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Abstract

Variation among strains ofXanthomonas campestris pv. campestris, the causal organism

ofblack rot ofcrucifers, was studied. The relationship between symptoms associated with

selected strains, their epidemiological fitness in misted seedbeds, the presence of a gene

associated with severe symptoms in these strains, and a pathovar-specific surface antigen

was examined. Strains with blight induction capacity spread more rapidly in misted

seedbeds. These blight strains all hybridized with a 5.4-kb DNA fragment isolated from

the type strain of X c. campestris (Xcc52ST
). This fragment in pJC41 was previously

reported to confer blight symptom induction in cabbage when mobilized to a closely

related leaf spot pathogen X c. armoraciae. The relationship between this 5.4-kb DNA

fragment and blight symptom induction was studied by marker-exchange mutagenesis of

Xcc528T at the pJC41 region. Loss of the fragment did not destroy the systemicity and

blight induction capability of the wild type. However, in pathogenicity studies strains of

X c. campestris that hybridized with pJC41 generally caused strong blight in cabbage.

Thus, it is likely that other gene(s) with similar functions exist on the genome. A positive

reaction to the monoclonal antibody (MAb) All was associated with strains that

produced blight. The hypothesis that the antigen reactivity with this MAb plays a role in

blight induction was tested by mutagenizing a blight strain ofX c. campestris (CAMI9) at

a gene locus that is necessary for the production of this antigen. Although the two AII

negative mutants (NTG901 and NTG2230) which were obtained were avirulent or had

reduced virulence, the restoration of antigenicity by complementation did not result in

simultaneous restoration ofvirulence. Thus, although the antigen for MAb All is a useful

iv



marker associated with blight-causing strains, it does not play a role in blight symptom

induction or pathogenicity. In summary, blight strains ofX c. campestris are distinct from

the more typical black rot strains in symptom induction and epidemiological capability.

They usually, but not always, hybridize with pJC41 and react with MAb All. It is

suspected that blight induction is controlled by multiple genes.
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Chapter 1

Introduction

Crucifers are grown throughout the world and are important human nutritional

sources. Black rot of crucifers, caused by Xanthomonas campestris pv. campestris, is the

most important disease of crucifers, affecting all cultivated brassicas, radishes, and

numerous cruciferous weeds (Williams, 1980). As with many bacterial pathogens, the

black rot pathogen thrives in warm, humid climates and is most serious in tropical,

subtropical, and humid continental regions (Williams, 1980).

Symptoms ofblack rot on cabbage are large, often V-shaped, chlorotic blotches at

the margins of the leaves that progress toward the midrib of the leaf, while some of the

veins and veinlets within the chlorotic area tum black (Agrios, 1988).

Another bacterial pathogen X c. pv. armoraciae infects crucifers through stomata.

This pathogen lacks the capacity for systemic movement in plant. Thus, invasion is limited

to infection sites, resulting in leaf spots. X c. armoraciae as a group was not distinguished

from X c. campestris by serology or restriction fragment length polymorphism (RFLP)

although some strains of X c. armoraciae were clearly distinguished from typical X c.

campestris strains (Alvarez et al., 1994).

Control me3.sures for black rot include use of clean seed, seed treatment,

sanitation, protection of seedlings during transplant operations, crop rotation, and use of

production practices that reduce disease (Alvarez et aI., 1987; Humaydan et al., 1980;

Williams, 1980). Resistance to black rot has been stabilized in cabbage inbreds derived

from a Japanese cabbage cultivar, Early Fuji, and inbreds have been released from the

Wisconsin Agricultural Experiment Station (Williams, 1980). However, the tender hybrid
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cultivars that have horticultural characteristics suitable for the local fresh market in Hawaii

are quite susceptible to black rot (Alvarez et al., 1987).

History of the research on black rot of crucifers

Black rot of crucifers has been studied more than a hundred years since it was

found in a field in Kentucky by Garman (1891, 1892). In July 1889, he observed that

cabbage in the vicinity of Lexington, Kentucky was severely affected with rot. In some

gardens two-thirds of the heads were affected, and of these, more than half were

completely invaded and rendered worthless. He isolated two types ofbacteda (non-motile

white and motile yellow) from diseased cabbages. The yellow form was the more

common. He did not report on the pathogenicity of these two types, but it is suspected

that the yellow one was X c. campestris, and the white non-motile organism was a

saprophyte.

Garman suggested the importance of environmental factors, such as high

temperature and humidity, in disease spread. However, his experiments gave no decisive

results about the relative importance of the biological and the environmental factors.

Pammel was the first to demonstrate the infectious nature of the disease. He

inoculated rutabagas with pure cultures of a yellow organism isolated from turnips and

rutabagas, and showed that the disease could be transmitted from plant to plant (pammel,

1893, 1895).

In 1896-1897, Smith verified Pammel's statements and characterized the causal

organism as Bacterium campestre and discovered that the infection takes place through

hydathodes (1897). Hydathode infection was later confirmed by Russell (1898). Neither

of these investigators observed penetration through stomata. The only report of the

stomatal invasion was by Clayton who described the penetration of the bacterium through

the stomata on the lower surface ofuninjured leaves ofcauliflower and cabbage (1925).
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The predominance of hydathode invasion over stomatal invasion was explained by

Cook et al. (1952b). He attributed the mechanism ofhydathode invasion to the existence

of a continuous liquid path of entry. He reasoned that invasion through stoma was

unlikely, even though there is water in the form ofwater vapor in the substomatal cavities.

He concluded that natural condensation was not sufficient to supply a continuous liquid

path for entry of the causal bacteria through stomata. In the same paper he reported

chlorotic spotting for the first time and attributed it to toxin production by the causal

organism.

It had been speculated that major epidemics have been initiated by the use of

infected seed (Harding et al., 1904; Walker and Tisdale, 1920). This was investigated by

Cook et al. (1952a) who studied the histology of seed infection by light microscopy. He

observed the invasion of the bacterium into the xylem of the funiculus. He tested the

hypothesis that the seeds with an infected funiculus, and possibly seed coat, were the

primary inoculum for epidemics. However, plating of seeds from infected pods showed

that germinable seeds only rarely yielded viable black rot bacteria. He interpreted this to

mean that very few seed-borne Xanthomonas campestris cells can cause extensive field

epidemics. In a study by Schaad in South Carolina, 0.1% infected seed resulted in a high

incidence of black rot in the field (Schaad et aI., 1980). Williams (1980) suggested that

seedling production in seedbeds was a key stage for the spread ofthe pathogen.

The nature of the processes that results in symptom expression by the host was

first suggested to be due to xylem plugging by host degradation products (Roth, 1961).

Sutton and Williams studied the histology of infection with particular attention to the

nature of the plugging material (1970). They attributed the symptom expression to the

physical occlusion of the xylem vessels by polysaccharide produced by the pathogen and

subsequent water stress.
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In 1973, Wallis et al. published the first study ofxylem plugging based on electron

microscopic observations. By studying many hundreds of electron micrographs, they

concluded that the plugging was caused by the materials both of host and bacterial origin.

They observed fibrillar beaded material that was thought to be the result of bacterial

enzyme action on primary plant cell walls. This material was seen only in invaded vessels.

In contrast, reticulate plugging material was observed in the uninvaded vessels adjacent to

invaded vessels. The latter material was thought to be produced by the hosts as a defense

against invasion by the bacteria.

In 1980, Williams published a review on comprehensive disease control strategies.

He drew attention to the importance of the latent infections during seedling production,

but provided no quantitative information. Ruissen et al. (1989) showed that under humid

conditions, inoculum appeared in guttation droplets prior to symptom expression. In

contrast, under dry conditions, symptoms appeared prior to the appearance of inoculum in

guttation droplets. Mochizuki used a pathovar-specific monoclonal antibody (MAb) and

an enrichment system to detect very small numbers of bacteria in guttation droplets in

cabbage seedlings and studied the spread of the pathogen in seedbeds (personal

communication). This detection system should be highly useful in studying the

epidemiology ofX c. campestris in latently infected cabbage seedlings.

The first genes cloned from X c. carnpestris were by Daniels and his co-workers

(1984a). One strain ofX c. campestris designated 8237, which is defective in production

of extracellular protease and polygalacturonate lyase and negative for pathogenicity in

seedling assays was restored for the enzyme activities and pathogenicity by

complementation with a plasmid derived from a genomic library made from a wild type X

c. campestris strain. N-methyl-n'-nitro-n-nitrosoguanidine (NTG) was used to make

mutants in this study (Daniels et al., 1984b). Since the cloning ofthe first X c. campestris

gene, remarkable progress has been made in cloning many other X c. campestris genes

4



including basic pathogenicity genes, which in compatible interactions induce disease, and

in incompatible interactions often trigger a hypersensitivity reaction (HR.). These genes

are designated hrp (for hypersensitivity reaction and nathogenicity) and are found in many

plant pathogenic bacteria including X c. campestris (ArIat et al., 1991; Kamoun and Kado,

1990; Willis et aI., 1991; Bonas et aI., 1991). X c. pv. campestris strain 8004 contains a

hrp gene cluster covering about 25 kb, which is homologous to the Pseudomonas

solanacearum hrp cluster and similarly organized over a 19-kb region (ArIat et aI., 1991;

Boucher et aI., 1987). Among Pseudomonas syringae pathovars, and among

Xanthomonas campestris pathovars and Xanthomonas oryzae pv. oryzae, hrp genes are
-'.

interchangeable by complementation (Kamdar et aI., 1993; Lindgren et aI., 1988).

The mechanism of hrp gene action is far from being completely understood.

Certain hrp genes are widely conserved among the known hrp genes, and several encode

components ofa protein secretion pathway that is similar to the type ill pathway used by

Yersinia, Shigella, and Salmonella spp. to secrete extracellular proteins (Arlat et al.,

1992; Gough et aI., 1992; Van Gijsegem et aI., 1993). One activity of the hrp-encoded

pathway in plant pathogenic bacteria is the secretion of elicitors of HR, such as harpin or

hrpZ homologues, which are also encoded by hrp genes (preston et aI., 1995).

In X c. campestris, there are some unique features distinct from hrp gene systems

of other phytopathogenic bacterial species and pathovars as reported by .Aslat et aI.

(J.991). One such feature involves hrpX(Kamoun and Kado, 1990). The predicted amino

acid sequences of the protein encoded by hrpX (hrpXc in X c. campestris and hrpXo in X

oryzae) revealed similarities (45.96%) to the HrpB protein of Burkholderia

(Pseudomonas) solanacearum, which is similar to the transcriptional activator VirF of

Yersinia enterocolitica and AraC ofEscherichia coli. Thus, it was suggested that HrpX

may regulate Xanthomonas virulence genes (Oku et aI., 1995). Another unique feature is

the apparent lack of harpin, or hrpZ homologues, in X c. campestris.
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The study of the hrp genes and other pathogenicity-related genes will be a key to

understanding the plant-bacterial interaction and possibly the control ofbacterial diseases.

Research Objectives

1. Seedbed spread of X. c. campestris strains that belong to different symptom type

groups

Inspection of seedbeds can be useful in detecting pockets of serious black rot

infection, but the symptom expression may be delayed under cool temperatures, making

detection virtually impossible (Williams, 1980). However, development of miniplate

enrichmentlELISA made possible the detection of very small numbers of X c. pv.

dieffenbachiae, a pathogen of anthurium, cells (Norman and Alvarez, 1994). This system

was applied for the study of the black rot pathogen in the seedbed by Mochizuki (personal

communication). By following the latent spread, suppression of the pathogen by chemical

application could be seen in seedbed studies.

X c. campestris is heterogeneous genetically, serologically, and in symptom

expression (Alvarez et al., 1994). Different capabilities of spread among different X c.

campestris strains were first suggested by Yuen et al. (1987). In their field study

conducted in Waimanalo, Hawaii, strain A249 spread more rapidly than strain EEab. In

another study strain XC114 spread more rapidly than strain SRI (Yuen et al., 1987). In

that study, bacteria were isolated from plants showing symptoms, and subsequently tested

by monoclonal antibodies for strain identification. This was the first study in which

monoclonal antibodies were used to study the epidemiology ofX c. campestris and was

made possible by the development of pathovar-specific monoclonal antibodies (Alvarez et

al., 1985).

The existence oftwo groups ofX c. campestris that produced distinctive symptom

types was first reported by Yuen and Alvarez (1985). One group, represented by strain
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A249, shows typical black rot symptoms with black veins, and the other group,

represented by strain G2-12, shows sudden mesophyll collapse on the leaf resulting in

blight-like symptoms without clear black veins. Strains in the latter group can cause

typical black rot symptoms concurrently with blight symptoms. The typical black rot

strains react with MAb X21 and the blight-like strains react with MAb All (Alvarez et al.,

1994). We hypothesized that these two groups ofX c. campestris may spread differently

in the seedbed without showing symptoms. The first part of this research was undertaken

to test this hypothesis using the Miniplate system and the two pathovar-specific

monoclonal antibodies.

2. Function ofa putative systemicity and blight gene that exists in blight type strains oj

X. c. pv. campestris

Better management ofblack rot and blight would be possible if more were known

about the mechanism ofdisease development and pathogen variability. Alvarez et al. used

restriction fragment length polymorphism (RFLP) analysis to study the genetic diversity

among X c. campestris and X c. armoraciae strains and found that the blight strains had

different RFLP patterns from those of the typical black rot strains (1994). A search for

the genetic basis for the differential symptom expressions was made by Chen et al. (1994).

A DNA fragment that conferred blight symptoms to X c. armoraciae strain 417 was

cloned by screening a genomic library of a blight strain in a leaf spot strain. The 5.4-kb

insert responsible for blight symptom induction was designated pJC41. This fragment

hybridized with most X c. campestris strains that can cause blight symptoms. However,

confirmation that the gene(s) carried on pJC41 was necessary for blight symptoms in

Xcc528T by mutagenesis of the putative gene(s) was not done in their study. As a second

part ofmy research, the possible function ofpJC41 was investigated.
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3. Relationship between a monoclonal antibody epitope and the blight type symptom

A strong correlation of the blight symptom with a positive reaction to MAb All

was noticed by Alvarez et al. (1994). In the literature, there has been no report on an

antigenic determinant ofX c. campestris that is also a pathogenicity factor. Mutagenizing

a gene that is responsible for the expression of the epitope and observing the induced

symptom type on cabbage is an approach to testing this idea. If MAb-All-negative

mutants are also deficient in production of blight or their pathogenicity is affected, the

responsible genes might be identified by making a library of the wild type strain and

mobilizing cosmids into the mutants to see the restoration of blight symptoms or

pathogenicity. The third part ofthis research was conducted on this topic.

8



Chapter 2

Greater Epidemiological Fitness ofXanthomonas campestris pv. campestris Strains

That Induce Blight Symptoms in Adult Cabbage

ABSTRACT

Xanthomonas campestris pv. campestris causes symptoms ranging from foliar blight with

no cWorosis or black veins to chlorotic, V-shaped lesions and black veins. Symptom type

is strain-dependent. Six strains were evaluated for their rate and pattern of spread in

misted seedbeds by using pathovar-specific monoclonal antibodies and miniplate

enrichmentlELISA. Data on pathogen incidence was defined as the presence of the

pathogen in or on plants rather than visual symptoms. The results were that strains with

stronger blight induction capability spread to more seedlings than strains with weaker

blight induction capability. High pathogen incidences were correlated with greater non

randomness of spatial pattern of pathogen spread, indicating high incidence is primarily

due to the spread from adjacent plants by leaf contact and water splash. Most ELISA

positive seedlings were symptomless, indicating that the sensitivity of the system used in

this study was adequate for detection oflatent infection or epiphytic spread.

9



INTRODUCTION

Symptoms of black rot of crucifers, caused by Xanthomonas campestris pv.

campestris, are typically described as V-shaped chlorotic lesions on leaf margins

accompanied by black veins, indicative of systemic invasion (Williams, 1980). The main

infection sites are hydathodes (Cook et aI., 1952b; Russell, 1898; Smith, 1897) although

stomatal invasion was also observed (Clayton, 1925). Strains of X c. campestris vary

with respect to serological characteristics (Alvarez et aI., 1994; Schaad, 1978), phage type

(Liew and Alvarez, 1981), fatty acid analysis (Stead, 1989; Vauterin et aI., 1992; Yang et

aI., 1993), genetic characteristics (Alvarez et al., 1994), and the symptoms produced on

crucifers (Alvarez et aI., 1994). Kamoun et aI. (1991) has proposed races to designate

subpopulations that are pathogenic on different crucifer hosts.

Variability among X c. campestris strains with respect to their capacity for spread

was observed in field plots ofcabbage on Oahu, Hawaii (Yuen et al., 1987). Field spread

assessment was based on the increase of visually detectable symptoms on plants followed

by strain identification with pathovar-specific monoclonal antibodies (MAbs). Black rot

strains that appeared to be similar based on plant inoculations in greenhouse tests, spread

at different rates in the field (Yuen et aI., 1987). Although the reliance on symptom

expression underestimates the actual spread of the pathogen, the results demonstrated that

different strains ofX c. campestris that cause typical black rot symptoms varied in their

capacity for field spread.

In contrast to typical foliar symptoms of black rot, atypical blight-like symptoms

(sudden collapse of interveinal tissues and the lack of veinal necrosis at early stages of

10



infection) were obselVed in cabbage (Brassica oIeracea var. capitata L.) fields in Hawaii

(Yuen and Alvarez, 1985). Strains producing these symptoms were considered aggressive

variants ofX c. campestris (Alvarez et a1., 1987). The "blight" strains also had different

reactivity patterns with MAbs and formed distinct groups by restriction fragment length

polymorphism (RFLP) analysis (Alvarez et al., 1994).

The present study was conducted to examine the epidemiological potential of

strains of X c. campestris that can cause strong blight and to determine whether they

spread more rapidly in cabbage seedbeds than strains which do not cause strong blight. In

order to accurately assess pathogen spread, the incidence data were based on the presence

of X c. campestris cells on leaves, rather than relying on symptom expression. An

adaptation of the miniplate enrichment ELISA system (Norman and Alvarez, 1994) was

used with X c. campestris-specific MAbs to detect the pathogen on symptomless plants.

MATERIALS AND METHODS

Bacterial strains. The X c. campestris strains used in this study were described

previously (Alvarez et a1., 1994). Three strains (GACI7, GACI37, and A249) were in

Serogroup I, RFLP group 1; the others (G2-12, G2-17, and Xcc528T
) were in Serogroup

3, RFLP group 3 (Alvarez et a1., 1994). Strain Xcc528T is a synonym ofATCC33913, the

type strain of the species isolated from brussels sprouts in Great Britain. Strain GAC137

was isolated from lettuce in Hawaii but produced black rot on cabbage. Other strains

were isolated from cabbage on the island ofMaui, Hawaii. All strains were maintained on

yeast extract-dextrose-calcium carbonate medium (Wilson et al., 1967) at 28 C. Their

11



reactivity patterns to MAbs X21 and All were confinned (Alvarez et al., 1994) prior to

the experiments.

Symptom type assessment for X c. campestris strains. Cabbage plants approximately

6 wk old (cultivar Tastie, Northrup King Co., Gilroy, California) were inoculated with 2

day-old cultures ofX c. campestris strains suspended in phosphate-buffered saline (PBS)

at a concentration of ca. 3 x 108 cfu/ml. Leaf margins were clipped with sterile scissors

dipped in the bacterial suspension. Four plants were used for each strain of X c.

campestris with four cuts on each plant. Plants were placed on greenhouse benches at a

mean temperature of ca. 28 C. Symptom types were recorded 17 days after inoculation.

At each inoculation site, the symptom type (black veins or blight) was determined. If a

symptom consisted of both black veins and blight, a predominant symptom type was

recorded. The blight index (number of inoculation sites whose predominant symptom was

blight + 16) was determined for each strain.

Experimental design. One cabbage (cultivar Tastie) seed was planted in each cone of

twelve trays. Trays were 60 cm long, 35 cm wide, and 11.5 cm deep (Stuewe and Sons,

Inc., Corvallis, Oregon). Each tray had 96 (12 x 8) cones (diameter 4 cm) that

corresponded to the configuration of microtiter plate wells. The planting medium was a

mixture of Supersoil® (Rod McLellan Co., South San Francisco, California) and

vermiculite (Thermo-o-rock Industries, Inc., Chandler, Oregon) (1:1 by volume) fertilized

with Osmocote® (18-6-12) (plantco Inc., Bramalea, Ontario, Canada) at 10 gIL. Trays

were placed on a greenhouse bench with a misting system in a completely randomized

12
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design. Mean temperatures ranged from 26 C to 30 C. Each tray was an experimental

unit and there were two replications.

In Experiments 1 and 2, plants were misted every 5 min for 10 s between 7 a.m.

and 8:30 a.m. and between 4:00 p.m. and 5:00 p.m. In Experiments 3 and 4, misting was

every 4 min for 5 s between 7 a.m. and 7 p.m. Fourteen days after seeding, four seedlings

at the center of each tray were inoculated by cutting at the leaf margin with scissors

dipped in a bacterial suspension of ca. 3 x 108 cfu/ml determined spectrophotometrically

(0. D. ~oo = 0.1). Trays were separated by transparent plastic sheets to avoid cross

contamination. In experiments 1 and 2, strains A249 and G2-12 were used as inoculum.

In experiments 3 and 4, six strains (A249, GAC137, GACI7, Xcc528T
, G2-12, and G2

17) were used.

Sampling I miniplate enrichment. Pathogen incidence data were taken at 2, 6, 9, 13,

16, 20, 23, and 27 days after inoculation in Experiment 1, or at 2, 9, 16, 23 days after

inoculation in Experiment 2. In Experiments 3 and 4, data were taken at 2, 8, and 14 days

after inoculation. Pathogen incidence was assessed by collecting leaf wash samples from

each plant (50 ,,11) that remained on leaves after misting. Leafwash samples from 32 clean

seedlings were used as negative controls for enzyme-linked immunosorbent assay

(ELISA). Leaf wash samples were incubated for five days at 28 C in individual wells of

microtiter plates containing the esculin-trehalose medium (Norman and Alvarez, 1989) to

selectively amplifY bacterial cell populations (miniplate enrichment).

ELISA. After incubation, 100 J.lI of coating buffer (carbonate-bicarbonate buffer, pH 9.6)

was added to each well of the microtiter plates, which contained the amplified bacterial

13
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populations. Approximately 10 min after the addition of the buffer, 50 Jd of the

supernatants were transferred to new microtiter plates. The plates were dried overnight at

37 C in an incubator with circulating air. The pathogen was detected by ELISA using

MAb All (for Xcc528T
, G2-l2, and G2-l7) or X2l (for A249, GAC17, and GAC137)

using the horseradish peroxidase (enzyme)-5-aminosalicylic acid (substrate) system

(Alvarez and Lou, 1985). Optical density (0. D.) was read at 450 om. Samples with O.

D. of 0.25 or greater above the mean of the negative control were considered positive.

Inoculated plants were not included in data analyses except in determining focal cluster

sizes and proximity indices. At final sampling days, visual symptoms also were recorded.

The existence ofpossible cross contamination from neighboring experimental units

was assessed at the second sampling of Experiment 3. Plants inoculated with All

positive strains were tested by MAb X2l, and plants inoculated with X2l-positive strains

were tested by MAb All (reciprocal MAb assay).

Data analysis. Pathogen incidence was defined as the percentage of ELISA-positive

plants. Temporal changes in pathogen incidence were analyzed by performing simple

linear regressions, and the slopes ofthe regression lines were compared among strains.

Incidence at the final sampling date was analyzed by performing analysis of

variance (ANOVA) after arcsine transformation. Means were compared among strains.

Analysis ofvariance and mean separations were performed by using a statistical computer

program STATIsrrx® (Version 4.0, Analytical Software, St. Paul, Minnesota).

For Experiments 3 and 4, deviation from randomness of the pathogen occurrence

patterns was analyzed by performing "runs analysis" for each flat (Gibbons, 1976; Madden
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et al., 1982). The runs were counted by reading a top row (as appeared in the pathogen

incidence maps) from left to right, then continuously from right to left on the next row,

and so on. Inoculated seedlings were not included. A normal test was done by calculating

Z = [U+ 0.5 - E(U)]/s(U), where U is the number ofruns; E(U) is the expected number of

runs under the null hypothesis of randomness and given by E(U) = 1 + 2m(N - m)/N,

where m is the number ofELISA-positive plants and N is the total number of plants; and

s(U) is the standard deviation of U under the null hypothesis of randomness given by s(U)

= {2m(N - m)[2m(N -m) - N]/N2(N - I)}ll2. The value ofZless than -1.64 was considered

the indication ofclustering (P =0.05). The correlation of the values ofZ and the ratios of

ELISA-positive plants were analyzed. The size of the focal clusters (contiguous ELISA

positive plants at inoculation foci) and their proximity indices [(size of focal cluster) +

(size ofthe smallest rectangle that covers the entire focal cluster)] were also determined.

RESULTS

Symptom type assessment for X c. pv. campestris strains. Chlorosis at inoculation

sites appeared about 5 days after inoculation. Symptoms of most strains consisted ofboth

blight and black veins with chlorosis. Strain G2-17 caused blight symptoms only. The

symptoms made by A249 consisted of black veins and chlorosis only. Reactivity with

MAbs X21 and All, symptoms on cabbage, and blight indices are summarized in Table

2.1.

Pathogen spread. In Experiments 1 and 2, strain G2-12 spread to significantly greater

numbers ofplants than A249 by the end ofeach experiment. In Experiment 3, three blight
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strains, G2-12, G2-17, and Xcc52ST
, spread to significantly greater numbers ofplants than

A249 and GAC137. Strain GAC17 showed intermediate spread. In Experiment 4,

differences in pathogen incidence among strains were not significant statistically (P =

0.2275), although strains with stronger blight induction capability (G2-17, GACI7,

Xcc52ST
, and G2-12) spread most rapidly. In the reciprocal MAb assay at the second

sampling of Experiment 3, no positive reactions were detected by MAb All in samples

from plants inoculated with X21-positive strains, and vice versa, indicating that no cross

contamination had occurred. Final pathogen incidence data are summarized in Table 2.2.

Maps ofpathogen incidence at the final sampling day are shown in Fig. 2.5 (Experiment 3)

and Fig. 2.6 (Experiment 4).

Symptom evaluation at final sampling days. Symptoms that developed on seedlings in

the misted seedbeds were often atypical, including pinpoint watersoaked lesions and leaf

rot. Less than 25% of the ELISA-positive plants expressed symptoms. The ratios of

seedlings with symptoms to total ELISA-positive seedlings are shown in Table 2.3.

Temporal increase in pathogen incidence. The pathogen incidence progress curves for

each strain in the four experiments are shown in Fig. 2.1-2.4. Simple linear models

appeared to be the most appropriate for describing pathogen increase. In Experiment 2,

G2-12 (a blight strain) had significantly greater value of slope than A249 (a typical black

rot strain). In Experiment 1, the difference was not statistically significant (P = 0.1861).

However, the same trend was observed. In Experiment 3, slopes for the three blight

strains (G2-17, G2-12, and Xcc52ST
) were significantly greater than typical black rot

strains A249 and GAC137. GACl7 had an intermediate value. In Experiment 4, the
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difference was not statistically significant (P = 0.24481), although the three blight strains

and the intermediate strain GAC17 had greater values of slope (Table 2.4).

Focal cluster sizes and proximity indices. Focal cluster sizes and proximity indices

were not significantly different among strains in Experiments 3 and 4. A trend was

observed that the blight strains and the intermediate strain had larger focal cluster sizes

than the typical black rot strains. This trend was not observed for proximity indices.

Focal cluster sizes and proximity indices in Experiments 3 and 4 are summarized in Table

2.5.

Runs analysis. Low Z values were correlated with high incidence (correlation coefficient

-0.7777) (Fig. 2.3). Blight strains or the intermediate strain frequently showed significant

non-randomness, while typical black rot strains showed more random spatial patterns.

Observed runs and Z values for each experimental plot are shown in Table 2.6.

DISCUSSION

The extensive necrosis referred to as blight was associated with X c. campestris

strains that were serologically and genetically distinct (Alvarez et al., 1994). In current

studies, representative blight strains spread more rapidly in the seedbed under misted

conditions, indicating greater epidemiological potential or fitness. The pathogen incidence

increased linearly and the slopes of simple regression lines were steeper for blight strains

than for the typical black rot strains.

Interestingly, high pathogen incidence was correlated with high non-randomness of

the spatial pattern of pathogen spread based on runs analysis. This may indicate the high
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incidence observed in this study is primarily due to spread to adjacent plants, suggesting

the importance of spread by direct contact of leaves or water splash. Contribution of

aerosols to the dispersal of the pathogen appears to be less important than direct contact

of leaves or water splash. Aerosol spread could have caused cross-contamination of the

pathogen from adjacent trays, but such contamination was not observed in the reciprocal

antibody assay. Overhead irrigation and dense planting of seedlings obviously increased

the potential for disease spread in the seedbed. The incidence increase was often greater

than 1% per day, and the blight strains in particular, showed high dispersal in every

experiment.

The majority of the ELISA-positive plants were symptomless. The miniplate

enrichment/ELISA method was sufficiently sensitive to detect the latent or epiphytic

spread of the pathogen in the misted seedbed. Thus, the actual spread of the pathogen

extended beyond plants with visual symptoms. These results are consistent with an earlier

report (Mochizuki and Alvarez, 1992) that viable X c. campestris cells were detected in

guttation droplets on symptomless leaves of cabbage seedlings 9 and 20 days after

inoculation ofroots or seeds with the pathogen.

Latent spread in the seedbed may play an important role in development of field

epidemics after transplant. However, plants infected in the seedbed are unlikely to be

detected for several reasons. In early spring when seedbeds ar~ planted, seasonal

temperatures often are below the optimum for symptom expression. Even at relatively

high temperatures, black rot may remain latent in rapidly growing seedlings (Williams,

1980). As a further complication, downy mildew (caused by Peronospora parasitica) is
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common in seedbeds, and frequently causes leaves to senesce, masking early symptoms of

black rot (Williams, 1980). The ability to detect latent infections and/or epiphytic

populations of the pathogen will help evaluate the role of the seedbed stage of crucifer

production in disease outbreaks in the field.
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Table 2.1. Strains ofXanthomonas campestris pv. campestris used in this study, reactivity with MAbs

All and X21, their symptoms observed on six-week-old cabbage plants, and blight indices.

Strain MAbAll MAbX21 Symptom Blight

indexB

G2-17 + Blightb 1.00

G2-12 + More extensive blight symptoms than black veinsc 0.63

Xcc528T + More extensive blight symptoms than black veins 0.50

GACl7 + Blight and black veinsd 0.38

GAC137 + Predominantly black veins with little blight 0.25

A249 + Black veins only, no blight 0.00

B (Inoculation sites that showed predominantly blight) + (total number ofinoculation sites)

b Blight symptoms refer to necrosis.

C Black veins were accompanied by typical V-shaped zones ofchlorosis

d Described by Hunter et aI. (1987) as intermediate.
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Table 2.2. Pathogen incidence at the final sampling day. Figures are percentage of seedlings that tested

positive for the respective strains of Xanthomonas campestris pv. campestris.

Pathogen incidence*

Strain Exp.l Exp.2 Exp.3 Exp.4**

G2-17 28.4 a 15.8

G2-12 25.0 a 20.7 a 20.8ab 20.7

Xcc528T 17.9 ab 18.5

GAC17 9.3 be 17.4

GAC137 2.2 c 9.8

A249 3.4b 1.6b 6.1 c 8.2

*Each value represents the mean of two replications. Figures followed by the same letter in a column are

not significantly different at 10% rejection level according to LSD.

**Means were not compared due to non-significant differences of incidence among strains (P =0.2275).
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Table 2.3. Numbers of seedlings that expressed symptoms among ELISA-positive
seedlings at final sampling days*.

Strain Exp.1 Exp.2 Exp.3 Exp.4

G2-17 13/51 6/29
G2-12 3/40 8/38 9/39 1/18
Xcc528T 5/32 1/33
GAC17 3/17 1/34
GAC137 0/4 1/17
A249 1/6 2/3 2/11 2/15

Overall 4/46 10/41 32/154 12/146
(8.7%) (24.4%) (20.8%) (8.3%)

*Numerator = number of seedlings with symptoms, denominator = number ofELISA-
positive seedlings.
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Table 2.4. Slopes for simple linear regression and comparison ofmeans.

Slope

Strain Exp.1* Exp.2 Exp.3 Exp.4**

G2-17 1.8656 a 1.1509
G2-12 0.7513 0.9184 a 1.4030 ab 1.4672
Xee528T 1.1797 be 1.3588
GAC17 0.7068 cd 1.2500
A249 0.1241 0.0565 b 0.4281 d 0.5529
GAC137 0.1665 d 0.6887

Each value represents the mean of two rep!kations. Figures followed by the same letter in a column are

not significantly different at 10% rejection level according to LSD.

*Means were not significantly different (P = 0.1861).

**Means were not significantly different (P = 0.2481).
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Table 2.5. Focal cluster sizes and proximity indices observed in incidence maps for
Experiments 3 and 4&.

Focal cluster sizeb Proximity indexc

Strain Exp.3 Exp.4 Exp.3 Exp.4

G2-17 28.5 17.0 0.42 0.48
G2-12 20.5 18.0 0.50 0.45
Xcc528T 16.5 16.5 0.55 0.36
GAC17 11.0 18.0 0.50 0.46
GAC137 6.0 8.0 0.50 0.44
A249 8.0 10.0 0.50 0.57

BEach value represents the mean of two replications.

bMeans were not significantly different at 10% rejection level in either of the experiments (P =0.1033 in

Exp. 3 and P =0.2726 in Exp. 4).

CMeans were not significantly different at 10% rejection level in either of the experiments (P = 0.4476 in

Exp. 3 and P = 0.5829 in Exp. 4).
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Table 2.6. Summary ofruns analysis ofnon-randomness for Experiments 3 and 4.

Experiment Strain Rep. Runs i'

3 G2-17 1 23 -4.37
3 G2-17 2 31 -0.54
3 G2-12 1 23 -2.69
3 G2-12 2 21 -2.84
3 Xcc528T 1 21 -3.35
3 Xcc528T 2 23 0.08
3 GAC17 1 11 -0.64
3 GAC17 2 15 -2.41
3 GAC137 1 5 1.66
3 GAC137 2 5 1.64
3 A249 1 15 -1.01
3 A249 2 5 1.66
4 G2-17 1 19 -1.67
4 G2-17 2 19 -2.92
4 G2-12 1 29 -0.53
4 G2-12 2 Me Ma

4 Xcc528T 1 17 -3.65
4 Xcc528T 2 27 -0.82
4 GAC17 1 17 -0.73
4 GAC17 2 21 -3.75
4 GAC137 1 21 -0.17
4 GAC137 2 11 -0.64
4 A249 1 13 -0.33
4 A249 2 13 -1.43

aMissing plot.

b Bold figures are Z values smaller than -1.64, indicating clustering (P = 0.05).
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Fig. 2.1. Temporal increase in percent pathogen incidence in Experiment 1. Percent
incidence is defined as percentage ofELISA-positive seedlings among all the seedling
samples. A solid line and a dashed line indicate a blight strain and a black rot strain,
respectively. At the final sampling day, G2-12 had significantly higher incidence than
A249 at 10% rejection level.
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Fig. 2.2. Temporal increase in percent pathogen incidence in Experiment 2. Percent
pathogen incidence is defined as percentage ofELISA-positive seedlings among all the
seedling samples. A solid line and a dashed line indicate a blight strain and a black rot
strain, respectively. At the final sampling day, G2-12 had significantly higher incidence
than A249 at 10% rejection level.
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samples. Solid lines and dashed lines indicate blight strains and black rot strains,
respectively. At the final sampling day, the three blight strains had significantly higher
incidence than A249 and GAC137 at 10% rejection level. GAC17 showed intermediate
incidence.
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Chapter 3

Relationship of a 5.4-kb DNA Fragment pJC41 ofXanthomonas campestris pv.

campestris to Systemic Movement, Blight Symptom Induction, and Reactivity with

a Blight-Specific Monoclonal Antibody All

ABSTRACT

Most strains ofXanthomonas campestris pv. campestris that are capable of inducing blight

symptoms in cabbage react with a monoclonal antibody (MAb) All and hybridize with a

S.4-kb DNA fragment (in plasmid pJC41) cloned from the Xanthomonas campestris

species type strain, XccS28T
• The S.4-kb cloned DNA in pJC41 confers capacity for

blight symptom induction in cabbage when mobilized to a strain of X c. armoraciae

(phytopathology 84:1458-1465). The role of the 5.4-kb DNA cloned in pJC41 and the

epitope recognized by MAb All in the pathogenicity ofX c. campestris strains that cause

blight were examined by mutational analyses. A 4.0-kb deletion of the pJC41 region on

the XccS28T chromosome was created by marker-exchange. The derivatives were not

measurably affected with regard to systemic movement or blight symptoms.

Nitrosoguanidine was used to mutagenize Xcc528T and mutants were selected that were

not reactive to MAb All. The All-negative mutants were not measurably affected in

systemic movement or blight symptoms but the epitope changed to one recognized by a

MAb normally associated with non-blight strains. Therefore neither the antigen
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recognized by MAb All nor pJC41 DNA fragment are required for the distinctive blight

symptoms or pathogenicity ofXcc528T on the host examined.

INTRODUCTION

Xanthomonas campestris pv. campestris infects crucifers through hydathodes and

causes black veins and chlorosis on leaves as the pathogen moves systemically through the

veins and plugs the xylem (Williams, 1980). Xanthomonas campestris pv. armoraciae

infects crucifers but invades primarily through stomata and causes only leaf spots (Alvarez

et al., 1987). The latter pathogen lacks ability to infect the plant systemically and the

lesions are usually limited to small areas surrounding stomata. In addition to the more

common black vein symptoms, some X c. campestris strains are known to cause extensive

necrosis (blight) and are considered aggressive variants (Alvarez et al., 1987; Yuen and

Alvarez, 1985). The blight symptom appears to be the result of rapid collapse of

mesophyll by the invasion of the pathogen (Alvarez et al., 1994). Blight strains belong to

a distinct restriction fragment length polymorphism (RFLP) and serological group within

X c. campestris, that includes the type strain Xcc528T (Alvarez et al., 1994).

Chen et al. (1994) hypothesized that the different modes of pathogenicity for these

two pathovars were due to the presence or absence of pathogenicity factors that conferred

(in X c. campestris) or restlicted (in X c. armoraciae) systemic movement in planta.

Cosmid clones from a gene library of the X c. campestris type strain Xcc528T were

transferred to the X c. armoraciae strain Xca417, and vice versa. Transconjugants were
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screened for the gain (in the case of X c. armoraciae) or the loss (in the case of X c.

campestris) of symptoms associated with black veins. Although no clones were found

from X c. armoraciae that limited X c. campestis in this study, a 5.4-kb DNA fragment,

cloned on pJC4I, was found to confer limited blight and black vein symptoms to Xca417

(Chen et al., 1994). The role of the 5.4-kb DNA fragment in the pathogenicity of

Xcc528T was not examined.

The present study was conducted to characterize the pathogenic role ofthis 5.4-kb

DNA fragment including its potential role in determining systemic movement ofXcc528T
.

In addition, we wanted to determine whether this 5.4-kb DNA fragment was diagnostic

for blight-causing strains of X c. campestris, and evaluate its relationship to the epitope

recognized by monoclonal antibody (MAb) All, which had previously appeared to be a

useful diagnostic aid in recognizing blight-causing strains ofX c. campestris.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture media. The bacterial strains and plasmids used

in this study are listed in Table 3.1. Strains of Escherichia coli were grown in Luria

Bertani (LB) medium at 37 C (Sambrook et al., 1989). Strains ofX c. campestris were

grown in peptone-yeast extract-glycerol-MOPS medium (pYGM) at 30 C (DeFeyter et

al., 1990). For culture on solid medium, agar was added at 15 gIL. Antibiotics were used

at the following final concentrations: chloramphenicol (Cm), 20 mgIL; kanamycin (Km),

15 mgIL; gentamycin (Gm), 3 mgIL; and rifampicin (Rit), 60 mgIL. Spontaneous

rifampicin-resistant mutants of Xcc528T
, CAMI9, and NTG42 (a MAb All-negative
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mutant of XccS28T
) were obtained by spreading bacterial cells at 109 cfu/ml on PYGM

containing rifampicin at 60 flglml. Mutants (designated Xcc528TR, CAMI9R, and

NTG42R, respectively) were selected after incubation at 30 C for 4 days.

Recombinant DNA techniques. All techniques used were based on standard protocols

(Sambrook et aI., 1989). Plasmid pJC41 (Fig. 3.1) was digested with Pst! to remove the

inner 4.O-kb region of the insert and replace it with a kanamycin resistance cartridge

obtained from pUC4K. The resultant pbsmid (PP11) was partially digested with Hindill

to reclone the interrupted insert of pPll into suicide vector pUFR004 (Cm). The

resultant plasmid (PID) was used for marker-exchange mutagenesis. Pig: 3.2 shows

schematic procedures ofthe construction ofpID.

Marker-exchange mutagenesis. Two strains of X c. campestris were used for marker

exchange mutagenesis. Xcc52ST (type strain ofXanthomonas campestris pv. campestris =

ATCC33913) is the strain from which the insert DNA in pJC41 was isolated. Another

strain, CAM19 (holopathotype blight strain), which also hybridized with pJC41, was

selected because it caused only blight symptoms and no black veins on adult cabbage. The

suicide vector clone pill in E. coli strain DHSa. was transferred to XccS2STR or

CAM19R by triparental mating using a helper plasmid pRK2073 in E. coli strain HB101.

The mating mixture was incubated at 30 C for 24 h. After incubation the mixture was

plated on PYGM medium with rifampicin and kanamycin. Single colonies were selected

for chloramphenicol sensitivity, indicating loss of the suicide vector and partial

replacement of the original pJC41 region on the chromosome with the Kmr marker by a

second recombination event (Fig. 3.3). Chloramphenicol-resistant colonies (indication of
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a first recombination event, but not a second) were restreaked to select more

chloramphenicol sensitive clones.

Confirmation of marker exchange. Total DNA was extracted from each mutant and

digested with Hindill. The DNA samples were electrophoresed on a 0.7% agarose gel

and transferred to a nylon membrane by the alkaline blotting method (Sambrook et aI.,

1989). Southern blotting was performed using radioactively-labeled pJC41 as the probe

to confirm the marker exchange.

Pathogenicity tests for the marker-exchange mutants. The margin of leaves of six

week old cabbage (Brassica oleracea var. capitata L., cultivar Tastie) plants were cut

with scissors dipped in each bacterial suspension ofoptical density (O.D.) ~oo = 0.1 (ca. 3

x 108 cfu / ml). Cuts (about 2 cm long) were made at the leaf margin at approximately a

45° angle. The inocula were prepared by suspending overnight plate cultures in sterile

phosphate-buffered saline (pBS: NaCI 8.0 g, KCI 0.2 g, Na2HP04 1.15 g, KH~04 0.2 g

in lL H20, pH 7.4). After each inoculation, scissors were flame-sterilized. Plants were

placed on greenhouse benches (natural light, mean temperature ca. 28 C) and symptoms

were observed every day for three weeks.

Blight symptom ratings. Seven-week old cabbage plants were inoculated in the same

manner as described in the previous paragraph. Fifteen strains ofX c. campestris that had

or lacked the pJC41 region were used for inoculation. Four plants were used for each

bacterial strain and two leaves of each plant were inoculated at two sites (16 inoculation

sites for each strain). Plants were placed on greenhouse benches at mean temperature ca.

28 C. Symptoms were recorded 17 days after inoculation. At each inoculation site, the
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symptom type (black veins or blight) was determined. If a symptom consisted of both

black veins and blight, the predominant symptom type was recorded. The blight index

(number of inoculation sites whose predominant symptom was blight +16) was determined

for each strain.

ELISA. A two-day-old culture of X c. campestris was resuspended in carbonate

bicarbonate (CBC) coating buffer (Na2C03 1.59 g, NaHC03 2.93 gin 1 L H20, pH 9.6),

and O. D. was adjusted to ~oo = 0.1. 100 III of the suspension was transferred to the

wells of microtiter plates and the plates were dried at 37 C overnight in circulating air.

ELISA was performed by adding the following reagents in order. i) 200 III of 5% nonfat

milk blocking solution in PBS, ii) 100 III ofMAb All diluted 1:1,000 in 1.7% nonfat milk

in PBS, iii) 100 III of an anti-mouse IgG peroxidase conjugate (A-4416, Sigma Chemical

Company, St. Louis, MO) diluted 1:1,000 in 1.7% nonfat milk in PBS, and iv) 0.04% 5

aminosalicylic acid and 0.003% H20 2in phosphate-EDTA buffer (NaH2P04-H20 0.651 g,

Na2HP04 0.737 g, Na2-EDTA 0.035 gin lL H20, pH 6.8). Each reagent was allowed to

react for 1 h, except that the blocking step was for 30 min. After each step the plate was

washed three times with borate buffer (H3B04 10.3 g, NaCI 7.85 g, NaOH 1.1 g in I L

H20). The plate was read spectrophotometrically and reactivity was rated according to

spectrophotometric reading: 0<0.05, 1 = 0.051-0.1, 2 = 0.101-0.2, 3 = 0.201-1.00,

4>1.00 above background.

The fifteen X c. caxnpestris strains used for blight symptom ratings were tested for

reactivity to pathovar-specific MAbs All and X21 by ELISA. For screening mutants,

approximately 20 mg (wet weight) of a two-day-old culture was removed from agar
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medium with a wooden, sterile toothpick and resuspended in 1 m1 of CBC. One hundred

microliters of the suspension was directly transferred to the wells of microtiter plates for

coating, and then the general procedures of ELISA were followed. Visual assessments

were made for screening mutants and classified into three categories: positive>1.0,

negative<0.25, and intermediate =0.26-1.00 above background.

For characterization of the NTG mutant, other MAbs were used in step ii. These

included genus-specific MAbs Xl, XII; pathovar-specific MAbs X9, X13, X17, X21,

B35; and non-specific MAbs that differentiate strains X2, X3, X4, X16.

Generation of All-negative mutants of Xcc52ST and transfer of pJC41. Ten

milliliters of peptone-yeast extract-glycerol-MOPS (pYG!v!) broth -was inoculated with

Xcc528T and the culture was grown for 16 h with slow shaking (60 rpm) at 30 C. 250 J11

of freshly prepared NTG solution (1 mglml) was added to the overnight culture and

incubated for 3 min. After the NTG treatment, 10-fold dilutions were made from 10-3 to

10-6, and 100 J11 from each diluted suspension was plated on five PYGM agar plates.

After incubation at 30 C for two days, colonies indistinguishable from the wild type were

selected and transferred to PYGM plates. Pigment-deficient white colonies or unusually

small colonies were not selected in order to avoid excessive multiple mutations. Selected

colonies were subcultured and tested for the loss of reactivity to MAb All by an enzyme

linked immunosorbent assay (ELISA) (Alvarez and Lou, 1985). Serotypes were

determined for mutants by using eleven additional MAbs for the purpose of identification

as xanthomonads. These included genus-specific MAbs Xl, XII; pathovar-specific MAbs
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X9, X13, XI7, X2I, B35; and non-specific MAbs that differentiate strains X2, X3, X4

XI6.

A spontaneous rifampicin-resistant mutant selected from the All-negative mutant

was mixed with DH5a1pJC41 and the helper plasmid pRK2073 in HB101. After

incubation at 30 C for 24 h, the mating mixture was spread on PYGM agar with rifampicin

(60 J.lglml) and gentamycin (3 J.lg/ml). Several resultant colonies were tested by ELISA to

observe the reaction to MAb All.

LPg extraction~gel electrophoresis~silver staining~ and immunoblotting. Cells of the

wild type strain and the mutant were grown for 16 h at 30 C in PYGM medium.

Approximately 10 mg (wet weight) of the cells of each strain was pelleted by

centrifugation, washed twice with 0.7 % NaCI solution, and washed once with 5 mM

MgCh-1O mM 2-mercaptoetffanol-1O mM tris-HCI (pH 7.5). Each pellet was

resuspended in 50 J.lI of 10 mM Tris-Hel (pH 7.5)- 1 mM EDTA- 0.5% sodium dodecyl

sulfate (SDS) to lyse the cells. DNase 1(180 Kunitz units) and RNase A (5 Kunitz units)

were added, and the suspension was incubated at 25 C for 6 h. Thereafter, 200 J.lg of

proteinase K was added and the suspension was incubated at 25 C for an additional 16 h.

Cell debris was pelleted at 13,000 x g for 15 min., and 50 J.lI of supernatant was mixed

with an equal volume ofsodium deoxycholate sample buffer (0.25% sodium deoxycholate,

10% glycerol, 100 mM Tris-HCI [pH 6.8]) (Krauss et aI., 1988) and heated at 100 C for

5 min prior to loading.

Separation by polyacrylamide gel electrophoresis (pAGE) was done as described

previously (Krauss et al., 1988), except that the upper buffer for preelectrophoresis was
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125 mM Tris-HCI (pH 6.8) and the gels were 15 % acrylamide and 0.75 mm thick. The

gels were prestained in Alcian Blue (Reuhs et al., 1993) and then silver stained as

described previously (Hitchcock and Brown, 1983).

After PAGE, gels were electroblotted onto nitrocellulose and incubated with the

MAb Allor X21. The nitrocellulose was then incubated with a secondary antibody, goat

anti-mouse IgG conjugated to alkaline phosphatase (A3562, Sigma Chemical Company,

St. Louis, Missouri). Bands were visualized by a color reaction by using 5-bromo-4

chloro-3-indolyl phosphate (BCIP) and nitro blue tetrazolium (NBT).

RESULTS

Pathogenicity tests for marker-exchange mutants. Eleven marker-exchange mutants

were obtained from Xcc528T
• Marker exchange was confirmed for all mutants by

Southern hybridization (Fig. 3.4). The plants inoculated with either the wild type or the

eleven mutants started to show yellowing five days after inoculation. Both the mutants

and the wild type strain caused extensive black veins and blight symptoms when observed

17 days after inoculation. There was no reduction or delay in symptom expression by the

mutants compared to the wild type. No suppression of systemic movement activity was

observed.

The marker exchange mutagenesis of CAM19 was not successful. After mating,

colonies resistant to chloramphenicol, kanamycin, and rifampicin were obtained.

However, after screening more than 200 colonies, no chloramphenicol sensitive colonies

were obtained.

41



Blight symptom ratings. Chromosomal digests of nine strains that produced strong

blight symptoms (~0.50 blight index) hybridized with pJC41; the digest of one strain

which failed to produce blight symptoms (CAMI20) also hybridized (Table 3.2). Non

hybridizing strains generally showed extensive black veins and chlorosis characteristic of

black rot with weak to moderate blight symptoms.

Reactivity of X c. campestris strains to pathovar-specific MAbs. Most strong blight

strains (blight index ~ 0.50) reacted with MAb All and most other strains reacted with

MAb X21. Two strains (CAM41 and CAM62) reacted with both MAbs, although

reactions with MAb X21 were lower than for strains that reacted with MAb X21 alone

(Table 3.2).

Generation of All-negative mutant of Xcc52ST and transfer of pJC41. After

screening 1,073 NTG-treated colonies, one strain designated NTG42 did not react with

MAb All. As expected, this mutant reacted with genus-specific MAbs Xl and XII.

Strain NTG42 lost reactivity with MAbs X2 and X16, while gaining reactivity to MAbs

X13 and X21 (Table 3.3). Reactions to MAbs X9, X17, B35, X2, and X4 were negative

and identical to the wild type. Plasmid pJC41 did not change the reactivity ofNTG42 to

any ofthe MAbs, when mobilized into NTG42 by conjugation.

Polyacrylamide gel electrophoresis and immunoblotting. Silver staining of PAGE

separated LPS extracts showed one diffuse and two distinct bands for both the wild type

and NTG42. On immunoblotting, the upper diffuse band of Xcc52ST reacted to MAb

All, and that ofNTG42 reacted to MAb X21 (Fig. 3.5).
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DISCUSSION

X c. campestris strains can elicit both symptoms of black veins and blight on

cabbage, and these symptoms are a reproducible characteristic of the individual strain.

Some strains, such as A249, cause black veins but no blight, while others, such as

CAM19, cause only blight symptoms and no black veins. The type strain Xcc52ST causes

both black veins and blight symptoms. The genetic control of systemic movement, black

veins and blight symptoms is unknown.

Marker-exchange mutants of Xcc52ST in the DNA region represented on pJC41

did not lose pathogenicity, capacity for blight or systemic movement, indicating that a

deleted 4.0-kb region cloned on pJC41 is not required for pathogenicity ofXcc52ST under

the conditions used in these experiments. It is possible that the Xcc52ST gene encoded by

pJC41 was not inactivated by the marker-exchange process, even though the appropriate

DNA fragment appeared to be affected by Southern analysis. However, considering that

the average size of a bacterial gene is about 1,200 base pairs (Darnell et al., 1990), and

that the undeleted regions represented on pJC41 are 0.3 and 1.1 kb in size, this seems

unlikely. We favor the possibility that Xcc52ST carries redundant pathogenicity genes that

condition blight, for four reasons. First, pJC41 can confer ability to cause blight to at least

one X c. armoraciae strain (Chen et al., 1994). Second, at least three different cosmid

clones were isolated from Xcc52ST that appeared to condition black vein symptoms, and

pJC41 is the only subclone from these three cosmids examined in detail (Chen et al.,

1994). Third, the individual strains of X c. campestris that cause blight exhibited

reproducibly different levels ofblight, perhaps indicating variation in the genes controlling
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blight symptoms. Finally, there is precedence for redundant pathogenic systems.

Redundancy of pathogenic function has been observed with at least two plant pathogen

gene families, including those responsible for pectin degradation (Barras et al., 1994) and

more recently, watersoaking (Yang and Gabriel, in press). Further analyses of the other

two cosmids cloned form Xcc528T that affect black vein symptoms seem warranted.

The failure to mutagenize CAMl9 by marker exchange suggests that one of the

flanking regions ofthe insert in the suicide clone pID derived from Xcc528T may not have

sufficient homology with the corresponding region of the CAMl9 chromosome.

Therefore the role of the pJC4I region in other blight strains ofX c. campestris remains

to be examined.

The fact that most tested blight strains hybridized with pJC4I, together with the

fact that these strains are not clonal (Alvarez et al., 1994) indicated that this region should

be a useful diagnostic indicator of strains of X c. campestris that can cause blight.

Similarly, the fact that most (but not all) tested blight strains reacted with MAb All

indicated that this MAb was also a useful diagnostic indicator of blight. To examine the

idea that the antigen to this MAb may have a role in blight, nitrosoguanidine was used to

mutagenize Xcc528T and the treated colonies were screened for loss of reactivity to MAb

All. Mutant NTG42, which had lost reactivity to MAb All, was as fully pathogenic as

the wild type and caused the same degree of blight as the wild type. Therefore, the

epitope recognized by MAb All was not absolutely correlated with the blight phenotype

under the conditions tested. Not surprisingly, mobilization ofpJC41 into NTG42 did not
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restore MAb All reactivity, demonstrating that pJC41 and MAb All are independent

diagnostic indicators ofblight-causing strains ofX c. campestris.

Interesting switching ofthe antibody reactivity was discovered in the course of this

study. Usually, X c. campestris strains are either positive to MAb Allor X21 but not to

both (Alvarez et aI., 1994), although two strains were found to be reactive to both MAbs

in our study. Similar reciprocity has been reported several times in the literature (Alvarez

et al., 1995b; Rehman, 1995). In this study loss of reactivity with MAb All resulted in a

gain of reactivity with X21. This may indicate the presence oftwo closely related epitopes

on the same antigen and that the All epitope is a modified form from the X21 epitope.

The fact that both antibodies reacted to the same diffuse upper band of the respective

strain supports this hypothesis.
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Table 3.1. Plasmids and bacterial strains used in this study

Xanthomonas campestris pv. campestris

Strain or plasmid

Escherichia coli

DH5a.

HB101

Relevant characters

$80dlacZ~15,recA.l,F-

recA.13, F

Source or reference

Gibco-BRL, Gaithersburg, MD

(Boyer and Roulland-Dussoix,
1969)

Xcc528T A.TCC33913, type strain ofX c.
pv. campestris

Xcc52STR Spontaneous rifampicin resistant mutant
ofXcc52ST

CAM19 Holopathotype blight strain

CAM19R Spontaneous rifampicin resistant
mutant ofCAM19

NTG42 MA.b A.ll- mutant ofXcc528T

NTG42R Spontaneous rifampicin resistant
mutant ofNTG42

G2-12 Hawaiian strain

G2-17 Hawaiian strain

CAM32 Netherlands strain

CAM38 Taiwanese strain

CAM41 Japanese strain

CAM62 Strain ofunknown origin

CAM64 A.ustralian strain

CAM120 New Zealand strain

A.249 Hawaiian strain

GA.CI7 Hawaiian strain

GA.C137 Hawaiian strain

EEXC114 North Carolina strain
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This study

RMine

This study

This study

This study

(Mvarez et aI., 1994)

(Mvarez et aI., 1994)

RMine

RMine

RMine

RMine

RMine

RMine

(Mvarez et aI., 1994)

(Mvarez et aI., 1994)

(Mvarez et aI., 1994)

(Mvarez et aI., 1994)



Table 3.1. (Continued) Plasmids and bacterial strains used in this study

Strain or plasmid Relevant characters Source or reference

Xanthomonas campestris pv. campestrls (continued)

X3

Plasmids

pJC41

pUC4K

pPll

pUFR004

pID

pRK2073

Florida strain

S.4-kb HindIII fragment cloned in
pUFR047 (lncW, Apr, GmfMob"')

ColEl,Kmf

Kmr, Apr, Omr

ColEl, Cmf, Mob+
(integrative vector)

Cmr,Kmr

Kms, Spr, Tra+, helper plasmid
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Table 3.2. Blight indices and reactivity to MAbs All and X21 for pJC41-hybridizing'

and -non-hybridizing stains ofx: c. campestris

Strain Blight indexY Reactivity to All Z Reactivity to
X2lz

Hybridizing strainsx CAMl9 1.00 +

G2-17 1.00 +

CAM64 1.00 +

CAM38 0.88 +

G2-12 0.63 +

CAM41 0.56 + ±

Xcc528T 0.50 +

CAM32 0.50 +

CAM62 0.50 + ±

CAMl20 0.00 +

Non-hybridizing EEXC114 0.44 +

strains GACl7 0.38 +

X3 0.38 +

GAC137 0.25 +

A249 0.00 +

x Information provided by R F. Aline, Washington State University
YBlight index =number ofinoculation sites whose predominant symptom was blight -:- 16
z+ = positive (>1.0); - =negative «0.25); ± =intermediate (0.25-1.0); values in parentheses indicate
spectrophotometric readings above background.
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Table 3.3. Reactivity ofXanthomonas campestris pv. campestris strains Xcc528T and

NTG42 with monoclonal antibodies*

Monoclonal antibodies

genus-specific pathovar-specific differential for
strains

Strain Xl XlI X13 X21 All X2 XI6

Xcc528T 4 4 0 0 4 3 2

NTG42 4 4 4 4 0 0 0

*Reactivity was rated according to spectrophotometric readings: 0 <0.05, 1 =0.051-0.1,2 =0.101-0.2,3

=0.201-1.00, 4>1.00 above background.
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Fig. 3.1. Restriction map ofpJC41. (Courtesy ofJ. H. Choi, University ofFlorida)
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Kanamycin resistance cartridge
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P=PstI

H=HindIII

Fig. 3.2. Construction ofpH3, a suicide vector clone for the marker-exchange

mutagenesis ofXcc528T and CAM19. Schematic shows the deletion ofa 4.0-kb PstI

fragment, insertion of the kanamycin resistance cartridge from pUC4K, and recloning of

the insert into pUFR004. Kmf
, kanamycin resistance cartridge; Cmf, chloramphenicol

resistance marker.
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•
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B'
First cross-over event between A and A'

emr AlA' intact region B' ,

AlA' Kmr BIB'

• Second cross-over event between B and B'

Fig. 3.3. The 2.8-kb cloned DNA containing the kanamycin resistance marker in the

plasmid pH3 is incorporated into X c. campestris chromosome through double cross-over

recombinations. The vector DNA in plasmid pill is lost following the double cross-over

events.
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Fig. 3.4. Southern blotting of the marker-exchange mutants probed with pJC41. Total
DNA ofeach mutant was digested with HindU!. Strains designated by ~ (except 1110 and
III 1) represent marker-exchange mutants. Since intact pJC4l lacks HindUI sites and the
Kmf cartridge has one HindIII site, marker-exchange mutants gain one HindIII band.
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Fig. 3.5. Lipopolysaccharide profiles and immunoblots (detected with MAbs All and

X21) ofXanthomonas campestrispv. campestris strains Xcc528T and NTG42. MAbs are

reactive to the upper diffuse band.
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Chapter 4

Identification of DNA Fragments That Contain Genes Necessary for the Production

of the Antigen Recognized by a Pathovar-Specific Monoclonal Antibody to

Xanthomonas campestris pv. campestris

ABSTRACT

Two mutants, deficient in the reactivity with the monoclonal antibody (MAb) All, were

generated from the holopathotype blight strain (CAMI9) ofXanthomonas campestris pv.

campestris. One mutant (NTG901) was non-pathogenic and the other (NTG2230) had

reduced virulence on cabbage. To test the hypothesis that this surface antigen is involved

in blight symptom induction or pathogenicity, a genomic library ofCAMl9 was made and

screened for genes responsible for the production of the antigen. Cosmid clones were

identified that restored MAb All reactivity to both mutants by complementation. None

ofthese cosmids restored the pathogenicity ofthe mutant strains. The results indicate that

the specific epitope recognized by MAb All does not affect the disease phenotype.

INTRODUCTION

Xanthomonas campestris pv. campestris is a pathogen of crucifers that

systemically infects the xylem through hydathodes and causes black veins and chlorosis. A

genetically distinct group ofX c. campestris has been reported that causes rapid collapse
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of leaf mesophyll (blight) in addition to more typical black vein symptoms (Alvarez et aI.,

1994; Alvarez et al., 1987; Yuen and Alvarez, 1985). This group of X c. campestris is

considered to be an aggressive variant (Alvarez et al., 1987) and its epidemiological

importance in seedbeds has been suggested (Shigaki and Alvarez, 1993; Shigaki et aI.,

1994). Serologically, this group is unique. Of 169 strains of X c. campestris and the

closely related crucifer pathogen, X c. armoraciae strains, only 10 strains reacted with a

monoclonal antibody (MAb) designated All (Alvarez et al., 1994). The All-positive

strains did not react with another pathovar-specific MAb X21, whereas all other strains of

Xc. campestris reacted with MAb X21 (Alvarez et aI., 1994).

This strong correlation between the blight symptom and reactivity to a specific

MAb suggested to us that the epitope of MAb All may be involved in the induction of

blight symptoms. Among numerous strains of.x: c. campestris, we are aware of only one

strain that can cause only blight symptoms without any black veins (holopathotype blight

strain CAM19). This All-positive strain was used to test the hypothesis. We

mutagenized genes responsible for the epitope production, and tested the pathogenicity of

the mutants. We also identified the DNA fragments containing genes necessary for the

antigen production by screening the library and subcloning the cosmid inserts. Based on

preliminary data (heat stability, extraction in hot phenol followed by Western blots), the

antigen for MAb All appeared to be lipopolysaccharide (LPS) (unpublished data). Thus,

LPS was extracted from the wild type strain and the mutants, analyzed by polyacrylamide

gel electrophoresis (pAGE) and immunoblotted to determine the nature ofthe mutations.
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MATERIALS AND METHODS

Bacterial strains, plasmids and culture media. The bacterial strains and plasmids used

in this study are shown in Table 4.1. Strains of Escherichia coli were grown in Luria

Bertani (LB) medium (Sambrook et aI., 1989) at 37 C. Strains of Xanthomonas were

grown in peptone-phosphate-dextrose medium (PPD) or peptone-yeast extract-glycerol

MOPS medium (pYGM) (DeFeyter et aI., 1990). PPD consisted of 10 g peptone, 1.74 g

K2HP04, 5 g dextrose, and 1 g MgS04-7H20 per liter, pH 7.0. For the solid medium,

agar was added at 17 gIL. A X c. campestris strain that causes strong blight symptoms

with no black veins (CAMI9) was used for the mutagenesis by the chemical treatment

with n-methyl-n'-nitro-n-nitrosoguanidine (NTG). Spontaneous rifampicin-resistant

mutants of NTG901 and NTG2230 (MAb All-negative mutants of CAMI9) were

obtained by spreading bacterial cells at 109 cfu/mI on PYGM containing rifampicin at 60

J.lglml. Mutants (designated NTG901R and NTG2230R) were selected after incubation

for 4 days at 30 C.

Mutagenesis. Ten milliliters of peptone-yeast extract-glycerol-MOPS (pYGM) broth

was inoculated with CAM19 and the culture was grown for 16 h with slow shaking (60

rpm) at 30 C. 250 J.lI of freshly prepared NTG solution (1 mglmI) was added to the

overnight culture and incubated for 3 min. After the NTG treatment, 10-fold dilutions

were made from 10-3 to 10-6, and 100 III from each diluted suspension was plated on five

PYGM agar plates. After incubation at 30 C for two days, colonies indistinguishable from

the wild type were selected and transferred to PYGM plates. Pigment-deficient white

colonies or unusually small colonies were not selected in order to avoid excessive multiple
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mutations. Selected colonies were subcultured and tested for the loss of reactivity to

MAb All by an enzyme-linked irnmunosorbent assay (ELISA) (Alvarez and Lou, 1985).

Serotypes were determined for mutants by using eleven additional MAbs for the purpose

of identification as xanthomonads. These included genus-specific MAbs Xl, XlI;

pathovar-specific MAbs X9, X13, X17, X21, B35; and non-specific MAbs that

differentiate strains X2, X3, X4 X16.

ELISA. Fifty microliters of carbonate-bicarbonate buffer (CBC, pH 9.6) was added to

each well of the microtiter plates. Cultures from single colonies were transferred to each

well with a sterile toothpick and mixed in CBC carefully avoiding contamination of other

wells. One well for each plate was coated with a X c. campestris strain A249 as a

negative control. The microtiter plates were dried at 37 C overnight. ELISA was

performed by adding the following reagents in order. i) 200 J,ll of 5% nonfat milk

blocking solution in phosphate-buffered saline (pBS, pH 7.4), ii) 100 J,ll of MAb All

diluted 1:1,000 in 1.7% milk in PBS. iii) 100 J,ll of an anti-mouse IgG peroxidase

conjugate (A-4416, Sigma Chemical Company, St. Louis, MO) diluted 1:1,000 in 1.7%

milk in PBS, and iv) 0.04% 5-aminosalicylic acid and 0.003% H20 2 in phosphate-EDTA

buffer (NaH2P04-H20 0.651 g, Na2HP04 0.737 g, Na2-EDTA 0.035 g in lL H20, pH

6.8). Before each step, microtiter plates were washed three times with boric acid buffer

(H3B04 10.3 g, NaCI 7.85 g, NaOH 1.1 gin 1 L H20). Each reagent was allowed to react

for 1 h, except that the blocking step was for 30 min. Plates were read

spectrophotometricallyat 450 nm and evaluated according to the following scale: 0<0.25;
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1 = 0.26-0.50; 2 = 0.51-0.75; 3 = 0.76-1.00; 4>1.00 above background. For screening

mutants, plates were evaluated visually.

Pathogenicity test. Seven-week old cabbage plants (Brassica o/eracea var. capttata L.,

cultivar Tastie) were inoculated with the wild-type strain, epitope mutants, and

complemented transconjugants by cutting at the margin of the leafwith scissors dipped in

a bacterial suspension containing approximately 1 x 108 cfu/ml (O.D. ~oo = 0.1). Plants

were placed on greenhouse benches (mean temperature 28 C) and symptoms were

observed 17 days after inoculation. Tests were repeated at least once.

LPS extraction, gel electrophoresis, silver staining, and immunoblotting. Cells of the

wild type strain and the two mutants were grown for 16 h at 30 C in PYGM medium.

Sufficient volumes of cell suspensions were centrifuged to yield approximately 10 mg

pellets. The pellets were washed twice with 0.7 % NaCI solution, and washed once with 5

mM MgCh-l0 mM 2-mercaptoethanol-l0 mM tris-HCI (pH 7.5). Each pellet was

resuspended in 50 JlI of 10 mM Tris-Hel (pH 7.5)- 1 mM EDTA- 0.5% sodium dodecyl

sulfate (SDS) to lyse the cells. DNase I (180 Kunitz units) and RNase A (5 Kunitz units)

were added, and the suspension was incubated at 25 C for 6 h. Thereafter, 200 Jlg of

proteinase K was added and the suspension was incubated at 25 C for additional 16 h.

Cell debris was pelleted at 13,000 x g for 15 min, and 50 JlI of supernatant was mixed with

an equal volume of sodium deoxycholate sample buffer (0.25% sodium deoxycholate,

10% glycerol, 100 mM Tris-HCI [pH 6.8]) and heated at 100 C for 5 min prior to

loading.
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Separation by polyacrylamide gel electrophoresis was done as described

previously, except that the upper buffer for preelectrophoresis was 125 mM Tris-HCI (pH

6.8) and the gels were 15 % acrylamide and 0.75 mm thick. The gels were prestained in

Alcian Blue (Reuhs et aI., 1993) and then silver-stained as described previously

(Hitchcock and Brown, 1983). The LPS bands were transferred from a similar gel to a

nitrocellulose membrane and immunoblotted With MAb All.

Construction of DNA library. Total DNA of CAM19 was extracted by the standard

method (Leong et aI., 1982). The DNA was then partially digested with Sau3AI and size

fractionated by performing gel electrophoresis. The DNA from the 20- to 25-kb region

was cut from gel, and electroeluted.

The 22-kb wide-host-range cosmid cloning vector pLAFR3 (Staskawicz et aI.,

1987) was digested with BamID and dephosphorylated to prevent self-ligation. The

linearized vector was ligated to Xanthomonas DNA fragments. The recombinant cosmids

were then packaged into A. phage heads with the GIGAPACK® packaging extract

(Stratagene, La Jolla, CA) and introduced into E. coli strain LE392 via transfection

according to the manufacturer's instructions. Colonies were selected on LB agar medium

containing tetracycline, pooled, and stored in LB broth with tetracycline (12.5 Ilglml) and

16 % glycerol at -70 C.

Screening of library and subcloning of cosmids. The library cosmids in LE392 were

transferred to NTG901R or NTG2230R en masse by using E. coli strain HB101

containing a helper plasmid pRK2073. Plate cultures of the donor, the helper, and the

recipient were mixed on PPD agar medium at a ratio of 1:1:2 (donor:helper:recipient),
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and then incubated at 28 C. After incubation for 12-16 h, the mating mixture was plated

on PPD containing tetracycline (12.5 Jlglrnl) and rifampicin (60 Jlglml) and incubated for

72 hat 28 C.

Two thousand transconjugants ofeach mutant were tested by ELISA to detennine

if they were complemented for antigenicity. ELISA was performed in the same manner as

used in the mutant screening with the following modification. Cultures of transconjugants

were suspended in 500 Jll ofO.S N NaOH solution and vigorously vortexed. 100 Jllofthis

suspension was used to coat a well ofmicrotiter plates. This eliminated the weak reaction

of the mutants to the MAb and produced a clear contrast between complementing and

non-complementing transconjugants.

The complementing cosmids in Xanthomonas were extracted by the standard

alkaline lysis method (Sambrook et al., 1989) except that the cells were washed seven

times in 0.85 % NaCl before processing to remove extracellular materials. The cosmids

were transferred to E. coli strain DH5a by transformation to avoid possible recombination

with Xanthomonas chromosome for storage and analyses.

Prior to subcloning, selected cosmids were partially digested with BamID to

localize the gene activity. This was done by digesting 300 ng of cosmid DNA with 2 units

of the restriction enzyme for 5 min at the room temperature. The partially-digested

cosmids were then religated and mobilized to a mutant. The modified cosmids, which lost

some BamID fragments, were analyzed by ELISA for the gene activity. All subcloning

was done in pUFR047.
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RESULTS

NTG mutagenesis and pathogenicity tests. The treatment of the cells with NTG (final

concentration ofNTG 25 J.lg/ml) gave about 80 % survival of the bacterial cells. Among

the survivors, a total of2,230 colonies were screened by ELISA and two strains showing

reduced reaction to MAb All were identified. None of the colonies were completely

negative to MAb All (Table 4.2). These mutants were designated NTG901 and

NTG2230. The mutants lost or showed decreased reactivity to MAbs XII and X2, while

NTG2230 showed increased reactivity to MAb Xl (Table 4.2). The reactivity to other

MAbs (X2I, B35, X3, X4, X9, X13, X16, X17) remained negative as the wild-type strain.

NTG901 was avirulent on pathogenicity tests. NTG2230 showed delayed and

reduced blight symptoms with no black veins.

Polyacrylamide gel electrophoresis and immunoblotting. Silver staining of PAGE

separated LPS extract showed two distinct bands for all the samples (Fig. 4.1). A diffuse

upper band was evident for CAM19. However, this band was lacking in the two mutants.

On immunoblotting, MAb All reacted to this diffuse band.

Library screening and subcloning. Two overlapping cosmid clones, pHD716 and

pHDl994 complemented the mutant ~T'fG901 for the defect in All antigen (Table 4.3).

The insert DNA in these two plasmids overlapped in a 12.5-kb region with three

fragments (Fig. 4.2). Similarly, eleven overlapping cosmid clones were isolated by

complementing NTG2230 for the defect in All antigen (Fig. 4.2, Table 4.3). These

clones can be classified into 6 classes. There were no common fragments between the two
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clones that complemented mutant NTG90I and the eleven clones that complemented

NTG2230.

The four BamID fragments of clone pHD716 were subcloned in the wide-host

range plasmid pUFR047 and the resulting plasmids were mobilized to mutant NTG901.

The transconjugants were tested for reactivity to MAb All and all of the fragments were

non-reactive (Fig. 4.3). This suggests that the mutated gene in NTG901 extends in more

than one BamHJ. fragment. Therefore, clone pHD716 was partially digested with BamID.

and the resulting fragments were cloned into pUFR047, or partially digested pHD716 was

self-ligated. In this way, clones pPH5, pPH3, and pBP3 containing two contiguous

BamID fragments were constructed and transferred into NTG901. Transconjugants

carrying plasmid pBPH5 which contains both fragments A and D together complemented

NTG901 for reactivity to MAb All, suggesting that the antigen-related gene is located on

these two fragments. It is likely that this gene contains the BamHJ. site between fragments

A and D. When a 4.9-kb Sma! fragment of plID716 containing 2.45-kb region of

fragment A and 2.45-kb region of fragment D was subcloned in plasmid pS5, it

complemented NTG901, indicating that the MAb-All-related gene is localized within this

4.9-kb fragment.

A similar subcloning strategy was used to localize the MAb All-related gene in

pHD637 that complements mutant NTG2230. None of the subcloned single BamID.

fragments complemented NTG2230 (Fig. 4.3). However, when plasmid pBP20

containing a 2-kb and a 9.5-kb fragment, as a single contiguous 11.5-kb regIon,
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complemented NTG2230 for its antigen defect suggesting that the antigen-related gene is

located in this 11.5-kb region.

Pathogenicity tests. None of the 13 complementing cosmid clones restored the

pathogenicity of the mutants. The pathogenicity phenotypes of the transconjugants were

identical to that of their respective mutant. To test the stability of the cosmids in plant,

selected transconjugants were reisolated from inoculated plants nine days after

inoculation. Plating assays on media containing antibiotics showed more than 70% ofthe

bacterial cells retained the cosmids.

DISCUSSION

The loss or reduction ofblight symptom induction by the antigen mutants NTG901

and NTG2230 suggested the possible direct involvement of the antigen. However, the

complementation of the antigenicity did not result in the restoration of the pathogenicity

or blight symptom in either of the mutants. Thus, the All epitope is not required for the

induction of blight or pathogenicity in this strain ofX c. pv. campestris. It is likely that

the NTG mutagenesis procedure used resulted in multiple, independent mutations.

Whatever may be the case, defects in All antigen and pathogenicity in these mutants are

not due to pleiotropic effects of single mutation. The synthesis of MAb-All-reactive

antigen may involve several genes and mutation in anyone of these may completely or

partially block the synthesis of this antigen. Mutants NTG901 and NTG2230 are the

results of mutations in two different genes. These two All antigen-related genes are not

closely-linked since they are located on separate cosmid clones that are not overlapping.
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The strong correlation between the blight symptoms and reactivity to MAb All

may be explained by linkage disequilibrium, that is, the lack of recombination between the

pathogenicity genes and the epitope modifYing genes. Prokaryotes are obviously limited

in recombination by asexual reproduction, and even mitotic recombination of same strain

is very limited (Whittam et aI., 1983). Although the MAb antigen apparently is not

involved in the disease development process, the antibody is still useful for practical

applications because it can detect reliably most aggressive strains ofX c. campestris. The

DNA fragments containing the genes for the epitope production discovered in this study

can be used in sensitive detection methods such as DNA-based probes or polymerase

chain reaction.
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Table 4.1. Plasmids and bacterial strains used in this study.

Strain or plasmid

Escherichia coli

DHSa

HBlOl

LE392

Relevant characters

cl>80dlacZAM15, recAI, F

recA13,F

supE44,supF58,F

Source or reference

Gibco-BRL, Gaithersburg, MD

(Sambrook et aI., 1989)

(Sambrook et aI., 1989)

Xanthomonas campestris pv. campestris

A249

CAM19

NTG901

NTG90lR

NTG2230

NTG2230R

Plasmids

Hawaiian black rot strain, AIr (Alvarez et aI., 1994)

Holopathotype blight strain, All+ R Aline

Mutant ofCAM19, This study
avirulent on adult cabbage, AII-

Spontaneous rifampicin resistant This study
mutant ofNTG90I, AIr

MutantofCAM19, This study
reduced virulence on adult cabbage, All-

Spontaneous rifampicin resistant mutant This study
of NTG2230, Al r

pRK2073

pLAFR3

pUFR047

Km', Sp', Tra+, helper plasmid

!neW, Mob+, LaeZa, Apr, Gm'
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Table 4.2. Reactivity of the wild-type strain of Xanthomonas campestris pv. carnpestris

and mutants with monoclonal antibodies·

Strain

CAMI9(WT)

NTG901

NTG2230

All

4

1

1

Xl

3

3

4

Xll

4

o

1

X2

2

o

o

*Reactivity was rated according to spectrophotometric readings: 0 <0.25; 1 = 0.26-0.50;

2 = 0.51-0.75; 3 = 0.76-1.00; 4 >1.00 above background.
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Table 4.3. Complementation of mutants NTG901 and NTG2230 for defects in All

antigen with wild-type X c. campestris DNA cloned in various cosmid clones

Clone

pHD716
pHD1994
pHD20

pHD567
pHD613
pHD637

pHD706
pHD726
pHD1179

pHD1223
pHD1464
pHD1475

pHD1815

Complementation with NTG90 I

+
+

Complementation with NTG2230

+

+
+
+

±
±
+

+
+
+

+

+: positive reaction (>1.0) to MAb All on ELISA; -: negative reaction (<0.25) to MAb All on ELISA;

and ±: weak reaction (0.25-1.0) to MAb All on ELISA; values in parentheses indicate

spectrophotometric readings above background.
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Fig. 4.1. Lipopolysaccharide profiles ofCAM19, NTG901, and NTG2230. MAb All

non-reactive mutants lack the upper diffuse band.
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Fig. 4.2. Schematic representation ofoverlapping cosmids digested with BamID.
pHD716 and pHDl994 complemented NTG901, and other cosmids complemented
NTG2230 for the defect in All antigen. A., lambda phage DNA digested with Hindill as
a size marker.
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Fig. 4.3. Restriction map ofpHD716 and pHD637 inserts and localization of region

containing the gene activity. B,BamID; S, SmaI. Not all SmaI sites are shown.

*Cosmid clones from which some BamHI fragments were deleted and religated.
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Chapter 5

Conclusions

Different strains of the black rot pathogen, Xanthomonas campestris pv.

campestris cause various symptoms ranging from blight with no black veins to black veins

only with no blight. A 'blight index' was developed to quantify the differences in host

response following wound inoculation. Strong blight strains were capable of spreading

faster than the typical black rot strains in seedbed experiments. The spread was primarily

attributed to leaf contact or water splash rather than aerosols.

The genetic mechanism that controls the induction of blight was investigated by

studying two characteristics associated with blight strains. A S.4-kb Hindill insert of

pJC41 in XccS28T
, which was previously reported to confer blight when mobilized to a

closely related leaf spot pathogen X c. armoraciae, was mutagenized by marker-exchange.

Loss of the fragment did not alter the virulence of the mutants, indicating the possibility

that similar genes were present in other parts ofthe chromosome ofXccS28T
.

Blight strains were characterized by reactivity to an X c. campestris-specific MAb

All. Chemical mutagenesis of a blight-only strain, CAMI9, resulted in two mutants with

no reactivity to MAb All and with reduced or no virulence on cabbage. However,

mobilization of the gene responsible for the antigen synthesis did not restore the virulence

of these mutants, indicating these two characteristics are not encoded by the same gene.

While the antigen for MAb All was not involved in pathogenicity or blight induction in
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the strain used in this study, it may have a role in other aspects of host-pathogen

interactions.

The value ofMAb All and pJC41 as tools for the detection of aggressive strains

of X c. campestris was confinned in this study. The DNA fragments for the blight

specific antigen synthesis found in this study also have a potential as useful molecular

markers.

The pathogenicity and resistance in black rot of cabbage do not follow the gene

for-gene interactions, making this pathosystem difficult to study. However, the strain

dependent nature of blight symptom induction, and its correlation with epidemiological

fitness elucidated in this study warrants further investigation.
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Appendix 1

Indirect ELISA for plant pathogenic bacteria

1) Coating Plates
A) Harvest cells in PBS/formalin (pBS with 0.05 % formalin added).
B) Wash cells three times in 0.85 % NaCl.
C) Suspend in carbonate-bicarbonate (CBC) buffer and adjust the O.D. to 0.1 with
the spectrophotometer set at 600 nrn or with McFarland standards.
D) Coat PVC plates with 100 I.ll/well cell suspension.
E) Air dry plates overnight in circulating air incubator at 37°C.

2) Washing Plates
Wash plates 3 times with boric acid buffer. (Wash by pouring buffer into the plates
and emptying the plates into a sink.) For the first wash allow plates to stand five
minutes before pouring offthe buffer.

3) Blocking Step
Add 200 JlI of5 % PBS-milk to each individual well and incubate for 30 minutes
at room temperature.

4) Washing Plates
Follow procedure outlined in step 2.

5) Monoclonal antibody (MAb) Addition
A) Prepare the diluent by mixing 5 % PBS-milk with PBS at a ratio of i:3 (1 part
5 % PBS-milk to 2 parts PBS). This diluent will be used in subsequent steps, so
be sure to prepare enough.
B) Apply MAbs ofthe proper dilution (usually 1:1000) to each well at 100 JlI
MAb/well.
C) Incubate the MAbs for one hour at room temperature.

6) Washing plates
Follow procedure outlined in step 2.

Steps 7-9 can be simplified by usinga secondary antibody-peroxidase conjugate (e.g.
anti-mouse [gG peroxidase conjugate, A-4416, Sigma Chemical Company, St. Louis,
MO).

7) Rabbit anti-Mouse Addition
A) Dilute rabbit-anti mouse 1:1000 in diluent. Add 100 J.lVwell.
B) Incubate for one hour at room temperature.

8) Washing plates
Follow procedure outlined in 2.

9) Protein A-Horseradish Peroxidase Addition
A) Dilute protein A-horseradish peroxidase 1:2000 in diluent. Add 100 JlVwell.
B) Incubate for one hour at room temperature.

10) Washing Plates
Follow procedure outlined in 2.
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8.0 g
0.2g
1.15 g
0.2g

11) Substrate Addition
A) Prepare substrate just before use by the following method: Mix 50 ml PEB
(phosphate EDTA Buffer) with 0.02 g 5-amino-salicylic acid. Just prior to use,
add 100 J.l13 % H20 2 (Hydrogen Peroxide).
B) Add 100 J.lVwell.
C) Incubate for one hour at room temperature.
D) Read plates visually or with a microplate reader set at 450 run.

Phosphate Buffered Saline (PBS) (in 1 liter)

NaCI
KCI
Na2HP04-7H20
KH2P04
pH=7.4

Phosphate-EDTA Buffer (in Iller)

NaH~04-H200.651g
Na2HP04 0.737 g
Na2EDTA 0.035 g
pH=6.8

Boric Acid Buffer

Boric Acid
NaCI
NaOH

4 liters

41.2g
31.4 g
4.4g

2 liters

20.6g
15.7 g
2.2g
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Appendix 2

Alkaline lysis plasmid miniprep (from E. colz)

This protocol is based on the manual used in Dr. Gabriel's lab, University ofFlorida, and
was modified by the author.

1. Cell cultures grown in LB (plus antibiotic) overnight (16 h) at 37°C, 200 rpm. Volume
usually 2 mI or more.

2. Transfer cultures to eppendorftubes (1.5 mI), and pellet cells by centrifuging for 3 min
at speed 10 (x 103 rpm).

3. Pour offbroth. Remove remainder ofbroth with a pipette.

4. Add 90 J,ll ofsolution I to each tube. Vortex well, to resuspend pellet thoroughly.

5. Warm up lysozyme powder (stored -20°C freezer). Make up a solution of50 mglmI
lysozyme in solution I - easiest to use an eppendorftube and make up 0.4-0.5 mi.
Dissolve lysozyme by vortexing.

6. Add 10 J,ll ofthe lysozyme solution to each tube. Vortex a moment to mix, then
incubate the tubes at 37°C for 5-10 min to begin cell wall digestion.

7. Add 0.2 mI solution II to each tube, one at a time, and roll tube gently to mix evenly.
The cells should lyse readily, giving a clear viscous solution.

8. Add 0.15 mI solution mto each tube, one at a time. Invert tube 3-4 times with a flick
to mix the contents. The cell debris and SDS should precipitate immediately as a white
material. Place tube on ice for 5-10 min to complete the precipitation.

9. Spin down precipitate for 3 min at full speed.

10. Remove the clear supernatant from each tube with a pipette. Volume ofsupernatant
should be about 0.45 mI. Transfer to a new tube.

Steps 11 and 12 may be omitted

(11.) Add 0.4 ml phenoVchloroform/isoamyl alcohol. Vortex 3-4 sec to form a whitish
emulsion. Leave on ice for at least 5 min. Can be left overnight at this stage.

(12.) Spin for 10 min at full speed. The phenol should be at the bottom, protein at the
interface. Without disturbing the protein, very carefully remove the top aqueous phase 
don't try to remove all ofit. Transfer to a new tube.
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13. Add 0.4 ml chloroform/isoamyl alcohol to each tube, vortex 3-4 sec.

14. Spin tubes for 3 min at full speed.

15. Again, remove the top aqueous phase. Expect to see a small amount ofprotein at the
interface -be careful not to remove this.

16. Transfer to a new tube. Fill the tube almost to the top with 95 % ethanol, cap tubes
and invert 2-3 times to mix. Let stand at room temperature for 5 min or more. This will
precipitate the nucleic acids. Normally you have to add 1/10 volume of3 M sodium
acetate (pH 5.2) to precipitate the DNA, but these samples already have enough salt in
them.

17. Spin tubes for 3 min at full speed to pellet the DNA.

18. Pour offthe ethanol. Pellet should stick to the bottom ofthe tube. Drain tubes
briefly on tissue.

19. Rinse the tubes with 70 % ethanol by filling them (and the cap) and then decanting.
Drain tubes well on tissue.

20. Dry DNA pellets in vacuum desiccator (20-30 min).

21. Resuspend DNA in 50 JlI TE ifhigh copy, or in 20 JlI TE iflow copy. Use 1 ~l (high
copy), or 5 JlI (low copy) for gel.

Solution I
50 mM glucose
25 mM Tris-CI (pH 8.0)
10 mM EDTA (pH 8.0)

Solution II
0.2 N NaOH (freshly diluted from a 10 N stock)
1 %SDS
(To make 10 ml ofSolution II, use 9.3 ml H20, 0.2 ml ION NaOH, and 0.5 ml 20 % SDS
in order.)

Solution ill
5 M potassium acetate 60 ml
glacial acetic acid 11.5 ml
H20 28.5 ml
The resulting solution is 3 M with respect to potassium and 5 M with respect to acetate.
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70 % ethanol (50 ml)
95 % ethanol 36.9 rnl
H20 13.1 rnl
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Appendix 3

Large-scale preparation ofXanthomonas genomic DNA for library construction

1. Grow 500 ml culture of Xanthomonas in PM medium (1 % peptone and 0.1 %
magnesium sulfate) for 16 hours at 28 °C with slow (150 rpm) shaking. Do not use rich
carbon sources (glycerol, glucose, etc.) since they promote polysaccharide production.

2. Pellet cells for 10 min. at 4000 G. Discard supernatant.

3. Wash cells in 100 ml PBS three times.

4. Resuspend cells in 9.5 ml TE buffer. Add 0.5 ml of 10 % SDS and 100 JII of20 mg/ml
pronase. Mix thoroughly and incubate for 3 hr at 37 °C.

5. Add 1.8 ml of5 MNaCI and mix thoroughly.

6. Add 1.5 mI CTABlNaCI solution. Mix thoroughly and incubate 20 min. at 65 °C.

7. Add an equal volume of phenoVchloroform/isoamyl alcohol (25:24:1). Extract
thoroughly. Spin 10 min. at 6000 G to separate phases. Do this process three times.

8. Add an equal volume of chloroform/isoamyl alcohol (24:1). Extract thoroughly. Spin
10 min. at 6000 G to separate phases. Do this process twice.

9. Transfer aqueous supernatant to a fresh tube using a wide-bored pipette.

10. Add 0.6 vol. isopropanol and mix until a stringy white DNA pellet precipitates out of
solution and condenses into a tight mass. Transfer the precipitate to 10 ml of 70 %
ethanol in a fresh tube, by hooking it on the end ofa Pasteur pipette that has been bent and
sealed in a Bunsen flame.

11. Spin the pellet 5 min. at 10,000 G. Remove supernatant and redissolve the pellet in 4
mI TE buffer. Leave at room temperature overnight.

12. Measure the DNA concentration on a spectrophotometer. The concentration should
be about 1 mg/mI.
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Appendix 4

Preparation of competent cells

1. Use 5 ml overnight culture to inoculate 500 ml LB in a 2-liter flask. Grow cells at 37
°c to O.D.S90= 0.375. Do not grow to more than O.D.S90= 0.4, since it will reduce
competency. This should take about 2-3 h.

2. Centrifuge at 5,000 rpm for 10 min at 4°C in five 100 ml aliquots.

3. Resuspend each pellet in 10 ml ice-cold 0.1 M CaCho Leave on ice for 30 min.

4. Combine the suspensions to make two 25 ml aliquots. Centrifuge at 2,500 rpm for 5
min at 4°C.

5. Resuspend each pellet in 3.5 ml ice-cold 0.1 M CaCh and 1.5 ml50 % glycerol.

6. Dispense cells into prechilled, sterile tubes. 200 III aliquots are convenient. This should
make about 53 tubes. Immediately store in -70°C. Once it is taken out of-70 °c, never
reuse it. It is no longer competent.
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