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PSEUDOMONAS ON PEAS: ICE NUCLEATION, IDENTIFICATION

AND PATHOGENICITY

SUMMARY

Ice nucleation active GIIA) bacteria werc detected in a pea field in South Australia- They

were identified as strains.of Pseudomonas syringae and Pseudomonas fluorescens

biotype 1. A clear impression was obtained that P. fluorescens was the predominant

INA organism in that pea field.

The probability of detecting ice nucleating activity in washings from pea leaves

decreased with time and also with increasing crop maturity. Numbers of INA bacteria

also decreased with time. There was no influence of rainfall on numbers of INA

bacteria, but there was some effect of air temperature. With decreasing temperature

numbers increased and with increasing tempefature numbers decreased to an

undetectable level.

Some chemical agents were tested as cryoprotectants on these two ice nucleating

species of INA bacteria, both in vitro and in planta and, it was established that some

specific metal cations such as Mn, Al, Zn, Ca, Ni, Co, and Fe have some effect on ice

nucleating activity, either because of bactericidal properties (Al, Zn, Ni, Co, and Fe) or

by interfering with the nucleating process (Ca and Mn). At low concentration (0.001M)'

Zn and Al were still active and no phytotoxicity of these metals on pea plants was

evident.

One INA strain of P. syringae, isolated from South Australia was compared for

its ice nucleation activity in vitro with one INA strain of P. syringae isolated from New

Tnaland.The NZ strain was motp active, and the effect of Mn and Ca as cryoprotectants

was lower on the NZ strain, but the effect of Znand Al was the same on both strains'

Most published methods to distinguish Pseudomonas syringae pv. syringae from

pseudomonas syringae pv. plsi were evaluated. Inoculation of susceptible cultivars was

the most reliable. Results were confirmed by inoculation of lemon fruit'
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A much more rapid and convenient serological method was developed to

distinguish the two pathovars. Antisera against glutaraldehyde-fixed cells had a high

level of specificity in Ouchterlony gel double-diffusion tests and, after cross-absorption

with heterologous antigens, in indirect ELISA.

Specificity of polyclonal antibodies to different antigenic preparations (sonicated

and heat-killed) of cells of these two pathovals (!. syringae pv. syringae and P.

s)rringae pv.ÉÐ was investigated. Antisera to sonicated cells gave a strong reaction

against homologous antigen; with heterologous antigen, cross leaction occurred with

whole untreated cells and sonicated cells but there was no cross reaction with heaçkilled

cells. Antisera to heat-killed cells of these two pathovars gave r weak reaction with

whole untreated cells of homologous antigen; however, when heat-killed cells of both

homologous and heterologous were used as antigen, a strong reaction was observed

with both. Antiserum to heat-killed cells had the useful ability to distinguish

Pseudomonas syringae from other species of Pseudomonas and other genera.

Of the bacterial surface antigens of each pathovar, only cell wall and flagella

showed no cross rcactivity with heterologous antisera. Antisera to flagella of these two

pathovars showed the highest level of specificity. No cross reactivity with whole

untreated, sonicated, or heat-killed cells of heterologous antigens was observed.

All strains tested which were pathogenic to peas and which were positively

recognized by antiserum to P. syfi4gae pv.Éi contained two to four plasmids; non-

pathogens had none. Two plasmids from a pathogenic strain were transferred

individually to a non-pathogenic recipient sfrain of P. syringae pv. s)¡ringae; both

plasmids converted the recipient to a pathogen on peas and from hypersensitivity (HR)

negative to HR positive on tobacco. Neither plasmid encoded homoserine catabolism.
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Introduction / Literature Review

Pseudomonas is a large genus of bacteria- Its cells are Gram-negative, straight

rods, and a¡e motile by polar flagella (Palleroni, 1984; Sands, et al.' 1980)'

An important species of this genus is Pseudomonas syringae' It is widely

distributed on plants and occurs as both pathogens and non-pathogens' Pathogenic

forms of Pseudomonas syringae have been reported on fnany of plants (Freigoun and

Crosse, 1975; Leben, 1965). They colonize plants and after infection elicit

pathological symptoÍts whereas non-pathogenic strains, may colonize plant hosts but

they do not elicit pathological conditions. However, many pathogenic strains of P'

syringae have been rcported to survive in large numbers as epiphytes on a variety of

symptomless host plants, such as stone fruits(Cameron, 1970; Closse, L966; Dowler

and'Weaver ,1975;Ga¡den et al.,lg/z),olive @rcolani, 1969), bean (Hirano et aI"

I982;Lindemann et a1.,1981), and soybean (I-eben, 1965; Leben et al',1968)'

Based on the pathogenic characteristics, strains of P. syringae are subdivided

into pathovars (Young et a1.,1978). This species now contains approximately 40

distinct pathov¿rfs (Fahy and Lloyd, 1983), which afe a very significant group of

pathogens and attack a large number of plant species (Sands et al',1980)' Specificity

is also shown within pathovars which may consist of distinct races that are cultivar-

specific. Existence of nine races of !. syringae pv. glycinea on soybean (Crosse er

al., 1966; Thomas and Leary, 1980; Fett and sequeira, 1981); six races of P'

syringae pv. pigf on pea (Taylor et a1.,1989); and at least three races of !' s]¡ringae

pv. phaseolicola on bean (Walker and Patel, 1964; Taylor et al',1987) have been

reported.

Bacterial blight of peas is a seed-borne disease which has been reported in most

of the pea-growing arcas of the world. !. syringae pv. Éi is the organism generally

accepted as its causal agent. It has been said that the disease causes significant losses

when environmental conditions favour its development (Lawyer, 1984), and

parricularly troublesome under cool wet conditions (Smith and Close, 1966; Young

et a1.,1969). It is known that weather conditions are critical to the expression of the
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disease and even to the type of symptom induced (Sackett, 1916; Harrison, 1964;

Boelema, 1967 ;Watson and Dye, 197 l).

It has been shown, howevor, that P. syringae pv. syringae can cause a disease

of peas similar to, or indistinguishable from, that caused by !. syringae pv. pisi

(Hoitink and Hagedorn, 1966; Butler and Fenwick, 1970). Nevertheless, P.

syringae pv. syringae is a less virulent pathogen; it occurs under more restricted

environmental conditions and is sometimes associated with frost damage.

However, it is able to cause severe disease following hail damage or under

excessively wet conditions (Wimalajeewa and Nancarrow' 1984).

The two pathogens are very closely related and associated with peas. Some of

the tests reported in the literature to distinguish them a¡e utilization of homoserine

(Hildebrand,, lg73), inoculation of young bean pods and immature lemons

(V/imalajeewa and Nanca¡row, 1984), and stem inoculation of specific pea

cultivars (Malik et a1.,1987). Other reported methods of distinguishing the two

organisms are by a set of typing phages and by serology (Taylor, 1972b; Taylor

and Dye, 1972).

The pea (PiW sativum) is an inbreeding annual with numerous cultivars. The

genetics of the relationship between races of P. syringae pv. É! and pea cultivan

in terms of a gene-for-gene relationship was established by Taylor et al. (L984).

The presence of additional races in the USA was also suggested by Lawyer

(1984). Currently six races of P. syringae pv. pisi can be distinguished by their

differential reactions on pea cultivars (faylor et a1.,1989).

Genetics studies on the pathogen, !. syringae pv. piÊi, (Malik et a1.,1987) and

on the resistance of the host (Vivian et a1.,1989) have also been reported. Isolation

and characterization of cloned DNA conferring specific avirulence in P. syringae

pv. plËi to pea cultivars which possess the resistance allele (R2), has been recently

described (Vivian et a1.,1989).

In southern Australia frost appears to influence the incidence of bacterial blight

of peas (Fahy and Lloyd, 1933) and also the identity of the pathogens isolated,
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whether f, syringae pv. syringae or f, syringae pv. pisi (S.C. Wimalajeewa,

personal communication).

Frost damage

Frost injury occurs as a result of physical stress (low temperature) to frost-

sensitive agricultural plants. This abiotic disease has been described as one of the

main limiting factors to crop production in many locaúons in the temperate zone

(Cary and Mayland, 1970; Chandler, 195S). This is because unlike frost-hardy

plants, frost-sensitive plants have no ability (signifrcant mechanism) to tolerate ice

formation within their tissues (Burke et al., L976;I-evitt, 1972; Mazut, L969; Olien,

1967).

Some liquids such as water can be supercooled to several degrees C below the

melting point of the solid phase and freeze only by the addition of a suitable catalyst

for transition of the liquid to the solid phase (Bigg, 1953). These catalysts which

change the water to the ice phase are known as ice nuclei. At low temperatures the

catalysts are called homologous ice nuclei whereas those at wafmer temperatues afe

known as heterologous ice nuclei (Lindow, 1983b).

Damage to frost-sensitive plants under natural conditions usually occurs

between -2 and-soc (Modlibowska, 1962). Many plant species can be supercooled

to temperatures below -5oC and often below -10oC without inducing ice formation in

their tissues and thus becoming frost-injured (Kaku, 1966, 1973; Lucas, 1954;

Marcellos & Single, 1976).

The presence of an interaction between certain leaf surface bacteria and

occrurence of frost damage to some plants has been reported. This damage which is

not because of low temperature stress, usually occurs at temperatures of -2 to -5oC

by initiating damaging ice crystal formation within the plant tissues and its spread

inter-and intracellularly throughout the plants causes the frost damage (Anderson ef

a1.,1982,1984; Arny et al.,1976; Lindow et a1.,1978 a & c,1982 a & b; 'Weaver,

1978; and Yankofsky et a1.,1981b).
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Certain epiphytic bacteria broadty distributed on plants, are active in ice

nucleation. They prevent supercoolling of plants. It has been shownby Arny et al.

(1976) that seedling corn plants lacking certain bacteria were not damaged above

-8oC, whereas plants with leaf surface populations of these bacteria were damaged at

-3.5 to -4oC. Moreover, the amount of injury at -4oC was directly proportional to the

logarithm of the population of an ice nucleation active strain of bacterium pr€sent on

corn leaves (Lindow et a1.,1978b, 1982b).

The most common nonbiological sources of heærologous ice nuclei a¡e mineral

particles, particularly certain mineral clays. Silver iodide is an efficient ice nucleator

but its abundance in nature is very low. These are active in ice nucleation only at

temperatures lower than -8oC to -15oC (Mason and Hallet, 1957; Mason and

Maybank, 1958; Schnell and Vali, L972; Vonnegut, 1949; Zettlemoyer et al.' 1961).

V/hen grown under greenhouse condition, ice nucleation activity in plants

appears to be very rarÞ at temperatures above -5oC (Arny et al.,1976; Lindow et al.,

1978a, t982a). Significant ice nucleation activity is observed on plants grown under

greenhouse condition only at tempefatures lower than -8oC to -10oC (Kaku, lgA,

L975; Marcellos and Single, L976,1979).

Bacterial ice nuclei

Atmospheric ice nuclei were assumed to be the sources of ice nuclei on plants.

It was observed that the concentration of ice nuclei in the aunosphere at a given

location increases with increasing organic matter content of the soil at that location

(Vali, 1968, l97l). One source of abundant ice nuclei is decaying vegetation

(Schnelt and Vali, 1976; Vali and Stansbury, 196ó) and it was shown that the

bacterium Pseudomonas syringae, associated with decaying leaf material is acúve in

ice nucleation (Maki et al., L974).

Ice nucleation active (INA) strains of Pseudomonas syringae, Pseudomonas

fluorescens, Pseudomonas viridiflava, Erwinia herbicola, and Xanthomonas

campeStrispv.@havebeenshowntopromotefrostdamagetosensitive
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crops (Hirano et a1.,1978; Kim et a1.,1987; Lindow et a1.,1978b; Maki ¿r a1.,1974;

Maki and Willoughby, 1978; Paulin and Luiseni,1978; Yankofsky et a1.,1981a).

Among these species, !. syringae, P. fluorescens and Erwinia herbicola are

generally the most coûrmon INA bacteria on plants (Hirano et aI.,1982:Kim et al.,

1987; Lindow et a1.,1978b, 1982a). These bacteria a¡e active in ice nucleation at

temperatures of -2 to -5oC, but ice nucleation activity is detectable in other bacterial

strains only at temperatures approaching -10oC (Hirano et a1.,1978; Makino, t982;

Paulin and Luisetti, 1978).

Approximate|y 50Vo of the many pathovars of !. syringae examined including

!. syringae pv. syringae, !. syringae pv.É| !. syringae pv. lachrymans *d P.

s)'ringae pv. coronafaciens a¡e active in ice nucleation. This indicates ttrat INA

bacteria have a worldwide distribution (Hirano et al., 1978; Paulin and Luisetti,

1978).

Not every cell of these INA bacteria is active as an ice nucleus at a given time.

With decreasing temperatures below -loc, the fraction of cells that have ice

nucleation activity increases rapidly (Hirano, 1985; Lindow, 1982 a & b; Lindow er

al.,1976,1978 b & c; Maki and V/illoughby, L978; Yankofsþ et a1.,1981b). In

addition to the temperature effect, the medium composition and temperature of

gowth also affect the ice nucleation eff,rciency of cells of INA bacteria (Lindow,

1983b; Yankofsky et aI., 1981 a & b). It has been shown that an INA strain of

Xanthomonas campestris grown in nutrient broth medium causes more severe frost

damage on spinach seedlings, compared with one grown in potato-semisynthetic

broth medium; also frost damage was more intensive with 2 to 4-day old nutrient

cultures compare with those from 8-day old ones (Goto et a1.,1988).

Ice nucleation active bacteria on plants

On many plant species, large epiphytic populaúons of INA bacteria are present

(Hirano et a1.,1978; Lindemann et a1.,1981, 1982; Lindow, 1981; Lindow, 1982b;

Lindow et al., 1976,1982b; Paulin and Luisetti, 1978; Yankofsky et a1., 1981a).
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The species involved appear to diffcr from one location to another' For example on

f,reld beans and brassica crops in Central Alberta, Canada, INA strains \ryere

identified as !. fluorescens, and neither E. herbicola nor P. syringae was detected

(Kaneda, 1986). But in Queensland, Australia, on wheat, barley and other grasses'

!. syringae and E. herbicola were idenúfied as the most abundant INA organisms

(Newton and Hayward, 1986). In New Ty¿aland,P. viridiflava \Yas an effective ice

nucleation agent on the kiwifruit vine (Young, 1987). In the united states' P'

s]rringae is reported to be the predominant INA organism (Lindow' 1982a' 1985;

Lindow et a1.,1975).

Populations of P. syringae and E. herbicola as phytopathogenic bacteria, have

been reported on many plants (Bilting and Baker, t963;Freigoun and crosse ' 1975;

Gibbins, 1978;Iæben, 1965). Ilowever, numbers of INA bacteria on plant surfaces

vary between different plant species. Large seasonal va¡iation of INA bacterial

numbers has been observed on both annual and perennial plants' Generally' low

numbers of INA bacteria are found on over-wintering plant tissues of deciduous

plants of on emerging cotyledons or leaves of annual plants (Lindow' 1983b)' Also'

INA bacterial numbers on plant surfaces varied on a given species; large variation

was observed on flowers, leaves, and fruit of healthy pear (Haefele and Lindow'

1982;Lindow, 1983b).

In vitro, the fraction of cells that a¡e active in ice nucleation' is not the same as

in vivo. For example, in a strain of P. syringae, ice nucleation activity on leaves was

lower than in culture, but it increased on leaves with decreasing temperature from

-1.5 to -6oC (Lindow, 1982a, 1983b).

Bacterial ice nucleation and frost injury

In the field, the presence of INA bacteria on plant surfaces, causes ice

formation on and in the plants, and subsequently, frost damage at tempefatufes above

-5oC occurs (Hendershott, L962; Modlibowska, 1962; Proebsting et aI'' 1982;

yelenosky,1975; Young, 1966). In the absence of INA bacteria, many frost-
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sensitive plants can supercool and avoid damaging ice formation at temperatures

above -5oC (Anderson ¿t a1.,1982; Amy et a1.,1976; Lindow et a1.,1978c, 1982a).

Studies have shown that at least 95Vo ice nuclei on leaf surfaces active at -5oC or

above, are of bacterial origin (Lindow, 1983b).

There is a direct relationship between the extent of frost injury and the number

of INA bacteria. It has been shown that with increasing numbers of INA bacteria on

the plant, frost damage increases (Lindow et al.,1976, L978 a & b, 1982b). This

damage is more directþ related to the numben of cells that are active in ice nucleation

than to the population of INA bacteria (Lindow, 1982 a& b' 1983b).

A relationship between INA bacteria, freeze damage, and genotype in oats has

been shown by Marshall (1988).He has suggested that INA bacteria as well as

nonmicrobial factors a¡e responsible for freezn damage in oats; additionally' oat

cultivars were found to differ in theirresistance to INA bacteria.

Bacterial ice nucleation in plant disease

Frost injury can facilitate the infection of some plants by P. syringae (Olien and

Smith, 1981; Panagopoulos and Crosse, L964; Sabet, 1953; Süle and Seemüller,

1987). Infection by P. syringae pv. s]'ringae in pear blossoms which supercooled to

-2oC, was severe compared with inoculated unfrozen flowers (Panagopoulos and

Crosse, 1964). Frost injury has also been found to aid in the development of

bacterial blight of pea caused by P. s]rringae pv.pisi (Boelema, L972); bacterial

canker of apricot (Klemen! 1974), and bacterial canker of poplar (Sabet, 1953) both

caused by P. syringae pv. syringae. It has been shown that frtezing and the plesence

of P. s]¡ringae pv. syringae were both required for development of bacterial canker of

peach (Weaver, 1978 'Weaver et a1.,19S1). However, it has been reported that the

majority of ice nuclei associated with peach were of nonbacterial origin, and INA

bacteria were unlikely to be the primary ice nuclei associated with them (Anderson er

al.,1987; Ashworth et a1.,1985).
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Infection by P. syringae ofæn occurs after injury to a host plant. As P. syringae

has the capacity to predispose plant tissues to ice damage, it also allows subsequent

bacterial penetration and disease development (Lindow, 1983b).

Molecular basis of ice nucleation

It has been shown that ice nucleation activity is not detected in extracellular

byproduct of INA bacteria; it is associated with the outer membranes of these INA

bacteria (Lindow et al., 1989; Maki and Willoughby, 1978; Maki et al., 1974;

Sprang and Lindow, 1981).

'Work has shown that a protein is responsible for ice nucleation activity

(Kozloff et 41., 1983; Lindow, 1983b, Sprang and Lindow, 1981). However, some

evidence from the study of antifreezing glycoproteins suggests that more than one

substance, such as protein and carbohydrate or protein and lipid, may be required for

ice nucleation @eeney and Yeh, 1978). Morrver, some studies have shown that ice

nuclei appear to be complex structures comprising phospholipids (Govindarajan and

Lindow, 1988a; Kozloff et al, L983; V/olber et a1.,1986).

Several ice nucleating bacterial strains, including E-. herbicola, P. syringae, and

P. fluorescens isolates have been examined for their ability to shed ice nuclei into the

$owth medium (Phelps et a1.,1986). Only E. herbicola isolates shed cell-free ice

nuclei active at -2 to -10oC. It will shed ice nuclei into the growth medium when

grown at 15oC. These cell-free nuclei exhibited afuenng spectrum similar to that of

ice nuclei found on whole cells, both above and below -5oC. Panially purif,red cell-

free nuclei were examined by density gradient centrifugation, chemical and enzymatic

probes, and electron microscopy. Ice nucleating activity in these cell-free

preparations was associated with outer membrane vesicles shed by cells and was

sensitive to protein-modifying reagents (Phelps et al., 1986). Recently, the

preparation of relatively good yields of active cell-fr,ree ice nuclei from P. s]¡ringae has

been reported (Pooley and Brown, 1990).
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Genes encoding the INA phenotype from two different !. syringae strains

(I¡IA"Z" and INA"C") (Green and V/a¡ren, 1985; Orser et a1.,1985)' !. fluorescens

(INA*W") (Warren et al., 1986), and E herbicola (Orser et a1.,1985) were cloned

as a single restriction fragment in the bacterium Escherichia coli. Cloned genes

responsible for ice nucleation activity expressed similar ice nucleation activity in E-

coli, which is normally INA-, both quantitatively and qualitatively to that in the

original sogrce strains (Corotto et a1.,1986; Orser et a1.,1983' 1985).

A single DNA fragment of approximately 4500 base pairs from P. syringae; of

5200 base pain fromE_. herbicola and P. fluorescens, imparted ice nucleation activity

to E. coli (Waren, L987;'Warren and rü/olber, 1987; Corotto et aI., 1986).

Furthermore, it has been shown that cloned DNA sequences with the ability of

conferring ice nucleation can complement ice nucleation deficient mutants (Lindow

and Staskawicz, 1981; Lindow, 1983b).

Two DNA fragments confening ice nucleation activity from Pseudomonas have

been sequenced. Each fragment contained a single gene (Green and Waren, 1985).

The INA"Z" gene from P. syringae was similar to the INA"'W" from P. fluorescens

(Warren and Wolber, 1987). Orser et al. (1985) have shown that another INA gene

from P. syringae has homology to the INA-conferring region fromE-. herbicola.

Attempts at cell fractionation have resulæd in loss of at least 99.9Vo of the active

nuclei (Maki et al., 1974; Yankofsky et a1.,1981a; Lindow et a1.,1989). The ice

nuclei active at -5oC and above have molecular masses of up to 19000kD

(Govindarajan and Lindow, 1988b), equivalent to more than frfty individual INA"Z"

protein molecules.

Warren and Wolber (1987) have demonsfiated a relationship between the

amount of INA protein synthesized by a bacterial strain, and the frequencies of ice

nucleation activity. Both in Pseudomonas and E. coli, the activity increased with

increasing the number of cloned INA genes per cell.

Derivatives of the transposon Tn3 that allow an ice nucleation gene (INA"Z") to

be used as rcporter of the transcriptional activity have been constn¡cted (Lindgren er
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al.,lgSg). The INA"Z" fusion system provides a convenient tool for the study of

bacterial gene expression. Also, detection of bacteria by transduction of ice

nucleation genes has been demonstrated (Wolber and Green, 1990).

Plasmids in P. syringae

Strains of Pseudomonas spp. may harbour extrachromosomal DNA in the form

of plasmids (Chalaab arty, 1976). It has been shown ttrat many pathovars of P.

syringae contain single or multþle plasmids @ender and Cooksey, 1986; Comai

and Kosuge, 1980; Curiale and Mills, 1977, 1983; Currier and Morgan, 1983;

Gantotti et al., 1979; Gonzalez and Vida¡, t979 a & b, 1980; King, 1989;

Panopoulous and Peet, 1985; Panopoulous et al.,1978; Piwowarski and Shaw,

1982; Quant and Mills, 1984; Sato, eú al., 1982). Most of these plasmids are

phenotypically cryptic. However, an association between the presence of plasmid

and pathogenicity or resistance to toxin metal ions, in some pathovars of P.

s]'ringae has been reported.

a) Plasmid and pathogenicitY

It has been demonstrated that the production of the phytohormone indoleacetic

acid (IAA), a compound essential for gall development in the oleander host

following inoculation with P. syringae subsp. savastanoi, is encoded by a plasmid;

but in otve isolates the genes encoding the IAA biosynthesis enzyme a¡e located on

the chromosome (Comai and Kosuge, 1980, 1982; Comai et a1.,1982; Palm et al.,

1989).

Moreover, it is known that production of the phytotoxin coronatine in P.

syringae pv. atropurpurea (Sato et a1.,1983), !. syringae pv. glycinea (Willis and

Leary, 1984), and P. syringae pv. tomato (Bender et a1.,1989) is determined by

plasmids.

Also, the involvement of plasmid DNA in the production of phytotoxins

syringomycin in !. syringae (Gonzalez and Vidaver, 1979 a & b, 1980) and
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phaseolotoxin in !. syringae pv. pha¡igqliçola (Gantotti et al., 1979) has been

reported. However, further work casts doubt on the involvement of the plasmid in

the pathogenicity or syringomycin production of !. syringae. Gonzalez et al.

(1980, 1934) have determined that plasmid-free derivative stains still produced the

phytotoxin syringomycin. Also, Currier and Morgan (1983) have shown that

although all strains examined which contained plasmids, were able to produce the

toxin syringomycin, plasmidless strains exist which are also able to produce

syringomycin or an unidentified toxin. Moreover, they showed that when a

syringomycin-producing strain was cured of its plasmid, toxin production or

pathogenicity were unaffected. There are conflicting reports, also, for

phaseolotoxin production by !. syringae pv.phê$çO!içA!ê. Jamiesen et al. (198L)

have shown that there was no correlation between phaseolotoxin production and

the presence of plasmid in twelve !. syringae pv. phasgolicolA strains examined.

Moreover, by transposon mutagenesis, it has been found that chromosomal

rather than plasmid genes encode syringotoxin and phaseolotoxin synthesis

(Morgan and Chanerjee, 1985; Peetet a1.,1986; Quigley et a1.,1985).

b) Conjugative plasmid and toxic metal ions resistance

Conjugative plasmids have been identified in some of the pathovars of P.

syringae. pBPWI is a conjugative plasmid isolated from P. syringae pv. tabaci

BR2 (Staskawicz et a1.,1984), and similarly pCG131 which was isolated from P.

syringae pv. syringae (Gonzalez et aI., 1984). Both of these plasmids are

phenotypically cryptic but an association between the presence of a conjugative

plasmid and streptomycin resistance in !. syringae pv. papulans (Burr et a1.,1988)

and copper resistance in P. syringae pv. tomato (Bender and Cooksey, 1986) has

been reported. Also, Sundin et al. (1989) have shown that copper resistance in P.

syringae pv. syringae recovered from blossoms from cherry orchards is plasmid-

borne, and the plasmid was conjugative to three copper-sensitive recipient strains

of P. syringae pv. syringae isolated from the orchards. However, repeated
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attempts to transfer copper resistance into copper sensitive f, syringae pv.

morsprunorum isolated from blossom samples werc unsuccessful.

Also, plasmid-determined resistance to toxic metal ions for many bacterial

species has been demonstrated (Fostet 1983; Summers and Silver, 1978).

Plasmid labelling for transfer

Most P. syringae plasmids lack a selectable marker. They must be labelled witlt

a drug resistance transposon to enable plasmid transfer to be detected. The

construction of Tn5-Mob, a transposon that caries the RP4-specifrc Mob site has

been described by Simon (1984). This transposon allows in Gram-negative

strains, the labelling of any cryptic plasmid with a selectable antibiotic resistance

marker as well as its high frequency conjugative transfer. Thus, Tn5-Mob is a

useful system to facilitate the study of plasmid properties. Moreover, with the same

procedure, chromosomal DNA may also be mobilized (Simon, 1984). Use of

transposons for labelling of plasmids in P. syringae has been reported (Bender and

Cooksey, 1986; Gonzalez et a1.,1984).

Scope of this project

The distribution and abundance of INA bacteria in South Australia have not

been previously reported. For these reasons one objective of this project was to

determine the distribution and seasonal population changes of INA bacteria- This is

describedin section A.2of this thesis.

A second objective of this project was to investigaæ the interference of va¡ious

cryoprotectants (chemical agents which protect plants from frost itju.y) with INA

strains of bacteria that were isolated. This is described in section A. 3.

Strains of Pseudomonas syringae isolated from a pea field in South Australia

(this study, section 
^. 

2), \r/ere active in ice nucleation. The identity of the

pathovar(s) involved in ice nucleation is important but the solution of an even more

important pathological problem depends on the infra sub-specific identity of strains
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of P. syringae in South Australia. As it was found difficult to distinguish P.

syringae pv. syringae from P. syringae pv.Éi, the methods currently used to

distinguish them were tested and evaluated (section B. 1). Immunological

techniques were employed to develop a much more rapid and convenient test to

differentiate these two pathovars (section 8.2).

As serology could not distinguish pathogenic and non-pathogenic strains, the

plasmid complement of both pathogenic and non-pathogenic strains of the two

pathovars was examined; this was followed by a study on plasmid transfer. The

possibility that genes encoding pathogenicity are plasmid located, was also

investigated (section C).
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Section A: Ice nucleation active bacteria

A. 1 Materials and methods

a) Leaf sample collection

Leaf samples were collected every two weeks during the growing season (fuly

to October 1986) from a pea field at Waite Agricultural Research Institute. At each

sampling date ten leaf samples wer€ taken at random, each sample consisting of one

whole leaf from frve adjacent plants.

b) Detection of ice nucleation activity

Leaf samples were weighed, cut into pieces about 5 c 2 and placed in

Erlenmeyer flasks containing washing buffer lsterile potassium phosphate buffer;

0.1M, pH 7.0, supplemented with 0.17o (w/v) peptone; (Lindemann et a1.,1984)1.

Approximately 10 ml buffer per each gram of leaf tissue was used. Iæaf pieces were

washed for 2 h on a rotary shaker (250 rpm) at 22oC. Leaf washings were

centrifuged at 2000 g for 10 min and the pellet suspended in 1 ml sterile buffer

þotassium phosphate buffer, 0.01M,pH 7.O)(Gross et a1.,1983); 0.5 ml was placed

in a constant temperature bath at -5oC (Fig 1). After 30 min, results were recorded as

positive for a frozen suspension or negative for an unfrozen suspension (Fig 2).

c) Determination of numbers of INA bacteria

Centrifuged leaf washings werc serially diluted in the sterile buffer and 0.1 ml

and 0.01 ml aliquots plated on nutrient agar containing2.5Vo (v/v) glycerol (NGA)

(Lindow et al., 1978b). Cycloheximide (100mg per liter) was added to prevent

fungal growth.

To detect E. herbicola , dilutions were also plated on nutrient a9ar plus 5Vo

NaCl, a medium selective for E. herbicola (S.E. Lindow, personal communication).

After 3 days $owth at 24oC, individual colonies were tested for ice nucleating

activity by a test tube technique (Gross et al., 1983). Individual colonies were



Figure 1. A HETOFRIG cooling bath type CB7.

Temperature range: approximately -20oC to 100oC. The bath

was equipped with a circulation pump and thermostat to

regulate the temperature.

Figure 2. Detection of ice nucleating activity.

Half ml suspension of pelleted pea leaf washings was placed

in a test tube and kept for 30 min in a constant temperature

bath at -5oC. Frozen and unfrozen suspensions are shown as

(+) and (-) respectively.

Figure 3. Determination of numbers of ice nucleation active

bacteria by test tube æchnique.

Serially diluted pea leaf washings were plated and individual

colonies suspended in 0.5 ml sterile buffer in a test tube and

placed in a constant temperature bath at -5oC. Results were

recorded as (+) for a frozen suspension and (-) for an

unfrozen suspension.
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rcmoved from agar in petri dishes and suspended in 0.5 ml sterile buffer and put in a

constant temperature bath at -5oC for 30 min. Results were recorded as positive for a

frozen suspension or negative for an unfrozen suspension in test tube @g 3). Also

numbers were tested for ice nucleating activity by an aluminium foil technique

(Lindow et al.,l978a). The surface was prepared by spraying aluminium foil with a

17o solution of paraffin in xylene; the xylene was removed at 55oC in an oven, and

the foil folded into a flat-bottomed "boat", which was floated on a constant

temperature bath at -5oC. Discrete 3 days old colonies from agar plates were

removed with a tooth pick and suspended in 0.1 ml of sterile distilled water to yield a

turbid suspension (higher than 108 cells/ml). Five 10 pl droplets of suspension from

each colony were placed on the -5oC aluminium foil test surface.A colony was

considered to contain nuclei active at -5oC if one or more of the 5 droplets froze

within 30 sec (Fig 4).

d) Identification of INA bacteria

Frozen individual colonies were streaked on King's B medium (King et al.,

1954), and individual colonies obtained from this medium subjected to the following

tests according to Fahy and Lloyd (1983) and Iælliott et al. (1966).

1 - Production of fluorescence on King's B mediurn

2 -I-evanproduction.

3 - Oxidase test.

4 - Arginine dihydrolase.

5 - Tobacco hypersensitivity.

6 - Nitrate reductase.

7 - Gelatin hydrolysis.

8 - Utilization of sucrose, trehalose and homoserine as a sole sot¡rce of carbon.
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e) Greenhouse experiments

For all greenhouse experiments, randomized complete block designs with 4

replicates were used (except where otherwise indicated). Each plot consisted of one

pea seedling in one pot. On the fint day, all pea plants (except for the controls) wert

sprayed with a fresh suspension of INA bacæria. The frresh suspension was obtained

from 2 days growth on nutrient gþerol agar (NGA) medium rt24oc. The bacterial

suspension was adjustod to 0.7 optical density at 600 nm, which is approximately

equal to 108 cells/ml.

On the second day, plants werc sprayed with chemicals. On the third day, they

were tested for ice nucleation activity by:

i) Tube nucleation test (Hifano et a1.,1985; Ashworth and Davis, 1984)

ä) Conductivity meter (Kerchie et al,1972).

i) Tube nucleation test

Five ml of sterile distilled water were placed in a test tube and tested for the

absence of heterogeneous ice nuclei active at -10oC for 60 minutes. At the end of this

period the tubes were shaken vigorously. All the tubes in which the water had frozen

were discarded and the others were allowed to equilibrate to ambient temperature

(about 24oC) before use in the tube nucleation test. Three leaves (one from the top,

one from the middle and one from nea¡ the base of the plant) were taken from each

plant and were placed in a test tube prepared as described above. For each set of test

leaves, sterile forceps were used to completely submerge the leaves in the sterile

distilled water in each test tube. The test tubes were put in ttre bath at -5oC for 30 min

and. the number of tubes in which the water had frozen was recorded as positive, or

as negative for unfrozen water (Fig 5).

ü) Conductivity meter

From each pea plant , two young leaves from the top of the plant were taken,

one fo¡ afrozen sample and one for an unfrozen sample. The leaves were weighed,



Figure 4. Determination of numbers of ice nucleation

active bacteria by aluminium foil technique.

Left ) 10 pl droplets from suspension of individual

colonies were placed on a paraffin coated aluminium foil

"boat" floating on a constant temperahue bath at -5oC. A

colony was considered to contain active nuclei if one or

more than one droplet froze within 30 sec.

Figure 5. Detection of ice nucleating activity by tube

nucleation test.

Three pea leaves were placed in a test tube containing 5 ml

sterile distilled water and kept for 30 min in a constant

temperature bath at -5oC. Results were recorded as (+)

and (-) for frozen and unfrozen water respectively.
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then, for the frozen samples, put in a test tube without liquid and the test tubes placed

in a bath (-5oC) for 30 min. After t h thawing at (x)m temperature, 1 ml deionized

water was added per 0.01 g of tissue for all frozenand unfrozen samples. The tubes

were allowed to stand at room tempefature for 24 h. Conductance of solutions from

both frozen and unfrozen samples was read by conductivity meter. All samples were

then boiled for 3 min, immediately made to original volume with deionized water,

and allowed to stand at room temperature for 24 h. Conductance of the boiled

samples was read by conductivity meær.

From these measurements an index of injury for each treatment was calculated

by the following forrnula according to Flint et al. (1967).

Ir = 100 tl-c - Lol/ tl,k - Lol

It = Index of injury resulting from exposure to temperaturc -5oC.

Lc = Conductance of solution from frozen sample (at -5oC).

Lo = Conductance of solution from unfr,ozen sarple.

Lk = Conductance of solution fi''om frozen sample at -5oC and then heat killed-

fl Laboratorv exoeriments

For testing the effect of chemicals on INA bacteria in laboratory, a fresh

suspension of INA bacteria was obtained from a 2 days old culture on NGA medium

at24oC.

For the first group of chemicals a fresh suspension of INA bacteria was

adjusted to optical densities at 600nm (O.DOOO) of 0.4, 0.6 and 0.7. They were then

mixed with known concentrations of the chemicals in a test tube. After I h at room

temperature, the test tubes were put in the constant temperature bath at -5oC for 30

min. Results were recorded as positive for frozen liquid or negative for unfrozen

liquid.

For other goups of chemicals a fresh suspension of INA bacteria was adjusted

ro an O.DOOO of 0.7 and a ten-fold dilution series prepared. Then a known
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concentration of chemicals was added to oach dilution. The serial dilutions were

incubated at room temperature for t h and then placed in the bath (-5oC). After 30

min, results \ryere recorded as positive for frozen liquid or negative for unfrozen

liquid.
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A. 2Identification and seasonal population changes of INA bacteria.

a) Detection of ice nucleation activity

Iæaf samples were collected evory two weeks during the growing season from

a pea field at ttre V/aite Agriculturat Research Institute and deæction of INA bacteria

attempted by exposing pelleæd leaf washings to -5oÇ. Results are shown in Table 1.

Table l. Detection of ice nucleating activity in washings from pea leaves.

Sampling date 1986

6th luly

20th July

3rd August

17th August

31st August

14th September

28th September

12th October

26th October

Number of positive Pellets

( out of ten )

9

10

8

8

8

7

5

3

4

The number of positive pelles from 10 samples at each sampling date from July

6 to October 26 decreased with time (Table 1). Assuming a binomial distribution,

these data were used to calculate the probability of detecting INA bacteria over the

sampling period (Fig 6). Probability decreased with time and also with increasing

crop maturity.



Figure 6. Probability of deæcting ice nucleating activity

in pelleted pea leaf washings.

Pelleted pea leaf washings were exposed to -5oC.

Probability of positive (frozen) pelles from 10 samples at

each sampling date during the growing season was

calculated.
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b) Numbers of INA bacteria

Numbers of INA bacteria were counted (Table 2). As might be expected

numbers also decreased with time (Fig 7), although there was a secondary peak on

September 14 which coincided with the onset of flowering. This may or may not be

relevant. There was no influence of rainfall. But there was some effect of

temperature. With decreasing temperature, numbers increased and with incrcasing

temperanre numbers decreased to an undetectable level on 12th and 28th October

(Fie 7).

c) Identification of INA bacteria

All INA bacteria were identified as either P. syringae or P. fluorescens

biotype 1 Clable 3).

Although a selective medium for isolation of E. herbicola was used, no INA

strain of E. herbicola was detected. It was either absent or its presence was at a very

low level (undetectable level).

Although no quantitative data are available, a clear imprcssion was obtained that

!. fluorescens was the predominant INA organism in that pea field. At all sampling

dates, except on 28th September, P. fluorescens was isolated, whereas !. s]¡ringae

was not detected on several dates (Table 4). Also at the time when both of them were

detected the majority of isolates belonged to P. fluorescens.

As heavy frosts were not experienced and as no bacterial blight was detected,

the influence of INA bacteria on crop damage by these two agencies could not be

determined.



Table 2. Numbers of ice nucleation active (INA) bacteria per gram fresh weight of

pea leaves (mean of 10 samples).

Sampling date

(1e86)

6th July

29th July

3th August

17th August

31th August

14th September

28th September

12th Octobe¡

26th October

No. of INA bacteria/g
(mean of ten samples)

3.9 x lO2

7.5 x lO2

2.2 x lO2

1.6 x lO2

13 x lO2

5.4 x tOZ

1.6 x 102

Notdeæctable

Notdetectable



Figure 7. Number of ice nucleation active bacteria detected

in washings from pea leaves, July to October, along with

data on rainfall and temperature.

A) Each point represonts a log mean cells/g fresh weight of

ten replicates. Bacterial data were transformed by ln(x+l).

Vertical ba¡s indicate ttre standa¡d error. B) Data on rainfall

(mm) per day. C) Average air temperature per week.
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Table 3. Cha¡acæristics of ice nucleation active bacteria obtained from pea leaves.

Test f.. syringae

Fluoroscent on

King's B medium

Levan production

Oxidase

Arginine dihydrolase

Tobacco h¡persensitivity

Nitrate reductase

Gelatin hydrolysis

Utilization of:

Sucrose

Trehalose

E biotype I

+

+

+

+

+

+

+

+

+

+

+



Table 4. Detection of ice nucleating activity in washings from pea leaves and

presence of ice nucleation active strains of !. syringae and P. fluorescens biotype 1.

Sampling date

(1e86)

6th July

20th July

3rd August

lTth August

3lst August

14th September

28th September

12ttr October

26th October

No. of positive þ syringae
pellets (out of 10)

f.. fluorescens
biotype 1

9

10

8

8

8

7

5

3

4

+

+

+

+

+

+

+

+

+

+

+

+

+
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A. 3 Cryoprotectants

a) Introduction

Gryoproæctants are chemical agents which protect plants from frost injury. The

effectiveness of some chemicals as cryoprotectants (e.g. some teric and tween

chemicals) has been shown on some plants (blackcurrants) in the freld (Wilson and

Iones, 1983a). It has been observed that the use of cryoprotectants reduces leaf water

potential and reduction of leaf water potential increases resistance of plants to frost

injury (Wilson and Jones, 1983b). Also the effect of some other chemicals such as

glycerol, polyvinyl pyrrolidone (PVP 40), ethylene glycol (EG) and dimethyl

sulfoxide (DMSO) have been checked as cryoprotectants on apple and pear trees

(Ketchie and Murren, 1976). They observed that use of the chemicals

(cryoproæctants) increased cold resistance of plants.

However, cryoprotectants may also work by preventing ice crystal formation

in plant tissues by an effect on INA bacteria. As pointed out by Lindow (1983a),

- several chemicals may reduce ice crystal form¿tion by inactivating bacærial ice nuclei.

The chemicals included heavy meal cations and certain cationic detergents. The effect

of these and other possible cryoprotectants on INA strains of Pseudomonas syringae

and Pseudomonas fluorescens biot¡'pe 1 that werc isolated from the pea field (section

A. 2) were checked in the laboratory as well as in the greenhouse.

b) First srouD of crvoorotectårits

The first group of cryoprotectants to be tested were Tween 60, 80, and 85

(Sigma); Teric P862,PE64, andl2A23B (Iü); Glycerol (BDH); Ethylene Glycol,

EG, (Sigma); Polyvinyl Pyrrolidone-360, PVP, (Sigma); Dimethyl sulfoxide,

DMSO, (BDH); Ca (NO¡)Z (BDÐ; Mannitol (BDH); and Sorbitol (Ajax).

i) Laboratory tests

For testing the effect of these chemicals in the laboratory, fresh suspensions of

INA bacteria were adjusted to O.D6¡rg of 0.4, 0.6, and 0.7. Each was mixed in test



22

tubes with concentrations 0.5, L,2, 4,8,lOVo of six tlveen and teric chemicals, and

concentrations 5, 8, 10, 15,25Vo of glycerol, EG, PVP, DMSO, Ca (NO3)2,

mannitol and sorbitol.

After t h, the test tubes were placed in a constant temperature bath at -5oC.

After 30 min results were recorded as positive for frozen liquid or negative for

unfrozen liquid. Results a¡e shown in Table 5.

For six teric and tween chemicals all the liquids in the test tubes with three

different densities of INA bacteria (O.DOOO of 0.4, 0.6, and 0.7) froze after 30 min

in the bath at -5oC (Table 5). For other chemicals, concentrations of more than lOVo

glycerol , EG, DMSO and Ca (NO¡)Z reduced ice nucleating activity (Iable 5).

ii) Greenhouse tests

For testing the effects of six tween and teric chemicals in the greenhouse, one

experiment was done for each chemical with concentrations 0.5, L,2, 4,8, lOVo.

Each plot consisted of one pea plant. Pea plants were sprayed with a fresh

suspension of INA bacteria on day one, and were then sprayed with the chemicals

on day two; on day three they were checked for ice nucleating activity by tube

nucleation test. As might be expected from the laboratory tests, the six teric and

tween chemicals had no effect. All the liquids in the test tubes containing three pea

leaves were frozen after 30 min at -5oC.

For testing the effect of glycerol, EG, DMSO, PVP, Ca (NO¡)2, mannitol and

sorbitol in the greenhouse, a concentration of líVo of all chemicals was chosen. The

procedure was the same as in the previous experiment, except that I replicates were

used in this experiment. Results of the tube nucleation test are shown in Table 6 and

Fig 8.

As might be expected from the laboratory tests, PVP, sorbitol and mannitol had

no effect in the greenhouse test. However, some tubes containing glycerol, EG,

DMSO and Ca(NO3)2 remained unfrozen after 30 min at -5oC (Table 6 & Fig 8).



Table 5. Effect of chemical agents on ice nucleation active strains of P. syringe and

!. fluorescens biotype 1* in vitro. i

Chemical agents Concentration

Contol

Tween 60

Tween 80

Tween 85

Teric PE62

Teric PE64

Tetic l2M3B

PVP

Mannitol

Sorbitol

Gþerol

EG

DMSO

Ca (NO¡)Z

(NA bacteria) OD at 600 nm

0.4 0.6 0.7

+++
+++
+++
+++
+++
+++
+++
-++
-++
-++

0.S-lOVo

5-25Vo

t5-25

* = There was no difference between the effe¡t of the chemicals on these two

strains of ice nucleation active bacæria.

+ = Ice crystal formation; - = No ice crystal formation.

Í

Í

il

+

il



Table 6. Effect of chemical agents (at líVo concentration) on an ice nucleation active

strain of !. syringae in planta, using the tube nucleation test.

{. EGReplicaæs GþerolManniolSorbitolPVP*rl. CaDIvISO

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

1

2

3

4

5

6

7

8

+ +

+ +

+

+

+

{' = Unsprayed pea plants.

** = Pea plants were sprayed with ice nucleation active bacæria alone.

+ = Ice crystal formation; - = No ice crystal formation.

PYP = Polyvinyl Pyrrolidone

EG =Ethylene Glycol

DMSO = Dimethyl sulfoxide



Figure 8. Effect of chemicals (at l57o concentration) on an

ice nucleation active strain of Pseudomonas syringae in

planta, using tube nucleation test.

INA bacteria (first bar of the graph) = Pea plants were

sprayed with ice nucleation active bacteria alone. Check (last

bar of the graph) = UnspraYed pea plants. PVP = Polyvinyl

Pyrrolidone, Gly = Glycerol, EG = Ethylene Glycol, and

DMSO = Dimethyl sulfoxide.

Vertical line = Percentage of tubes frozen at -5oC
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Since EG, DMSO, and glycerol produced some leaf damage on the pea plants, they

were eliminated and only Ca (NO¡)Z was chosen for further experiments.

c) Second group of cryoprotectants

A second gÏoup of cryoprotectants tested in this study were NII4 ¡O3; (NIL)Z

SO4; MgSO¿; Mg (NO3)2; KNO3; Ca (NO:)Z; MnSO4; ZnSO4; and Al (NO¡)¡

(BDH).

i) Laboratory tests

In this experiment a fresh suspension of INA bacteria was adjusted to OD6¡rg

of 0.7. A ten times dilution series was prcpared. To each dilution 0.lM concentration

of each chemical was added and left at rq)m temperature for t h. Then the serial

dilutions were placed at -5oC for 30 min. Results were recorded as positive for a

frozen suspension or negative for an unfrozen suspension (Table 7).

Only ZnSO4 and Al (NO¡)¡ prevented freezing at all dilutions (Table 7).

KNO3, Ca (NO¡)Z and MnSO4 prevented freezing at a bacterial dilution of 10-2 but

not at 10o and tO-l. RU other chemicals had no effect compared with the control.

However, these data are only qualitative. More reliable information may be obtained

from a quantitative assay. Also, it is possible that the chemicals influenced bacterial

numbers, rather than interfering with ice nucleation. So, to obtain a quantitative

assay, serial dilutions of bacteria were prepared following treatment and plated on

King's B medium. After 3 days' growth at 24oC, total number of colonies was

counted (Tabte 8).

ii) Grcenhouse tests

To test the effect of these chemicals on ice nucleating activity in a greenhouse

experiment, a conductivity meær rather than the tube nucleation test was used. With a

conductivity meter it is possible to comparc the effect of frost injury by a quantitative

amount.



Tabte 7. Effect of va¡ious chemicals (0.1M) on cell suspensions of an ice

nucleation active stain of !. syringae serially diluted, in vim.

Bacterial dilutions

Treatment

Control

NH+ NO¡

(NH¿)z SO¿

MgSO¿

Me (No¡)z

KNO¡

Ca (NO¡)z

\¡InSO¿

ZnSO4

Al (No¡)¡

+ = Ice crystal fonnation; - = No ice crystal formation.

10o 10-l t0-2 tO'3 - tO-8

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+



Tabte 8. Effect of various chemicals (0.1M) on the viability of an ice nucleation

active strain of P. syringae.

Treatment

Conuol (no trreatrent)

NII¿ NO¡

(NlI¿)z so¿

MgS04

Me (No¡)z

KNO3

Ca (NO¡)z

MnSO¿

ZnSO4

Al (No¡)¡

Total number of colonies

7Oxt07

7OxlO7

60 x 107

20 x 107

50 x 107

60 x 107

70xtdl

40 x 107

13 x 103

10 x 103
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There is a close relationship between etecrol¡ic conductance and frost injury of

plants (Ketchie et a1.,1972). When plant cells are damaged, they release leachate.

The more leachate, the higher the conductivity of the solution. This can be measured

and by using suitable controls, a quantitative estimate of tissue damage can be

obtained, This is known as the index of injury Glint et al.,1967)-

The experiment involved the chemicals at a concentration of 0.1M, with 4

replicates per treatment. On day one, all pea plants were sprayed with a fresh

suspension of INA bacteria which were adjusted to O.D6OO of 0.7. On day two, they

were sprayed with the chemicals. After 24h, each pea plant was checked for ice

nucleation activity by conductivity meter. Results are shown in Table 9 and Fig 9.

To determine if different salts of the same metal behaved in the same way, the

effect of ZnSO4 andZn (NOg)Z at two concentrations 0.05 and 0.1M were tested on

INA bacteria both in the laboratory and the greenhouse. In the laboratory, the

chemicals were tested on serial dilutions 10o to 1g-8 11go = O.D600 of 0.7) of a

úacterial suspension. Results were measuled after 30 min at -5oC (Table 10).

There was no difference between Zn (NO¡)Z and ZnSO4 at either concentration

of 0.lM and 0.05M (Table 10). Both prevented freezing at all bacterial dilutions.

From each 10o dilution (after trreatment), 20 10-pl droplets were placed on paraffin

coated aluminium foil "boats" floating on the constant temperature bath at -5oC. After

two min the number of drops that froze were recorded. In the control (INA bacteria

without treatnent) a1120 droplets were frozen; in the treated samples, no drops were

frozen (Table 11).

All ttre serial dilutions (after th treatment) were plated on King's B medium and

after 3 days' growth at24oC total number of colonies was determined (Table 12).

The effect of the chemicals was tested in a greenhouse by the conductivity meær

method. A concentration of 0.05M for Zn (NOI)Z and ZnSO4 was used and there

were four replicates of each treatment. Results are shown in Table 13.



Table 9. Index of Injury to plants kept at -5oC for 30 min following Eeament wittr an ice nucleation active strain of P. s]'ringae and various

cryoprotectants (0. 1M).

Replicates ** MnSO4 AI(NOI)¡ ZnSO4 Ca(NO¡)z KNO¡ MgSO4 Mg(NO¡)z NH¿)zSO¿ NH¿NOg

1

2

3

À

*

2.31

4.69

s.88

2<1

71.74

50.48

48.28

<t ?<

19.29

r1.94

2t.84
,r) 

^1

t5.29

21.38

23.&

)^ ÁÃ

19.40

24.73

30.65

?1 n?

20.00

25.97

39.02

?? ??

31.08

38.89

M.44

?q sn

39.29

30.43

30.30

)6?)

59.65

56.36

30.77

?5 qR

50.82

47.29

5r.57

50.1)

55.78

59.39

61.89

61 40

Mean

* = Unsprayed pea plants. (Not included in statistical analysis).

** = Peâ plants were sprayed wittr ice nucleation active bacteria alone.

Mean values were significally different (P < 0.01).

4.10 55.71 18.8 21.24 26.45 29.58 38.48 31.59 45.69 50.10 59.62



Figure 9. Effect of various chemical (0.1M) on an ice

nucleation active (NA) strain of Pseudomonas syringae in

planta, using conductivity meter.

An index of injury was calculated following conductivity

measurements. The histograms represent mean index of

injury for four replicates. Controls consist of pea plants

sprayed with INA bacteria alone (second bar of the graph )

and also uninoculaûed plants (the last bar of the gaph).

Vertical line = Index of injury.
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Tabte 10. Effect of chemical agents on an ice nucleation active strain of !. syringae

serially diluted, in vitro.

Treatment 100 10- l tO-2 10-3 - 10- 8

Contrrol (noneatnent)

ZnSO¿ " 0.1M

Zn(NO¡)z 0.lM

Control (no ueaunent)

ZnSO¿ 0.05M

Zn(NO¡)Z 0.05M

+ = Ice crystal fomration; - = No ice crystal formation.

+ ++

++ +



Tabte 11. Number of frozen droplets placed on a paraffrn-coated aluminium foil

floating on a constant temperature bath (-5oC).The droplets (10p1) werc taken fi,lom

a 10o dilution of bacærial cells Eeated with 0.1M 7-nSOq, andZn (NO¡)2.

Treatment Number of positive drops (out of 20)

Control (no treatrnent )

ZnSO4

Zn (N0¡)z

20

0

0



Table l2'.Flffe;cluof chemical agents, ZnSO4 andZn (NOg)Z (0.1M), on viability of

an ice nucleation active strain of f. syringae.

Total number of colonies

80 x 107

13 x 103

12xlO3



Table 13. Index of injury to plants kept at -5oC for 30 min following treatnent with an

ice nucleation active strain of !. syringae and various cryoprotectants (0'05M)'

Replicates Control* Control** ZnSO¿ Zn(NO¡)Z

1

2

3

4

2.3t

3.69

8.62

59.s5

5t.94

53.t4

6¿ û9

38.31

35.36

32.94

40-"1

28.2r

32.86

39.04

35-OOo3

lvlean 4.41 57.33 36.14 33.78

* = Unsprayed pea plant. (Not included in statistical analysis).

t'* = Pea plants wefe sprayed with ice nucleation active bacteria alone.

Mean values were significally different (P < 0.01).
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To determine the lowest effective concentration of the chemicals, Ca (NO3)2,

MnSO4, ZnSO4, Zn (NO3)2, and Al (NO¡)¡ were tested in the laboratory at

concentrations of 0.1M, 0.01M,0.005M, and 0.001M for each chemical.

First a fresh suspension of INA bacteria was diluted 10o 6 1g-5 119o

suspension was adjusted to O.D6,gg of 0.7) then a known concentration of each

chemical was added to each bacterial dilution. After L h treatment at room

temperature, all the bacterial dilutions were placed in a bath (-5oC) for 30 min.

Results were recorded as positive for frozen suspensions or negative for unfrozen

suspensions (Table 14).

At concentrarions lower than 0.lM, Ca (NO3)2 and MnSO¿ lost their effect.

However, other chemicals were still effective even at the highest dilution.

d) Third srouD of crvoorotectants

The last group of chemicals tested in this study were FeCl2; FeCl3; CoCl3; antl

NiClz (BDH).

i) Laboratory tests

Different concentrations (0.1, 0.05, 0.01, and 0.005 M) of the chemicals were

tested on bacterial dilutions of 10o to 10-5 (10o suspension was adjusted to O.D666

of 0.7). After 30 min in the bath at -5oC, results were recorded as positive for frozen

suspension or negative for unfrozen suspension in test tube (Table 15).

After th treatment, all bacterial dilutions treated with chemicals at 0.lM were

plated on King's B medium and after 3 days' growth at 24oC, total number of

bacteria were counted (Table 16).

It seems that these chemicals have some bactericidal properties. Cobalt and

nickel substantially reduced numbers but the effect was less than with iron, both

ferrous and ferric.



Table 14. Effect of different concentrations of chemical agents on an ice nucleation

active strain of !. syringae serially diluted, in vitro.

Bacterial dilution

Treatment

Control (no tneatnent)

Ca (NO¡)z 0.1M

0.01M

0.005M

o txllM

r0-3 - 10-5to'210- 1100

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Control

MnSO¿ 0.lM
0.01M

0.005M

o filìl M

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Control

Al (No¡)¡ 0.1M

0.01M

0.005M

o tnlM

++ +

+

+

+

Control

Zn (NO¡)z 0.1M

0.01M

0.005M

+++

+

oolM

Control

ZnSO4 0.1M

0.01M

0.005M
o filì1M

+

+

++

+ = Ice crystal formation; - = No ice crystal formation.



Table 15. Effect of chemical agents with va¡ious concentrations on an ice

nucleating active strain of l. syringae serially diluæd, in vitro.

10-3 - 10-s100

Bacterial dilutions

lo'1 to'zTreatment

Control (no neatnent)

FeCl2 0.1M

0.05M

0.01M

+++

+

Control

FeCl3 0.1M

0.05M

0.01M

++ +

+

Control

CoCIZ 0.1M

0.05M

0.01M

0.005M

+ + +

+

+

Control

NiClz 0.lM

0.05M

0.01M

+++

+

+o.

+ = Ice crystal formation; - = No ice crystal formation.



Table 16. Effect of chemical agents (0.1M) on viability of an ice nucleation active strain

of P. svrineae.

Treatment

Control (wittrout û€atment )

FeCl2

FeCl3

CoCIZ

NiCIZ

Totat number of colonies

6.0 x 108

8.0 x 103

2.3 x lO4

4.0 x 105

5.0 x 105
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ii) Greenhouse tests

The effect of the chemicals was tested in the grcenhouse using both the tube

nucleation test and the conductivity meter. The experiment had four replicates per

treatment and all chemicals were tested at a concentration of 0.1M.

1. The tube nucleation test

In this procedure, pea leaves were added to 5ml sterile distilled water; after 30

min in the bath at -5oC, ice formation was determined at two different times:

A - One day afær spraying the pea plants with the chemicals (Table 17, A ).

B - Three days after spraying the pea plants with the chemicals (Tabte 17, B).

2. T\e conductivity metor

The conductivity meter was used and an index of injury for each treatment was

calculated (Table 18).

Although all of these chemicals had an a¡neliorating effect on ice nucleation at

0.1M concentration both in qualitative (Table 17) and quantitative (Table 18) assays,

some of the chemicals such as CoC12, NiCtZ and especially Fe in both forms (ferric

and ferrous) caused severe leaf damage to pea plants after spraying in greenhouse

tests; this probably explains the very variable results obtained with these chemicals

(see Table 18).

To obtain the most effective dose of the chemicals without leaf damage, the

lowest effective doses of the chemicals in the laboratory (Table 14 &15) were chosen

for testing the effect in the greenhouse.

Lowest effective doses tested for various chemicals were 0.01M, 0.001M for Al

(NO¡)¡, Zn (NO¡)2, NiCl2; and 0.01M for CoCl2 andFeCl2.

Both assays, the tube nucleation test and the conductivity meter, were used.

Results are shown in Tables 19 and 20, respectively. Summary of results from

conducúvity meter are shown in Table 21.



Replicates control* control** al(Nos)¡ Zn(NOs)z CoCl2 Niclz Fecl2 FeCl3

+

+

+

+

+

+

+

1

2

3

A

+

+

+

+

+

+

2

3

^

++

+

+

+

+

+

+B1
+

* = Unsprayed pea Plants .

** = Pea plants were qprayed with ice nucleation active bacteria alone .

A = Using ttre n¡be nucleation test , one day after sPraying with chemicals .

B =" tr r' " , Three days after spraying with chemicals

+ = Ice crystal formation; - = No ice crystal fomration.



Table 18. Effect of chemical agents (0.1M) on an ice nucleation active süain of P. syringae in planta. Index of Injury to

plants was measured using a conductivity metel.

Replicates Controt* Control*+ AI(NOS)¡ Zn(NOS)Z CoCIZ NiCIZ FeClz FeCl3

1

2

3

4.55

3.45

s.88

60.8s

47.83

45.28

n.9r

26.40

25.00

26.67

37.50

4t.38

45.83

35.48

60.00

60.00

55.56

40.00

80.00

24.00

27.42

71.70

22.33

38.24

57.81 24.83

* = Unspfityed pea ptanß. (Not included in statistic analysis).

r'* = Peâ plants were sprayed with ice nucleation active bacteria alone.

Mean values were significally different (P < 0.01).

34.72 43.28 44.77 45.36 43.65Mean 4.2I



Table 19. Effect of chemical agents (0.01 and 0.001M) on an ice nucleation active strain of P. s)¡ringae in plant4 using the tube nucleation test.

***

0.01

Al(NOg)s

0.001

Al(No¡)¡

0.01

NiClz

0.001

NiCl2

0.01

CoCl2

0.01

FeC12

Concentration (M)

0.01 0.001

Zn(NOg)z Zn(NOg)z

1

2

3

4

Replicates

* = Unqprayed pea plants.

*{' = Pea plants were sprayed with ice nucleation active bacteria alone.

+ = Ice crystal formation; - = No ice crystal formation.

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+



Table 20.Btræt of chemical agents (0.01 and 0.001M) on an ice nucleation active strain of P. sl'ringae in planta. Index of injury to plants

was measured using a conductivity meter.

Replicates 13 t*

62.50

55.10

52.38

<< 2f

0.0r

Al(Nos)¡

0.001

Al(Nos)s

0.01

NiCl2

0.001

NiCl2

0.01

CoCl2

0.01

FeCLZ,

Concentration (M)

0.01 0.001

zn(NØ)z zn(Nog)z

I

2

3

ll

4.55

5.45

2.33

2. /l<

42.11

¿10.00

,m.00

<< lYr

60.87

48.72

55.00

35.00

42.50

38.89

42.22

49.52

40.30

/12 1A

35.71

32.73

39.47

2e <7

42.50

39.53

40.89

^? 
1<

38.10

4.84

55 00

/l^ 
^n

52.56

52.86

52.63

/l', ))</l 1Á /11 
^

Mean 3.95 56.32 M.28 54.84 39.35 43.81 36.62 4t.5t 44.59 50.07

* = Unsprayed pea plants. (Not included in statistic analysis).

** - Pea plants werc sprayed wittr ice nucleation active bacteria.

Mean values were significally different (P < 0.01).



Table 21. Summary of means of the index of injury of the chemical agents which

may be promising as cryoprotectants for frost control.

Mean Index of Injury

Concentration (M)

0.1 0.01 0.00rTreatment

Al (Nq)3

zn (No¡)z

NiCIZ

CoCl2

24.83

34.42

4.77

43.28

M.28

39.35

36.62

44.59

54.84

43.81

4t.52

N.T

Control *

Control **

4.21

57.81

3.95

56.32

3.95

56.32

{É = Unsprayed Pea plants.

** = Pea plants were sprayed with ice nucleation active bacæria.

N.T = Not tested.
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Although by reducing the concentration of chemical, the cryoprotectant effect is

also reduced (Iable 21.), some of the chemicals such as NiCIZ and Zn(NO3)2 were

effective at low concentrations compared with control pea plants which were sprayed

with INA bacteria alone.

For comparison of the effect of the Ca(NO¡)2, MnSO4, Al(Nq)3 andZn

(NO3)2 on two strains of INA bacteria in the laboratory, one ice nucleation active

strain of P. s)¡ringae isolated from the pea field in South Australia was compared with

an ice nucleation active strain of P. syringae isolated in New Tnaland.

First fresh suspensions of the two strains were adjusted to O.D6OO of 0.7. A

ten fold dilution series was prepared from these suspensions and there were 4

replicates. A final concentration of 0.1M of the chemicals was adjusted for each

bacterial dilution. After t h, the tubes were placed in a bath at -5oC for 30 min.

Results were recorded as positive for a frozen suspension or negative for an unfrozen

suspension (lable22).

The results indicate that the New Zealand strain is more active in ice nucleation

than the South Australian strain.In the unt¡eaæd controls, ttre NZ strain was active at

a dilution of l0-3 compared with activity at lO'2 dilution for the South Australian

strain (Table 22). For two of the chemicals, Ca (NO¡)Z and MnSO4, the

cryoprotectant effect was lower on the NZ strain. However in both strains, Al

(NO¡)¡ andZn (NO¡)Z could stop freezing at all dilutions (lable22).

Following treatment, the sÞrial dilutions were plated on King's B medium for 3

days' growth at24oC. Total colonies for each treaünent were counted (Table 23).

The results confirm previous findings that the cryoprotectant effect of Ca (NO¡)Z

and MnSO4 is not because of bactericidal activity. In conüast, Al (NO¡)¡ andZn

(NO¡)Z were markedly bactericidal.



Table 22.Effect of chemical agents (0.lM) on two* ice nucleation active strains of P.

syringae serially diluted, in vitro.

Bacterial dilutions

SA strain NZ strain

Treatment 10o 10-1 rc-2 tO-3 - tO-8 10o 10-1 rc-z 10-3 tO-4 - tO-8

Control

Ca (NO¡)z

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

+

Control

MnSO+

++ +++Control

A1(No¡)¡
+ +

Control

Zn (NOl)z
+ + ++ + + +

{<

+

= One strain from South Australia (strain L) and one from New Zealand (stain 2796).

= Ice crystal formation; - = No ice crystal formation.



Table 23.Bffectof chemical agents on the viability of two* ice nucleation active strains

of P. sr¡rineae in vitro.

Treatment

Control**

Ca(NOg)z

MnSO¿

Al(NO¡)¡

Zn(NO¡)z

SA strain
Total number of colonies

3.2 x l07x**

2.6 x lO7

2.9 x IO7

9.5 x 103

3.5 x 102

NZ strain
Total number of colonies

3.2x IO7

2.7 x lO7

2.8 x LO7

9.5 x 103

6.0 x 102

{r = One strain from South Australia (strain L) and one from New Zealand (strain n9O.

** = V/ithout treatment.

{t** = Each number represents mean for 4 replicates.
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Discussion

During the growing season of a pea crop, numbers of INA bacteria decreased

with time. This could be due to environmental changes or to changes in crop

maturity. Rainfall had no detectable affect on numbers of INA bacteria but numbers

were negatively correlated with æmperature. It seems in the hot weather the numbers

and activity of INA bacteria a¡e at a low level or even at an undetectable level in

contrast to cold weather when numbers are high.

The detection of !, syringae and P. fluorescens (and not other ice nucleation

active strains of bacteria) in this study, indicates that the appearance of the species

depends on environmental conditions or on the plant host. It is not possible to

distinguish these rwo factors because we have not examined hosts other than pea; no

studies on peas have been repotted from other areas.

The control of frost injury could be achieved by the prevention of ice formation

by removing or inhibiting most, or all, ice nucleation activity. Control of frost

damage using bactericidal chemicals to destroy INA bacteria and using bacterial ice

nucleation inhibitors, chemicals that quickly inactivate the ice nucleus associated with

INA bacteria without necessarily killing bacterial cells, has been rcported for several

commercial crop plants (Andenon et a1.,1984; Lindow, 1983a, 1984). Also, results

rcported by Young (1987), have shown that ice nucleation activity in the washings

from Kiwifruit leaves was reduced after treatment with lethal doses of CuSO4 and

carbonyl cyanide m-chlorophenyl hydrazone. Moreover, it has been reported that

broccoli leaves treated with the bactericide Kasugamycin showed the lower level of

frost injury (Goto, et a1.,1988).

Among alt the chemical agents that were tested as cryoprotectants (both in vitro

and in planta), it would appear that some specific metal cations such as Mn, Al, Zn,

Ca, Ni, Co, and Fe have some effect on INA bacteria, either because of bactericidal

properties (Al,Zn,Ni, Co, and Fe), or by an effect on ice nucleating activity (Ca and

Mn). The anions of (SO+)-- or (NO¡)- compounds appeared to have no influence,

because treatments with NH4NO3 and (N[I¿)ZSO4, had no effect. Also, there was
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no difference between the cryoprotectant effects of MgSO¿ and Mg(NO3)2 or

between ZnSOq,and Zn(NO¡)2. The results with bactericidal chemicals suggests that

death of cells must alter the ice nucleation protein on the bacterial surface. This is in

contrast to the results of Lindow (1983a), who reported that cells killed by various

chemicals lost ability to nucleate ice very slowly. It is possible that in the prtsent

study, cell killing and alteration of the ice nucleation protein are two independent

events. The chemicals used in the two studies were differenr Although, by reducing

the concentration of chemicals (to lower than 0.1M), Ca and Mn lose their

cryoprotectant effectivity, others are still active, some such as Al and Zn at 0.001M.

As there appeared to be no evidence of phytotoxicity caused by Al (NO¡)¡ andZn

(NO¡)Z at this concentration, these chemicals would probably be worth testing in the

freld for control of frost damage. They certainly hold more promise than recognized

cryoprotectants such as teric and tween chemicals which were ineffective.
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Section B: Pathovars of Pseudomonas syringae on peas

Introduction

During studies on ice nucleating bacteria (section A), it was established that

Pseudomonas syringae had ice nucleation activity and was common on the pea crop

being monitored. However, the pathova¡ of the isolates was not determined. Two

very closely related plant pathogenic bacteria a¡e associated with peas, one

Pseudomonas syringae pv.Éi (Fig 10) is seed-borne and causes significant

economic damage especially during spring and summer; the other Pseudomonas

syringae pv. syringae (Fig 10) is a less virulent pathogen but can cause severe

disease following hail damage or under excessively wet condition (Wimalajeewa and

Nanca¡row, 1984). The identity of the pathovar(s) involved in ice nucleation is

important but the solution of an even more important pathological problem depends

on the infra sub-specific identity of strains of P. s)'ringae in South Australia. Several

countries have import restrictions against peas grown in areas where P. syringae pv.

pisi occurs; P. syringae pv. syringae is probably ubiquitous and no restrictions based

on its occrur€nce have been imposed.

Until recently, only P. syringae pv. syringae had been recorded in South

Australia and consequentþ export of pea seed was not restricted. However, a recent

report (Newton and Hayward, 1986) listed P. syringae pv.Éi as present in South

Australia. Also P. syringae pv,Éi has been recorded in Victoria and it is claimed

that samples collected in South Australia and processed in Victoria contained this

organism (D. Cartwright, personal communication).

The two organisms a¡e difficult to distinguish. Some of the tests reported in the

literature as discriminatory a¡e shown in Table 24. However, there is considerable

doubt about the reliability of these tests. Another reported method of distinguishing

the two organisms is by a set of typing phages, viruses which kill bacteria and by

serology (Taylor, 1972b; Taylor andDye, 1972).



Figure 10. Bacterial cells of Pseudomonas syringae pv.

pisr and Pseudomonas syringae pv. syringae viewed by

transmission electron microscopy (4, x 100001 B, x 18000;

C, x 16000; D, x 20000).

A and B) Pseudomonas syringae pv.pisi

C andD) Pseudomonas syríngae pv. s]¡ringae
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Table 24. Tests reported as distinguishing Pseudomonas syringae pv' syringae

from Pseudomonas syringae pv.pi5i.

Test !.. syringae pv. Syti¡lgÂg l. syringae pv. D!Êi

l. -Utilization of homoserine

(Hildebrand,1973)

+

2-I-esion produced on Young

bean pods, ¡¡¡d immaturc lemons

(Harrison and Freeman, 1985)

3-Stem inoculation of

sensitive host cultivars

(Malik et a1.,1987)

+

water soaking
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In this section, the methods reported to distinguish L s]'ringae pv' syringae

from P. syringae pv. pi5i with the exception of bacteriophage have been evaluated

and a much simpler screening process based on polyclonal antibodies has been

developed.

Materials and methods

a) Culn¡res

Reference cultures of P. syringae pv' s]'ringae and P' syringae pv' pisi were

obtained from New 7*aland, Victoria, Queensland, Sydney and England and

compared with South Australian str¿ins of P. syringae collected from a pea field at

Waite Instituæ (section A). Alt were subjected to the tests rcported as distinguishing

the two pathovars. Strains are listed in Table 25.

b) Growth conditions and maintenance of isolates

All the samples were recultured on King's B medium for 48 h at 24oC' then

streaked on King's B medium and individual colonies obtained from this medium

were maintained on nutrient agar slans at 4oC.

B. 1 Nutritional and pathogenicity tests

a) Utilization of homoserine

Filter-sterilized homoserine was incorporated (O.l%o w/v) into a mineral-base

medium as the sole carbon source. Mineral-base medium (Palleroni and Doudoroff,

1972) consisted of: Na-K phosphate buffer, pH 6.8, M/30; NH4C1, O.l%o;

MgSO+.7H2O, O.057o; ferric ammonium citrate, 0.0O5Vo: CaCL2, 0.0005Vo;

Ionagar, IVo. A bacterial suspension (0.03m1) was placed on the medium, and the

capacity to grow was observed after 2 weeks

b) Pathogenicity

i) Bean pod and lemon fruit inoculation



Tabte 25. Cultures of Pseudomonas syringae used in this investigation.

2796:3319;3543:
3939;5055

8t5;v152;3575;
5310; 5316

3576;3940;394I;
53t9

D4R26811;D4R35712;
DAR41320

D4R30566;D4R33368;
D4R33369;DAR33379;
DAR58730

UQM213; UQtÃ2n

UQM551a; RYE9

DN20; DN28

P47;P54;P55

P52; P53; P60

r2t2

t217

L;N;o

svnnsae

svnnsae

svnnsae

plsl

,l

synngae

plll

synngae

plsl

,l

DlSl

?

New Zealand
(Dr J.M.Young)

Sydney
(Dr P.Fa,tty)

Queensland
(Dr A.C. Hayward)

il

Dlsl
tt

I

Victoria
(Dr D.L.S. tü/imalajeewa)

England
@r J.D. Taylor)

South Australia
(M. Mazarci)

a = Originally isolated in South Australia by M.V. Carter.
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Young bean pods and light yellowish-green lemon fruits were inoculated by

placing drops of an aqueous bacterial suspension (about 108 cells/ml ) on the surface

and pricking lightly through the drops with a sterile needle. Incubation was in moist

containers at25oC for 7 days.

ü) Stem inoculation

Two susceptible pea cultivars, Rovar and Blue-Prussian, (Taylor, I972a) were

grown (10-14 days) in pots. Bacteria cultured (16 h) on King's B media were

scraped from the surface with a sterile needle and stabbed into the main stem at its

junction with the stiptrles at the youngest two nodes (nvo inoculations per plant). The

plants were maintained for 10 days before recording the results. There were two

replicates for each strain on both cultivars.

Results

a) Utilization of homoserine

The majority of the reference cultures of !. syringae pv. syringae did not utilize

homoserine as a sole carbon soruce. In contrast most of the ¡eference cultures of P.

s]¡ringae pv. Éi utilized homoserine (Fig 11). However there was a significant

number of exceptions (Iable 26).

b) Pathogenicity

i) Bean pods and lemon fruits

Inoculation of bean pods was not a reliable test. Most of the reference cultures

of the two pathovars produced small reddish-brown depressed lesions (Fig 12). On

lemon fruits all pathogenic strains of !. syringae pv. syringae produced brown

depressed lesions whereas all pathogenic strains of P. syringae pv. Éi produced no

symptoms (Fig 13).

Results are shown in Table 26.



Tabte 26. Responses of strains of !. syringae pv. syringae and pv. pisi to various diagnostic tests.

Inoculation of

Strain [Jtiliz¿tion of l-emon Pea stems of cultivar Pathovar
homoserine fruits Rovar Blue-Prussian identification

8t5, r2r7
2452,3575
5055,5310
5316, D4R30566
DAR 33369,
DAR 58730,
UQM 551

WS

svnnsae

+

+

N

N

WS

N

N

2796,3319,
DAR 268TI,
DAR 4T320,
L, N, O,
DN2O, DN28*

t2t2,3576,
53t9, DAR33379
P54*

+

+

DlSl

s\,Tlnsac

swinsae?

non pathogenic

non pathogenic

non pathogenic?

non pathogenic?

DAR 357T2,
uQ}/'f227*

3543, P47, P52

3939*, P53*, P60,
UQM 213

DAR33368, RYE9 +

3940,3941,P55

WS = Water soaked.

N = Extensive necrosis and collapse.

- = Null response (only inoculation wounds were visible).

G = Skin cracking with production of galls.

* = Production of galls on cultivar Rovar.

NN

+

G

G+



Figure 11. Utilization of homoserine as a sole ca¡bon

source by Pseudomonas syringae.

I-eft : Pseudomonas s]¡ringae pv. s]'ringae (srain L).

Right : Pseudomonas s]'ringae pv.Éi (strain UQM 551).





Figure 12. Pathogenicity of Pseudomonas s]¡ringae on

bean pods.

Iæft : Pseudomonas syringae (pv. pisi or syringae).

Right : Cont¡ol (water alone).





Figure 13. Pathogenicity of Pseudomonas lyti¡tggg on

lemon fruits.

I-eft : Pseudomonas s!¡ringae pv. s]¡ringae (strain L).

Right: Pseudomonas s]¡ringae pv.pisi (strain UQM 551).
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ü) Sæm-inoculation

Inoculation with L syringae pv.Éi resulted in water-soaked tissue (Fig 14)

spreading from the site of inoculation for most pathogenic strains. In contrast,

inoculation with P. syringae pv. syringae resulted in extensive necrosis and collapse

with stunting (Frg 15) on the two cultiva¡s Rova¡ and Blue-Prussian. The pathogenic

rcsponses were clea¡er and more extensive on cultivar Blue-Prussian than on cultivar

Rovar. Occasionally small galls were produced on cultiva¡ Rova¡ (Ftg 16).

Non pathogenic strains of P. syringae produced a null response in which no

symptoms other than the inoculation wounds were visible (Fig l7).

Results are shown in Table 26.



Figure 14. A pathogenic response of water-soaking

spreading from the site of stem inoculation on pea

cultivar Blue-Prussian, produced by Pseudomonas

syringae pv.Bj$i.

Figure 15. A pathogenic response of extensive

necrosis and collapse produced by Pseudomonas

s]¡rineae pv. s]rringae, after stem inoculation on pea

cultivar B lue-Prussian.
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Figure 16. A response of skin cracking with production

of yellow galls produced by Pseudomonas s]¡ringae, after

stem inoculation on pea cultivar Rova¡.

Figure L7. A null response by Pseudomonas syringae,

after stem inoculation on pea cultivar Blue-Prussian, in

which no symptoms other than the inoculation wounds

are visible.
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Discussion

Nutritional and pathogenicity tests

A comparison of published tests (utilization of homoserine, pathogenicity on

lemon fruits and stem-inoculation of appropriate host cultivars) to distinguish nvo

pathovars of P, syringae þv. syringae and pv. pi$|, indicated that stem-inoculation,

especially of cultiva¡ Blue-Prussian, was most useful for distinguishing the two

pathovars. Results can.be confirrred by inoculation of lemon fruit. Those strains

producing a water-soaked lesion after stem-inoculation with no response on lemon

fruits can be identified as P. syringae pv. Éi. In contrast, those str¿ins producing

extensive necrosis and collapse afær sæm-inoculation of peas and a depressed brown

lesion on lemon fruits can be identified as P. syringae pv. syringae.

Although most of the reference strains of P. syringae pv. Éi utilized

homoserine as a sole ca¡bon source, some !. syringae pv. syringae strains (e.g.

l2I2 andP 54) also utilized homoserine. This test alone is not, therefore, sufficient

to distinguish the two pathovars.

Some reference strains had been misidentifred. Fu example, strain DAR 33379

was received as !. syringae pv. Éi. Although it utilized homoserine as a sole

carbon source, its other characteristics, especially necrosis following stem

inoculation on both pea cultivars (Rovar and Blue-Prussian) and the brown

depressed lesion following lemon inoculation, are typical of P. syringae pv.

syringae. Identification of the strain was confinned serologically which is described

in the following section.
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8.2 Serology

Introduction

Although nutritional and pathogenicity tests (section B. 1) for differentiation of

P. syringae pv. syringae from P. syringae pv. Éi are effective, they are also time

consuming and the pathogenicity test requires a lot of gteenhouse space. A

serological differentiation of the two pathovars could be much morc cost-effective

(Taylor, 1972b; Taylor.and Dye, t972).The possibility of developing a much more

rapid and cost-effective screening for P. syringae pv. s]'ringae and P. syringae pv.

pisi based on polycolonal antibodies was examined.

Materials and methods

a) Selection of isolates

From all the reference strains (Tabte 25), two strains were chosen which

showed the typical responses of F" trvo pathovars (Iable 26).

Both strains were isolaæd from South Australia:

1- Strain UQM 551(P. s)rringae pv.ÉÐ, was isolated from apea fieldin 1966.

2- Strain L (!. syringae pv. syringae), was isolated from a pea freld in 1986.

b) Growth conditions of strains for serological tests

.. The two strains were streaked twice on King's B medium, single colonies

selected and grown for 48 h on a shaker at25oc in a liquid medium (Lucas and

Grogan, 1969) which consisted of: l0 g glucose, 6 g Difco casamino acids, 2 g

KH2PO4, 1 g K2HPO4, and one liter distilled water.

The bacterial cells were sedimented by centrifugation at 4oC for 10 min at

100009. The pellets were suspended in 5ml sterile distilled water and centrifuged

again. The pellets were washed twice more and, after final centrifugation,

resuspended in 5ml sterile distilled water. These cells were the source of the

antigenic preparations of bacterial cells.
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c) Preparation of bacterial antigens

i) Glutaraldehyde fixed antigen

Bacærial cells were fixed with 0.25Vo glutaraldehyde (Allan and Kelman,1977).

ü) Sonicaæd antigen

Bacterial cells were sonicated at 100V/ for 5 min with 1 min treatments

separaæd by 1 min cooling perids.

üi) Heat-killed antigen

Bacterial cells were heat-killed at l21oC for 15 min.

iv) Flagellar antigen

For preparation of flagella, the procedure of Guffanti and Eisenstein (1983)

was used; it is based on the fact that bacterial cells sediment more rapidly than

flagella. Cells were grown in liquid médium on a rotary shaker and highly motile

cultures in the late-exponential phase of growth were ha¡vested by centrifugation at

120009 for 10 min. The pellets were suspended in SDW (30 g/liter) and shaken for

10 min with a twist acúon shaker to shear the flagella. Intact cells were spun down at

60009 for 30 min and the resulting supernatant was centrifuged at 160009 for 20

min. The supernatants were pooled and the flagella and cellular fragments were

separated by two series of differential centrifugations, first at 125009 for 30 min and

then at 800009 for I h. The clear, gelatinous flagella in the upper part of the pellet

were carefully removed and suspended in SDW and allowed to stand at 4oC

overnight. The flagellar suspension was viewed by transmission electron

microscopy (Fig 18).

v) Cell wall antigen

This was prepared by both hot phenol and cold trichloracetic acid (TCA)

methods



Figure 18. Flagellar suspension of Pseudomonas syringae

viewed by transmission electron microscopy (x 30000).



Ç
!¡

o
ì

I

,.,
, 

i, 
-'i

-.
: 

'r.
.

,

¡

\ '\)

'+ //
,+

tt

t

I \
I

/

I .a
bd

ì^
'

¡
o

&
n'

'

4
st

t
I

Þ

t:.
 , 

ud
'

t
t

\

Ç

l,

t

-
a



37

The hot phenol procedure of Lucas and Grogan (1969) was used; twice washed

bacterial cells were pelleted, weighed, and suspended in lO0ml SDW (65oC) per 5 g

of bacterial wet cells. To this solution, an equal volume of 907o watm (65oC) phenol

was added. The emulsion was stirred for 30 min at 65oC, cooled in an ice bath, and

centrifuged at 10009 for 30 min. During the centrifugation, the emulsion separated

into three phases: a) an aqueous phase on top, b) a precipitaæ at the inærface and c) a

phenol phase at the bottom of the tube. The aqueous phase was collected; the

precipitate and phenol phases were extracted again with 100 ml of SDV/ (65oC),

centrifuged as above and the aqueous phase collected and combined with the fint

extract. It was then dialysed against SDW for two days at room temperature and the

antigen precipitated at -20oC overnight by the addition of six volumes of cold

ethanol. The precipitate was collected by centrifugation, and dissolved in SDV/.

Cell wall antigen was also prepared by a cold TCA method using a similar

procedure to that described by Digat and Ca¡nbra (1976). The twice washed bacterial

cells in distilled water *"r. 
""rroifuged 

and the packed cells weighed and suspended

in 2 times their weight of ice cold SDW. Then an equal volume of cold 0.5N TCA

was added with stirring continued for 3 h at 4oC. After centrifugation at 120009 for

30 min, the supernatant was neutralized to pH 7.0 with concentrated NaOH.

Following addition of 2 volumes of cold ethanol and incubation at -20oC overnight,

the antigen was precipitated by centrifugation and dissolved in 0.1 of the original

volume of SDW and dialysed against SDV/ for 4 days at 4oC. Finally it was

centrifuged at270ffig for 15 min, and the supernatant which contained cell wall

antigen was retained.

vi) Membrane protein complex antigen

This was prepared as described by Yakrus and Schaad (1979). The ha¡¡ested

washed bacterial cells were centrifuged, the pellet weighed and suspended in 200ml

of 0.2M LiCl per 10 g wet weight of cells. To this suspension 3 ml of glass beads

(3mm diameter) were added, and agitated on a rotary shaker for 2-3 h at 45oC. The
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suspension was flltercd through cheesecloth, and centrifuged at 120009 for 20 min.

The supernatant fluid retained and centrifuged at 300009 for 40 min and the

supernatant fluid containing the membrane protein complex centrifuged at 1000009

for 2h. The pellet was washed once with SDrù[ and centrifuged at 1000009 for 2h,

and the frnal pellet suspended in SDV/ and stored at 4oC.

vü) Glycoprotein antigen

This was prepared according to the method of Digat and Cambres (1976). The

harvested bacterial cells in SDW were shaken vigorously for 30 min, centrifuged at

30009 for 15 min, and the supernatant centrifuged again at 60009 for 15 min. The

supernatant was filtered through a millipore filter (0.45pm), neutralized to pH 7.0,

and precipitated by addition of an equal volume of saturated ammonium sulfate at

4oC overnight. The precipitate was collected by centrifugation at 200009 for 15 min,

dissolved in SDW, and dialysed against SDW for 4 days.

viü) Exopolysaccharide antigen

This antigen was prepared as described by Coleno et al., (1976). Bacterial cells

were grown on levan medium containing sucrose to produce exopolysaccharide

(slime). The cells were harvested, suspended in SDV/, and pelleted by

centrifugation. The pellet was washed 3 times and the supernatants of the second and

third washings combined. the slime was precipitated with ethanol (final

concentration 607o) at -20oC overnight. The gelatinous pellet was taken up and

dialysed against SDV/ overnight.

d) Measuring protein concentration

Protein concentrations were measured by Pierce (ILLINOIS, U.S.A ) BCA

Protein Assay Reagent according to the manufacturer's recommendations. To

prepare BCA Protein Assay Working Reagent, 50 parts of Reagent A (sodium

carbonate, sodium bicarbonate, BCA detection reagent and sodium tartrate in 0.lN
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NaOH) was mixed with 1 part of Reagent B (copper sulfate). A set of protein

standards of known concentration was prepared by diluting a stock solution of BSA

(bovin serum albumin), in the same diluent as the unknown samples; 0.1 ml of each

standard or unknown protein sample was pipetted into the test tube. For blanks, 0.1

ml of diluent was used: Two ml BCA Working Reagent was added to each tube,

mixed well and all the tubes incubated at 37oC for 30 min. After incubation, all

tubes were cooled to room temperaturc. The absorbance of the blank was subtracted

from the values of the standa¡ds or unknowns. A standard curye was prepared by

plotting the net (blank corrected) absorbance at562nmvs. protein concentration. By

using this standard cun¡e, the protein concentration fq each unknown protein sample

was determined.

e) Electron microscopy

A drop of suspension was placed for 1 min on a 400-mesh copper grid, which

was covered by a carbon-coated formvar film preæated by glow discharge. Negative

staining was done with IVo phosphotungstic acid for 30 seconds and rinsed with

SDW for 30-60 seconds. Grids were dried on filterpaper in petri-dishes and viewed

under a transmission electron microscope CIEM) (8M400; Philips, Australia).

f) Polyacrylamide gel electrophoresis (PAGE)

The discontinuous buffer system of Laemmli (1970) with l27o of lower gel and

SVo of stacking gel was used in vertical slab gels on a Bio-Rad electrophoresis

apparatus.To prepare the lower gel, 13.9 ml distilled water, 10 ml Tris (18.17g Tris-

base + 6 N HCt + 4 ml of l07o SDS pH 6.8 adjusted to 100 ml with distilled water)

and 16 ml Acryl/Bis from stock solution(307o acrylamide,O.SVo Bisacrylarnide WA/

in distilled water) were mixed. To this solution 0.12 ml of ammonium persulfate

(0.19/ml ) and 0.02 ml of TEMED were added. The mixture was carefully added to

appamtus with a Pasteur pipette in order to avoid trapping bubbles, while leaving 1

cm from the top empty. A flat surface was ensured by overlaying with 1 ml water-
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saturated-Butanol. The gel was allowed to polymerize for 2-3 h. The stacking gel

was preparcd by mixing 3.85 ml distilled water, 1.7 ml upper Tris (6.069 Tris-base

+ 6 N HCI + 4 nl lOVo SDS, pH 6.8, adjusted to 100 ml with water) and 1.15 ml

Acryl-Bis from stock solution. Afær addition of 0.04 ml ammonium penulphate and

0.01 ml TEMED to this solution, it was poured between sandwich glass plates.

(Previously the overlying liquid above the lower gel had been poured off and the gel

washed with distilled water). Finally the comb was inserted ca¡efully to avoid

trapping bubbles at the bottom of the teeth. Then the gel was allowed to polymerize.

Bacterial cells of the two pathovars (strains UQM 551, P. syringae pv. plsi and L, P.

syringae pv. syringae) were prepared in sample buffer of Laemmli (1970) containing

62.5 mM Tris-HCl pH 6.8, 37o SDS, 57o 2-mercaptoethanol, IÙVo glycerol and

O.OtVo bromophenol blue and boiled for 5 min at 90-100oC. Afær the samples were

cooled to room temperature, 10pl were applied to each sample well with aHamilton

syringe. The Tris-Glycine buffer (3.0g Tris-base, 14.39 glycine in 1 liter of distilled

water) was used as elecuophoresis buffer and the electrophoresis was performed at

4mA lgel for 16 h. After electrophoresis, the gel was stained.

i) Silver staining of proæin gel

The technique has been described by V/ray et al. (1981). Briefly, following

electrophoresis, the gel was soaked in 507o methanol in double distilled water and

left on a rocking platform overnight. This solution was changed three times. The

silver staining solution was prepared as follows: 1.4 ml of fresh 14.8M ammonium

hydroxide was added to 21 ml of 0.36Vo NaOH. Then 0.8 g silver nitrate (BDH

chemical, Australia) dissolved in 4 ml of double distilled water was added dropwise

to this solution and the total volume increased to 100 ml with double distilled rvater.

This solution was always used within 5 min of preparation. (The gel was quickly

washed for a maximum of l-2 min in deionized water on a rocking platform, before

adding the silver nitrate solution). The gel remained in the silver solution for 15 min

with constant agitation at room temperature. Later the gel was washed with gentle



4l

agitation for 2-5 min in double distilled water. The developing solution was prepared

by mixing 2.5 rrl of IVo citric acid and 0.25 ml of 38Vo formaldehyde in 500 ml of

deionized water. This solution was always prepared fresh. The gel was soaked in

this solution and with gentle agitation it was developed (5-15 min). Then it was

washed with distilled water several times and incubated in Ilford rapid fixer

(prepared 1:5 in double distilled water) in order to remove background which was

deposited on both sides of the gel or to reduce the darkness of stained bands. This

step was monitored very closely as it may remove all the stained bands. The gel was

rinsed several times with distilled wator and then incubaæd in hypocleaning agent for

30 min with agitation (agitation was necessary to prevent it from sticking to the

container and breaking). During this trreatrnent the gel swells and the residue of rapid

fixer is washed away.

The gel was rinsed several times in distilled water and then agitated in l07o

methanol md 57o glycerol in deionized water for at least 2 h. Finally the gel was

photographed.

e) Production of polvclonal antibodies

Four kinds of antisera against both P. syringae pv.pisi (strain UQM 551) and

P. syringae pv. syringae (stain L) were prepared; i) antisera to glutaraldehyde-fixed

cells; ii) antisera to sonicated cells; iii) antisera to heat-killed cells and iv) antisera to

glutaraldehyde-fxed flagella of bacterial cells.

For preparation of all antisera, New 7æaland white rabbits were used. In all

injections, except intravenous, the antigen was mixed with an equal volume of

Freund's incomplete adjuvant. The rabbits were bled from the marginal ear vein at

regular intervals. Before the first injectíon, preimmune antisera (control antisera)

were obtained. Blood was clotted after incubation for 2-3 h at 37oC and left

overnight at 4oC. The sera were recovered as supernatants after centrifugation at

20009 for 10 min. After each bleeding, antisera urere titrated by an Ouchterlony gel

double-diffusion test (Ouchterlony, t962).
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i) Antisera to glutaraldehyde-fixed bacterial cells

Strains UQM 551 (pv. piSD and L (pv. syringae) were fixed with O.25Vo

glutaraldehyde, and used to inject rwo rabbits. Rabbits were injected 1 (optical

density, OD = 1 at 600nm, subcutaneously), 5 (OD = 1 at 600nm, intrarnuscularly),

and12 (OD = 2 at 600nm, intrarnuscularly) weeks after the first injection (OD = 1 at

600nm, subcutaneously).

ü) Antisera to sonicated bacærial cells

Strains UQM 551 (pv. piSÐ and L (pv. syringae) were sonicated, the protein

concentrations measured, and used to inject trvo rabbits. Rabbits were injected 1

(500pg, subcutaneously), 5 (500¡rg, intramuscularly), and 12 (1000pg'

intramuscularly) weeks afær the fint injection Q50ltg,subcutaneously).

üi) Antisera to heat-killed bacærial cells

Strains (UQM 551 and L) of the two pathovars (piSi and syringae) were heat-

killed, protein concentrations measured, and used to inject nvo rabbits. Rabbits were

injected 1 (250pg, intravenously), 2 (500pg, intramuscularly), 5 (500pg'

intramuscularly), 10 (1000pg, intramuscularly), and 20 (500pg, intravenously)

weeks after the fimt injection (250¡rg, intravenously).

iv) Antisera to glutaraldehyde-fxed flagella

Flagella from the two pathovars (strain UQM 551, pv. Éi and strain L, pv.

syringae) were isolated as described before, fixed with 0.257o glutaraldehyde,

protein concentrations measured, and used to inject two rabbits. Rabbits were

injected I (250¡tg, intravenously), 2 (500pg, intramuscularly), 6 (500pg'

intravenously), 10 (500pg, intramuscularly), and 14 (500pg, intavenously) weeks

after the first injection (250pg, intravenously).
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h) Absomtion of antisera'-
Cross-absorption was by the method of Azad and Schaad (1988). One volume

of each antiserum was mixed separately with an equal volume of either whole

untreated, glutaraldehyde-fixed, sonicated, or heat-killed bacterial cells of the

heterologous antigen. Mixtures were incubated for t h at 37oC in a water-bath

shaker, centrifuged at 30009 for 10 min, and the pellets discarded. For use in

indirect ELISA, antisera werr absorbed as above three more times by further addition

of antigens.

i) Serolosical techniques

i) Ouchterlony gel double-diffusion

Tests were done in 90mm plastic petri dishes containing 15 ml of O.75Vo

purified agar in 0.01M NaZHPO4 - NaIIZPO4 buffer at pH 7.6 containing O.97o

NaCl and 0.02Vo NaN3 added as a preservative. The plates were stored in a

refrigerator until needed. Circula¡ patterns with 6 wells surrounding a central

antiserum well were used in gel diffusion tests. Holes were 3mm in diameter and

3.5mm apart. 15 pl of antigen was placed in each outer well and 15 pl of undiluted

antiserum in the central well. Plates were maintained at 25oC and observed for

precipitation lines afær 2-3 days.

ü) Enzyme-linked immunosorbant assay (ELISA)

An indirect ELISA technique (Koenig, 1981) was used. Antigens were diluted

in carbonate buffer, pH 9.6, and added to microtitre ELISA plates from Nunc

(Denmark) (100p1 per well). The protein concentrations for coating test antigens

were measured as described before, and details of coating concentrations are

presented in the results section. After incubation for 3 h ît25oc in a moist plastic

container and three 4-min washings in PBS-Tween (0.8g NaCl, 0.29 K}J2PO4,

1.159 Na2HPO4,0.2g KCl, 0.5 ml Tween-20 and water to 1 liter, pIJ7.4), a

blocking solution (lOg/titer bovin semm albumin,O.lM NaCl) was added (375¡tl per
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well) to block non-specific protein binding, and incubated for I h at 25oC. After

washing the plates, antisera diluted in sample buffer (PBS-Tween,27o PVP buffer,

pH 6.0) were added (100p1per well) and then incubated overnight at 4oC. Details of

antisera dilutions are presented in the results section. Plates were washed as before.

Goat anti-rabbit immunoglobulin (Sigma) coupled with alkaline phosphatase diluted

in conjugate buffer @BS-Tween-2Vo PYP,0.2Vo BSA buffer, pH 7.4) (lttUml) was

added (100p1per well) and incubated for 3 h at 25oC. After washing, the substrate,

p-nitrophenyl phosphate in substrate buffer (diethanolamine, pH 9.8) (1 mg/ml) was

added. The absorbance was measured with an automatic ELISA reader (Bio-Rad,

2550) at 405nm after t h.

Results

a) Polyacrylamide gel electrophoresis

All the protein bands were common to both pathovars (pv. syringae and pv.

pþ[), although some showed quantitative differences (Fig 19). It soems these two

pathovars cannot be differentiated by PAGE assay.

b) Serological tests

i) Ouchærlony gel double-diffusion

Each antiserum was tested in Ouchterlony gel double-diffusion test with its

corresponding homologous aûd heterologous antigens, using whole untreated, fixed,

sonicated, and heat-killed bacterial cells as antigens. With fixed cells, no reaction

occurred either with homologous or heterologous antisera, presumably because fixed

cells cannot move in the gel.

All antisera were tested against other pathovars, other species of Pseudomonas,

and other genera; they were P. syringae pv. p¡¿sga.licola, P. syringae pv.

coronafaciens isolated from oats, Pseudomonas fluorescens, Escherichia coli,

Rhizobium, and Agrobacterium . Antigens were whole untreated, sonicated, and

heat-killed bacterial cells. Pre-immune serum (control serum) of each immunized



Figure 19. Analysis of protein profiles of Pseudomonas

syringae pv. syringae and Pseudomonas syringae pv. pisi.

A) !. syringae pv. syringae (strain L).

B) P. syriuea,e pv. pi$i (strain UQM 551).
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rabbit was tested and no reaction was evident. All strains (Table 25) that had been

previously checked by nutritional and pathogenicity tests (Table 26), were tested

against these 8 antisera, using whole untreated, sonicated, and heat-killed cells as

antigens.

1. Antisera to glutaraldehyde-fxed bacterial cells

The highest immunodiffusion titres of antisenrm to isolate UQM 551 (pv. pisi)

was L/128, and to isolate L Gv. syringae) was 1/64. Antiserum to frxed strain UQM

551 and to fixed strain L had a high level of specifrcity. rüith heærologous antigens,

using whole untreated cells as test antigen, a very weak precipitation line (halo) was

observed. No reaction was evident, using sonicated and heat-killed cells as test

antigen (Fig 20 a, b).

Reaction between the antisera and other pathovars was very weak, producing

an indistinct halo only when whole untreated cells were used as antigen. No reaction

with other species of Pseudomonas or other genera was evident, using all forms

(whole untreated, sonicated, and heat-killed) of test antigen.

Results are presenæd in Table 27.

2. Antisera to sonicated bacterial cells

The highest immunodiffusion titres of antiserum to isolate UQM 551 (pv. pisÐ

was 1/64, and to isolate t (pv. syringae) was U32. Antisera gave a strong reaction

against homologous antigens. With heterologous antigens no cross reactivity was

observed, when heat-killed bacterial cells were used as test antigen. However, with

other forms (whole untreated and sonicated cells) of test antigen, cross reactivity

(weak precipiøtion line) was evident (Fig 20 c, d).

The antisera showed cross reactivity with other pathovars, and species of

Pseudomonas, when whole untreated and sonicated cells were used as test antigen.

V/ith other genera no reaction was evident, using all forms (whole untreated,

sonicated, and heat-killed cells) of test antigen.



Figure 20. Reaction of antisera to glutaraldehyde-fxed,

sonicated and heat-killed cells and to flagella of strains L

(pv. syringae) and UQM 551 þv. piÐ of Pseudomonas

s]rringae with homologous and heterologous antigens, in

Ouchærlony gel double-diffu sion test.

Central wells:

a) Antiserum to glutaraldehyde-fixedcells of strainL
b) Antiserum to gtutaraldetryde-fixed cells of stain UQM 551

c)
d)

Antiserum to sonicatedcells of srainL
Antiserum to sonicated cells of strain UQM 551

e) Antiserum to heat-killed cells of strain L
f) Antiserum to heat-killed cells of strain UQM 551

g) Antiserum to flagella of strain L
h¡ Antiserum to flagella of strain UQM 551

Outer wells:

1, whole untreated bacterial cells of antigen UQM 551;2,

heat-killed bacterial cells of antigen UQM 551; 3, sonicated

bacterial cells of antigen UQM 55L; 4, whole untreated

bacterial cells of antigen L; 5, heat-killed cells of antigen L;

6, sonicated cells of antigen L.





Table 27. Responses of several strains to antisera to glutaraldehyde-fixed cells of strains

UQM 551 (P. syringae pv.pisù and L @. syringae pv. syringae), in Ouchterlony gel double-

diffusion tests, using whole untreated, sonicated, and heat-killed cells as antigen.

Antigen

uQMs51
L

815,1217,
2452,3940,
394t,3575,
5055,5310,
53 16,
D4R30566,
D4R33369
D4R58730

3319,3939,
D4R26811,
D4R41320,
DN2O,DN28,
P53,P55

untrea.

Antiserum to fixed cells of strain

UQM ssl L

sonic. heat-killed untrea. sonic.

t:i;
+ _rÈ

+ +

_*

heat-killed

+
_*

+

+

+

I2L2,2796,
3543,3576,
53t9,
DAR3336g,
DAR3337g,
D4R35712,
N,O,
P47,P52,P60,
RYE9,
uQM213,
uQMrzn

+*

P.
pv
pv

_:ß

_rF _*

Agrohacterium
Escherichia çg!!
Rhizobium

+ = Presence of a strong precipitation line.
-* = Presence of a very weak (halo) precipitation line.
- = No precipitation line was formed.
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Reaction of anúsera with reference cultures (Table 25 and 26) are shown in

Table 28.

3. Antisera to heat-killed bacærial cells

The highest immunodiffusion titre of antiserum to UQM 551 (pv. pigD was

U64, and. to L (pv. syringae) was U32. Antisera showed a weak reaction

(precipitation line) with its homologous antigen, when whole untreated cells were

used as æst antigen. Although these antisera showed strong reactions wittr heat-killed

and sonicated cells of homologous antigens, the same reaction was also observed

when heat-killed and sonicated cells of heterologous antigen were used as test

antigens (Fig 20 e, f).

Reaction of antisera with other pathovars of !. syringae was the production of

a strong precipitation line, when heat-killed and sonicated cells were used as test

antigens. No reaction with other species of Pseudomonas and other genera was

evident, using all forms (whole untreated, sonicated, and heat-killed cells) of test

antigen.

Results are summari zed n T able 29.

4. Absorption of antisera

Antisera to glutaraldehyde-fixed cells were absorbed with bacterial cells of

heterologous antigen to temove cornmon antigenic determinant(s) which showed as a

halo (very weak precipitation line), when whole untrtoated heterologous cells were

used as test antigen (Fig 20 a, b). Antisera were cross absorbed with different forms

(whole untreated, fixed, sonicated, and heat-killed cells) of heterologous antigen.

Results of cross absorption showed that fixed bacterial cells did not absorb as

effrciently as other forms, presumably because of their lack of solubility. There was

no difference between antisera absorbed with other antigen forms, which could

absorb the antisera and no precipitation line with heterologous antigen was evident

following cross-absorption (Fig 2l a,b).



Table 28. Responses of several strains to anúsera to sonicated cells of strains UQM 551 (P.

syringae pv.pisù and L (!. syringae pv. syringae), in Ouchterlony gel double-diffusion tests,

using whole untreated, sonicated, and heat-killed cells as antigen.

Antigen

uQM551
L

815,L2I7,
2452,3940,
394r,3575,
5055,5310,
5316,
D4R30566,
D4R33369
DAR58730

L2L2,2796,
3543,3576,
5319,
DAR3336g,
D4R33379,
D4R35712,
N,O,
P47,P52,P60,
RYE9,
uQM213,
uQNI¿ã

33L9,3939,
D4R26811,
D4R41320,
DN2O,DN28,
P53,P55

Antiserum to sonicated cells of strain

UQM ssl L

untrea. sonic. heat-killed untrea. sonic.

+++.r-{<-t-{<
.r-*.u*-++

+ + + at-{t at-{c

at-:& at-{c + +

.t-* .t-* at-:lc at-t*

¡:F .t-* .t-*

heat-killed

+

+

at-:F.t-*.t-* at-d<

¡:lc

Agrobacterium
Escherichia çgli
Rhizobium

+ = Presence of a strong precipitation line.
+* = Presence of a weak precipitation line (cross reactivity).
- = No precipitation line was formed.



Table 29. Responses of several strains to antisera to heat-killed cells of strains UQM 551

(!. syringae pv.ÉÐ and L (P. syringae pv. syringae), in Ouchterlony gel double-

diffusion tests, using whole untreated" sonicated, and heat-killed cells as antigen.

Antigen

uQMssl
L

815,t2t7,
2452,3940,
394t,3575,
5055,5310,
5316,
D4R30566,
DAR33369
D4R58730

3319,3939,
D4R26811,
D4R41320,
DN2O,DN28,
P53,P55

1212,2796,
3543,3576,
5319,
D4R33368,
D4R33379,
DAR35712,
N,O,
P47,P52,P60,
RYEg,
uQM213,
uQÌú2n

Antiserum to heat-killed cells of strain

UQM ssl L

untrea. sonic. heat-killed untrea. sonic. heat-killed

.t-*++-++
-++.t-*++

.t-*++-++

+ + at-:lt +

+ + + +

+ + + +

+

AEobacterium
Escherichia çoli
Rhizobium

+ = Presence of a strong prccipitation line.
+* = Presence of a weak precipitation line.
- = No precipitation line was formed.



Figure 21. Reaction of antisera to glutaraldehyde-fixed,

sonicated, and heat-killed strain L (pv. syringae) and UQM

551 þv. pisi) of Pseudomonas syringae, following cross

absorption, to homologous and heærologous antigens, in

Ouchterlony gel doublediffusion æst.

Central wells:

a) Antisenrm o glutaraldehyde-fixedcells of strain L
b) Antiserum to glutaraldehyde-fixed cells of strain UQM 551

c) Antisenrm to sonicaþdcells of srainL
d) Antiserum to sonicaæd cells of strain UQM 551

e) Antiserum to heat-killed cells of strain L
f) Antisenrm to heat-killed cells of strain UQM 551

Outer wells:

1, whole untreated bacterial cells of antigen UQM 55L;2,

heat-killed bacterial cells of antigen UQM 551; 3, sonicated

bacterial cells of antigen UQM 551; 4, whole untreated

bacærial cells of antigen L; 5, heat-killed cells of antigen L;

6, sonicated cells of antigen L.
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Antisera to sonicaæd cells were absorbed with heterologous antigens. No cross

reactivity was observedfollowing cross absorption @g 2l c,d).

Absorbed antisera to heat-killed cells with whole untreated heterologous

antigen, showed no change in their reactivity. However, cross-absorption with

sonicated and heat-killed heterologous antigen, resulted in loss of precipitation line

when either homologous or heterologous cells were used as æst antigen (Fig 21 e, f).

Reactions of antisera with homologous and heterologous antigen following

cross-absorption are shown in Table 30.



Tabte 30. Reaction of antisera to vadous antigenic preparations of P. syringae pv.

syringae and pv. pþ! following cross absorption with heterologous antigen, against their

homologous and heterologous antigens in Ouchterlony gel double-diffusion tests.

Antisera (cross-absorbed with whole untreated cells)

form of æst antigen Homologous Heterologous

to fixed cells whole unt¡eaæd
heat-killed
sonicated

to sonicated cells whole unEþated
heat-killed
sonicaæd

to heat-killed cells whole unûteated
heat-killed

to fxed cells whole unueated
heat-killed
sonicaæd

to sonicated cells whole unreaæd
heat-killed
sonicaæd

to heat-killed cells whole unueaæd
heat-killed
sonicated

+
+
+

+
+
+

.t-*
+

+
+
+

+
+
+

+

at':s

Antisera (cross-absorbed with sonicated cells)

to fixed cells whole untr',eaæd
heat-killed
sonicaæd

to sonicated cells whole unEleated
heat-killed
sonicated

to heat-killed whole unteated
heat-killed
sonieafed

+
+
+

+
+
+

.t-*

+ = Presence of a strong precipitation line.
+* = Presence of a weak precipitation line.
- = No precipitation line was formed.
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ü) hdirectELISA

Different dilutions of cross absorbed antisera to glutaraldehyde-fixed strains

UQM 551 and L were tested against homologous and heterologous anúgens, using

whole untreated, and heat-lolled bacterial cells as antigen. A comparison of antisera

absorbed with different heterologous antigenic forms (whole untreated, sonicated,

fixed, and heat-killed cells), showed that, as in the Ouchterlony gel double-diffusion

test, fixed bacterial cells did not absorb as efficiently as other fonns. There was no

difference between antisera absorbed with other forms. Both antisera had a high level

of specificity against their homologous antigens.

The system was optimized with different antiserum and antigen concentrations.

Antiserum dilutions from 1/500 to 1/25000 and antigen concentrations from 5 pg to

I25pgwere tested. Weakpositive reactions Qightyellow colour) were obtained with

I15N-U2500 dilutions of antisera with heterologous antigen. At 1/500 and 1/1000

dilutions, even other.bacteria and controls (coating buffer without antigen) gave a

weak positive response (light yellow colour). The best dilution was 1/5000, which

could detect 15.6 ng of homologous antigen without cross reactivity with

heterologous antigen, even with a 5-h incubation period after addition of substrate.

Antiserum dilutions from 1/5000 to 1/25000 could still detect homologous antigen,

but reaction at ll25ù00 was weaker for antiserum to fixed L compared with

antiserum to fixed UQM 551 (Fig 22).

All strains (Table 25) were tested by indirect ELISA with antiserum dilution

1/5000. Each sample was added to two wells and the experiment was repeated.

Results are shown in Table 31 and Fig23.



Figure 22. lnteractions betwecn cross-absorbed antisera

to glutaraldehyde-fixed cells of strains UQM 551 (pv. pigÐ

and L (pv. syringae) of Pseudomonas s],ringae at several

dilutions and homologous and heterologous antigens in

indirectELISA.
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Tabte 31. Responses of strains of !. syringae pv. syringae and pv. pisi and other bacteria to

antiseraâ raised against glutaraldehyde-fixed cells of strains UQM 551 (P. syringae pv.Éi )
and L @. syringae pv. syringae), in indirectELISA.

A"dgegb

Absorbance at 405nmc

Antiserum to fixed strain UOM 551 Antiserum to fixed strain L

uQMssr
L

815,1217 ,2452,3940,
394L,3575,5055,5310,
5316,DAR30566,
DAR33369,DAR58730

1212,2796,3543,3576,
53 19,DAR33368,D4R33379,
DAR357 1 2,N,O,P47,P 52,P5 4,
P 60, RYE9,UQM2 1 3,U Qlví2n

33 t9,3939,D4R268 1 1 ÐAR
4 1 320,DN20,DN28,P5 3,P55

Other bacteriad

0.933
0.046

0.059
0.804

0.029-0.190

0.715-0.820

0.109-0.403

0.023-0.088

0.836-0.931

0.033-0.085

0.t32-0.236

0.008-0.091

a = Antisera were used at 1/5000 dilution.

b = Antigen concentration was 5 pg/ml, and whole untreated cells were used as test antigen.

c = Absorbance values were recorded after t hour incubation of the substrate.

d = Pseudomonas syringae pv. phasealicgla, P. s]¡ringae pv. coronafaciens, P.fllJ@s.,
Escherichia coli, Rhizobium, Agobacterium.



Figure 23. Responses of strains of l. syringae pv. pisi

and pv. syringae to cross-absorbed antisera raised against

glutaraldehyde-fixed cells of strains UQM 551 (pv. pisi)

and L (pv. syringae), in indirect ELISA. Antisera were

used at 1/5000 dilution. Antigen concentration was 5

pglml and whole untr€ated cells were used as test antigen.

Absorbance values were recorded after t hour incubation

of the substrate.
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Figure 23, continued.
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üi) High level of specificity of antisera to glutaraldehyde-fixed cells

The highly specific reaction of antiserum to glutaraldehyde-frxed cells was

investigated further. Glutaraldehyde treatment stabilizes bacærial cells and prevents

degradation in immunised rabbits. Such fixation preserves the natr¡ral antigenicity of

the molecule (Reichlin, 1980). Upon immunization of rabbits, presumably most

antibodies produced were directed against antigenic determinants located on the

surface of bacteria.

According to Beveridge (1988) andDigat and Cambra(L976) surface antigens

of a bacterial cell consist of: a) Flagella (protein). b) Exopolysacharide slime

(polysaccharide). c) Glycoprotein. d) Cell wall: isolated by hot phenol

(lipopolysaccharide); isolated by cold trichloracetic acid (lipopolysaccharide +

protein). e) Membrane protein complex (phospholipid + protein) (see Fig24).

Surface antigens of !. syringae pv.pisi (strain UQM 551) and P. syringae pv.

syringae (strain L) were isolated according to the standard procedures described

previously. Each antiserum was tested with its corresponding homologous and

heterologous surface antigens, in Ouchterlony gel double-diffusion; untreated and

heat-killed surface antigens were used. Unabsorbed antisera were used to determine

if cross reaction occurred with heterologous antigens.

iv) Reaction of antisera with surface antigens

1. Homologous reaction

Each antiserum showed a súong precipitation line with its corresponding

homologous surface antigen, except when slime and cell wall (isolated by hot phenol

procedure) were used as antigens, weak reactions were observed.

2. Heterologous reaction

Antisera showed cross reactivity with the untreated heterologous surface

antigens slime, glycoprotein and membrane protein complex. No cross reactivity was

observed when heat-treated surface antigens were used. Flagella and cell wall were



Figure 24. A schematic diagram (Digat and Cambra,1976)

of the surface antigens in Pseudomonas.
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the only surface antigens which showed no cross reactivity, using both untreated and

heat-killed forms as antigens.

v) Antisera to glutaraldehyde-fxed flagella

The highest immunodiffusion titre of antiserum to isolate UQM 551 (pv. pisl)

was 1/128, and to isolate L (pv. syringae) was Il&. Antiserum to fixed flagella of

strain UQM 551 and to fixed flagella of strain L had a high level of specificity. IVith

heterologous antigens (whole untreated, sonicated, and heat-killed cells), no cross

reactivity was observed (Fig 20 g, h).

No cross-reaction was evident between these antisera and antigens from

different pathovars, other species of Pseudomonas or other genera.

Reactions of antisera with reference cultures (Table 25,26) are shown in Table 32.



Table 32. Responses of several strains to antisera to glutaraldehyde-fixed flagella of
smins UQM551 (!. syringae pv. piÐ and L @. s]'ringae pv. syringae), in Ouchterlony gel

double-diffusion tests, using whole untreated, sonicated, and heat-killed cells as antigen.

untrea.

Antiserum to flagella of strain

UQM ssl L

sonic. heat-killed untrea. sonic.

::;;

Antigen

uQM5s1
L

815,1217,
2452,3940,
3941,,3575,
5055,5310,
5316,
D4R30566,
D4R33369
D4R58730

33t9,3939,
D4R26811,
D4R41320,
DN2O,DN28,
P53,P55

+i
heat-killed

+

+ + +

1212,2796,
3543,3576,
5319,
D4R33368,
D4R33379,
D4R35712,
N,O,
P47,P52,P60,
RYE9,
uQM213,
uQtú2n

+ +

AEobacterium
Escherichiaçoli
Rhizobium

+ = Presence of a strong precipitation line.
- = No precipitation line was formed.
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Discussion

Polyclonal antisera against !. syringae pv. s]¡ringae and P. syringae pv.Éi

have a high level of specificity. By using antisera to glutaraldehyde-fixed bacterial

cells, both in Ouchterlony gel double-diffusion and in indirect ELISA following

cross absorption, the two pathovars can be easily differentiated, using all forms

(whole untreated, sonicated or heat-killed) of bacterial cells as test antigens.

Previously, polyclonal antisera were raised against !. syringae pv.Éby

Taylor (Taylor, 1972b; Taylor andDye, t972). He used whole untreated bacteria as

immunogens and such antisera could differentiate pv. pigi from pv. Sgiggag in

agglutination tests only when heat-killed bacterial cells were used as test antigens.

Consequently, their application under field conditions would be limited. In contrast,

our antisera show a high level of specifrcity both in Ouchterlony gel double-diffusion

and ELISA tests, even when whole untreated cells are used as test antigen.

Despite the difference in specificity of antiserum raised to whole untreated

bacterial cells compared with those elicited by glutaraldehyde-frxed cells, both t¡res

of antisera demonstrated that the antigenic structure of each bacterium possesses

unique as well as common antigenic determinant(s). Because glutaraldehyde fixation,

stabilizes the surface of bacterial cells, presumably most antibodies produced were

directed against antigenic determinant(s) located on the surface of the bacteria. On the

other hand, antibodies in the antisera to whole untreated bacterial cells raised by

Taylor (1972b), may have been targeted both to unique antigenic site(s) and internal

common antigenic determinant(s), which presumably are destroyed by heat

denaturation when bacterial cells used as test antigens are heat-treated. The same

phenomenon can explain the reactions of antisera raised by sonicated cells. There

again, specificity was obtained only when heat-treated cells were used as antigens.

This specificity of heat-treated test antigen, suggested that heat-killed bacterial

cells of these two pathovars do not share common antigenic determinant(s). If so,

antisera to heat-killed cells of the pathovars should react only with homologous

antigens without cross reactivity with heterologous antigons, when whole untreated,
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sonicated or heat-killed cells are used as test antigens. Unexpectedly, antisera to heat-

killed cells showed a srong reaction (precipitation line) with both homologous and

heterologous antigens when sonicated or heat-killed cells were used as test antigens

(Table 29). Antisera to heat-killed bacterial cells could differentiate the two pathovars

without cross reactivity, only when whole untreated cells were used as test antigen.

However, it reacted weakly with its homologous antigen (Table 29).It is possible

that because of this weak reaction with homologous antigen, reaction with

heterologous antigen is too weak to be detected.

The most useful attribute of antiserum to heat-killed cells, is its ability to

distinguish Pseudomonas syringae from other species of Pseudomonas and from

other genera. All pathovars tested gave a positive reaction, but P. fluorescens, E.

coli, Agrobacterium and Rhizobium did not react. Further investigation is waranted

using other pathovars of P. syringae. other species of Pseudomonas and other

genera to defìne more accurately the specificity.

Absorption of antisera with different forms (whole untreated, sonicated, and

heat-killed) of heterologous antigen shows that, a relationship exists between antigen

preparation as immunogen and antigen preparation as absorption antigen. Results of

absorbed antisera to glutaraldehyde-frxed and to sonicated cells shows that all forms

(whole untreated, sonicated, and heat-killed) of heterologous antigen could remove

the cross reactivity (Table 30). This did not apply to antisera to heat-killed cells.

Precipitation lines both in homologous and heterologous interactions disappeared

following cross absorption of antisera to heat-killed cells with sonicated or heat-

killed forms of heterologous antigens. This indicates that sonication and heat-killing

of the cells of these two pathovars exposed common but not specific antigenic

determinants recognized by antisera to heat-killed cells. On the contrary, the antigens

gave a specific reaction with other antisera. The basic reason for these results is not

known.

All these data show that cells of both pathovars pisi and syringae contain

unique antigenic determinant(s), and common antigenic determinant(s); the
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expression of unique and common antigenic determinant(s) is dependent on the kind

of immunogen used and also on the form of the test antigen.

The conclusion that antisera to glutaraldehyde-fixed cells were directed against

surface antigens prompted a more detailed examination of these antigens. Of the

surface antigens purified, only cell wall and flagellar antigens did not produce cross

reactivity with heterologous antiserum. Antisera to glutaraldehyde-fixed flagella of

these two pathovars showed the same specif,rcities as antisera to glutaraldehyde-fixed

cells, except that the very weak precipitation line (halo) which was observed with

antisera to fixed cells, when whole untreated cells of heterologous cells were used as

test antigen, was never observed when antisera to flagella of these two pathovars

were used.

These data indicate that specificity of antisera to glutaraldehyde-fixed cells

could be the result of antibodies eliciæd to flagella.

All strains of the two pathovars that had been previously examined by

nutritional and pathogenicity tests were checked against all the antisera and most gave

the expected reaction. Eight strains, 3319, 3939, D4R26811, D4R41320, DN20,

DN28, P53 and P55 showed the same reaction with all the antisera in Ouchterlony

gel double-diffusion tests (Tables 27,28,29,32).In indirect ELISA, they showed a

weak reaction with anúsera to glutaraldehyde-fixed cells (Iable 31, Fig 23). Strain

P55 was pathogenic to lemon fruit, but not to pea stems. Strains 3319, D4R26811,

D4R41320, DN20 and DN28 gave the typical !. s]¡ringae pv. syringae reaction

following inoculation of peas and lemons. There would appear to be more than one

serotype of pv. s)rringae. Because of the weak serological reaction of the pv.

syringae strains to the antiserum to strain UQM 551 (pv. piSÐ, it is unlikely that they

would interfere with a diagnostic test for pv. pisi using ELISA.

All pathogenic strains of P. syringae pv. plsi reacted strongly with homologous

antiserum. A problem is posed by stains 3940 and 3941. They reacæd strongly with

antiserum to strain UQM 551 þv. piSD, but did not produce typical water-soaked

lesions on pea stems. The distribution and abundance of such strains would be an
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important consideration in the development of a commercial diagnostic test.

Characteristics of these two nonpathogenic suains of pv. Éi are described in

section C.

Seed-borne infection of any pathogen is a very efficient method of its

distribution. Hence, the need for seed health testing is of particular importance.

Because of the high level of specificity with indirect ELISA, which is a very

sensitive serological assay, a screening procedure for pea seed could probably be

developed. At present antiserum to P. syringae pv.Éi can be used with confidence

in the laboratory to detect !. syringae pv. pisi. However, the suitability of the

antiserum under field conditions needs to be tested.
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Section C: Plasmids and pathogenicity

Úrtroduction

Pseudomonas syringae pv. syringae and Pseudomonas s]'ringae pv. Éi, causal

agents of bacterial blight of peas, are very closely related plant pathogenic bacteria. The

two pathov¿rrs can be readily distinguished serologically (section B. 2), but some non-

pathogenic strains also react with antisera to both pathovars. In an attempt to determine

the difference between pathogenic and non-pathogenic strains with the same serological

reaction, the plasmid complement of several strains of both !. syringae pv. syringae and

!. syringae pv. Ér was determined. This was followed by studies on plasmid transfer,

which established that plasmids in P. syringae pv.Éi carry genes for pathogenicity.

Materials andmethods

a) Bacterial strains and plasmids

Strains of P. syringae pv. syringae and P. s]rringae pv. pisl obtained from several

different sources, are listed in Table 25. Spontaneous mutants resistant to 50 pg/rnl

rifampicin were selected from strains 3939,3940,3941, P53, P55, P60 and UQM 213.

Escherichiacoli strain S17.1 (Simon, 1984; Simon et a1.,1983) containing the suicide

plasmid vector pSUP5011 was used for Tn5 mutagenesis. In this plasmid, a mobilization

site of 1.9 kilobases (kb) has been inserted into Tn5, making a total transposon of 7.4 kb

with a 5.2 kb HindIII internal fragment. E. coli strain HB101 (R68.45) (Haas and

Holloway, 1976), was used as a conjugative helper; it provided the transfer functions

(Tra) on plasmid R68.45. A plasmid which contains the Hindltr internal fragment of Tn5

subcloned in pUC18 (Messing, 1983) was used for probing.

b) Media and culture conditions

Pseudomonas strains were grown on mannitol glutamate (MG) minimal medium

(Roberts and Kerr, 1974) at25oC: E. coli strains were grown on Luria-Bertani (LB) agar

medium (Maniatis et al., 1982) at 37oC. Selective antibiotic concentrations were as
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follows; rifampicin (RiÐ, 50 pglml; kanamycin (Km), 50 pg,/ml for P. s]'ringae or 25

pglml forE. coli; tctracycline (fc), 10 ¡tg,/ml; and chloramphenicol (Cm), 50 pg,/ml.

c) Bacterial conjugations

Bacterial conjugations between !. s]¡ringae pv. Éi and E. coli were performed on

tryptone yeast (TY) medium @eringer, 1974). Conjugations between !. syringae strains

were performed on MG medium. Overnight cultures of E coli grown on LB agar plates

and 36 to 48 h cultures of P. syringae grown on MG agar plates were used in surface

matings.

For Tn5 mutagenesis, loopfuls of E. coli S 17.1 and a !. syringae pv. Éi recipient

were mixedin a 1:1 ratio on TY medium. The plaæs were incubated at 28oC for 16 h and

cells suspended in sterile distilled water, serially diluted and plated onto MG agar plates

containing Km. (Neither parent can grow on this medium). After incubation for 3 days at

25oC, several hundred Km-resistant (KmÐ transconjugants were pooled and were used

as recipients in a second round of conjugation with E. coli, R68.45 (Tcr), to provide

them with the transfer genes. Donors and recipient were incubated for 6 h, then either

plated onto MG agar plates containing kanamycin and ætracycline or the whole mixture

used as a donor culture in another 16 h mating (third mating) with a Rifr P. syringae þv.

Éi or pv. syringae) strain as recipient (Fig 25).

Transconjugants containing plasmids with Tn5 insertions were selected on MG

medium containing rifampicin and kanamycin, and plasmid transfer confirmed by gel

electrophoresis followed by probing with a HindtrI internal fragment of Tn5.

d) Plasmid DNA isolation

Plasmid DNA was isolated by an alkaline miniprep procedure (Farrand et al.,

1985). The cell pellet from a 1.5m1 culture was suspended in lml of TE buffer (50mM

trisma base, 20mM NaZ EDTA, pH 8.0), followed by the addition of 0.1m1 5M NaCl

and 0.01m1 107o Na sarkosyl with gentle mixing. The suspension was pelleted by

centrifugation for 2 min, and 0.lml Birnboim 1 solution (50mM Glucose, 10mM Na2



Figure 25. Illustration of transfer of the kanamycin resistance

transposon Tn5 to !. syringae pv.Blsi (strain DAR 58730), and

mobilization of its plasmids G,DAR58730a andpDAR58730b) into

!. syringae pv. syringae (stain UQM 213).

A) Escherichia coli, strain 517.1.

B) P. syringae pv.pjsi, strain DAR 58730.

C) Tn5 insertion in chromosome.

D) Tn5 insertion in pDAR5873Oa.

E) Tn5 insertion in pDAR58730b.

F, G, H) Introduction of RP4.

I) !. syringae pv. syringae, strain UQM 213 (rifampicin resistant).

J) Strain UQM 213 ODAR 58730a : : Tnfl.

K) Strain UQM 213 (pDAR 58730b : : Tnl).
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EDTA, 25mM trisma base, pH 8.0) containing lysozyme (2mglml) was added and left on

ice for 5 min followed by the addition of 0.2m1 Birnboim 2 solution (0.2N NaOH, 17o

SDS) by gentle inversion for lysing. After standing for 15 min at room temperature, 2M

Tris-HCl, pH 7.0 (0.05m1) was added and left for an additional 30 min at room

temperature. The mixture was gently extracted by adding an equal volume of phenol

saturated with3%o NaCl. After 5 min, the upper aqueous phase was obtained by a 10-min

centrifugation, transferred to a fresh tube and two volumes of cold ethanol and 0.1

volume 3M sodium acetate (pH 5.2) added. The DNA precipitate was centrifuged for 15

min, dried under vacuum and resuspended in 0.02 - 0.03m1 TE buffer. Plasmid DNA

was separated by electrophoresis for 3 h at 70V/ through a horizontalO.TVo agarose gel

submersed in Tris-borate buffer (89mM Trisma base, 89mM boric acid, 2.5 mM Na2

EDTA; pH 8.3 ); the gels wer€ stained for 30 min with ethidium bromide (O.Spg/ml) and

photographed under 302-nm UV light.

e) Plasmid transformation

The method of Olsen et al. (L982) was used for plasmid transformation. Large-

scale plasmid isolations for use in the transformation procedure were done by the method

of Casse et al. (1979) and purifred in ethidium bromide-cesium chloride density gradients

(Maniatis et aI., 1982).

fl Disestion and seDaration of DNA frasments

Plasmid samples were digested wittr 90 units of restriction endonuclease IIindtrI in

the presence of heat-treated RNase at 37oC for 3 h. Digests were separated by horizontal

gel electrophoresis in 0.7Vo agarose gel at 25V/ for 16 h, using Tris-acetate buffer

(Maniatis et al., 1982).

s) DNA hvbridization

Ð DNA used as a probe
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A 3.6 kb IIindtrI internal fragment of Tn5 was used as a probe to verify plasmid

labelling. This fragment was obtained by digesting a plasmid which contained the 3.6 kb

HindIII internal fragment of Tnl that had been subcloned into pUC18. DNA fragments

werc separated by gel electrophoresis at 25V/ for 16 h in a horizontal O.'|Vo agarose gel

@ig 26) submersed in Tris-acetate buffer and the 3.6 kb fragment recovered from the gel,

using The Geneclean Kit, BIO 101 Inc., as follows. A DNA band was excised from

ethidium-bromide stained agarose gel with a,tazor blade. The volume of the gel slice was

determined by weight (1g equals approximately lml) and then transferred to a plastic

tube. Three volumes of 6M sodium iodide was added to the piece of agarose gel that

contained DNA. The tube was placed in a 55oC waterbath for 5 min to dissolve the

agarose. To this solution 10 pl of glassmilk (silica matrix) was added, incubated for 5

min at room temperature and pelleted by centrifugation for 5 sec. The pellet was washed

3 times. After the last washing, the pellet was resuspended with 20 pl sterile distilled

water, followed by incubation at 55oC for 3 min. The suspension was pelleted by

centrifugation for 30 sec and supernatant containing the eluted DNA was carefully

removed and placed in a new n¡be.

ü) DNA labelling

The eluted DNA was labelled with 32p by nick translation (Maniatis ef al., 1982),

using Nick-translation Kit (Bresatec). A mixture of the eluted DNA (6.5 trl),

nucleotide/buffer cocktail C (4 pl), cold nucleotide solution (2 ttl), DNA polymerize (5

pl), and 32p (Z.S pl) was placed in a waterbath at 14oC for 90 min. Radiolabelled DNA

was separated from the unincorporated nucleotides by loading the reaction mix directly

onto a column of Sephadex G-50 suspended in TE buffer. Twenty drop (approximately

500 pl) fractions were collected and monitored for radioactivity. The fractions

representing the flust peak of radioactivity were pooled and used as a probe in Southern

blots.



Figure 26. Fragment banding patterns produced by

cleavage of a plasmid which contains Eltqdltr inærnal

fragment of Tn! that had been subcloned in pUC18, with

restriction endonuclease HitrdIII, followed by separation

on a0.77o agarose gel. Bands are identified from top to

bottom. Lane 1, À DNA Higdltr fragments, as a size

marker. Lane2,pUCl8 (internal fragment = 3.6 kb).
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üi) Southem blot

Southern blots were done by the procedurc of Maniatis et al. (1982). Plasmid DNA

and DNA fragments obtained by restriction digests of plasmids \ilere denatured by

soaking the gels in several volumes of a solution of 1.5M NaCl in sterile distilled water

containing 0.5N NaOH with constant gentle agitation for 45 min. The gels were rinsed

briefly in deionized water, and then neutralized by soaking in several volumes of a

solution of lM Tris (pH 7.4) in sterile distilled water containing 1.5M NaCl at room

temperature with constant gentle agitation. The neutralization solution was changed and

soaking of the gels continued for a further 15 min as before. The DNA fragments were

transferred to nitrocellulose filters by capillary transfer method (Southern, 1975) as

outlined by Maniatis et al. (1982). The filærs were then baked for 2 h at 80oC oven in a

vacuum and were prehybridized by teating them in æ ml of the prehybridization solution

containing deionized forrra¡nide (50Vo); Denhardt's reagent (lx Denhardt's reagent

contains 0.1g of Ficol, type 400, Pharmacia; 0.1g PVP; 0.1g bovin serum albumin; and

water to 10 ml); SDS (0.17o); heat denanred salmon sPerm DNA (100 pglml); and 4x

SSC (lx SSC = 8.77g NaCl, 4.67 Na3 citrate, and 0.01 ml of 0.2N HCI). The solution

was added to a sealable plastic bag containing the membrane, air bubbles removed, the

plastic bag was sealed and incubatedfor t6-24h at 42oC in a shaking water bath. Heat

denatured radioactive probe was added, the plastic bag was ¡esealed as before and

hybridization was allowed to proceed at 42oC for 24 h in a shaking water bath. After

hybridization, the membranes were washed as follows: a) 3 times in 2x SSC containing

0.17o SDS, 10 min per wash at room temperature;b) 2-3 times in 0.2x SSC containing

0.17o SDS, 30 min per wash at 68oC. The filters were air dried and subjected to

autoradiography at -7OoC using an intensifying screen. The films were developed after an

appropriaæ exposurc time, as instructed by the manufacturer.

h) Homoserine utilization and plant inoculation

Utilization of homoserine as a sole carbon source and stem-inoculation of sensitive

host cultivars were done as previously described (section B. 1).



60

Testing for hypersensitivity (HR) was by inoculation of Nicotiana tab.Acufn cv.

White Burley (Klement, 1982).

Results

a) P. s]'ringae pv. pisi and pv. syringae plasmids

All strains which reacted with P. syringae pv.Éi antiserum contained at least two

plasmids which ranged from 45 to 80 kb, except for non-pathogenic strains 3940 and

3941 which were plasmidless (Fig 27).In !. syringae pv. s)'ringae, strains L, N, O,

12I2,33t9 and33379 contained one plasmid of about 50 kb; all other strains tested had

no plasmid (Fig 28 and Table 33).

b) Plasmid transfer

Because pathogenicity was corelated with the presence of plasmids in strains of P.

s]¡ringae pv.Éi, attempts were made to transfer the plasmids to plasmidless recipients.

Strain DAR 58730 was used as the donor and its two plasmids were named

pDAR58730a (c. 55 kb) and pDAR58730b (c. 50 kb). Strain DAR 58730 is non-

fluorescent on King's B (KB) medium (King et al., 1954) and this proved useful in

distinguishing donor from transconjugants because all recipients were fluorescent. Before

plasmid transfer could be attempted, the plasmids had to be labelled with a Tn5 insertion

and then R68.45 introduced as described in materials and methods. When the plasmidless

strains 3940 Rifr and 394I Rifr of !. syringae pv. Éi were used as recipients, no

transconjugants were obtained. To establish that the problem was not with the first and

second matings (Tn5 labclling and R68.45 introduction, respectively), several hundred

colonies containing both Tnl and R68.45 were recovered and used as donors with strains

3940 Rifr and 3941 Rifr as recipients but again, no transconjugants were obtained.

Ptasmid extraction from the donors followed by the transformation procedure, was

attempted but no transformants were obtained. When other !. syringae pv.Éi strains

(Table 33) were used as donors in conjugations, no transconjugants resulted.



Figure 27. Agarose gel electrophoresis of plasmid DNA

from several strains of P. s]rringae pv. Éi. Plasmid

bands are identified from top to bottom. Lane 1, strain

3575;lane2, strain 5310; lane 3, strain 815; lane 4, strain

l2l7; lane 5, strain 394O; lane 6, strain 394L;lane'1,

strain 5316; lane 8, strain DAR 33369; lane 9, strain DAR

30566; lane 10, strain DAR 58730; lane 11, strain 5055;

lane 12, strain 2452; lane 13, strain UQM 551. The

migrations of the molecular weight standa¡ds arc shown at

the right of the gel; E. coli (C600) pNJ5000 (44 kb) (Saint

et a1.,1990); the sizes of plasmids from Ag¡obacterium

rhizogenes (K84) pAgK84 (47) (Slota and Farrand,

1982); E. coli (H8101) pPHIJI (55) (Hirsch and

Beringer, 1984); P.roti¡la (UCC22) pTDNI (79) (Saint

et a1.,1990). Chr, chromosomal DNA.
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Figure 28. Agarose gel electrophoresis of plasmidDNA

from several strains of !. syringae pv. syringae. I-ane 1,

strain DAR 33379; lane 2, strain 3319; lane 3, strain

l2l2: lane 4, strain L; lane 5, strain N; lane 6, strain O. 
-

The migrations of the molecular weight staridard, I DNA

(50 kb), is indicated to the right of the gel.
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Table 33. Characteristics of 13 strains of P. syringae pv. pisi and25 strains of !. syringae pv.

syringae.

Strains Pathovar*Utilization of
homoserine

Pea sæm inoculation of
cultivars

Rova¡ & Blue-Prussian

rws

Presence of
plasmid(s)

++8t5, l2l7
2452,3575
5055,5310
53t6,D4R30566
DAR 33369,
DAR 58730,
UQM 551

3940,3941

3319**, L, N, O

T2L2, D4R33379

2796,DA.R26811**
DAR41320**,
DN20**, DN28**

3576,53L9,P54

D4R35712 NQtvr2n

3543, P47, P52
DAR33368

3939**, P53**,
P55**, P60,
uQM213

+

N

N

N

N

N

Drsl

D151

svnnsae

+

+

+

+

WS ='Waær soaked (pv. Éi pathogenic character).

N = Extensive necrosis and collapse (pv. syringae pathogenic characær).
¡( = The pathovar designation is based on pathological and serological rcactions (section B. 1, 2).

** = Serolog¡cally do not react with antisera to pv. syringae or pv. pisi.



6T

As strains 3940 and 3941 were the only plasmidless strains of !. syringae pv.p!s!

available, rifampicin resistant mutants of the five non-pathogenic, homoserine negative

strains of B. syringae pv. syringae listed in Table 33 were used as recipients in

conjugations with strain DAR 58730 as donor. Several transconjugants were obtained

when strain UQM 213 RiF was the recipient. Kmr, RiF colonies were purified, tested

for fluorescence on KB medium and plasmid content deærmined. Most strains contained

only plasmid R68.45. However, when Krnr, RiF colonies were screened for Tc

sensitivity and plasmids extracted, two different kinds of putative transconjugant were

recovered, apparently corresponding to transfer of plasmid pDAR58730a : : Tnl and

pDAR58730b : : Tn! Gie 29). This was confirrred by probing the plasmids with the

HindtrI internal fragment of Tn5 (Fig 29). Further confirmation was obtained by

digesting plasmids from both kinds of transconjugant with Hindltr followed by probing

with the Hindm internal fragment of Tn5 Gig 30). Transconjugants containing both

pDAR58730a: : Tn5 andpDAR58730b : : Tnl were never observed. All transconjugants

reacted with antiserum to P. syringae pv. syringae, not with that to !. syringae pv. pisi.

In a repeated attempt to transfer these plasmids to P. syringae pv. pþi strains 3940

and 3941, Cmr mutants of these strains were selected and used as recipients in crosses

with donors containing either pDAR58730a : : Tn5 or pDAR58730b : : Tnl, with and

without R68.45. Selective medium contained chloramphenicol and kanamycin. No

transconjugants were detected. Similarly, there were no transformants when

tranformation of strains 3940 and 3941by plasmid DNA of pDAR58730a : : Tn5 and

pDAR58730b : : Tn5 was atæmpted.

c) Plasmid banding pattems

IlindtrI-digested total plasmid DNA of donor strain DAR 58730 gave reproducible

banding patterns in separate preparations. Typical banding patterns produced by

electrophoretic separation are shown in Fig 30.

All transconjugants containing pDAR58730a : : Tn5 or pDAR58730b : : Tn5 were

digested and their banding patterns determined (Fig 30). The patterns vary depending on



Figure 29.Tn5-labelling of plasmids in P. syringae pv.

pisi strain DAR 58730. (A) Agarose gel electrophoresis

of plasmid DNA in the donor strain DAR 58730,

recipient strain UQM 213 (rifampicin resistant) and seven

transconjugants. (B) Hybridization of DNAs shown in

panel A, with a HindIII internal fragment of Tn5. Bands

are identified from top to bottom. Lane 1, UQM 213,

contains only chromosomal DNA; larre 2, strain 517.1

(containing TnÐ; lane 3, DAR 58730, pDAR58730a and

pDAR58730b and chromosomal DNA; Iane 4 to 7,

pDAR58730b : : Tn5 and chromosomal DNA; lane 8 to

10, pDAR58730a: : Tn5 and chromosomal DNA.
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Figure 30. (A) Fragment banding patterns produced by

cleavage of plasmids in strain DAR 58730 (!- syringae

pv.pisÐ with restriction endonuclease Hi¡qdm, followed

by separation on a 0.77o agarcse gel. (B) Hybridization of

DNAs shown in panel A, with a llindm internal fragment

of Tn5;-Bands are identified from top to bottom. Lane 1,

À DNA IIindIII fragments, size marker (kb): 23.1' 9.4'

6.6,4.4,2.3,2.O,0.56; lane 2, DAR 58730; lane 3 to 6,

pDAR58730b : : Tn5; lane 7 to 9, pDAR58730a: : Tn5.
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wherc Tn5 has inserted. Based on the disappearance of fragments present in strain DAR

58730 and the appearance of new fragments, it is possible to allocate the fragments in

strain DAR 53730 to the two separate plasmids. Fragment banding patterns of the rwo

separate plasmids (pDAR58730a and pDAR58730b) a¡e indicated in Fig 31. Fragment

sizes were estimated against a ?r, digest standard and the two plasmids a¡e estimated to be

56.8 kb and 49.4 kb for pDAR58730a and pDAR58730b respectively.

d) Homoserine utilization and plant inoculation

Twenty eight plasmid transconjugants were tested for utilization of homoserine as a

sole ca¡bon source. All were negative.

Pea stems (cultivars Rovar and Blue-Prussian) were inoculated with the parent

strains DAR 58730, and UQM 213 Rifr and with 28 plasmid transconjugants. Strain

DAR 58730 produced typical \{,ater soaked lesions and strain UQM 213 RiF was non-

pathogenic. All transconjugants tested produced reactions which were different from

those produced by both parents. The reactions varied, with some nansconjugants

producing localised necrosis at the site of inoculation while others caused a more

extensive reaction (Frg 32). The type of reaction induced was not correlated with the type

of plasmid prcsent in the transconjugant.

Twenty eight plasmid transconjugants were inoculated into tobacco leaves using

bacterial suspensions of about 108 cfty'ml. All transconjugants elicited the HR reaction as

did the donor strain DAR 58730. Srain UQM 213 RiF was HR negative.



Figure 31. Diagrammatic reprcsentation of fragment banding

patterns produced by Hindm digestion of total plasmid DNA

from strain DAR 58730 (f,DAR58730a and pDAR58730b)' E

syringae pv. pig!, and its two separate plasmids.



Strain nAR 58730

pDAR58730a
pDAR58730b

Size
(kb)

Fragmentnumber

19.5 1

r7.5 2

tt.7
9.40
8.00

6.60
6.28

5.63 8

5.30 9

3.3s 10

2.83 11

2.04 12

pDAR58730a pDARS8730b

3
4
5a,b

6
7



Figure 32. Inoculation of pea seedlings. (A) Donor (P.

syringae pv. p!sÐ, strain DAR 58730, a typical u/ater-soaked

lesion spreading from the site of inoculation. (B) Recipient

(!. syringae pv. syringae), strain UQM 213 (rifampicin

resistant), a null response, only the inoculation wounds a¡e

visibte. (C) Transconjugants, a typical localized, necrotic

lesion can be seen at the siæ of inoculation.
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Discussion

The evidence is strong that plasmids in P. syringae pv. pisi carry genes for

pathogenicity. First, there is ci¡cumstantial evidence that strains containing plasmids are

pathogenic, those without plasmid are not. Secondly, when the plasmids a¡e transferred

individually to a non-pathogenic strain, that strain becomes pathogenic; finally, on a

nonhost plant, the same strain is converted from HR negative to HR positive following

plasmid üansfer.

It is perhaps unfortunate, that the converted strain is serologically identifted as pv.

syringae, not pv. gisi, indicating that it must have a different chromosomal background

from P. syringae pv. Éi. As one might expect, !. syringae pv. syringae containing a

plasmid from P. syringae pv. pigi does not give the typical pathogenic response of P.

s]'ringae pv. Éi.Presumably that will only be achieved when a competent, plasmidless

!. s)rringae pv. Éi recipient strain is available. 'We a¡e trying to constn¡ct such a strain

by_eliminating the plasmids from P. syringae pv. p!Si. Another possible reason why the

typical !. syringae pv. pisi response was not demonstrated by the transconjugants is that

none contained the two plasmids present in the donor strain; transconjugants contained

one or other of the plasmids, not both. It may be necessary to use a different selective

marker on one of the plasmids before the two can be combined in one cell. So, on two

counts, the ideal transconjugant was not achieved but this cannot detract from the hard

evidence that plasmid transfer converted a non-pathogenic strain to a pathogenic one. It is

perhaps surprising that both plasmids conferrcd the pathogenic trait. Clearly more work

is required to determine the relationship between the two plasmids. Another possible line

of investigation is the nature of pathovar difference. The pathogenic response on

inoculated pea stems by the transconjugants was similar to, if not identical with that

induced by pathogenic P. syringae pv. syringae, not by pathogenic !. syringae pv.Éi.

rWhat is the role of the chromosomal background in symptom expression?

Another character, utilizaúon of homoserine, reported to be characteristic of P.

s]'ringae pv.Éi ftIildebrand, L973) does not appear to be important and is probably not
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plasmid encoded, although circumstantial evidence suggested otherwise i.e. the inability

of the plasmidless strains 3940 and 394I to catabolize homoserine.

The inability to transfer plasmids, even R68.45, into strains 394O and 3941 either

by conjugation or transformation is presumably due to efficient restriction. Presumably

also this is not present in strain UQM 213 which appeared to be an efficient recipient

although transfer efficiency could not be measured by the methods used. It might prove

useful in other genetic studies on P. syringae.

In contrast to our results with P. syringae pv. Éi, there seems to be no strong

evidence to link pathogenicity with plasmids in !. syringae pv. syringae. Although all

pathogenic strains had a plasmid, several pathogens had none. It is possible of course,

that in the latter, the plasmid had integrated into the chromosome or that a pathogenic

plasmid is present but is so large that it was sheared and destroyed during plasmid

extraction. It may be worth further investigation, especially as all non-pathogenic strains

lackedplasmids.

Two other aspects of this resea¡ch are notable. First, the value of pSUP5011 in

such studies. The prcsence of mobilization genes in Tn5 cornbined with transfer genes on

R68.45 makes this a very powerful system for plasmid transfer or for gene transfer in

general. Frequently Tnl must have inserted into the chromosome and then transferred to

the recipient, presumably accompanied by pa¡t of the chromosome. Such strains were

much more common than !. syringae pv. Éi plasmid transconjugants, so much so, that

it made the latter difficult to find. Quite inexplicably, plasmid transconjugants never

contained R68.45 and they could be located by screening for Tc susceptibility.

Conversely, colonies containing R68.45 never had a P. syringae pv. Éi plasmid. It

almost looks as if an incompatibility factor is involved.

Finally, the HindIII fragments allocated to the two different plasmids must be

considered tentative. More definitive tests are needed to confirm or refute the results,

although with only one doublet, there seems to be little basis for confusion.



65

REFERENCES

Allan, E., and Kelman, A. tgTT.Immunofluorescent stain procedures for detection
and identification of Envin:þ carotovora var.A@SgBLigg Phytopathology 67: 1305-

13L2

Anderson, J. ,{., Ashworth, E. N., and Davis, G. A. t987. Nonbacterial ice
nucleation in peach shoots. J. Amer. Soc. Hort. Sci. 1L2: 2t5-218

Anderson, J. 4., Buchanan, D. W., and Stall, R. E. 1984. Reduction of bacterially
induced frost damage to tender plants. J. Amer. Soc. Hort. Sci. 109: 401-405

Anderson, J. 4., Buchanan, D. W., Stall, R. E., and Hall, C. B. 1982. Frost injury
of tender plants increases by Pseudomonas syringae Van Hall. J. Amer. Soc. Hort.
Sci.107: 123-125

Arny, D. C., Lindow, S.E., and Upper, C. D. 1976. Frost sensitivity ol7na Mays
increased by application of Pseudomonas syringae. Namre 262:. 282-284

Ashworth, E. N., and Davis, G. A. 1984. Ice nucleation within peach trees. J.
Amer. Soc. Hort. Sci. 109: 198-201

Ashworth, E. N., Anderson, J. 4., and Davis, G. A. 1985. Properties of ice nuclei
associated with peach trees. J. Amer. Soc. Hort. Sci. 110: 287-291

Azad, H., and Schaad, N. V/. 1988. Serological relationships among membrane
proteins of strains of Xanthomonas campestris pv. tr¿g5luççn$. Phytopattrology 78:
272-277

Bender, C. L., and Cooksey, D. A. 1986. Indigenous plasmids in Pseudomonas
syringae pv. tomato: conjugative transfer and role in copper resistance. J. Bacterio-I.
165: 534-541

Bender, C. L., Malvik, D. K., and Mitchell, R. 1989. Plasmid-mediated production
of the phytotoxin coronatine in Pseudomonas syringae pv. tomato. J. Bacteriol. 171:
807-812

Beringer,
Microbiol.

I. E. 1974. R factor transfer in Rhizobium leguminosarum. J. Gen.
84: 188-198

Beveridge, T. J. 1988. The bacterial surface: general considerations towards design
and function. Can. J. Microbiol.34: 363-372

Bigg, E. K. 1953. The supercooling of water. Proc. Phys. Soc. 866: 688-694



Billing,
found in

66

E., and Baker, L. A. E. 1963. Cha¡acæristics of Erwinia-like organisms
plant material. J. Appl. Bacteriol. 26: 58-65

Boelema, B. H. 1967: Bacterial blight (pseu¿omonas ÉÐ of
rcport South Africa Departnrent of Agricultural and Technical
Resea¡ch l3l-133

peas 1953-1966. Final
Services. Agricultural

Boelema, B. H. 1972. Bacterial blight (Pse¡¡don@gaspisi Sackett) of peas in South
Africa with a special reference to frost as a predisposing factor. Meded.
Landbouwhogesch. Wageningen 72: l-87

Burke, M. J., Gusta, L'. 4., Quamme, H. ,4,., Weiser, C. J., and Li, P. H. 1976.
Freezing and injury to plants. Ann. Rev. Plant Physiolory 27: 507-528

Burr, T. J., Norelli, J. L., Katz, B., 'Wilcox, W. F., and Hoying, S. A. 1988.
Streptomycin resistance of Pseudomonas syringae pv. papulags in apple orchards
and its association with a conjugative plasmid. Ph¡opathology 78: 4lÈ4l3

Butler, L. D., and Fenwick, H. S. 1970. Austrian'Winter Pea, a new host of
Pseudomonas swinsae. PlantDis. Reo. 54: 467-470

Cameron, J. R. 1970. Pseudomonas content of cherry trees. Phytopathology 60:
t343-t346

Cary, J. W., and Mayland, H. F. 1970. Factors influencing frreezing of supercooled
water in tender plants. Agron. J. 62: 715-7 19

Casse, F., Boucher, C., Julliot, J. S., Michel, M., and Denarie, J. 1979.
Identification and characterization of large plasmids in Rhizobium meliloti using
agarose gel electrophoresis. J. Gen. Microbiol. ll3: 229-242

Chalaabarty, A.M. 1976. Plasmids in Pseudomonas. nn. Rev. Genetic 10: 7-30

Chandler, W. H. 1958. Cold resistanco in horticultural plants: a review. Proc
Amer. Soc. Hort. Sci. 64: 552-572

Coleno, 4., Hingand, L., and Rat, B. 1976. Some aspects of the serology of
Pseudomonas solanacearum E. F. smith. Proc. Int. Planning Conference and
Workshop on the ecology and control of bacterial wilt caused by Pseudomonas
solanacearum, Lst, Raleigh, North Ca¡olina. pp. 110-119

Comai, L., and Kosuge, T. 1980. Involvement of plasmid deoxyribonucleic acid in
indoleacetic acid synthesis in Pseudomonas savastanoi. J. Bacteriol.l43: 950-957

Comai, L., and Kosuge, T. 1982. Production of indoleacetic acid in Pseudomonas
savastanoi is a plasmid coded functionn. J. Bacteriol. 149: 40-46



67

Comai, L., Surico, G., and Kosuge, T. L982. Relation of plasmid DNA to
indoleacetic acid production in different strains of Pseudomonas syringae pv.
savastanoi. J. Gen. Microbiol. I28: 2L57-2163

Corotto, L. V., Wolber, P. K., and Waren, G. J. 1986. Ice nucleation activity of
Pseudomonas fluorescens: mutagenesis, complementation analysis and identification
of a gene producl EMBO Journal 5:23L-236

Crosse, J. E. 1966. Epidemiological relations of the pseudomonad pathogens of
deciduous fruit trees. Ann. Rev. Ph¡opathol.4: 291-32O

Crosse, J. E., Kennedy, B. V/., Lambert, J. V/., and
Pathogenic races of the bacterial blightpathogen of soybean,
PlantDis. Rep. 50: 557-560

Cooper, R.
Pseudomonas

Curiale, M. S., and Mlls, D. 1983. Molecularrelatedness among cryptic plasmids in
Pseudomonas syringae pv. glpig@. Phytopathology 73: t44O-I444

Curiale, M. S., and Mills, D. 1977. Detection and characterization of plasmids in
Pseudomonas glycinea. J. Bacteriol. 131: 224-228

Currier, T. C., and Morgatr, M. K. 1983. Plasmids of Pseudomonas syringae: no
evidence of a role in toxin production in pathogenicity. Can. I. Microbiol.29: 84-89

Digat, 8., and Cambra, M. 1976. Specificity of antigens in Pseudomonas
solanacearum E. F. SM. and application of serology for studying bacterial wilt.
Proc. Int. Planning Conference and Workshop on the ecology and control of
bacterial wilt caused by Pseudomonas solanacearum, 1st, Raleigh, North Carolina.
pp. 38-57

Dowler, W. M., and Weaver, D. l. 1975. Isolation and cha¡acterization of
fluorescentpseudomonads from apparently healthy peach æes. Phytopathology 65:
233-236

Ercolani, G. L. 1969. Epiphytic survival of Pseudomonas mors-prunorum
Wormald, from cherry and Pseudomonas syringae van Hall from pear on the host
and on the non-host plant. Ph¡opathol. Mediterr. 8: 197-206

Fahy, P. C., and Lloyd, A. B. 1983. Pseudomonas: the fluorescent pseudomonads.
pp. 141-188. In Plant Bacterial Diseases: A Diagnostic Guide, @.C. Fahy and G.J.
Persley, ed). Academic Press Australia, North Ryde, N.S.W.

Farrand, S. K., Slota, J. E., and Kerr, A. 1985. Tnl insertion in the agrocin 84
plasmid: the conjugal nature of pAgK84 and locations of determinants for transfer
and agrocin 84 production. Plasmid 13: 106-117

Feeney, R. E., and Yeh, Y. 1978. Antifireze proteins from fish blood. Adv. Protein
Chem.32: 19-282



68

Fett, W. F. and Sequeira, L. 1981. Further characterization of the physiologic races
of Pseudomonas glycinea. Can. J. Botany 59: 283-287

Flint, H. L., Boyce, B. R., and Beattie, D. J. 1967. Index of injury - A useful
expression of freezing injury to plant tissues as determined by the electrolytic
method. Can. J. Plant Sci. 47: 229-23O

Foster, T. J. 1983. Plasmid-determined resistance to antimicrobial drugs and toxic
metal ions in bacteria- Microbiol. Rev.47: 36t4W

of plasmids of syringomycin-
Int. Conf. Plant Pathogenic

Gonzalez, C. F., and Vidaver, A. olcus
spot disease of maize: plasmid-ass Cur.
Microbiol.2: 75-80

Gonzalez, C. F., and Vidaver, A. K. 19

Freigoun, S. O., and Crosse, J. E. 1975. Host relations and distribution of a
physiological andpathological variant of Psuedomonas mors-prunorum. Ann. Appl.
Biol.81: 317-330

Gantotti, B. V., Patil, S. S., and Mandel, M. 1979. Apparent involvement of a
pþsmid in phaseotoxin production of Psuedomonas phasèolicola. Appl. Environ.
Microbiol.3T: 5ll-516

Garden, L., Prunier, J. P., and Luisetti,I. 1972. Studies on bacterial diseases of
fruit rees. IV. Research and study on varíation of Pseudomonas mors-prunorum f.
sp.pe1gif.Ag on peach trees. Ann. Phytopathol.4: 229-244

Gibbins, L. N. 1978. Erwinia herbicola: a review and perspective. Proc. Int. Conf.
Plant Pathogenic Bacteria, 4th, Angers, France. pp.403-43I

Gonzalez, C. F., and Vidaver, A. K. 1979a. Analysis
producing strains of Pseudomonas syringae. Proc.
Bacteria,4th, Angers, France. pp. 31-38

from strains
80. Restriction enzyme analysis of plasmids
of Pseudomonas syringae. Phytopathology

70:

.Gonzalez, C, F., Olsen, R. H., and Vida¡, A. K. 1980. Conjugal
indigenous plasmid of Pseudomonas syringae. Phytopathology- 71-.

transfer of an
220 (abstr.)

Gonzalez, C. F., Layher, S. K., Vidaver, A. K., and Olsen, R. H. 1984. Transfer,
mapping, and cloning of Pseudomonas syringae pv. s]'ringae plasmid pCG131 and
assessment of its role in vin¡lence. Phytopathology 74: IA5-1250

Ç9tor_T., Inqba, T., and Goto, M. 1988. International congress of Plant pathology,
5th, Kyoto, Japan. p. 108 (absr.)



69

Govindarajat A. Gr -a¡rd_Lindow, S. 3. 1988a. phospholipid requirement for
91p1es^s_ig1of ice nuclei in Pseudomonas syringae and in vitrol J. Bioi. Chem. 263:
9333-9338

Govindarajil, A. G., and Lindow, S. E. 1988b. Size of bacterial ice nucleation sites
measured in situ by gamma radiation analysis. Proc. Natl. Acad. Sci. USA g5:
t334-t338

Green, R. L., and W'a¡retr, G. J. 1985.
bacterial ice nucleation gene. Nature 317:

Physical and functional repetition in a
&5-&8

Guffanti, A. 4., and Eisenstpin, H. C. 1983. Purification and characterization of
flagella from alkalophile Bacillus firmus RAB. J. Gen. Microbiol. 129: 3239-3242

Haas, D., and Holloway, B. W. t976. R factor variants with enhanced sex factor
activity in Pseudomonas aeruginosa. MoL Gen. Genet.lM: 243-2Sl

9^tg!r,_P. C.-., Çody, Y. $., Probsring, E.L., Radamaker, G. K., and Spotts, R. A.
1983. Distribution, populatio dynamics and cha¡acteristics of ice nucleãtion active
bacteria in deciduoul fruit tree orcha¡ds. Appl. Environ. Microbiol. 46: I37U1379

Haefele, D., and l.indow, S. E. 1982 . Localization and quantification of ice
nucleation active bacteria associated with dormant and Sowing pear tissue.
Phytopathology 72: 946 (abstr.)

Harrison, D. E. t964. Bacrtgrial blight of peas. Journal of Agriculture, Victoria
Deparunent of Agriculture 62: n6-f\2

Harrison, P. E., and Freeman, H. 1985. Bacterial brown spot (pseudo¡gan¿s
syringae) of french bean. J. Appl. Agric. (Vic.) 63: 523-533. ^

Hendershott, c. H. 
^1,962.-The_respo_nqe ^gf grlnge rrees and fruit to freezing

temperatures. Proc. Amer. Soc. Hort. Sci. 80: 247:254

Hildebrand, D. c. 1973. Tolerance of homoserine by pseudomonas plgl and
implications of homoserine in plant resistance. Phytopathôlogy 61 30--30-

Hirano, s. s.1985:_E991_o€y and physiology of pseudomonas syringae.
Biotechnology 3: 1073-1078

Ilit_plg, s. s., Baker, L..s., and upper, c. D. 1985. Ice nucleation temperature of
individual leaves in relation to popùiæion sizes of ice nucleation acrive bäctJria and
frostinjury. PlanrPhysiology il: ZSg-ZeS

flirano, S. S., Nordheim, F. V.,.4-*y, D,. C., and Upper, C. D. lgg2. Lognormal
$¡trilqti.on. of epiphytic bacterial pþulations on teäf iurfaces. Appl. Ëttuiton.
Misrobiol. 44: 695-7ffi



70

ÉIirano, S. S., Maher, E. 4., Lindow, S. E., Kelman, 4., and Upper, C. D. 1978.
Ice nucleation activity of fluorescent plant pathogenic pseudomonads. Proc. Int.
Conf. Plant Pathogenic Bacteria,4th, Angers, France. pp.7l7-725

Hirsch, P. R., and Beringer, J. E. 1984. A physical map of pPHlJl and pPH4Jl
Plasmid 12: 139-l4I

Hoitink, H. A. J., and Hagedorn, D. J. 1966. Bacterial brown spot (Pseudomonas
syringae)of beanandpea. Phyopathology 56: 881 (abstr.)

Jamiesen, A. F., Bieleski, R. L., and Mitchell, R. E. 1981. Plasmids and
phaseolotoxin
Microbiol. 122:

oroduction in Pseudomonas swineae ov. ohaseolicola. J. Gen.
161-165

Kaku, S. 1964. Undercooling points and frost resistance in mature and immature leaf
tissues of some evergr€en plants. Botanical Magazine 77: 283-289

Kaku, S. 1966. Changes in supercooling in growing leaves of some evergreen plants
and their relation to intercellular space, osmotic value and water content. Botanical
Magazine 79: 98-lM

Kaku, S. 1973. High ice nucleating ability in plant leaves. Plant Cell Physiol. 14:
1035-1038

Kaku, S. 1975. Analysis of freezing temperaturc distribution in plants. Cþobiology
12: 154-159

Kaneda, T. 1986. Seasonal population changes and characærization of ice nucleating
bacteria in fa¡m frelds of Central Alberta. Appl. Envi¡on. Microbiol. 52: L73-178

Ketchie, D. O., and Murren, C. t976. Use of ctyoprotectants on apple and pear
trees. J. Amer. Soc. Hort. Sci. 101: 57-59

Ketchie, D. O., Beeman, C. H., and Ballard, A. L. 1972. Relationshi
electrolytic conductance to cold injury and acclimation in fruit trees. J. Amer.
Hort. Sci. 97: 4O3-406

pof
Soc.

Kim, H. K., Orser, C. S., Lindow, S. E., and Sands, D. C. 1987. Xanthomonas
campestris pv. translucens strains active in ice nucleation. Plant Dis. 7l: 994-997

Kng, G. J. 1989. Plasmid analysis and va¡iation in Pseudomonas syringae. J. Appl.
Bacteriol. 67: 489-496

Kng, E. O., 'Ward, M. K., and Raney, D. E. 1954. Two simple media for the
demonstration of pyocyanin and fluorescin. J. Lab. Clin. Med.44: 301-307



7L

Klement, Z. L982. Hypersensitivity. pp. 150-178. In Phytopathogenic Prokaryotes
tr, (M. S. Mount and G. S. Lacy, ed). Academic Press, New York.

Klement, Z. L974. Apoplexy of apricots. III. Relationship of winter frost and the
bacterial canker and die-back of apricots. Acta Ph¡opathol. Acad. Sci. Hung. 9:
35-45

Koenig, R. 1981. IndirectELISA methods for the broad specificity detection of plant
viruses. J. Gen. Virology 55: 53-62

Kozloff, L. M., Schofield, M. A., and Lute, M. 1983. Ice nucleating site of
Pseudomonas syringae andErwinia herbicola. J. Bacæriol. 153: 222-231

Laemmli, U. K. 1970. Cleavage of structural proæins during the assembly of the
headof bacteriophageT4. Nature 227: 68O-685

Lawyer, A. S. 1984. Diseases çaused by bacteria. pp. 8-11. In Compendium of pea
diseases, (D. J. Hagedorn, ed). Amer. Phytopathol-Soc., St Paul.

Leben, C. 1965. Epiphytic microorganisms in relation to plant disease. Ann. Rev.
Phytopathol. 3 : 2t9 -230

Leben, C., Rusch, V., and Schmitthenner, A. F. 1968. The colonizatlon of soybean
buds by Pseudomonas glycinea and other bacæria. Phytopathology 58: 1677-1681

Lelliott, R. 4., Billing, E., and Hayward, A. C. t966. A determinative scheme for
the fluorescent plant pathogenic Pseudomonads. J. Appl. Bacæriol. 29: 470-489

Levitt, J. 1972. Responses of plants to environmental stresses, pp. 306-398. New
York Academic, New York

Lindemantr, f., A-y, D. C., and Upper, C. D. 1984. Epiphytic population of
Pseudomonas syringae pv. s)rringae on snap bean and nonhost plants and the
incidence of bacterial brown spot disease in relation to cropping patterns. Ecology
and Epidemiology 74: 1329-1333

Lindemann, f., Arny, D. C., Hirano, S. S., Upper,
bacteria includine Pseudomonas svrinsae in a bean
(abstr.)

C. D. 1981. Dissemination of
plot. Phytopathology 71: 890

Lindemann, J., Constantinldou, H. 4., Barchet, Vy'. R., and Upper, C. D. 1982.
Plants as sources of air borne bacteria, including ice nucleation active bacteria. Appl.
Environ. Microbiol. 44: 1059-1063



72

Journal 8: 1291-1301

Lindow,
on frost
416. In
York.

Lindow, S. E. 1981. Frost damage to pear reduced by antagonistic bacteria,
bactericides, and ice nucleation inhi[itors. Þhytopathology 7L:. 237 (abstr.)

Lindow, S. E. 1982a. Epiphytic ice nucleation active bacteria. pp. 335-362.ln
Phytopathogenic Prokarybies, (G. Lacy and M. Mount, ed). Academic press, New
York.

Lindow, S. E. 1983a. Methods of preventing frost injury through control of
epiphytic ice nucleation active bacæria. PlantDis. 67: 327-333

Lindow, S. E. 1983b. The role of bacterial ice nucleation in frost injury to plants.
Ann. Rev. Phytopathol. 2l: 363-384

Lindow, S. E. 1984. Reduction of frost injury to almondby control of ice nucleation
active bacteria. J. Amer. Soc. 109: 48-53

Lindow, S. E. 1985. Ecology of Pseudomonas syringae relevant to the field use of
ice deletion mutants constructed in vitro for plant frost control. pp. 23-35.In
Engineered Organisms in the Environmen: Scientific Issues, (H. O. Halverson, D.
Pramer and M. Rogul, ed). American Society for Microbiology, Washington D.C.

Lindow, S. E., and Staskawicz, B. J. 1981. Isolation of ice nucleation deflrcient
mutants of Pseudomonas syringae and Erwinia herbicola and their transformation
with plasmidDNA. Phytopattrology 7t: 237

Lindow, S. E., Arny, D. C., and Upper, C. D. lgT1.Increased frost sensitivity of
muzn in the presence of Pseudomonâs syringae. Proc. Amer. Phytopathol. Soc. 2:
57(abst.)

Lindow, S. E., Arny, D. C., and Upper, C. D. 1978a. Distribution of ice nucleation
active bacteria on plants in nature. Appl.Environ. Microbiol. 36: 831-838

Lindow, S. E., A*y, D. C., and Upper, C. D. 1978b. Erwinia herbicola: an active
ice nucleus incites frost damage to Maize. Phytopathology 68: 523-5n

Lindow, S. E., Arny, D. C., and Upper, C. D. 1982a. Bacterial ice nucleation: a
factorin frost injury to plants. PlantPhysiology 70: 1084-1089



Lindow,. S. 8., Arny, D. C., Barchet, W. R., and Upper, C. D. 1976- Bacterial ice
nuclei as incitants õf warm temperature frost damage. Amer. Phytopathol. Soc.
Proc. 3, p.224 (Abstr.)

Lindow, W. R., and Upper, C. D. 1978c. The role of
bacterial sensitive plants. pp.249-263. In Plant Cold
Ha¡dines Li and A. Sakai, ed). Academic press, New
York.

Lindow, S. E., Hirano, S. S., Arny, D. C., and Upper, C. D. 1982b. The
relationship between ice nucleation fiequency of bacteria and frost injury. Plant
Physiology 70: 1090-1093

73

. G., Panopoulos, N. J., and Gies, D.
vity and the ice-C gene product in
Molecular Plant-Microbe Interactions

2:262-272

Lucas, J. V/. 1954. Subcooling and ice nucleation in lemon. Plant Physiology
29:245

Lucas, L. T., and Grogan, R. G. 1969. Serological va¡iation and identifrcation of
Pseudomonas lachrymãns and other phytopathógenic PSer¡dOUqOnAS nomenspecies.
Phytopathology 59: 1908-1917

Maki, L. R., and Willoughby, K. J. 1978. Bacteria as biogenic sources of freezing
nuclei. J. Appl. Meteorol. 17: 1049-1053

Maki, L. R., Galyon, E. L., Chang-chien, M., and Caldwell, D. R 19?4. Ice
nucleation induced by Pseudomonas iyringae. Appl. Microbiol. 28: 456-4ffi

Makino, T.1982. Micropipette method: a new technique for deæcting ice nucljation
activity of bacteria and iis application. Ann. Phytopathol. Soc., J. 48: 452-457

Malik, A. N., Vivian, 4., and Taylor, J. D. L987. Isolation and partial
characterization of three classes of muiant in Pseudomonas syringae pathovar pigi
with altered behaviour towards their host, Pisum sativum. J. Gen. Microbiol. 133:

2393-2399

Maniatis, T., Fritsch, E. F., and Sambrook, l. 1982. Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor Laboratory, Cold Spring Harbor, New
York.

Marcellos, H., and Single, V/. V. l976.Ice nucleation on wheat. Agric. Meteorol.
16:125-129

Marcellos, H., and Single, V/. V. 1979. Supercooling and heterogeneous nucleation
of freezing in tissues of tenderplants. Cþobiology 16:74-77



74

Marshal, D. 1988. A relationship between ice nucleation active bacteria, freeze
damage, and genotype in oats. Phytopathology 78: 952-957

Mason, B. J., and Hallett, J. L957.Ice forming nuclei. Nature 197: 357-359

Mason, B. J., and
mineral dusts. Q. J

Maybank, J.
R. Meteorol.

1958. Ice nucleation properties of some natural
Soc.84: 235-241

Mazur, P. 1969. Freezing injury to plants. Ann. Rev. Plant Physiology 20: 4I9-
448

Messing, J. 1983. New M13 vectors for cloning. Methods in Enzymology 101: 20

Modlibowska, I. 1962. Some factors affecting supercooling of fruit blossoms. J.
Hort. Sci. 37:249-267

Morgan, M. K., and Chatterjee, A. K. 1985. Isolation and characterization of Tn5
insertion mutants of Pseudomonas s)'ringae pv. syringae altered in the production of
the peptide phytotoxin syringotoxin. J. Bacteriol. 164: 14-18

Newton, D. and Hayward, A. C. 1986. Ice nucleation activity of some reference
cultures of Pseudomonas sgingae and field isolates of bacteria from wheat and
barley in Queensland. Australasian Plant Pathology 15: 7l-73

Olien, C. R. 1967. Freezing stresses and survival. Ann. Rev. Plant Physiology 18:
387-408

Olien, C. R., Smith, M. N. 1981. Extension of localized freeze injury in barley by
acute post-thaw bacterial disease. Cryobiology 18: 404-4W

Olsen, R. H., Debusscher, G., and McCombie, W. R. 1982. Development of broad-
host-range vectors and gene banks: self-cloning of the Pseudomonas aeruginosa
PAO chromosome. J. Bacteriol. 150: 60-69

Orser, C. S., Staskawicz, J. B., Panopoulos, N. J., Dahlbeck, D., and Lindow, S.
E. 1985. Cloning and expression of bacterial ice nucleation genes in Escherichia coli.
J. Bacteriol. 164: 359-366

Orser, C. S., Staskawicz, J. B., Loper, J., Panopoulos, N. J., Dahlbeck, D.,
Lindow, S. E., and Schroth, M. N. 1983. Cloning of genes involved in bacterial ice
nucleation and fluorescent pigment siderophore production. In Genetics of plant
bacterial interactions, (A. Puhler, ed). ElsevierÆ.[orth Holand Biomedical, New
York.

Ouchterlony, O. 1962. Diffusion in gel methods for immunological analysis.
Progress in Allergy 6: 30-154



75

Palleroni, N. I. 1984. Genus I. Pseudomonas. pp. 141-199. In Bergey's manual of
systematic bacæriology,Volume 1, (N. R. Krieg and J. G. Holt, ed). The V/illiams
and Wilkins, Baltimore / I¡ndon.

Palleroni, N. J., and Doudoroff, M. t972. Some properties and taxonomic
subdivisions of the genus Pseudomonas. Ann. Rev. Phytopathol. 10: 73-100

Palm, C. J., Gaffney, T., md Kosuge, T. 1989. Cotranscription of genes encodin_g

indoleacetic acid production in Pseudomonas syringae subsp. savastanoi. J.

Bacæriol. 171: 1002-1009

Panagopoulos, C. G., ahd Crosse, I.B. L964. Frost hjo.y as a p_redisp_osing factor
in blõsíom blight of pear caused by Pseudomonas syringae van Hall. Naturc 202:
L352

Panopoulous, N. J., and Peet, R. C. 1985. The molequtar gensli-cs. -oJ 
plant

pathogenic bacteria and thei¡plasmids. Ann. Rev. Ph¡opathol. 23: 381-419

Panopoulous, N. J., Guimaraes, 'W'. V., Hua, S. S., Sabersky-Le-hman, C.,
Resnik, S., Lai, M., and Shaffer, S. 1978. Plasmids in ph¡opathogenic bacteria,
pp. 238-241. In Microbiology, (D. Schlessinger, ed). American Society for
Microbiology, W'ashin gton D. C.

Paulin, J. P., and Luisetti, J. 1978. Ice nucleation activity among phytopathogenic
bacteria. Proc. Int. Conf. Plant Pathogenic Bacteria, 4th, Angers, France. pp.725-
733

Peet, R. C., Lindgren, P. 8., Willis, D. K., and Panopoulos, Nr J. 1986.
Identification and õloning of genes involved in phaseololoxin _production by
Pseudomonas s]'ringae pv. p¡¿scôIicgla. J. Bacteriol. 166: 1096-1105

Phelps, P., Giddings, T. H.,
nuclei by Erwinia herbicola.

Prochoda, M., and Fall, R. 1986. Release of cell-free
J. Bacæriol. 167: 496-502

Piwowarski, J. M., and Shaw, P. D. 1982. Characterization of plasmids from plant
pathogenic Pseudomonas. Plasmid 7: 85-94

Proebsting, E. L., Andrews, P. K., and Gross, D. L982. Sgpe¡cog]ing young
developing fruit and floral buds in deciduous orchards. Hort. Sci. l7: 67-68

Pooley, L., and Brown, T. A. 1990. Preparation of active cell-free ice nuclei from
Pseudomonas syringae. Proc. R. Soc. Lond. B ?Al: ll2-tls

Quant, R. L., and Mills, D. 1984. An integrative plasmid and multiple-sized
plasmids of Pseudomonas syringae pv. ph4seolicol4 have extensive homology. Mol.
Gen. Genet. 193: 459-466



76

Quigley, N. B., Lane, D., and Bergqist,- P. L. 1985. Genes for phaseolotoxin
syntñesii are located on the chromosome of syringae pv. Bhaseolicol4.
Cur. Microbiol. 12: 295-3OO

Reichlin, M. 1980. Use of glutaraldehyde as a coupling agent for proteins and
peptides. Methods in Enzymology 70: 159-165

Roberts, Vy'. P., and Kerr, A. 1974. Crown gall induction: serological reactions,
isozyme patterns and sensitivity to mitomycin C and to bgqteriogil-of plthgge-nic and
¡e¡-pathõgenic strains of Agrôbacterium radiobacter. Physiol. Plant Pathology 4:
81-91

Sabet, K. A. 1953. Studies on the bacterial die-back and canker disease of poplar lll:
Freezing in relation to the disease. Ann. Appl. Biol. 4O: 645-650

Sackett, V/. G. 1916: A bacterial stem blight of freld and garden peas. Colorado
Agricultural Experiment Station Bulletin 218

Saint, C. P., McClure, N. C., and Venables, 'W. A. 1990. Physical map of the
aromatic amine and m-toluate catabolic plasmid pTDNI in PseudompnaqgUtida:
location of a unique meta-cleavage pathwãy. J. Gen. Microbiol. 136:. 615-625

Sands, D. C. , Schroth, M. N., and Hildebrand, D. C. 1980. Identification
schemes-Pseudomonas. pp.36-44.In Lab )ratory guide for the identification.of plant
pathogenic bacteria, (Ñ-W. Schaad, ed). Ambrican Phytopathology Society. St.
Paul, Minn.

Sato, M., Nishiyama, K., and Shirata, A. 1983. Involvement of plasmid DNA in the
productivity oi coronatino by Pseudomonas syringae pv. atropurpurea. Ann.
Phytopathol. Soc. Japan. 49: 522-528

Sato, M., Staskawicz, B. J., and Panopoulos, N. J. 1982. Indigenous pJasmids of
Pseudomonas syringae pv. !qed, the causal agent of bacterial blight of mulberry.
Ann. Phytopathol. Soc. Japan. 48: 27-33

Schnell, R. C., and Vali, G. 1972. Atmospheric ice nuclei from decomposing
vegetation. Nature 236:. L63-165

Schnell, R. C., and Vali, G. 1976. Biogenic ice nuclei, Pan 1. Terrestrial and marine
sources. J. Atmos. Sci.33: L554-1564'

Simon, R. 1984. High frequency mobilization of gram-negative bacterial replicons
by the in vino constructed Tn5-Mob transposon. Mol. Gen. Genet. 196: 413-420

Simon, R., Priefer, IJ., and Pühler, A. 1983. A broad host range mobilization
system for in vitro genetic engineering: transposon mutagenesis in gr¿Im-negative
bacteria. Biotechnology l: 784-.791



77

Slota, J. E., andFarand, S. K. 1982. Genetic isolation and physical characterization
of pAgK84, the plasmid responsible for agrocin 84 production. Plasmid 8: 175-186

Smith, H.C., Close, R. C. 196f. Elimination of bacterial
Canærbury Cha¡rrber of Commerce Agriculture Bulletin No.

blight from pea cropsw
Southern, E. M. 1975. Detection of specific sequences among DNA fragments
separated by gel electnophoresis. J. Mol. Biol. 98: 503-517

Sprang, M. L., and Lindow, S. E. 1981. Subcellular localization and partial
cha¡acterization of ice nucleation activity of Pseudomonas syringae and Erwinia
herbicola. Phytopathology 7l: 256 (abst.)

Staskawicz, B. J., Sato, M., and Panopoulos, N. J. 1984. Evidence for the
mechanism of immunity of Pseudomonas syringae pv. @.!icola to
phaseolotoxin. Ph¡opathology 7 l: 257 (abstr.)

Säle, S., and Seemüller, E. 1987. The role of ice formation in the infection of sour
cherry leaves by Pseudomonas syringae pv. syringae. Phytopathology 77: 173-177

Summers, A. O., and Silver, S. 1978. Microbial transformations of motals. Ann.
Rev. Microbiol. 32: 637 -672

Sundin, G. Vy'., Jones, A. L., and Fulbright, D. W. 1989. Copper resistance in
Pseudomonas syringae pv. s]rringae from cherry orchards and its associated transfer
in vitro and in planta with plasmid- Phytopattrology 79: 861-865

Taylor, I. D. 1972a. Races of Pseudomonas pisi and sources of resistance in field
and garden peas. N.Z. J. Agric. Res. 15: 441-!'{l

Taylor, I.D. 1972b. Specificity of bacteriophages and antiserum for Pseudomonas
oisi. N.Z. J. Agric. Res. 15: 421-431

Taylor, J. D. 1986. Bacterial blight of compounding pea. Proceedings of the 1986
British Crop Protection Conference-Pests and Diseases, pp. 733-736

Taylor, J. D., and Dye, D. rW. 1972. A survey of the organisms associated with
bacterial blight of peas. N.Z. J. Agnc. Res. 15: 432-440

Taylor, J. D., Teverson, D. M., and Davis, J. H. C. 1987. Halo-blight of Phaseolus
bean. Report of the National Vegetable Research Station for 1986, pp.63-64

Taylor, J. D., Bevan, J. R., Crute, I. R., and Reader, S. L. 1989. Genetic
relationship between races of Pseudomonas syringae pv. Éi and cultivars of Pisum
sativum. Plant Pathology 38: 3&-375



78

Taylor, J. D., Vivian, 4., and ffialik, A. N. 1984. Race strucnrc in Pseu4pmonas
syringae pv. p!si. Prroceedings of the 2nd Pseudomonas Working Group, Sounion,
Greece, pp. 90-91

Thomas, M. D. and I-eary, J. V. 1980. A new race of Pseudomonas glycinea.
Phytopathology 70: 310-312

Vali, G. 1968. Ice nucleation relevant to the fonnation of hail. Stormy V/eather
Group. McGill Univ. Sci. Rep. MW-58. 51pp.

Vali, G. I97L. Quantitative evaluation of experimental results on the hetcrogeneous
freezing nucleation of strpercooled liquids. I Atmos. Sci. 28: 402-409

Vali, G., and Stansbory, E. J. 1966. Time dependent cha¡acteristics of the
heterogeneous nucleation of ice. Can. J. Phys. M:477-502

Vivian, 4., Atherton, G. T., Bevan, J. R., Crute, f. R., Muir, L., and Taylor, J. D.
1989. Isolation and cha¡acterization of cloned DNA conferring specific avinrlence in
Pseudomonas syringae pv. pi$i to pea (Pisum sativum) cultivars, which possess the
resistance allele, R2. Physiological and Molecula¡ Plant Physiology 34: 335-344

Vonnegut, B. 1949. Nucleation of supercooled water clouds by silver iodide
smokes. Chem. Rev.44: 277-289

Walker, J. C. and Patel, P. N. 1964. Inheritance of resistance to halo-blight of bean.
Phytopathology 54: 952-954

Warren, G. J. 1987. Bacterial ice nucleation: molecular biology and applications.
Biotechnology and Genetic Engineering Reviews 5: 107-135

Warren, G. J., and Wolber, P.K. 1987. Heterogeneous ice nucleation by bacteria.
Cryo-letters 8: 2OL2l5

'Warren, G., Corotto, L., and Wolber, P. 1986. Conserved repeats in diverged ice
nucleation structural genes from two species of Pseudomonas. Nucleic Acids
Research 14: 8047-8060

'Watson, D. R. W., and Dye, D. W. 1971. Detection of bacterial disease in New
7*aland garden pea seed stocks. PlantDis. Rep. 55: 517-521

Weaver, D. J. 1978. Interaction of Pseudomonas syringae and freezing in bacterial
canker on excised peach nvings. Phytopathology 68: 14û-1463

Weaver, D. J., Gonzales, C. F., and English, H. 1981. Ice nucleation by
Pseudomonas syringae associated with cankerproduction in peach. Phytopathology
7l: It9



79

Wilson, S. J., and Jones, K. M. 1983a. ryoprotoctant effects of concentraúons of
polyethoxy polymer (Teric l2A23B ) on b-tackcurrant flowers. Scientia Hortic. 19:

245-250

V/ilson, S. J., and Jones, K. M. f983b. Screening of surfactant poly_mers

cryoprotectantactivity on flowering blackcurrants. Scientia Hortic. 19: 105-111
for

V/illis, J. 'W., and Leary, J. V. 1984. Cloning of an entire small molecula¡ weight
plasmid of Þseudomônas syringae pv. glycinea in pBR329 and pRK404.
Phytopathology 74: 838 (abst.)

V/imalajeewa, D. L. S., and Nanca¡rotil, R: J. 1984. Bagterial blig_ht-of peas in
Victoria. Australian Journal of Elçerimental Agriculture andAnimal Husbandry 24:
450-452

Wolber, P. K., and Green, R. L. 1990. Detection of bacteria by transduction of ice
nucleation genes. Tibtech 8: 276-279

Wolber, P. K., Deininger, C. 4., Southworth, M. V/., Vandererckhove, J., Van
Montagu, M., and V/arren, G. J. 1986. Identification_and_purification of a bacterial
ice nuc-leation protein. Proc. Natl. Acad. Sci. USA 83:7256-7260

Wray, W., Boulikas, T., V/ray, V. P., ar d Hancock, R. 1981. Silver staining of
protéins in polyacrylamide gels. Anal¡ical Biochemistry 118: L97-203

Yakrus, M., and Schaad, N. W. 1979. Serological relationships among strains of
Erwinia chrysanthemi. Amer. Phytopathol. Soc. 69 : 5 17 -522

Yankofsþ, S. A., Levin, 2., and Moshe, A. 1981a. Association with citrus of ice
nucleatinj bacteria and their possible role as causative agents of frost damage. Curr.
Microbiol. 5: 213-217

Yankofsky, S. 4., Levin, 2., Bertold, T., and Sandlemanr N._ 19q1Þ. Some basic
characteriitics of bacterial freezing nuclei. J. Appl. Meteorol. 20: 1013-1019

Yelenosky, G. 1975. Cold hardening in citrus stems. Plant Physiology 56: 540-543

Young, R. H. 1966. Freezing points and lethal temperatures of citrus leaves. Proc.
Amer. Soc. Hort. Sci. 88: 272-279

Young, J. M. 1987. Ice-nucleation on kiwifruit. Ann. Appl. Biol. lll: 697-7O4

Young, J. M., Dye, D. W., and Close, R. C. 1969. Bacterial blight_of peas. New
ZÊalandDepartmént of Scientific and Indusrial Research Information Series 70



80

Young, J. M., Dye, D. \¡f., Bmdbury, f. F., Panagopoulos, C. G., and Robbs, C.
F. 1978. A proposed nomenclanue and classification for plant pathogenic bacteria.
New Zealand Journal of Agricultural Research 2l: 153-177

Zettlemoyer, A. C., Tcheurekdjian, N., and Chessick, J. J. 1961. Surface properties
of silveriodide. Natr¡re 192:. 653



Appendix

Publications

1- Identification and seasonal population changes of ice nucleation active bacteria in

a pea field in South Ausüalia.

Mazarei, M., and Kerr, A.

Australasian Plant Pathology (1987) 16: 13-15

2- Distinguishing pathovars of.Pseudomonas syringac on peas: nutritional,

pathogenicity and serological tests.

Mazarei, M., and Kerr, A.

Plant Pathotogy (1990) 39: 278-285

3- Plasmids tn Pseudornowrs syringae pv. písi carry genes for pathogenicity.

Mazarei, M., and Kerr, A.

Plant Pathology (1991) (in press)



 

 

Mazarei, M. & Kerr, A. (1987). Identification and seasonal population 

changes of ice nucleation active bacteria in a pea field in South Australia. 

Australasian Plant Pathology, 16(1), 13-15. 

 

 

 

 

 

 

 

 

 

 

 

NOTE:   

This publication is included in the print copy  

of the thesis held in the University of Adelaide Library. 

 

It is also available online to authorised users at:  

http://dx.doi.org/10.1071/APP9870013 

 

 

 

 

 

 

 

 

 

 

http://dx.doi.org/10.1071/APP9870013


 

 
Mazarei, M. & Kerr, A. (1990). Distinguishing pathovars of Pseudomonas 

syringae on peas: nutritional, pathogenicity and serological tests. Plant Pathology, 

39(2), 278–285.  

 

 

 

 

 

 

 

 

 

 

 

NOTE:   

This publication is included in the print copy  

of the thesis held in the University of Adelaide Library. 

 

It is also available online to authorised users at:  
             http://dx.doi.org/10.1111/j.1365-3059.1990.tb02504.x  

 

 

 

 

 

 

 

 

 

 

 

http://dx.doi.org/10.1111/j.1365-3059.1990.tb02504.x



