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Caver photograph: immunoflyorescence cell staining of Pseudomonas syringae pathovar pisi in
pea seed extract after enrichment in a selective medium.
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STELLINGEN

Geleidbaarheidsmetingen kunnen in combinatie met andere
technieken worden gebruikt voor detectie en identificatie
van plantepathogene bacterién.

Dit proefschrift

Het is jammer dat de populariteit van archeologie en
prehistorie misbruikt wordt om een deel van het Groene Hart
om te vormen tot een nieuwbouwwijk.

(Dreigend) faillissement Archeon, 1986

De recente ophef omtrent het gebruik van 'paddo'’ als nieuwe
drug bij de turbo-jeugd in Nederland is nogal overdreven,
zeker als wmen in ogenschouw neemt dat de hallucinerende
werking van paddestoelen al meer dan 1000 jaar bekend is.

De Eurcopese bezorgdheid over cverdracht van antibiotica-
regsigtentie-genen vanuit genetisch gemanipuleerd voedsel
naar (darm)bacterién van mens en dier is terecht, gelet op
de huidige problemen in de gezondheidszorg bij het ontstaan
en verspreiden van pathogene multi-drug resistente
bacterién, zoals de methicilline-resistente Staphylococcus
aureus (MSRA).

Wadman, M. {(1996) Genetic resistance spreads to consumers.
Nature 383: 564.

Het is verbazingwekkend dat juist in Nederland niet
afdoende rekening gehouden wordt met de combinatie van wind
en regen bij het bouwen van een prestigieuze brug.

Erasmusbrug wappert als vaatdcoek bij sterke wind.
De Telegraaf, 5 november 1996.

De covervlced van kleuren en dimensies bij grafieken en
tabellen gegenereerd m.b.v. de modernste grafische software
gaat vaak ten koste van de duldelijkheid van de boodschap
die men wil overbrengen.

Gezien de wijze waarop de meeste proefschriften worden
doorgelezen verdient het de aanbeveling belangrijke
conclusies ook maar in de stellingen, dankbetuigingen en
het nawoord op te nemen.

Stellingen behorende bij het proefschrift "Conductimetric
detection of Pseudomonas syringae pathovar pisi in pea seeds
and soft rot Erwinia spp. on potato tubers®
Bart Fraaije

Wageningen, 9 december 1996
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Chapter 1. Introduction
1.1 Pea bacterial blight

1.1.1 Epidemiology of pea bacterial blight

Bacterial blight caused by Pseudomonas syringae pathovar pisi (Sackett) Young
et al. (Psp) has become a serious disease for protein pea (Pisum sativurm) in
Europe since 1985 (Stead and Pemberton, 1987, Roberts ef al, 1991, Schmit,
1991). Psp is a Gram-negative, rod-shaped, chemo-organotrophic bacterium with
a strictly respiratory type of metabolism. Psp is seed-borne and contaminated
seeds provide the primary source of inoculum for infection in the field (Skoric,
1927). Under optimal climatic conditions for transmission, such as high moisture
content of the soil (Roberts, 1992), low contamination levels of Psp on seed can
generate plants carrying epiphytic Psp (Grondeau el al, 1994). Consequently,
the epiphytic Psp can spread rapidly within the crop, mainly by windblown rain-
splash, hail, dust, machinery, insects and birds, whereas seed infection can occur
in the apparent absence of field symptoms (Stead and Pemberton, 1987).

1.1.2 Pea bacterial blight pathogenesis

So far, seven different races of Psp have been distinguished on the basis of their
reactions on a series of nine different pea cultivars (Taylor et al., 1989; Bevan ef
al., 1995). The interactions between races and cultivars were explained in terms
of a gene-for-gene relationship, possibly involving six putative resistance (R1-
R6)/avirulence (A1-AB) gene pairs. In a compatible interaction between pea and
Psp disease symptoms develop, showing up as water-soaked lesions around
inoculation points, whereas in an incompatible interaction host defence
mechanisms are triggered, resulting in a hypersensitive response or absence of
disease symptoms. Race 2, and to a lesser extent races 4 and 6, are the most
frequently occurring races of Psp in Europe, while races 1 and 7 are only
sporadically isolated from imported seed lots in the UK (J.D. Taylor, personal
communication). The predominance of race 2 ¢an partly be explained by the lack
of the matching resistance gene R2 in many cultivars, whereas race 6, lacking
avirulence genes, and therefore pathogenic to all pea cultivars, constitutes only a
small proportion of the total population of isolates (Taylor ef al., 1989).

1.1.3 Identification of Pseudomonas syringae pv. pisi
Psp did not show a single uniform phenotype when physiological and serological
characteristics were studied (Grondeau et al, 1992). Although all Psp isolates



were positive in the hyper-sensitive reaction on tobacco, levan positive, oxidase
negative, arginine dihydrolase positive and non-pectolytic, various tests showed
variation. Most of the Psp isolates were positive for fluorescent pigment
production (93 %), ice nucleation activity (97 %) and homoserine utilization (75
%), whereas the carbon sources esculin (86%) and Dl-lactate (B5%) were not
utilized. With regard to serology, three different serogroups APT-PIS, HEL2 and
RIB, dependent on the structure of the lipopolysaccharide (LPS) O-antigen
sidechain (Samson and Saunier, 1987), were observed for Psp. Of the isolates
tested 88.5, 11.4 and 0.1 % belonged to the serogroups APT-PIS, HEL2 and
RIB, respectively, For some P. 5. pv. syringae {Pss) isolates showing Psp-related
phenotypes, pathogenicity tests on pea were required for their identification.
Furthermore, the phenotypic diversity of Psp was not linked to geographical origin
or race structure. However, Psp could be subdivided into two separate race-
related groups, consisting of races 1, 5 and 7, and races 2, 3, 4 and 6, based on
isozyme analysis of esterases (Malandrin ef al, 1994) or isoleucine amino-
peptidases (B.A. Fraaije, unpublished), DNA probes (Rasmussen and Reeves,
1992) and cross-reactivity in slide aggliutination testing with flagellar antigens of
P. s. pv. phasedlicola (race 2) {N.F. Lyons and B.A. Fraaije, unpublished).

1.1.4 Control of pea bacterial blight
The use of resistant cultivars and healthy seeds are the most important ways to
control pea bacterial blight.

Pea blight resistance breeding is currently focussed on a combined
incorporation of the six specific resistance genes (R1-R6) and a race non-specific
resistance gene, which has been found in accessions of Pisum abyssinicum, into
commercial lines of pea (Pisum sativum) (Taylor st al., 1994).

Although Psp is not a quarantine organism in the EC anymore, for the
production of healthy seeds reliable and sensitive methods are needed, as the
role of seed infection is crucial in pea blight epidemiology and uninfected plants
guarantee a higher yield (Roberts, 1993). The current bacterial blight test used in
The Netherlands for routine indexing of pea seed lots consists of an extraction
procedure and an immunofluorescence (IF) test, followed by dilution plating of IF-
positive seed extracts in order o isolate and identify Psp (Franken and Van den
Bovenkamp, 1990). However, to distinguish Psp from closely related Pss, which
are able to give cross-reactions in serology, pathogenicity tests on pea are still
needed, making the test laborious and time-consuming. Enzyme-linked immuno-
sorbent assay (ELISA) using monoclonal antibodies was not suitable for a direct
detection of Psp in pea seed exiracts because of its relatively low sensitivity of




10°-10 cells mI' (Candlish et al., 1988). The polymerase chain reaction (PCR)
for detection of Psp in seed extracts has to be improved with regard to efficiency,
as false positive and false negative results were obtained. This was probably due
to cross-reacting saprophytes and presence of PCR-inhibitory compounds in the
seed extracts, respectively (Reeves et al., 1994). An enrichment procedure for
Psp in seed extracts before applying ELISA or PCR may solve the problems of
sensitivity and specificity, providing that the growth of cross-reacting saprophytes
can be inhibited.

1.2 Potato soft rot diseases caused by pectolytic Erwinia spp.

1.2.1 Epidemiology of potato soft rot diseases

Pectolytic Erwinia spp. are involved in soft rot diseases of various agricultural
crops, such as potato, sugar beet and chichory. Erwinia spp. are Gram-negative,
rod-shaped, chemo-organotrophic, non-sporeforming, facultative anaerobes, and
have hoth a repiratory and a fermentative type of metabolism. They belong to the
family of the Enterobacteriaceas. Erwinia spp. associated with potato tuber soft
rot have been studied extensively, because of their economic importance. The
different Erwinia spp. that are involved in potato diseases are Erwinia carotovora
subspecies afroseptica (Van Hally Dye (Eca), Erwinia carotovora subspecies
carofovora (Jones) Bergey et al. (Ecc) and Erwinia chrysanthemi Burkholder ef
al. (Ech). Under cool and moist conditions Eca is the causal agent of blackleg, a
blackening of the stem base which originates from the mother tuber (Pérombelon
and Kelman, 1987). Ecc mainly causes aerial stem rot, often due to injury,
although under high field temperatures it has been reported to incite blackleg
symptoms (Molina and Harrison, 1977). Under hot and humid (tropical) conditions
Ech can also induce blackleg symptoms, but recently this bacterium has also
been found in association with stem wet rot in temperate regions (De Vries,
1980). The symptoms of stem wet rot caused by Ech are often difficult to
distinguish from typical blackleg symptoms of Eca in temperate regions where
both pathogens occur {De Boer, 1994). In The Netherlands only Eca and Ech are
regarded to be pathogenic. The major primary source of inoculum of these
pathogenic Erwinia spp. are seed tubers, where the bacteria can survive for a
long time in the lenticels and wounds during storage. In contrast to Ecc, both Eca
and Ech cannot survive well in the environment. In the field, rotting mother tubers
can contaminate progeny tubers by release of bacteria into the soil followed by
transmission by soil water. Daughter tubers can also be contaminated by stolon
infection (stolon end rot) of blackleg affected plants. The spread of bacteria from



rotting tubers into progeny tubers can be facilitated by mechanical harvesting and
handling (Pérombelon and Hyman, 1892).

1.2.2 Potato soft rot pathogenesis

Pectolytic enzymes of Erwinia spp. play a major role in soft rot pathogenesis and
elicitation of hypersensitive responses {(Collmer and Keen, 1986; Kotoujansky,
1987, Barras ef al., 1994). Various isoenzymes of polygalacturonase (PG) and
pectate lyase (PL) of Erwinia spp. were shown to be able to degrade pectic
polymers of middle lamellae and primary cell walls of higher plants, resulting in
maceration of plant tissue (Lei ef al, 1985; Roberts ot al. 1986; Barras el al,
1987). Furthermore, less virulent and avirulent strains of Erwinia spp. were
obtained with transposon mutagenesis, due to a defective motility and impairment
in the synthesis and secretion of pectolytic enzymes, respectively (Andro et al,
1984; Hinton et al,, 1989; Pirhonen et al, 1991). The regulation of extracellular
pectolytic enzyme production of Erwinfa spp. during interaction with the host plant
is very complex, involving both positive and negative regulators responding to
various metabolic and environmental stimuli, such as pectic derivatives
{Condemine et al., 1986), calcium (Flego, 1994), temperature, nitrogen starvation,
oxygen limitation, osmolarity (Hugouvieux-Cotte-Pattat et al, 1992), iron
concentration (Sauvage and Expert, 1994) and bacterial cell density (Flego,
1994; Pirhonen et al, 1993). Pectolytic enzymes of Erwinia spp. can also elicit
plant defense responses, such as production of £-1,3-glucanase (Palva et al,
1993) and phenylalanine ammonialyase (Yang et al., 1989, 1992; Rumeau el al.,
1980), by releasing cligogalacturonates with a high degree of polymerization (DP)
from the plant cell wall which may function as endogenous elicitors (Davis ef al,
1984; Yang et al, 1992). Consequently, the possession of a battery of various
inducible pectolytic enzymes with different modes of action is very beneficial for
Erwinia spp., because it enables the bacteria to attack plant cell walls of different
hosts (Beaulieu ef al, 1993), to cope better with changing environmental
conditions and to overcome plant defence responses by cleavage of oligo-
galacturonates with a high DP (Yang et al., 1992).

1.2.3 Identification of soft rot Erwinia spp.

E. chrysanthemi differs significantly from E. carctovora with regard to biochemical
and physiological properties (Graham, 1972; Dickey, 1979, Thomson ef al,
1981), and results obtained in DNA reassociation studies support the validity of
maintaining the two species as designated (Pérombelon and Kelman, 1980). Ech
is a highly polymorphic species with a wide range of hosts, and can be divided




into different subgroups on the basis of biochemical and physiological properties
(Samson et al, 1887; Ngwira and Samson, 1980), serology (Samson et al.,
1990), pectic enzyme profiles (Ried and Collmer, 1988}, host specificity (Dickey,
1981), restriction fragment length polymorphism (Boccara ef al, 1991) and
ribotyping (Nassar ef al., 1994). In temperate regions, such as France and The
Netherlands, all Ech potato strains isolated thus far belonged to serogroup 1 and
to flagella type 1 (O1:H1), and to biovars 1, 5 or 7 (Samson et al., 1987, Janse
and Ruissen, 1988), whereas in Australia Ech isolates from rotting potato tubers
were consistent with biovar 3 (Cother and Powell, 1983). Although Eca and Ecc
are closely related subspecies, they can be differentiated from each other on the
basis of physiological, biochemical and serological characteristics (Graham,
1972; De Boer et al., 1987), DNA probes (Ward and De Boer, 1994; Darrasse ef
al., 1994) and cellular fatty acid compaosition (De Boer and Sasser, 1986). Eca
has a narrow host range, which is mainly restricted to potato grown in cool
climates, and forms a serologically homogeneous group of bacteria (Pérombelon
and Kelman, 1980). Most Eca strains, depending on geographic origin, between
55 and 96 %, belong to serogroup |, whereas less frequently occurring Eca
strains were classified into serogroups XVIII, XX and XXIl (De Boer ef al.,, 1987),
Ecc is pathogenic to a wide range of temperate and tropical crops (Pérombelon
and Kelman, 1980) and serologically far more heterogeneous than Eca, since
more than 36 different serogroups have been reported for potato isolates alone
(De Boer, 1994).

1.2.4 Control of potato soft rot diseases
Good cultural practices and the use of resistant cultivars and healthy seed tubers
are the best strategies to control the disease.

Cultural measures to prevent spread and multiplication of Erwinia spp. include
the continuous use of high-grade propagation material, crop rotation, removal of
diseased plants, disinfection of machinery, early harvesting under dry soil
conditions, careful mechanical handling and removal of rotten tubers during
grading. Furthermore, tubers have to be stored under dry conditions at a cool
temperature in order to prevent growth of soft rot Erwinia spp. (Pérombelon and
Hyman, 1992).

Various biochemical resistance factors to Erwinia spp. have been found in
potato tubers, such as degree of esterification of cell wall pectin (McMillan ef a/.,
1893), high dry matter and low reducing sugar content {(Tzeng ef al., 1990), high
Ca®™ concentration and oxygen dependent formation of suberins, phytoalexins
and other phenolic compounds {Lyon, 1989). However, the genetic resistance



found so far is partial, polygenic (Lyon, 1989) and too difficult to screen, because
cultivar resistance is strongly dependent on environmental conditions and of the
screening method used (Gans et al, 1991; Koppel, 1993; Lojkowska and
Kelman, 1994). An alternative way for resistance breeding is the use of gene
technology. Transgenic potato plants resistant to Erwinia carotovora were
obtained by introduction of foreign genes coding for antibacterial proteins, such
as bacteriophage T4 lysozyme (Diring et al., 1993). However, environmental and
human health concerns may limit immediate commercial production of genetically
modified potato cultivars resistant to Erwinia spp. (De Boer, 1994),

In temperate regions much attention has been paid to improve the quality and
health of seed potatoes. A clear relationship was found between the number of
Eca present on seed potatoes and the incidence of blackleg in the field, whereas
the incidence of blackleg iate in the season was negatively correlated with the
tuber yield (Bain ef al., 1990). Field inspection for blackleg alone failed to assure
the status of this pathogen in seed lots, because post-harvest contamination and
latent infections cannot be detected by visual observation. Therefore, laboratory
testing in addition to field inspection is currently used in The Netherlands for seed
certification in order to control blackleg (De Boer ef al, 1996). The aim of
laboratory testing is to detect 10°-10* viable Eca cells per tuber, which is the
amount of inoculum needed to incite blackleg under most field conditions (Bain et
al., 1990). Techniques based on dilution plating, serclogy and DNA technology
have been developed to detect Erwinia spp. on potato tubers. Dilution plating on
crystal violet pectate (CVP) medium (Pérombelon ef al, 1987) lacks sensitivity,
due to the presence of large numbers of potato tuber-associated saprophytes
and Ecc, and is both unreliable (Janse and Spit, 1988) and time-consuming.
Immunofluorescence cell and c¢olony staining (Allan and Kelman, 1977; Van
Vuurde and Roozen, 1980), although laborious, and ELISA, in combination with
an entichment step (Gorris et al, 1994), have good potential for routine
application. However, serological techniques sometimes suffer from false positive
and false negative reactions, due to cross-reacting saprophytes (Van der Wolf ef
al., 1994) and variation in serotypes (Da Boer ef al., 1987; Samson el al., 1990).
Polymerase chain reaction (PCR) assays for Eca and Ech are promising rapid
techniques with high specificity and sensitivity (De Boer and Ward, 1995; Smid e
al., 1995), but are laborious and expensive to perform. However, the use of a fast
and automated screening technigue, such as conductivity measurements, prior to
PCR may well be suited for routine blackleg indexing of seed potatoes.




1.3 Conductimetry

Impedance can be defined simply as the resistance to flow of an alternating
current as it passes through a conducting material. The impedance of a system is
a function of its resistance, capacitance and the applied frequency (Firstenberg-
Eden and Eden, 1984). It is usually the resistance of a solution which is
measured and this is most frequently recorded as changes in conductance, the
reciprocal of resistance. These changes occur in an electrolyte-containing
solution (culture medium) due to metabolism of uncharged or weakly charged
substrates, which are converted to highly charged end products, e.g.
carbohydrates, proteins and lipids to ionized acids and amines (Owens, 1985).
Conductance changes as a result of bacterial metabolism can be measured
directly in a growth medium (direct conductimetry} or indirectly, e.g. ih a KOH-
solution which traps CO, evolved from the medium, as described by Owens et al.
(1989). A conductance system can be considered as measuring net changes in
conductance in the culture medium at regular intervals. By reaching a threshold
value of conductance change or conductance change rate, which can be set
according to the users wishes, the system will detect microbial activity. The time
required to reach the point of detection is called the detection time and depends
upon the physiological conditions of the system (i.e. temperature, media,
electrode type) and the microbial characteristics (i.e. microbial concentration,
metabolism and generation time) (Firstenberg-Eden and Eden, 1984). When the
growth rate of a test population is more or less constant under experimental
conditions, the detection time will correlate with initial bacterial concentrations
and conductimetry can be used for automated quantitative estimation of bacteria
in samples.

Conductance measurements have been used for many purposes (see review of
Silley and Forsythe (1996)), such as rapid measurements of total microbial
activity in many food products (Hardy et al, 1977; Martins and Selby, 198C;
Firstenberg-Eden and Tricarico, 1983), detection of various pathogenic food-
borne bacteria (Bolton, 1990; Pless ef al, 1994, Capell ef al, 1995), growth
monitoring of lactic acid bacteria starter cultures (Lanzanova et al, 1993),
antibiotic sensitivity testing (Porter et al, 1983}, and for predictive microbial
growth modelling (Borch and Wallentin, 1993). Recently, Franken and Van der
Zouwen (1993) reported that conductimetry could be used for automated
identification and detection of plant pathogenic bacteria, such as Erwinia,
Pseudomonas and Xanthomonas spp., but that media and incubation conditions
should be improved to diminish the influence of interfering saprophytes and to
improve the detection threshold.




1.4 Aim of this study
The aim of the research described in this thesis was to develop suitable
enrichment media for detection and quantification of Psp and Erwinia spp. in
sead (tuber) extracts, to be used directly in automated conductance
measurements or before detection by PCR or serological techniques. In Chapter
2, the development of a conductimetric assay based on Special Pepton Yeast
Extract Broth (SPYE; Malthus Instruments Ltd., Crawley, UK) for detection of Psp
in pea seeds was studied. The sensitivity of this conductimetric assay for
detection of Psp in pea seed extracts was compared with serclogical assays and
dilution plating by using two different extraction methods. In Chapter 3, a
conductance medium solely based on conversion of L-asparagine (AM) was
developed and compared with SPYE with regard to the potential of application in
both direct conductimetric detection and enrichment of Psp in pea seed extracts
prior to serological detection. Chapter 4 describes the development of a
conductimetric assay based on polypectate conversion for detection of Erwinia
spp. in potato peel extracts. In Chapter 5 the mechanism behind the
conductance responses of Erwinia spp. in pectate media was analysed by
determining the production of pectolytic enzymes and the accumulation of
products during metabolization of polygalacturonic acid. The potential of
application of the polypectate medium for direct conductimetric detection of Eca
and Ech in peel extracts was examined by comparing results of conductimetry
with dilution plating, PCR and serological assays with respect to the detection
threshold level and the potential for quantification (Chapters 6 and 7). In Chapter
8, the results reported in this thesis are summarized and discussed in view of
recent developments.
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Chapter 2. Serological and conductimetric assays for the
detection of Pseudomonas syringae pathovar pisi in pea seeds

Abstract

Test protocols for detecting Pseudomonas syringae pv. pisi (Psp), the causal
agent of bacterial blight, in pea seeds are generally based on dilution plating
assays. These assays are usually very specific and reliable, but are time-
consuming and laborious. Tests suitable for large-scale screening of seed lots
are therefore needed. Conductimetric assays, immunofluorescence microscopy
(IF) and an enzyme-linked immunosorbent assay (ELISA} for detecting Psp in
pea seed extracts were compared with dilution plating by two extraction methods,
viz, 6 h soaking of seeds and 2 h soaking of flour of ground pea seeds in water.
In general, the detection of Psp with conductimetric, IF and dilution plating
assays in the extracts of the ground and 2 h-soaked pea samples was less
sensitive than detection in the extracts of the 6 h-soaked pea seeds. The
detection threshold of these assays varied per seed lot between 0 and 4.08 log
cfu ml” for the 6 h soaking procedure. The detection threshold of ELISA varied
for both extraction methods generally between 4.08 and 6.08 log cfu mi". The
detection times recorded in the conductimetric assays correlated well (-0.89 < r <
-0.97) with the log colony-forming units of Psp added to seed extracts at 27 as
well as at 17 °C. However, confirmation of results by isolation on semi-selective
media after conductimetry was more successful at 17 °C than at 27 °C, because
of the relatively lower activity of saprophytic Pseudomonas spp. at this
temperature.

Introduction
The seed-borne bacterium Pseudomonas syringae pv. pisi (Psp) causes bacterial
blight in pea (Pisum sativum} and is a serious threat for all pea-growing areas
(Boelema, 1972). The use of disease-free seed is one of the most important
ways to control bacterial blight. To determine whether a seed lot is infected or
healthy, reliable and sensitive detection methods are needed. Most of the current
tests for the detection and identification of plant pathogens in seed are based on
serology and plating assays (Franken and Van Vuurde, 1990), but new, recently
developed nucleic acid techniques, like PCR (polymerase chain reaction) and
RFLP (restriction fragment length polymorphism) analyses, have a high potential
for application (Ball and Reeves, 1991).

The current bacterial blight test used in The Netherlands for routine indexing of
pea seed lots consists of an extraction procedure, an immunofiuorescence (IF)
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test and a dilution plating assay of the seed extract followed by confirmation tests
of suspected colonies. In this protocol IF is used as a screening step before
dilution plating is conducted. Only IF-positive pea seed lots are plated (Franken
and Van den Bovenkamp, 1990). In addition to identification tests, such as slide
agglutination (Taylor, 1970, 1972; Lyons and Taylor, 1990) and IF, pathogenicity
testing is used to identify the seven currently known races of Psp (Taylor ef af.,
1989) and to distinguish Psp from P. s. pv. syringae {Pss) and other organisms
from seed extracts that are able to give cross-reactions in serology {(Grondeau et
al., 1992). The use of pathogenicity testing to distinguish P. syringae pathovars
could possibly be restricted by the improvement of serological techniques and the
production of high quality antisera {Samson and Saunier, 1987; Candlish et al.,
1988). Mazarei and Kerr (1990) developed an indirect ELISA {enzyme-linked
immunosorbent assay) based on polyclonal antibodies to distinguish pathovars of
P. syringae from pea. However, ELISA cannot generally be used for the direct
detection of Psp in seed extracts because of its relatively low sensitivity of 10° to
107 cells ml"' (Candlish ef al, 1988). Concentration of seed extracts or
development of enrichment procedures for Psp in seed extract may solve this
problem. Conductimetric assays were found very useful for development of
enrichment procedures for detection of food-borne bacteria (Ur and Brown, 1975;
Bolton, 1990). In this technique changes in conductance in a culture medium as
a result of bacterial metabolism are measured automatically. Recently, Franken
and Van der Zouwen (1993) reported the potential of these techniques for
detection and identification of some plant pathogenic bacteria.

In this paper, the application of an enzyme-linked immunosorbent assay
(ELISA) and IF for the detection of Psp in pea seed lots is described. The
potential of conductimetric assays for enumeration and detection of Psp in seed
extracts is also discussed.

Materials and Methods

Media

Nutrient Agar (Oxoid) was used for maintaining of bacterial cultures. Tryptic Soy
Broth (TSB; Difco) was used for growing of overnight cultures. Tryptone Soya
Agar (TSA; Oxoid} or § % (wh) Sucrose Nutrient Agar (SNA; Taylor and Dye,
1972) plates were used for the determination of the number of ¢fu added to the
seed extracts. King's medium B agar (KB, King ef al, 1954) and SNAC, which is
SNA containing (g I'"): boric acid, 1.5; cephalexin, 0.08; cycloheximide, 0.2, were
used for dilution plating of seed extracts. The addition of these antibiotics to KB
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was reported by Mohan and Schaad (1987). Special Peptone Yeast Extract Broth
(SPYE; Malthus Instruments Ltd, Crawly, UK) was used as a base medium for
the conductimetric assays with pure cultures. SPYEC, which is SPYE containing
(g I'"): boric acid, 1.5; cephalexin, 0.08; cycloheximide 0.2; cefuroxime, 0.1 (N.F.
Lyons, personal communication), was used to measure conductance responses
of spiked and unspiked seed extracts.

Antisera

The rabbit polyclonal antibody (PAb) 104 was used in IF, ELISA and
agglutination tests. PAb 104, prepared against whole living cells of Psp strain 519
{National Collection of Plant Pathogenic Bacteria, Harpenden, UK, no. 2585, race
2, blue fluorescent), was obtained from the Research Institute for Plant Protection
(IPO-DLO), Wageningen, The Netherlands. This antisera was known to react
specifically with all strains tested of Psp in IF at 1 ; 500 dilution (A.A.J.M.
Franken and G.W. Van den Bovenkamp, unpublished). PAb 85, a polyclional
antibody raised against Clavibacter michiganensis subsp. michiganensis, a
bacterial pathogen of tomato, was used as control.

Immunofluorescence microscopy (IF)

Indirect IF of seed extracts was performed with 1 : 2000 diluted PAb 104 and 1 :
100 diluted fluorescein-isothiocyanate conjugated secondary goat anti-rabbit
antibodies (Sigma) as described by Van Vuurde et al. (1983). Rhodamine, 1 :
100 diluted, was used as counter stain. Fifty wl per sample were fixed on
multitest slides (diam. 8 mm). At least 50 microscope fields were counted (field
coefficient 18, objective magnification 83, internal rmagnification 1.25, ocular
magnification 10) which corresponds to ca 2 gl seed extract.

ELISA

Each well of a 96-well microtitre plate was incubated at room temperature for 1 h
with 100 gl of poly-L-lysine solution (0.1 mg mi' in carbonate buffer, pH 9.6). The
wells were washed four times in PBST (0.05 % Tween 20 in 0.01 mol I
phosphate buffered saline, pH 7.2) with an automatic wellwasher and coated with
50 pl antigen solution. After incubation at 4 °C overnight and washing, wells were
blocked at 37 °C for 1 h with PBST containing 0.5 % bovine serum albumin
(BSA). After washing, 1 : 1000 diluted PAb 104 was added to the wells and the
plate was incubated at 4 °C for 3 h. The plate was washed as before and
incubated with a 1 : 1000 dilution (in PBST with 0.2 % BSA) of goat anti-rabbit
immunoglobulin coupled with alkaline phosphatase at 37 °C for 2 h. After
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washing, the substrate, 0.75 mg mi" p-nitropheny! phosphate in substrate buffer
(10 % (v/v) diethanolamine, pH 9.8) was added. Finally, the absorbance was
measured with an automatic reader at 405 nm after 45 minutes (A, -values).
Results are expressed as corrected A,.-values, i.e. A -values with Pab 104
minus the A,-values read with negative control Pab 85.

Pea seed lots

Pea seed lots 6268, 6330, 7289 and 7292, stored at 4-6 °C, were harvested in
1986 and checked for bacterial blight in 1887 by the method reported by Franken
and Van den Bovenkamp (1990). Seed lots 6330 and 6268 were found positive
with IF and dilution plating. Seed lot 7289 was found positive with IF and
negative with dilution plating in 1987. Seed lot 7292 was found negative with IF,
dilution plating was not conducted. Seed lot 0-1991 was first checked in 1891
and found to be positive with IF and dilution plating. All Psp colonies isolated
from these seed lots were blue fluorescent strains (unpublished results).

Preparation of inoculum

The strain Psp 518 (Naticnal Collection of Plant Pathogenic Bacteria, Harpenden,
UK, no. 2222, race 1, non-fluorescent} was obtained from the Research Institute
for Plant Protection (IPO) Wageningen, The Netherlands. This strain was grown
overnight at room temperature fo give suspensions of ca 10° cfu mI'. The
numbers of cfu were calculated according to ISO 7218 (Anon., 1985). Inoculum
dilutions of pure cultures were made in saline or pea seed extract for testing pure
cultures and inoculated (spiked} pea seed extracts, respectively.

Sample treatment

Each pea seed lot was tested in samples of 1000 seeds. Individual samples were
either first ground with a coffee grinder and soaked at 4-6 °C for 2 h in tap water
(Taylor et al., unpublished) or immediately soaked for 6 h at 4-6 °C in tap water
{Franken and Van den Bovenkamp, 1990). Sterile tap water was added to the 6
h soaked samples in a quantity corresponding to 2.0 ml multiplied by the weight
(in g) of 1000 seeds. Twice the amount of water was added to the ground
samples. After soaking, soaking fluids were spiked by adding dilutions of
overnight cultures of Psp 518 (dilutions were made with the seed extracts). Psp
518 (non-fluorescent) was added to suspension water in order to distinguish it
easily from blue fluorescent Psp strains which were isolated before from the seed
lots. Dilution plating, IF, ELISA and conductimetric assays were done in duplicate
with unspiked and spiked samples. Saprophytes and suspected colonies were
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identified by an oxidase reaction (Kovacs, 1956), fluorescence production on KB,
and levan production on SNAC (Lelliot et al,, 1966). Psp isolates were confirmed
by slide agglutination tests (Lyons and Taylor, 1990Q), IF and pathogenicity testing
on pea cultivar Kelvedon Wonder (Taylor ef al., 1989).

Conductance measurements

For the conductance measurements the Malthus 2000 series Analyzer (Malthus
Instruments Ltd, Crawley, UK) was used. Malthus conductance tubes with 2 ml of
media were inoculated with 1 ml of seed extract or bacterial suspension. The
tubes were incubated at 27 °C or 17 °C. The direct conductance responses in the
cells were recorded at 18 min intervals and the detection time (Td; defined here
as the time (h) needed to a give an average conductance change of 1 S h™),
maximum rate of conductance change (#S h'') and the maximum conductance
change (#S) were determined. To determine the detection time of the ground, 2
h-soaked samples, the conductance responses were corrected for the base line
drift. After detection, samples in the tube, 1 ; 10000 diluted, were plated on KB
and SNAC in order to isolate and identify Psp suspected colonies.

Statistical analysis

Analysis of variance (ANOVA) was done with the statistical program Genstat
(Rothamsted Experimental Station). In this, ANOVA effects of seed lots were
specified as block effect terms. The extraction method and bacterial
concentration effects were defined as treatment effect terms. Sign tests were
done as described by Siegel (1956).

Resuilts

Ditution plating

To compare the specificity and sensitivity of techniques for detecting Psp in pea
seeds, seed lots were spiked with different cell concentrations of Psp 518. The
number of cfu added to the extracts as well as the number of cfu recovered in
dilution plating were determined. Table 1 shows that Psp 518 could be recovered
in dilution plating in nearly the same numbers as were added to the extracts
(correlation coefficient r = 0.96 for 8 h soaking; r = 0.99 for grinding plus 2 h
soaking). Soaking for 6 h gave higher recoveries than grinding plus 2 h soaking
(P < 0.001, as determined by ANOVA). The occurrence and totali amounts of
saprophytes were dependent of the seed lot and extraction method used. The
total yield of saprophytes on KB varied from 5.12 to 2.34 log cfu mi™.
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On SNAC only seed lot 0-1991 yielded saprophytes, namely 1.60 log cfu ml” for
the & h-soaked sample and 2.57 log cfu ml” for the ground, 2 h-soaked sample.
The sensitivity of detecting Psp 518 in the seed extracts tested was in the range
of 0-10% cfu ml”,

fmmunofiuorescence microscopy (IF)

IF was used for testing seed lots examining 50 microscope fields (Table 1). For
avery seed lot tested, fluorescent cells were found in 50 microscope fields when
6 h soaking was used. IF-results corresponded well to those found in 1987,
except that one seed lot, negative before, was now found to be positive. In nearly
every instance, soaking for 6 h resulted in more fluorescent cells in IF than
grinding plus 2 h soaking, although this varied with the concentration of bacterial
cells (P = 0.02). In general, grinding plus 2 h soaking yielded cells only at very
high cell concentrations added. Controls yielded more cells than the same
extracts to which cells were added after grinding plus 2 h soaking. For 6 h
soaking a higher correlation was found between the number of cfu added to the
seed extracts and the number of cells found in IF {r = 0.52 for 6 h soaking; r =
0.09 for grinding plus 2 h soaking). The threshold for detecting the cells added to
the seed extracts was for the 6 h-soaked pea samples often 10- to 100-fold lower
than for the ground, 2 h-soaked samples.

Enzyme-linked immunosorbent assay (ELISA)

Table 1 shows that the sensitivity of ELISA for detecting Psp 518 in seed extracts
was 10%-10° cells ml”. The effect of the two extraction methods were dependent
on the cell concentration (P < 0.001). Mean A,-values with Pab 85 (negative
control) were 0.24 + 0.107 (n = 25) for grinding plus 2 h soaking and 0.13 1
0.050 (n = 25) for 6 h soaking. The coefficient of correlation (r) beiween the log
number of cfu added and the absorbance values was 0.82 and 0.72 for 6 h
soaking and grinding, followed by 2 h soaking, respectively. In general, the
difference in A -values between healthy and infected seed lots was higher for
h soaking than grinding plus 2 h soaking.

Conductimetry

At 27 °C and 17 °C a linear relation was found between detection times and log
cfu ml' (Fig. 1). Detection times were higher at 17 °C than at 27 °C for both
extraction methods. For detecting Psp 518 in seed extracts, grinding followed by
2 h soaking gave much higher detection times than 6 h soaking at 17 °C and 27
°C (P < 0.001 for both temperatures) (Fig. 1).
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Effects of the extraction methods, however, depended on the concentration used
(P =10.002 and P < 0.001 for 27 °C and 17 °C, respectively). For both extraction
methods high negative correlations were found between the log cfu mi' of Psp
518 added to seed exiracts and the detection time at 27 °C (r = -0.93 for 6 h
soaking; r = -0.94 for grinding, followed by 2 h soaking) and at 17 °C (r = -0.97
for 6 h soaking; r = -0.89 for grinding, followed by 2 h soaking). In general, no
differences were found between samples (P = 0.275) at 27 °C, aithough detection
times varied with the extraction method used (P = 0.039). At 17 °C, however, the
detection times varied with the extraction method and seed sample tested (P <
0.001). After detection in conductimetry the broths from the conductivity cells
were plated. The 6 h-soaked, unspiked samples of seed lot 7292, yielded at 27
°C levan producing, oxidase-negative, blue fluorescent Psp colonies. These
colonies, the concentration of which in the seed extract was in the range of 0-10
cfu mi* in dilution plating, gave an average Td of 40.2 h (n = 2). The 6 h-soaked
and ground plus 2 h-soaked unspiked samples of seed lot O-1991, with average
Td of 299 and 456 h (n = 2), respectively, yielded only oxidase-positive,
yellow/green fluorescent, levan producing, or oxidase-positive, blue/green
fluorescent, levan non-producing Pseudomonas strains at 27 °C. The presence of
these strains could also be deduced from the deviating conductance response
curves (results not shown), as compared with Psp 518. Non-fluorescent Psp 518
bacteria, confirmed by agglutination, could be re-isolated after 67 h incubation at
27 °C from all spiked samples, except from seed lot O-1991, where Psp 518
bacteria could be isolated only from the 10° cells mI”" spiked samples. At 17 °C
Psp could be isolated from the enrichment broths of all spiked samples and cell
concentrations added. Psp could also be isolated from the 6 h-soaked unspiked
samples of seed lots 0-1991 and 7292, detected within 59.7 h (n = 2) and 85.5 h
(n = 1) at 17 °C, respectively.

Correlations between results oblained with dilution plating, IF, ELISA and
conduclimetric assays

In all cases, correlations between the conductimetric assays and the other tests
were negative. Highest negative correlations were obtained for conductimetric
assays and dilution plating {r = -0.86 and -0.91 for 6 h scaking at 27 and 17 °C,
respectively; r = -0.96 and -0.91 for grinding, followed by 2 h scaking at 27 and
17 °C, respectively). Negative correlations were also found between detection
times and absarbance values in ELISA (r = -0.79 and -0.64 for § h soaking at 27
and 17 °C, respectively, r = -0.73 and -0.67 for grinding, followed by 2 h scaking
at 27 and 17 °C, respectively), and detection times and log celis mI* in IF {r = -
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0.60 and -0.47 for 6 h soaking at 27 and 17 °C, respectively; r = -0.47 and r = -
0.57 for grinding, followed by 2 h soaking at 27 and 17 °C, respectively). The
correlation coefficient between dilution plating results (expressed as log cfu of
Psp ml") and IF or ELISA values was in all instances smaller than 0.37.
Correlation coefficients of IF and ELISA results varied between 0.4 and 0.5 for
both extraction methods and temperatures.

Discussion

Rapid and sensitive tests are needed for large-scale routine testing of seed lots.
In this study the merits of current tests such as dilution plating, IF and ELISA,
and the potential of conductimetric assays for detecting Psp in pea seeds, using
two different extraction methods, were investigated.

The enumeration of Psp 518 added to the seed extracts was according to the
obtained detection times in the conductimetric assays more rapid for the 6 h
soaking than for the grinding plus 2 h soaking extraction method (Fig. 1). The
higher and lower detection times in conductimetry for Psp in seed extracts,
compared with testing Psp as a pure culture, may respectively be explained by
the release of toxic and growth-stimulating substances from the seeds, which
depends on the extraction method used. These results were confirmed by the
slightly lower recovery of Psp in dilution plating when grinding plus 2 h soaking
was compared with 6 h soaking of pea seeds (Table 1).

In this study no bacteria could be isolated from the long-stored pea seed lots
which were found positive in dilution plating on SNAC in 1987. This means that
the viability of saprophytes and Psp in pea seeds decreased in time during
storage, as is also known for P. s. pv. phaseolicola in bean seeds (Taylor et al.,
1979). Psp, however, could be isolated from the enrichment broth of sample
7292 in several conductimetric assays.

The poor correlation found between the results of diiution plating and IF/ELISA
was probably caused by the presence of dormant, damaged or dead cells in the
seed extracts {IF) or variations in (soluble) antigens of Psp per seed lot (ELISA).
In general, however, high values in IF or ELISA also yielded higher number of
colonies, indicating that there was a high rank correlation. The detection
threshold of IF was found to be lower for 6 h soaking than for grinding followed
by 2 h soaking (Table 1). This may be caused by quenching of the fluorescence
and incomplete staining of cells by substances released by the flour of ground
seeds, leading to negative results in the tests used.

In most cases higher background absorbance values were obtained for the
unspiked 2 h-soaked pea seed flour than for the unspiked 6 h-soaked seeds.
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Binding of pea phosphatases or pea proteins, non-specifically reacting with the
antiserum, to poly-L-lysineé may have caused these higher absorbance values.
ELISA was generally less sensitive for detecting Psp than IF, dilution plating and
conductimetric assays.

Although high correlations were found between the detection times found in
conductimetry and results obtained in the other tests, saprophytic micro-
organisms may still interfere with the conductimetric assay. In this study the seed
lots tested were relatively clean, with the exception of seed lot 0-1991. Recently,
we have found more seed lots containing saprophytes which grew very fast in the
medium used. Therefore, the selectivity of the medium needs to be improved.
Incubation at 17 °C generally increases the probability of re-isolating Psp from
the conductivity cells. For the time being, the presence of Psp in seed lots,
suspected of being infected on the basis of detection times, should always be
conhfirmed by other tests.

For a first screening of seed lots, a sensitive technique is needed, while for
confirmation generally a more specific test is needed (Sheppard ef al., 1986). We
feel that the use of an enrichment procedure for Psp may improve the detection
level of tests as shown by Wong (1991) for Xanthomonas campestris pv.
phaseoli in bean seed. In this respect conductimetric assays, possibly in
combination with specific serological techniques or DNA assays, such as
immunomagnetic separation {Parmar ef al, 1992) or PCR (Rasmussen and
Wulff, 1891), may be become highly suited for large-scale routing indexing of
seed lots, provided that a good correlation between detection times and
contamination level of seed lots has been established. Studies are now in
progress to investigate the possibilify of combining enrichment procedures or
conductimetric assays with serological assays, using polyclonal or monoclonal
antibodies.
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