
AN ABSTRACT OF THE THESIS OF

Gregory Bertoni for the degree of Master of Science in

Botany and Plant Pathology presented on June 12, 1987.

Title: Biological and Molecular Characterization of Wild

Type Parental and Nonpathogenic Mutant Strains of

Pseudomonas syringae pathovars phaseolicola and svringae

Abstract approved:

Redacted for Privacy
/ Larry Moore

The in planta growth of three wild type strains of

phytopathogenic bacteria and three nonpathogenic mutant

strains was studied to determine if mutations eliminating

the ability of the mutant strains to cause disease had

affected their growth in leaf tissue. The mutant strains

were obtained by Tn5 mutagenesis of Pseudomonas syringae pv.

phaseolicola strain PP7010 and P. svringae pv. syringae

strain PS9020, organisms which respectively cause halo

blight of bean and bacterial brown spot of bean.

Through cloning of Tn5-containing genomic DNA,

bacterial conjugation, auxanography, and genetic marker

exchange experiments, these studies demonstrated that the

Tn5 mutation in strain PP7014 of P. svringae pv.

phaseolicola had created an auxotrophic requirement for

uracil and had caused an inability to produce typical

necrotic and chlorotic disease symptoms in bean leaves.



A simple and reproducible bioassay was developed to

monitor bacterial growth in leaf tissue. Using this

bioassay, mutant PP7014 was shown to be incapable of growth

in planta, presumably due to its inability to obtain uracil

for growth in the leaf. However, a similar Tna arginine

auxotroph, PP7510, was capable of multiplication in bean

leaves, demonstrating that prototrophy of P. svringae

phaseolicola is not a prerequisite for pathogenicity.

Growth studies with pathogenic wild type P. svrinciae

pv. svringae strains J900 and PS9020 revealed a correlation

between growth j planta and the severity of symptom

expression. Altered growth patterns and symptom expression

were shown for two nonpathogenic strains derived by Tna

mutagenesis of PS9020. Mutant strain PS9021 was incapable

of in planta growth and disease symptom expression. Mutant

strain PS9024, although initially capable of rapid

multiplication in bean leaves, was unable to maintain the

high population levels and produce the characteristic

symptoms of the parental wild type strain.

Further growth studies were conducted to investigate

the complementation of the Tna mutation in PS9021 by cosmids

containing wild type PS9020 DNA homologous to the mutated

region. Although stable throughout multiple rounds of

bacterial replication, the cosmids could partially, but not

completely, restore the wild type in planta growth and

symptom expression pattern to PS9021.
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Biological and Molecular Characterization of Wild Type
Parental and Nonpathogenic Mutant Strains of Pseudomonas

svringae pathovars phaseolicola and syrinqae

CHAPTER I

INTRODUCTION

An understanding of the molecular events involved in

plant pathogenesis and disease expression by bacterial

phytopathogens will provide valuable insight into the

mechanisms by which a pathogen is able to colonize host

tissue and cause disease losses. Ultimately, this knowledge

can lead to the design of control strategies to limit or

prevent damage to economically important crop plants by

phytopathogens. Specific genetic determinants required by

bacterial pathogens for disease expression are poorly

understood and were the subject of a recent extensive review

(Panopoulos and Peet, 1985), which discussed the use of

modern molecular genetic techniques to analyze the genomes

of plant pathogens.

Significant among these techniques is the use of

transposon mutagenesis for creating genetic lesions in, and

allowing subsequent isolation of, gene sequences required by

a plant pathogen for disease expression. A review of the

potential for using transposon mutagenesis in the study of

phytopathogenicity was recently published by Mills (1985) .

Analysis of the in planta_ growth of transposon-induced

nonpathogenic mutant strains is important in determining the
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biological relevance of specific mutations in a wild type

pathogen which eliminate its ability to cause plant disease.

This thesis investigated the in planta growth of three

nonpathogenic mutants of P. syringae pv. phaseolicola

(Burkholder) Young et al. and P. svringae pv. syringae Van

Hall. Respectively, these organisms cause halo blight of

bean (Phaseolus vulqaris L.) and bacterial brown spot of

bean (Schroth, et al., 1983; Miller and Pollard, 1976) . The

nonpathogenic mutants were obtained by Anderson and Mills

(1985) after Tn1 mutagenesis of parental wild type strains

PP7010 (P. syringae pv. phaseolicola) and PS9020 (13.

svringae pv. svringae) , and were shown to be incapable of

causing wild type disease symptoms characteristic of the

parental strains.

Mutant strain PP7014, obtained from the parental wild

type strain PP7010, had been shown to be reduced in its

ability to induce necrotic lesions on leaf tissue. Equal

concentrations (10
9 colony-forming units (CFU)/m1) of the

two strains were swabbed onto primary leaves of lima bean

(P. lunatus L. PI 199791) . PP7014 was able to produce only

40% as many necrotic disease lesions per cm 2 of leaf tissue

as was PP7010.

Mutant strains PS9021 and PS9024, derived from the

parental wild type strain PS9020, had also been shown to be

reduced in their abilities to produce necrotic lesions on

leaf tissue. Several concentrations of inocula of each of

the three strains were injected into bean primary leaves to
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determine the minimum concentration required to induce

necrosis at inoculated sites. While the parental strain

PS9020 induced necrosis at concentrations as low as 5 X 105

CFU/ml, concentrations of 10
9

and 5 X 10
7 CFU/ml were

required of mutant strains PS9021 and PS9024, respectively,

to induce similar necrosis.

No effort was made by Anderson and Mills (1985) to

study the in planta growth characteristics of these strains

to determine whether the Tn1 mutations had disrupted disease

expression by eliminating the ability of the mutant strains

to grow in planta or whether the mutations had affected

disease expression in a manner unrelated to in planta

growth. The three mutants PP7014, PS9021, and PS9024 were

originally characterized as prototrophic in axenic culture,

but the present study revealed that PP7014 had an

auxotrophic requirement for exogenous uracil.

Disease expression by a pathogen can be described in

both qualitative and quantitative terms. This thesis will

adopt the nomenclature of Yoder (1980), who defined

pathogenicity as a qualitative term describing the ability

of an organism to cause plant disease and virulence as a

quantitative measure of the extent of disease incited.

Thus, pathogenicity determinants are absolutely required for

disease expression, while virulence determinants affect the

level of disease damage.

The original characterization of the Tn5 mutants

obtained by Anderson and Mills (1985) suggested that the
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mutations had disrupted virulence determinants, as these

strains, when inoculated at high concentrations, were

reduced in their ability to induce wild type symptom

expression. However, the present studies showed that, when

inoculated at lower concentrations more typical of wild type

infection (Sands gt al., 1980), these mutants were

completely nonpathogenic. This lack of disease expression

suggested mutation of pathogenicity determinants required

for typical wild type symptom expression.

The in planta, growth and symptom expression of several

other mutants derived from wild type pathogens have been

investigated by other researchers in efforts to correlate

genotypic alterations with changes in disease-producing

capability. These studies have examined both virulence and

pathogenicity determinants, and have begun to reveal how

phytopathogens are able to incite disease.

For example, ultraviolet irradiation of P. syringae pv.

phaseolicola yielded a mutant deficient in the ability to

produce phaseolotoxin, the compound responsible for the

characteristic chiorotic halos associated with P. svringae

pv. phaseolicola infection (Patil et al., 1974) . This tox

mutant was unchanged in its ability to multiply in host

tissue and in its ability to utilize a wide variety of sole

carbon sources in culture. This mutant, while unaltered in

its in planta growth, did not produce disease symptoms as

severe as the wild type pathogen. Hence phaseolotoxin was

designated as a virulence determinant.
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These authors suggested a division of the disease

expression of P. syrinqae pv. phaseolicola into two distinct

traits: the ability to multiply in vivo and the ability to

cause systemic chlorosis due to phaseolotoxin production,

traits which broadly correspond to Yoder's concepts of

pathogenicity and virulence. The recent cloning of gene

sequences required by P. svringae pv. phaseolicola for

phaseolotoxin production may reveal molecular mechanisms

controlling the production of this virulence determinant

(Romeo and Patil, 1984; Peet et al., 1984) .

A report by Comai and Kosuge (1982) described the

cloning and characterization of a plasmid-borne virulence

determinant from P. svrinqae pv. savastanoi which induced

the production of tumorous galls on olive and oleander hosts

through the production of indoleacetic acid. This

phytohormone, while not required by the bacteria for growth

in planta, drastically increased the severity of disease and

economic loss (Smidt and Kosuge, 1978) . They have since

described a transposable element, ISal (Comai and Kosuge,

1983), which causes mutations in plant pathogenic bacteria

and should be useful in the investigation of nonpathogenic

and reduced-virulence mutants.

Recent studies by Daniels et al. (1984) involved

complementation of a nonpathogenic mutant of Xanthomonas

campestris pv. campestris using wild type gene sequences

from a cosmid clone library constructed with pLAFR1

(Friedman et al., 1982) They have shown this nonpathogenic
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mutant to be deficient in production of extracellular

protease and polygalacturonate lyase. These determinants

were thus considered pathogenicity determinants, since their

absence in the mutants eliminates ability to cause disease.

Production of disease determinants can have multiple

effects upon the disease process. Pleiotropic effects of

phaseolotoxin production by P. svringae pv. phaseolicola

were demonstrated by Staskawicz et al. (1980) . This toxin

inhibits the enzyme ornithine transcarbamoylase (OTCase),

and interferes with arginine biosynthesis via the urea cycle

(Gnanamanickam and Patil, 1976) . Wild type tox+ strains

grown at the optimal temperature for phaseolotoxin

production (18 C) had a toxin-insensitive OTCase. If grown

at a nonpermissive temperature for phaseolotoxin production

(30 C), these strains and also tox strains had a toxin-

sensitive OTCase. However, the in planta growth of tox+ and

tox strains was not measured. Such a growth study could

determine whether there are additional pleiotropic effects

of phaseolotoxin upon the abilities of the strains to

colonize host tissue.

In planta growth was, however, investigated in a study

f spontaneous tox mutants of P. svrinciae pv. tabaci, the

causal agent of tobacco wildfire disease (Turner and Taha,

1984) . These mutants were deficient in the production of

tabtoxin, a glutamine synthetase (GS) inhibitor (Thomas and

Durbin, 1985), and were unable to cause the characteristic

NH
4

+ accumulation and chlorophyll loss seen in diseased host
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plants infected with wild type strains. Pleiotropic effects

of toxin production included an immunity of the wild type

strain to its own toxin, possibly due to GS adenylylation

that may have significantly protected the enzyme present in

the wild type strain (Knight et al., 1986) .

Initial in planta growth of the tox mutants was

similar to that of the wild type strain of P. syrinciae pv.

tabaci. However, after three days in the tobacco leaf,

populations of the tox mutants declined while those of the

wild type continued to increase. This prompted the authors

to refer to the mutant as a "non-pathogenic parasite"

(Turner and Taha, 1984) . They also reported inhibited

growth of the tox- strain by tabtoxin, and unaffected or

stimulated growth of the wild type strain by the toxin.

These results suggest a close association of the production

of this disease determinant by the pathogen with its in

planta growth and symptom expression.

The complexity of the plant-pathogen relationship is

further illustrated by the isolation of bacterial genes

encoding avirulence determinants (Staskawicz, 1984) . In a

plant with the appropriate resistant genotype, the presence

of these avirulence determinants in a bacterium is believed

to prevent pathogenicity by interacting with host plant

resistance mechanisms that act to limit pathogen growth.

Groth and Braun (1986) have recently shown that the

host plant genotype may affect disease expression in a

manner unrelated to pathogen growth limitation. Xanthomonas
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campestris pv. cilvcines was shown to grow equally well in

isogenic susceptible and resistant cultivars of soybean.

However, in the resistant cultivar containing the recessive

rxP gene (Hartwig and Lehman, 1951), the severity of

characteristic disease pustules was significantly reduced.

Thus, it is evident that the ability of a bacterium to

incite disease is dependent upon a complex interaction among

its pathogenicity, virulence, and avirulence determinants

and plant resistance mechanisms. Studies of in planta

growth of wild type pathogens and related mutants unable to

cause disease will increase our understanding of the genetic

determinants which enable a bacterial strain to be

successfully pathogenic and fully virulent. Genetic studies

of pathogen disease determinants in relation to biological

studies of pathogen in planta growth will help reveal how

pathogenic organisms can colonize susceptible hosts to

produce disease.

Other researchers have studied the growth of bacterial

foliar pathogens and mutants derived from these pathogens,

using a variety of inoculation and sampling methods.

Bacterial inoculation methods have included a spray from an

painter's airbrush (Ercolani and Crosse, 1966; Lyon and

Wood. 1976; Stadt and Saettler, 1981; Groth and Braun,

1986), vacuum infiltration (Keen et al., 1981), application

with a sterile needle (Omer and Wood, 1969), swab

inoculation (Ercolani, 1985), and syringe infiltration

(Randhawa and Civerolo, 1985).
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Bacterial inoculum concentrations ranged from 8 x 103

CFU/ml (Gnanamanickam and Patil, 1976) to 108 CFU/ml (Lyon

and Wood, 1976) and the age of inoculated leaves from five

hours (Gnanamanickam and Patil, 1976) to three weeks (Stadt

and Saettler, 1981). Sample units ranged from small leaf

disks to groups of whole leaves, and tissue grinding was

typically performed with either a mortar and pestle or a

commercial tissue grinder, requiring as much as five minutes

per sample.

Problems with these methods may include application of

imprecise numbers of bacteria, non-uniform sampling units,

subjective sampling, lengthy processing times in a variety

of tissue grinders, excessive heat generated during

grinding, and the possibility of pathogen release into the

environment following inoculation.

This thesis describes a simple, reproducible, and

inexpensive biological assay to accurately monitor the

growth rates of well-defined bacterial populations in plant

leaves. This bioassay was used successfully in bean leaves

to compare the in planta, growth of three wild type strains

of P. svrinqae pvs. phaseolicola and svrinqae with that of

three Tn2-induced mutant strains which were unable to

produce characteristic disease symptoms.

Specifically, this thesis investigated the following

questions. Was the Tn5 insertion which produced strain

PP7014 associated with its auxotrophic requirement for

uracil and its lack of symptom expression? Could a reliable
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and efficient bioassay be developed to accurately monitor

the growth of this and other bacterial strains in bean leaf

tissue? Would these Tnl-induced mutant strains show altered

in planta growth compared to their respective wild type

parental strains? How are differences in in planta growth

related to differences in disease expression?

Determination of the growth patterns of these mutants,

in conjunction with further genetic information concerning

the sequences disrupted by Tn5, will enable a clearer

understanding of exactly what genetic determinants are

required by a pathogen for the ability to grow in host

tissue and cause disease.
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CHAPTER II

MATERIALS AND METHODS

Bacterial strains and plasmids

Lists of Pseudomonas svrinciae pv. phaseolicola strains,

P. svringae pv. syringae strains, and plasmids used in this

study are provided in Tables II-1, 11-2, and 11-3.

Media

Bacteria were grown using MaNY medium (Szabo and Mills,

1984a) for Pseudomonas strains, LB medium (Maniatis et al.,

1982) for E. coli strains, and Stolp medium (Rhodes, 1959)

for triparental matings using both Pseudomonas and E. coli

strains. MaS minimal medium (Curiale and Mills, 1977), with

or without added nutrients, was used for auxanography.

King's B medium (King et al., 1954) was used to test for the

diagnostic fluorescence of P. syrinciae pvs. svringae and

phaseolicola.

Bacterial strains were grown either in shaking broth

culture (E. coli, 37 C; Pseudomonas, 28 C) or on 1.5% agar

plates (E. coli, 37 C; Pseudomonas, 22 C). When

appropriate, media were supplemented with antibiotics from

Sigma Chemical Company (St. Louis, MO.) to final

concentrations of: streptomycin (sm), kanamycin (km),

ampicillin (ap), and rifampicin (rf), 50 pg/ml;

tetracycline (tc) , 12 pg/ml; chloramphenicol (cm) , 30

pg/ml).



Table II-1. Pseudomonas syrinclae pv. phaseolicola strains.

Strain Origin In planta Nutritional Antibiotic Source
Phenotype Phenotype Resistances

PP7010 wild type pathogenic prototrophic spont. sm, rf b

PP7014 PP7010::Tn5 nonpathogenic uracil sm, rf, km b

PP7114 c pathogenic prototrophic sm, rf, km, tc this study

PP7214 d nonpathogenic uracil sm, rf, km this study

PP7507 PP7010::Tna nonpathogenic leucine sm, rf, km b

PP7510 PP7010::Tna pathogenic arginine sm, rf, km b

a sm, rf, km, tc = streptomycin, rifampicin, kanamycin, tetracycline.

b Anderson and Mills, 1985.

c PP7114 = transconjugant PP7010(pOSU7914).

d
PP7214 = PP7714 after marker exchange of Tna from pOSU7914 into homologous region of

chromosome and subsequent loss of recombinant plasmid.



Table 11-2. Pseudomonas syrinclae pv. svrinciae strains.

Strain Or ig in In planta Antibiotic
Res istancesa

Source
Phenotype

J900

PS9020

PS9021

PS9024

wild type

wild type with

PS9020::Tna

PS9020::Tna

pathogenic

pathogenic

nonpathogenic

nonpathogenic

none

spont. sm

sm, km

sm, km

b

c

c

c

a
sm, km = streptomycin, kanamycin.

b
J. Lindemann, Dept. of Plant Pathology, Univ. of Wisconsin, Madison, WI.

c
Anderson and Mills, 1985.
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Table 11-3. Plasmids maintained in E. coli strain HB101.

Plasmid Antibiotic
Res istancesa

Reference

Plasmid cloning vectors:

pBR322

pBR325

pRK290

ap r
, tc

r

ap r
, tc

r , cmr

tc
r

Bolivar et al., 1977

Bolivar et al., 1977

Ditta a al., 1980

Helper plasmid for triparental matings:

pRK2013 kmr Figurski and
Helinski, 1979

Chimaeric plasmidsb:

pOSU7014 ap
r

, tc
r , kmr this study

pOSU7714 ap
r

, tc
r , kmr , cmr this study

pOSU7814 ap r
, tc

r
, kmr this study

pOSU7914 tc r
, kmr this study

a ap r
, tc r , cmr , kmr = ampicillin, tetracycline,
chloramphenicol, kanamycin resistant

b Plasmids which have the cloned Tnacontaining EcoRI
fragment from mutant PP7014.
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Auxanography

Nutritional requirements for Pseudomonas strains were

determined on MaS minimal medium using the nutrient pools as

described by Davis et al. (1980) . Auxotrophies determined

for these strains were verified by testing for growth on MaS

with or without the appropriate nutrient.

DNA isolation and genetic techniques

Pseudomonas total DNA was isolated using the method of

Comai and Kosuge (1983), as modified by Szabo and Mills

(1984b). E. coli plasmid DNA was isolated using the

alkaline lysis procedures as described by Maniatis et al.

(1982) . Restriction enzymes and bacteriophage T4 ligase

were purchased from Bethesda Research Laboratories,

Gaithersburg, MD, and used according to the manufacturer's

specifications. DNA fragments were analyzed in 0.7% to 1.0%

agarose gels made from 1X TAE buffer (Maniatis et al., 1982)

by UV visualization following staining with 0.5 pg/m1

ethidium bromide. Transformation of E. coli HB101 with

recombinant DNA molecules was performed using the calcium

chloride procedure described by Maniatis et Al. (1982) .

Molecular cloning of the Tn5containing EcoRI fragment from
PP7014 genomic DNA

PP7014 genomic DNA and pBR325 were digested to

completion with EcoRI in separate reactions. Equal amounts

of the digested DNAs (750 ng each) were ligated at 12.5 C

for 24 hours in a 20 )11 reaction which contained 6 units of

T4 DNA ligase. Five 100 pl aliquots of competent E. coli
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HB101 cells were transformed using 20% of the ligated

mixture for each transformation. Four of these were plated

on LB plates containing ampicillin and kanamycin to select

for cells harboring a recombinant pBR325 molecule (apr)

containing the EcoRI fragment into which Tn5 (kmr) was

inserted in PP7014. The other aliquot was plated onto an LB

plate containing only ampicillin to ascertain the

transformation frequency. Plates were incubated overnight

at 37 C.

Triparental bacterial mating

Loopfuls from 2 day plate cultures of E. coli donor, E.

coli helper, and Pseudomonas recipient were mixed in the

ratio af 1:1:2 on an antibiotic-free Stolp plate which had

been air-dried for thirty minutes in a sterile hood. After

24 hours growth at 22 C, a loopful of the mating mixture was

spread onto an LB plate with antibiotics to select for the

recipient Pseudomonas strain containing the donor plasmid.

Single colonies of putative Pseudomonas transconjugants from

this selection plate were tested for characteristic

fluorescence on King's B medium.

Swab inoculations of P. svringae PV. phaseolicola strains

Disease symptom expression on the susceptible Phaseolus

vulgaris L. cultivar 'Eagle' (Asgrow Seed Company, Twin

Falls, ID) was initially tested using a swab bioassay.

This assay was used for the original characterization of

mutant P. svrinqae pv. phaseolicola strains (Anderson and
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Mills, 1985). Cultures were grown in MaNY broth plus

appropriate antibiotics to early log phase (1-6 x 10
7

CFU/ml) in a shaking incubator at 28 C. For each strain, a

5 ml liquid culture was pelleted and the pellet resuspended

in an equal volume of K buffer (0.01 M K2HPO4 /KH2PO4, pH

7.0), and this suspension, along with ten-fold and 100-fold

dilutions in K buffer, was used for inoculation. A sterile

cotton swab was dipped into sterile silicon carbide powder,

then into a bacterial suspension, and brushed lightly over

the underside of a recently expanded primary leaf until

uniform wetting was observed. Plants were placed at 18 C

and covered with small plastic bags for the first 72 hours

to maintain high relative humidity. Inoculated leaves were

checked for symptom expression seven days post-inoculation.

Inoculation trials for in planta growth studies

A bioassay was desired which would allow monitoring of

in planta growth characteristics for the strains under

investigation. Primary leaves of bean cultivar 'Eagle' were

inoculated with P. syringae pv. phaseolicola wild type

strain PP7010 and mutant PP7014 to determine which of four

inoculation methods tested could be used to introduce

reproducible numbers of bacteria for subsequent sampling of

leaf disks. The methods tested were: a) swab inoculation of

the upper leaf surface; b) swab inoculation of the lower

leaf surface; c) application of a 10).11 droplet of bacterial

suspension to the upper leaf surface at a needle wound; and

d) syringe infiltration of a bacterial suspension into the
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underside of the leaf blade to create a small water-soaked

spot. Three 6 mm diameter samples per strain were collected

with a cork borer at 1, 8, and 15 days post-inoculation from

leaves inoculated using each of the four methods.

Standardized in planta growth bioassay:

Cultures. Master cultures of Pseudomonas strains

stored at -70 C in broth containing 15% glycerol were used

to prepare slant cultures for storage at 4 C. Bacteria from

these slant cultures were streaked onto agar plates to

obtain single colonies which were then used for the

standardized inoculation experiments.

Plants. Seeds of the susceptible bean cultivar 'Eagle'

were sown in a 1:1:1 mixture of peat moss, perlite, and

vermiculite in a growth chamber at 26 C. Plants were

watered daily and after emergence were fertilized weekly

with Hoagland's solution (Hoagland and Arnon, 1950).

Recently expanded primary leaves were used for inoculation

when the plants were 10-14 days old.

Inoculum preparation. For each strain, 5 ml of MaNY

broth plus appropriate antibiotics in a 13 x 100 mm screw-

cap Kimax culture tube were inoculated from a single colony

and grown overnight in a shaking incubator at 28 C, 275 RPM.

The following day, 0.1 ml of this overnight starter culture

(0D
600

= 1.2-1.5) was used to inoculate a second, identical

tube. Growth of bacteria in this type of tube was closely

monitored by direct spectrophotometric measurement,

eliminating the risk of contamination. Each culture was
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grown to a density of approximately 108 CFU/ml, represented

by an OD600 of 0.20 to 0.30 depending upon the strain.

After 1 ml of cells was pelleted by top-speed centrifugation

for 2 minutes in a Beckman Microfuge 11 (Beckman Instruments

Inc., Palo Alto, CA), the medium was removed by aspiration,

and the pellet was resuspended to its original density in

1 ml of K buffer. The actual inoculum was prepared by

diluting this suspension 100-fold in K buffer to a density

of approximately 106 CFU/ml.

Inoculations. Using a 1 cc plastic disposable syringe

with no needle, a small amount of inoculum was injected into

each of six sites on the underside of a bean primary leaf,

using one leaf on each of three plants per strain tested. A

similar method has been described by Randhawa and Civerolo

(1985). By varying the pressure of the syringe on the leaf

blade, this inoculation method could be carefully controlled

to produce uniform water-soaked areas 4 mm in diameter.

After any excess inoculum was carefully blotted from the

leaf surface, the plants were placed into a growth chamber

at either 26 C (P. svrinqae pv. syrinqae) or 18 C (P.

svrinqae pv. phaseolicola).

Sampling. Leaf disk samples containing the inoculated

site were taken using a 6 mm cork borer on days 0

(immediately after inoculation), 1, 3, and 6. On each

sampling day, three samples were collected per strain, one

sample chosen randomly from the six inoculated sites on each

of the three plants inoculated with each strain. Each



20

sample was placed directly into a sterile 1.5 ml Eppendorf

tube containing 50,p1 of K buffer.

Tissue maceration. Tissue grinders were prepared from

0.5 ml Eppendorf tubes by removing the caps and top rims

with sharp scissors. These were then conveniently

sterilized in autoclavable racks designed for P-20

micropipette tips (West Coast Scientific, Emeryville, CA) .

By firmly inserting the 6 mm cork borer into a sterile

grinder, the grinder was removed from the rack and inserted

into the 1.5 ml Eppendorf sample tube, trapping the leaf

disk between the tapered bottoms of the two tubes. This

grinding apparatus (Figure II-1) was gently rotated between

the fingers for 10-20 seconds to completely homogenize the

leaf disk sample. Using a poker, the used grinder was

cleanly released from the cork borer and discarded directly

into an autoclavable waste container.

Bacterial population determinations. The number of CFU

per leaf disk was determined using a slight modification of

the micro-plating method described by Keen gt al. (1981) .

After thorough mixing of the sample and rinsing of the tube

walls by repeated pipetting, triplicate 5 pl droplets were

spotted onto an agar plate. Another 5)11 droplet was placed

into a sterile 0.5 ml Eppendorf tube and diluted ten-fold

with 45 )11 of K buffer. Triplicate 5 pl droplets of this

dilution were spotted as before and the process repeated up

to five times as required by strain, with all required

dilutions for a sample being spotted on a single plate.
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Figure II-1. Novel tissue grinding apparatus consisting of:
1) a 1.5 ml Eppendorf tube containing the leaf disk sample
and 50 pl of K buffer (dye added for clarity); 2) a 6 mm
cork borer holding a topless 0.5 ml Eppendorf tube which
acts as the grinding head; and 3) an inoculating loop handle
inserted through the cork borer as a poker for removal of
the used grinder. Best results are obtained when the leaf
disk is positioned near the top of the taper of the large
tube, and the grinder is spun rapidly by twirling the borer
between the fingers, applying moderate downward pressure.
From Bertoni and Mills, 1987.
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The most efficient experiments used duplicate droplets

of each of six dilutions per sample, allowing four samples

to be represented using only two plates. After growth for

18-48 hr at 22 C, plates were observed under a 2X dissecting

microscope and spots containing 10-150 discrete colonies

were counted and used to calculate the number of CFU present

in the original leaf disk sample.

Representation of population data. In tables and

figures, bacterial populations are expressed as the log CFU

per leaf disk sample. In tables, mean values are given for

each group of three or four replicates. Error measurements

represent the range which includes the sample varying most

from the mean. In figures, a vertical bar at each time

point represents the range between the high and low values

in each group of replicates, with the graph line crossing

the bar at the mean. To avoid overlap, these bars are

positioned from left to right at each time point in the same

order as the strains are listed in the accompanying table,

with the first strain in the table corresponding to the

left-most vertical bar.

Measurement of reproducibility of inoculations

It was necessary to examine whether similar numbers of

bacteria were initially introduced into each inoculated site

so that population data obtained on successive sampling days

would accurately reflect changes from initial populations.

A culture of P. syringae pv. syringae strain J900 was

inoculated into a large number of leaf sites at a
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concentration of 10 6 CFU/ml. One hundred of these sites

were immediately sampled for tissue maceration and bacterial

population determination.

Estimation of amount of inoculum introduced

Two methods were used to estimate the amount of

bacterial suspension being introduced into each inoculated

site. Populations of bacteria isolated from typical

inoculated sites were compared with the known concentration

of inoculum, and used to calculate the volume of inoculum

introduced. Additionally, the size of the water-soaked area

produced during a standard inoculation was compared to the

size of the water-soaked area which resulted from the

introduction of 10 pl of bacterial suspension, the smallest

volume which could be accurately measured and introduced

into the leaf blade with this inoculation technique.

Determination of external versus internal populations at

inoculated sites

Immediately following a standard inoculation and

sampling, each of forty inoculated leaf disks was placed

into a 1.5 ml Eppendorf tube containing 0.5 ml of K buffer.

Each tube was vigorously vortexed at top speed for ten

seconds, thoroughly rinsing the leaf disk. Dilutions of the

rinse buffer were prepared and plated to determine the

quantity of bacteria removed from the disk surface. The

rinsed disk was then macerated and numbers of bacteria

remaining inside the disk were determined as described for

the standardized growth experiments.
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Reinoculation of bacteria isolated from leaf disks

Single colonies of P. svrincae pv. syringae strains

isolated from leaf disks during a typical growth study were

used to start fresh broth cultures. After growth of

cultures to 10 8 CFU/ml, bacterial suspensions of 10 8 and 106

CFU/ml were prepared in K buffer. These suspensions were

injected into leaf sites of bean cultivar 'Eagle' in the

standard manner. Symptom expression was observed after 14

days' growth at 26 C, and compared to those on the original

leaves to demonstrate Koch's postulate (Koch, 1891) that

pathogens isolated from diseased plant tissue be able to

reproduce typical disease symptoms when cultured and

reinoculated into fresh tissue.

Application of the inoculation and sampling method to a

variety of crop species

Detached leaves from tomato, lettuce, pea, onion,

potato and radish were inoculated with strain J900 in the

same manner as described for bean leaves. Three inoculated

leaf disks per plant were immediately sampled and macerated,

and the number of bacteria introduced into each sample was

determined as described previously.

Sampling of tissue adiacent to the point of inoculation

A modification of the sampling method was devised to

examine and compare the colonization by P. syringae pv.

svrinciae strains of healthy tissue adjacent to the

inoculation site. Bacteria were inoculated as previously

described, and uninfiltrated leaf tissue surrounding the
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inoculated sites was sampled in the following manner. The

usual 6 mm diameter leaf disk was removed and a 12 mm cork

borer was used to collect a 6-12 mm diameter ring

surrounding the usual sample. Tissue maceration and

bacterial population determinations were performed as usual.



26

CHAPTER III

RESULTS

Molecular cloning of the Tn5-containing EcoRI fragment from
PP7014 genomic DNA

Following transformation of E. coli strain HB101 with

EcoRI-digested PP7014 genomic DNA cloned into pBR325, a

single ap /kmr colony appeared on the four selection plates

containing both ampicillin and kanamycin. This colony

represented a transformant having the Tn5-containing (kmr)

EcoRI fragment of PP7014 cloned into the pBR325 vector

(apr) . The control plate with only ampicillin showed

approximately 3500 colonies, indicating a transformation

frequency of approximately 120 CFU/ng of DNA.

Plasmid DNA from this apr/kmr colony was digested in

four separate reactions with HpaI, PstI, HindIII, and a

combination of both HindIII and BamHI to check for the

production of DNA fragments characteristic of Trd (Jorgensen

et al., 1979) . A fifth digestion with EcoRI revealed the

size of the Pseudomonas insert DNA. Gel analysis of these

digests confirmed the presence of Trd on the recombinant

plasmid: HpaI - 5.5 kilobases (kb); Pst I - 2.5, 1.0, and

0.9 kb; HindIII - 3.4 kb; and HindIII/BamHI - 1.5, 1.9 kb.

The size of the genomic EcoRI fragment into which Trd

inserted was determined to be approximately 9 kb.

The E. coli colony containing this recombinant plasmid,

designated pOSU7714, was found to be resistant to

chloramphenicol. This condition was unexpected, since an
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insert cloned into the EcoRI site of pBR325 should cause

sensitivity of the host cell to chloramphenicol through

insertional inactivation of the cmr gene of pBR325. When

the observed fragment sizes were summed from each of the

preceding digests, it was found that the total plasmid size

predicted from the EcoRI digest was smaller than that

predicted from the Hind III and PstI digests. The

discrepancy was found to be approximately 6.0 kb, equal to

the size of pBR325. This suggested that the recombinant

molecule contained two copies of the vector, which would

form a single band on gels after digestion with EcoRI. It

was reasoned that a direct repeat of two pBR325 molecules in

this plasmid would restore the cmr gene and account for the

unexpected antibiotic resistance.

To test for this possibility, 150 ng of pOSU7714 was

digested to completion with EcoRI, religated, and trans-

formed into E. coli, with the hope of removing the predicted

extra vector fragment to create pOSU7814. Following

selection for kanamycin and tetracycline, almost all

transformants screened were found to be cms. Digestion and

electrophoresis of plasmid DNA from one cms colony revealed

the loss of a 6.0 kb band from the HindIII and PstI digests,

and showed a pattern of bands in these digests whose

calculated total size then agreed with that of the EcoRI

digest. Since pBR325 has a single restriction site for both

HindIII and PstI, digestion of a molecule containing a

direct repeat of two vector molecules would generate a
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vector-sized fragment in digests with these two enzymes.

These two bands are precisely the ones lost when the extra

vector molecule was removed, confirming the assumption that

the plasmid in the original cmr transformant (pOSU7714)

contained tandem direct repeats of the vector in addition to

the Tn5- containing EcoRI fragment. This new plasmid

construction was designated pOSU7814.

Construction of pOSU7014

For ease in restriction mapping, this EcoRI fragment

was then cloned from pOSU7814 into pBR322. pOSU7814 was

digested to completion with EcoRI, and added to a ligation

reaction containing a ten-fold excess of EcoRI-cut pBR322.

The ligated DNA was transformed into HB101 and transformants

were selected on LB plates containing both tetracycline and

kanamycin. Plasmid DNA from one tcr/kmr transformant was

isolated and digested with EcoRI to confirm the presence of

pBR322 as the vector. This recombinant plasmid was

designated pOSU7014. A restriction map of the Tna-

containing DNA in pOSU7014 is presented in Figure III-1.

Development of mutant PP7214

Construction of pOSU7914 for marker exchange. To

demonstrate that the Tn5 insertion into this cloned sequence

was actually responsible for the change from the wild type

phenotype, a marker exchange experiment was conducted. The

Tn5 insertion was exchanged from a plasmid into the PP7010

genome through double recombination between the flanking



Tn5-containing EcoRI Fragment

E Bm H Hp v
1.7 1.2 0.9 1.3 4.0

Bm Bam HI

EEco RI

HHind III

Hp HpaI

Tn5 insertion

1kb

E

29

Figure III-1. Tnl-containing DNA from PP7014. Thick line
represents the 14.8 kb EcoRI fragment cloned from PP7014
genomic DNA, showing the location of the 5.7 kb Tn5
insertion and several restriction enzyme recognition sites.
Distances are given in kilobases. Thin lines at fragment
borders represent vector DNA. From Bertoni, et al., 1985.



30

Pseudomonas DNA on the EcoRI fragment and the corresponding

homologous genomic sequence. A plasmid was constructed that

could be conjugated into and stably maintained in the PP7010

recipient by cloning the Tn5-containing EcoRI fragment from

pOSU7814 into the EcoRI site of the broad host-range vector

pRK290 (Ditta et al., 1980) . This plasmid, designated

pOSU7914, contains sequences which confer host resistance to

both kanamycin (Tn5) and tetracycline (pRK290) .

Introduction of pOSU7914 into strain PP7010. In a

triparental mating involving the to /kmr donor strain

HB101(pOSU7914), the kmr helper strain HB101(pRK2013) , and

the rfr recipient strain PP7010, a colony was obtained which

exhibited all three of these antibiotic resistances. This

combination of resistances would be expressed by either a

genuine Pseudomonas transconjugant cell or a spontaneous rfr

E. coli donor cell. When grown on King's B medium, the

purified colony fluoresced, verifying it as Pseudomonas.

This pOSU7914-containing transconjugant strain was

designated PP7114.

Creation of PP7214 through marker exchange. A

recombinant was desired in which the Tn1 insertion had been

exchanged from pOSU7914 into the host chromosome through

homologous recombination. PP7114 was grown on medium

containing only kanamycin to retain Tn5 and allow

segregation of the plasmid after the marker exchange.

Random selection of 20-30 kmr colonies from streaked plates

lacking tetracycline twice failed to isolate the desired
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kmr/tcs colony. An overnight culture of PP7114 was then

grown in broth containing only kanamycin, and dilutions were

applied to kanamycin plates to produce a plate having 100-

1000 discrete colonies. One such plate containing 300

colonies was used as a master for replica plating onto

tetracycline-containing medium. This allowed identification

of kmr/tcs colonies which could grow only on the master

plate. A kmr/tcs colony was selected from the master plate,

purified on medium containing only kanamycin, and designated

strain PP7214.

Pathological and nutritional phenotype of PP7214

To determine the involvement of the cloned Tn5_-

containing sequence in symptom expression, PP7010, PP7014,

and PP7214 were tested in a swab inoculation bioassay. If

the sequence interrupted by Tn2 in PP7014 was required for

the expression of disease, recombination of this mutated

sequence into the wild type genome, creating PP7214, should

result in expression of the mutant phenotype.

When tested on bean leaves at a concentration of 5 X

10 5 CPU/ml, neither the mutant PP7014 nor the marker

exchanged strain PP7214 could cause development of typical

necrotic lesions on the leaf underside, in contrast to the

wild type PP7010 which caused extensive lesion development.

This difference is clearly shown in Figure 111-2. At the

higher inoculum concentration of 5 X 107 CFU/ml, leaves

inoculated with PP7010 exhibited increasing areas of

confluent necrosis and leaf distortion which were bordered
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Figure 111-2. Symptoms of P. svringae pv. phaseolicola swab inoculations. Undersides of
'Eagle' bean leaves are shown seven days following inoculations with approximately 5 x 10
CFU/ml. (a) wild type PP7010; (b) mutant PP7014; (c) marker exchange recipient PP7214.
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by chlorotic leaf tissue. However, even when inoculated at

5 x 10 7 CFU/ml, neither PP7014 nor PP7214 produced typical

observable symptoms, a phenotypic similarity which confirmed

that the wild type sequences mutated to produce PP7214 from

PP7010 were indeed required for symptom expression. In

addition, it was determined by plating on minimal medium

supplemented with various growth factors that both PP7014

and PP7214 had auxotrophic requirements for uracil. This

indicated that a gene which confers the ability to grow on

minimal media without exogenous uracil was mutated by Tn5

both in the original mutagenesis experiment which produced

PP7014 from PP7010and in the marker exchange experiment

which produced PP7214, also from PP7010.

Inoculation method trials for growth study

For the next stage of the experimentation, a bioassay

was desired which could be used to monitor the in planta

growth of these strains. This would determine whether the

Tn5 insertion in PP7014 which had eliminated its ability to

cause disease symptoms had also affected its ability to

multiply in leaf tissue.

Using strains PP7010 and PP7014 at a concentration of

approximately 2 X 10 5 CFU/ml, swab inoculation of the upper

leaf surface, swab inoculation of the lower leaf surface,

application of inoculum to a needle wound, and syringe

infiltration of a small quantity of inoculum were tested in

order to determine: 1) which inoculation method could

introduce consistent numbers of bacteria to leaf areas for
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subsequent sampling, and 2) whether differences could be

observed between the growth patterns of the wild type and

the mutant strains.

The two latter methods were considered to be more

conducive to objective sampling, allowing random selection

of discrete sites where known quantities of bacteria had

been deposited. The two former methods presented the

possibility of more subjective sampling from inoculated

areas where bacteria and visible lesions would not be evenly

distributed. Quantitative results of these inoculation

trials are presented in Table III-1.

Swab inoculation trials. Of the four methods tested,

swab inoculation of the lower leaf surface was the least

reliable. Rarely were many viable bacteria recovered from

these leaf disk samples. However, samples taken after swab

inoculation of the upper leaf surface revealed a distinct

difference in viability between the wild type and mutant

strains. Numerous wild type bacteria were recovered from

inoculated leaves after 24 hours, and in the two weeks

following, numbers of these bacteria increased 100- to

100,000-fold. In contrast, only one sample from mutant-

inoculated leaves yielded viable bacteria.

After inoculation, leaves swabbed with wild type

bacteria showed sporadic lesion development, while those

swabbed with mutant bacteria showed no symptom expression.

Because the lesions were often clustered along veins,

possibly in areas where more inoculum was retained, this
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Table III-1. Analysis of the growth of P. syringae pv.
phaseolicola strains PP7010 and PP7014 following four trial
methods of inoculation. Values represent log CFU per leaf
disk sample.

Inoculation
Method

PP7010 PP7014

Day 1 8 15 1 8 15

Swab of leaf top 2.4 5.3 4.2 Oa 2.0 0

2.9 6.5 6.5 0 0 0

2.2 5.2 7.6 0 0 0

Swab of leaf bottom 0 0 3.7 0 0 0

1.2 1.0 0 0 0 0

0 0 0 0.5 0 0

Droplet application 2.3 5.6 7.3 0 0 1.6

1.7 5.3 6.2 1.4 1.9 3.3

2.1 6.3 2.8 3.7 3.9 2.3

Injection inoculation 3.6 6.7b 7.6 3.4 3.1 4.2

3.9 6.7b 7.2 3.9 2.7 4.4

2.9 6.7b 7.1 3.6 2.8 0

a Values of zero represent failure to isolate any bacteria.

b This figure represents a minimum value for these samples.
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non-random distribution was considered detrimental to

objective and representative sampling. Visible symptoms, in

conjunction with the population data obtained, indicated a

fundamental difference in the abilities of the two strains

to survive epiphytically on the leaf surface and colonize

inoculated leaf tissue.

Droplet inoculation trials. Application of bacteria to

the leaf surface at a wound site revealed a similar pattern

of relative viability, although no symptom expression was

seen using either strain. Numbers of wild type bacteria

isolated from inoculated leaf disks were much greater than

those of the mutant. Though variation among triplicate

samples was high, populations of the wild type strain

increased up to 100,000-fold by the fifteenth day post-

inoculation, while those of the mutant showed little change.

Iniection inoculation trials. Infiltration of a small

amount of inoculum into the lower leaf blade proved to be

the most reliable way to introduce approximately equivalent

numbers of bacteria into sampling areas. Log populations in

all three samples of both strains at 24 hours were found to

be between 2.9 and 3.9, within a factor of ten. While

populations of mutant bacteria remained fairly constant,

populations of wild type bacteria increased more than 1000 -

fold in the first week. This supported data from the other

inoculation methods indicating rapid growth for PP7010 in

planta, and a corresponding lack of growth for PP7014.
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Of the methods tested, the injection inoculation

produced the most consistent symptom development. By day 15

post-inoculation, sites inoculated with PP7010 became

necrotic and surrounded by thin chlorotic halos, while those

inoculated with PP7014 showed neither symptom. Ability of

the two strains to form these necrotic spots corresponded to

their ability to form small necrotic lesions when swab

inoculated. However, in contrast to the swabbing methods,

the infiltration inoculation allowed bacteria to be

uniformly applied at similar discrete sites, facilitating

subsequent objectivity in sampling by permitting random

selection of individual populations.

Reproducibility of inoculations

The injection inoculation allowed the introduction of

consistent numbers of bacteria into each inoculated site on

the bean leaf. Log CFU/sample values were determined for

each of 100 sites sampled immediately after inoculation with

strain J900 at 10 6 CFU/ml (Figure 111-3). The mean log CFU

value for these 100 samples was 2.95, representing

introduction of approximately 890 CFU. Over 50% were found

to have log CFU values of 2.9 or 3.0 (approximately 710 to

1100 CFU) and 93% had values within 0.3 log (a factor of 2)

of the mean value.

Amount of inoculum introduced

The mean population value of 890 CFU/sample indicated

that approximately 1.0 )11 of bacterial suspension was being
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Figure 111-3. Variability among initial populations in 100
leaf disks sampled immediately following inoculation with P.
svringae pv. syLingat strain J900 at 10 CFU/ml.
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introduced into each site of inoculation. Introduction of

this quantity of bacteria would require 0.89 pl of the

original inoculum at 10 6 CFU/ml.

The area of the 4 mm diameter water-soaked spot

observed using the standard inoculation method was

calculated to be 0.13 + 0.03 cm 2 (3.14 X 0.2 cm X 0.2 cm).

Introduction of 10 pl of inoculum produced a water-soaked

area on the leaf blade of approximately 1.0 cm2. The size

ratio indicated that approximately 0.13 cm2/1.0 cm2 X 10 pl

= 1.3 pl of inoculum had been introduced into each of the

standard inoculation sites.

External versus internal populations at inoculated sites

Following a standard inoculation and sampling, the

majority of bacteria recovered from each of 40 leaf disks

were recovered from inside the sample. Vigorous vortexing

was able to remove an average of 35 bacteria from leaf disks

when sampled immediately after inoculation. Following

maceration of the rinsed tissue in the standard manner, an

average of 1350 additional bacteria were isolated per disk.

This indicated that 1350/1385 = 97% of the bacteria had been

originally internal in the inoculated site.

Ease of bacterial isolation from bean leaf tissue

The grinding apparatus developed for this study proved

to be a clean, efficient way to quickly macerate the leaf

disk samples, ensuring sterility while minimizing the amount

of required time and special equipment. Routinely, twelve
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samples were homogenized in approximately five minutes, and

on one occasion 100 samples were done in less than one hour.

Sampling, grinding, dilution, and plating for 40 leaf disk

samples could be accomplished in three to four hours, and

all required dilutions could be spotted and counted using a

total of only 20 plates.

This apparatus also easily macerated the 6-12 mm ring-

shaped samples collected to assay for bacteria in leaf

tissue surrounding the point of inoculation. Although three

times the size of the usual leaf disks and oddly shaped,

these ring-shaped samples were readily homogenized for

subsequent determination of bacterial populations.

Inoculation and sampling of leaves from a variety of crop
species

The versatility of this leaf inoculation, sampling, and

tissue grinding procedure was demonstrated in a variety of

other crop plants by introducing and isolating approximately

10 3 CFU per inoculated site (Table 111-2). Over 90% of

triplicate samples from tobacco, tomato, potato, lettuce,

pea, onion, and radish were found to have log CFU values of

2.8 to 3.3, representing 630 to 1900 CFU, with the mean

value for all samples being 3.1, or approximately 1200 CFU.

In planta growth of P. svringae PV. phaseolicola strains

A detailed growth study was undertaken to understand

the effect of the Tn5 insertion into the PP7010 genome by

using the standardized in planta bioassay to quantify the

growth kinetics of this and the related strains. PP7010,
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Table 111-2. Inoculation and sampling of leaf tissue using
a variety of crop plants. Immediately after spots were
inoculated on the leaf undersides using strain J900, three
leaf disk samples were taken for bacterial population
determination.

Plant Log CFU/sample Mean

Tomato 2.9 3.1 3.2 3.1

Lettuce 2.9 3.1 3.2 3.1

Pea 2.7 2.9 3.0 2.9

Onion 3.1 3.1 3.2 3.1

Potato 3.3 3.3 3.4 3.3

Radish 2.9 3.1 3.2 3.1
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PP7014, PP7114, and PP7214 were inoculated into bean leaves

at 10 6 CFU/ml, along with Tna-induced auxotrophs for leucine

(PP7507) and arginine (PP7510), previously derived by

Anderson and Mills (1985). The results of this study are

presented in Table 111-3.

The data show that strains PP7114 and PP7510 are

capable of in planta population increases approaching the

level of PP7010, while strains PP7014, PP7214, and PP7507

are not. Populations of the three former strains increased

over 10,000-fold, while those of the latter three increased

a maximum of 100-fold. Variation among the four samples of

each strain taken each sampling day was lesser for the

strains which displayed growth ability, and greater for the

strains which did not grow. Additionally, the three P.

svringae pv. phaseolicola strains capable of growth produced

necrotic areas surrounded by a thin ring of chlorosis, while

the remaining three produced no symptoms.

In planta growth of P. syringae pv. svringae strains using.
inoculum concentrations of 10 CFU /ml

The next stage of this research involved application of

the standardized in planta growth bioassay to analyze the

growth kinetics of two prototrophic Tna-induced mutants of

the closely related pathovar P. syrinciae pv. syringae.

Growth in bean leaves of the two mutants, PS9021 and PS9024,

was compared to that of the parental wild type strain,

PS9020. In addition, the growth of J900, a more highly

virulent wild type bean pathogen, was studied as a positive
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Table 111-3.
phaseolicola

In planta multiplication of
represent

P. syringae pv.
strains. Values log CFU/sample.

Strain Day 0 Day 1 Day 3 Day 6

PP7010 3.2 5.4 7.4 7.9
3.1 5.4 7.3 8.0
2.9 5.4 7.3 8.3
3.3 5.4 7.4 8.1

mean 3.1 ± 0.2 5.4 ± 0.0 7.4 ± 0.1 8.1 ± 0.3

PP7014 3.4 4.6 5.3 4.8
3.6 4.6 4.4 4.2
3.7 4.6 3.7 4.2
3.9 4.5 4.5 3.6

mean 3.6 ±0.3 4.6 ±0.1 4.5 + 0.8 4.2 + 0.6

PP7114 3.1 5.2 6.8 7.2
3.0 5.1 6.8 7.1
3.2 4.8 6.5 7.2
3.0 4.9 6.8 7.4

mean 3.1 + 0.1 5.0 ± 0.2 6.7 ± 0.2 7.2 ± 0.2

PP7214 3.6 3.7. 3.0 3.5
3.5 4.1 4.0 3.1
3.5 4.9 4.4 4.6
3.5 3.8 3.3 2.5

mean 3.5 ± 0.1 4.1 ± 0.8 3.7 ± 0.7 3.4 ± 1.2

PP7507 3.9 4.5 4.5 5.0
3.8 4.5 4.8 5.1
3.5 4.0 3.7 4.7
3.5 3.9 4.9 5.7

mean 3.7 ± 0.2 4.2 + 0.3 4.5 ± 0.8 5.1 ± 0.6

PP7510 3.5 5.1 6.8 7.8
3.8 5.4 7.0 7.8
3.8 5.4 6.9 7.9
3.7 5.1 7.2 7.8

mean 3.7 ± 0.2 5.2 ± 0.2 7.0 ± 0.2 7.8 ± 0.1
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control. Three replications of this growth study were

performed to provide a detailed analysis of in planta growth

characteristics.

Results of these comparative growth studies in which

three samples were taken per strain each sampling day are

presented in Table 111-4 and depicted graphically in Figure

111-4. In contrast to previous studies of symptom

development which had used inoculum concentrations of 10 8 to

10 9 CFU/ml (Niepold et al., 1985), these studies used more

moderate inoculum concentrations of 10 6 CFU/ml to determine

whether the bacteria were capable of growing from this lower

concentration to higher levels. Representative symptoms

produced by the four strains in these experiments are shown

in Figure 111-5, along with a control inoculation using

buffer only.

Growth differences among the four strains were evident

by day 1 post-inoculation. Wild type strains J900 and

PS9020 showed population increases of 3.9 and 1.9 logs,

respectively. By this time, mutant PS9024 had increased 2.4

logs and mutant PS9021 had declined 0.6 logs, indicating

fundamental differences in in planta growth ability between

the two Tna mutants. At this point the only observable

symptom for any of the strains was a slight necrosis of the

inoculated spot caused by J900, the strain making the most

significant population increases.

During the study period, strain J900 grew most quickly

and to the highest levels, consistently reaching greater
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Table 111-4. In planta multiplication of P. syrilagae pv.
svringae strains at inoculum concentrations of 10 CFU/ml.a

Strain/
Experiment

Day 0 Day 1 Day 3 Day 6

J900 /1 2.6 6.5 7.2 7.1
2 2.7 6.5 7.7 7.2
3 3.0 7.1 7.8 7.6

mean 2.8 + 0.2 6.7 +0.4 7.6 +0.4 7.3 +0.3

PS9020/1 2.6 4.9 4.7 4.9
2 2.8 4.5 6.9 6.9
3 2.8 4.5 5.2 4.9

mean 2.7 ± 0.1 4.6 ± 0.3 5.6 + 1.3 5.6 ± 1.3

P59021/1 2.1 1.6 1.4 1.2
2 2.9 1.8 2.6 2.1
3 2.8 2.6 2.5 1.1

mean 2.6 ±0.5 2.0 + 0.6 2.2 ±0.8 1.5 + 0.6

PS9024/1 2.5 4.2 5.5 4.1
2 3.0 5.5 6.8 5.3
3 2.9 6.0 7.1 4.7

mean 2.8 ± 0.3 5.2 ± 1.0 6.5 ± 1.0 4.7 ± 0.6

a Values for each of three equivalent experiments represent
average log CFU/sample of three leaf disk samples taken
per strain each sampling day.
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Figure 111-4. Growth of P. syringae pv.6syringae strains in bean
leaves inoculated at concentrations of 10 CFU/ml. These data are
presented in Table 111-4, p. 45.



Figure 111-5. Representative symptoms of injection inoculations of 'Eagle' bean leaves
with P. syringae pv. syringae strains at a moderate inoculum concentration of 10 CFU/ml.
One spot on extreme top of each leaf half represents mock inoculation with buffer only.
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than 10 7 CFU per sample by day 6, and causing an expanding

area of severe necrosis around inoculated areas. At this

point the central tissue at the inoculation site was totally

dry and necrotic, but very high numbers of viable bacteria

could still be isolated. It appeared that 108 CFU

represented the upper population limit for these 6 mm

diameter leaf disks. The necrotic lesions produced by J900

were expanding from the sampling area on day 6, suggesting

that the bacteria were moving into fresh host tissue.

These necrotic lesions were compared to the small

lesions which developed on bean primary leaves following a

swab inoculation of approximately 107 CFU of strain J900

(Figure 111-6). This swab inoculation produced scattered

necrotic lesions at points of infection that were typical of

field infection. The larger lesions resembled those

produced by the injection inoculation. The central area of

dead tissue in both types of lesions appeared a pale, dry,

tan color, and was surrounded by a thin reddish-brown ring

of affected tissue and an outer chlorotic margin.

Injection inoculations with strain PS9020, the parental

strain from which the two mutant strains were derived

through Tna mutagenesis, produced similar but less severe

necrosis than did J900. PS9020 was capable of sustained

growth in leaf tissue, but grew less rapidly than J900 and

stabilized at a plateau population approximately 100-fold

lower. A slight necrotic symptom was observed at sites

inoculated with PS9020 on day 3, resembling the symptom seen
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Figure 111-6. Swab inoculation of 'Eagle' bean leaves with
P. syringae pv. syringae strain J900, showing lesion
development typical of field infection.
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at J900 sites on day 1. This suggested that a threshold

population level of 10 5 to 10 6 CFU/sample was required to

produce necrotic symptom using this inoculation method.

Despite the variation among experiments recorded for

day 6 populations of PS9020, the general pattern of rapid

growth for three days followed by a stabilization of

populations was repeatedly observed. Plateau populations of

PS9020 never reached those of the more highly virulent

strain J900. This difference correlated positively with

observed symptom severity, as the necrotic symptoms induced

by PS9020 never became as extensive as the necrosis induced

by J900 (Fig 111-5, p. 47) .

Mutant strain PS9021 showed no increase in growth and

an inability to induce necrotic symptoms. The only reaction

observed was a faint bruising of the inoculated site,

similar to the reaction caused by a control inoculation with

K buffer. Although the average population of PS9021 showed

a slight, steady decrease, some individual samples showed

much greater variation from the mean than samples analyzed

from the other three strains. This result was similar to

the finding previously obtained for the P. svringae pv.

phaseolicola strains, in which samples from those strains

incapable of growth in the leaf displayed the most variation

in population.

Growth of mutant PS9024 provided a striking contrast to

that of mutant PS9021. Although inoculations with PS9024,

as with PS9021, also failed to cause wild type necrotic
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symptoms, PS9024 was quite capable of growth in planta. By

day 1, populations of PS9024 were comparable to, or in

excess of, those of the wild type parent PS9020. Although

rapidly reaching high population levels by day 3, thereafter

this mutant strain showed a consistent inability to maintain

these levels. PS9024 populations by day 6 always decreased

ten- to 100-fold from those of day 3, in contrast to those

of PS9020 which remained stable through day 6.

In planta growth of P. syringae vv. svrinciae strains using.
inoculum concentrations of 10 CFU/ml

To further investigate the relationship between growth

kinetics and symptom expression, an experiment was conducted

to determine whether increased inoculum concentration would

affect the previously observed patterns of growth and

symptom development. As in the standard bioassay, cultures

were grown to approximately 108 CFU/ml, pelleted, and

resuspended in equal volumes of K buffer. These suspensions

were used directly as for inoculation, omitting the usual

100-fold dilution to 10 6 CFU/ml. Four samples per strain

were taken each sampling day, and the time course of study

was extended to 12 days post-inoculation.

Numerical results from this experiment are given in

Table 111-5 and presented graphically in Figure 111-7.

Population data for the four strains shows a pattern similar

to that seen in the previous experiments at lower inoculum

concentrations, with all strains capable of growth in planta

except PS9021. The observed symptoms (Figure 111-8) reveal



Table 111-5.
the inoculum

In planta growth of P.
Values

syringae pv. syringae strains using 10
8
CFU/ml as

concentration. represent log CFU/sample.

Strain Day 0 Day 1 Day 3 Day 6 Day 9 Day 12

J900 5.0 7.5 7.8 7.5 7.5 7.6
4.9 7.6 7.5 7.5 7.4 7.7
4.7 7.5 7.7 7.7 7.6 7.2
5.0 7.5 7.7 7.9 7.3 7.7

mean 4.9 ± 0.2 7.5 ± 0.1 7.7 ± 0.2 7.6 ± 0.3 7.4 ± 0.2 7.4 ± 0.3

PS9020 3.6 6.7 7.0 7.1 6.5 6.3
4.1 7.3 7.4 6.5 6.6 6.1
4.1 6.8 7.4 6.6 6.5 5.9
4.3 6.8 7.4 7.0 6.5 6.3

mean 4.0 ± 0.4 6.9 ± 0.4 7.3 ± 0.3 6.8 ± 0.3 6.5 + 0.1 6.2 ± 0.3

PS9021 4.5 5.5 5.3 3.1 2.4 3.5
3.7 3.6 5.7 4.2 3.5 3.3
4.1 3.6 4.3 4.7 3.3 3.1
4.5 4.4 3.8 3.9 4.4 3.0

mean 4.2 ± 0.5 4.3 ± 1.2 4.0 ± 0.9 4.8 ± 1.0 3.4 ± 1.0 3.2 ± 0.3

PS9024 5.0 7.6 7.1 6.6 5.8 5.2
5.1 7.6 7.0 6.9 6.4 5.4
4.7 7.7 7.2 6.5 6.3 5.1
4.3 7.5 7.4 6.7 5.7 5.3

mean 4.8 + 0.5 7.6 ± 0.1 7.2 ± 0.2 6.7 ± 0.2 6.0 ± 0.4 5.2 ± 0.2
U1
t,$)
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Figure 111-7. Growth of P. syringae pv.losvringae strains in bean
leaves inoculated at concentrations of 10' CFU/ml. These data are
presented in Table 111-5, p. 52.
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Figure 111-8. Representative symptoms of injection inoculations of 'Eagle' pearl leaves
with P. syringae pv. syringae strains at a high inoculum concentration of 10 CFU/ml.
One spot on extreme top of each leaf half represents mock inoculation with buffer only.
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a pattern qualitatively similar to that of the previous

experiments. Wild type strains J900 and PS9020 caused

necrotic symptoms which appeared sooner and became more

extensive than those observed at lower inoculum

concentrations, while PS9021 again caused none. However, in

contrast to the lack of necrosis seen previously using

PS9024, inoculations with PS9024 at this increased

concentration caused the appearance of a localized necrotic

symptom confined to the leaf site actually infiltrated.

When inoculated at 10 8 CFU/ml, as at 10 6 CFU/ml, J900

again demonstrated the ability to grow to the highest

population levels and produce the most severe necrotic

symptoms. By day 6, necrotic areas surrounding points of

inoculation had often coalesced to destroy much of the leaf

blade, with a tendency to spread toward the leaf margin. A

sample disk taken on day 12 from a necrotic area 1 cm from

the inoculation site was found to contain more than 107 CFU.

This indicated that J900 was capable of efficient

colonization of fresh tissue in addition to rapid growth in

the original area of inoculation. As in previous

experiments, populations of J900 peaked on day 3 between 107

and 10 8 CFU/sample and remained fairly stable throughout the

remainder of the experiment. Again, very large numbers of

viable bacteria could be isolated from severely necrotic

tissue, in this case at 12 days post-inoculation.

As with J900, the growth pattern of PS9020 after

inoculation using 108 CFU/ml closely resembled that obtained
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using 106 CFU/ml. Populations increased rapidly to a peak

near day 3, and then remained stable. At this higher

concentration, there was a similar relationship of relative

symptom severity between PS9020 and J900 as seen before, but

less difference in growth rate and final population levels.

A lesser difference in growth kinetics at this higher

inoculum concentration was also observed between PS9020 and

the mutant

emerged as

populations

PS9024.

was seen

However the same relative pattern

at lower concentrations, with PS9024

unable to maintain high levels. These rapidly

reached a peak 10-fold greater than populations of PS9020,

then immediately began a decline to levels approximately 10%

those of the wild type. Overall, PS9024 showed only a

slight net population increase throughout this

while populations of PS9020 increased 100-fold.

Despite a slight temporary rise by day

population increase was observed with PS9021,

experiment,

3, no net

as day 12

populations had dropped to 10% of the starting values. The

same pattern of high variation among equivalent samples of

PS9021 was seen, in contrast to the close agreement among

samples of the other strains on a particular sampling day.

Even at this high inoculum concentration no symptoms

developed at sites inoculated with PS9021.

In contrast, a difference in symptom expression was

noted for PS9024 in this experiment compared to previous

studies, although its population kinetics were similar.

Inoculation with this higher concentration of cells produced
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a localized necrosis which seemed limited to the area

actually infiltrated. These necrotic areas never expanded

and were a different color than the expanding necrotic areas

induced by the wild type pathogens, suggesting a plant

hypersensitive response rather than a disease response.

Symptom expression patterns for these four strains were

observed after bacteria were reintroduced into bean leaves

following isolation from leaf disks six days post-

inoculation (Figure 111-9). Fourteen days after inoculation

using concentrations of 10 6 and 10
8 CFU/ml, the observed

reactions closely resembled those seen in the original

inoculations at these concentrations (Figure 111-5, p. 47;

Figure I11-8, p. 54) .

Numbers of bacteria isolated from tissue surrounding points
of inoculation

The localized appearance of the necrotic lesions

produced by PS9024 following inoculations at 108 CFU/ml

suggested an inability to colonize tissue adjacent to the

inoculated site. A modification of the sampling method

allowed collection of leaf tissue surrounding the sites of

inoculation. Ring-shaped samples 6-12 mm in diameter

surrounding points of inoculation were collected as

described in Materials and Methods.

In two preliminary trials, using inoculated leaves from

concluded growth experiments, ring samples were collected as

described. One set of samples represented day 16 and the

other day 12 post-inoculation. Data from these preliminary
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Figure 111-9. Demonstration of Koch's postulate using P.
syringae pv. syringae strains. Bacteria were isolated from
injected leaf spots showing typical symptoms on 'Eagle' bean
leaves in a previous growth study. Photos show production
of typical symptoms following the reintroduction of these
bacteria into leaves.
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experiments (Table 111-6) showed not only that this method

could yield consistent, reproducible results, but also that

marked differences existed among the strains in the numbers

of bacteria which could be isolated from the tissue

surrounding the inoculated area.

Populations of J900 in ring samples consistently

contained greater than 10 7 CFU, with only slight variation

among samples and between the two experiments. Those of

PS9020 reached only about 10 5 CFU/ring, representing

approximately 1% of the J900 population level. Mean

populations of PS9024 were yet another two orders of

magnitude lower, averaging less than 103 CFU/ring. Cells of

PS9021 were virtually absent in this tissue area, as only

one tissue ring assayed in both sets of samples had any

viable cells, and this was represented by a total of only

five bacteria.

Colonization by P. syrinciae DV, svrinciae strains of healthy
tissue adiacent to inoculated sites.

A more detailed analysis of these differences was conducted

in a study designed to follow the kinetics of growth in

tissue surrounding the site of inoculation over a 10 day

period. Results of this study are presented in Table 111-7

and shown graphically in Figure III-10. To be certain that

bacteria found in the 6-12 mm tissue ring surrounding the

point of inoculation had actively colonized this region, it

was necessary to show that they had not simply been

introduced there during the actual inoculation. Ring-shaped



Table 111-6. Populations
strains in tissue surrounding

of P. svringae pv. syringae
the point of inoculation.a

Log CFU/Sample

Strain Exp. 1 Exp. 2

J900 7.3 7.0
7.3 7.9
7.0 7.0

7.4

7.2 ± 0.2 7.3 ± 0.6

PS9020 5.7 5.4
5.2 5.4
5.2 4.3

3.4

5.4 + 0.3 4.6 ± 0.8

PS9021 0.7 0.0
0.0 0.0
0.0 0.0

0.0

0.2 ± 0.5 0.0 ± 0.0

PS9024 2.3 1.5
1.3 3.5
4.3 2.2

3.3

2.6 ± 1.7 2.6 ± 1.1

60

a Ring-shaped samples 6-12 mm in diameter collected during
two separate inoculation experiments:

Exp. 1 - 16 days post-inoculation

Exp. 2 - 12 days post-inoculation



Table 111-7. Colonization by P. syringae pv. syringae strains of tissue surrounding the
site of inoculation. Values represent log CFU/sample for 6-12 mm diameter ring-shaped
samples taken as described on p. 24. Zero values represent failure to isolate bacteria.

Strain Day 0 Day 1 Day 3 Day 6 Day 10

J900 1.6 4.1 7.1 6.4 7.1
0 5.7 6.7 6.2 7.4
0 5.1 6.9 7.4 5.3

mean 0.5 + 1.1 5.0 ± 0.7 6.9 ± 0.2 6.7 + 0.7 6.6 ± 1.3

PS9020 0 0 0 2.6 4.4
1.0 0 2.0 4.5 4.3
0 0 4.0 5.9 4.4

mean 0.3 + 0.7 0 + 0 2.0 + 2.0 4.3 ± 1.7 4.4 ± 0.1

PS9021 0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

mean 0 -I- 0 0 + 0 0 + 0 0 + 0 0 + 0

PS9024 0 3.6 3.3 1.4 1.5
0 0 0 0 0

1.7 0 2.5 1.5 1.6

mean 0.6 ± 1.1 1.2 ± 2.4 1.9 ± 1.9 1.0 ± 1.0 1.0 ± 1.0
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Figure III-10. Colonization by P. syringae pv. syringae strains
of bean leaf tissue surrounding sites of inoculation. These data
are presented in Table 111-7, p. 61.
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samples taken immediately after inoculation of sites

revealed no bacteria in nine of twelve samples, and 10, 40,

and 50 CFU in the remaining three. This demonstrated that

bacteria were essentially confined to the usual 6 mm

diameter sample disk during the inoculation.

Strain J900 displayed a rapid ability to colonize the

tissue rings, evidenced by the presence of 10 4 to almost 10 6

CFU/ring by day 1 post-inoculation. On day 0, J900 ring

samples contained very few bacteria, indicating that

bacteria had successfully invaded this adjacent tissue after

inoculation. By day 3, J900 populations per ring sample

approached 107 CFU, consistent with the previously observed

preliminary results (Table 111-6, p. 60).

PS9020, like J900, actively colonized the fresh non-

inoculated tissue, but at a much slower rate and to a much

lesser extent. Increased numbers of PS9020 cells were not

observed in ring samples until 6 to 10 days post-

inoculation. This result was consistent with the slower,

less extensive spread of necrotic symptoms of this pathogen

compared to J900.

In contrast to the wild type strains, neither mutant

strain appeared capable of consistent, significant

establishment in tissue rings. Mutant PS9021 showed

absolutely no ability to colonize tissue outside the initial

point of introduction, as none of the samples surrounding

PS9021 inoculation sites revealed the presence of a single

bacterium. This supported previous evidence from inoculated
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sites demonstrating the inability of this strain to grown

planta. In addition, examination of these bacteria-free

samples supported the idea that the PS9020 and J900 cells

isolated from the 6-12 mm rings had actively colonized this

tissue and had not simply been introduced there during

inoculation.

Although variation among samples of wild type PS9020

and mutant PS9024 precluded any differentiation between the

two strains by day 3, their differences in viability in ring

samples were obvious by day 10. While greater than 104 CFU

of PS9020 had colonized the surrounding tissue, fewer than

10 2 CFU of PS9024 had done so. This altered ability to

become established in fresh tissue indicated another

fundamental biological difference between the wild type

PS9020 and the mutant PS9024, aside from the previously

observed differences in symptom expression and in situ

growth in the bean leaf.
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CHAPTER IV

DISCUSSION

This thesis investigated the effects upon pathogenicity

and in planta, growth of specific Tn1 insertions into the

genomes of the two phytopathogens P. syringae pv.

phaseolicola strain PP7010 and P. svrinqae pv. syringae

strain PS9020. These mutations had generated nonpathogenic

mutant strains incapable of causing wild type disease

symptoms typical of the parental strains. Three noteworthy

contributions toward a better understanding of the biology

of these mutants have resulted from the present studies.

1) For general use in bacterial phytopathology, a rapid

and efficient technique was developed to monitor the growth

in plant leaves of bacterial phytopathogens and

nonpathogenic mutants derived from these pathogens. 2) This

technique was used in conjunction with molecular cloning and

genetic marker exchange to examine the effect upon in planta

growth of the Tn insertion into P. svrinqae pv.

phaseolicola strain PP7010 which created auxotrophic mutant

strain PP7014. Correlations were shown among nutritional

phenotype, symptom expression, and bacterial growth in leaf

tissue. 3) Characteristic patterns of in planta growth were

demonstrated for wild type P. svrinqae pv. svrinqae strains

J900 and PS9020. These patterns positively correlated with

observed symptom severity. Altered growth patterns were
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demonstrated for mutants PS9021 and PS9024, patterns

distinctly different from that of the parental PS9020.

To accurately monitor the growth kinetics of these

bacterial strains in leaf tissue, it was necessary to

reproducibly inoculate a specified quantity of bacteria into

a region of the leaf blade. This assured that, for relative

comparison during subsequent leaf disc sampling, populations

of all samples taken after inoculation could be assumed to

have been derived from the same initial population of

bacterial inoculum.

Of four inoculation methods tested, the injection

inoculation technique proved to be the most reliable way to

introduce a bacterial population of known size into a

specific area of leaf tissue with minimal damage to the area

inoculated. Other inoculation methods have involved more

drastic treatment of leaf tissues including wounding (Omer

and Wood, 1969), needle infiltration (Niepold et al., 1985),

and vacuum infiltration (Keen et gl., 1981) .

The standardized method of inoculum preparation and

injection allowed approximately equivalent numbers of

bacteria to be initially introduced into each sample.

Population analysis of 100 sites inoculated with bacteria at

10
6 CFU/ml revealed that approximately 10 3 CFU were being

introduced into each site (Figure 111-3, p. 38) .

This indicated that approximately 1 pl (103/106 ml) of

inoculum was introduced into each site. Visual estimation

suggested the introduction of approximately 1.3).11. Despite
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this slight discrepancy, these experiments have shown that

the same relative amount of bacteria could be injected into

each sampling area. Therefore, population changes observed

in subsequent sampling could be assumed to be genuine

changes from a common initial population size.

To insure that all bacteria inoculated remained within

the sampling area, a slightly lesser amount of inoculum was

used in the standardized growth experiments. Average

initial population values in three separate experiments

performed with P. svringae pv. svringae strains using

inoculum concentrations of 10
6 CFU/ml showed similar

starting values for all four strains. Mean log populations

per sample were always between 2.6 and 2.8, representing

from 60 to 700 CFU (Table 111-4, p. 45, Day 0). When the

inoculum concentration was increased 100-fold to 10 8 CFU/ml,

initial log populations/sample also increased approximately

two orders of magnitude, then being between 4.0 and 4.9

(Table 111-5, p. 52, Day 0).

Additionally, an experiment was performed with J900 to

determine the relative numbers of bacteria actually

inoculated into the leaf tissue versus those remaining on

the leaf surface following injection. Results (p. 39)

indicated that approximately 97% were introduced internally.

Although the injection inoculation described is a less

natural means of infection than either swab inoculation

(Anderson and Mills, 1985; Ercolani, 1985) or spraying

(Ercolani and Crosse, 1966; Lyon and Wood, 1976; Stadt and
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Saettler, 1981), it permits random sampling of sites

originally having equivalent populations, and reduces the

possibility of pathogen release into the environment.

For bacterial isolation from leaves, the tissue

grinding apparatus developed in this thesis proved to be a

very effective instrument for rapid and simple maceration of

leaf disk samples, allowing each sample to be processed in

15-30 seconds using no special equipment. This contrasts

with the methods of Ercolani (1985) and Stadt and Saettler

(1981), which require the purchase of commercial tissue

grinders and three to four minutes of grinding per sample,

with additional time needed for repeated cleaning and

sterilization.

The micro-plating method for population determination

adopted from Keen et al. (1981) allowed the use of a minimum

number of agar plates for population determination from

serial dilutions. Up to 12 dilutions, the full range for

two separate samples, could be spotted on only two plates.

Most other methods require one plate per dilution, often

requiring the addition of molten agar to each sample (Omer

and Wood, 1969; Gross and deVay, 1977; Ercolani, 1985).

These significantly increase the required amount of time and

materials, and would require 200 plates to examine five

dilutions of 40 samples compared to only 20 plates required

using this method.

Growth results obtained in these studies for the wild

pathogens (Tables 111-3,4,5 and Figures 111-4,7) provided a
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positive control to judge the reliability of the bioassay.

These results agreed with those of other researchers, who

demonstrated rapid population increases of three to five

logs over a period of two to five days after inoculation,

with compatible wild type P. svringae pathovars on bean and

soybean (Ercolani and Crosse, 1966; Omer and Wood, 1969;

Patil et Al., 1974; Lyon and Wood, 1976; Gnanamanickam and

Patil, 1976; Keen gt Al., 1981; Stadt and Saettler, 1981;

Ercolani, 1985) .

Peak population levels for the wild type strains in the

present study were approximately 107 to 109 CFU/cm2 of leaf

tissue, similar to values seen by the other researchers.

Although there were differences among these experiments

concerning bacterial strains, plant varieties, inoculation

and sampling methods, and post-inoculation growth

temperatures, the present study revealed for the wild type

pathogens the same pattern of rapid exponential growth

followed by a stationary phase reached within several days

of inoculation.

This rapid period of exponential growth was observed

with P. svringae pv. syrinciae strain PS9020, and confirmed

its pathogenic nature. Due to the visual appearance of the

necrotic symptom observed in previous injection inoculation

experiments (Niepold et al., 1985), and the concentration of

inoculum used (5 X 10 8
CFU /ml) , the possibllity existed that

this reaction could be an atypical plant response to high

concentrations of a nonpathogen (Sands et al., 1980). By
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using inoculation concentrations 100- to 1000-fold lower,

PS9020 was shown to grow to high population levels prior to

the onset of the necrotic symptom, and could move from the

point of inoculation to colonize fresh tissue. These

qualities are characteristic of pathogenic wild type

organisms.

A similar, but more severe, necrosis was observed in

inoculations with the more virulent wild type pathogen J900.

Necrotic sites resembled an exaggerated version of the more

typical disease lesions produced by swab inoculation

(compare Figures 111-5, p. 47, and 111-6, p. 49). In both

cases, pale and dry necrotic lesions were surrounded by thin

rings of reddish-brown tissue and areas of spreading

chlorosis. The injection inoculation symptoms may simply be

an extreme example of P. svringae pv. svringae infection.

This could result from the introduction into the inoculated

site of considerably more bacterial cells than can naturally

enter the leaf during field infection.

A modification of this in planta growth bioassay

allowed the sampling of host tissue adjacent to, but not

including, the site of inoculation on the leaf. This

revealed significant differences among the four P. syringae

pv. svringae strains in their ability to colonize fresh

tissue adjacent to sites of inoculation. Additionally, the

versatility of the inoculation and sampling method was

demonstrated in leaves of other crop plants by introducing

and isolating approximately 103 CFU per inoculated site.
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The bioassay developed in this study for monitoring

bacterial growth j planta has been shown to be useful in

quantifying the biological growth of bacterial

phytopathogens and nonpathogenic mutants, generating

reproducible population results which correlate well with

the relative severity of observed symptoms. Triplicate

samples on a particular sampling day were usually found to

vary from the average by less than 0.5 log CFU, and similar

equivalent samples in replicate experiments by less than 1.0

log. These minor differences did not obscure the repeatedly

observed growth patterns, which could involve population

increases of three to five logs. A two-fold error in number

of CFU inoculated (0.3 log) would be compensated for by a

single bacterial doubling, and a strain which increases

three to five logs would have doubled 10 to 17 times.

Using this growth study technique in conjunction with

molecular cloning and genetic marker exchange experiments,

these results showed that the Tn.2 insertion into P. svringae

pv. phaseolicola strain PP7010 which produced nonpathogenic

mutant PP7014 was responsible for a phenotypic change to

uracil auxotrophy and the inability to grow in leaf tissue

and cause disease symptoms.

Cloning of PP7014 total DNA was followed by selection

for transposon-encoded kmr. Transformants resistant to

kanamycin enabled the isolation of a 9.1 kb EcoRI fragment

containing the transposon. To determine whether the

insertion into this particular fragment caused the mutation
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to uracil auxotrophy and concommitant loss of pathogenicity,

the transposon-containing EcoRI fragment was cloned into a

broad host range plasmid vector to permit its introduction

into and maintenance in the wild type parental strain.

Growth in medium containing only kanamycin allowed selection

of a strain in which Tn5. had been recombined from the vector

into the chromosome, replacing the wild type sequences

through homologous double recombination.

The resultant strain, PP7214, was shown to be

phenotypically identical to the mutant strain in terms of

its growth requirement in culture and its growth and symptom

expression in planta. The presence of Tn5 in the sequences

cloned from PP7014 correlated with the lack of ability to

grow prototrophically and the lack of symptom-producing

capability, presumably the result of a disrupted ability to

grow in leaf tissue. This demonstrated that the Tn1

insertion into the 9.1 kb EcoRI fragment had caused the

phenotypic change, with conversion of the wild type

pathogenic prototroph to a nonpathogenic uracil auxotroph.

Results of growth studies with another auxotroph

created by Tn1 mutagenesis, PP7510, demonstrated that

prototrophy in culture was not required for pathogenicity,

as this arginine-requiring strain was capable of growing in

the leaf and causing disease symptoms. This suggested a

fundamental difference in the availability of nutrients in

the leaf, a factor which has been suggested to be limiting

regarding the ability of bacteria to multiply in leaf tissue
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and cause disease (Young, 1974). In planta growth studies

with auxotrophs could give an indication of the differential

availability of nutrients in the plant leaf. Knowledge of

the physiological requirements of pathogens for colonization

of plant tissue, and an understanding of how these

requirements are met in planta, are important considerations

in understanding the biology of the host-parasite

relationship.

Experiments performed by Morgan and Chatterjee (1985)

with a serine-requiring strain of P. svringae pv. svringae

showed that this auxotroph was reduced in its ability to

produce the virulence determinant, syringotoxin. As serine

is a component of the peptide toxin, they suggested that the

reduced toxin production was a result of lowered serine pool

concentrations. However,n planta growth and toxin

production of the auxotroph were not tested; such a study

could determine the availability of this nutrient in the

leaf by asking whether normal growth and toxin production

would be restored to the auxotroph upon inoculation.

Further studies with the P. svringae pv. phaseolicola

auxotrophs used in this study could prove useful in the

investigation of the mechanism of action of the virulence

factor phaseolotoxin, since both arginine and uracil are

indirectly involved in the induction of the typical

chlorotic symptoms of halo blight.

Phaseolotoxin was shown to be a specific inhibitor of

ornithine transcarbamoylase in bean (Patil et al., 1970) and
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other plants (Ferguson and Johnston, 1980), causing

chlorosis and ornithine accumulation (Patel and Walker,

1963; Gnanamanickam and Patil, 1976) . This enzyme is

required in the urea cycle for arginine biosynthesis through

the conversion of ornithine and carbamoyl phosphate to

citrulline, the precursor for arginine. Application of

either citrulline or arginine was shown to protect bean

leaves from toxin-induced chlorosis, and could cause some

regreening in tissue already treated with the toxin (Patil

et al., 1972), suggesting arginine starvation as a possible

indirect cause of the chlorosis.

Cells undergoing arginine starvation would be unlikely

to support growth of an auxotroph which must depend upon

exogenous arginine for growth and multiplication. Both the

wild type PP7010 and the arginine auxotroph PP7510 produced

chlorotic rings surrounding the points of injection

inoculation. The method described in this study to measure

bacterial colonization of tissue adjacent to the point of

inoculation could be used to see whether PP7510 is limited

in its ability to colonize these chlorotic areas which are

reacting to the diffusible toxin. Similarly, PP7510 could

be inoculated into areas already showing chlorosis and

examined for growth. These experiments could reveal whether

the application of arginine would

upon growth in chlorotic areas,

support the hypothesis that cells

actually starving for arginine.

have a stimulating affect

observations which would

reacting to the toxin are
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In addition, studies with the uracil auxotroph PP7014

could yield information about the mechanism of action of

phaseolotoxin, as uracil is also involved in the altered

physiology of toxin-reacting cells. By blocking the

reaction between ornithine and carbamoyl phosphate,

phaseolotoxin causes ornithine accumulation, and would

decrease incorporation of carbamoyl phosphate into the urea

cycle. Increased availability of carbamoyl phosphate could

increase the activity of aspartate transcarbamoylase, which

catalyzes the committed step in pyrimidine biosynthesis

utilizing aspartate and carbamoyl phosphate, which, in pea,

was shown to be in a common pool accessible to both enzymes

(O'Neal and Naylor, 1976) . Work by Jacques and Sung (1981)

showed that phaseolotoxin could rescue carrot suspension

cells from the toxic effect of 5-fluorouracil, presumably

through an increase in pyrimidine biosynthesis which was

able to dilute out the thymine analog and decrease its

deleterious incorporation into DNA.

A co-inoculation experiment of the wild type prototroph

PP7010 and the uracil auxotroph PP7510, or co-injection of a

purified preparation of the toxin along with PP7510, could

be performed to determine whether cells reacting to the

toxin could provide this nutrient to support growth of the

auxotroph. Increased availability of uracil would support

the hypothesis that the virulence factor phaseolotoxin is

causing an increase in pyrimidine biosynthesis through its

inhibition of ornithine transcarbamoylase. Further study
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with these and other auxotrophs could yield worthwhile

information concerning the availability of nutrients in

planta and its relationship to disease expression.

Lack of growth in the bean leaf due to mutation of a

factor unrelated to nutrient availability was shown for P.

syrinciae pv. syrinciae PS9021, a prototrophic Tn.2 mutant

derived from the parental wild type strain PS9020. PS9021

was consistently unable to multiply in leaf tissue, could

not colonize adjacent healthy tissue, and was shown to be

incapable of disease symptom expression.

This strain also exhibited an altered morphology on

agar medium, with colonies being smoother, more opaque, and

more mucoid than the parental. This mutant may be altered

in the composition of its outer membrane in such a way as to

preclude it from being pathogenic. The role of surface

components and recognition in the plant-bacterial

interaction has been extensively studied (Daly, 1984), but

generally in the context of components which determine

incompatibility rather than compatibility.

Results from growth studies with a second P. syrinciae

pv. syringae mutant, PS9024, revealed a phenotype similar to

the "non-pathogenic parasite" of Turner and Taha (1984) .

After inoculation into bean leaves at 10
6 CFU/ml, PS9024

multiplied rapidly, but caused no symptoms. Although this

strain could quickly multiply to peak population levels

equal to or higher than the parental wild type, these levels

were not maintained. This growth behavior was associated
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with an inability of PS9024 to colonize fresh tissue

adjacent to the point of inoculation, and an inability to

produce typical necrotic symptoms.

These results show that initial growth ability in the

leaf does not necessarily lead to pathogenicity. Future

experiments to determine whether this mutant strain is

altered in motility in bean leaf tissue, along with

isolation and biological testing of complementing wild type

sequences, should permit a clearer understanding of the

nature of the disease determinant mutated in PS9024 and its

contribution to wild type disease expression.

In conclusion, this thesis demonstrated that the in

planta growth behavior of wild type and Tn5.-mutagenized P.

syring e pathovars can be reproducibly quantified using the

simple inoculation, sampling, and bacterial isolation method

presented in this study. Three distinct patterns of

mutation to nonpathogenicity have been identified based upon

nutritional studies and an analysis of bacterial growth in

leaf tissue.

The mutation in P. syringae pv. phaseolicola PP7014

caused an auxotrophy for uracil and totally eliminated

ability to grow in planta and produce symptoms. The

mutation in prototrophic P. $vrinciae pv. svringae PS9021

also totally eliminated la planta growth ability, but in a

way apparently not related to nutrient availability.

Finally, the mutation in PS9024 blocked complete disease

expression without fully disrupting growth ability in leaf
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tissue, as cells were initially able to grow to wild type

levels, but were shown to be deficient in ability to

maintain these levels characteristic of the wild type

pathogen.

These distinct patterns indicate a variety of

interacting factors which contribute to the normal

pathogenicity of the wild type organism. Further study with

these mutants should identify genotypic factors and products

required form planta growth ability and the expression of

disease, and will help to clarify our understanding of some

of the complex mechanisms involved in plant pathogenesis.
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CHAPTER V

ADDITIONAL STUDIES

This section contains the results of additional

experiments which have extended the use of the growth

bioassay developed in this thesis to studies of genetic

complementation and cosmid stability in PS9020 and PS9021.

This allowed a quantitative study of the effects on il

planta growth caused by introduction of wild type sequences

from a PS9020 cosmid clone library. These sequences are

homologous to the region in PS9021 mutated by Tn5. (path

region), and appear to be required for pathogenicity of

PS9020 (Niepold et al., 1985). Ability of the wild type

sequences, when present in PS9021 in trans, to restore wild

type growth levels in leaves was studied, as was In planta

stability of cosmid constructions. Additional usefulness of

this bioassay for bacterial growth studies in leaves was

demonstrated in a study of the in planta growth of several

P. syringae pv. svrinqae strains in tobacco. Growth of

these strains in tobacco leaves was related to their ability

to induce the hypersensitive response (HR) . In addition, a

study of cosmid complementation and stability in tobacco was

performed analogous to the study in bean leaves.

A list of strains used in these studies is provided in

Table V-1. HB101(pOSU3105) and HB101(pOSU3160) are E. coli

strains harboring recombinant cosmids carrying wild type

PS9020 DNA which is homologous to the path region mutated in
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Table V-1. Additional bacterial strains and cosmids used in
genetic complementation and cosmid stability studies.

Strain or
Cosmid

Or ig in Antibiotic
Res istancesa

Source

Cosm'ds:

pOSU3105

pOSU3160

smr , tc
r

smr , tc
r

c

c

P . svringae pv. syringae strains:

PS9120 spont. rfr smr
, rfr this study

of PS9020

PS9121 spont. rfr smr , kmr , rfr this study
of PS9021

PS9621 e smr, kmr, rfr, to f

PS9520 g smr , tcr this study

PS9521 h smr , kmr , tcr this study

a smr , kmr , rf r
, tc

r = streptomycin, kanamycin, rifampicin,
tetracycline resistant.

b Cosmid pOSU3105 carries the wild type PS9020 sequences
corresponding to the region mutated by Tna in PS9021.

c Niepold et al., 1985.

d Cosmid pOSU3160 is pOSU3105 with a Tna insertion outside
the region of Tna insertion in PS9021.

e PS9621 = transconjugant PS9121(pOSU3160).

Provided by Pradip Mukhopadhyay, Dept. of Botany and Plant
Pathology, Oregon State University, Corvallis, OR.

g PS9520 = transconjugant PS9020(pOSU3105).

h PS9521 = transconjugant PS9021(pOSU3105) .
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PS9021. P. svringae pv. syringae strains PS9120 and PS9121

are spontaneous rfr mutants of PS9020 and PS9021, generated

to provide recipient markers for positive selection of

transconjugants in triparental matings conducted to

introduce cosmids into these strains. The last three P.

syringae pv. syringae strains listed in this table are

Pseudomonas transconjugants.

Genetic complementation studies were conducted in

PS9021 with cosmids pOSU3105 and pOSU3160 (Mills and

Niepold, 1987). These cosmids contain wild type DNA

homologous to the 2.7 kb path region mutated by Tn5 in

PS9021. The cosmids were derived from cosmid pOSU3101

(Niepold, gt al., 1985), a member of a PS9020 genomic clone

library which contains a 30 kb insert able to restore wild

type symptom expression when introduced to PS9021 in trans.

Cosmid pOSU3105 is a subclone of pOSU3101 which

contains sufficient wild type DNA in the path region to

restore symptom expression to the same degree as pOSU3101.

Cosmid pOSU3160 is a pOSU3105::Tn5 construction produced to

allow further detailed functional mapping of the path region

with complementation analysis and site directed mutagenesis.

The Tn5 insertion in this cosmid was shown to be outside the

path region as it neither interfered with la trans

complementation in PS9021 nor eliminated pathogenicity of

PS9020 when introduced into the PS9020 genome through

homologous marker exchange.
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Complementation of the Tn5. mutation in PS9021 by

pOSU3101 was frequently observed to be incomplete in the

above study. This was suggested to be due either to a low

level of expression from the wild type genes on the cosmid

or to cosmid instability. The following experiments were

performed to determine whether this partial complementation

of visual disease symptoms was the result of incomplete

restoration of wild type growth levels and whether lack of

full complementation was due to loss of the cosmid in the

bacterial population.

The marked differences documented in this thesis

between the in planta growth kinetics of PS9020 and PS9021

(Fig. 111-4, p. 46; Fig. 111-7 p. 53) made possible a

comparative study of the effects upon growth of introduced

sequences. PS9020 populations routinely showed increases of

approximately two to four logs over a period of six days,

while PS9021 populations displayed almost no ability to

increase, usually declining one to two logs in this same

period. Presence in PS9021 of a fully functional wild type

copy of the path region would reverse the growth declines

typical of this strain and confer wild type growth ability.

The initial group of growth studies investigated the

effect of introduction of pOSU3160 into PS9021 upon the

growth of this strain in bean leaves. To introduce cosmids

into recipient P. syringae pv. syrinqae strains through a

triparental mating with E. coli donor and helper strains, a

spontaneous rfr PS9021 derivative (PS9121) was generated to
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provide a selectable marker for transconjugants. As an

experimental control, a spontaneous rfr mutant of PS9020

(PS9120) was generated to determine whether the rfr mutation

itself would have any effect on in planta growth or symptom

development.

Preliminary observations with spontaneous rfr mutants

of P. syrinqae pv. svrinqae strain J900 indicated that rfr

could be associated with an altered colony morphology. Two

distinct colony types of rfr J900 were observed, one with a

wild type appearance and the other with a more mucoid

morphology, reminiscent of PS9021 morphology. Since the

nonpathogenic phenotype of PS9021 may be associated with its

altered surface characteristics, it was considered desirable

to keep morphological variation to a minimum in the

selection of rfr recipients.

Spontaneous rfr mutants of PS9020 and PS9021 were

generated by plating 2 X 109 CFU of an overnight culture of

either strain onto an agar plate containing rifampicin at 25

ug/ml. After two days growth at 22 C, rfr colonies were

recovered at a frequency of 1-2 X 10-7 per CFU plated, or

approximately 50 per plate. While a similar treatment using

plate, rather than broth, cultures yielded rfr cells with a

morphology more mucoid than that of PS9020, the morphologies

of these rfr colonies resembled those of the parentals. One

purified colony of each was chosen for further study and

designated PS9120 or PS9121.
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To determine whether introduction of the rfr mutations

had caused a change in symptom production, a range of

inoculum concentrations of PS9120 and PS9121 was introduced

into bean primary leaves. Ten-fold dilutions of cultures

grown to 5 X 10
8 CFU/ml were inoculated and leaves were

observed for symptom development after six days. Through

concentrations down to 5 X 105 CFU/ml, PS9120 produced the

diminishing severity of necrotic symptom development typical

of PS9020, while PS9121, like PS9021, caused no symptoms at

any concentration, indicating that the behavior of the rfr

strains resembled that of the parental rfs strains.

The first growth experiment to investigate the effects

of cosmid sequences on growth in bean leaves was conducted

using transconjugant PS9621, derived following introduction

of cosmid pOSU3160 into PS9121. This strain was studied

both to quantitatively determine whether pOSU3160 could

restore wild type growth patterns to PS9121, and to check

whether the cosmid was maintained in the population after

six days in planta. Growth of PS9120 and PS9121 were also

documented to determine whether the mutations to rfr had

caused any changes in growth behavior. Because observations

had indicated better complementation of symptom development

by pOSU3160 at higher inoculum concentrations, strain PS9621

was inoculated into bean leaves at a concentration of

approximately 108 CFU/ml.

Results from this growth study are presented in Table

V-2 and depicted graphically in Figure V-1. PS9120 showed a
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Table V-2.
leaves.

Effect of pOSU3160 on growth of PS9621 in bean

Log CFU/sample

Strain Day 0 Day 1 Day 3 Day 6

PS9120 5.8 7.2 6.9 6.9
5.7 7.0 7.1 7.4
6.0 7.4 6.3
5.8 7.2 6.8

mean 5.8 7.1 7.2 6.8

PS9121 5.9 5.4 4.8 4.4
5.6 5.4 4.6 4.4
5.9 5.1 4.1 3.9
5.9 5.3 5.2 3.3

mean 5.8 5.3 4.7 4.0

PS9621a 5.1 4.4 4.7 4.4
5.4 4.4 6.4 6.2

4.9 4.6 6.2
4.9 5.1 4.7 5.5

mean 5.1 4.7 5.1 5.6

a PS9621 = PS9121(pOSU3160)

- = Not determined.
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Figure 17-1. Effect of pOSU3160 on growth of PS9621 in bean
leaves. These data are presented in Table V-2, p. 85.
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pattern of il planta growth similar to that seen previously

for PS9020. This was demonstrated by an ability to reach

population levels of approximately 107 CFU/sample within

three days. PS9121 displayed the inability to grow in

planta typical of PS9021. These results (compare with Table

111-4, p. 45; Table 111-5, p. 52) indicated minimal effect

upon growth patterns caused by the mutations to rfr. In

addition, symptom expression patterns for PS9120 and PS9121

resembled those seen for PS9020 and PS9021, respectively.

Populations of PS9621 displayed a pattern of j planta

growth intermediate between those of PS9120 and PS9121, with

some samples showing approximately one log of growth and

none dropping 1.5 to 2.5 logs as seen with PS9121 samples.

Although not restoring wild type growth levels, pOSU3160 was

able to confer some growth ability upon PS9121. PS9621

showed a net population increase of 0.5 log CFU, compared to

1.0 for PS9120 and a decline of 1.8 for PS9121.

This lack of full restoration of growth ability may be

the basis for the incomplete complementation of disease

express.ion. To determine whether the cosmid, in the absence

of tetracycline selection pressure in planta, was being lost

from the population, the percentage of CFU retaining the

cosmid in each samples was estimated by differential plating

of dilutions of each sample on medium containing or lacking

tetracycline.

The cosmid stability results shown in Table V-3

indicate a gradual decline in the percentage of CFU in



Table V-3. Stability of pOSU3160 in PS9621 tested in bean
leaves.

=,!ff,==lat

Percentage tcr in Populationa

Day 0 Day 1 Day 3 Day 6

88

PS9621b

121 96 70 36
84 108 61 38
- 95 112 39
88 85 83 82

mean 98 96 82 49

a Values represent (tc r CFU/total CFU) X 100.

b PS9621 = PS9121(pOSU3160)

- = Not determined
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PS9121 populations which maintained the cosmid throughout

the experiment. While variation in the percentage of to

among samples can be high when determined using this method,

the data indicate that the percentage of cells maintaining

cosmid sequences declined from 100% to 50% by the sixth day.

No correlation was seen between the absolute population

level in a sample and the percentage of to CFU in the

sample. This was unexpected due to the assumption that

these cosmid sequences are required for growth of PS9121.

The ability of populations to grow to high levels should

require efficient maintenance of cosmid sequences in a high

percentage of the population. A minor proportion of the

population into which the cosmid is functionally partitioned

may be responsible for any growth increases but, overall,

the cosmid may be too unstable in the population to allow

full complementation to wild type growth ability.

Another consideration is that presence in a strain of

cosmid sequences may slow bacterial growth in the leaf. It

was noted that PS9621 grew more slowly in liquid culture

than PS9121. A decrease of overall growth due to the

presence of these extraneous sequences would counteract

growth increases brought about by the complementation of the

path region mutation. A general study of the in planta_

stability of cosmid sequences would more suitably be

performed in the wild type PS9020 background in order to

determine the extent to which sequences not required for in

planta growth are maintained in a population.
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Such a stability study was performed using the cosmid

pOSU3105 introduced into the parental strain PS9020 to

examine its stability during wild type bacterial

multiplication. Concurrently, the effect of this cosmid

upon in planta growth of PS9020 was monitored, while

pOSU3105 was introduced into PS9021 to determine whether

this cosmid would complement the MI mutation in PS9021 and

restore the wild type growth pattern.

For these triparental matings, a transconjugant

selection strategy was devised to avoid the need for rfr

recipient PS9120 and PS9121 strains. In this way, cosmid

effects could be studied in the unaltered PS9020 and PS9021

backgrounds, minimizing the introduction of unnecessary

variables into the experiments. Based on the knowledge that

E. coli strain HB101, in which both donor cosmid pOSU3105

and helper plasmid pRK2013 were maintained, is auxotrophic

and that both PS9020 and PS9021 are prototrophic, it was

reasoned that prototrophy could serve as a recipient marker.

The combination of this marker and the donor cosmid

antibiotic resistance (tcr) marker should provide a

selection scheme for obtaining P. svrinciae pv. svringae

transconjugants containing the donor cosmid. Strains to be

used in these triparental matings were tested on MaS minimal

medium to check for prototrophy/auxotrophy, on minimal plus

tetracycline to verify that none of the mating participants

could grow on the transconjugant selection medium, and on
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King's B medium to show that fluorescence on this medium was

diagnostic for the P. syringae pv. syringae strains.

The phenotypes observed for these strains are presented

in Table V-4. For the matings, equal amounts of donor,

helper, and recipient cells from four day plate cultures

(approximately 109 CFU each) were thoroughly mixed on a dry

agar plate lacking antibiotics. In addition to the two

matings using PS9020 and PS9021 as recipients, a control

mating lacking a recipient was done with donor and helper

strains only. After 24 hours at 22 C, the growing cell mass

from each mating was removed from the plate and resuspended

in 0.5 ml of phosphate buffer, of which 0.1 ml was spread

onto a minimal plate plus tetracycline.

After four days growth at 22 C, the control plate

containing only E. coli had no colonies growing, while

plates from the PS9020 and PS9021 matings yielded 300-600

transconjugants. All colonies recovered from these plates

had typical Pseudomonas morphology and, after purification

on minimal medium plus tetracycline, grew and fluoresced on

King's B medium. One purified transconjugant from each

mating was selected for further study, and designated either

PS9520 or PS9521, representing PS9020(pOSU3105) and

PS9021(pOSU3105), respectively. The phenotypes of these

transconjugant strains are also presented in Table V-4.

The numbers of transconjugants obtained in this

experiment, using only a fraction of the mating mixture,

indicated that thousands of independent transconjugants
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Table V-4. Phenotypes of strains used in triparental
matings.

Strain (Plasmid/Cosmid) Medium/Antibiotica

MaS/no MaS/tc KB/no KB/tc

Pseudomonas recipients:

PS9020

PS9021

E. coli donor:

HB101 (pOSU3105)

E. coli helper:

HB101(pRK2013)

Pseudomonas transconiugants:

PS9520 = PS9020(pOSU3105) + + +,f +,f

PS9521 = PS9021(pOSU3105) + + +,f +,f

a MaS = Minimal medium with sucrose as carbon source.

KB = King's B medium to test for fluorescence typical of
P. svrinqae pv. syrinqae.

no, tc = no antibiotic added, tetracycline added

+, f = growth, no growth, fluorescence
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could easily be produced, and suggested that this method

could be used to efficiently introduce an entire genomic

library into a Pseudomonas strain in a mass mating. While

transconjugant selection using rf r recipients had yielded a

background of spontaneous rfr E. coli donor cells,

necessitating additional purification and screening, the

described method yielded only true P. syringae pv. syringae

transconjugants on the selection plates.

Plasmid DNA extractions from cultures of PS9520,

PS9521, PS9020, and PS9021 confirmed the autonomous presence

of pOSU3105 in the transconjugant strains and its absence in

the parental strains. The presence of this cosmid in PS9521

caused the morphology to more closely resemble that of

PS9020, although full complementation from mucoid to wild

type morphology was not observed. Presence of pOSU3105 in

PS9520 appeared to have no effect upon colony morphology.

With both transconjugant strains it was noted that presence

of pOSU3105 slowed the growth rate in liquid culture by

approximately 25-50%.

By eliminating the need to use rfr recipient cells,

this triparental mating method allowed a direct analysis of

symptom expression and in planta growth patterns of PS9020

and PS9021 with and without pOSU3105. To observe direct

effects of this cosmid upon symptom expression, a range of

inoculum concentrations of PS9020, PS9021, PS9520, and

PS9521 was inoculated into bean leaves and observed for

symptom expression after six days.
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Presence of pOSU3105 in PS9521 was able to restore

symptom expression at concentrations greater than 10
7

CFU/ml, while its presence in PS9520 diminished the severity

of necrosis. Both transconjugant strains caused symptoms

intermediate in severity between those of PS9020 and PS9021.

The best differentiation in symptom expression was observed

at an inoculum concentration of 5 X 107 CFU/ml: PS9020 -

strong necrosis; PS9021 - no necrosis; PS9520 - moderate

necrosis; and PS9521 - slight necrosis. When using

concentrations of 10
6 CFU/ml, only PS9020 produced a

necrotic symptom.

To examine these visually observed differences

quantitatively, a standard growth study using these four

strains was conducted in bean leaves, using inoculum

concentrations of 106 CFU/ml. Concurrently, the stability

of pOSU3105 in the wild type PS9020 background was studied

during the experiment to see whether it would be maintained

throughout successive rounds of bacterial multiplication.

The results of the growth study are presented in Table

V-5 and depicted graphically in Figure V-2. By day 6, both

PS9020 and PS9021 showed typical population changes of +3.7

and -1.9 log CFU, respectively. As suspected from the

slower growth rate in culture and the lack of full symptom

expression of PS9520 compared to PS9020, this cosmid-

containing strain displayed a growth increase of only +1.9

log CFU, approximately 100-fold lower that the growth

increase of wild type PS9020.



Table V-5. Effect of pOSU3105 on growth of PS9520 and
PS9521 in bean leaves.

Strain Day

Log CFU/sample

0 Day 1 Day 3 Day 6

PS9020 2.9 2.9 5.6 7.2
2.9 2.8 5.3 6.8
3.0 2.9 5.7 6.0
2.8 2.7 4.3 6.5

mean 2.9 2.8 5.2 6.6

PS9021 3.0 2.3 1.6 1.0
2.8 1.8 1.2 1.0
2.4 2.4 1.7 0

2.6 2.0 2.0 1.3

mean 2.7 2.1 1.6 0.8

PS9520a 2.7 3.4 6.2 4.7
2.1 2.9 4.4 4.2
2.0 2.9 4.8 4.4
2.6 2.6 4.1 3.9

mean 2.4 3.0 4.9 4.3

PS9521b 0.7 1.7 1.0 3.5
0.7 1.3 3.0 6.0
0 0.7 4.7 5.2

0.7 1.4 3.1 1.8

mean 0.5 1.3 3.0 4.1

95

a PS9520 = PS9020(pOSU3105)

b PS9521 = PS9021(pOSU3105)
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Presence of pOSU3105 in PS9521, however, caused a

dramatic reversal of in planta growth kinetics. Although

beginning approximately two logs lower than those of PS9021,

populations of PS9521 rapidly increased over several logs to

levels considerably higher than any PS9021 population.

PS9521 populations showed an average net increase of 3.6

logs, similar to that of PS9020 (3.7 logs), and quite

different from the net decrease of 1.9 logs shown by PS9021

populations. One sample of PS9521 contained 106 CFU by day

6, a population approaching wild type levels.

Variation among samples of PS9521 was greater than

among those of the other strains, indicating possible

heterogeneity among discrete populations which had

originally been equivalent. Differences in cosmid stability

among populations could account for some of this

variability, as populations more efficiently maintaining the

complementing cosmid would presumably reach the highest

levels. To determine the prevalence of pOSU3105 in the

final population, sample dilutions were plated onto medium

with or without tetracycline. By day 6, in PS9521 samples

showing population increases of several logs, approximately

80-90% of the population maintained the to of the cosmid.

This indicated that, throughout generations of PS9021

multiplication, cosmid pOSU3105 was well maintained when

required for in planta growth.

Using PS9520, the stability of pOSU3105 was monitored

in the PS9020 recipient background in an effort to determine
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whether the cosmid would be maintained in populations

undergoing several logs of non-selective in planta growth.

This provided a neutral system lacking pressure to maintain

the cosmid based upon a requirement for the cosmid to

support growth. Results of this stability study are

presented in Table V-6. Despite the variability among

samples, the general trend was a decline of percentage tcr

in the population, with approximately half of the final

population maintaining tcr by day 6.

Although the percentage tc
r CFU in the population

declined, the actual number of tc r CFU increased over 30-

fold, due to an increase in the total number of CFU of

approximately 80-fold. This showed the cosmid to be

maintained through multiple bacterial generations of PS9520

even when not required for growth. The observed decline

in percentage tcr in the population may simply be due to a

faster growth rate of a proportion of the population in

which the cosmid has been lost, as compared with cells

retaining the cosmid.

In the final group of studies, the use of the bioassay

was extended to growth studies of P. svringae pv. syrinclae

strains in the tobacco leaf. This plant has long been used

in plant pathology as an indicator plant (Sequeira, 1979)

since the discovery that pseudomonads pathogenic to crop

plants other than tobacco would induce the hypersensitive

response (HR) upon infiltration into tobacco leaf tissue

(Klement, 1963) . Pathogenic pseudomonads, which induce the
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Table V-6. Stability of pOSU3105 in PS9520 tested in bean
leaves.

Percentage tcr in Populationa

Day 0 Day 1 Day 3 Day 6

PS9520b

112 115 67 39
107 76 67 46
130 75 75 17
65 82 54 56

mean 104 87 66 40

a Values represent (tcr CFU/total CFU) X 100.

b PS9520 = PS9020(pOSU3105)
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HR, could be easily differentiated from saprophytic and

nonpathogenic pseudomonads, which cause no response.

The HR induced by phytopathogenic pseudomonads is

characterized by a rapid collapse and necrosis of

infiltrated tissues when challenged with high concentrations

(10
8 CFU/ml) of bacteria. This reaction is observed within

24 to 48 hours after injection and effectively contains the

bacterial population in the infiltrated area. Although some

early bacterial growth and metabolism of phytopathogenic

bacteria populations is possible, induction of the HR

severely limits final bacterial populations.

Experiments were conducted to study the relationship of

in planta growth to the HR using P. syringae pv. syringae

strains J900, PS9020, PS9021, and PS9024. The symptom

expression of these strains and their growth in bean has

been accurately documented in this thesis. Growth studies

in tobacco investigated the effects upon growth and the

stability of pOSU3105 using PS9520 and PS9521 in studies

analogous to the previous ones in bean.

For HR testing, cultures of the four P. syringae pv.

syringae strains mentioned above were grown to approximately

10
8 CFU/ml, and ten-fold dilutions over the range 10 5 -10 8

CFU/ml were prepared. These were infiltrated into the

undersides of leaf panels of two-month-old tobacco plants

(Nicotiana tabacum cv. 'Samsun') using a needleless 1 cc

disposable syringe. Leaves were observed after 24 hours,

and responses to bacterial infiltration were recorded.
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A summary of observed responses is given in Table V-7.

At 10 8 CFU/ml, both wild type strains J900 and PS9020 and

also PS9024, induced the characteristic HR, while PS9021 was

unable to cause this reaction. J900 was able to induce the

HR at concentrations more dilute than PS9020 and PS9024,

while PS9021 caused no HR at any concentration.

This indicated that the mutation in PS9021 responsible

for the conversion to nonpathogenicity also eliminated the

ability to cause the HR. The pattern of responses for

PS9024 was similar to that of the parental PS9020,

suggesting that the mutation in this strain has not affected

its ability to induce the HR. In general, HR severity in

tobacco for these strains correlated positively with the

ability for growth in bean leaves within 24 hours. Only

strain PS9021, shown to be incapable of growth in bean

leaves, completely failed to induce the HR in tobacco.

An experiment was conducted with strain J900 both to

determine whether the standard growth bioassay could be used

to monitor bacterial populations in tobacco leaves and to

document whether growth increases would be observed for this

strain in tobacco. A culture of J900 grown to 10 8 CFU/ml

was diluted 100-fold and used as the inoculum, with leaf

injection, sampling, tissue maceration, and determination of

populations being conducted as described for bean.

The results, shown in Table V-8, demonstrated that J900

was quite capable of multiplication in tobacco leaves,

although to a lesser extent as in bean. Although no HR was
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Table V-7. Test of P. svringae pv. svringae strains for
hypersensitive response in tobacco leaves.

Strain

10
8

Inoculum Concentration
(CFU/ml)

10
7

10
6

10
5

J900

PS9020

PS9021

PS9024

(+)

(+)

+ = typical hypersensitive response.

(+) = weak hypersensitive response.

= no reaction.
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Table V-8 Growth of P. svringae pv. svringae strain J900 in
tobacco leaves.

Log CFU/sample

Strain Day 0 Day 1 Day 3 Day 6

J900 2.9 4.0 5.2 5.2
2.8 4.0 5.3 4.7
2.9 6.0 3.7 3.7

mean 2.9 4.7 4.7 4.5
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observed in this experiment due to the low numbers of

bacteria introduced per inoculated spot (approximately 103) ,

the timing of the rapid population increases observed within

24 hours correspond with the onset of the normal HR seen

when infiltrating high numbers of phytopathogenic bacteria

into a leaf panel.

This experiment was repeated with P. svrinciae pv.

syringae strains J900, PS9020, PS9021, and PS9024 at a

higher inoculum concentration more typical of HR testing.

Pellets from bacterial cultures grown to stationary phase

(approximately 4 X 109 CFU/ml) were resuspended in an equal

volume of K buffer and used for inoculation into leaf spots.

Four leaf disks per, strain were sampled on each of days 0,

1, 2, 3, and 6 post-inoculation for bacterial isolation and

population determination.

The results of this growth study are presented in Table

V-9 and depicted graphically in Figure V-3. Population data

from samples taken immediately after inoculation shows that

in tobacco, as in bean, approximately equivalent numbers of

bacteria were introduced into each inoculation site. These

day 0 values showed very little internal variation, with log

populations for all 16 samples lying between 6.5 and 6.9.

The difference of three logs between these populations and

those of the bacterial suspensions used for inoculation, 9.5

to 9.7, supported the idea that approximately 1 ).al of

inoculum (10 -3 ml) is introduced into each site using this

inoculation method.
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Table V-9. Growth of
tobacco leaves.

P. svringae pv. syringae strains in

Strain Day 0 Day

Log CFU/sample

1 Day 2 Day 3 Day 6

J900 6.7 7.3 6.7 7.4 7.2
6.8 7.2 7.4 6.9 7.0
6.7 7.6 7.4 6.7 7.0
6.5 7.3 7.4 6.9 7.2

mean 6.7 7.4 7.2 7.0 7.1

PS9020 6.5 6.9 6.8 6.6 6.6
6.6 6.8 6.4 7.0 6.0
6.6 7.1 7.1 6.8 6.4
6.7 7.5 7.2 7.0 6.6

mean 6.6 7.1 6.9 6.8 6.4

PS9021 6.6 6.4 5.9 5.7 5.0
6.9 6.5 5.8 5.6 5.0
6.8 6.2 5.8 5.4 4.8
6.8 6.3 5.7 5.4 5.0

mean 6.8 6.4 5.8 5.5 5.0

PS9024 6.8 6.9 6.6 6.1 6.3
6.6 6.9 7.0 6.5 6.9
6.6 6.8 6.5 6.2 6.0
6.8 7.3 6.6 6.5 6.7

mean 6.7 7.0 6.7 6.3 6.5
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Figure V-3. Growth of P. syringae pv. syringae strains in
tobacco leaves. These data are presented in Table V-9, p. 105.
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Population values from the four equivalent samples

taken per strain each sampling day were in very close

agreement, always lying within one log. Over half of the 20

sampling groups (four strains, five days) had all values

within 0.2 log of the mean, and none of the 80 sample values

differed from the mean in a group by more than 0.5 log.

This increased consistency in the tobacco system compared to

bean may result from the greater ease of infiltration of

tobacco leaf tissue, allowing introduction of more uniform

starting populations.

By day 1, the HR was observed at injected sites for all

the strains except those of PS9021. Qualitative growth

ability of these four strains in tobacco corresponded with

observed patterns of HR induction. The three HR-inducing

strains (J900, PS9020, and PS9024) were capable of in planta

growth increases of 0.3 to 0.7 log CFU by day 1, while

PS9021 showed a population decline of 0.4 log by this point.

This decline continued through the experiment and resembled

the decrease of PS9021 populations observed in bean leaves

(Table 111-4, p. 45, and Table 111-5, p. 52) . J900, PS9020,

and PS9024 populations all peaked at 24 hours and then

gradually declined as the HR developed. These results

demonstrated that the growth bioassay developed for use in

bean could also be used in tobacco to quantify definitive

differences among bacterial strains in efforts to better

understand relationships between in planta growth

characteristics and observed plant responses.
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The final growth studies in tobacco involved an

investigation of genetic complementation and cosmid

stability of pOSU3105 in PS9520 and PS9521 analogous to the

study described previously in bean. The effect of pOSU3105

upon growth of PS9520 and PS9521 was studied in tobacco, as

was the stability of this cosmid in PS9520.

The results of this growth experiment are shown in

Table V-10 and depicted graphically in Figure V-4. PS9020

populations showed a net population increase of 1.9 logs,

while those of PS9021 declined 1.5 logs. These two

characteristic patterns resemble those seen for the two

strains at higher inoculum concentrations (Table V-9, p.

105), and provide a useful background for quantitative

studies of complementation using pOSU3105.

The presence of pOSU3105 in PS9520 had the same

retarding influence upon growth of this strain in tobacco as

was observed in bean, as populations of PS9520 never reached

PS9020 levels. Its presence in PS9521, however, partially

complemented the mutant phenotype of this strain la planta,

reversing the typical population decline and permitting an

increase of 1.9 logs. By day 6, only 50-70% of the PS9521

cells retained the cosmid marker, again suggesting cosmid

instability in the population as a possible explanation for

lack of total complementation.

A more detailed study of the stability of pOSU3105 in

PS9520 was conducted in tobacco leaves as was done in bean

leaves. This provided another opportunity to investigate



Table V-10. Effect of pOSU3105 on growth of PS9520 and
PS9521 in tobacco leaves.

Strain Day 0

Log CFU/sample

Day 1 Day 3 Day 6

PS9020 2.8 3.5 3.0 4.9
3.0 2.8 5.0 4.2
2.4 2.9 3.8 4.6
2.6 2.8 3.2 4.7

mean 2.7 3.0 3.8 4.6

PS9021 3.1 2.7 2.5 2.0
3.1 2.8 2.4 1.7
3.0 2.9 2.1 1.2
3.0 2.8 2.1 1.3

mean 3.1 2.8 2.3 1.6

PS9520a 2.9 3.3 2.8 2.8
2.4 3.3 3.0 2.7
2.9 2.8 2.7 2.5
2.9 3.4 3.0 3.9

mean 2.8 3.2 2.9 3.0

PS9521b 1.2 2.0 3.8 2.3
2.1 2.1 1.6 3.6
1.8 2.0 1.6 1.5
1.7 3.0 3.2 3.9

mean 1.7 2.3 2.6 2.8

109

a PS9520 = PS9020(pOSU3105)

b PS9521 = PS9021(pOSU3105)
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the stability of a cosmid in a strain which does not require

the cosmid for growth. These stability data, presented in

Table V-11, show the percentage of cosmid-containing cells

in tobacco leaf populations declining with time, similar to

the results obtained in bean leaves (Table V-6, p. 99) .

However, in tobacco, unlike in bean, there was no net

population increase for strain PS9520, and therefore no

dramatic increase in the absolute number of cosmid-

containing cells. The percentage of the PS9520 population

maintaining pOSU3105 was slightly higher in tobacco than in

bean, implying that rapidly growing populations may be more

likely to lose cosmid sequences not required for growth.

In conclusion, these most recent studies have presented

a quantitative investigation of the biological effects of

introduced cosmid sequences upon growth of bacterial strains

in planta. The usefulness of the growth bioassay developed

in this thesis was extended to include studies of genetic

complementation and cosmid stability in the PS9020 and

PS9021 backgrounds in both bean and tobacco leaves.

Incomplete complementation of a mutation to non-

pathogenicity by homologous wild type sequences was shown to

be associated with an incomplete ability to restore wild

type growth kinetics to the mutant. As presence of a cosmid

in PS9520 appeared to slow in planta growth, the

intermediate restoration of symptom expression to PS9521 may

have been due to the combination of the opposing effects of

growth retardation due to cosmid presence and growth
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Table V-11. Stability of pOSU3105 in PS9520 tested in
tobacco leaves.

Percentage to in Populationa

Day 0 Day 1 Day 3 Day 6

PS9520b 102
64
96

101

mean 91

114
123
89

124

112

63
66
89
50

71
88
65
47

67 68

a Values represent (Crt CFU/total CFU) X 100.

b PS9520 = PS9020(p0Su3105)
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enhancement due to the functional presence of the required

complementing wild type PS9020 DNA.

Future growth studies, in conjunction with molecular

manipulations in the path region will provide more insight

into the relationship of bacterial genotype to in planta

growth and symptom expression, and will increase our

understanding of some of the molecular mechanisms operating

in the complex interaction of plant pathogenesis.
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