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determinant to eliminate these plasmids. Three plasmids

appeared to be cured, but Southern-blot analysis revealed

a possible complication in these experiments. Two

strains, presumed to have been cured of their plasmids,

contained unique, plasmid sequences integrated into the

bacterial chromosome. Either plasmid integration in P.

syringae pv. phaseolicola is more common than was

previously thought, or excision of pMMC7105 sequences

from the chromosome occurs by a replicative mechanism

instead of a conservative mechanism.
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APPENDIX

Plasmids pMMC1017 and pMMC1020 should be useful as

cloning vectors in Pseudomonas. Both plasmids contain the

pMB1 origin for replication in E. coli as well as the

replication region isolated from the Pseudomonas syringae

pv. phaseolicola plasmid pEXC8080. In addition, each

plasmid has two cloning sites and encodes two antibiotic

resistances. Plasmid pMMC1020 (Fig. Al) was constructed

by cloning the 5.7 kb BglII fragment (Bgl -2) from

pEXC8080 into the BamHI site of pBR325. Plasmid pMMC1017

(Fig. A2) was constructed by cloning a fragment (Fig. 1B,

coordinates 18.7-28.3) from a pEXC8080 EcoRI partial di-

gestion, into the EcoRI site of pBR325. Neither plasmid

should be completely stable in Pseudomonas in the absence

of selective pressure.
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FIGURE A2: Plasmid pMMC1017


