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ABSTRACT

L3

Interaction of Phaseolus vulgaris var. Red liexican (RH}

with bacteria was studied. KM leaves were resistant to

Pseudomonas phaseolicola Race 1 (R1) and P. mors—prunorum (Pap)

with a hypersensitive response (HR); resistant to Aanthomonas

manihotis (Xm) and Erwinia carotovora var. atroseptica (Za) and

P. fluorescens (Pf) with no macroscopically visible response;

‘and susceptible to P. phaseolicola Race 2 (R2) with halo blight

symptoms. (SR).

lectrolyte leakage from disks cut from inoculated tissue
was studied and the rate of loss was found to be hyperbolic in
all cases.

The nature of substances lost from disks was also investigate
and levels of ions, total protein and total phenol in the ambient
solutions of disks were measured. In all cases leakage was
greater when there were macroscopically visible symptoms.

The use of disks floating on water to study development of HR
and SR was found to give similar results to those in whole
plant leaves but only if disks were inoculated in the central
area with a surrounding band of healthy tissue.

A medium suitable for the study of interactions between
bacteria and RM cell or protoplast suspension cultures was
developed but R1 ;nd R2 killed plant cells or protoplasts at

the same rate with no sign of necrosis.

|
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INTRODUCTION AND LITHRATURE REVIEW

The use of bacteria in the study of resistance mechanisms
of plants has many practical advantages which were described-
by Klement in 1971. Bacteria can be grown quickly agd easily
on simple culture media and the inoculum concentration can be
adjusted using the simple technique of nephelometry. Population
-levels of bacteria in plant tissues can be followed by intro-
ducing precise inocula and using plate counts. With concentrated
inoculum, uniform inoculation of tissues may be achieved and
with antibiotics bacterial metabolism can be altered at any
time during the feaction.

In this study a range of types of plant-bacterial inter-

actions were investigated. Plants were Phaseolus vulgaris

var. Red Mexican and bacteria were Pseudomonas phaseolicola

Races 1 and 2, P. mors-prunorum, P. fluorescens, LKrwinia

atroseptica and Xanthomonas manihotis.

In 1971, Klement set out three models of plant-bacterial
interaction. These were compatible, incompaﬁible and those
involving saprophytic bacteria. The compatible model is that
of virulent bacteria and susceptible plants; the incompatible
model is that of avirulent bacteria and resistant plants or
virulent bacteria'wiéh plants not their hosts. In both of these,
bacterialrmulpiplication takes piace and visible necroses appear
but not always hn the incbmpatible system.

Saprophytek do mot multiply but their survival in plant
tissue tends to be longlterm.

Allington and Chamserlain (1949) were among the first

to use population changes in bacteria in vivo as a method of

| _
characterising infection. Using Phaseolus vulgaris and Glycine

max with P. glycinea and Xanthomonas phaseoli, they found that

multiplication in compatgble and incompatible systems was
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similar until the second day. At this time numbers of bacteria
recovered from susceptible plants were far greater than those re-
covered from resistant planfs. Tissue collapse noted on the
third day correlated with the decrease in numbers of bacteria.

In 1961 Klement and Lovrekovich using pseudomonads and

xanthomonads on Capsicum annuum found that the reaction to

pseudomonads was quicker and more intense and that multiplication

of bacteria in tissues had stopped by the time of visible

symptom development. The non-pathogen P. aerenguinosa did not
multiply. '

Cessation of growth of wvirulent and avirulent bacteria was
correlated with tissue collapse by Klement (1964), Stall and
Cook (1966), Omer and Wood (1969) and Ercolani and Crosse (1966)-.
Tissue collapse was always earlier in resistant plants (incom-
patible combination).

Most bacteria gain entry to plant tissue through wounds and
natural openings. Rolfs (1915) demonstrated the importance

of stomatal entry sites using Xanthomonas pruni on peach leaves,

Some species eg Krwinia carotovora only enter through wounds

and Agrobacterium tumefaciens seems to require a substance

from wounded cells before infection of plant tissue by the
bacteria will occ%r.;

The concept of inoculum threshold is important. This is the
number of bacteria needed to cause a visible response in plant
tissue. Meynéll and Stocker (1957) introduced the hypothesis
of independent and co-operative action. The first allows for
plant response to be thg result of invasion by only one bacterial
cell; the second for the response to be the result of the com-
bined action of severa% bacterial cells.

For susceptible responses (SR) independent action has been
documented, for instance with Agrobacterium tumefaciens

|
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(Hildebrand, 1942; Lipincott und Haberlein, 1965)., GErcolani

(1967) demonstrated single cell infection of tomato by Erwinia

carotovora; Perambe;on (1971) found that single cells of

L. carotovora would infect potato tuber disks and Thyr (1968}

showed that one cell of Corynebacterium michangense could infect

tomato plants.

The co-operative effect holds good for incompatible
combinations of plants and bacteria and is dealt with later.

In 1973, krcolani introduced the term "pathogenicity factor".
These were factors controlling "general metabolic activities
common to all pathogenic bacteria in plant tissues" "Virulence
factors" governed "the specific activities resulting in the
induction of a progressive disease in the host plants",.

Toxins involved in bacterial diseases have been suggested
as possible virulence factors. Some of these appear to be host

specific eg Erwinia amylovora produces toxin causing wilting

only in rosaceous plants (Goodman et al. 1974). However the

toxin produced by Pseudomonas phaseolicola is not host specific

since it produces a susceptible response on qpplication to
resistant bean leaves (Rudolph, 1972). Back man and DeVay (1974)
have reported that Syringomycin (the toxin of P. syringae )

seems to be host specific in that peach isolates of the pathogen
do not produce toxin in bean .

The presence of a common antigen as a prerequisite of a
compatible combination has been suggested by DeVay (1972). The
idea is that le%s disruption occurs in the host system of common
metabolites are‘present énd, indeed, several common antigens

!

have been discovered in plant—bacterial systems (DeVay, 1972).

Capsular antigens of P. lachrymans and P, phaseolicola

have been suggested as ﬁathogenicity factors (Grogan et al., 1965)

"Recognition fit" between bacterial cell wall polysaccharides

and host lectins was thoiﬂht by Dixon (1969) to be the reason
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for specificity of rhizobia [or their hosts. This is supported
by Ercolani (1970) who suggested that during a compatible
(susceptible) reaction, a virulance factor allowed for attachment
of bacteria to multiplication sites. Lippincott and Lippincott

(1972) made the same suggestion for Agmbacterium tumefaciens.

The protection of plants against virulent pathogens using
inoculation of avirulent organisms was demonstrated by Wood and
‘Tvent (1955); Farabee and Lockwood (1958) and Kassannis (1963).
Averre and Kelman (1964) found that avirulent strains of bacteria

protect against infection when mixed with Pseudomonas solanacearum

in inoculations. In 1958 Farabee isolated a yellow saprophytic

bacterium from fire blight cankers produced by Erwinia amylovora.

The acid produced by the saprophyte was sufficient to inhibit

growth of E. amylovora in vitro. When the saprophytic bacteria

were introduced into apple'trees at 5 x 108 cells/ml prior to
L. amylovora inoculation, a significant number of shoots were
protected from infection.

This work is supported by that of Baldwin and Goodman (1963)

and this type of protection was observed for' Xanthomonas

vesicatoria.by Leben (1963) and for P. mors-prunorum by Crosse

(1965). Hsu and Dicky (1972) working with bean and tomato

leaves pre—inoculqted with incompatible bacteria (Xanthomonas

. phasoeli, X. vesicatoria, X. campestris and Pseudomonas

fluorescens), ' found that on subsequent inoculation with compat-

ible pathogens, multiplication of the compatible bacteria was
much reduced.

Pretreatment by hegt killed cells of P. tabaci protect tob-
acco leaves from live P. tabaci when inoculated later
(Lovrekovich and Farkaa, 1965). In apple and pear, protection

from Erwinia amylovora‘can be given by cell-free sonicates of'

E. amylovora (McIntyre, Fué, and Williams, 1973).

The effects of prior inoculations with combinations of
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bacteria can be synergistic. Braithwaite and Dickey (1970)‘

working with bean and P. phaseolicola and other pseudomonads

observed that combination led to increased release of nutrients
from the host. This favoured development of incompatible
bacteria.

tnhancement of disease symptoms by non-pathogenic bacteria

has been seen., P, syringae and species of Achromobacter

increased infection by P. phaseolicola of bean probably by

contributing to breakdown of cell walls (Maino et al., 1974).
Humidity can also be an impoftant factor influencing
susceptibility. Young (1974) showed that 100% relative humidity
resulted in a loss of susceptibility.
In 1975, McIntyre et al. allowed pear shoots to take up

DNA of EKrwinia amylovora and found that this protected. the

plants against subsequent inoculation by virulent E. amylovora.
The susceptible response used in this study was halo

blight which was first described as a disease of Phaseolus

vulgaris by Burkholder in 1926, The bacteria were named

Phytomonas phaseolicola (Burk.). Subsequently these were

renamed Pseudomonas phaseolicola (Burk.) Dows. by Dowson(1943).

The disease i1s systemic and all tissueS and organs except
the roots are invaded. Dissemination is by infected seed
which germinates producing cotyledons which bear brown spots
containing the bacteria. Bacteria later invade vessels and on
emergence from the soil, the growing point of the seedling may
already have beLn killed.

Visible symptoms on foliage are small translucent water-
soaked spots which arise from stomatal invasion by bacteria and

are about 2mm in diameter. Spread of P. phaseolicola on shoots
. | £

is by wind and water splash.

The leaf spots may be surrounded by a chlorotic ring of

tissue or halo, caused}by diffusion of the toxin.produced by the
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bacteria. Development of the halo is variable and temperature
dependent. Patel and Walker (1963%) found the halo large and
pronounced at 16°C and 20°C but smaller at 24°C and 28°C.

This temperature range corresponds closely with that obtained

for tbxin production in culture (Skoog, 1952), 1little toxin

being produced from pure cultures in glucose broth at temper-
atures above 20°C,

The systemic nature of the disease was shown by Zaumeyer
{1932) using infected seed. lBacteria rarely penetrated host cells
and were to be found in intercellﬁlar spaces and xylem elements
of plants. Waitz and Schwartsz (1956) found a poor correlation
between chlorotic symptoms and bacteria in leaves above infected
lower ones. The presence of bacteria in chlorotic and
apparently healthy leaves was variable and they concluded
that the bacteria do not spread in large masses. A few only
move around in the transpiration stream and multiply locally.

The spread of bacteria was found to be usually upwards
by Omef (1966) and the failure to isolate bacteria from
chlorotic leaves was a result of the method.:r Using a technique
of infiltration followed by centrifugation Hildebrand and
Schroth (1971) recovered causal organisms from %9/40 leaves.

By grinding in a @ortar, isolation was achieved from 16/40 leaves.

Growth responses of dwarf beans to infection by P. phaseo-
licola have beeF examined by Hale et al.(1972). At an early
stage of growth} inoculation of both monofoliate leaves
inhibited trifolliate production. Inoculation of one monofoliate
reduced expansion of thg leaf and the opposite one expanded to a
size greater than controls. Inoculation of trifoliate leaves
reduced primary growthlof the host by as much as 30%.

If bacterial infeétion in very young seedlings is severe,,

then the apical meristem; of the plant is killed. This effect
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and a general dwarfing of the plant is thought to be caused by

the toxin produced by P. phascolicola. The toxin is known as

phaseotoxin.
' There has been conflicting evidence as to the nature of the
toxin. Hointink et al.(1966) found that the halo-inducing princ-
iple present in culture filtrates gave a positive correlation
with halo area but none with degree of chlososis. The toxin
was thermostable, dialysable (ie of low molecular weight), not
retained on resin columns and of undetermined nature.

Patil and Tam (1970) purified the halo producing toxin
by gel filtration and ion exchange chromatography. The toxin
was thermostable and inhibited ornithine carbamyl transferase.
Patil (1972) has since characterised the toxin as being com-
posed of three known and three unknown amino acid residues.

This evidence contrasts with the findings of Rudolph (1970)
which show the toxin to be composed mostly of hexose units
with a molecular weight of 2,100.

Also in 1970 Patil purified a phytotoxin from culture .

filtrates of P. phaseolicola and found it to, be ninhydrin-

positive with a molecular weight smaller than that reported
by Rudolph. Chlorosis induced by the toxin is prevented by
application of citru%line - the end product of the reaction
inhibited in toxig—treated tissue.

More recent work by Mitchell (1976) has demonstrated that
a toxin, difficult to isolate because of its extreme lability

in weak acids, can be isolated and purified from liquid P.

phaseolicola cultures. lMitchell named the toxin phaseolotoxin.

It causes leaf chlorosis by systemic movement, suppression of

leaf expansion and accunmulation of ornithine. The structure
|

of phasedotoxin is (Ns—phosphosulphamyl) ornithylalanylhomo-

arginine. A serine analfgue of phaseolotoxin has also been
isolated by Mitchell and Parsons (1977) and it shows the same
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biological effects as phaseotoxin . This toxin is named )
(2 - serine) phaseolotoxin.

1t seems likely that phaseotoxin is not one toxin but
several and that two of them are phaseolotoxin and (2 - seriﬁe)
phaseolotoxin.

The study of mechanisms of resistance to phytopathogenic
bacteria has, until recent years, received less attention than
the study of resistance to fungal pathogens. With the realisation
that bacteria provide a simpler system for investigation
(Klement and Goodman, 1967) much more intensive study of the
incompatible ( resistant) combination has been undertaken using
bacteria. |

Possible combinations of bacteria and host plants and
respective resistance mechanisms have been reviewed by Kelman
and Sequelira in 1972.1lhey grouped bacterial resistance mechan-
isms into those which were constitutive or preformed and those
which were induced on or after infection.

Constitutive mechanisms may involve inhibition of bacteria
by preformed compounds which are themselves toxic or which can
be rapidly converted to toxic products upon cell injury or
a combination of adverse conditions at present unknown.

Kelman (1972)'demonstrated that a constitutive system
seemed to operate in resistance of maize to soft rot Erwinia
species. MaiZe\plants highly susceptible to one isolate of

BE. chrysanthemi were found to be highly resistant to all other

isolates and species of Lrwinia. A differentially inhibitory
fraction (dif) extracted from malze plants was more toxic to
soft rot Brwinia species that to the corn-stalk pathogen E.

chrysanthemi. Other plant pathogenic bacteria that do not attack

maize and some (but not all) saprophytic bacteria were also

inhibited by dif. All tge bacterial maize pathogens tested

were similar to corn-stalk rot pathogen in their relative



insensitivity to dif. .
Induced mechanisms of resistance include the hypersensitive
response (HR) which is that resistant response of the plant
involving rapid death of plant cells accompanied by limitation
of growth and spread of the pathogen.
The concept of HR as a form of resistance arose first
in the work of Ward in 1902 and Stakman (1915) on wheat rusts.
'HR has been recognised as a response to bacterial pathogens
since the work of Klement in 1963%. He showed that pepper
fruits inoculated with P. sxringaé var. capsici developed
typical soft rot symptoms. Other species belonging to the
P. syringae group caused rapidly developing brown necroses to
form around the inoculation site. Other phytopathogenic
bacteria tested, except those pathogenic to pepper, caused
light or dark brown necroses but some soft rot Lrwinia and

Pseudomonas species were unable to induce necrosis.

Klement (1971) divided HR into three stages of develop-
ment. The first or induction phase is the time necessary for
the bacteria to initiate HR. After this time .bacteria may be
killed by injection of antibiotics and the reaction will still
go to completion. The second (or latent) phase finds the host
symptomless although respiration rate may rise (Nemeth et al.,
1969). The phase ;f expression is characterised by tissue
collapse and by changes in host cell permeability (Goodman, 1968).
Permeability Qf cells increases a few hours after inoculation
reaching é maxiAum at the time of tissue collapse. In tobacco
the plasma membrane, tonoplast and membranes of chloroplasts and
mitochondria became deranged. (Goodman and Plurad, 1971).

Within 18-24 hours collapse of the host cell tissue is complete
and a well demarcated b;rder separates the inoculated area
from the rest of the le%f.

B
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Sinclair et al.(1970) hive examined chemical elements
leached from leaves and have found more potassium.than calcium,
phosphorus, nitrogen or maghesium. Both magnesium and
potassium increased in the intercellular fluids of susceptible
leaves,

The concentration of incompatible bacteria does not
influence the formation of HR but affects the development of
‘visible necroses. Below the inoculum threshold, microscopic
lesions are produced and at or above the inoculum threshold,

a visible confluent necrosis deveiops. HR is thus an example
of the co-operative effect described by Meynell and Stocker
(1957) in which several bacteria combine to produce the visible
response from the plant. SR can result from only one bacterial .
cell but Klement (1964) found that 5 x 106 cells/ml of P.
syringae are needed to cause confluent HR in tobacco. With

bean plants and P. mors-prunorum, 6.8 X 107 cells/ml of

bacteria were required (Klement,1967). In 1973, Stall and

Cook calculated that with P. cichorii on tobacco, 100 bacterial
cells per plant cell were needed for microscopic lesions.
Turner and Novacky (1974) found a different ratio using

P. pisi on tobacco. A 1l:1 ratio was reguired for micro-

scopic lesions. gowgver the technique, staining, was
different.

In 1967, Klement and Goodman found that HR in tobacco
leaves was not1reproducable by plant pathogenic bacteria
which had been killed, sonicated, treated with antibiotics
or culture filtrates. In beans, "Mickle" treated bacterial

cells, bacterial cytoplasm of P. mors-prunorum, bacterial cell

walls, culture filtrates all failed to produce HR in leaves
|

(0'Brien,1973).

It appears that onHy living incompatible bacteria are

able to induce HR. The development of HR is influenced by
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age of bacterial cells (Stile and Klement, 1971), by temperature
(Lozano and Sequeira, 1970a; Cook, 1971 and Sfile and Klement,
1971) and by light (Lozano and Sequeira, 1970a) but there.is
great variation in these influences, some having no effect -*

at all in certain combinations.

The most important phase in the development of HR is the
induction phase which is measured by infiltrating antibiotics
into intercellular spaces at time intervals. In the tobacco-
P. syringae combination, induction phase is 25 minutes (Klement

and Goodman, 1967). In bean with .P. mors-prunorum it is

150 minutes; in tobacco with P. solanacearum, 180 minutes

(Sequeira, 1976).

The fact that the induction phase is so short, diminishes
the possibility of bacterial multiplication or nutrient levels
being very important in HR development.

A role for a specific metabolite being produced has been
attributed to the bacteria. Lovrekovich et al.(1969,1970)
implicated ammonia evolved by bacteria in the leaf tissue
as being the substance responsible for induction of HR. This
was disproved by Goodman (1971, 1972); Stall‘gﬁ al. (1972)
and O'Brien and Wood (1973). It was shown that ammonia
reached toxic concentrations 16 hours after inoculation
whereas cell membrane‘damage was detected at 6 hours. There
was also a suggestion that the ammonia was being produced by
the plant tiséu¢ itself.

Sequeira a$d Ainslie (1969) extracted from bacteria a
fraction which éould induce HR in tobacco when the cell
ffééfpreparation was pur&fied using chrmmatographic
proceedures.

In 1972, Gardner ahd Kado extracted a high molecular weight

substance from osmotic shock fluid of krwinia rubrifaciens.

1t prdduced HR in tobacp& leaves and electrolyte leakage.
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"Shock protein" preparations from non-pathogenic E. herbicola
did not produce HR. Normally, osmotic shock is used to produce
proteins from the surface layers of enterobacteria.
Sleesman et al.(1970) produced a heat labile proteinaceous
fraction from sonicated cells of P. pglycinea which could induce
HR. Sequeira et al.(1972) also extracted a proteinaceous

compound from P. solanacearum which would protect against HR.

The substance did not involve cell walls, extracellular poly-

saccharides or nucleic acids of P, solanacearum and it was non-

specific since it reduced both nuﬂber and size of TMV lesions
on tobacco leaves.

In 1966, Lobenstein and Lovrekovich reported a similar
protective effect with cells of P. syringae which had been
heat killed. This effect was inhibited by actinomycin D and
as a result RiJA synthesis was concluded to be important.

The conclusion of Sequeira et al.in 1972 was that in-
compatible bacteria in tobacco leaves release both the HR inducing
and the HR protection fuctors. The response to the first
would be so rapid that the effect of the second would be
masked.

Both factors have been observed to be proteinaceous by
Gardner and Kado,(}9]2); Sequeira and Ainslie, (1969) and
Sequeira et al.(1970). Lallyett (1977) working with selective
inhibitors has demonstrated that the HR inducing fraction is
formed de gglg by the bacteria ie after inoculation.

Attempts to extract HR inducers in vivo have all failed
(Klement, 1965; O'Lrien, 1973), the one exception being the

work of Howes et al.(1973) with Puccinia graminis triticl

and wheat. An RNA—aselsensitive fraction elicited HR specific-

ally.

Whatever the inducer of HR is chemically it must involve



- 13 -~

at some point in its reaction with the plant, some crossing .,
of the plant»cell wall., Pathogenic bacteria normally in-
habit the intercellular spaces in leaves and rarely penetrate
the cell except in cases of extreme infection (Zaumeyer, 193%2).

The importance of the plant cell wall in the development
of HR was suggested by Ercolani (1970) who said that bacteria
became attached to multiplicatidn sites on the cell surface
‘and depending on factors contained by the bacteria HRor SR
results.

Agglutination of incompatiblé bacteria on host cell walls
has been reported by Sequeira et al.(1976) and Goodman (1974).
In 1976, Sequeira and Donald showed that a major difference

between compatible and incompatible strains of P. solanacearum

is the ability of the latter to form polysaccharide slime
which apparently allows attachment of avirulent bacteria to
tobacco cell walls. Virulent cells did not bind and were thus
ableto multiply in intercellular spaces. Virulent.cells
produce and extracellular polysaccharide (EPS) which has been
shown to inhibit binding (Sequeira and Graham, 1977). The
addition of EPS to avirulent bacteria prevented their normal
binding response. The pattern for recognition of compatible
or incompatible bactgria emerging from Sequeira's work invoives
the interaction of three molecular constituents (a) bacterial
lipopolysaccharides (b) bacterial £PS and (c) host cell wall
lectins (binding sites).

Once the a%irulentbacteria are attached to host cell
walls , the HR inducer Would be produced Klement and Goodman
proposed in 1967 that the HR inducer alters the permeability
of cells by denaturing‘tﬁe S—S bonds in protein lamellae of

host cell membranes with a sulphydryl compound.

An important feature of HR is that it can be easily

PR
1 i
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suppressed. Klement and Nemeth (1966) found that high temper-
ature (37°C) suppressed HR in tobacco Klement later suggested in
1972 that there was a heat sensitive period in host tissue
following the induction period.

'Preinoculation with low concentrations of bacteria
inhibit HR in some cases if plants are subsequently inoculated
with concentrations sufficient to induce HR. "Phis was found
by Turner and Novacky (1974) but not by Cook (1975).

HR has been prevented by calcium (Cook and Stall, 1971),
by precipitates from bacterial sonicates (Sleesman et al., 1970),
by cytokinins (Novacky, 1972), by plant extracts (Sttle et al.,
1973) and by heat killed bacteria (Lozano and Sequeira, 1970;
Stall et al., 1974; Lovrekovich and Farkas, 1965). Sequeira
et al., in 1972, and Wacek (1974) observed that suppression

of HR by heat killed cells of P. solanacearum is associated with

glycoproteins found in the periplastic space of the bacterial cell
wall. Extracellular polysacchrides, DNA or peptiglycan failed
to give a protective response (Wacek and Sequeira, 1973%).

The protection factors appear to be proteinaceous since
proteolytic enzymes destroy their activity (Sequeira et al.,
1972). Ryan (1974) proposed that the HR protection factor causes
moderate injury or irritation to the plantwhich in turn produces
its own fraction fb gesist necrosis.of tissue caused by the
incompatible bacteria.

Intercellu&ar fluid extracted from plants protected against
HR confained baLterial growth inhibitors (Sequeira and Hill,
'1974). Protection in tqbacco leaves at least may be light
dependent. Bacterial growth'was inhibited to a greater extent
by fluid from plants kept in light than by fluid from planté
in dérkness (Rathmell ;nd Sequeira, 1975).

It is important to realise however that suppression of HR

in the cases mentioned;a%ove does not mean conversion of HR to
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SR. In none of the cases did SR develop. Plants were still:®
resistant to the bacteria when their ability to respond
hypersensitively was impairéd.

A great deal of work has.been carried out in order to iHVest—
igate the involvement of chemical substances in induced resistance
to bacteria.

The review of Walker and Stahmann (1955) on the chemical
nature of disease resistance reported a few compounds inhibitory
to fungi or bacteria found in healthy or infected plants but
none were implicated in resistancé. Since then, many compounds
have been attributed with a role in resistance to fungi, the
research being stimulated by the "phytoalexin hypothesis".of
MUller (1958). The original definition of the term phytoalexin
has subsequently been amended to those substances which are
"anti-microbial components of a range of compounds produced by
many plants in response to cellular damage" (Deverall, 1972).

The phenols have received much attention for their role in
resistance (Farkas and Kiraly, 1962; Tomiyama, 1963; Rubin and
Artsikhovskaya, 1964; Farkas and Solymosy, 1965; Cruikshank
and Perrin, 1964; Rohringer and Samborski, 1967; Kosuge, 1969;
Addy, 1976)., From this work there is little evidence to 1link
phenols directly w%th‘resistance. However in 1977, Sequeira
and Webster found that a phenolic compound produced in bean pods
inoculated with P. 8yringae reduced growth of the bacteria in
vitro. a

The resistJnce of pathogenic pseudomonads to phenolics has
been attributed to their,ability to reduce quinones to phenols
and an inability to produce hydrogen peroxide which affects the
oxidation of the reversq‘reaction (Moustaffa and Whitenby, 1970).

Phaseollin has been shown to be induced in bean tissue after

bacterial infection but !subsequent tests showed that it did not
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inhibit growth of pathogens in vitro, (Cruikshank and Perrin,
1971; Stholasuta et al., 1971; Webster and Sequeira, 1977)-.
However induction of hydroxy phaseollin in the HR of soybean
to P. glycinea and induction of coumestrol in HR of bean to "

P. phaseolicola and P. mors-pruncrum have been shown to be

accompanied by reduced growth of the pathogen in vitro (Keen
and Kennedy, 1974; O'Brien and Wood, 1973).
Lxtracts of pepper leaves foliowing inoculation with Xanth-

omonas vesicatoria inhibited bacterial mutiplication in vitro

(Stall and Cook, 1968). Bacteriostatic compounds were detected
in extracts of bean leaves inoculated with water (Rudolph and

Cinar, 1971) and from potato (4alewski and Sequeira, 1973).

Bean plants reacting hypersensitively to P. phaseolicola
were found to contain isoflavanoid compounds which restricted bac-
terial growth in vitro (Gnanamanickam and Patil, 1977a). Further
work by Gnanamanickam and Patil (1977b) suggested that phaseotoxin

produced by P. phaseolicola suppressed production of these iso-

flavanoid compounds in the susceptible combination.

The plants used in this study were Phaseolus vulgaris var.

Red Mexican. In 1932 Burkholder and Zaleski described several
varieties of P. vulgaris all of which were susceptible to three

strains of Pseudomonas phaseolicola. After this the situation

was rather confused with some people finding bean susceptible

to P. phaseolicola (Ferguson et al.,1955) and some finding bean

resistant to P. phaseolicola (Jensen and Goss, 1942; Zaumeyer

and Thomas, 1957).

In 1964, Patel and Walkgr identified two races of the pathogen,
Race 1 was avirulent on Red lMexican and Race 2 was virulent on
Red Mexican and other varieties previously reported resistant.

Races 1 and 2 of P. phaseolicola were used extensively in this

study.

The most recent sdréening for resistance to halo blight
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(the susceptible response to P. phaseolicola) was carried out

in 1965 by Patel and Walker. Species susceptible to both races

included P. coccineus, P. radicatus, P. lathyroids, P. lunatus,

P. bractiatus, P. acutifolius, P. polyanthus and P. polystachys.

Species resistant to Race 1 in a hypersensitive way included

P. calcarateus, P. mungo, P. acconitifolius, P. aureus and

P. anpgularis. None of the species were hypersensitive to
Race 2.
In 1966, Coyne et al.demonstrated that resistance in Red

Mexican beans to P. phaseolicola was dominant and monogenic.

This feature makes the Red Mexican - P. phaseolicola Race 1 and

2 system ideal for investigation.

Most studies of resistance to disease in plants have used
intact plants or plant organs. However isolated cells or proto-
plasts produced from plant tissues may offer certain advantages
in mode of action studies (Samadder and Scheffer, 1968; Strobel
and Hess, 1974).

Isolated protoplasts have played a key role in viral research
since normally the cell wall acts as a very efficient barrier
to the penetration through it of virus particles. Virus particles
can therefore be presented directly to the plasmalemma if
protoplasts are uspd” Isolated plant protoplasts offer an
excellent system in which to study virus infection and replication
since there is the potential of obtaining efficient and synchronous
infection. (For a review of the use of protoplasts in plant
virolosy see Takebe, 1975).

Filtrates of tultunmes of P. phaseolicola, P. syringae and

P. mors-prunorum added to callus cultures of bean stem tissue

reduced growth by 77%, ﬁl% and 10% respectively. Filtrates from

P. phaseolicola produced no haloes in the callus tissue but

similarities between théiphysiological effects of toxin-containing
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filtrates of Ei p@aseolicolalon bean callus and on green leaf
tissue suggest the feasibility of using isolated cells as a means
to study bacterial action (Bojaj and Saettler, 1970).

In 1975 Pelcher et al.exposed resistant and susceptible’

corn protoplasts to the toxin from Helminthosporium maydis race T.

Susceptible protoplasts did not increase in volume and did not
show the cytoplasmic streaming seen in resistant protoplasts and
'in controls. These effects correlated well with effects seen

in whole plants. |

The elicitors produced by Phytophthora megasperma var. sojae

which result in phytoalexin production in soybean plants, caused
soybean cell suspension cultures to produce phytoalexins in a
similar way, (Ebel et al.,1976).

Because of the relative similarities,found in isolated
cell or protoplast systems in the work mentioned above, with.
the responses of whole plants, it was thought that an isolated
cell or protoplast system could be developed to study the hyper-
sensitive reaction in a system which was simpler than that of
the whole plant. As a result a large section of this study was
devoted to developing a system designed to bring plant cells
or protoplasts together with bacterial cells in suspension,

In this investigation several different types of plant-

bacterial combinations were used. The compatible combination

was Red Mexican with P. phaseolicola Race 2; incompatible

combinations weke Red Mexican with P. phaseolicola Race 1, P.

mors-—prunorum, brwinia atroseptica and Xanthomonas manihotis.

The saprophyte P. fluorescens was also used.
!

- P. mors-—prunorum is a pathogen of Prunus sp. and is motile

as are P. phaseolicola Races 1 and 2. P. fluorescens is usually
|
motile and is non-pathogenic, (Bergey's Manual of Determinative

Bacteriology, 1957). |

i

brwinia atroseptica’ causes rapidly spreading soft rot of
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storage tissue. The rots arc characterised by the formation of
a rapidly spreading water-sosked lesion and cells separate along
the lines of the middle lamellae. The tissue quickly loses
coherence (Stephens, 1974).

fanthomonas manihotis causes blight of cassava plants, the

best described and most important bacterial disease of cassava.
It was first reported in Brazil (Bondar, 1912) and cassava
-plants in South America, Africa and Asia are affected. The
symptoms are leaf spotting and blight, wilting of young stems
and leaves, stem dieback, gum exudation and vascular necrosis
(Lozano and Booth, 1974). Entry to the plants is via stomata
and wounded tissue (Pereira and Zagatto, 1967). For a review

of the work carried out using X. manihotis see Ikotun, 1975.
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MATBERIALS ANL psTHOLS

~1 Biological Material

A Plants

1 Cultivar

Phaseolus vulgaris L. cv. Red Mexican U.I. 34 (RM) grown
at Imperial College Field Station, Silwood Park. The original
'stocks were obtained from Honey Seed Company, Twin Falls, Idaho,
U.S.A.

2 Flant Culture

P lants were grown from seed soaked for ten minutes in
sodium hypochlorite solution (5-7% w/v available chlorine ),
washed well in sterile water and placed in boxes lined with moist
paper at 26°C. After two days 20 germinated seeds were placed
in seed trays (20 x 34 x 6 cm 3) containing John Innes No.l
compost and incubated in a growth cabinet at 25°C. Plants were
illuminated for 16 hours/day at 1,290 lux at plant level. The
compost was well soaked with water once every two days.

%3 Plant Inoculation .

Bean plants,nine days old (ie nine days from emergence from
the compost), were inoculated using a modification of the inject-
ion/infiltration technique described by Klement (1963). Injections
of bacterial suspénsions and other solutions or mixtures were
made from a hypodermic needle (No. 30 gauge) at the junction of
the main vein and the petiole of expanding monofoliate leaves
into the intervkinal areas to the right and left of the main vein,
Leaves were washed immeQiately afterwards in a stream of sterile
water and returned to tﬂe growth cabinet where the water-soaking
produced by injection %isappeared within one houf.

4 Plant inoculation for leaf disk experiments

A disadvantage Offtfe inoculation technique used is that it

?
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is difficult to control the area of inoculation. Bacterial,
suspension is forced into intercellular spaces and spread of
the inoculum is limited only by the larger veins in the leaves.

In some experiments it was necessary that disks (1.2 cnm’
diameter) should be cut from leaves such that the central area
of the disk only was inoculated., Careful examination of the RN
leaf structure revealed that on each monofoliate leaf there were
"two areas (see Figure 1) bounded on three sides by large veins

where controlled inoculation was possible with practice.

Figure 1. Inoculation areas on Rl leaf surfaces.

AN Usual inoculation area (Ia)
Inoculation area in disk experiments (Ih)

The inoculation area for the disk experiments was thus a
small rectangld of tissue 4mm by 5mm(Ih). A high level of
replication was| used in these experiments but variation was not
great. |

Disks (1.2 cm in diameter) were cut from leaves with the in-
oculation area ( 0.4 x 0.5 cm2) in the centre one hour after

|

inoculation. This was to allow for the disappearance of water-

soaking. i
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Disks were then incubated in two ways. .

1l In boxes

Lisks were placed on dry microscope slides lying on
angled glass rods in transparent plastic boxes (16 x 10 x 5“cm3)
lined with wet tissue paper. There were three slides per box
and two disks per slide. Boxes were incubated in the growth
cabinet at 25°C and 16 hours light per day.

2 Floating on sterile water

Disks were floated on the surface of sterile water in petri
dishes, four disks and 20 ml water per dish. Dishes were in-

cubated in the growth cabinet as described above for boxes.

For other experiments disks one cm in diameter were used.
these were cut from the usual inoculation area (Ia) shown in
Figure 1 such that the full area of the disk was inoculated.
Disks were cut one hour after injection of the leaves to allow
for disappearance of water soaking. Disks were incubated in
boxes or petri dishes as described in the paragraph.‘

5 Floating plant material on suspensions of bacteria

a Disks

Disks 1.2 cm diameter were cut from RM leaves which had not
been inoculated. qu disks were cut from each monofoliate leaf,
one to the left and one to the right of the main vein near the
junction with the petiole. Disks were washed in sterile water,
dried in sterilé air (lamina flow bench air) and then floated on
sterile solutioé in petri dishes. There were four disks and
18 ml solution per dish.;Various solutions were used and are de-
tailed with the results. To each dish two ml of a bacterial
suspension of known con?entration in sterile water were added
making the total volume of suspension in each dish 20 ml.

incubation was in a groWﬁh cabinet at 25°C with 16 hours per day

light. |
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b Use of digsks with parts of the lower epidermis removed

L)

The same method as described in 5a was used except that the
disks (1.2 cm diameter) had vieces of lower epidermis (c. 0.4 x
0.5 sz) removed. This was done using a pair of very fine forceps
to tear off pieces of epidermis from slightly wilted leaves before
disks were cut. Ieaves were deliberately allowed to wilt to fac-
~ilitate removal of epidermis. Disks were floated on bacterial
-suspensions (as described above) with the lower epidermis in con-
tact with the suspension.

¢ Floating pieces of lower epidermis on suspensions of bacteria

In one experiment pileces of epidermis (removed from the lower
surface of slightly wilted RM leaves using a pair of very fine
forceps) were floated on suspensions of bacteria as described for
disks in 5a above. Incubation was at 25°C. Each petri dish
contained six pieces of epidermis approximately 0.4 x 1.0 cm2 in

area (each piece) and 20 ml of bacterial suspension of known

concentration.

B Bacteria .

1l Cultures

Pseudomonas phaseolicola

From the National Co%lection of Plant Pathogenic Bacteria (NCPPB).
Race 1 - isolate number 605 (R1).
Race 2 -~ isolate number 13%21 (R2).

Pseudomonas fluorescens

From WCPPB - istlate number 1598 (Pf).

brwinia carotovora var.,atroseptica

From NCPPB -~isolate number 2043 (Ea).

Xanthomonas manihotis
- |

From NCPPB - isolate number 1159 (Xm).

Pseudomonas mors-prunorum

, I
From Dr. Lallyett, Imperial College and originally from kast
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Malling Research Station.

2 Growth of bacteria

a Stock cultures were kept on storage nutrient agar slopes of
the following composition:- 13%g Oxoid Nutrient Broth No. 1 (CM1),
15g Standard Agar (Davis), 1 litre distilled water. Cultures
were kept under oil at room temperature or were stored (without
0il) at 4°C & -20°C.

b For inoculation bacteria were grown on nutrient agar slopes
of the following composition:- 1l%g Oxoid Nutrient Broth No.?2

(CM 67), 15g Standard Agar (Davis), 1 litre distilled water.
Cultures were incubated at 25°C for 24 hours before use.

C Yor some purposes bacteria were grown in Nutrient Broth No.1l
(CM 1) in conical flasks (100ml medium in 250 ml flasks or 200 mi
medium in 500 ml flasks) and incubated in an orbital incubator

at 25°C.

d For other purposes, a more defined liquid medium was used.
The method of incubation and amounts of medium used are indicated
with the results where appropriate. The medium used was of the
following composition:- 4.6g casamino acids (vitamin free), 1g
K2HPO4, 0.5¢ MgSO4.7H20, 10 ml1 trace element solution* made up

to 1 litre with distilled water.

¥ Trace element solugion

FeSO4.7H20 0.5 ppm in final solution
ZnSO4.7H20 | 1 0.1 ppm " "
Na,Mo0, . 7H,0 | 0.2 ppm " " "
CuSO4.5H20 | i. 0.1 ppm " n "
Mn012.4H20 : | 0.1 ppm " n "

This medium was named Medium A.
e For measurement of bacterial growth in vivo and in vitro
i _ ———

selective media were used as follows:-
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D3 Medium (Kado and Heskett, 1970) for Erwinia carotovora var.

atroseptica.

10g sucrose ' 60 mg bromothymol blue
10g arabinose 100 mg acid fuchsin

5g casein hydrolysate 15 g agar

Tg LiC1 1 litre water.

3g glycine
5¢g NaC1l
0.3g MgSO4.7H20

50mg sodium dodecyl sulphate

Adjust pH to 8.2 with NaOH before autoclaving. The pH of the
medium should be 6.9 - 7.1 after autoclaving.

D4 Medium (Kado and Heskett, 1970) for Pseudomonas species.

10 ml1 glycerol 0.6 g sodium dodecyl sulphate
10 ¢ sucrose 15 g agar
1l g casein hydrolysate 1 litre water.

5 g NH,HPO,

D5 Medium (Kado and Heskett, 1970) for Xanthomonas manihotis

10 ¢ cellobiose 0.3g MgSO4.7H20
3 g KZHPO4 15 g agar
1l g. ]NaH2P04 1l litre water

¥

The degree of selectivity of these media is dealt with
in the resulté pection.

|

3 Standardisation of bacterial inocula

Bacteriaiwere growﬂ for 24 hours at 25°C on slopes of
nutrient agar (c. 10 ml). Ten ml of sterile distilled water
was added to each tube and bacteria were suspended by scraping
the surface of the agar with a sterile inoculating loop. The

suspension was centrifuged (20 minutes at 10,000g ) and washed
>
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by resuspension and centrifu;ation, )

Washed bacteria were then resuspended in sterile distilled
water and the suspension diiuted until a reading on a nephelometer
(Eel "Unigalvo") was obtained. sSerial dilutions of the susp;nsion
were méde and 0.1 ml from each dilution was transferred to a petri
dish of nutrient agar and spread over the surface with a sterile
glass spreader. Plates were incubated at 25°C and four replicates
were made of each dilution. Numbers of bacterial colonies per
plate were counted three days after inoculation and the concentr-
ation of live bacterial cells in the original suspension was
calculated.

This proceedure was carried out for each species of bacteria
used and throughout the work, conditions were always kept standarad
in preparation of inocula.

Nephelometer readings were plotted against log concentration
of bacteria. From this plot a nephelometer reading of 10

corresponded to 1O8 cells/ml for all species of bacteria used.

I1I Measurement of Bacterial Growth

A In vivo
a Plants
After inoculafion leaves were well washed with sterile

distilled water to remove most surface bacteria. First samples
were taken immé%iately, later samples at intervals over the next
few days. Each}sample consisted of four disks cut from leaves
with a sterile cork borer (1 cm diameter). There were five samples
per measurement. Disks were ground, one sample at a time, in 0.2
strength Ringers solution, then made up to five ml in the same
solution. After ten minutes with periodic shaking, serial ten-
fold dilutions were prepared. O.1 ml from each dilution was spread
on plates of-selective%m%dium agar. (Agar surfaces were dried in

_sterile air for 30 minutes after pouring). Colonies were
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counted after three days incubation at 25°C. Numbers of baeteria
per cm2 leaf tissue were then calculated.

b Disks (inoculated by injeclion with bacteria)

Disks were cut from plants one hour after inoculation éﬁd
were.l or 1.2 cm diameter depending on the experiment. First
samples were taken immediately (disks being washed first in steril«
water) others were placed on microscope slides in boxes or on
‘water or solutions in petri dishes. At intervals disks were remov-
ed from incubation, washedin sterile water and each sample (four
disks) was ground in 0.2 ml 0.25 étrength Ringer's solution as
above. There were five samples per measurement. Numbers of
bacteria per cm2 disk tissue were calculated by dilution plating
as 1in Aa above.

¢ Disks (inoculated by floating on bacterial suspensions)

Disks were cut from leaves which had not been inoculated
and were 1.2 cm in diameter. HMeasurement of numbers of
bacteria per cm2 leaf tissue was carried out as described for
disks inoculated by injection of bacteria. First sahples were
taken immediately and others at intervals after being floated on
suspensions of bacteria in petri dishes. There were four disks
per sample and five samples per measurement and disks were well
washed in sterile'water before measurements were taken.

d On leaf surface

‘Plants‘wefe inoculated in areas 0.4 x 0.5 cm2 as explained
in IA4. At intervals disks (1.2 cm diameter) were cut such that
the inoculated Lreas weie in the centres of the disks and were

washed in closed flasks, There were four disks and 10 ml of steri:

water in each flask and flasks were gently shaken on a reciprocal

shaker for 20 minutes. 0.1 ml was then taken from each flask and

pipetted into 9.9 ml sterile water. Serial ten-fold dilutions

and plating on selectiﬁe medium agar were carried out as before.

.
|
i
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Numbers of bacteria per ml woshing water were calculated. The
results gave an indication c¢f the levels of bacteria washed
from the surfaces of the lesions and from the cut edges of the
disks. This method is a modification of that used by Leben

et al.(1968).

B In vitro

0.1 ml samples were removed from bacterial liquid cultures
and pipetted into 9.9ml sterile water. Serial ten-fold dilutions
and plating on selective medium wére carried out as before.
Numbers of bacteria per ml culture medium were calculated.

This method was also used to measure bacterial growth in

solutions in petri dishes on which leaf disks were floated.

III lieasurement of electrolyte loss.

a From leaves

1 Twenty disks (0.3 cm diameter; c. 0.05g fresh weight)
were cut from inoculated areas of RMleaves and washed quickly
in distilled water. Excess water was removed with absorbent‘paper
and disks were placed in 10 ml fresh distilled water. The
conductivity of the water was measured with a "Chandos"
conductivity bridge immediately and after incubation at 25°C for
three hours. The increase in conductivity (in/Jmhos) was used
as a measure oﬂ electrolyte loss.

There were three replicates (each twenty disks) per
treatment. }
2 The technique described above for measurement of electrolyte
loss has its limitations because it does not measure rate of
electrolyte loss. Thuq‘(see Figure 2) Rate A would appear to

be the same as Rate B when only two measurements are made.

In an effort to déaP with this problem experiments carried
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Figure 2 Taking conductivity measurements at Time O and

Time 3 h only, Rate A would scem to be the same as Rate B.
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out using the method deséribed in al above were repeated taking
conductivity measurements at Time 0, 3, 15, 30, 45, 60 and 120
minutes rather than o nly at l'ime O and three hours. In other
respects the methods were the same.
3 The effect of temperature of incubation was also.studied.
The method used was basically that described in a2 above but
incubation of leaking disks was at 4°C, 25°C, 37°C and 50°C.
Flasks were incubated at the relevant temperatures (before
disks were added for one hour. This allowed the water in the
flasks to reach the relevant température before the experiment
wag started. |
There were three replicates of each treatment.
4 In some experiments patterns of electrolyte loss following
injury to RM cells caused by chemicals and autoclaving were studied
in order to make comparisons with patterns of loss following
injuries caused by bacteria.

a Triton X-100

Triton X-100 is a non-ionic detergent which kills plant
cells by disrupting the membranes. Leaves were infiltrated with
2% Triton X-100 and measurements of electrolyte losses were made
as described previously for plants infiltrated with bacteria in
I111a2. There were three replicates of each treatment.

b 4n30,.7H,0
L3 [

Leaves were infiltrated with 1% Zns0, . TH,0 (w/v) solution.
Measurements 6f'electrolyte loss were made as described in Illal.
but incubation time was limited to one hour at 2500 with readings
every 15 minutes. There were three replicates of each treatment.

¢ Autoclaving

Leaves were infilqrated with bacteria or distilled water and
at intervals disks were cut, washed and floated on sterile
water as described in IIFal. The Time O conductivity reading

was made as usual and then flasks were autoclaved for 15 minutes
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at 15 lb/inz. After removal from the autoclave, flasks were
allowed to cool to room temperature and a second conductivity
reading was made, There were three replicates of each treatment.

5 Replacement of ambient solution

In these experiments disks were removed from the first
ambient solution after a certain amount of electrolyte leakage
had occurred and were then placed in fresh distilled water. The
Apurpose of this was to find out if the patterns of conductivity
loss were altered by changing the'ambient solution.

Disks cut from inoculated RM leaves were placed in flasks of
distilled water as described previously. After incubation
for 35 minutes at 25°C (during which time several conductivity
measurements were ‘made) disks were removed from the flasks and
placed in fresh distilled water and more conductivity
readings were taken using the new solution.

There were three replicates of each sample.

b From disks

Measurements of electrolyte loss were made on disks floating
on water in petri dishes.

Disks were 1 cm in diameter and had been inoculated over
the whole disk area or were of 1.2 cm diameter and inoculated
only in the central (0.4 x 0.5) cm? area.

There wefq four disks per petri dish (each containing 20 ml
water) and fourldishes per treatment. When conductivity measure-
ments were made, disks were removed from the dishes.

¢ Calibration of Conductivity Meter,

In order to have some idea of the behaviour of the
conductivity meter, measurements of the conductivity of solutions

of known concentration were made.
|

P
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Glassware used was thorcughly washed in distilled watex
and conductivity measurements were made on distilled water in
the flasks used. In all caées this was shown to be normal (4.0
/umhos) for this meter.
2.2H20 and KCl in distilled water were made
were made up ranging in concentration from 40 mg/ml to ZQ/Lg/ml

Solutions of CaCl

and conductivity measurements were made on these. All measure-

ments were replicated three times.

IV Flame photometry

a lon efflux from leaf cells

Twenty disks (0.3 cm diameter: ¢. 0.05g fresh weight) cut
from RM leaves were washed in sterile water. Excess surface
water was removed with absorbent paper and the disks placed
in 10 ml distilled water. Three ml of liquid was removed
immediately and the levels of potassium, sodium and calcium
were measured on this sample using an Kel Flame Photometer
Mark II and on the remaining 7 ml after three hours incubation
at 25°C. The difference between the two measurements was used
as an estimate of the amounts of these ions leaking from the Rl
cells in the disk§ dyring three hours. There were three |
replicates of each treatment and adjustments in the calculations
were made to allow for the first sample coming from a larger

1

volume of ambient solution than the second.

b Rate of ion efflux f:om leaf cells

The technique described above for measurement of ion
efflux has the same liqitations as described in I1Ia2 for
the first method used to study electrolyte losses. In other words

the rate of ion efflux 'ig not measured. To deal with this problem

experiments done by the method described in IVal were repeated.
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This time 40 disks (0.3 cm diameter, c¢c. O.lg fresh weight) cut
from RM leaves were washed and placed in 20 ml of distilled water.
At intervals (Time 0,3, 15, 50, 45, 60 and 120 minutes) 1 ml
samples were removed from each tube for measurements of ion levels.
In other respects the methods were the same and adjustments

were made in the calculations to allow for the changes in volume

of the ambient solution during the experiment.

¢ The effect of temperature on ion efflux

The effect of temperature of incubation on ion efflux from
disks was also studied. The method used was that described in
IVa?2 but temperatures of incubation over the period of measure-
ment were 400, 2500, 37°C and 50°C. There were three tubes per
measurement and tubes were incubated for one hour at the relevant
temperature prior to addition of disks. This was in order to
allow the temperature of the ambient solution to reach the requirec

level before the experiment began.

d Jon leakage following injection of Triton X-100.

Ion efflux from disks cut from leaves infiltrated with the
detergent Triton X-100 was measured in order to compare patterns
of ion leakage following chemical killing of RM cells with
the patterns of i;n leakage following bacterial killing of
the cells.

Leaves were infiltrated with Triton X-100 at a concentration
of 2% and measu&ements of ion efflux were made as described
previously for plants infiltrated with bacteria. The influence
of incubation temperatufes on ion efflux after infiltration
with 2% Triton X-100 was also studied (as described in IVa3).

e Ion efflux from disks,.

Measurements of tﬁe‘levels of potassium, sodium and calcium
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ions in water on which inoculated leaf disks floated were .
made at intervals. Disks were 1 cm in diameter and cut so that
their whole surface was inoéulated or were 1.2 cm in diameter
and had only the central 0.4 x 0.5 cm2 area inoculated. There
were three disks per petri dish and each dish also contained
20 ml of water. There were four dishes per treatment.

Disks were either removed from the water and discarded

‘before measurements of ion levels were made on one set of dishes
over the whole period of the experiment. In this last case, 1 ml
samples were removed at intervals-from each petri dish using
a sterile pipette and adjustments were made in the ealculations
to allow for changes in volume of the ambient solution during

the course of the experiment.

V bMeasurement of Protein Levels

Eighty disks (0.3 cm diameter; c. 0.2 g fresh weight ) cut
from RM leaves were washed in sterile water. Excess surface
water was removed with absorbent paper and the disks'placed
in fresh distilled water in closed flasks. TFor leaves

inoculated with Pseudomonas phaseolicola Race 1 or Race 2 the

amount of water in each flask was 10 ml. For leaves inoculated wit

P. fluorescens or BErwinia carotovora var. atroseptica the

amount was 5 ml. The flask was then shaken vigourously by hand
for three secost and 1 ml of ambient liquid was removed.
Measurement of total protein in this sample was made using the
method below. After incubation at 20°C for two hours a further
1 ml sample was removed}and total protein content measured again.
The difference between the two measurements ( Time Q0 and Time

two hours) was used as an estimate of total protein leaking from
the RM cells in the disks in two hours.

Other experiments MFre carried out to ascertain the rate

of protein leakage over the two hour period by incubation of flask:
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for periods less than two hours. In all cases there were three
replicates of each treatment.

Estimation of total protein

a Reagents

A 2% w/v Na,C0, (anhydrous) in 0.1 NaOH
Bl 1% w/v Cus0,.5H,0 solution
B2 2% w/v potassium sodium tartrate solution
"Bl and B2 are mixed in equal quantities on the day of use
to form Reagent B
C Alkaline copper reagent (made ﬁp on day of use)
50 parts A to 1 part B.
D Folin-Ciocalten phenol reagent diluted to 1N (1 in 3)
on day of use.
b liethod
1 Add 1 ml of protein sample to 5 ml Reagent C. HMix well and
keep at room temperature for 30 minutes.
2 Add 0.5 ml Reagent D. Mix and keep at room temperature for
30 minutes. |

3 Estimate absorbance at 750 nm against a reagent blank.

The spectrophotometer was Beckman's DB model and was
calibrated using solutions of crystalline bovine serum albumin

containing between 10 and lOO/lg/ml protein.

1

|
VI Measurement of total phenol

a Leaking from heaf cells

Eighty disks (0.3 om diameter;c. 0.2g fresh weight) cut
from RM leaves were washed in sterile water. Excess surface
water was removed using absorbent paper and the disks placed in
5 ml distilled water in a small flask. The flask was then

shaken vigourously by ha?d for three seconds and 1 ml of ambient
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liquid was removed. DMeasurement of total phenol content in,this
Sample was made using the method described below. After incubatior
for 24 hours at 20°C a further 1 ml sample was removed from
each flask and total phenol content measured. The difference
between the two measurements (Time O and Time 24 hours) was
used as an estimate of total phenol leaking from the RM disks
in 24 hours.

Other experiments were carried out to ascertain the rate
of phenol leakage over the 24 hour period by incubation of flasks
for periods less than 24 hours, There were three replicates of
of each treatment.

Istimate of total phenol

(modified from the method of Addy, 1976)
1 Add 1 ml of phenol sample to 4 ml of absolute alcohol.
2 Centrifuge at 12,000g for 15 minutes to precipitate
protein and bacteria present.
3 Filter with millipore filter (O.Z%AL).
4 At this point supernatant can be stored at 4°C for subsequent
estimation of total phenols.
5 Add 5 ml of aqueous sodium carbonate (2%).
6 Add 1 ml 1N Folin-Ciocalten reagent (made up on day of use).
7 Remove precipitate by centrifugation at 3,000g for 15
minutes.
8 Estimate absPrbance at 750 nm against a reagent blank.
The spectrophotometer was calibrated using solutions of

0 - BOO/Mg/ml chlorogenic acid in 80% ethanol.

b In cultures of cells or protoplasts

At intervals, 1 ml samples were removed from culture media
for estimation of phenol, levels. Before carrying out the analysis

samples were centrifugés’at 100g for 5 minutes to precipitate
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cells or protoplasts. The supernatant was decanted and R
centrifuged at 10,000g for 15 minutes to precipitate bacteria
and cell debris. The supernatant was again decanted and filtered
through O.2§wqmillipore filters.
Total ﬁhenol analysis was then carried out as described

above and there were five replicates per treatment.

VII Attempts to modify the hypersensitive reaction

a lLeaves

1 Using bacteria

i Plants were injected in the usual way with suspension

(108 cells/ml) of Race 1. At various times with respect to

this injection , the inoculated area was given a second
injection with known concentrations of either Race 1 or of other
bacteria. IFive plants were used per treatment.

ii Plants were injected in the usual way with suspension

8

of 10% cells/ml Race 1 mixed with known concentrations of other

bacteria.. Five plants were used per treatment.

8 cells/ml,

iii Prior to the main injection with Race 1.at 10
plants were injected with known concentrations of Race 1 or

other bacteria. Five plants were used per treatment.

2 Using Chemi031§
In exactly the same way as described for bacteria in section
1 above, plants were injected at various times with respect to
the main injeétion of Race 1 (108 cells/ml) with known concentrat-
ions of chemical substances. Details of these are given with
the results.  [Five plants were used per treatment.
b  Disks
1 Disks of 1.2 cm d%ameter which had been cut from plants which

had not been inoculated were placed in petri dishes on suspensions

of: bacteria in various?ﬁhemical substances. Details of these
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are given with the results and the method used was that .
described in I5a above,
2 Disks were cut from inoculated plants and were either 1 cm
diameter with only the central 0.4 x 0.5 cmzarea inoculated.”
These disks were placed in petri dishes on sterile solutions
of various substances ., Details of these are given with the
results and the method used was that described in I4C2 above.
3 In some experiments disks of 1.2 cm diameter cut from plants
which had not been inoculated were floated on suspensions of
bacteria non-pathogenic to RM. The petri dishes were incubated
at 25°C in the growth cabinet for various times and then disks
were removed and washed., Disks were then placed on suspensions

of Race 2 in fresh petri dishes. There were four disks per

treatment (dish) and four dishes per sample.

VIII Production of isolated RM leaf cells.

This method was modified from that of Takebe et al.(1968).
The enzyme medium used to produce isolated RM cells was as
follows: - '
0.5% Macerase (Calbiochem)
. 0.4 M Mannitol
pH adju§ted to pH 5 - 9 using either 2N HC1 or
0.1 ﬁ NaOH.
The medium was filter-sterilised and there was never more than
2g fresh weighg of leaf tissue to 20 ml of medium.
For some experiments 0.3/% potassium dextran sulphate was

added.

The isolation proceedure was as follows:-
1 Plants (nine days old) were maintained for at least 24 hours

at 23 - 25°C and 200 - 400 lux before use.

2 Leaves were removedgabd soaked in 10% sodium hypochlorite
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solution for five minutes and then washed well three times in ster-
ile water (distilled).
3 Leaves were left in a stream of sterile air in order to wilt
slightly for between 15 and 30 minutes. The time is not critical
but slight wilting of leaves facilitates removal of the lower
epidermis.
4 As much as possible of the lower epidermis was removed from
"the leaves using a pair of sharp pointed forceps.
5 Leaves were cut into squares of approximately 1 cm2 in area
and placed in the enzyme solution in 50 ml flasks.
6 Flasks were incubated at 25°Cin darkness with periodic
shaking for four hours. After this time leaf peices were seen
to be falling apart.
7 The medium was filtmed through a sheet of nylon gauze (pore
size 109/u0 to remove debris and cells were precipitated by
centrifugation at 100g for five minutes.
8 After being washed twice by centrifugation at 100g for
five minutes each time using a washing medium (0.4M Mannitol
with 0.1 md CaClz), cells were resuspended in Cell Incubétion
Medium (CIM). There was 10 ml CIM per 50 ml flask and the

medium was sterilized by autoclaving.

Cell Incubation Medium (CIM)
For convenience the medium was made up in a ten times
strength concentration and diluted prior to use.

Dissolve in 2 litres

! ] distilled water (x10 concentratio:

KH2P04 ‘ | 0.272 g
KO 1.011 g
CaCl,. 2H,0 14.8 ¢

KI. "

Make up 0.166 g in 100ml and use 1 ml
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LuoO4.H20 o

make up 0.00249g in 100 ml 2nd use 1 ml.

Mannitol added and p H adjuétments are mede prior to use ie after
dilution to normal strength.

Mannitol ’ 0.4 M

pH 5 - 9 (using 0.1 i HaOH)

9 Flasks were incubated in darkness at 2500 and cells survived

for at least four days.

Various experiments were carried out using methods

described previously and detailed with the results.

I[X Method of production of isolated RM leaf protoplasts

This method was modified from that of Pelcher et al. (1974).
The enzyme media used to produce isolated protoplasts from
Rl leaves were as follows:-
1 0.25% liacerase ( Calbiochem)
0.25% Driselase (Kyowa Hakko Kogyo Co. :Ltd, Japan)
0.3 % potassium dextran sulphate (Calbiochem)
0.4 M Mannitol
Made up in d%st;lled-HZO and pH adjusted to pH 5 - 9~
using 0.1 N NaOH.
2 As Medium‘l but using 0.25% Onozuka 8S (All Japan Biochemical

Company Ltd.) instead of Driselase.

3 As Medium |1 but without potassium dextran sulphate.
4 As Medium 2 without potassium dextran sulphate.
5 0.45% llacerase

0.45% Driselase ‘

0.3 % otassium dextran sulphate
1Y

Made up in CIM and pH adjusted to pH 5 - 9 using 0.1 N NaOH.
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o As Medium 5 using 0.4%, Onozuka 55 as the cellulase
instead of Driselase.
7 As Medium 5 using 0.4M. sucrose in the CIM instead of
Mannitol. |
8 As Medium 6 using 0.4M sucrose in the CIl insteéd of

fiannitol.

All media were filter-sterilized prior to use.
The isolation proceedure was as follows:-
1 Plants (9 days old) were maintained for at least 24 hours
at 23 - 25°C and 200 - 400 lux before use.
2 Leaves were removed and washed in 104 chloros (sodium
hypochlorite solution) followed by three washes in sterile dis-
tilled water.
3 Leaves were then left for obout 30 minutes in a streamnm
of sterile air. This wilted them and facilitated the removal
of lower epidermis.
4 As much as possible of the lower epidermis was removed
from leaves using a pair of very fine forcepé.
5 Leaves were cut into squares of approximately 1 cm2 area
and placed in the enzyme solution in 50 ml flasks. There was
never more than 2 g fresh weight of leaf tissue to 20 ml enzyme
solution.
6 Flasks wéqe then incubated at 25°C in darkness for 18 hours
and by this timﬁ leaf pieces were seen to be falling apart.
7 Protoplasts were then filtered through a sheet of nylon
gauze ( pore éize lQQ/uQ‘and precipitated by centrifugation at
100g for five minutes.
8 Protoplasts were then washed twice (by centrifugation
at 100g for five minutes using a washing medium of CIM. Finaliy

Ly
the protoplasts were resdspended in CIM.
B
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9 FPlasks were incubated at 25°C in darkness and protoplasts
appeared to survive for at lcast three days. No examinations

were made after three days.

Various experiments were carried out using methods

previously described and are detailed with the results.

X Phenoloxidase assay

A 0.05 M solution of catechol (BDH Chemicals Ltd.) and
0.2 M sodium phosphate buffer at pH 7.0 were prepared. Reaction

mixtures were prepared in spectrophotometer cuvettes as follows:-

Reference Sample
Cuvette Cuvette
Catechol 2.0 ml 2.0 ml
Water 0.5 ml 0.3 ml
Buffer 0.5 ml 0.5 ml

After adjusting to zero absorbance at 490 nm, 0.2 ml
enzyme sample was added to the sample cuvette and mixed.
Absorbance readings were taken every 15 seconds for two minutes.
Corrections were made for colour in the enzym€samples by measuring
absorbance at 495 nm of the 0.2 ml enzyme sample in water and buffe
against water and buffer. Phenoloxidase activity was expressed
as change in abﬁorbance at 495 nm 1n one minute. There wére
three reading per sample.

«

AI Controls |

Unless otherwise stated controls consisted of the following:-
a Plant material not tqéated in any way (slank Controls),
b Plant material injected with sterile water (Water Controls).

¢’ Plants or disks not ?reated in any way other than by being
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injured by the hypodermic syringe needles used for normal .
injections. The injuries were more extensive than would be
expected from normal injection (Injured Controls).

Mechanical injury is an integral part of the injection<’
infiltration technique and these controls were carried out in
order to find any éffect that mechanical injury might have.

d Plant material injected with bacterial suspensions which

has been previously autoclaved at 15 1b/in2 for 10 minutes

(Dead Cell Controls).
In none of the results reported here was there any signif-
icant difference amongst controls. In all cases where control

values are given, they are those from Water Controls.

X111 Chemicals

A1l chemicals used were of Analar grade und supplied by

BDH with the following exceptions:-

Sodium dodecyl sulphate Sigma
Thiamine hydrochloride Sigma
Dioctyl sulphosuccinate sigma
Potassium dextran sulphate
Calbiochem,

liacerase ‘ )

v San Diego, California 92112.
Protamine sulphate
Absolute Alcohol James Burrough Ltd.
vodium polypectate sunkist Growers
Casein hydrolysLte Oxoid
Onozuka 5SS . All Japan Biochemicals Co. Ltd
Driselase Kyowa lakko kogyo Co. Ltd.,

Tokyo, Japan
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EXPrRIMSHNTAL RySCULTS .

I Preliminary sxperiments

1 Characterization of the hypersensitive response(HR)

a Grading of host response

The following system was adopted for describing observations
(macroscopic) of host responses. Lt is slightly modified from
the system devised by O'Brien (1973).

Hypersensitive reaction grades in the inoculated area (Ia)

No macroscopically visible response.
shiny patches and pale greeﬂ colour.
Pale bronze.
Deep bronsze.

Dark brown.

v~ W = O

Desiccated.

susceptible reaction grades

0 No macroscopically visible response.

1 Shiny patches in the Ia.

2 Pale bronze in the Ia.

3 Deep bronze in the Ia. :

6 Dark brown in the Ia, with beginnings of chlorotic halo
around the la.

7 Ia surrounded by halo.

8 Monofoliate ieaf death.

9 First trifoliate- leaves showing slight interveinal chlorosis

10 First trifoliate leaves showing marked interveinal chlorosis.

11 SubsequenJ trifoliates green but monofoliates chlorotic.

12 Subsequent trifoli§tes chlorotic and monofoliates chlorotic.

13 Plants stunted but continue to grow.

14 Plants die.
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b Development of the hypersensitive and susceptible responses.

Red Mexican (RM) leaves were injected with suspensions

of Pseudomonas phaseolicola Lace 1 (R1) and Race 2 (R2)

and with P. mors—prunorum (Pmp) at concentrations of 108 cells

per ml estimated by nephelometry. Plants (five per treatment)
were then incubated at 25°C in the growth cabinet and examined
at intervals for 15 days. Using the host reaction grades
"described above, the responses of the plants were noted (Table
RM plants were found to be resistant to R1 and Pmp in the

form of RM and to be susceptible to R2.

Table 1 Characterization of host response to R1, R2 and Pmp.

Time (d) after Bacterium Water
inoculation R1 R2 Pmp Control

1 1* O O

1
2
2
3
4
4
5

G o © o o o

1
2
3
6
7
8

vi 0O W S NN
LS - T U VA AC B A V)

(HR) (SR) (HR)

HR Hypersensitive response * each value is the meanof

SR Susceptible response five results

1

2 Responses ofi RM leaves to several species of bacteria at
|

a range of concentrations.

RM leaves were injected with the following bacteria.

a R1
b R2
c Pmp

d P. fluorescens (Pfﬂ
i' 3

1).
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e  Xanthomonas manihotis (Xm) ‘

f  EBrwinia carotovora var. stroseptica (La)

Five were used per treatment and incubation was at ZBOCﬁ

in the growth cabinet. The concentrations of the bacterial

suspensions were 1.0 X 105; 1.0 x 106; 5.0 x 106; 1.0 x 107;
5.0 x 1073 1.0 x 10%; 2.5 x 10%; 5.0 x 10%; 1.0 x 10% and
1.0 x lOlO,cells/ml as estimated by nephelometry.

a Rl

The time before HR appeared was shorter with increase of in-

cculum concentration between 5.0 x 106 cells/ml and 1.0 x 108

cells/ml with a minimum of 18h. Below 5.0 x 106 cells/mlAthere wac
no response visible to the naked eye. Above 1.0 X 108 cells/ml, "
increasing concentration of bacteria gave no increase in the
rapidity of the initial response (18h).
b R2

At all concentrations typical halo blight symptoms appeared.
Time before initial symptom expression was shorter with increase

8

of inoculum concentration up to ¢. 5.0 x 10~ 'cells/ml (48h).

Above this there was no increase in rapidity of reaction.
c_Pmp

Time of initigl response development was shorter with
increase of inoculum concentration until 1.0 x 108 cells/ml.
Greater concentrations caused no increase in rapidity of reaction
{18n). At concentrations below 5.0 x 106 cells/ml there was no
macroscopically'visible response.
d_Pf | !

Inoculated areas showed no macroscopically visible response
at any inoculum concentpation.

e Xm

Inoculated areas sh?wed no macroscopically visible response

at any inoculum'concentration.
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f Ba

&

Inoculated areas showed no macroscopically visible response

at inoculum concentrations up to 2.5 x 108

cells/ml. At concen-
trations of 5.0 x 10° cells/ml and above some yellowing of the
Ia was noted about six days after inoculation. This yellowing
was not seen to increase over the remainder of the 15 day
observation period and plants otherwise remained healthy.

This experiment was repeated with similar results. From
the results of this work it was decided that in subsequent
experiments, bacterial suspensions'need not exceed concentrations
of 10° cells/ml. . The results are summarised in Table 2.

8

Table 2. Responses of RM leaves to bacteria.at 10° cells/ml.

Bacterium Race 1 Race 2 Pmp Pf Xm BEa
Response HR SR HR NR NR NR

NR no macroscopically visible response.

3 Possible effects on RM plants due to the method of inoculation.

A criticism of the method of inoculation used in this
work is that it causes a certain amount of machanical injury
to the plant and that this may influence the responses of the
plants to the bacteria.

In order to f&nd out more about this, an experiment was
carried out to ascertain whether HR or SR was modified by prior
injections of s%erile water.

RM plants *ere injected with R1 or R2 at concentrations of
1080ells/ml after havinglbeen previously injected once, twice or
three times with sterile water in the same area. After each
injection a period of 60 minutesﬁzalowed to elapse to let water-

|
soaking disappear before the next injection was carried out.

|
|

P
t
i
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Controls were injected once, twice or three times with sterile
water before either being injected again with sterile water or
with with 10% cells/ml dead Ll cells.

There were five plants per treatment and incubation was":
in the growth cabinet as usual. The experiment was carried oﬁt
twice with the same results.

With cultures of R2 (24h and 7d old) development of SR was
not altered in any way visible to the naked eye by repeated
prior injection with water.

With 24h old cultures of R1 ﬁrior injection with water -
once, twice or three times before injection with R1l, there was
no difference in rate of development of HR from that considered
normal and described in 1b above.

With 7d old cultures of Rl onset of HR was delayed by 6h
by prior injection with water but only in plants which had
been injected three times previously in the same area.

Water and Dead Cell controls showed no macroscopically
visible response.

Re-injection became progressively more difficult to carry
out and although it may be that some damage is done to the
leaf cells by this method or that it induces some form of resist-
.ance to HR (but nqt to SR), the injection—infiltration method
did not affect the development of normal HR produced in response
to 24h o0ld cultures of Rl. All bacterial suspensions used
subsequently in this work were from cultures 24h old unless
otherwise stated. | |

4 Kffects on bacteria of suspension in sterile water for

inoculation.

There are criticigms of using water for suspension of bac-

teria from nutrient agar slopes because of damage caused by osmoti

shock is made at this éthe.
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In one experiment tubes of nutrient agar in slope form: were
prepared with 10 ml agar per tube. Each slope had 0.1 ml of
108 cells/ml R1 suspension‘streaked over the surface and tubes
wereincubated for 24h at 25°C,

Ten ml of the following were then used to suspend the
bacteria in each tube (five tubes per suspension medium) ;-
distilled water, nutrient broth, liquid D4 medium, 0.4 M sucrose,
0.4 M Mannitol. All media were sterilised by autoclaving at 15

1b/in®

for 15 minutes prior to use.

One ml was removed from each'tube and by dilution plating
on nutrient agar, the number of viable bacteria per ml of original
suspension was calculated. In all cases this was found to be

8 cells/ml.

1.0 x 10

This process was repeated using Ba and Zm with the same
rate of multiplication in 24h and with no effect of suspending
medium.

When injected into RM leaves, water, nutrient broth , D4
medium and 0.4M sucrose suspensions produced normal responses
from the plants but suspensions in mannitol were found to be
extremely toxic to the leaves (as was 0.4 M Mannitol alone).

It was decided to use sterile water for suspensions as it
was the most convenient, least toxic and least complex.medium.

L]

5 Use of nutrient agar for growth of bacteria.

The use of nutrient agar for the culture of bacteria
pathogenic on plants was thought to be perhaps inappropriate.
For comparison bacgeria (all species used) were grown
on V8 juice agar (200 ml V8 juice, 25 g Davis Standard Agar,
800 ml water) at pH 7.0lwith calcium carbonate added in excess.
V8 juice is a mixture of vegetable juices and is often used

for growth of plant patﬁrgenic fungi. No differences were found
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in responses of R plants to bacteria grown on V8 agar from, those
to bacteria grown on nutrient agar. Rate of growth of bacteria
on the two media was also the same.

Over a longer period of culture ie more than the normal
24h, bacteria began to lose pathogenicitiy or ability. to produce
HR. This was also found for Rl and Pmp on RM plants by O'Brien
in 1973, On both V8 and nutrient agar bacteria were not
‘used after 3 days of culturing.

It was decided that the use of nutrient agar did not
influence development of responseé of RM plants to the bacteria
and so this medium continued to be used for cultures grown for

24h before use,.

6 Specificity of media used in population assays.

During the course of this work, it was found that the
media used as selective were not quite so selective as was
hoped. This has already been found by other workers for
instance Stead (1973) who found that D3 medium was not as specific
as Kado and Heskett (1970) claimed. Erwinia. spp. on D3 medium’
produce a red colouration which depends on the species of Krwinia.

Ba produces a more intense colour than does for instance E.

amylovora. Some saprophytes (eg Escherischia spp.) will grow

on D3 but do not produce the red colour; Xanthomonas spp. will

also grow on D3 but produce a dark blue colour easily distinguish-
ed from the Lrwinia red.

In this work it was found that Pseudomonas spp. would not

grow on D% medium. Xm would do so also but the distinctive

dark blue colour was easily seen.

D4 medium (supposedly selective for the growth of Pseudomonas

spp.) supported the growth of all the bacteria used. However

Pseudomonas spp. could?erily be identified by the small, round,
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opague white colonies produced in 2 - 3 days of incubation at
el m .
25°C. The other bacteria (Es and Xm) appeared much more slowly.

D5 medium supported the growth of Pseudomonas spp. but not

of Erwinia spp. Xanthowmonas spp. could be identified because

the colonies only became visible after 3 days of incubation
at 25°C and were small, round and nearly transparent.

The only real problem arose with D4 medium where it was not
‘possible to tell apart R1,R2,Pmp or Pf. However during the
work frequent subcultures were made of colonies on the media
and after 24h growth on nutrient égar slopes, the bacteria
were suspended in sterile water and injected into RN plants.
Responses were noted and helped greatly in identif.ication.

In this way and also by checking colony formation on nutrient
agar and by the distinctive smells of the different cultures, it
was possible to be reasonably sure of the identity of the bacteria

on the selective media plates.

7 lLstimation of bacterial populations of leaf surfaces.

In order to estimate the numbers of bacteria washed from
leaf surfaces before population assays were carried out, the
following experiment was done.

Disks of 1l.2cm diameter were cut from Ri leaves such that
their central are; (0.4 x 0.5 cm®) only was inoculated. Disks
were washed in closed flasks on a reciprocal shaker for 20
minutes. There were four disks and 10 ml sterile water per
flasks and threL flasks per treatment. 0.1 ml was removed from
each flask and numbers gf bacteria in the original suspension
estimated by dilution plating on D4 agar.

This process was 2arried out at various times after leaf
inoculation with 108 cells/ml Rl or R2 and gave an indication
of the numbers of bacterfa on lesion surfaces as the lesions

developed.

i
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Control levels (washings of disks cut from plants which
were Blank, Injured, injected with Water or Dead Cells) always
remained at around 2.5 X 102 bacterial cells per cm2 leaf
disk surface. Water controls were subtracted from the values
from inoculated plants to obtain the values in Table 3.

This experiment was repeated with similar results. Levels
of both R1 and R2 recovered increased until browning of the
"inoculated area occurred. In the case of Rl this was at two
days and with R2 , three days. After this levels of Rl
fell and levels of R2 remained high.

The results indicated well the need to wash leaf disks
prior to grinding them up in order to estimate bacterial popﬁlatio
within the leaves and agreed with the findings of Leben et al.,:
who in 1968 found that HR inducing bacteria on soybean leaf
sufaces remained low for 29 days. Bacteria inducing susceptible
reaction (blight) were present at much higher levels on the

leaf surfaces.

Table 3. Surface .colony counts made on disks cut from RM

leaves inoculated with R1 or R2 at lO8 cells/ml (2500).

Time after inoculation Log no. bacterial cells/ cm2 leaf surfac
R1 R2
0 . * 3.9 3.6
1 4,2 5.9
2 3.6 6.5
3 1 2.9 5.9
4 2.8 5.2
5 \ 2.9 5.4
6 2.4 5.4
7 2.1 5.4

* Each value is the mean of three results (SE = 2.%) with
control value subtracted (mean control value 2.45).



~ 54 -

IT Growth of bacteria in bean leaves .

Using the method described in Materials and Methods IIAa, the
growth of R1, R2, Pmp, Pf, Xm and Ea in RM leaves was estimated.

Bacteria were injected in suspensions of concentrations 106, 167

8

and 10~ cells/ml prepared by use of nephelometry. [for each

measurement the numbers of bacteria recovered from control leaves
(injected with sterile distilled water) were subtracted from the
ﬁumbers recovered from inoculated leaves to giwe the results
detailed in Table 4. Levels of bacteria recovered from Control
leaves were of the order of 10° /cm2 leaf tissue over the whole
period of the experiment. 3Jelective media were used in all
cases including controls.

As can be seen from Table 4, Rl bacteria began to mutiply
within 24h of inoculation. At initial inoculum concentration

8

(IIC¢) 10° cells/ml, maximum populations were found at 1 - 2 days

after inoculation; at IIC 107 cells/ml,2 - 3 days and at IIC

10°

cells/ml at 3 - 4 days. After this, populations fell slightly

and remained stationary until 10 days when the experiment ended.
R2 bacteria also began to multiply rapidly but continued

to do so for a longer period. At TIIC 108 and lO7 cells/ml the

logarithmic phase of growth reached its maximum level four days

after inoculgtion and. then a stationary phase developed. At IIC

106 cells/ml the maximum population level was reached slightly

later (ie 6 - 8 days).

With Pmp a1 IIC 108 and 107 cells/ml very little difference
in population levels was seen. Levels remained fairly constant
over the period of the egperiment. At TIIC 106 cells/ml after an
initial fall in population levels, numbers of bacteria recovered
increased reaching a peak at three days and then falling again
remaining stationary from 5 - 10 days.

With Pf at all IIC?$ populations fell within the first 24h

and then remained statioﬁary over ten days.
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Table 4 Growth of bacteria in RW leaves at 25°C.

Time (h)

ncentration 8

1 o .
cells/ml 109 cells/ml 10° cells/ml

éal Inoculum

Init
10

Bacterium

5.8 "

4.3
5

*3.7

R1

.8
7.0
6.6
5

3

.5
5.0
6.0

5
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6.3
6.3
5,6
5

72
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240

.3

5.3
4.9

5.5

.3
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24,
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6.0
6.3

6
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.3
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5
4

.9

4
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2,6
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24
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4

4.3

3.6
3.4

.9
6

3

4.1

144
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3.6

3.9

5.9
.9
.4

5
6

9
.8
5
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3.9
3.2
5

24
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5

)

5.8
4.0

5.0

4-5
4.5

3.4
3.1

12

96

5.7

'5'1
5.0
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5.6

4.2
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Table 4 Growth of bacteria in RM leaves at 25°C. (contd.)

Time (h) Bacterium Initia! Inoculum Concentration
10%ce11s/m1 107cells/ml 108cells/ml

0 Ba *4,0 4.9 5.8
24 3.9 4.8 6.0
48 5.8 4,6 6.4
72 3.5 4.8 5.9
- 96 3.2 4.2 6.0
144 3.2 4.5 5.9
240 3.4 4.4 5.8
¥ Bach value is the mean of three results ( SE = 2.3) with

control value subtracted (mean control value 3.1).
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In the case of Xm at IIC 108 cells/ml after a rise in }evels
of recovered bacteria at two days (48h) the levels fell over the
following two days and then began to rise again remaining fairly
constant until the experiment ended. At IIC's lO7 and 106 cells
per ml recovered bacteria remained fairly constant although in
general over the ten day period, numbers fell.

In the case of Ea levels of bacteria remained steady over

-the sampling period at all IIC's.
| This experiment was repeated with similar'results.

Populations of bacteria recovered from inoculated leaves,
reflect the visible responses of the leaves. Inhibition of growth
of Rl1, R2 and P mp occurred at the same time as tissue browning.
With R1 and Pmp, 1I1C lO6 cells/ml was not sufficient to cause a
visible HR but populations of the bacteria increased to levels
sufficient (in the cases of IIC 107 and lO8 cells/ml) to cause
HR. The difference is in the time at which these levels are

reached.

The drop in levels of bacteria from IIC 108 cells/ml Xm

inoculated plants could not be explained by visible symptoms
and although in the case of Ea quite high levels of bacteria
could be recovered during the course of the experiment, no

symptoms were visible in the la.

!
.

ITI Regponses of Rl disks to bacteria

1 In an efert to simplify the system being studied the
regponses of le%f disks to the bacteria were studied in

(a) humid boxes and (b) disks floating on water.
|

a Leaves were injected with known concentrations of
bacterial suspensions in areas 0.4 x 0.5 cm2 as described in
- Materials and Methods IIAb. After one hour/incubation at 25°C

to allow water soaking;tb disappear, disks of 1.2 cm diameter were
s
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cut such that the inoculated area was in the centre. Nine disks
were used per treatment and were placed on dry microscope slides
in closed transparent plasﬁic boxes lined with wet tissue paper
and incubated at ZBQC in the growth cabinet.

1l Response to Pmp

6 8

suspensions of 107, 107, 107 and 109 cells/ml Pmp

prepared using the nephelometer were used. Disks were examined
“over a period of 25 days and the responses compared with those

of whole plants. Controls (Water, Blank, Injured, Dead Cell)
showed no response visible to the-naked eye, remaining green and
turgid until 18 days when chlorosis and senescence in general
began to be visible. By 25 days controls were yellow with somgﬁow
patches but did not show visible signs of infection.

Because of the long period of survival of the disks it was
felt that it would be possible to use this system for experiment-
ation,

Disks inoculated with 106 cells/ml Pmp responded as controls.

7 cells/ml Pmp responded visibly first

Disks inoculated with 10
at 17h when shiny patches were seen on the lower surfaces of the
disks, directly under the Ia. At 48h lower surfaces appeared
slightly bronzed and over the next few days this gradually darken-
ed but the desicc%tion and confluent necrosis seen in the whole
plant controls did not occur and was perhaps not to be
expected because of the humidity. (Young, 1974 showed that
responses of plants could be altered by use of high humidity)

A% concentLations 108 and lO9 cells/ml the responses were
very similar. At 14h shiny patches were seen on the lower sur-
face of the Ia. At 17h bronzing was seen of this area and this

darkened gradually unt;l at 48h the first response on the upper

disk surface -.was seen. The upper la was dark brown in colour.
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and remained so over the whole of the rest of the experiment
with no change. None of the desiccation and confluent necrosis
of the whole plant controls was seen and fungal infection was
always visible by 25 days.
When compared with the responses of whole leaves, it was
noted that the times of initial responses in disks and leaves were

similar but development of the response was different.

2 Assessment of the importance of surrounding healthy tissue.

PDisks were either 1.0 cm in diameter and cut such that
their whole area had been inoculated or were 1.2 cm diameter

2

and cut such that only the central 0.4 x 0.5 cm™ area had been

inoculated. Plants were first inoculated with either Pmp or Rl

at 108

cells/ml and disks were cut after one hour of incubation
at 25°C to allow watersoaking to disappear. Conditions were as
described above with nine disks per treatment. Controls all
remained green and healthy with no sign of senescence until
18 days and were water, Blank, Injured or Dead Cell as before.
With fully inoculated disks in the case.of both Rl and Pmp
the tissue hecame soft and watersoaked and could be easily pulled
apart within three days. There were always signs of fungal
infection at this stage and it was not clear whether tissue
degradation was due to the action of the bacteria or to the
action of the secondary infecting fungi.

o 5
With disks woculated oaly in the central 0.4 x 0.5 cm

area, the respoLses to Rl and Pmp were as described for 108
and 109 cells/ml Pmp abqve (IIIal). These responses were much
more comparable with HR in whole plant controls than was the
response of disks whicq were inoculated throughout their whole

volume.

This work seems to indicate an involvement or surrounding

healthy tissue in the browning response seen following injection
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with R1 and Pmp. ‘
When the experiment was repeated disks of 1.2cm diameter
inoculated throughout their whole volume were used in addition
to disks of 1 cm diameter. The results with the larger diské
were the same as those recorded above for the smaller disks ie
when the disks were fully inoculated, no browning of the tissue

developed.

% Response to R2

When disks were cut such that their whole volume was inoc-
ulated with 108 cells/ml R2, tissue degradation occurred by three
days (72h) and fungal infection was also noted. Controls(Wafer,
Blank, Injured and Dead Cell) were not affected in this way when
incubated in the same conditions. Such disks remained green
and healthy for 18 days.

If disks of 1l.2cm diameter were cut such that only the
central 0.4 x 0.5 cm2 area was inoculated, responses were similar
to those in whole plant controls. The Ia became (at'72h)
darker green than the surrounding tissue and remained so for
the whole of the experiment. At 96h the beginning of a chlorotic
halo around the Ia was visible and this gradually extended until
reaching the disk edges. Although similar to the response of
whole leaves to R2, the response in disks developed slightly
more slowly. 'ﬂgain there was the implication of the importance

of surrounding healthy (uninoculated) tissue.

b) Floating on water

In this series of'experiments,leaf disks were floated on
sterile water in petri dishes, 20 ml water and five disks per
dish. There were three‘dishes per treatment. All disks were
cut one hour after inoculation of the leaves and some disks

(1 em in diameter) werg Lut such that the whole of their
B
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volume was inoculated ; others (1.2 cm in diameter) were cus
such that only the central (0.4 x 0.5 cmz) was inoculated.
Incubation at 25°C was in the growth cabinet with 16h light per
day.

Half of the pumber of disks were floated adawial surface
facing upwards and half were floated abaxial surface uppermost.
Controls were injected with sterile water or dead cells or were
"injured or not treated at all.
1 Plants were injected with R1l, R2, Pmp or Pf at concentrations

of 10°, 107, 108

or 109 cells/ml.' Disks were cut as described
above and floated on sterile water. Examination took place over
a period of 10 days.

Controls all remained green and turgid for six days. Slight
chlorosis was generally observed on day 7 but at day 10 disks
were still mainly green with the cut edges showing slight browning
Because of the length of time that control disks appeared to re-
main healthy, it was thought that it would be reasonable to set

up a series of experiments based on this system.

A Disks completely inoculated. )

With R1 and Pmp disks (1 cm diameter) remained green and
turgid until 7 days when some slight chlorosis was seen at all
concentrations of'suspension used. By 10 days all disks were
soft and showed signs of secondary infection by fungi.

In the case of R2, disks remained green ‘and turgid until
day 3. From then on disks progressively became softer and more
water-soaked although still being green in colour at day 10.
This applied to all concentrations of suspension used.

With Pf at 211 inoculum concentrations disks responded in
a similar way to contrqls. They remained green and turgid
until day 7 when slight chlorosis became noticeable. At day 10

disks were still mainlylgreen with the cut edges only showing

i H
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some browning. .

B Disks inoculated only in the central area.

Disk diameter w:s 1.2 cm with the inoculated area (Ia) "
being 0.4 x 0.5 cm2 in the disk centre.

With Rl and Pmp at 108 and 109 cells/ml the Ia's could be
distinguished as being slightly darker green than the rest of the
"disk at 22h. By 48h Ia's were slightly bronzed and in the
following three days this darkened and the Ia became very soft.
The uninoculated tissue did not show any response, remaining green
and turgid. The cut edges of the disks showed slight browning
as seen in controls and probably due to injuries to the cells
at the time of disk cutting.

The soft dark brown tissue in the Ia at this point closely
resembled grade 5 HR tissue (from attached leaves) which had been
floated on water for 24h. Because of this, the disk Ia tissue
was referred to as being "wet-necrotic'" rather than the desiccated
necrotic tissue seen in attached leaves.

At concentrations of Rl of Pmp below 107

cells/ml no response
was seen. At concentrations below 108 cells/ml no wet-necrosis
was seen, the response being limited to a slight bronzing of the
Ia. ,

In the case of R2 at concentrations of 108 and lO9 cells/ml
a response in' the Ia was seen at three days. At inoculum
concentrations of 107 and 10° cells/ml the time of development
of the first response was four and five days respectively. In
all cages the Ia became!dark green and soft. A halo of chlorotic
tissue noted in the Ia began to spread outwards but did not in
any case reach the disg edges by ten days. The soft Ia tissue

resembled grade 7 SR tissue (taken from leaves inoculated with R2)

which had been floatedéop water for 24n,.
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In all cases at all concentrations of inoculum, leaf disks
showed no macroscopically vicible responses to Pf. Disks respond-
ed exactly as controls.

In no case did the side on which leaf disks were floated
make any difference to the response seen. As a result in later
experiments all disks were floated upper surface upwards.

In disks in which there is some uninoculated tissue around
‘the Ia, responses to R1l, Pmp, R2 and Pf are largely similar to the
responses of whole plants although disiccation never occurs probab
ly due to the tissues of the diské being in contact with water.

In disks which are fully inoculated the responses to RI1,

Pmp and R2 are different from responses of whole plants. Injectio
with these bacteria over the whole disk area seems to facilitate
the degradation and infection of the disks by fungi and possibly
other bacteria. The softening of the disks does not seem to be a
response normally seen in leaf tissue to these bacteria but maybe
under the experimental conditions used here, the bacteria could
produce this effect. In the case of Pf no disk softéning or in-
vasion by other organisms was seen. Perhaps the effect is limited
to pathogenic bacteria.

These experiments again suggest that there is a necessity

for the presence of uninoculated tissue around the Ia for

HR to develop in the Ia.

|

2 A furtheriexperiment was carried using R1 and Pmp at 1090e115
per ml to find gut if responses were affected by the time of disk
cutting with respect to'inoculation. Disks were floated on

water in petri dishes as descriBed previously.

a Disks fully inoculated

Disks were 1 cm in diameter and cut from inoculated leaves

such that their whole vohume was inoculated. If the disks were
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cut before water soaking had disappeared, both control disks and
those inoculated with bacteria sank below the surface of the water
and remained dark green and.water-soaked for 15 days. The tissue
became very soft.

If the disks were cut from leaves before signs of HR were
visible but after disappearance of water-soaking the responses
were as described previously in blA above.

If disks were cut after bronzing had been seen (around 48h
following leaf inoqulation) the disks remained bronzed for five
days on the water and showed signé of fungal infection after this.
Even at this stage the development of wet-necrosis seems to require

the presence of uninoculated tissue around the Ia.

b Disks inoculated in central area only.

Disks were 1.2 cm in diameter and were cut such that the
central area(0.4 x 0.5 cm2) only was inoculated.

If the disks were cut before watersoaking had disappeared the
Ia remained water-soaked and no symptoms developed that were
visible to the naked eye. Control and inoculated disks responded
similarly.

If disks were cut before signs of HR were seen but after the
disappearance of water-soaking, wet-necrosis developed normally

1
in the Ia in response to R1 and Pmp. Control disks showed no

symptoms.

If disks wbre cut after bronzing had been seen, wet-necrosis
of the Ia in reronse to R1 and Pmp developed normally with no

sign of response in control disks.

!
Time of cutting of 'disks inoculated in the central area only
made little difference to responses to Rl and Pmp as long as disks

were cut after water-soaking had disappeared.



- 65 -

3 The effect of light on disk response. R

Disks inoculated fully (1 cm diameter) or in the central
area only (1.2 cm diameter)'with Rl or R2 at 107 cells/ml were
incubated in boxes or floating on water as described previously.

Some treatments were incubated with 16L:8D light regime in
the growth cabinet at 25°¢ ;- other treatments were incubated at
2500 in the growth cabinet but boxes or dishes were wrapped in
ialuminium foil. Controls were inoculated with water or dead Rl
or R2 cells, were injured or not treated at all.

Disks were examined at inter?als and care was taken to ensure
that exposure to light of dark-treated disks at these times was
as little as possible.

In all cases disks incubated in darkness (including control:
disks) were much more liable to secondary infection by fungi.
With disks floated on water, no results were available at all
because of this but disks in boxes did not show signs of infect-
ion until five days after the experiment began. From these it
was possible to see that responses in light - treated disks and
dark - treated disks were very similar over a four day period
following inoculation. |

Light would seem therefore to have little effect on macro-
scopic responses qf RM leaf disks to R1 and R2 although lack of

light facilitates secondary infection of the disks.

!

These experiments suggested that the disk method could
probably be used as a simplified system to investigate "HR and-
SR and that it would be worth further investigation.

The experiments iq this section have all been repeated with

similar results.
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1V Growth of bacteria in Rl leaf disks

a Disks in boxes

Disks were cut from leaves one hour after inoculation with
106, 107 or 10° cells/ml Pmp. The disks were 1.2 cm in diameter
and were cut such that the central (0.4 x 0.5 cmz) area only
was inoculated. .

Growth of Pmp in the disks which were incubated in boxes as
described previously was estimated by grinding up the disks in
0.25 strength Ringer's solution followed/gglution plating on D4
medium. This process is described fully in KMaterials and Kethods
IIAb. Each sample consisted of nine disks and there were four
replicates of each sample.

Control population numbers (never more than 103 bacteria
per cm2 leaf tissue were subtracted from the numbers obtained
from inoculated disks to give the figures in Table 5.

In all cases multiplication of bacteria increased until a
stationary phase 3 - 5 days after inoculation. This is unlike the
pattern of growth of Pmp in attached leaves where very little
difference in population levels was seen over a seven day period.
However it is again noticeable that although in disks inoculated
with 106 cells/ml Pmp,populations of Pmp reached levels high
enough to produce a prowning response with disks inoculated

8 cells/ml Pmp, no response was obtained. The

7 8

with 107 or 10

stationary phase noted with disks inoculated with 10" or 10
1

cells/ml P mp began at the onset of the browning response.

b Disks floating on water

Disks were cut froT RM leaves one hour after inoculation

with R1 or R2 at 10° cells/ml. The disks were 1 cm in diameter

and cut so that their whole area was inoculated or were 1 2 cm

in diameter and cut such that only the central area (0.4 x 0.5

2 ,
cm“ ) was inoculated. ;‘here were five disks and 20 ml sterile

water per dish and fouy=dishes per treatment. Petri dishes
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Table 5 Growth of Pmp in disks (1.2 cm diameter) incubated "
in boxes at 2500.

giﬁe (a) Log concentration bacteria/cm2 leaf disk tissue
er .. .
Original inoculum concentration

inoculation 1 6 7 8
0°cells/ml 10'cells/ml 10°cells/ml
0 *¥3.1 4.5 5.2
1 5.5 5.6 5.0
2 5.6 6.3** 6.2**
3 5.8 6.2 6.7
5 5.8 6.5 6.8
7 5.8 6.8 6.6

% Each value is the mean of four results (SE = 2.1) with
control values subtracted (mean control = 2.9).

*% Time of appearance of browning response in Ia.
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were incubated at 25°C in the growth cabinet and bacterial
populations were estimated at intervals over a seven day pe;iod.
This was done by dilution plating on D4 meédium as described
before. Control disks were Blank, Water, Injured or Dead Cell
as in previous experiments.

Bacterial populations in the water on which the leaf disks

floated were also estimated and results are presented in Table 6,

.These are however rather misleading. It would appear from Table

6 that numbers of Pseudomonas spp. in control disks are not very

different from those in inoculated disks. This needs some
clarification. In dilution plates made from disks inoculated
with R1 or R2, cdlonies on D4 agar in almost all cases appeared
identical and subculturing from the plates followed by injection
at 108 cells/ml into RM leaves resulted in HR and halo blight
symptoms respectiwely. In dilution plates from control disks
colonies were of at least six different types. The numbers of
those resembling R1 or R2 were always low ( around 103/cm2).

Six different colony tymwe  bacteria and one colony of yeast-like
organisms were 1isolated from control plates.and injected into

RM leaves at 1080ells/ml. In no case was there any response

from the tissue. It was concluded that these bacteria were sapro-
phytic or at least non-pathogenic on RM leaves. The bacteria
may have originated from the phyllosphere and the general
senescence of the disks may have enabled them to multiply. It
would also seem from these results that the presence of R1 and

R2 to a large e#tent limits the ability of any other bacteria
present in smali numbers to multiply. Colonies isolated from
dilution plates made frém disks inoculated with R1 or R2 induced
HR or SR respectively in RM leaves.

The previous notes can also be applied to the population

levels of bacteria in the water on which the disks floated. In
. [

2
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the case of control plates most colonies seen on D4 agaf were
unlike Rl or R2 in appearancc and did not produce HR or SR
when injected into RM leaves. The colonies resembling R1 or R2
gave no response'either. In the case of plates made from
the water on which floated disks inoculated with bacteria
(Rl or R2) the colonies gave the correct response in Rl
leaves(HR or SR).
A Disks fully inoculated (Table 6)

In these disks (1 cm diameter) levels of Rl increased
initially more rapidly than R2 but R2 reached higher levels.
Stationary growth phases were reached by R1 at day 2 and by R2
at day 3.

This is similar to the situation in attached leaves where
Rl reaches a maximum level before R2 but R2 reaches a higher
maximum level. However in attached leaves R2 multiplies to a
much greater extent (102 cells/cm®) than in disks (10'/cm?).
Numbers of Rl are approximately similar but it must be remembered

woculated
that the responses are visually very different. In disks fully/
R1 has no effect above controls and R2 produces a softening
response quite different from the response of whole leaves.

Numbers of bacteria in the water on which disks floated
seemed more or less Fo reflect the situation in the disks.

Levels of Rl and R2 reached maxima at day 3 and then remained

stationary. |

|
B Disks inoculated only in the central area (Table 6)

In these dliisks (1.2 cm diameter with la 0.4 x 0.5 cm®) Rl
again began to multiply more rapidly than R2 and reached a station-
ary phase at day 3 - slightly later than in (A). R2 continued to
multiply until day 5‘w¥en numbers dropped slightly. This is
again very similar to the situation in attached leaves. However

the stationary phase in Fisks was reached later than in leaves.,
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Table 6 Growth of Pseudomonus spp. in leaf disks and in the
water on which the disks [loated. ‘

A 1 cm diameter disks (fully 4noculated)

giggr(d) Water control Rl inoculated R2 inoculated
inoculation Disk Water Disk Water Disk Water

0 0 0 3.3 0 3.3 O

1 a4.0 b 2.0 5.3 3.7 4.1 1.7

2 4.0 3.0 6.6 4.7 5.9 4.6

3 5.8 5.6 6.3 5.6 6.9 6.1

4 5.3 5.3 5.5 4.9 6.2 5.8

5 5.1 5.4 6.7 5.4 6.8 6.4

6 - - - - 7.2 6.1

i 4.6 5.1 6.6 5.8 5.3 4.6

B 1.2 cm diameter disks (inoculated¥*in central area only)

Time (d) Water control Rl inoculated R2 inoculated
?iggilation Disk  Water Disk Water Disk Water

0 a 2.1 0 ‘ 5.4 1.1 2.9 0

1 2.6 0 5.4 4.5 4.4 4.3

2 5.3 05,0 5.8 5.1 5.5 5.8

3 5.3 5.7 6.3 5.9 5.9 5.4

4 5.0 4.4 6.3 5.6 6.3 5.1

5 3.9 3.0 6.3 5.1 7.4 5.8

6 4.9 4.2 5.9 5.4 6.3 -

1 5.6 4.6 6.8 5.8 6.6 6.8

* inoculation of disks was at 107 cells/ml.

a Bach figure is %he‘log concentration of the number of bacteria
per cm2 leaf disk tissue. SE = 1.9 Four replicates.

b Each figure is the log concentration of the number of bacteria

per ml water. SE = 2.1 Four replicates.
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Bacterial numbers in water on which [loated disks inoculated
with R1 or R2 increased rapidly in the first day of incubation
reaching stationary phases at 2-3 days - very little difference

from the patterns observed in water in (A).

From these results it can be concluded that as in attached
leaves, mutiplication of R1 ceases in partly inoculated disks at
the onset of surface browning of the disk cells; multiplication
of R2 in partly inoculated disks ceases around the time of initial
halo development and softening of the Ia and multiplication of R2
in fully inocﬁlated disks ceases around the onset of tissue
softening.

The cessation of multiplication of R1 in fully inoculated
disks cannot be related to visible symptoms. There is no confluent
necrosis of the HR type nor is there any tissue softening .

In disks, therefore, confluent necrosis or tissue brownlng are

not the only factors preventing further increase in numbers of RI1.

These experiments have all been repeated with similar

results.

v Floating of plant material on suspensions of bacteria.

L4

1 Responses of RM leaf disks floating on suspensions of bacteria.

Disks of,1.2 cm diameter were cut from RM leaves as described
in Materials aJd Methods IA5 and floated on 18 ml sterile water
in petri dishest four disks per dish. To the water in each dish
was then added 2 ml of pacterial suspension (in sterile water)

of known concentration such that the final bacterial suspension

concentration in each dish was lO8 cells/ml. Bacteria used were
\

R1, R2, Pmp, Xm, Ea and Pf, There were five dishes per treatment

and incubation was in the growth cabinet at 25°C. Controls

consisted of disks floating on sterile water or on suspensions of
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dead bacterial cells. .
In these conditions corntrol disks remained green and healthy
until day 7 when slight chlorosis was seen. By day 11 disks
were still mostly green with browning at the damaged cut edges
but showed no signs of infection.

Disks floating on suspensions of R1, Pmp, Xm, ka and Pf

responded exactly as the controls did.
In the case of R2 at day 3 the edges of the disks were

showing chlorosis. That is to say there was a band of chlorotic
tissue approximately 2mm wide running around the circumference
of each disk. By day 5 the band had become wider extending to-
wards the disk céntre and softening of the tissue at the disk
edges was obvious. By day 11 the whole of each disk was soft
and yellow in colour. It was not clear whether the softening
was due to R2 or some other organism as this is not a typical
symptom of R2 infection of bean leaves. However it was thought
that the movement of the ring of chlorosis inwards towards the
centre of the disks was very similar to the movement of the
chlorotic halo outwards from the Ia in attached leaves. The
softening of the tissue could have been the result of the
extreme conditions of the experiment and caused by R2 or could
have been the result of secondary infection of the chlorotic
tissue by other ofgaﬁisms.

This experiment has been repeated with similar results.

\

2 The effect of epidermis removal

T
i

The experimental proceedure used here was exactly as in V1
' v
above except that pieces of lower epidermis (approximate area
0.4 x 0.5 cm2) were torn from RM leaves using a pair of fine

forceps before disks were cut. The exposed tissue was in the

centre of the disks which were floated lower side downwards on

the bacterial suspensiong.
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The rembval of pieces of epidermis had no effect on th? res-
ponses of control disks or of disks floating on suspensions of
R1, Pmp, Xm, Ea or Pf. Disks remained green and turgid for about
ten days with no.sign of infection. Disk edges and tissue
exposed by removal of epidermis became slightly brown'in all
cases in five days.

In the case of disks floating on suspensions of R2 the
‘removal of epidermis seemed to facilitate the degradation of the
disks. Chlorosis by day 5 had covered the whole of the disk
area, this time originating from both the cut edges and from
the area above the site of epidermis removal.

This experiment was repeated three times with similar results.

3 Influence of RM leaf age on the response of leaf disks to R1

and R2.

In this experiment disks were cut from plants of ages 3,
6, 9 or 12 days (ie number of days after emergence from the soil)
and from the first trifoliate leaves (14 days after emergence
from the soil).

Disks were 1.2 cm in diameter and were floated on suspensions
(in sterile water) of 108 cells/ml R1 or R2 in petri dishes
with four disks and ?O ml suspension per dish. There were five
dishes per treatmént.

Control disks cut from plants of the same ages as above were
floated on 20 ml of 108 cells/ml of dead Rl or R2 cells. Dishes

|

were incubated at 25°¢ in the growth cabinet and were examined
over a period of 15 day§.

A1l control disksfbegan to show slight chlorosis at about
ten days the first tim? the experiment was carried and at about
eight days during the repeat experiment. There was no obvious

reason for this difference.

P
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As regards disks floatin; on suspensions of Rl or R2 the
age of the leaf from which the disk was cut and whether the‘leaf
was monofoliate or trifoliate had no noticeable influence or
the disk responses to the bacteria. Disks flecating on Rl remained
green and healthy in appearance until around 10 days when signs
of senescence were seen. DUisks floating on R2 showed.the develop-
ment of a chlorotic band around the disk edges at around the disk

-edges at around five days.

The experiment was repeated with similar results.

4 Influence of light on RM leaf disks floating on suspensions

of bacteria.

Disks (1.2 cm diameter) were cut from RM leaves and floated'
on 20 ml 10° cells/ml Rl or R2 in petri dishes, four disks per
dish. Some dishes were left uncovered, some were covered with
aluminium foil such that halfof the 1lid area was exposed to light;
others were covered such that quarter of the 1id area was exposed

to light and still others were completely covered.

Controls were disks floating on 20 ml sterile water or 20 ml

108

cells/ml dead R1 or R2 cells and control dishes were covered
as above.

Petri dishes were incubated in the growth cabinet at 25°C and
16L:8D light regiﬁe.! There were five replicates of each treatment
and disks were examined at intervals. Disks in light deprived
conditions were?exposed to light for as little time as possible
during:examinatﬁon. ‘

It was fouhd that in complete darkness and with quarter
exposed conditions all éisks (including controls) were liable
to becomerinfected with bacteria or fungi. Results from these
dishes could not be coﬂsidered.

In dishes half exposed to light, control disks over a period
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of twelve days did not become infected obviously. GSenescence
was detected at 2 - 3 days earlier than in fully exposed dishes
(seven days as opposed to twelve). It was thought reasonable
to consider the results from these dishes.
It was found that the slight deprivation of light in half
exposed dishes had little effect on responses of disks to Rl and

R2 beyond the earlier onset of senescence already noted.

5 Growth of bacteria in disks floating on suspensions of bacteria

and in the suspensions themselves.

Disks of 1.2 cm diameter were cut from RM leaves, well washed-
in sterile water and dried in a stream of sterile air before
floating on suspensions of bacterig of dead bacteria (control), -
or of sterile water (control). If disks are not surface dried
preperly before floating , then they sink below the surface of the
liquid almost immediately. Bacteria (R1 and R2) were at concen-

8 cells/m]

trations of (a) 10° cells/ml, (b) 107 cells/ml and (c) 10

There were four disks and 20 ml liquid per petri dish and five

dishes per sample. At intervals dishes were. removed from incubat-

ion (in the growth cabinet at 2500) and 1 ml of bacterial suspen-

sion or water removed from each dish., By dilution plating

the number of bacter}a per ml was estimated. At the same time

the disks were reéoved, washed in sterile water, ground in 0.25

strength Ringer's solution and by dilution plating the number

of bacteria per cm2 leaf tissue estimated. D4 agar was used for

this purpose. !
The results are presented in Table 7 but they are perhaps

rather misleading. It appears from Table 7, especially the

sections involving inogulum concentration 10° cells/ml, that

levels of Pseudomonas spp. in control disks and in water are not

very much different ermilevels in disks floating on bacterial
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suspensions. This situation is very similar to that described
in IVb above. In dilution plates made from disks floating on R1
or R2 colonies on D4 agar appeared identical in almost all cases
and subculturing from the plates followed by injection at 108 cells
per ml into RM 1eavés resulted in HR and halo blight symptoms
respectively. In dilution plates from control disks, 14 different
Colony types in all were observed. Levels of those resembling
Rl or R2 were very low (c. 103/cm2 in each case). The 14
different colony type bacteria were isolated and injected into RM
leaves. In no case was there any'response from the leaves., It
was concluded that these bacteria were saprophytic or at least
non pathogenic on RM leaves. They may have originated from the
leaf surfaces or intercellular spaces and the general senescence.
of the disks may have enabled them to multiply. It would also
seem from these results that the presence of Rl or R2 to a large
extent 1limits the increase in population of any other bacteria
present in small numbers.

This can also be applied to the bacterial suspensions or
water on which the disks floated. 1In the cage of controls,
most colonies were unlike R1 or R2 in appearance and did not
produce any visible response on injection into RM leaves.
Colonies resembling 31 or R2 gave no visible responses either,

r

a) Inoculum level 10° cells/ml

1l disks )
Levels of’Rl and R2 ohtained from disks were from day one

consistently high, R2 levels remaining higher than R1.

2 suspensions

Levels of R2 recovered dropped between day 2 and day 4 not
rising to levels above controls until 5 - 8 days. Levels
|
recovered then remained fairly steady. Numbers of Rl remained

fairly steady over the period of the experiment.

}
i
t
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Table 7 Growth of bacteria in RM disks floating on

of bacteria and in the suspensions themselves.

a) disks
Ti a,~b
ater 0 (mtee ¥
1noculation R1
0 *¥%35.0 3.1
1 5.6 6.5
3 5.8 5.8
5 5.8 6.5
8 5.3 6.5
10 6.0 6.8
14 6.5 7.0
b) sus.pensions
Time (d) Control 8106
after (water)*
inocutation R1
0 **0,1 6.2
1 6.0 6.3
3 6.2 6.3
5 6.0 6.5
8 6.2 -
10 6.2 .
14 6.5 .
#  Initial
* %

cells/ml 2107 cells/ml 210°
B2 Rl R2 R1
2.9 3.0 3.3 3.5
6.9 6.8 7.1 6.9
6.5 7.0 7.1 7.1
6.9 6.7 7.2 7.0
7.3 6.9 7.3 7.2
7.5 7.2 7.3 7.3
7.6 7.6 7.3 7.6

cells/ml 2107 cells/ml 210°
R2 R1 R2 R1
6.2 7.3 7.3 8.1
6.4 7.1 7.3 8.3
5.0 7.2 T.3 8.3
5.0 7.2 7.4 8.5
6.2 7.5 7.5 8.2
6.3 7.6 7.5 8.6
6.5 7.9 7.9 8.8

bacterial concentration in suspension.
Bach value is the mean of five results (SE = 2.5) and is the

suspensions

cells/ml
R2

log concentration of bacteria per cm2 leaf tissue (in a) and

per ml suspension- (in b).

% Water control . results were not significantly different

from Dead Cell control results

!
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7 cells/ml .

b) Inoculum level 10
1 disks

Over the four to ten day period, levels of R2 recovered
from the disks, remained slightly higher then levels of Rl
recovered. At day 14 numbers of R2 dropped below those of Rl
perhaps because disks inoculated with R2 had almost completely
disintegrated by this time. In other words the general level
of nutrients may have fallen off,

Levels of Rl recovered increased consistently over the 5 - 14
" day period iossibly due to the sléw senescence of the disks in-
creasing the general level of nutrients available and allowing
R1 bacteria to grow in the disks. |

2 suspensions

In the bacterial suspension, numbers of Rl and R2 recovered
remained fairly similar (with R1 levels slightly lower) over the
14 day period. The drop in levels seen in (a) of R2 recovered
was not noted here.

It is interesting that despite the different responses of
disks to R1 and R2, there was very little difference in
populations in the suspensions over 14 days.

¢) Inoculum level 108 cells/ml

In disks and suspensions, numbers of bacteria recovered

took the same pattern as in (b) above.

1

These experiments have all been repeated with similar

results. ‘



- 78 ~

VI Physiological changes in the host as measured by electrolyte

losses.
a Leaves

A Electrolyte losses

1 RM plants were inoculated in the usual Ia zone with 108

cells /ml Rl or R2 and disks were cut from the Ia or Ih zones
(see Figure 1, p 22). Measurements of electrolyte loss were
‘made as described in Materials and Methods IIIa over a period
of 8 days. The results are presented in Table 8., All control
results (Blank, Water, Injured ana Dead Cell) were similar and
did not vary from 20 - 49/Lmhos over the course of the experiment.
Control results are not presented in Table 8 but the results from
the water controls were subtracted in each case from the
"inoculated" results to give the final results.

With R1 treated plants in the Ia zone there was an early
rise in electrolyte losses at 2h but with R2 there was no rise
until 7h. Another peak in electrolyte loss occurred in R1 and R2
Ia's at 72h, R2 treated plants showing higher levels of electro-
lyte loss than R1 treated leaves.

In the Ih zone of leaves inoculated with Rl there was very
little difference from control values over 192h although
very small peaks were seen at 2h and 48 - 72h.

With R2 the elctrolyte loss from disks cut from the Ih zone
was very little different from the control results until the
chlorotic halo began to spread into this zone. This happened
at 120h and a rapid increase in electrolyte loss began then
becoming even greater oyer the next few days as the tissue
in zone Ih became yellow, softened and then brown but not
desiccated. 1

The development of HR, therefore seemed to have little

effect on the leakageof (eled¢rolytes from the disks cut from

the healthy tissue of zone Ih. However as the susceptible
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Table 8 Measurements of electrolyte loss from disks cut from
RIM leaves inoculated with Rl or R2 at 25°C

Time(h) Ia zone Ih zone
after
inoculation R1 R2 R1 R2
0.25 *2.gumhos 6.%Hmhos 5.quhos 15;9umhos
1.5 0.5 - - 6.0
2.0 21.0 3.5 .5 ~
3.0 15.0 0 1.5 3.0
5.0 19.5 4.0 4.0 3.0
7.0 25.0 2440, 1.3 2.9
13.0 69.0 31.5 5.5 4.0
16.0 47.5 - 2.5 4.5
17.5 59.0 36.3 & _5.0 4.5
24.0 54.5 61.5 -4.,0 6.0
48.0 60.0 - 79.3 12.0 3.5
12.0 81l.3 104.3 12.0 0.5
96.0 - 75.0 - 8.5
120.0 ~ 85.0 - 24.0
144.0 55.0 65.0 1.8 81.5
168.0 - 67.5 - 121.0
192.0 60.3 72.5 12.5 205.0

* Bach value is the mean of three replicates (SE = @pmhos for
Ia results; SE = 5.5 mhos for Ih results).with control

results (mean 39umhos) subtracted.after three hours incubation.
Negative results had values less than controls.

Table 9 Measureménté of electrolyte leakage from disks(in three
hours) cut from Rm plants inoculated with Rl at 2500.

Time (h) w Inoculum concentration of R1 suspension
gfter _ | 6 7 8
inoculation | 10°cells/m1 10'cells/ml 10~ cells/ml
2 ] *22.Qrmhos a—Z.QAmhos —8.;umhos
12 68.0 -~ -
17.5 | 156.0 4.0 ~2.0
24 52.0 53.0 -8.0
48 60.0 47.5 -6.0
72 | 80.0 71L.5 -
120 - 45.5 -0.5

Loy (contd)
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Table 9 (contd).

Time(h) Inoculum concentration of Rl suspension
after 6 7 8
inoculation 10°cells/ml 10'cells/m1  10%cells/ml
144 *55.O/Lmhos - -
a

192 59.5 53.0 -

* Each value is the mean of three replicates ( SE = 6.5 for

108 cells/ml; 5.5 for 107 cells/ml and 5.0 for 10° cells/ml)
with control results subtracted. Mean control value was 39umhos.
Negative results had values less than controls.

Table 10 [easurements of electrolyte losses from disks (in three
hours) cut from Ri plants inoculated with Pmp, Pf, Zm
or la at 10° cells/ml at 25°C.

Time (h)
after Bacterium Pmp Pt Lm Ea
inoculation All values in/amhos
1 ¥%_.10.0 - 8,0 8.0
2 -18.0 -4.0 - -
24 40.0 -19.5 19.0 0.5
48 35.0 -=-8.0 18.5 9.5
12 46,5 8.0 21.3%3 11.3
96 - 0.5 30.0 15.5
120 49.5 - 30.0 22.5
144 - - 29.5 22.0
168 42,0 -6.5 11.3% 11.3
192 47.0 - - -
216 27.5 - - -
LB . 8.5 9.0 6.5 6.0

¥ All values are means of three results with water control
results subtracted (mean control = 39umhos).
Negative vé%ues were less than control values.

|
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reaction developed there was a marked and rapid increase ip
electrolyte loss from zone Ih disks. This experiment was repeated

with similar results.

2 As part of the same experiment, RM plants inoculated witH.Rl
at 107 and 106 cells/ml were examined for electrolyte loss patterns.
Results are presented as before with water control results (mean
BQ#mhos) subtracted in Table 9, page 79 - 80.

No early peak (as in R1 at 108 cells/ml at 2h) was detected
in electrolyte leakage from disks cut from plants inoculated with
R1 at 107 cells/ml. A rapid rise between 20 and 24h was found.
It can also be seen from Table 9 that with inoculum concentration
at 106 cells/ml there were no significant differences from

control values.

With 107 cells/ml, the period of rapid release of electrolytes
was also the period of tissue collapse. With 106 cells/ml

there was no tissue collapse and no rises in electrolyte loss.

3 RM plants were inoculated with 108 cells/ml of Pmp, Pf, Xm
and Ea and at intervals disks were cut from ‘the Ia and measurement:
of electrolyte leakage made over three hours incubation at 25°C.
Results are presented in Table 10, page 80, with control (water)
results subtracted as before. Control results did not vary

much over the period of the experiment and were always 20 - 40

/(thS. \

With Pmp there was a rise in electrolyte losses within 24h
of inoculation. There was another increase at 72h when losses
became more or less stationary. This is broadly similar to the
pattern observed with disks cut from leaves inoculated with R1.

With Pf very little difference was noted in electrolyte
losses over 168h compared with controls. However at 24h in this

experiment there was agdrop in logsses to levels well below control
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values. When the experiment was repeated, however, this drop
;n losses was not so great and was around lgumhos.

With disks cut from plants inoculated Qith Xfm there was
a rise in electrolyte losses within 24h. This increased again
to a plateau at 96 - 120h and after 144h the losses decreased
again,

In the case of Ea after a slight drop in electrolyte loss
"in the first 24h following inoculation, a gradual rise in losses
was noted until 120h when the levels began to fall again.

This experiment was repeated.with similar results.

It can be seen from the results of this and previous
experiments that large, rapid increases in electrolyte losses
can be linked with visible symptoms ie tissue collapse in the
case of R1l, Pmp and R2 and the spread of chlorosis into the lh
zone of leaves inoculated with R2. OSmaller electrolyte loss
increases and decreases could not be related to macroscopic
observations but the early increases (at 2h with Rl and 7 - 8h
with R2) are probably are important in the development of HR and
SR. Ho explanation was obvious for the rises noted with the
incompatible Xm and Ba and although in each case no symptoms
developed, the electrolyte loss pattern was very different from

that seen in response to Pf, the saprophyte.

B lleasurement of rate of electrolyte losses from disks cut

from inoculated leaves.

As described in Materials and Methods I1la2, the experiments
in section A above have ;imitations in interpretation because the
rate of electrolyte loss from the disks & not measured.

As Figure 2 ( Materialsiand Methods page 22) shows, Rate A and
Rate B, very different from each other, would appear to be the:

same with measurements équ taken at Time 0 and Time 3h.
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The following experiments were done to inwvestigate rates of
electrolyte losses from the disks cut from inoculated RM leaves.
Conductivity measurements were made during incubation at 15, 30,
45, 60 and 120 minutes but otherwise the experimental method was
as before.

P lahts were inoculated with R1, R2, Pmp, Pf, Am or Lka at
108 cells/ml and disks were cut from both zone Ia and zone lh.
"A selection of the results are presented in Table 11 and for
ease of interpretation, the conductivity measurement at 120
minutes has, in each case, been made equal to 10gumhos in value.
The values are only given for incubation times of 15, 60 and 120
minutes but the 30 and 45 minutes values were intermediate.
Representative times during the development of plant response
were chosen for the table (Table 11) but at other times with
respect to inoculation, the patterns of leakage were the same
as the patterns shown.

Table 1lla deals with results from the Ia zone. With Rl
it can be seen that during the first 15 minutes of incubation,
50 - 60% of the leakage seen over 120 minutes had occurred.
8y 60 minutes, about 80% of the leakage had occurred and
during the last 60 minutes of the experiment the rate of leakage
slowed down even more.

With R2, the leakage in the first 15 minutes of incubation
ranged from 50 - 70% of the final value at 120 minutes. At 60
minutes the 1e;kage rate had slowed down but 80 - 90% of the
total leakage had occurred with the rate of leakage slowing
down even more in the f}nal 60 minutes of the experiment.

With Pmp there was again 50 - 70% of the leakage occurring
during the first 1% mi%utes and 80 - 90% by 60 minutes. The rate
of leakage during the final 60 minutes was very slow compared:
with that in the first (15 minutes.

With Xm, ba and Pf,’BO - 60% of the conductivity increase
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Table 11 Rate of electrolyte leakoge from disks cut from RI
leaves inoculated with R1, R2, Pmp, Xm, ka or Pf
at 10° cells/ml and 25°C.

(a) Disks cut from the inoculated zone (Ia)

Bacgerium Time (h) Time during incubation of disks (25°C)
after )
inoculation 15 min. 60min. 120 min.

R1 2 bs51.0% 82.24  *1002(54.47)
16 50.65 81.09 100 (68.77)
264 60.11 88.29 100 (54.40)

R2 7 51.15 82.40 100 (58.70)
24 50.5% 84,27 100 (58.30)

48 - 69.15 92,83 100(107.00)
264 70.24 95.46 100 (66.10)
Pmp 2 53%.80 86,99 100 (61.50)
17 72.20 94.00 100 (73%.17)
192 60.06 90.50 100 (35.17)

Xm 3 50.80 85.96 100 (49.87)
48 53.40 85.80 100 (42.27)

192 61.57 79.84 100 (54.57)

Ea 3 60.64 91.35 100 (38.30)
48 58. 90 89.97 100 (56.87)
192 60.41 95,91 100 (57.27)

Pf 3 53,88 90.29 100(40.83%)
48 55.92 88.08 100 (55.97)

19i 68.39 90. %6 100 (37.97)

Water 3\ 50.66 91,76 100 (30,00)
Control  4g ‘ 55.99 88.15 100 (25.16)
192 | 60.2% 80.34 100 (40.67)

* 120 minute value has been made to equal 100 in each case
for ease of understanding and corresponding changes have
been made in the 15 and 60 minute values.

& Actual value of the 120 minute reading. (in/tmhos)

b BEach value is the mean of three results (SE Rl and R2 = 8.0;

Xm and Ea = 9.0; Pf gnd control = 6.5).
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Table 11 (contd) .

b)  Disks cut from the area adjacent to the Ia (Ih)

Bacterium Time (h) Time during incubation of disks (25°C)
after o
inoculation 15 min. 60 min. 120 min.

R1 2 b50.87 83.06  *100°(49.2)
16 52.58 86.09 100 (52.73)
264 60.14 90,52 100 (52.77)
R2 24 60.03 89.14 100 (33.80)
72 55.27 86.63 100 (57.30)
264 60,26 91.16 100 1 3.47)
Pmp 2 53.79 88,72 100 (59.17)
17 58, 44 86,79 100 (54.07)
192 57.92 90.00 100 (40.00)\
xm 3 54.61 88.65 100 (47.00)
48 59.78 87.1% 100 (%8.43)
L92 60.57 80.88 100 (41.43)
Ea 3 60.64 91.35 100 (38.30)
48 58,82 92.30 100 (39.57)
192 69.24 100.00 100 (53.43)
Pf 3 50.88 81.65 100 (34.16)
48 - 56.78 82.50 100 (43.78)
192 60.00 81.65 100 (41.89)
Water 3 58.88 90.00 100 (35.90)
Control 48 56,75 89.15 100 (29.50)
192 61.91 80.78 100 (30.68)
x & b

s 3 . For eﬁplantion of footnotes see previous page.
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noted at 120 minutes, occurred in the first 15 minutes and .
80 - Q0% in the first 60 minutes of incubation.

Table 11b deals with the Ih zones adjacent to the Ia gzones
dealt with above. It can be seen from these results that with
R1, R2, Pmp, Pf.and Xm 50 - 60% of leakage occurred in the first
15 minutes of incubation and 80 - 90% in the first 60 minutes.
Rates of leakage in the final 60 minutes of the experiment
‘'were much slower than in the first 15 minutes.

With Ea leakage from disks cut from the Ih zone ranged from
50 - 70% in the first 15 minutes and was 90 - 100% by 60 minutes.
Leakage had almost stopped by 60 minutes and very little
electrolyte loss was noted in the final 60 minutes of the
experiment.

It can be seen that in every case the rate of electrolyte
leakage follows the form of Rate B in Materials and Methods 111a2
with roughly 50 -~ 60% of the conductiwity increase noted over
the 120 minute incubation period occurring in the first 15
minutes,

This experiment showed that the practice of taking only two
conductivity readings (at Time O and Time 3h) is reasonable
in these cases because the same rate pattern occurred. in all
of them., It should be established, however, in experiments of
this kind, that r;te‘patterns for electrolyte leakage are similar
before much work is carried out.

\

C The effect ok temperature of incubation on electrolyte leakage

from disks cut from Ril tissue.
[}

In order to gain more information on the nature of the

leakage phenomenon, the effect of temperature of incubation of the
|

disks was studied. This technique is often used in physiological

studies of membranes (Siegel, 1969; Toprover and Glinka, 1976).

Plant cells have distichive patterns of leakage in response to
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to temperature., It was hoped to deomonstrate that the action of
R1 or R2 on RM plants was to alter this pattern.

The method is described in Material and Methods 1IIIa3
but was basically the same as in the previous experiment except
that several different incubation temperatures were used.

Disks (0.2 cm diameter) were cut from the Ia zone of plants
inoculated with R1 or R2 at 10° cells/ml and placed in flasks
-of water (10 ml in each) which had been incubated at 4, 15, 20,
25, 37, 50°C for one hour prior to addition of disks. Incubation
of the flasks plus disks continued at these temperatures for
one hour. Preliminary experiments indicated that the rate of
leakage in all cases took the form of Rate B as above so the result
are given only for the final conductivity reading in Table 12.
Again, for ease of understanding, the value for leakage at 50°C
has been made to equal 100 and the values for other temperatures
have been adjusted similarly with respect to the 50°C value.

The results in Table 12 show that temperature of incubation
does influence the leakage of electrolytes from disks of RIH
tissue. As disk tissue becomes more necrotic and desiccated
during development of HR or SR , the inflﬁence of temperature
becomes slightly less. .The massive differences seen between
37°C and 50°C in all cases (including controls) due possibly to
heat damage to plént‘cell membranes, is less obvious with increas-
ing desiccation of the Ia as a result of the action of Rl or R2.
If membrane peﬁmeability changes of the disk cells are fully
responsible forithe electrolyte leakage, then even when desiccated

and necrotic the cells are still not totally leaky.
|
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Table 12 The effect of temporature of incubation on eclectrolyte
leakage (in 1h) from disks cut from inoculated RM leaves.

a) Leaves inoculated with R1

Temperature Time (h) from inoculation.

of incubation )
(°c) 4 24 48 72 120
4 825.1 23%.65  31.0 %9.3 40.41
15 32,7 31.6 32.9 48,0 49.1
20 35.8 43.8 35.7 51.1 54.88
25 - 41.65 60.0 48.9 62.6 62.8
37 56.63 69.0 . 57.0 89.59 88.9
50 *100.0 100.0 100.0 100.0 100.0

Actua% value ‘

of 50°C result 106.83 155.0 92.0 58.9 63.77

(1 mhos)

b) Leaves inoculated with R2

Temperature Time (h) from inoculation.
of igcubation
(-c) 4 24 48 72 120
4 835.62 25.0 25.5 30.0 34.8
15 37.7  34.0  30.0 37.27 42.2
20 40.0 59.0 43%.61 39,92 55.6
25 43,23 ©8.0 57.1 43,21 68. 738
37 59032 71.0 64’-0 '59-1 87052
50 *100.0 100.0 100.0 100.0 100.0
Actua% value
of 50°C result 87.5 116.13 138.3%3 95.5 68.58
(/Amhos)
|
¢) Leaves inoculated with sterile water (control). One
typical result only is given.
Time (h) ‘ Temperature of incubation (°c) Actual value
after \ of 50°C result
inoculation 4 15 20 25 57 50 (/uthS)
24 818.6 28.1 35.5 39.69 58.4 *160.0 80.5

* 509 value has been made to equal 100 in each case for ease
of understanding and corresponding changes have been made in
the values at other temperatures.

Each value is the mean of three replicates (SE Rl = 5.5;

R2 = 6.3; controls = 5.8)

y
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D Patterns of electrolyte leakage followineg damage to plants -

by means other than injection of bacteria,

1 a) Triton X-100

Triton X-100 is a non-ionic detergent which disrupts
membranes and has been shown to result in massive leakage of elec-
trolytes from potato tissue disks when the disks are placed in a
2% solution (Stephens, 1974).

Plants were injected with 2% Triton X-100. The Ia remained
water—-soaked and translucent and became desiccated over the next
four days. The Ia was necrotic aﬁd very brittle by 6 - 7 days.
The Ih also reacted. The tissue began to dry up and became pale
green in colour by day 2. This response spread over the next
5 - 6 days to cover the whole leaf. The leaf abscissed after
7 days. It was not noted that the effect spread to the rest of
the plant,

Measurements of rate of electrolyte leakage from disks cut
from the Ia or Ih zones were made and the results are presented
in Table 13. For ease of understanding, the values of conductivit;
at 120 minutes of incubation at 25°C have been made equal to 100
and corresponding alterations have been made to the other values.

It can be seen from Table 13 that leakage decreases during
the development o§ the response in the Ia zone. However,
whatever the final conductivity value at 120 minutes, 50 - 60%
of the conductivity increase occurred in the first 15 minutes
of incubation;‘ 80 ~ 90% of the leakage occurred by 60 minutes
and leakage in ithe last 60 minutes of incubation was much
slower that in the previous 60 minutes.

In the Ih zone, leakage became very high at the time of the
spread of the response}from the Ia zone into the Ih zone (48h).
However in each case the rate pattern of leakage was as before

ie 50 - 60% in the firstil5 minutes and 80 - 90% in the first

60 minutes,
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Table 13 Rate of electrolyte leakage from disks cut from RI

plants injected with 2% Triton £-100 at 25°C.

a) Ia gzone.
Time (h) Time during incubation of disks (25°C)
after
inoculation 15 min. 60 min. 120 min.
0 P5q.7 86.0 ¥100  2(95.0)
6 69.5 93,9 100 (33.23)
24 65.1 87.1 100 ( 8.7)
144 56.6 92.17 100 (13.83)
Water control -
24n ** 53.6 87.9 100 (31.67)
b) Ih zone
Time (h) Time during incubation of disks (25°C)
after
inoculation 15 min. 60 min. 120 min.
0 50,0 81.6 *¥100  2(31.7)
6 52.97 85.06 100 (60.27)
24 55.7 91,94 100 (49.67)
48 : 60,92 89,97 100 -(199.5)
168 65.31 89.06 100 (152.33)

Water control

* %

24n** 54.05 90,67 100 (37.0)

120 minute value has been made to equal 100 in each case for
ease of understanding and corresponding changes have been made
in the 15 gnd 60 minute values.

Actual value| of the 120 minute reading (infLmhos)

Bach value if the mean of three results (SE Ia = 6.5; Ih = 10.:

This result is typical of other time intervals after injection.

!
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It can be seen therefore that visually and by electrolyte
leakage, responses of RM leaves to Triton X-100 (2% solution)
are different from responses to R1 and R2. It seems likely
that the response to Triton X-100 is so rapid that the leakage
occurs almost immediately ie at Time O in Table 13(a). In that
case, the massive leakage at around 18h with R1 and 48h with
R2 can be compared with the action of Triton X-100.

The results from zone Ih of the RM plants inoculated with
Triton X-100, have in common with the results from plants
inoculated with R2 the sudden and massive rise around 48h.
Visually, Ih zone (Triton X-100) becomes pale green and dry from

48h and Ih (R2) becomes chlorotic from 48h onwards.

b) The effect of temperature of incubation on leakage from

disks cut from KM plants inoculated with Triton X-100 (2% solution)

In the same way as in C above the effect of temperature
of incubation of disks from plants injected with 2% Triton X-100
was studied.

Disks (0.2 cm diameter) were cut from the Ia zone and placed
in flasks of water (10 ml in each) which had been incubated at
4, 15, 25, 37 and 50°C for one hour prior to addition of the disks.
Preliminary experimeyts indicated that the rate of leakage at all
temperatures took'the form of Rate B as before so the results are
given only for the final conductivity increase (ie from Time O
to Time 1h). Results are presented in Table 14. The results for
50°C incubation have all been made equal to 100 for ease of
understanding and corresponding changes have been made for the
results at other temperatures.

With increasing t?mperature of incubation, there was a
corresponding increase‘in electrolyte leakage from the disks. At

Time O when most leakage occurred the effect of temperature was
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Table 14 The effect of tempecrature of incubation on electrolyte

leakage from disks cut from RM plants injected with
2 % Triton X-100.

Temperature Time after injection with Triton X-100
of %ncubation
(c) 1h 24h 72h 120h
4 %44.3  66.8 44.66 41.4
15 47.26 62,24 56.29 42 .57
25 54,96 62.78 62,78 46,56
37 81,5 81.78 72.94 67.42
50 © *100.0 100.0 100.0 100.0
Actuag value
of 50°C result 34,13 24.1 25.1 25.6
(/Lmhos)

Water control results were as in Table 12 (c)

¥ 50°C value has been made equal to 100 in each case for ease
of understanding and corresponding changes have been made in
the values at other temperatures.

Fach value is the mean of three replicates (SE = 3.7)

Al
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most marked. The effect noted with disks from plants inoculated
with R1, R2 or HZO of a very large increase of losses at tempera-

tures greater than 37°C was not quite so marked in this case.

2 ZnS0,.7H.,O.
4 2

RM plants were injected . in the usual way with 1% w/v 4ns04.7H,,
(referred to from now on as 4n). The reponses of the plants were
at first visually similar to HR and this was the reason for
carrying out this experiment. At 18h from inoculation tissue
collapse in the Ia zone was noted. The Ia was pale green in colour
and at 48h became bronzed and later necrotic and desiccated. At
72h however (unlike HR) an effect in the Ih zone was seen and the
tissue around leaf veins became dark brown and necrotic. Ho other
effects were noted. .

Disks from zones Ia and 1h were cut for measurements of
leakage of electrolytes as before. Preliminary experiments
indicated that the leakage pattern took the form of Rate B as
before so the results in Table 15 give only the differences
between the Time O reading and the Time 1lh reading.

Table 15 shows that the pattern of electrolyte losses is not
the same as with disks cut from plants inoculated with Rl or R2.
This is not unexpected because of the effect %n must have on the
conductivity measurements itself. There is an early rise in
leakage from Time O onwards with a peak about 2h in Ia disks.

At 96h however there is practically no leakage at all. With the
Ih zone, electrflyte losses increase until 24h and then fall but

do not reach the low levels seen in the Ia.
t

3  @ilectrolyte losses from disks following autoclaving.

RM leaves were inqCulated with bacteria (R1 or R2) at 108
cells/ml and at intervals disks were cut from either the Ia zone

or the Ih zone and floéth on 10 ml sterile water. Conductivity
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Table 15 islectrolyte leakare ( gmhos) from disks (in 1h) cut
. / ] -
from RM plants inoculated with 1% w/v Zns50,.7H,0 (Zn)
T Z

Time (h) Water Ia Ih
from o  Control (Zn) - (Zn)
injection
0 *43.5 64.27 45,0
2 39.93 78.56 55.83
5. 41.16 66,0 62.0
24 28.%3 63.83 118.0
48 | 34,67 61.0 -
96 35.33 5.2 52.83
144 26.5 ' 5.6 41.85%
168 57.83 8.16 66.83

*¥ Each value is the mean of three results (SE CONTROL = 5.0;

7n = 5.5)

@ Temperature 25°C.

Table 16 Electrolyte losses (umhos) from disks cut from plants
inoculated with 108célls/ml R1 or R2 during autoclaving.

Time (h) Ia Ih
from ,
inoculation  CON? R1 R2 con® Rl . R2
0 *¥76.6  T1.32 75.32 79.12 80.72 82.12
2 77.0  76.0 81.3 78.1 80.5 76.5
6 78.62 179.62 80.6 79.6 80.0 79.5
10 81.67 79.5 79.5 79.62 83.62 84.62
18 79.6 T4.37 81.3%3% 82.33 91.0 79.33
24 91.67 70.27 78.13 85.7 102.0 80.07
48 74.67 ,70.0  73.77 69.0 87.83 81.0
T2 101,8 87.83 107.23 87.83 113.4 110.43
96 79.0 62.33 76.0 76.33% 94.83 93,17
144 iq7.o 63.5 76.33 81.67 96.0 119.0

*  Bach value ﬂs the mean of three results (SE = 6.0)

2 yater injected control results

!
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readings were made immediately snd after flasks were autoclaved
at 15 lb/ln for 15 minutes ~ud then cooled to 25 C. This process
took ¢. 1h to carry out. 1In this way it was hoped to find an
indiication of the total amount of electrolytes in the disks at
each stage in the development of HR or SK. Autoclaving was found
to disrupt the disk cells completely. |

Results are given in Table 16, Controls are injected with
sterile water, Table 16 shows that with increasing necrosis
of the la of Rl inoculated plants, the total amount of electrolytes
falls below control values but not very greatly. With the Ia of
R?2 inoculated plants, electrolyte levels do not differ greatly
from control values.

For the Ih zone results, Rl and R2 levels remain higher thaq
control levels throughout with the levels of electrolytes in plants
inoculated with R2 being slightly higher than in the case of Rl.

Overall however, the differences are not very great consider-
ing the results from non-autoclaved tissue. These results
indicate that infection with R2 or Rl does ndb increase the pool

of electrolytes in the cells.

B Phe effect of changing the ambient solution during incubation

of disks cut from RM plants.

In these expeiiments, disks were cut’frdm,RM plants 3 days
after 1noculatlon with R2 or 1n3ectlon with water and electrolyte
leakage into dlLtllled water was observed. After 35 minutes when
the leakage raté reached a plateau, disks were removed from the
first ambient solution and placed in a second (also dlstllled
water). It was hoped td establish whether or not the typical
hyperbolic Rate B leakage patterns could be induced to occur
a second time with the %ame disks by replacement of the ambient
solutlon.

In Table 17, the reLulto for R2 Ia can be taken as being
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representative of results taken at other times and also those
using Rl1. It was not found wossible to repeat the initial
rapid leakage from any of the disks. In the first solution,
conductivity of control disks increased bj 3%/4mhos in 35 miﬂutes.
When the disks were taken out of the first solution and placed

in the second, instead of again increasing the conductivity

by 32/umhos in 35 minutes, the conductivity increased by only
le.léﬁ(mhos in 60 minutes. The same pattern was observed with
R2 disks. The usual rate of leakage continued throughout the
experiment despite the fact that the ambient solution was changed
in the middle of -the experiment.

Table 17 The effect of changing the ambient solution during the

period of incubation of leaking leaf disks cut from
inoculated RM plants. (25°)C.

Time (minutes) first solution asecond solution
during conductivity conductivity
incubation (umhos) ( mhos).
b R2** Control* R2%% Control*

0 6.33 5.35 3.3 3.77

3 91.0 19.0 4.5 4,97

10 137.0 28,0 6.4% 6.3%3

30 171.0 30.0 - -

35 175.0 32.0 - -

60 - - 10.13 10.3

¥ Water controls at three days from injection.

*% R2 disks cut from plants three days from inoculation.

At 35 minutes disks were taken from the first solution and
the same disks were put into the second solution for measure-
ment to conﬂinue.

Each value ﬂs the mean of three results (SE = 6.8 )

These results raised questions about the nature of the
leakage from the disks - especially the control disks where cell
membranes were not damgged by the action of bacteria,

Passage of electrolytes through a cell membrane by diffusion

should continue until ﬁh% concentrations of the ions are equal on
i d
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each side of the membrane. ilence, once the diffusion stops* because
of this equilibrium, the replacement of the ambient solution by
fresh solution (distilled wéter) should cause the diffusion to
begin again and to continue until equilibrium is reached agéin.

As can be seen from Table 17, this did not occur and it
was decided that it would be worth while investigating the sit-
uation further. It was thought that the initial rapid leakage
might only be coming from the damaged cells at the cut edges of
the disks (ie damaged by the process of disk cutting) and might
not be a direct result of damage to cell membranes within the

disk itself.

F Electrolyte leakage from excised tissue as affected by volume

and length of cut edge of the tigsue.

In the last experiment, doubts were raised about the origin
of the electrolyte leakage. The main questions were:-
a) Is leakage primarily coming from the damaged cells at the cut

edges of the disks?
b) Is leakage a direct result of membrane permeability with

leakage coming from all parts of the disk tissue, leaving

the disk at the damaged cut edge through intercellular spaces?

It was reasoned that if the answer to question (a) was yes,
then leakage should be directly proportional to the length of cut
edge. If the aﬁswer to question (b) was yes, then leakage should
be affected both by the length of cut edge and by disk volume.

An experiment was set up using the fdlowing pieces of excised
RM leaf tissue. ;
A 20 disks, 0.4 cm in diameter.
One disk, 1.6 cm iq‘diameter.

One rectangular piece of tissue, 6.3 x 0.4 cm2 in surface area.

b Q

16 disks, 0.4 cm iﬁ Fiameter.

=

Three disks. 1.2 cm in diameter.
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F Two rectangular pieces of leaf tissue each 5.8 x 0.4 cm2 in
surface area.

The different lengths.of cut edge and volumes of the tissue

pieces are given in Table 18.

Table 18 Length of cut edge and volumes of tissue pieces used

in experiment VIF.

Tissue
‘Piece. Cut edge (e) in mm Volume (v) in mm>  Ratio e/v
A *¥251.2 251.2 1
B 50.24 ' 200.96 0.25
C 134.0 252.0 0.53
D 200.96 200.96 1
E 115.04 359.12 3
F 248.0 464.0 1.87
* PBach value is the mean of three measurements,SE = 2 (e) and
SE = 8 (v).

The tissue pieces were cut from different nine day old mono-
foliate 1leaves but from the same areas of these leaves. The
tissue was not inoculated or injected with anything. Measurements
of rates of electrolyte leakage from these tissue pieces in 10
ml water were made over 120 minutes at 25°C énd are presented in
Table 19. For ease of understanding the results for 120 minutes
have been made equal to 100 and the other results have been
ad justed accordinglyl

Table 19 Rates of electrolyte leakage from RI1 tissuePieces of
sized detailed in Table 18.

Tissue Time and leakage ( mhos) during incubation.
piece 19 min. 60 min. 120 min. (Actual valu:
A a73.02 90.19 %¥100.0 33,37
B 60.45 89.0 100.0 6.17
C 3%.28 71.85 100.0 7.0
D 63.07 90.3 100.0 27.54
B 48.66 719.72 100.0 12.33
F 26.32 69.69 100.0 16.07
* 120 minute value made equal to 100 and other results altered
correspondingly. ‘

Each value is the mean of three results, SE = 5.
|

i
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The situation here is not at all clear cut. 4, B, D, and E
follow Rate B pattern leakapc with more than half of the leakage
over 120 minutes incubation occurring in the first 15 minutes.

With samples C and F, the leakage pattern is slightly different

in the less than half of the total leakage occurring .in 120 minutecg
takes place in the first 15 minutes. The difference between the
two groups is that A,B,D and E are all samples made up of disks
"and C and F are made up of rectangles of tissue. It is not easy

to see why shape of tissue should have influence on leakage but
there is another difference. Recfangles were cut using a ragzor
blade and the edges were less damaged that the disks cut with

blunt cork borers.

When graphs of leakage vs. edge length and leakage vs.
volume were drawn (Figure 3), there seemed to be more of a relatior
ship between cut edge and leakage than between wolume and leakage
although volume secemed to be having some influence. The best
straight line drawn through the points on the graph of leakage Vs.
edge length was found using linear regression and had a co-efficient

of determination (r2) of 0.7. Vhen r? = 1.0, there is 'perfect fit'

of data to straight line and when r2 = 0 there is 'no fit'.

A value of 0,7 for r2 is clearly not perfect fit but it would
suggest that there is a fairly good relationship between cut edge
and amount of leakage.

This experiment does not completely answer the questions (a)
and (b) at the}beginning of this section but it seems that length
of cut edge and amount of damage of cut edge are important in
determining the level o§ electrolyte leakageas well as volume
of tissue and care should be taken in interpretation of results.

The experiment was repeated with tissue from plants inoculatecd

with R1, R2, Pf and Ea and the results were very similar.

!
I
i
!
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Figure 3 The relationship between cut edge of leaf tissue and

3
electrolyte leakapre and between tissue volume and

electolyte leakage.
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b  Leaf disks

.

The technique of floating disks of RM tissue on water was
used here as in Section III} RM leaves were inoculated with 109
cells/ml Rl or R2 and after 1h (to allow water-soaking to
disappear) disks were cut from the leaves. These were of two
kinds. The first were of lcm diameter and cut such that the
whole of the disk was inoculated. The second were 1.2 cm in
‘diameter and cut so that a small rectangle of tissue 0.4 x 0.5 cm2
in the disk centre was inoculated. Controls were Blank, Injured,
Water or Dead Cell as before. Diéks were floated on 20ml sterile
water in petri dishes, five disks per dish. HMeasurements of
conductivity of the ambient solutions were made at intervals and
as disks were not removed from dishes the results were cummulative.
In Table 20, Water control results are given only because all
the different control-type results were similar.

In fully inoculated disks electrolyte losses from R2 disks
rose to a peak at 72h and another at 168h. Losses from disks
inoculated with Rl increased to some extent over the period of the
experiment but the losses in attached leaves.at the time of tissue
collapse were much greater.

In disks weculated only. in the central area, losses from
disks inoculated y}tn R1 increased over the first 24h of incubation
and reached a stationary phase which lasted until 72h when a rapid
increase in electrolyte loss began. This stage was marked by the
onset of browning of the Ia and may be compared with the sudden
increases in echtrolyte loss seen in attached leaves at this
stage. ‘ |

Losses from disks partly inoculated with R2 rose steadily
until 96h after which a more rapid rate of increase in losses .
began. At this point the spread of the chlorotic halo around Fhe
Ia could be seen. In thts respect the results from R2 disks

(partly inoculated) may be compared with those from the Ih zone of
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Table 20 Conductivity readinss of water on which leaf disks
(Ri1) floated (at 25°C).

a) Disks lcm in diameter and fully inoculated with R1 or R2 at
107 cells/ml

Time (h) Control R1 R2
after addition (water) mhos mhos
of disks to /umhos /a /u
water (20m1) '
0 *¥18.0 24.5 . 29.0
2 21,0 25.0 30.0
8 25.0 25.0 33.0
10 30.0 27.0 44.0
24 39.0 29.0 60.0
72 39.0 ) 96.5 230.0
120 40.0 128.5 250.0
168 ‘ 41.0 13%.5 260.0

b) Disks 1.2 cm in diameter and inoculated in central 0.4 x 0.5
cm? apea with R1 or R2 at 107 cells/ml

Time (h) Control R1 R2
after addition (water) /&mhos /umhos
of disks to /umhos
water (20ml)
0 * 24.0 29.0 32.0
2 24,0 32.0 32,0
8 24.0 36.0 - 33.0
10 24.0 40,0 | 37.0
24 29.Q 60.0 56.0
48 50.0 60.0 67.0
72 50.0 60.0 86.0
96 50.0 95.0 90.0
168 © 80.0 241.5 273.0

¥ TFRach value is the mean of three results, each result from
six disks. (SE = 6.0 for controls and SE = 8.0 for Rl and R2)

|
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attached leaves, Common to both is the sudden rise in elecdrolyte
losses associated with the giread of chlorosis from around the Ia.

These experiments were repeated with similar results.

¢ Calibration of the conductivity meter.

It was thought that it would be useful to have some idea
of how the conductivity meter used extensively in this work,
‘responded to a dilution series of ionic solutions of known
concentration.
Solutions of KC1 and of CaClé.ZHZO at concentrations of
20 mg/ml were made up and diluted in stages down to 39.%ﬂg/ml
and 29pg/ml respectively, with conductivity measurements made at
each stage. Dilution was carried out using distilled water becaus«
that was what was used in the main experiments involving the meter.
The results are graphed in Figure 4 and it can be seen that
there is a linear relationship between concentration of ions

and conductivity measurements.

VII Physiological changes in the host as measured by leakage

of ions using flame photometry.

A Leaves

\

(a) RM leaves were injected with R1l, R2, Pmp, Pf, Xm or Ea at

8 cells/ml. ht intervals 20 disks (0.2 cm diameter) were cut

10
from the Ia and washed in water. Using the method described in
Materials and Methods IVa levels of potassium (k7), sodium (Wa¥)
and calcium (Ca’ ") ions in the electrolyte losses were

measured by use of flame photometry during 3h incubation in water

(10 ml per 20 disks) at Fsoo.
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Figure 4 Calibration of conductivity meter using (a) CaCl,.2H.0
and (b) KC1 solulions at 25°C.

Conc.
(/«g/ml)
100 200 300
Cond wctivity reading
A—ak CaClZ.2H2O (//,(ths)

-o—e KC1
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Controls were Blank, Injured, Water or Dead Cell as uspal
with the results from the water controls being subtracted from
the inoculated plant results to give the final results in Figures
5 to 10 inclusive. Control results varied very little over the
course of the experiment and were 11 - 15 parts per million (ppm)
for K, 0.3 - 1.5 ppm for Na® and 10 - 15 ppm for ca*t. Each
treatment . was replicated five times and although each Figure
"has graphs of electrolyte loss for comparison, the conductivity
and flame photometry results are from two different experiments.

1 R1 (Pigure 5)

The initial electrolyte loss peak (at 2h) seems to involve
Kt and Ca™™ ions. Levels of sodium ions leaking from the diéks
'were very much lower at this time. The electrolyte peak at 13h -
is reflected only in Kt levels and the 72h electrolyte peak is not
reflected in any of these ions. After 72h the levels of K+, Nat
and Ca*t were not high enough to account for the continuing

high eleétrolyte loss and other ions must be involved.

2 R2 (Pigure 6)

The first increase in electrolyte loss at 7h involved an
increase in catt ion leakage. Lleakage of K'Y was not higher than
in controls at this point and did not show an increase until 13h.
This contrasts with the results for R1. K' and ca™™ leakage
rose to a peak at 48h and leakage of Na® , although always very
low, peaked at 72h. This was a reflection of the increasing
rise in electrolyte losses over this time.

% Pmp (Figure!?)

The rise in electrqute loss over the first 24h of develop-
ment of HR is reflected in a rise in leakage of XK¥ . Na‘ involve-
ment was again very little and Ca*" seemed only to be involved
in leakage at the 72h peak of electrolyte loss. The pattern

with Pmp does not seemgtf be similar to that of R1. Other ions
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must be involved. .

4 Xm (Fipure 8)

The results seem to indicate that leakage from disks cut from
plants inoculated with Xm is due to both XK' and Ca'’ leakage.
Hat leakage again is very low.

5 Ea (Figure 9)

Levels of K+, Na® and Ca®* released from disks peaked at 48h.
‘This reflected the general rise in electrolyte loss noted at 48h.
The higher levels of electrolyte loss noted at 120 - 144h may be
partly due to increasing release 6f K and ca*t but other ions
may be involved too.

6 Pf (Figure 10)

Electrolyte losses were low as were leakages of K+, Na*

++,
and Ca +.

In summary, an involvement of k* and ca*t was found in the
electrolyte losses from disks cut from inoculated RM leaves. Na*t
was found not to be very important in this respect and results
implied that other ions were involved.

The experiment was repeated with similar results.

(b) RM leaves were inoculated with R2 at 108 cells/ml. At inter-
vals measurements were made on electrolyte losses from disks cut
from the Ih zone adjacent to the Ia zone. Previous work indicated
that massive el‘ctolyte losses occurred in zone Ih when the chlor-
otic halo typicEl of 3R spread into this region. It was hoped

. ) + 4 :
to show involvement of X7 nNgt ,p Caf+'in this leakage.

Controls were Injured, Blank, Water or Dead Cell as before
and all the measurements from controls were similar over the period

of the experiment. Leakage of K¥ from control disks was 11 — 15

. + |
ppm; leakage of Na was;é.B - 1.5 ppm; leakage of Ca™ was 10 - 15
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Figure 5 Levels of K+, da’

++
and Ca

leaked into water from leaf

disks cut at various

Limes after inoculation with‘'R1

at 10

8

cells/ml.

(Electrolyte loss included for comparison.)
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Figure 6 Levels of K+, Na® nd Ca™ leaked into water from.leaf
disks cut at various times after inoculation with R2
at 10° cells/ml.

(Electrolyte loss included for comparison.)
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Figure 7 Levels of K+, Hat and €a™™ 1ecaked into water frome leaf

disks cut at varicus times alter inoculation with Pmp
at 10% cells/ mi1.

(Electrolyte loss included for comparison.)

KElectrolyte 60F
%oss )
mhos |
T = 6 40
207
O 1 4 Joy (l ) 1 1 i n
]24 4 {2 Jo 170 168 216
-20} time (h)
Kkt loss 20t
(ppm)
SE =4 10t
O i L 1 -~ 1 1 11‘/1‘\'
24 48 72 Y120 168 216
_10| time(h)
Na+ loss 1
(ppm)
SE = 008 O M y. 1 i 3 1 1 Y
24 72 120 18 ZI6
, time (h)
-1k
|
cat™ 1o0ss  20F
(ppm .
SE =5 10L
O i t ) 1 A L [\ ¥
24 8. 72 96 120 168 216
~10L | time (h)
-20k

A1l points are means of six reSults with controls subtracted.



- 110 -

Figure 8 Levels of K+, Ha*sand Ca'’ leaked into water from .

leaf disks cut at various times after inoculation with
im at 10° cells/ml.

(Electrolyte loss included for comparison.)
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Levels of K+, Nat

+
and Ca

<+

leaked into water from disks

cut at various times after inoculation with Ea at 108

cells/ml.

(Electrolyte loss included for comparison.)
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Figure 10 Levels of K', Na® and Ca®™ leaked into water from disks

cut at various times after inoculation with Pf at

cells/ml.

(Blectrolyte loss included for comparison.)

A1l points are means of six results with controls subtracted.
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Figure 11 Levels of K+, Na' and Ca*t leaked into water from disks

cut

at various times after inoculation with R2 at 10

8

cells/ml in the Ia zone (disks cut from the Ih Z0ne ).

(Blectrolyte loss included for comparison.)

All points are means of six results with controls subtracted.
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ppm. Control results wee subtracted from the results from ,
inoculated plaﬁts to give the final results in Figure 11.
Electrolyte losses are also presented for comparison but these
results come from a different experiment.

It can be seen from Figure 11 that both X* and Ca'’ are invol-
ved in the increase in electrolyte losses noted. K" ion loss
increased first at 72 - 120h and Ca'’ loss followed at 120 - 144h.
‘Na¥ involvement did not seem significant.

This experiment was repeated with similar results.

(c¢c) Measurement of the rate of ion leakage from disks cut from

inoculated RM leaves.

As described in Materials and Methods IVb, +the experiments.
above have limitations on interpretations because the rate of ion
release from the disks is not measured. As IFigure 2 shows,

Rate A and Rate B very different from each other would appear
to be the same with flame photometer measurements only taken at
Time O and Time 3h during incubation as in (a) and (b) above.

The following experiments were designed. and carried out in
order to investigate in some detail the rates of ion leakage from
the disks cut from inoculated RM leaves. 1 ml samples were
removed from the ambient solution at intervals over the incubation

period and analysed with the flame photometer for the presence of

+

K, Na¥ and cat™. Adjustments to the calculations of leakage of

ions were made to account for the decreasing amount of ambient
solution over tLevperiod of incubation.

Plants were inoculated with Rl or R2 at 10° cells/ml and
disks were cut from both Ia and Ih zones and results are presented
in Table 21, .For ease qf understanding, the values at 120 minutes

have been made equal to 100 and corresponding changes have been

made in the other values, Only certain representative results

have been given but otﬁer results followed the same pattern.
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*,a,b

see next page.

Table 21 Rate of ion leakage from disks cut from inoculated
RI1 leaves at 25°C. '
a) Ia gzone
1) Plants inoculated with R1
gimg (min.) Time after inoculation. kKt and ca*tin ppm.
incubstion K - ca*t  k* L catt kT ren ca*t
15 *¥55.2 53.5 52.6 62.0 47,9 52.5
60 8%.8 91.8 93.3 90.0 81.2 97.5
120 #100.0 100.0 100.0  100.0  100.0 100.0
Actual value)p 5 130 15.0 5.0 9.6 4.0
result (ppm)
2) Plants inoculated with KZ '
Time (min) Time after inoculation. X' gﬁd ca™ in ppm.
gggiggtion KT ™ catt K" * catt
15 *¥48,1 62.5 53.9 50.0
60 '85.84 99.16: 96.77 90.8
120 %100.0 100.0 100.0 100.0
Actual value b )
of 120 min 10.6 12.0 31.0 25.0
result (ppm)
b) 1Ih zone
1) Plants inoculated with Rl
gimg (min) Pime after inoculation. K% and Ca‘’ in ppm.
igiiggtion k" =4n catt K" 1oeh catt
15 * 53,3 53,6 53.4  51.6
60 96.6 92.6 93.0 93.5
120 2 100.0 100.0 100.0 100.0
Actual vglue b
of 120 min 3.0 4.1 4.3 3.1
result (ppm) "
2) Plants inoculated with R2
Time (min) : Time after inoculation. K' and Ca™ in ppm.
gggiggtion Kkt Leon catt Kkt cesh catt
15 ’ *54.,7 67.0 55.5 52.5
60 95.2 94,3 99.5 86.4
120 8100.0 100.0  100.0 100.0
Actual value
of 120 min 21.0° 20.0  55.1 59.0
result (ppm) ,
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Table 21 (contd) Footnotes .
¥ Each value is the mean of three results (SE ;KT =4.0; SE Catt=5.0)

a
120 minute value has been made equal to 100 for ease of
understanding and corresponding changes have been made in other
values.

b

Actual value of 120 minute value w1th water control subtrated.
(lean control values : K' = 15ppm; Cat® = 10ppm)

(contiued from p 114)
Results for Na™ leakage were not included in the table because

they were very low (1 - 2ppm) and were not considered of great
importance. However Na' leakage was of the same pattern as x*
and Cat™ leakage.

Table 21 shows that in the Ia zone of plants inoculated

t over 120

with Rl (al),50 - 60% of total leakage of K' and Ca
minutes occurs in the first 15 minutes. 80 - 90% of leakage

of both ions occurs in the first 60 minutes with leakage in the
last 60 minutes of the experiment being much slower.

Plants inoculated with R2 show the same patternvof leakage
in the Ia and also in the Ih zone. The Ih zbne of plants
inoculated with R1 behaves similarly. This pattern of 50 - 60%
leakage in the first 15 minutes and 80 - 90% by 60 minutes is
exactly the same pattern as that found with electrolyte leakage
measured by conductivity.

The experiﬁent was repeated using plants inoculated with

8

Xm, Pmp, Ea and Pf at 10° cells/ml and the rate patterns were

always similar.

d) The effect of temperature of incubation on ion leakage.

Using the same methods as used in VIC above, the effect of
temperature of incubation of the leaking disks was studied.

+ : . | . .
Several dlfferentttFmperatures of incubation were used and
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disks (0.2 cm diameter) were cut from the Ia zone of plants,
inoculated with Rl or R2 at 10° cells/ml and placed in flasks of
water (10 ml in each) which had been incubated for 1lh prior
to addition of disks at the required temperatures (30, 250,“'37O
and SOOC). Incubation ¢¥ the flasks plus disks continued for one
hour more with samples removed for ion analysis at Time O and
Time lh. Preliminary experiments indicated that leakage of
“each ion at the four different temperatures was of Rate B form
as before so the results are given only for the final readings
in Table 22. Table 22 shows only'the results for plants at
24h after incubation but the patterns at this time were
similar to those at other times with respect to inoculation
and can be taken as representative.

It can be seen from Table 21 that with water controls, R1
and R2, leakage of K" increased with tamperature and that
there was a very large increase in leakage between 37° and 50°C
(of c. 6ppm) compared with the rises between for instance 3° and
25°C (of c. 2ppm). Leakage of Ha® was as usual very low (c. 2ppm)
in all cases but there was a slight tendency. to increase in
level of leakage with increasing temperature. In the case of ca*t
Controls showed that there was increased leakage with temperature
but the massive 1%akqge associated with electrolyte loss between

* leakage. With R1 leakage

37° and 50°C was not obvious in ca®
increased from 20.8 to 23.0ppm between 3% and 37°C but decreased
again to 19.7p§m at 50°C. Wwith R2, leakage increased from 19.5 to
25.7Tppm betweenBO and 50°C but again there was no very large
increase in leakage at 5000 as in electrolyte loss.

As these patterns were repeated at 48h, 72h, 120h and 168h
it can be seen that inqculation with Rl and R2 has some effect
on the normal pattern of temperature sensitivity of disks of RM

tissue and that the 1argr increases in electrolyte loss associated
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Table 22 The effect of temperature of incubation on leakage of

ions from disks 24h after inoculation with R1 or R2.

a) Potassium leakage (x*) in ppm.in 1h of incubation.

Temperature
°c
3
25
37
50

Control R1 R2

*lo.7 23,2 16,0
16,3 24.7 ©18.3
18.3 27.42 28.7
24,0 33,4 38,3

b) Sodium leakage (Na¥) in ppm in 1lh of incubation.

Temperature
°c
3
25
37
50

Control R1 R2
* 2.1 2.8 2.7
2.3 2.4 2.4

2.5 2.7 2.6

2.3 2.7 2.5

¢) Calcium leakage (Ca™¥) in ppm in 1h of incubation

Temperature
e
3
25
57
50

Control R1 R2
%8, 73 20.8 19.5
10.0 20.7 21.25
12.1 23,0 23,7

12.91 19.7 | 25.7

* Tach value is the mean of three results. SE (X¥) = 5; SE (i¥a™)
is 0.5; SE (ca™™) = 4.

»
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with high temperature (SOOC) are reflected only in Kt leakage

patterns.

e Leakage of ions from disks cut from RM tissue injected with

Triton X-100.

In order to make comparisons between the patterns of ion
leakage found in tissue inoculated with bacteria, with leakage
from tissue damaged chemically, RM plants were injected with 2%
Triton X-100 solution. At intervals disks (0.2 cm diameter )
were cut from Ia zone and measureﬁents of the leakage of K+, Na*t
and Ca'? were made as before.

Controls were inoculated with sterile water and the results
are presented in Table 23 for incubation of disks for one hour. -

After initial high levels of leakage each of the ions
fell in leakage and by 2h was much the same as controls. As the
development of the response continued, the leakage of ions fell
to very low levels indeed (Table 23).

This pattern is not the same as the pattern of leakage found
in tissue from inoculated plants where ion leakage is low at
first and X' and cat” leakage is seen to come to a peak at
times of tissue collapse. It is possible that the action of
Triton X-100 is t? decrease the pool size of the ions very
rapidly.

£ The effect of temperature on ion leakage from disks cut from

plants injecteJ with Triton X-100.

RM plants injected!with Triton X-100 (2%) had, at intervals,
disks (0.2 cm diameter) cut from their Ia's. Measurement of
ion leakage was made as before and incubation temperatures were
3%, 25°%, 37%nd 50°C with flasks (10 ml water in each) kept

at the required temperatPres for one hour prior to addition of

disks.
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Table 23 Leakare of ions from disks cut from RM tissue in one hour
after injection wilkh Triton X-100 at 25°C.

Time after Amount (ppm) of ion leaked in one hour,
injection (h) K Na Ca
a) Water control plants.
0 *¥11.0 1.2 10.6
1 11.6 0.9 10.1
2 12.1 0.3 9.7
24 13,6 0.6 10.5
48 14.5 0.5 13.7
120 15.2 : 0.5 18.9
b) Plants injected with 2% Triton X-100.
0 - *¥35.3 3.9 31.0
1 10.5 1.2 15.1
2 11.6 0.8 6.5
24 5.7 0.3 5.2
48 3.9 1.7 4.2
120 4.6 0.8 6.1
SE 4,0 0.5 4.0

*¥ Kach value is the mean of three results.
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Preliminary experiments indicated that with all ions a} each
temperature, leakage followed the standard Rate B pattern as beforc
s0 the results in Table 24 are only for the one hour reading
and are therefore amount(ppm)/h. Results are given only for:
time O and time 24h as these illustrate well the effects noted.
Other results for other times with respect to injection of leaves
were of infermediate value. Controls are not included in Table
"24 as these were not significantly different from the control
results given before in Table 22.

The effect of temperature on Triton X-100 tissue is to
alter amounts of leakage of each ion. However the alteration
is not the same as in RM tissue inoculated with R1 or R2. In the
case of inoculated tissue leakage of Kt increased with temperature
but in Triton X-100 treated tissue leakage of K* increases only
between 3°C and 37°C and decreases at 50°C at time 0. At time
24h leakage of K decreases between 300 and 3700 and increases at
50°C. In tissue inoculated with Rl or R2, Na® leakage altﬁough
very low (c. 2ppm) tended to increase with temperature. However
in Triton X-100 treated tissue, leakage of Na® is 2.8 ppm at 300
and increases to 3.55ppm at 25°C. After this there is a decrease
in leakage with increasing temperature.

+

In the case of Qa+ in tissue inoculated with R1 leakage

increased between'Bo and 3700 and decreased at 50°C. In tissue
inoculated with R2, leakage of ca’t increased with temperature.
Table 24 showS’that in tissue injected with Triton X-100 leakage
of cat? increasLd betWeen 3% and 25°C but decreased at 37° and 50°¢

+ hardly changed at all

at time O. At time 24h leakage of Ca’
with increasing temperafure.

This experiment has been repeated with similar results.
| v
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Table 24 The effect of temperature of incubation on leakage

of ions (in 1h) from disks cut from plants injected
with Triton X-100.

a) Time O ie immediately after injection.

Temperature Amount (ppm) of ion leaked in one hour,
of ipcubation '
C

' Nat cat?
5 % 28.67 2.87 21.2
25 32,25 3.55 26.0
37 35,33 . 2.8 19.0
20 30.67 1.5 12.33

b) Time 24h after injection.

Temperature Amount (ppm) of ion leaked in one hour.
of incubation xt Nat catt
°c
3 *¥10.5 1.6 6.0
25 8.7 0.7 6.1
37 6.3 1.2 5.0
50 9.6 0.8 7.1
SE 5.0 0.5 5.0

* FRach value is the mean of three results.

Control values are as in Table 22.
|

»
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B Leaf disks .

Leaf disks were cut frem RM plants at one hour from inoculatic
with R1 or R2 (102 cells/ml) or injection with sterile water.
Disks were of two sizes. The first were lcm in diameter and:cut
such that the whole disk was inoculated; the second were 1.2 cm
in diameter and cut such that only the central area (0.4 x 0.5 cm2)
was 1noculated. IFive disks per treatment were floated on sterile

+ levels were made at

“water and measurements of K+, Nat and ca’
intervals on the ambient solution. The results were therefore
cummulative, The results are givén in Table 25 and from this
table and with reference to section VI(b) it can be seen that
electrolyte losses from fully inoculated disks was best reflécted
in the k¥ leakage pattern. Losses from disks partly inoculated °
with R1 were reflected in K leakage and those from disks

inoculated with R2 in both K¥ and ca*t

leakage.

Nat ion leakage was higher than with disks cut from attached
leaves but seemed to be involved more in the leakage from partly
inoculated disks. |

This experiment was repeated with similar results.

VIII TLeakage of protein from disks cut from inoculated plants

RM plants were injected with 10° cells/ml R1, R2, Pf or Ea.
At intervals 80 disks (0.3 cm in diameter) were cut from the Ia,
washed and placed in distilled water in closed flasks. «With R1
and R2 there w;s 10 ml per flask and with Pf and ka there was 5 ml
per flask. Measurements of total protein content of the ambient
solution were made at time O and time 2h during incubation at
20°¢ using the method described in Materials and Methods Va. The
difference in protein %evels was used as an estimate of the protein

leaking from the disks in 2h. Controls were inoculated with

sterile water or Dead R1l, R2, Pf or Ea Cells and the water control
I B
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Table 25 Measurements of changes in ion concentration of, water
on which floated inoculated RM leaf disks at 25°C.
A) Disks fully inoculated (lcm in diameter)
Time (h) Absolute level(ppm) of each ion at each time.
£§O$igigftlon Kt Contﬁzl catt k" Rl na®t  catt gé Nat cal
0 *2.5 9.0 5.5 5.0 9.0 5.0 6.0 9.0 6.0
24 6.5 9.0 3.5 8.0 9.0 5.0{11.0 9.0 12.0
48 6.5 9.0 3.5 12.0 10.7 8.0115.0 13.0 12,0
12 7.0 9.0 4.0 12.0 10.7 17.0115.0 13.0 12.0
96 9.5 9.0 6.0 15.0 10.7 17.0717.5 13.0 12.C
120 9.5 9.0 1.5 15.0 10.7 18.0(21.5 13.0 12.0
144 9.5 9.0 1.5 "15.0 10.7 23,0121.0 16.0 14.0
168 9.5 9.0 12.5 15.0 10.7 28.0421.0 16.0 24.C

B) Disks inoculated in central 0.4 x 0.5 cm®

only (diameter)

Time (h). . Absolute level (ppm) of each ion at each time.
£§0§12igltlon K" COE:¥01 cat™t Kt Wat catt Kt vat  ca't
0] 2.0 6.0 6.0 8.0 6.0 6.0 4.0 6.0 6.0
24 2,0 8,0 6.0 (10.0 8.0 110.0{ 8.0 8.0 9.0
48 6.0 8.0 10.0 {10.0 8.0 10.0j 14.0 8.0 9.0
12 6.0 8.0 10.0 {10.0 8.0 18.0} 17.0 8.0 16.0
96 12.0 8.0 12.0 [20.0 8.0 18.01] 17.0 8.0 16.0
120 13.0 8.0 18.0 |34.0 8.0 19.0]17.0 13.0 27.0
144 13.0 10.0 18.0 [40.0 9.0 21.0{| 47.0 17.0 47.0
168 14.0 12.0 26.0 |48.0 10.0 21.01]47.0 23,0 48.0
* Ekach value is the mean of three results SE (K+ and Ccatt = 4;

Nat = 3)
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results are presented only becauée there were no significant
differences amongst the controls. ‘

Preliminary experiments indicated that Rate B leakage of
protein occurred from the disks with more than 50% of the protein
leakage in 2h occurring in the first 15 minutes. The results
in Table 26 are the total amounts (in' g/ml) in 2h of incubation.

With R1 and R2 some equation of leakage of protein can be
-made with the visible symptoms on the leaves. There are rises
in Rl plants at 3h and 17h which were also noted as times of high
electrolyte loss. 17h was noted as the time of first development
of HR in this experiment. when the onset of tissue browning of
the Ia became apparent (48h) protein leakage dropped.

In R2 plants there was a massive lncrease in protein leakage
at 48h - a time of first symptom development and of electrolyte
leakage. At 7 - 10h when electrolyte leakage rises had been noted,
there was no leakage of protein above that of the control values.
After 48h protein leakage remained very high.

In Pf plants the values of protein leakage were very low
compared with controls and are probably not significant.

Leakage of protein from disks from plants inoculated with Ba
was fairly high. There were no sudden rises and no macroscopic
symptoms to relate to the protein leakage.

. !

This experiment was repeated with similar results.

!

3 v
IX Leakage .of phenols from disks cut from inoculated plants

RM plénts Mere inoculated with R1l, R2, ka or Pf at lO8 cells
per ml. At intervals 89 disks (0.3 cm diameter) were cut, washed
and placed in 5ml distilled water in flasks. Measurements of total
phenol content of the ambient solution were made using the method
of Addy (1976) as modified and described in Materials and Methpds

VIa. Measurements were made at time O and after 24h incubation

in darkness at 200C. Tﬁ difference between the two measurements
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Table 26 Total protein leakuge from RM disks cut from inoculated
plants in 2h at 20°C.

Time (h) Leakage (ug/ml ambient solution) Water
?iggilation with control results subtracted Control
R1 R2 Spr %ka 9“g/ml)
0 ¥22.8 9.8 5.2 - - 58.2
2.5 1.2 -7.7° - - 73.29
3 32.0 -4.2 0 19.4 62.8
10 . 40,0 =-2.0 - - 65.3
17 86.5 -0.6 - - 85.5
24 24,4 -3.,1 9.93 35.4 81.0
48 34,0 73.9 0  31.1 57.9
72 15.1 66.6 12.0 25.1 90.6
96 30.2 65.2 21l.4 22.4 63.9
168 1.4 71.4 12.4 30.3 _ 62.4

* Kach values are means of three results SE = 19«g/m1.
Results corrected because of different volumes of ambient
solutions

b Negative results were lower than controls in value

Table 27 Total phenol leakage from RIM1 disks cut from inoculated
plants in 24h at 20°C.

Time (h) Leakage (Mg/ml ambient solution) Water
after with control results subtracted control
inoculation _ ‘ gug/ml)
R1 R2 Pf ba
1 *52.61 25.2 - - 77.28
2 6.0 47.1 89.3 84.9 92.1
4.5 12.1° 3.3 - - 77.3
6.5 5.48 35.1 - - ' 73.9
18 \ 55.1 29.0 26.1 69.0 80.57
24 | 35.3  73.9  27.9  41.6 73.4
48 ] -20.2 48.8 36.9 49.6 87.1
120 - =42.5 . 53.1 64.1 81.1 8l.1
168 . 14.2 '123.3 - - 57.6

* Iach value is the mean of three results SE = l?ug/ml.
Negative results were lower than controls in value,

|
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was used as an estimate of total phenol leakage in 24h. .

Experiments designed to find the rate of phenol leakage
determined that 50 - 60% of the phenols leaked in 24h had leaked
from the disks in the first 2h of incubation. This was Rate'B
leakage but slower than with electrolyes, ions or proteins.

Controls were water injected, injured, blank or injected
with dead bacterial cells. All were approximately the same and the
"water control results only are presented in Table 27 with the other
results.

Variation in this experiment‘was quite high but some trends
were fairly clear.

With disks from plants inoculated with R1, there was a high
level of leakage of phenols at l1h. This fell to very low values
and then rose to a peak at 18h only to fall then so low as'to be
significantly lower than controls. The peak at 18h corresponds
with peaks of electrolyte leakage and with onset of tissue
collapse.

With disks from plants inoculated with R2, levels of phenol
release increased dramatically at 24h which 1is 24h sooner than
peaks of electrolyte and protein leakage and than symptom develop-
memt .,

Disks from p%ants inoculated with Pf or Ea had very high
phenol leakage over the whole course of the experiment. There
was no macroscopically visible tissue browning.

. This experiment was repeated with similar results.

X Phenoloxidase activity of ambient solution of disks cut from

inoculated RM plants.

Using the method as described in Materials and Methods X,
ambient solutions of disks cut from inoculated plants were

assayed for phenoloxid%sr activity.

Plants were inoculated with 10% cells/ml Rl, R2, Pf or Ea
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Water
control

0.01
0.02
0.03
0.02
0.03
0.04
0.01
0.02

Table 28 Phenoloxidase activity of the ambient solution ef
disks cut from ivoculated RM plants at 20°C.
Time (h) Change in absorbance at 495nm in
after 1 min; ability to oxidise catechol.
inoculation Control results subtracted.
*R1 *¥R2 *Pf *Ea
1 20 0.01 0.02 0
4 ~0.01° 0.02  0.02 0
10 0.09 0.01 0 0
18 0.13 0.01 ~0.01 -0.01
24 0.22 0.06 0 -0.01
48 ' 0.20 0.21 -0.03 -0.03
96 0.21 0.25 . 0.01 0.01
120 0.14 0.13 0.02 0.02
a

Bach value is the mean of three results.
SE 0.05 0.05 0.03 0.03

8

# Bacteria injected into RM leaves at 10 cells/ml.

Negative results were lower than control values.
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and disks were cut from the Ja for analysis. The ambient splution
was 5ml per flask with 80 diuks (0.3 cm diameter) per flask.

At time O and time 2h, 0.2ml of ambient solution was removed
from each flask and added to 2ml 0.05M catechol and 0.5ml 0,2M
sodium phosphate buffer at pH 7.0 and 0.3ml of wagter. One minute
later absorbance at 495nm was measured against a reagent blank
as an estimate of phenol oxidase activity. Results in Table 27
"are expressed as change in absorbance at 495nm in one minute.
Controls were inoculated with sterile water.

Leakage of phenoloxidase relate well to tissue browning. With

plants inoculated with Rl or R2, phenoloxidase activity’
increased in the ambient solution just before the onset of tissue
browning. At 10 - 24hwith R1l, phenoloxidase activity increased .
from 0.09 to 0.22 and at 24 - 48h with R2, phenoloxidase activity
increased from 0.06 to 0.21.

With control disks and those from plants inoculated with Pf
or Ea there was very little phenoloxidase activity and no tissue

browning visible macroscopically.

XI Attempts to modify HR using bacteria

A Leaves

RM leaves injected with either Rl or Pmp at 108 cells/ml.
At various times with respect to inoculation ie before, simultan-
eously or afterwards, the same leaves were injected in the same
place with 10° Lells/ml of R1, R2, Pmp, Pf, Xm or Ea.

There woere three p%ants per treatment and incubation was in
the growth cabinet at 25°C. Controls were Blank, Injured, Water
or Dead Cell as beforen- In no case was protection from HR

noted in controls.

L Prior injection

a 3h
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1l Prior injection .

a_>h
Plants were first injected with ka, Xm, Pmp, R1, R2, or Pf at
6 »
10 qells/ml. Three hours later the same plants were injected

8

with 107 cells/ml Rl or Pmp.

In all cases development of HR was normal.

b 24h

Plants were first injected with Ea, Xm, Pmp, R1l, R2 or Pf at

6 8

10” cells/ml and 24h later were re-injected with 10° cells/ml
R1 or Pmp. '

With plants previously injected with ka, Xm, R2 or Pf devel-
opment of HR was normal. ‘

With plants previously injected with R1 or Pmp then develop-
ment of HR was suppressed to some extent. INNecrosis was not
confluent but was patchy.

2 Simultaneous injection

P lants were inoculated with bacterial suspensions made by
mixing 5ml of 1O6 cells/ml Ba, Xm, Pmp, R1, R2 or Pf with 5ml of

8 cells/ml R1 or Pmp.

10
In allcases development of HR was normal.

% Prior injection with R1 or Pmp at 108 cells/ml.

a) 3h |

Plants were first injected with R1 or Pmp at 10° cells/ml

and 3h later were re-injected with ka, Am, Pmp, R1, R2 or Pf at
6

10° cells/ml.
In all casLs development of HR was normal.
b 12h . |

Plants were first injected with R1 or Pmp at 10° cells/ml

and 12h later were re-inected with bka, Xm, Pmp,R1l, R2 or Pf at

6

10° cells/ml. In all cases development of HR was normal.

The experiment wasfrepeated with similar results., It was
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only found possible to reduce the effect of 1IR with 24h previous

injection of 106

cells/ml Rl or Pmp.
B Disks.

Plants were injected with R1 or Pmp (108 cells/ml) in éﬁ
area 0.4 x 0.5 cm2 as described previously. The plants were in-
oculated in the same position with 106 cells/ml Xm, ka, Pmp, R1,
R2 or'Pf before,simultaneously or after the R1 or Pmp injection.
(at 10%cells/ml)

Disks of 1.2 cm diameter with the Ia in the disk centre were
cut one hour after the second injection to allow water soaking to
disappear and were floated on sterile water in petri dishes (four
disks and 20 ml per dish). Incubation was in the growth cabinet
at 25°C.

Controls were as before and in no case gave protection to the
HR to Rl or Pmp which began to develop visibly at around 22h
after injection.

1l Prior injection

a 3h

Plants were first injected with Xm, Ea,'Pmp, R1, R2 or Pf at

6

10° cells/ml and then re-injected 3h later with 108 cells/ml

R1 or Pmp. In all cases development of HR was normal.

b 24h .
Plants were first injected with Xm, Ea, Pmp, R1l, R2 or Pf
at 106

cells/b% and 24h later were re-injected with R1 or Pmp
at 10° cells/mﬂ :

In the disks from plants previously injected with Xm, Ea,
R2 or Pf development of 'HR was normal.

In the disks from plants previously injected with Rl or Pop
development of HR was delayed until 28h and did not develop

normally. The Ia was necrotic only in patches.

1
|
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2 _Simultaneous injection

+

Plants were inoculated with bacterial suspensions made by

8 cells/ml Rl or Pmp with 5ml of 106 cells/ml

mixing 5Sml of 10
Lm, Ka, Pmp, Rl, R2 or Pf. 1In all cases development of HR was
normal.

3 Prior injection of Rl or Pmp at 10° cells/ml

a_3h |
Plants were first injected with R1 or Pmp at 108 cells/ml
and 3h later were re-injected with 106 cells/ml Ea, Xm, Pmb,
Rl1, R2 or Pf. 1In all cases develbpment of HR was normal.
b 24h .
Plants were first injected with R1 or Pmp at 108 cells/ml

and 12 hours later were re-injected with ¥®a, Xm, Pmp, R1l, R2 or .

Pf at 106 cells/ml. In all cases development of HR was normal.
The development of HR in disks was delayed and lessened by
prior injection (24h previously) of 10° cells/ml Rl or Pmp only.

This experiment was repeated with similar results.

XI1 Attempts to modify the response of leaf disks floating

on suspensions of R2.

In section V1 it was shown thd leaf disks floating on
suspensions of RZ'(108 cells/ml) showed sysmptoms of chlorosis
at the disk edges at day three. This chlorosis spread towards
the disk centre over the next few days. Disks floating on

8 cells/ml) and

suspensions of &1, Pmp, Xm, BEa and Pf (at 10
. on sterile water (contrql) remained green and healthy for eleven
days.

In this experimenﬁ, disks were first floated on suspensions

of R1, Pmp, Xm, Ea or Pf (10° cells/ml) and after 1, 2, 3, 4 or 5

days were removed , waShFd and floated on suspensions of R2 (108
cells/ml.
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Disks which had been floated on suspensions of other bacteria
for 1 and 2 days responded normally to suspensions of R2. Disks
floated on suspensions of other bacteria for more than 2 days
showed no response to R2. However the same was true of disks
which had floated on sterile water for more than 2 days so
this result was not found to be significant.

The resistance of disks floating on suspensions of R1, Pmp,
“Ea, Xm or Pf or on water was thought to be due to the fact that
the cut edges of the disk had by 2 days formed a brown reaction -
the wounds had 'healed' and perhabs there was no means of entry

into the disk for R2 bacteria after 2 days.

XITII Attempts to modify HR using chemicals.

1 Leaves

8 cells/ml . 24h

Ril plants were inoculated with R1 at 10
previously, plants had been injected in the same Ia with solutions
of various chemicals.

There were three plants per treatment and incubation was at
25°C in the growth cabinet. Controls were plants injected with

8 cells/ml alone or with sterile/wafggt compounds were

R1 at 10
used at levels not toxic to the plants.

The results %relpresented in Table 29. It can be seen that
with the divalent ions calcium, magnesium, strontium, barium,
berilium, 2zinc and molibdenum, HR was suppressed.

Protamine sulphate which has been shown to alter the charge

on protoplast membranes (Grout and Coutts, 1974) caused HR

development to be only patchy but it was visible.
2 Disks

Disks were cut frgm RM plants such that their central area
only had been injected with R1 at 10° cells/ml. This was an

area of 0.4 x 0.5 cm2 id a disk of diameter 1.2 cm.
B
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Disks were then floated on solutions (those detailed in

Table 29) and responses were noted. It was found that only when

disks were floated on 0.1M CaCl2.2H2O; 0.1 M Mg(N03)2; 0.05 M
5rCl,; BaCl,; BeSO4; ZnCl, (last three at 0,05M); MoOz at 0.005H.
protamine

was HR suppressed. When disks were floated on 109ug/ml/sulphate HR
was visible but patchy. All the other solutions detailed in

Table 29 were used but HR development was normal in the disks.

Table 29 The effect of various substances on the development of
HR to Rl (10° cells/ml)’

Substance injected

24h before R1 Concentration Response of RM leaves
H,0 (Control) HR
Mannitol 0.1 M HR

" 0.05 M HR
Nutrient broth - HR
Casein hydrolysate lg/ml HR
Sucrose 1% HR
Glucose 1% HR
Ringer's solution 25% HR
Macerase 0.2% HR
Casamino acids 4.6g/1 HR
K, HPO, 1g/1 HR
Glycine 156 HR
Leucine 1% HR
Glutamic acid ] 1% HR
Arginine 1% HR
Aspartic acid 1% HR
Protamine sulphgte logug/ml Patchy HR

" - 250mg/ml Patchy HR

CaCl2.2H2O } 0.1M NR*
g (105, 0.1M NR
SrCl2 -?0.0SM HR
Ba012 0.05M NR
Beb‘O4 0.05M NR
ZnC1, ' 0.005M NR
MnCl2 0,005M HR
Fells E b. 005 HR

I
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Table 29 (contd)
Substance injected

4+

24h before R1 Concertration Response of RM leaves
MoO3 0.005HM NR*
Cu012 0.001H1 HR

*  Suppression of HR.

LIV Production of isolated RM protoplasts.

The methods used to produce isolated Ril protoplasts were

based on the method devised by Pelcher et al.for Phaseolus

vulgaris L. var. Pinto. The following enzyme medium was advocated
0.3M Mannitol
0.25% Cellulase
0.25% Pectinase
pH adjusted to pH 7.0 using 0.2N KOH.
When this medium was used on Rl leaves using lMacerase and
Driselase as pectinase and cellulase, the yield of protoplasts
was very low and the presence of large numbers of free chloroplast:
in the medium indicated extensive damage to the protoplasts.
When the mannitol concentration was increased to 0.4M and
the medium otherwise unchanged, yield of protoplasts was about
1.0 x 104/ml of medium and there were few free chloroplasts to be

seen, 1

The presence or absence of potassium dextran sulphate had
little or no effect on yield. ’

A range of pH was tested but pH 7.0 was found to be best in
terms of survival of protoplasts.

A selection of different enzyme media were tested as detailed

in Materials and Methods IX. It was found that using the cellulase

Onozuka 55 instead of Drﬁselase, increased yield of protoplasts
B :
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to around 4.4 x 104/m1. Driselase for reasons unknown, did. not
dissolve completely on addition to distilled water and therefore
did not pass through millipore filtering properly. Onozuka SS
on the other hand did dissflve well and passed through the filters.
The higher yield of protoplasts using Onozuka S35 was .thought to be
due to the higher concentration of cellulase present as a result
of the ability of Onozuka 5SS to dissolve more readily than
Driselase.

The protoplasts were found to be extremely fragile and
damaged very easily by the centrifugation necessary to transfer
them to Cell Incubation Médium (CIM). It was found that making
up the enzyme medium in CIM with 0.4M lannitol stabilised the
protoplasts to a certain extent. They were still very fragile
and even mild shaking of the flasks in which they incubated
resulted in damage to the protoplasts. However the use of CIIM les:
ened this greatly.

The use of CIM however, made necessary the increased concen-
tration of the enzymes to 0.45%. They seemed to be slightly less
active . J

In later experiments it was found necessary to make use of
sucrose instead of mannitol. 0.4M sucrose was used and the yield
of protoplasts was around 4.0 x 104/m1.

The enzyme medium finally decided upon was as follows.

' 0.45% Macerase
1 0.45%  Onozuka 33
! Made up in CIM with 0.4M mannitol or sucrose
pH a@justed to 7.0 using 0.1N NaOH

Yield of protoplasts was 4.4 x 104/ml when mannitol was used

and 4.0 x 104/m1 with sucrose. After isolation protoplasts were

incubated ip CIM with mannitol or sucrose at 0.4M and pH 7.0. :

Survival of protoplasts Was around three days.

1
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£V Production of isolated R} leaf cells.

(3

In this work isolated cclls were defined as protoplasts
with cell walls. The shape of the cell is retained after tissue
digestion whereas protoplasts are spherical.

The method used to produce isolated RM cells was modified
from that of Takebe et al.(1968) and is given in detail in
lMaterials and lMethods VIII. ©The method of Takebe et al.was

"devised for tobacco mesophyll cells and advocates the following
enzyme medium: -

0.5% lacerozyme

0.8M mannitol

0.3% potassium dextran sulphate
pH adjusted to 5.4 with 2N HCL

When this medium was used on RM leaves using Macerase
instead of Macerozyme, maceration of the leaf tissue toak place
but isolated cells did not survive at all well.

With further work it was found that the Mannitol concentration
was too high. 0.4M Mannitol was found to be the optimum concen-
tration. Below this, cells were damaged and, above this were
plasmolysed.

The pH of the enzyme medium was found to be too low.
kxperiments involving the use of a range of pH indicated that pH
6 - 7.5 was suitaéle and pH 7.0 was always used.

It was not found necessary to use potassium dextran sulphate
as its presencg or absence made no difference to yield or survival
of cells.

The enzyme medium gsed was then as follows:-

0.5% Macerase
O°4M. Mannitol

pH adjusted to 7.0 with O.1N NaQH

The yield of celld was found to be around 104cells/m1 enzyme
L
B
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medium. DLater experiments required the use of sucrose instead of
mannitol and yield fell slizhtly to 9.0 x 10° cells/ml.

-After isolation the cells were incubated in Cell Incubation
Medium(CIM) detailed in Materials and lethods VIII, ™This isJa
modification of the medium used by Takebe et al.(1968) and was
supplied by Dr. RHA Coutts of Imperial College. The mannitol
concentration (0.4M) and pH (7.0) were as used in the enzyme medium.

Survival of cells in CIM was 2 - 3 days.

AVI Growth of bacteria in CIN

The intention behind the production of isolated RM cells and
protoplasts was to study the responses of suspensions of cellé or
protoplasts to bacteria. Comparisons made between responses of RM
cells in leaves and in suspension were thought to be potentially
of interest.

It was therefore necessary to devise a medium which would
allow the survival of both suspensions of cells or protoplasts
and bacteria. Cell Incubation Medium (CIM) itself would not allow
the survial of R1.

When a suspension of 106 cells/ml R1 in CIM was set up, no
movement of the bacteria was seen within a few hours and after 18
hours ‘incubation when 0.1 ml of medium was plated on nutrient
growth agar, no colonies developed at all.

The most‘ﬂikely explanation of this was that Rl required
some additional, nutrient to allow growth. Other reasons could
have been the concentration of mannitol or the pH of the medium
being inhibitory.

a Bacterial tolerance of pH

Flasks containirg 100ml of nutrient brotlh or 100ml of Medium »

(Materials and Methods p25) at a range of pH were inoculated with

8 6

1 ml of 10~ cells/ml Ri giving a final concentration of c¢. 10

cells/ml bacteria. The pH was raised using 0.1N #aOH and lowered
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using 0.1 N HCI. .
Flasks were incubated at 25°C in an orbital incubator. After
48h, 10ml of culture medium was removed from each flask and centri-
fuged for 20 minutes at 10,000g. Supernatants were discarded and
bacterial pellets were resuspended in distilled water. Bacterial
concentration was estimated by use of nephelometry and the suspens.-
ions were then injected into RM leaves to ensure that the bacteria
‘'were still able to induce HR. The results are presented in Table

350, The growth of Rl in the pH range 5.4 - 8.0 was not affected

by pH and the bacteria were still able to induce HR in RM leaves

Table 30 Growth of R1 in nutrient broth or Medium A at a range
of pH at 25°C.

Medium and Log concentration RM leaf Final
bacteria per ml. after response pH
48h incubation b

initial pH

Medium A
pH 7.3 9.21% HR* 7.75
4.4 8.64 “HRZ 5.63
5.4 9.26 HR 7.40
6.4 9,10 HR 7.45
6.9 9.28 HR 7.90
7.5 9.10 HR 7.40
8.0 8.90 HR 7.20
Nutrient Broth
pl 5.4 . 9.52 HR 7.60
6.2 ’ 9.54 HR 7.70
6.9 9.41 HR 7.30
7.9 " 9.50 HR 7.90

* Mean of three replicates
HR in two out of three replicates only
Initial inoculum concentration was 106 cells/ml.
| !

b) DBacterial tolerance of mannitol

In the same way as described in (a) above nutrient broth -

!
and Medium A were made‘ub with 0.% - 0.8M mannitol. Flasks

|
were inoculated such that the initial concentration of bacteria (R!
was 10 °cells/nd.
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The concentration of bactcria was estimated after 48h grpwth at
25°C by nephelometer measurements. Suspensions were injected into
RM leaves to test the ability to induce HR. The results are given
in . Table 31 which shows that the tolerance of high levels of
mannitol by the bacteria is very good and the ability to produce

" HR in RM leaves is not affected by mannitol,

Table 31 Growth of Rl in nutrient broth or medium A supplemented
with liannitol at 25°9C.

Culture medium Log concentration RM leaf
and mannitol bacteria/ml after response.
concentration ‘ 48h growthb

Nutrient broth (WNB) *9.31 *HR
NB + 0,3M mannitol 9.28 HR
NB + 0.5M mannitol 9.19 HR
NB + 0.8M mannitol 8.98 HR
Medium A (IMA) 9.21 HR
MA + O.3M mannitol ' 9.27 HR
MA + O.5M mannitol 9.17 HR
MA + 0.8M mannitol 9.05 HR

* Means of three replicates
Initial inoculum concentration 106/m1.

¢) To find if the Cell Incubation lMedium contains a substance

Yoxic to R1.

In this éﬂperiment, R1 was grown in Medium A plus CIM (ratio
1:1) and in Medium A supplemented with KI, 03012.2H20 and KNO3 -
all constituents of CIM. All media were at pH 7.0 and incubation
was at 25°C for 48h. !

The results obtained as in (a) and (b) above are presented in
Table 32 which shows that addition of CII1 to Medium A resulted
in reduced growth of Rl but bacteria were subsequently able to

induce normal HR in RM pllants. These results did not indicate

a toxic effect in CIM to R1.
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Table %32 Tests of growbth of R1 in kedium A (MA) supplemcnted
with Cell Incubation Medium(CIM) or its constilwents (252,

Medium Log concentration RM leaf
H= 7.0 bacteria/ml in 48h
PH= A incubationb Tesponse
MA *9.,22 *HR
CIM 0 2R
MA + CIM(1:1) 8.85 HR
‘MA + 1 M KI 8.99 HR
MA + O.1lmM 9.19 HR
Ca012
MA + 1mM KNO3 9.2 . HR

* FKach value is. the mean of three replicates.

©

No macroscopically visible response
Initial inoculum concentration 106 cells/ml

Table 33 Growth of R]l in 48h at 2500 in CIM supplemented with
various substances (allmedia pH 7.0 and with 0.4M

mannitol).

Culture Log concentration RM leaf Final pH
Medium bacteria/ml b Tesponse of medium
Medium A *9,22 *HR : *T7.357
CIM 0 2NR 5.75

Medium A +
CIM 8.85 HR 6.3%3%

CIM + 4.6 g/1

casamino acids 8.43 HR 6.4
i

CIM + lg/1 |

K,HPO, ] 0 NR 7.0

CIM + 0.5g/1 |

MgSO4.7H20 0 | iR | 7.1

CIM + 1%
trace elements 0 NR T3

(contd)
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Table %3 (contd)

.

Culture Log concentration RIM leaf Fi

’ _ ’ . at 11 inal pH
HMedium ﬁacterla/mlE , response of medgum
CIM + 2g/1 :

NaCo, *0 *NR® *7.1

CIM + 0.6g/L
sodium dodecyl
sulphate 0 NR 6.23

CIM + 2.3g/1
NaZHPO

4 0 NR 7.1
CIM + 5g/1
NH401 .0 NR 7.1
CIM + l0g/1
sucrose 0 NR 7.0
¢IM + 1lg/1
casein hydrolysate 8.64 HR 7.0

CIM + 1%
glycerol 0 NR 7.1

CIM + 0.4g/1
ribose 0 HR 7.0

CIM + 1g/1
dioctyl sulpho-
succinate 0 NR 7.1

CIM + 10g/1
sodium tartrate 0 NR 7.1

CIM + 7.58/1 |
cellobiose ' 0 NR 7.1

CIM + 0.01lg/1
Thiamine HC1 0 NR 6.9

CIM + 0.13g/1

CoCl, 0 | NR 6.9

| (conta)
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Table 33 (contd)

.

Qul?ure Log concentyalion Riv leaf final pH
Medium bacteria/ml response of medium

CIM + 0.01lg/1
Hydroxy L a
proline *0 *WR - *T7.02

CIM + 1mg/1
Pyridoxine HC1 0 NR 7.1

* TEach value is the mean of three replicates.

a . o
No macroscopically visible response.

Y 1hitial inoculum concentration 10° cells /ml R1.
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d) Growth of R1 in CIN supplemented with various substances

From previous results it seemed likely that R1 could not
grow in CIM because of nutricnt defficiency.

In this experiment, Rl were grown in 50ml flasks in CIM-
with various supplements. The substances used as supplements
are detailed in Table 33 and were constituents of different
bacterial growth media used in the same concentrations recommended
‘for the original medium. The methods used for growth and for
obtaining the results in Table 33 were the same as described in
(a) and (b) aktove.

The results in Table 33 show clearly that R1 will grow in

CIM when it is supplemented with casein hydrolysate or casamino

acids.

Having found a medium which would support the growth of
of R1 under these conditions, it was then necessary to find out
if RM cells or protoplasts would isolate or survive in medium
supplemented with casein hydrolysate.

It was found that the presence of casein hydrolysate in CIN
did not have an adverse affect on the survival of isolated RM
cells or protoplasts but it presented another problem. The medium
was now suitable not‘only for the growth of R1 but also for other
bacteria and fungi. Contamination was a major problem.

The use of antibiotics was not possible in this case because
the growth of &1 and R2 was desired. The answer was scrupulous
care in steril% techniqﬁes. The levels of saprophytic organisms
in leaf tissue are fair}y high however and some contamination
was always found. Howe&er over three days the contamination
was not great and it was decided that further experimentation

J

was possible. It must be borne in mind however that the results

may have been affected!by these contaminating organisms.

AN

|
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L3

AVII Survival of RM cells in suspension with R1 or R2

A suspensions of RM cells was produced as described previous-
ly at a concentration of ¢, 104 cells/ml estimated by use of
a haemocytometer. The cells were suspended in CIM with O.4uM manmn-
itol.

The suspension was divided into nine flasks each of which
had a supplement of 0.001 g/ml casein hydrolysate. There was 10
ml suspension per flask and to three of these was added suspension

7 cells/ml;

of R2 such that the final concentration of R2 was 10
the remaining three flasks were controls.

The numbers of RM cells and R1 or R2 cells were followed over
a period of 72h by use of haemocytometer and nephelometry
respectively. Bacteria, isolated, washed and concentrated for
nephelometry measurements were subsequently injected into RM
plants to ascertain their ability to produce HR or SR normally.
The results are in Table 34 which shows that in control flasks
a drop in levels of RM cells was not seen to be marked until 72h
of incubation and bacteria were not detectable until 48h. These

8 cells/ml into RM plants

bacteria did not when injected at 10
elicit any macroscopically visible response.

In flasks inoculated with R1, RM cell numbers were seen to
drop appreciably by 48h and numbers of bacterié increased.
Cells starting at 10%/ml fell to 10%/ml at 48h and bacteria increa:
ed from 10'/ml fto c. 108/m1 at 48h. The bacteria when injected

8 cells/ml produced normal HR.

into RM leaves ﬁt 10
In flasks inoculated with K2 the situation was much the same.

RM cell numbers dropped 'from 10%/m1 to c. 102 /ml by 48h. Numbers

of bacteria increased steadily from 10'/ml to c. 5.0 x 108/m1

by 72 hours. The bacteria when injected into RM leaves at 108

cells/ml produced normal SR.

In the RM cell susbénsions there were no signs at all of HR or
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Table 34 Ourvival of RN cells in suspension with R1 or HZ at 2500.

Time Bacterium | Log conc. Rm Log conc. bacterial Response of
(h) cells/ml cells/ml RM leaves

0 R1 *4.0 *T7.0 _ **[{R

24 4.0 7.9 HR

48 2.0 8.1 HR

72 0.4 8.5 HR

0 R2 *¥4.0 ' *7.0 **¥SR

24 ‘ 3,9 1.9 SR

48 2.3 8.1 SR

12 0.9 8.5 SR

0 water *4..0 None **NR

detectable

24 control? 4.0 " NR

48 3.9 *2.3 NR

12 2.9 5.6 NR

¥  Fach value is the mean of three results.

¥* Three RM plants tested.
a No inoculum added.
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SR as known in the whole plant. RM cells died at the same rate

in suspension with Rl and with K2 and showed no signs of browning.
There were no obvious differences between R1 and R2 in their action
in this case. |

The experiment was repeated with similar results.

It was noted during microscopic examination of the suspension:
that bacteria seemed much more active in the near vicinity of air
.bubbles than in the main suspension and it was thought that the
absence of obvious differences between il and R2 action might be
due to aeration problems. Attempts to shake cultures while
incubation took place were not satisfactory as the only equipment
available for the purpose was much too fast inits action. The

rough treatment given by even mild shaking caused death of RM cellc

AVIII Survival of RE protovnlasts in suspension with R1 or R2.'

The same experiment as described previously for Ri cells was
set up using RM protoplasts. Relative numbers of R protoplasts
and R1 or R2 bacteria were followed for 72h using a haemocytometer
and nephelometry respectively. The bacteria were washed and
concentrated for nephelometry measurements and then injected into
RM leaves to assess their ability to produce HR or BSR. Three
plants (six leaves ) were used per treatment.

The results in Table 35 show that in control flasks levels of
WM protoplasts were not seen to drop . until 72h of incubation
and bacteria wére not detectable by nephelometry until 48h. These
bacteria when i%jected into RM leaves at 108 cells/ml did not
elicit any macroscopica%ly visible response.

In flasks inoculated with bacteria, pfotoplast levels fell
appreciably by 48h to c. lOz/ml with Rl and lOB/ml with R2.
Numbers of bacteria inéreased by around 102 cells/ml in 72h and
the bacteria from flasks inoculated with R1 or R2 produced HR gr

SR respectively when injected into RM leaves at 108 cells/ml. In
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Table 3%5 survival of RM protoplasts in suspension with Rloor R2
at 25°C,
Time Bacterium [Log conc. Rl Log conc. bacterial| Response
(h) protoplasts/ml cells/ml of - RM
leaves
0 R1 *¥4,00 *7.0 *%*HR
24 3.66 8.7 HR
48 2.32 8.81 HR
72 1.00 9.1 HR
0 R2 * 4,00 *7.0 **¥5R
24 5.55 8.5 SR
72 0,96 8.9 SR
0] water *4,00 ifone *¥%NR
control ~ detectable
24 4,00 " NR
48 3.92 1.92 NR
72 2.36 2.68 NR

¥ Rach value is the mean of three results

*¥¥ Three RM plants tested.

a

|

|

No inoculum added.
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no case was there any sign of IIR or 53R as seen in whole plapts.
There were no obvious differences in the action of Kl
and R2 in this case as with the previous case.

This experiment was repeated with similar results.

As in the previous study, it was noted that bacteria in
inoculated flasks were more active in the near vicinity of air
bubbles on microscope slides. However because the protoplasts

"were so fragile it was not possible to aerate the cultures.

XIX Survival of RM cells and profoplasts in modified culture

media with R1 and R2.

The work of Kopp et al.(1977) showed that, in suspension
cultures of tobacco leaf protoplasts, mannitol inhibited the
enzyme phenyl alanine ammonia lyase (PAL). The concentration of
mannitol needed for 100/ inhibition of PAL was 0.20. The
inhibition could be reversed by increasing concentrations of the
substrate of Pal - L-phenylalanine. Kopp et al. also found that
sucrose did not inhibit PAL activity until 0.7M was used. This
concentration produced 7% inhibition of PAL.,

As the enzyme PAL is involved in the production of phenolic
compounds associated with necrotic responses in plants, it was
thought that the 0.4M mannitol used in the CIM might be partly
the cause of the éailure of the cells in particular to show necro«
sis in their responses to R1 or RZ.

Growth and survival of plant and bacterial protoplasts and
cells were obse&ved using media with (a) sucrose instead of mannit-
0ol and (b) mannitol(0.4$) but supplemented with 80 mM L-phenyl
alanine. The experiment was ~et up as described before and bacter-
ial numbers were estim%ted by nephelometry. Plant cell or proto-
plast numbers were estimated by use of a haemocytometer., The -
results are in Tabie 36.

Table 36 shows that' the addition of 80 mM L-phenylalanine to
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Table 36 Survivsl of Rl protoplasts or cells in suspension' with
Rl or R2 in various culture media at 25°C.
1) RN cell suspensions

Treatment | Time (h) [Log conc.RM Log conc. Response

cells/ml - bacterial cells{of RM
per ml leaves.
Medium 1 0 *4,00 None defectable  **iR
control 24 4,00 n NR
48 3.86 1.52 NR
72 3,00 2.16 NR
Medium 1 0 4.01 7.00 HR
+ R1 24 3.66 8.61 HR
(107 /m1) 48 3.05 8.90 HR
72 1.15 : 9.00 HR
Medium % 0 4.00 7.00 SR
+ R2 24 3.51 8.50 SR
(107 /m1) - 48 2.90 8.75 SR
72 0.90 8.99 SR
Medium 2 0 4,00 llone detectable NR
control 24 4,00 ’ n HR
48 3.55 1.90 NR
72 2.92 2.66 NR
Medium 2 o . ' 4,00 7.00 HR
+ R1 24 3,41 8.60 HR
(207/m1) 48 2.90 8.91 HR
72 | 1.00 9.00 HR
|

Medium 2 0 4.00 7.00 SR
+ R2 24 %.50 8.59 SR
(107/m1) 48 3.00 8.80 SR
72 2.05 8.90 SR

; (contd)
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Table 36 (contd)
1) RM cells suspensions (contd)

Treatment Time (h)  Log corc. RN Log conc. Response

cells/ml bacterial cells of RM
per ml leaves.
Medium 3 0 *4.,00 None detectable **[R
control 24 4,00 " NR
48 3.56 *1.,.00 NR
12 3.00 2.01 NR
Medium 3 0 4,00 7.00 HR
+ R1 24 3.21 8.20 HR
(107 /m1) 48 2.90 8.55 HR
72 . 1.00 8.80 HR
Medium 3 0 4.00 7.00 SR
+ R2 24 3.56 8.10 SR
(107 /m1) 48 2.80 8.41 SR
72 1.05 8,65 SR
2) RM protoplasts suspensions
Medium 1 0 4.00 None detectable NR
control 24 4.00 " NR
48 3.60 1.50 NR
72 3.10 2.96 NR
Medium 1 O 4,00 7.00 HR
+ R1 24 . : 3.50 8.50 HR
(107 /m1) 48 3.10 8.66 HR
' 72 2.21 8.80 HR
\

Medium 1 0 4,00 7.00 SR
+ R% 24 : ?.40 8.60 SR
(10"/ml) 48 3.0 8.70 SR
12 2.10 8.90 SR

(contd)
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Table %36 (contd)

2) RM protoplasts suspensions (contd)

13

Treatment Time (h) Log conc RW Log conc Response
protoplasts bacterial of RIM
per ml cells/ml leaves

Medium 2 0 *4.,00 itone detectable **¥NR

control 24 4.00 1.01 T NR

48 3.50 1.90 NR
12 3.00 2.52 NR

Medium 2 0 4,00 7.00 HR

+ R1 24 3.21 . 8.62 HR

(107 /m1) 48 2.91 8.80 HR

72 1.01 8.90 HR

Medium 2 0 ' 4,00 7.00 SR

+ R2 24 3.30 8.50 SR

(107 /m1) 48 2.80 8.75 SR

72 0.91 8.89 SR
Medium 3 0 4.01 None.detectable NR
control 24 4.00 " NR
48 3.61 1.91 NR
12 2.50 3.00 NR

Medium 3 0 4.00 7.00 ‘ HR

+ R1 24 3.02 8.20 HR

(107 /m1) 48 2.40 8.60 HR

72 1.20 8.80 HR
liedium 3 o 4.00  7.00 SR

+ R2 24' 3.01 8.10 SR

(107 /m1) 48 2.50 8.75 SR

72 . 1.01 8.90 SR

Medium 1 CIM with mannitol at 0.4 % [eans of three results.

Medium 2 CIM with sucrose at 0.411 *%*  Dhree plants used

Medium 3 CIM with mannitol at 0.4 per test.

and L-phenylalanine at 80mM
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4

the medium or replacement ol mannitol by sucrose made no
difference to the numbers of cells or protoplasts of RM leaves
surviving, nor did this affect the mutiplication of the bacteria
or influence their subsequent ability to produce HR or SR iﬁiRM
leaves., |
Again there were no affects noted that were comparable with

HR or SR in the suspended RM cells or protoplasts.

XX Levels of total phenols in suspension cultures of RM cells

or protoplasts with R1 or RZ2.

Suspensions of RM cells or protoplasts were set up in the

following media:-

1 CIM with 0.4 Mannitol

2 CIM with 0.4M sucrose

5 CIM with 0.4M mannitol and 80mM L-phenylalanine

At intervals 1 ml of medium was removed from each flask and
was centrifuged at 12,000g to pellet cell fragments and bacterial
cells. The sample was finally filtered through millipore filters
before being analysed for total phenols as described in Materials
end lMethods(IVb). Samples were taken at Time O and Time 24h durin:
incubation and the difference was noted as the change in total
phenol levels in 24h. This time was chosen because in controls
RM cells or protoplasts had not begun to die and contaminating
levels of bac%ﬂria were still too low to detect. With inoculated
cell or protoplﬁst suspensions, the cells or protoplasts showed
marked signs of dexrease in number at 24h.

Out of interest total phenol levels were analysed in the
medium during enzymic dgradation ie during the time of isolation
of cells and protoplasts. In the case of protoplasts it was the
difference between Time 0 and Time 24h and with cells it was the

!
difference between Timq b and Time 4h as in each case the times

of isolation were different.
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Table 37 Levels of total phenols (as increacce durinys incuhation

times) in RIM cell or protoplasts isolation or incubation

suspensions with or without K1 or R2.

1) RM cell suspensions.

a Enzyme media.

Medium Total phenol
Time O 9Pg/m1)

1+ b #138.95

2 + B 1354.87

"3 + E 123.37

* Enzyme Macerase at 0.5%
b) Incubation media.

ledium Total phenol
Time 0 }ug/ml)
1 263,32
2 29.64
3 30.64
b
+ R1 107.46
2 + R1P 60.88
+ R1D 64.17
1 + R2P 100.51
2 + R2P 68.98
3 4 RoP 69.00

2) RM protoplast suspensions

a) Fnzyme media.

Medium Total phenol
Time O E&g/ml

1 % Lpxx #179.26

2 & E2 185.84

3 + E2 22p.01

b) Incubation media.
Totgl phenol

Medium of ¢ / 1)
Time g/m
| Ya |
1 858.68
2 98,69
3 64.82

*%* Enzymes Macerase and Onozuka

at 0.45% !

Total phenol
Time 4h &ug/ml)

141.14
127.48
123.37

Total phenol

Time 24h Sug/ml)

60.86
37.87
51.36

T7.32
45,26
46,09

80.50
57.46
55.10

Total phenol
Pine 24h gug/ml)

182.55
228.53
228.59

Total phenol
Time 24h 9ug/m1)

41.14
74.073
46.13

Differencein
"4h incubation

9Mg/ml)

2.19
-7.40
0

Difference in
24h incubatic

é/g/ml)

~2.46
8.2%
0.74

~-30.14
-18.09

-11.52

Difference in
24h incubation
gug/ml)
3.31
42,69

6.57

Difference in
24h incubation

ylg/ml)
-17.53
-24.66
-18.69

(contd)



Table 37 (contd)

Medium

b
b
b

1 + Rl
2 + Rl
5 + R1
1 + R2V

+ R2P
3+ R2b

Medium
Medium
edium

2 a1
b

1
2
)

Total phenol

Time O 9ﬂg/ml)

2 30.73
66.67%
62.53

39.63
61.00
6%.83

CIM + 0.4M
CIM + 0.4F5
CIM + 0.4H
values are the
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[

Difference in
24h incubation

_Sregmt)

Total phenol
Pime 24h }ug/ml)

24.15
222.01 155.38
68.27 2.75
59.63 0
161,53 100.53
14.21 10.39

mannitol
sucrose
mannitol + 80mM L-phénylalanine

means of three results SIE = 10.5

Inoculum concentration lO7 cells/ml.



- 155 -

The media used for isolation were as imedia 1, 2 and 3 pamed
above but with the addition of the necessary enzymes (Macerase and
Onozuka SS). 'The results arc presented in Table 37.

During the four hour isolation of cells from RM leaves.there
was very little change in levels of phenols in the sqspension
This was also true of the incubation of the cells in the different
media alone.

When bacteria were added to the suspension at lO7 cells/ml
levels of total phenols in the suspensions fell in all cases,
mostly so in suspensions containihﬁ only mannitol ie medium 1.

The variation between samples was such that the significance of
this result was doubtful. However the experiment was repeated
with similar results and the addition of L-phenylalanine seemed .to
result in slightly less of a drop in phenol levels.

There was no obvious difference between suspensions with Rl
and those with R2.

During the 24h isoiétion of protoplasts from RM leaves
suspensions in lMedia 1 and 3 showed little or no increase in phenol
levels but there was quite a marked increase in phenol levels in
medium 2 (42.6%Pg/ml).

During incubation of protoplasts in fresh medium without

enzymes, levels of phenols in all media fell over 24h. This
!

[

drop was about 2ng/ml in each case. If bacteria wwere added to
the suspensions, in media 1 and 3, levels of phenols did not
change much ovér 24h but in medium 2 there was always a very great
increase ( mor% than 1ogmg/ml) in Xevels of phenols in 24h.

Thus although the pehaviour of suspensions of Ril cells and
RM protoplasts is quitekdifferent, in each case, the response
to addition of bacteria is the same whether the bacteria are Rl

\
or RZ2.
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XXT Levels of phenoloxidase in suspensions of RM cells ox

3

protoplasts with R1 or R2.

suspension cultures of L1 cells or protoplasts were set up
in CIM with O,4M sucroseﬁ? @%ﬁgl§iésks had R1 at 107 cells/ml

added; some had R2 at 107

cells/ml added; some were left as cont-
rols with no bacteria added. At Time O and Time 24h during incuba-
tion, 0.2ml of medium was removed and added to 2ml of 0.05M catecho
‘0.5ml 0.2M sodium phosphate butter at pH 7.0 and 0.3 ml water;

one minute later absorbance at 495 nm was measured against a
reagent blank as an estimate of phenoloxidase activity.

The results in Table 38 are given as absorbance at 495 nm
after 1 minute. The table shows that there is very little
difference in levels of phenol oxidase activity over 24h in these
suspension cultures. This goes some way to explaining why no
browning of cells in suspension or of cell debris in suspensions

of both cells and protoplasts occurs.

Table 38 Phenoloxidase activity of suspensions of RM cells or
protoplasts with R1 or R2.

Medium Absorbance at Time O Time 24h
495nm in 1 min.

CIM + mannitol a 0.01%* ' 0.02
b 0.015 0.01l5
CIM + sucrose a 0.03% 0.03
b 0.02 0.03%
CIM + mannitol + R1¥ a 0.11 0.13
| b 0.14 0.15
CIM + sucrose + R1 a 0.14 0.14
b 0.12 : 0.13%
CIM + mannitol‘+ R2* a 0.12 0.14
b 0.14 0.14
CIM + sucrose + R2 a 0.14 0.16
| b 0.15 0.17
a RH cells . * at 107 cells/ml
b RIM protoplasts { **% kach value is the mean of three

results.
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DISCUSSION

Interactions between plunts and bacteria have been divided
into five categories by Kelman and Sequeira (1972). In this work

some of these categories were studied using I’haseolus vulraris

var. Red Mexican (RM). The bacteria were as follows.
a) Non pathogenic or saprophytic eg Pzeudomonas fluorescens (Pf)
b). Pathogenic bacteria with a non-host plant

1 Resulting in hypersensitive response (HR) from the plant

eg P. phaseolicola Race 1(R1) and P. mors-prunorum (Pmp)

2 Resulting in no macroscopically visible response from the

plant eg Xanthomonas manihotis (Xm) and Erwinia

carotovora var. atroseptica (Ea).

c) Pathogenic bacteria with a host plant eg P. phaseolicola

Race 2 (R2).

It was found that RM plants were resistant to Pf, Xm and
ka with no visible response and resistant to R1 and Pmp in the
form of HR. These results agree with Lallyett (1977) working
with the same plants and bacteria., RM plants were susceptible
to R2 and the halo blight symptoms were as described by Patel
and Walker (1963%).

In 1971 Klement‘postulated that HR was the normal response
of a plant to pathbgenic bacteria to which it was resistant. The
exceptions to this rule were the soft rot bacteria. LEa is a soft
rot organism ané as no HR resulted from the injection of ka into
Rl1 leaves, Klem$nt's view is so far supported. However Xm is not
a soft rotting species and does not cause HR in Rll leaves. This
absence of HR was also noted in RM plaant.s to Xm inoculated by
high pressure spray was noted by Ikotun(1975).

In this study the %hreshold levels of K1 and Pmp needed to

produce HR in RM leaves: was 5.0 x 106 cells/ml suspension. This

was also the threshold found for confluent necrosis in tobacco
i
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inoculated with P. syringae (Klement, 1964) and 6.8 x 107 cells/ml
was the threshold level of imp needed to produce HR in beans
(Klement,1967). 5.0 x 10° cells/ml of bacteria in RM leaves has
been calculated to be a ratio of bacterial to plant cells of'2:1
(0O'Brien,1973) and so this work seems to support the hypothesis of
Ercolani (1973) that the pattern of infection observed in bacteria
in non-host plants is due to the co-operative action of several
‘cells of the bacteria to overcome the plants' defenses against HR.
Synergism of this kind is known in vivo with drug molecules
(Meynell and Stocker, 1957) and Ercolani (1973) thought that the
interaction between inoculated incompatible bacteria in plant
tissues, reflects the joint’cummulative action of some bacterial
component on the plant.

The numbers of R1 and R2 recovered from RM leaves followiny
inoculation were similar to those found by Omer and Wood(1969).
The numbers of R2 increased to levels far higher than R1 or Pmp
and in all cases bacterial multiplication stopped at the onset
of necrosis. This has also been noted by $tall and Cook (1966)

in pepper inoculated with X. vesicatoria.

Numbers of Pf did not increase in RIM tissue although low
levels of the saprophyte persisted for several days.

Numbers of Xm and ka recovered from RM leaves remained fairly
steady for sSeven days at around 105/cm2 leaf tissue. These levels
were much higher than levels of Pf recovered but the figures
for Ea agree wﬂth those found by O'Brien (1973). The work of
Ikotun (1975%) uging Xm on RM plants gave a much lower figure (c.
lOz/cmz) for survival oﬁ £im over a few days, However the levels
did persist and did not increase.

Wwhen inoculum con%entrations below threshold level were used

interesting results were obtained with Rl and Pmp. Although the

bacteria in RM leaves infreased in 24h and 72h respectively to

lgvels high enough to cause HR no confluent necrosis developed.
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This was also found by Wovacky et al. in 1972. .

This result would seem to contradict Ercolani's theory
(1973) of co—opgrative action. The bacteria have multiplied to
the required bacterial/plant cell ratio but no necrosis has
developed.However this result was thought to be an indication
of a protective effect developing during the time taken for bacteri:
to multiply. Goodman (1971) inoculated tobacco with concentrations
of bacteria too low to cause HR and found that subsequent inoculat-

ion with lO8

cells/ml P. tabaci failed to produce the expected HR.
This implies that a protective-efféct can be achieved by injection
of levels of bacteria below threshold levels.

In this work, low (106 cells/ml) inoculations of R1 and Pmp
prevented the expected HR to 10°% cells/ml Rl and Pmp 24h later.
This was also found in disks of RM tissue floating on water. In
1972 Sequeira et al. proposed that incompatible bacteria in tobacco
leaves released both the HR inducing factor and the factor protect-
ing against HR. The response to the first at threshold levels
would be so rapid that the effect of the second would be masked.

At lower than threshold concentrations, the protection factor
would act and prevent HR when a second inoculation of threshold
level was given. The work in this thesis supports this idea.

However prior ingection of R2, Pf, Ba or Xm did not have a
protectant effect.' Cook (1971) found that protection was not
given in tobacco by xanthomonads)but in 1973 O'Brien found that
R2 inoculations protected against HR caused by inoculations of RI1
18h later.

During the growth qf R? in R leaves no lag phase was noted.
This does not confirm the work of Mobley et al.(1972) but
O'Brien (1973) found a similar result.

Ercolani (1970) h;s explained the different patterns of g;owth
of bacteria in vivo by postulating a "unified hypothesis of ‘

induced resistance against bacterial infection'"., saprophytic
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bacteria are invisaged as lacking a pathogenicity factor
essential for growth in living tissue and thus occupy "transit"
sites within the host. PhYtopathogenic bacteria possess the factor
and are able to occupy "multiplication" sites within the host.
Multiplication sites are composed of "sensitivity" and "suscept-
tibility" determinants. Activation of the former results in HR
whereas activation of a susceptibility determinant counteracts HR
and enables the pathogen to develop. All pathogenic bacteria are
thought to possess virulence factors which activate susceptibility
determinants in compatible combinations. However this idea does
not explain why £m and [La persist at such high levels in RM tissue
but do not cause HR or SR. This kind of resistance is probably
very common and deserves more attention.

The results from electrolyte leakage from disks agree with
Goodman (1968) using tobacco and Cook and Stall (1971) using
pepper. The three stages of HR as defined by Klement (1971)
were detected. Induction phase ended with a small rise in
electolyte leakage (at 2 - 3 hours), latent phase corresponded
with an increase in electrolyte loss but no visible symptoms.

In this phase respiration rate may rise (Nemeth et al. 1969).
The maximum electrolyte loss corresponded with the phase of
expression or time of tissue collapse.

Llectrolyte iosses from susceptible lesions (plants inoculatec
with R2) were, far greater but developed more slowly. It has been
suggested that electrolyte leakage contributes to the in vivo
nutrition of phbtopathogens (Link and Wilcox. 1936; Thatcher,
1939). : ,

Losses from disks cut from plants inoculated with Xm or ka
were greater than controls but not markedly so. With Pf losses
of electrolytes were eétremely low and compared well with the.
losses from disks cut frrm plants inoculated with below threshold

levels of R1. i'
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when electrolyte losseg were examined using disks cut fFom
a zone adjacent to the inoculrted area (Ia) and called the Ih zone
there were no significant losues from this area of plants injected
with R1, Pmp, I'f, Xm or Ba. This tends to contrast with the.:
findings of Tomiyama (1998) who found that a certain amount of
healthy tissue needed to be involved 1f plant (potato) tissue was
to be completely resistant to blight. However the involvement
need not have involved electrolyte losses,

In the Ih zone of plants injected with R2, electrolyte losses
from disks related very well with the spread of the chlorotic
halo, typical of the susceptible response, into the Ih zone.

Measurements of the rate of electrolyte losses from disks
cut from inocul ted leaves, showed that rates in all cases (planps
inoculated with R1, R2, Pmp, Xm, bka, Pf in Ia and Ih zones) were
hyperbolic and reached a plateau in approximately one hour.

About 50 - 607 of the total logs in 120 minutes of incubation
occurred in the first 15 minutes and this did not depend on the
final levels reached but was always true. This effect was also
demonstrated byEiseman gt gl.(l973) using lipid bilayer membranes
but contrasts with the work of Pegus (1976) who, using tomato leaf
and pith tissue disks with fusarium sp. found a slow linear rate
of electrolyte leakage. Linear rates were also found by Williams

and Keen (1967) working with cucumber and P. lachrymans.

Un closer inspection of the work mentioned in the last para-
graph, it was Eound that the methods used in each case were not
common. In thﬂs work, 20 disks of 0.2cm diameter were cut from
the required areas, wasped briefly and put into 10ml water for the
first measurement. In the work of Pegus (1976), leaf disks and
pith tissue disks Were|first washed in several changes of distille
water until the conductivity of the washings was constant. Then

disks were placed in distilled water for the first measurement,

Williams and Keen (1967) used whole detached leaves of cucumber
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which they put in 200ml of water and measured the rate of leakuge
over a few hours. Another method, that of Toprover and Glinka
(1976) used 8mm diameter disks washed in running tap water for
one hour prior to use. The rate of electrolyte leakage (from beet
root cells) was slow at first and then became very fast. The metho
of giving disks a brief washing before using seems to be the most
common eg Cook and 5tall (1968); Goodman (1968); O'Brien (1973)
and Lallyett (1977) but the practise of examining leakage from
excised plant tissue is open to gquestion as to the source of the
electrolyte leakage.

In this work, the leakage was hyperbolic at first. Does this
originate from the damaged cells at the disk edges or is it a
result only of membrane permeability changes as has always
been assumed? It was found that the hyperbolic leakage could not
be induced to happen twice with the same disks in fresh water
and so it seemed unlikely that the effect was due to a balance or
equilibrium being set up across the leaf cell membranes. If this
had been the case, it would perhaps have been possible in replacing
the disks in fresh water, to force them to leak more electrolytes
at a hyperbolic rate. However, if the leakage originates only from
the disk edges then results would seem to indicate that cell
contents were increas;ng in levels of electrolytes during
development of HR ;r SR. BExperiments using autoclaved RM tissue
disks showed however that the total electrolyte levels do not
chenge much during HR or SR from levels in controls. Other
experiments indlcated that. the length of cut edge of disks had
slightly more influence on the amount of disks leakage than had
folume of disks. Leakaée was not proportional to edge/volume ratic
This, too, is not conclﬁsive as either the damaged cdge cells

are causing the leakage or leakage from cells within the disk is

leaving the disk via the,cut edge.

Electrical resistance (reciprocal of conductance) was used
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by Osterhaut (1912) as a method of studying penetration of
various ions into cells. He determined that penetration was slowe:
into living cells than intd dead cells and that conductivity

could be used to "measure the permeability of protoplasm"
(Osterhaut, 1918) because "resistance of the cell wall remains
unaltered (as) the protoplasm undergoes great variations"
(Osterhaut, 1921). liore recently work by Goodman and Plurad
(1971) has shown that at times of maximum electrolyte leakage from
disks cut from inoculated plants, membranes became deranged and it
seems very likely that their perméability increases.

It has been suggested that ions liberated from cell walls
could contribute to conductivity changes (Friedman and Jaffe, 1960)
but Stephens (1974) demonstrated that in potato tissue this was °
not so. Disks of potato tissue were killed with ethanol and
left to leach completely in water. After this point, when treated
with pectic enzymes, no leakage occurred.

On balance the evidence suggests that at least part of the
electrolyte losses from these disks is a result directly of
membrane permeability. HHowever there is some influence of the
cells of the disks at the cut edges and this should always be
borne in mind,

Using similar techniques (leakage from disks) but with
healthy plants, the effect of temperature of incubation on
leakage has bEﬁn studied by membrane physiologists. Generally
temperature of 40°C and over cause irréversible damage to plant
cell membranes (Toprover and Glinka, 1976). Siegel (1969) suggest:
that initially,elevating temperatures bring about reversible
conformational changes in the membranes. With continuing increase
initemperature in the presence of oxygen, membrane chemical groups
susceptible to oxidation are exposed and upon oxidation render
conformational changesiiFreversible. This means that any plant

tissue has g distinct temperature-leakage relationship and in this
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work, the influence of Rl and R2 on the relationship was studied.

In the experiments renorted here, control RN disk.leakage
at 50°C corresponded with the figures obtained for leakage from
autoclaved disks (80 - lOgumhos). The effect on the disks is
quite clear with increase. in tewmperature corresponding with a
small increase in leakage until at between 37% and 50°C leakage
increased at a far greater rate.

When disks were cut from plants inoculated with R1 or R2 ,
the increase in leakage at 50°C became much less marked at 3d and
5d respectively - the time of browning and desiccation of the Ia.
The losses in general at these times are lower than losses from
controls at 50°C but the temperature effect is still noticeable
at a time when membranes are totally deranged (Goodman and Plurad,
1971).

Triton X-~100 is a non-ionic detergent which disrupts membrane:
and has been shown to influence leakage from disks of potato
tissue(Stephens, 1974). The effect on R leaf tissue was rather
similar in that massive leakage of electrolytes occurred at the
time of injection and very little leakage occurred after this.

In thé .Ih zone adjacent to the inoculated zone, disks showed

great electrolyte loss at the time of spreading of the TritonX-100
symptoms into the'zone. In this respect the response was similar
to that in plants inoculated with R2.

The effect of Triton X-100 on the temperature leakage relatio
ship was to markedly reduce the effect of the large rise in conduc-
tivity between 370 and 50°C. In necrotic tissue formed as a
results of injection oféh_or R2 this effect was never so noticeabl:
removed. There are some similarities between bacterial and Triton
X-100 action on RM tisaue in that leakage in both cases occurs
at the point of tissue collapse.

When RM leaves were| injected with 1% w/v ZnSO4,7H20 the
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response was similar to HR. Tissue collapse occurred at 18h in
the Ia. Zinc is known as an inhibitor of enzymes acting as an
ion competitor and of sulphydryl groups (Tsuba and Hudson, 1§51).
There was also an effect in the Ih zone which was not found with
R1. Tissue became necrotic round veins in the leaves. Leakage
from disks cut from the Ia was probably affected by the presence
of zinc ions as the levels of conductivity were very high for 2d.
Then leakage fell to about one fifth of the controls as the
tissue became necrotic.

wlectrolyte leakage from plaﬁt tissue inoculated with
pathogenic organisms has been fairly well investigated but the
attempts to determine tne nature or quantities of materials releas-
ed from the plant tissue have not been so many. In this work
levels of potassium (x7), sodium (a') and Calcium (ca™), total
protein and total phenol leakage were studied in relation to
the electrolyte -losses.

With disks cut from plants inoculated with R1l, leakage of Kt

+
and Ca +

increased at 2h as did electrolyte losses. (This marks
the end of induction phase.) The second peak in electrolyte
losses at 1% - 18h was reflected only in levels of kt.

With disks cut from plants inoculated with R2, the Th
electrolyte loss peak involved only Ca++; ¥kt did not peak until
13h. Both Kt ana Ca++were involved in the peak of electrolyte
loss at the point of tissue collapse‘at 48h., 1In the Ih zone, the
electrolyte losses associated with the spread of the'chlorotic
halo involved KI and cat?.

With plants inoculated with Pmp, Pf, Xm or Ea the same in-

++

+ . ] .
volvement of K' and Ca wag seen and in all cases Na™t ions

seemed hardly to be invplved at all. Very little leakage of this
ion.occurred. The same lack of involvement of Na¥ ions was found
by Stephens(1974) workih* with disks of potato tissue. Leakage

++

of X* and to a lesser extent Ca followed the conductivity
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changes which were results of pectin tras-eliminase (PTE) activity
on potato tissue. Levels of Wa' were consistently low and did not
follow the same pattern of ieakage.

Black and wheeler (1966) working with oat tissues treatéd with
victorin found that twice as much K' was released from the tissue
as in controls but Ca’’ and Na' losses were not significant. K"

was the chief inorganic ion to be released from tomato cuttings
treated with fusaric acid (GHUmann, 1958).

The general finding that Ha’ is not involved in leakage
phenomena is given some explanatién by Palmer and Civan (1977) who
suggest that Hat in cells is either bound to macromolecules or
contained in subcellular organelles at an activity higher than
that in the cytoplasm and that in this way would not be available
to diffuse through cell membraues.

The release of K' from RM tissue injected with R1 is interest-
ing. There is-a peak of release just before the latent phase
during which lemeth et a2l.(1969) showed that there is often a
rise in respiration rate. In 1959, Steward and butcliffe found
that certain inorganic ions (particularly K+) caused respiratory
rises in plant tissues. There may be a connection between the
leakage of Kt in R1 treated RM leaves and the respiration increases
found in the 1aten§ phase by Nemeth.

Other work has shown that in many systems intercellular ca*™t
induces a specific increase in the membrane potassium permeability

(leech, 1976). Again the two ions Kkt and ca’ are connected in

activity.

+ ++

kxperiments on the rate of leakage of K+, E! and Ca

showed that as with eléctrolyte leakage, 50 - 60% of leakage of
each ion in 120 minutes[actually took place in the first 15 minutes
* of incubation. This hyperbolic leakage of ions was also found by

Williams and Keen (1967)iworking with leaves of cucumber and

P. lachrymans. Stephens’(1974) found that K"leakage from potato
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tissue treated with PPE was vory rapid. Host of the K leaking
out in 120 minutes actually did so in the first 45 minutes of
incubation. Black and Wheeler (1966) however found that leakage
of X* from victorin treated oat tissue was at a steady rate for
24h.

Experiments on the effect of temperature on ion leakage showed
that increasing temperature did not affect the hyperbolic rate of
release of ions but did affect the amount of K released. K'
leakage showed the same temperature effect (ie very large amounts
of leakage at temperatures above 379C compared with temperatures

++
leakage was not

less than 37°C) as did electrolyte leakage. Ca
so greatly affected by temperature and as usual Na¥ levels were
very low,

Triton X-100 was injected into RM tissue and ion leakage
examined. KV and ca’’ were released at the same rates and Na™
leakage was very low. The dual leakage of Kt and ca*’ was similar
to the leakage from collapsing tissue inoculated with R2
which involved both K and Ca™ ™.

When the temperature effect was investigated with respect to
tissue injected with Triton X-100 (24) completely different results
from before were obtained. Ion leakage was in general less with
increasing temperaturg and the membrane damage effect above 37°C
was not apparent. 'This seems to indicate that the effect of Triton
X-100 on membranes is not the same as the effect of R1 or R2.

Studies wiAh thin or bilayer 1lipid membranes separating
two agueous pha%es showed that they were highly permeable to "lipo
philic" molecules, moder?tely permeable to water, poorly permeable
to hydrophilic solutes and virtually impermeable to ions (Webb,

1 1966). However cellular membranes have certain specialised molecul:
or regions of moleculesiinserted into the bilayer structure to'

mediate ionic flow acrogs the membrane. These are thought to

involve proteins. L
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In further investigation into the nature of substances:
leaking from RM disks, relea..e of protein was examined. In genera)
with Rl and R2 leakage of pfotein related to electrolyte leakage
in that peaks of protein leakage occurred at 2 - 3h and l7h7With
Rl and at 48h with R2. There was no protein leakage at 7 - 10h
with R2 when there was some electolyte loss however., Disks cut
from plants injected with Pf showed very little protein leakage.
‘The leakage from disks cut from plants injected with Ea was
slightly higher than controls but related to the small electro-
lyte leakages noted. -

Stephens (1974) found that leakage of protein from potato
disks treated with PIi& tended to follow electrolyte leakages
ie tQ occur slightly later.

Leakage of phenols from tissue inoculated with R1, R2, Ia
and Pf was examined. When the tissue was from plants inoculated
with R1l, phenol leakage first occurred at one hour from inoculation
ie before electrolyte and protein leakage at 2 - 3h. Another
peak of phenol leakage was at 17 - 18h and this co-incided with
electolyte and protein leakage. With R2,tissues leaked phenols in
a peak at 24h which is 24h sooner than electrolyte and protein
leakage and tissue collapse., With disks cut from plants injected
with Pf or La leakagelof phenols was consistently high over the
period of the expe;iment and was rather surprising. In general
however it was, tissue browning rather than phenol leakage which
corresponded with cessation of multiplication of bacteria,

There are J number of reports which suggest that phenolic
compounds accumulating dvring pathogenesis or HR may play a role
in HR development (Condoh et al.,1963; Farkas and Kiraly, 1962;
latta et al., 1969). A?dy (1976) working with apple leaves and

krwinia amylovora found that leakage of phenols from apple leaf

disks with the avirulent strain of K. amylovora occurred one hour

before leakage of electﬁolytes. Wwith the virulent strain leakage of
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phenols and elecrolytes occurred at the same time. addy's
conclusions are that phenols cause the membrane permeability change
indicated by the following électrolyte leakage. However Kosuge
(1969) found that involvement of phenolics was secondary to the
event that triggers necrosis.

The work in this thesis tends to support that of addy (1976)
in that with Rl and R2 in RM tissue, phenolic leakage was seen to
occur just prior to the first small electrolyte peaks. It may be
that the first membrane damage is caused by the phenols. With R1
RiM plants released phenols in a 1érge peak which corresponds with
the time of tissue collapse and so the two are probably not
causally related. With R2, phenol leakage occurred 24h before
tissue collapse and it may be that the phenols could be involved-
in the tissue collapse.

The action of phenolics might be affected by changes in mem-
brane structure leading to loss of cell compartmentalisation.

Once this occurs regulation of cellular metabolism and respiration
would be lost, phenoases would be activated and this and other
oxidative and hydrolytic enzymes and their substrates previously
separated by compartmentalisation would come together. The result-
ing degenerative sctivities would then lead to the formation of
lesions (Kosuge, 1969).

The onset of hR is often accompanied by increased activity
of oxidative enzymes, increased synthesis of phenolic compounds
(llaxwell and Ba%eman, 1967; Rohringer et al., 1967) and
darkening of thg necrosing tissue (Rubin and Artsikhouskaya, 1964).
The darkening and browning has been shown to be due to the presencc
of oxidised phenols (Rubin and Artsikhouskaya, 1964) and with
accumulation of phytoalexins (Bailey and Deverall, 1971). The main
phytoalexins in bean aré phenolic and synthesis is dependent on the
enzyme phenylalanine ammrnia lyase (PAL) (Lyon, 1971).which convert

phehylalanine to cinnami¢ acid in the shikimic acid pathway. Work
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by O0'Brien (1973) cast doubt on the advisability of examining

PAL activity as a means of studying the oxidation of phenolics

in plant tissue. This was because O'Brien found that HR was not

light dependent and Hadwiger et al. (1970) had found that PAL was
light dependent.

Investigation into the action of peroxidases have found that
HR development is linked with host peroxidases suppressed by
bacterial catalases in compatible combinations (Rudolph, 1964).
However +treatment of RM plants with horse-radish peroxidase did
not produce any changes in HR or SR (O'Brien, 1973). In this
work, leakage of phenoloxidase waé measured from disks cut from
inoculated RM tissue. Plants injected with R1 or R2 showed releas<
of phenol oxidase at times just prior to the appearance of tissue
browning. This seems to suggest that the browning is caused by -
the phenoloxidases acting on the phenols in the tissue. With pf
and Ba very little phenoloxidase activity was found in the
ambient solutions of the disks thus suggesting a reason why there
is no browning in the tissues inoculated with these bacteria.

Stephens (1974) also found that phenoloxidase activity
in potato tiscsue was proportional to the amount of macroscopically
visible browning.

Another plant in which phenolics accumulate during HR (eg
hydroxyphaseolin,'Frank and Poxton, 1970) is soybean and HR to
avirulent strains of P. glycinea also develops independently of
light in this plant (Smith and Kennedy,1970).

In generél however there is little to link phenolic compounds
directly with resistance (Kosuge, 1969) however in 1977 Sequeira
and Webster found that g phenolic compound produced in bean pods
inoculated with P. syringae reduced growth of the bacteria in vitrc

The resistance of’pathogenic pseudomonads to phenolics has
been atributed to their ability to reduce oxidised phenols and

inability to produce thFogen peroxide which affects the oxidation

of the reverse reaction. Non-pathogens were inhibited however
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(Moustaffa and Whittenby, 1970). The production of phenols in
bean plant tissue in responsc to R1 and R2 is probably a consequenc
of the more important trigge» mechanism of HR.

In experiments designed to find chemicals which delayed or
suppressed HR, the most effective substances were those conféining
divalent ions eg Ca™™, Mg, st Ba™,Be™, zn™ and Mo, This
result was confirmed by Lallyett (1977) and was found for Cat’ by
Cook and 5tall, (1971). The compound protamine sulphate also
.delayed HR and when necrosis did develop it was not confluent over
the whole of the inoculated area, but was rather patchy. Protamine
sulphate has been shown to act by altering the charge from negative
to positive on protoplast membranes (Grout and Coutts, 1974).
Divalent ions particularly ca™™ have also been shown to have

2" has been shown to protect

important effects on membranes. C
against thermal damage +to membranes (Toprover and Glinka, 1976)
althoush the mechanism of heat damage to membranes is unknown. The
effect of Ca*t is thought to be on the protein element of the mem-
branes as Ca' ' protects enzymes and other essential cell proteins
against heat denaturation by forming links within the proteiﬂ
molecule (Ljunger,1970).

Interestingly enouzh, Klement and Nemeth (1966) found that
high temperature (37°C) suppressed HR in tobacco and in 1972
Klement suggested that there was a heat sensitive period following
the induction period in host tissue. The protective effect of ca™’
might act to ervent the temperature sensitive period.

It may be Lhat membrane integrity is important in the
development of LR ie that membrane collzpse resulting in phenolic
release, oxidation and cell death causes the visible necroses.
However, plants in which HR has been suppressed are still resistant

to R1 and indeed Lallyett (1977) has shown that Cat™ protects

Rl1 plants from R2 induced necrosis too.

A major part of the'work in this thesis was concerned with
i i
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trying to find a model system simpler than that of the whole plant
to investigate HR and SR. The use of excigsed pieces of plagf
tissue is common in plant pathology. For instance, iercer et al.,
(1974) used excised hypocotyls, leaf disks and pods of Phascolus

vulgaris when studying resistance to Colletotrichum lindemuthianum;

Debnam and sSmith (1976) used detached red clover leaves when look-
ing at changes in isoflavone und pterocarpans in response to
infection; Webster and Sequeira (1977) used bean pods to study
resistance to P. syringae and KReady (1977) used segments of

barley leaves to study resistance to powdery mildew. The usefulnes:
of these systems is that a greater number of experiments can be
carried out in more easily defined conditions than when whole plant:
are used. However the assumption that the responses of excised.
plant tissue are the same as those of whole plants is not always
true and care should be taken in interpretation of results.

In the work for this thesis leaf disks were used. These were
either cut from inoculated tissue and incubated in humid boxes
(similar to the technique of Debnam and Smith, 1976) or floating
on water (similar to the technique of Heady,‘l977) or they were cul
from uninoculated tissue and were floated on suspensions of bacteri
An important and useful feature was the length of time control
disks survived without signs of senescence (184 in humid boxes

. }
and 64 on water).

One result from these experiments was that disks cut from
plants inoculatkd with R1 or Pmp needed to have surrounding
healthy tiscsue %round the Ia before a response developed. Complet:
1y inoculated disks showed no response at all. This finding 1is
supported by the work o% Tomiyama et al.(1958) who found that

healthy tissue was needed around the point of infection of potatoe.

by Phytophthora infestans before Tresistance was complete, Yoder

and Whalen, 1975, also found that resistance in stored cabbage

tissue to infection by Botrytis cinerea was proportional to the
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amount of healthy tissue surrounding the point of infection.

Disks floating on water were found to be better and easier
to work with as responses Qere more similar to those of the whole
plant than disks in boxes, although in both cases the time of init-
ial responsewas a little slower. Disks in boxes developed respons-
es at first only on the lower csides of the disks and with disks
on water, both sides of the disks responded at the same time -
"as in whole plants.

The best system was therefore that a small area (¢. 0.4 x 0.5
cmz) of RM leaf tissue should be inoculated and a disk 1.2 cnm
in diameter should be cut such that the Ia was in the centre,
one hour later to allow water soaking to disappear. The disks
should have some supply of light because although HR and SR
were not dependent on light (also found by Lozano and Sequeira,
1970a; and O'Brien, 1973 using whole plants) development of second-
ary infections of the disks was more rapid in darkness than in
light. The disks were similar to whole plants in that growth
of bacteria stopped at the onset of necrosis (found by this author;
Stall and Cook, 1966 and Lozano and Sequeira, 1970a using whole
plants) but bacteria did not die. KElecriolyte losses from these
disks tended to occur at the onset of browning of the Ia in HR
and at the time og spread of the chlorotic halo of the SR into the

edge zone of the disk., When specific ioas were measured, x*

' but leakage of

was found to be most important followed by Ca
Na©¥ was still low although higher than with whole plants.

Protection from IIR:in disks could be achieved if the Ia was
inoculated with low levels of Rl or Pmp 24h prior to threshold
level injections.- again the same result as with whole plants.
Protection from HR in disks was also found if disks injected with
R1 were floated on solutions of CaClZ.ZHZO but not if KC1 was

used - again the same ﬁeFult as with whole plants.

Th . o . : .
e floating of plant material on suspensions of bacteria
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broduced some interesting resnlts but was not thought to be.such
3 useful system. Disks floaling on 109 cells/ml R1 or Fmp suspen-
sion showed no sign of infection and remained as green and healthy
as controls.Disks on 1090e11s/m1 R2 suspensions developed chlorosis
at the disk edges in a manner. similar to the development of
chlorosis around the Ia of whole leaves.

The removal of pieces of epidermis did not affect the result
above nor did age of leaf or whether it was mono- or tri-foliate.
Light had no influence although age of R2 cultures was important.
Cultures more than 7d 0ld did not cause the chlorosis response.
This supports work by Slile and XKlement (1971) who found that
culture age was important in the development of plant response.

A% first it was thought that exposure of the disks to RL
suspension prevented infection by R2 later. However exactly the
same results were obtained by floating disks on sterile water
for a few days.There was some browning at the cut edges of the
disks and this may have prevented entry of R2.

This method was not considered as useful as floating of
inoculated disks on water because of the absence of IR even though
R1 could be isolated from the disk tissue.

Protoplasts and cell suspensions have been increasingly used
over the last few years as a means to study resistance and
susceptibility. Piant protoplasts are a useful tool in viral
research since normally the cell wall acts as an efficient barrier
to virus particies (Takebe, 1975).

In this woLk it was hoped to develop a RM protoplast or cell
sugpension system whichlwould react in a similar manner to bacteriu
as whole plants. This was not achieved but some progress was
made in that a mediﬁm was found in which both plant and bacterial
cells could grow. The‘addition of casein hydrolysate to the
incubation medium (OIM)Eallowed growth of bacteria and did not

affect survival of RN célls or protoplasts. Casein hydrolysate is
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a constituent of some protoplast growth media (Pelcher et al.,
1974) and tissue culture media (Linsmaier and Skooz, 1965).
The relative immunity of the bacteria (R1 and R2) to
high concentrations of mannitol was surprising at first but Sterne

t a1.(1976) found that Phytophthora cinnamomi was tolerant of high

osmotic potentials as was fLndothis sp in the work of Hunter et al.

(1976). Erwinia atroseptica was as tolerant of mannitol as were

'R1 and R2 (Quantick, Imperial College - personnal communication).

Protoplasts differ greatly in the ease with which they can be
cultured, for instance tobacco is.very tolerant of culturing
but petunia is not (Cocking, 1975). RU protoplasts were found to
be very fragile indeed and difficult to work with. Any shakihg
of culture flasks and centrifugation at 100g for more than 2 - 3
minutes would cause them to fracture. Cells were much more robust
but even they were not tolerant of roush treatment.

In no case were typical lIR or SR symptoms seen to develop
although protoplasts and cells survived for a few days. (Survival
would have been longer if it had b.en possible to include
antibiotics in the media but this was not possible as the purpose
of the experiments was to allow growth of bacteria.)

As in earlier work, development of HR and SR had indicated
that phenols were Fe;eased by Ri1 cells, investigation of the level:
of phenols in the suspensions cultures inoculated with K1 or R2
was carried out.

It was found that phenol levels either remained constant or
fell over 24h of incubation. The work of Kopp et a2l.(1977) found
that mannitol in protop%ast cultures inhibited the activity of
any PAL they produced. OSucrose lessened the inhibitory effect if
used instead of mannitql. When this was tried, the same result
was obtained with cells(constant or decreasing levels of phenols)

but with protoplasts aflfrge increase in phenol levels occurred
when there were bacteria' present. This did not affect growth of RI
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or R2 probably because phytopathogenic pseudomonads are resistant
to phenols (lioustaffa and Whittenby, 1970). It seems that mannitol
may inhibit production of phenols in both protoplast and cell
cultures and that sucrose will allow protoplasts to producev
phenols hut not.cells. In suspension cultures of soybean cells

however, Ebel et al.(1976) found that elicitors of phytoalexins

in Phytophthora megasperma var. sojae stimulated PAL activity
‘even though the medium contained 20g/1 sucrose.

Analysis for phenoloxidase activity showed that levels of thi:
enzyme were negligible in all the cultures possibly explaining
the lack of browning reactions.

The main problem with this work was that no differences
between R1 and R2 were detected at all. One reason for this maj
be in the lack of aeration of cultures. Under light microscopy
bacteria were seen to be much more active near air bubbles than in
the main bulk of the suspension. It would not be possible to
aerate protoplast cultures by shaking techniques as they fracture
so easily but this would probably be possible with cells. For
protoplasts it might increase the aeration if drop culture
techniques were used ie drops of protoplast/bacterial suspension
cultured on microscope slides.

Another possible explanation of the absence of HR in
suspension cultures lies in the disk work which demonstrated
that a certain Pmount of un-inoculated tissue was reguired around
the inoculated Frea before HR would develop normally. In
suspension cultures there is no un-inoculated tissue.

However\the technidue offers great potential for biochemical
analysis of the intercellular fluids (not easy with whole plants)
and for experiments inmdlving the addition of substances to
attempt to induce HR. In this respect cell suspension cultures

may be more useful becau%e recent work has shown that the host
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cell walls play a part in thc development of HR (Goodman, 1974;
bequeira and Dlonald, 1976; Sequeira and Graham, 1977).

An important point to remember is that even the most finely
dispersed cultures of higher plant cells contain a proportion
of the cells associated together in aggregates (not truly free-cell
cultures). The finer the suspension the smaller the average sigze
of the cell aggregates and in general the higher the propertion of
the cell population present as individual cells (Street, 1975).

Any future work on membrane permeability changes during HR
or SR development could profitablj make use of the liguid ion-
exchange microelectrodes and micropipettes described by Palmer and
Civan (1977). Use of micopipettes would remove the problem of the
source of the electrolyte leakage when disks are used.

The disk system developed in this work has a potential

use as a system for quick screening of compounds for their ability

to influence the development of IR,
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