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STELLINGEN/PROPOSITIONS

The combination of race specific resistance and race non-specific resistance is
the optimal genetic background for a potentially durable resistance to pea
bacterial blight.

This thesis

A differential expression of resistance to pea bacterial blight occurs in stem,
leaf and pod for both race specific and race non-specific resistance.
This thesis

Indigenous populations of endophytic bacteria in pea are affected by the plant
genotype.
This thesis

For a practical application in commercial pea growing of bacterial endophytes
as biocontrol agents, it is necessary to be aware of the influence of
environmental factors on endophytic colonization.

This thesis

Genetic resistance and biocoatrol by endophytic bacteria are complementary
measures and potentially additive for a durable and sustainable control of pea
bacterial blight. ‘
This thesis

The induction in vitro of an L-form (cetl wall-less) bacterium is pathovar
specific.
This thesis

Error is all around us and creeps in at the least opportunity. Every method is
imperfect.
Charies Nicolle (1866-1936)

The way to grasp the integrity of the species can only be found in a synthesis
of taxonomy, differentiating geography, genetics and cytology.

N.I Vavilov. Centers of origin of cultivated plants. Tr. po prikl. bot. I selek.
{Papers on applied botany and plant breeding), vol. 16, no. 2, 1926.
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1 .a inspiracién existe, pero tiene que encontrarte trabajando.
Inspiration exists, but it must find you working.
Pablo Ruiz Picasso (1881-1973)

No son buenos los extremos aunque sea en la virtud.
Extremes are not good even in virtue.
Santa Teresa de Avila (1515-1582)

‘Parece, Sancho, que no hay refrin que no sea verdadero, porgue todos son
sentencias sacadas de la mesma experiencia, madre de las ciencias todas’.

‘It seemns, Sancho, that there is no saying that is not true, since all sayings are
statements derived from experience which is mother of all sciences’.

Don Quijote de La Mancha (1605-1615), Miguel de Cervantes Saavedra

“There were once five peas in one shell, they were green, the shell was green,
and so they believed that the whole world must be green also, which was a
very natural conclusion’.

The Pea Blossom, 1853, Hans Christian Andersen

Margarita Elvira-Recuenco

‘Sustainable control of pea bacterial blight: approaches for durable genetic
resistance and biocontrol by endophytic bacteria’

Wageningen, 6 October, 2000




Preface

I have spent five years and six months working on this PhD study (16 April 1995-6
October 2000) in The Netherlands and England. What I cannot recall precisely is how
long I have stayed in each country, it has been The Netherlands-England, England-
The Netherlands during these five years; it is obvious my choice was not based on the
need for a good climate! But it was the right choice.

The Spanish institution INIA, with its financial support, gave me the opportunity to
do this study abroad, and I am very grateful to them, also for making an exception in
allowing these studies to be carried out in two countries; a special mention goes to
Luis Ayerbe, Vicente Reus and Carmen Alvarez. The project had a clear aim:
measures for the control of pea bacterial blight. Nevertheless, two very distinct
approaches had to be undertaken, which implied not only a degree of difficulty but
also a great challenge. Indeed the benefits from this broad research have compensated
for the difficulties, for which the contribution of my supervisors, Jim van Vuurde in
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shared many points of view and there has been an understanding and tolerance for
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during the last year, at a distance, and for encouraging me to write during my PhD
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outcome of this short period was relevant. I deeply thank Noel Ellis for his
supervision and support in elucidating the complex genetics of the breeding
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Thanks are also due to Jee Kloepper, Auburn University, Alabama. During my visit
to his lab I learned not only the conceptual basis of Induced Systemic Resistance but
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for their advice, support and friendship. I have been very fortunate with the people 1
have met and it is not my purpose here to list everyone. Some of them have been
acknowledged in the Chapters of this thesis. I would just like to mention a few naines'
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in the lab, comradeship, speaking English to me, and above all, for making me feel a
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interesting discussions were an inestimable help for me.

My colleagues at Plant Pathology, Wellesbourne, for their kindness, Josie and Sara,
it was great to share the office with you! Jan, Barbara and Pat, thanks a lot for your
excellent work with the breeding material, and Joana, Paul and Steve, for your
scientific advice.

A special word of thanks goes to my Dutch and English friends who helped me to
know and love the Netherlands and England, and to my ‘foreign’ friends who showed
me so much about different cultures, ways of living and supported me in overcoming
difficultics when I felt homesick.

And at the end of this preface I return to the beginning...I mean, to my roots, y esto
no es en inglés.... A mis amigos espafioles, algunos fuera de Espafia. A mis amigos de
Mostoles, de toda la vida, con los que la amistad sigue siendo 1a misma después de
estos muchos afios de ausencia. Un recuerdo muy especial va para uno de ellos, Petri,
que se fue de nuestro lado el afio pasado. A mi familia de Cuenca, mis padres y mi
hermana, muchas gracias mamd, papa y Yoli, sin vosotros esta tesis no hubiera sido
posibie. A mama y Yoli decirlas que no puedo imaginar haber tenido un apoyo mejor
que el suyo.

I know not what I may appear to the world, but to myself I appear to have been only
like a boy playing on the sea-shore, and diverting myself in now and then finding a
smoother pebble or a prettier shell than ordinary, whilst the great ocean of truth lay all
undiscovered before me.

Isaac Newton (1642-1727)
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Author’s abstract

Elvira-Recuenco, M. 2000. Sustainable control of pea bacterial blight: Approaches for
durable genetic resistance and biocontrol by endophytic bacteria. PhDD Thesis, Wageningen
University, The Netherlands, 200 pp., English, Dutch and Spanish summary.

Pea bacterial blight (Pseudomonas syringae pv. pisi) occurs worldwide and can cause
severe damage under cool and wet conditions particularly at the seedling stage in
winter- sown crops. Seven Ps. syr. pv. pisi races are currently recognized. There are
no resistant cultivars to race 6, which is becoming increasingly important. Current
disease control measures include disease avoidance through seed testing and the
deployment of resistant cultivars with race specific resistance gene(s). In the present
study two novel control measures were investigated with the potential for integration
to give a durable and sustainable disease control. The first was breeding for resistance
based on race non-specific resistance present in Pisum abyssinicum, which confers
resistance to all races, including race 6. Its mode of inheritance was investigated
through a crossing programme with Piswm sativum cultivars. Resistance was
controlled by a major recessive gene and a number of modifiers. Progenies of crosses
between resistant F5 populations and commercial cultivars are now available.
Molecnlar markers for race non-specific resistance based on a pea retrotransposon
marker system were developed. It is suggested that the combination of race specific
and race non-specific resistance provides the optimal genetic background for the
maximum expression of resistance to all races of the pathogen in all plant parts and
under field conditions. The second measure was biclogical control by endophytic
bacteria. Studies on the ecology of endophytic bacteria in pea and identification of
efficient indigenous colonizers for potential application in biocontrol have been made.
Endophytic population levels were in the range 10°-10° CFU/g fresh tissue in roots
and stems. There was a predominance of Gram-negative bacteria, particularly
Pseudomonas sp. and Pantoea agglomerans. Arthrobacter sp. and Curtobacterium sp.
were the main Gram-positive bacteria. Factors such as soil type, plant genotype and
crop growth stage may significantly influence the diversity and population levels of
endophytic bacteria. Future research should focus on the combination and testing of
elite breeding lines with selections of disease suppressive endophytic isolates under a
variety of field conditions in order to obtain an efficient and durable performance in
commercial agriculture.

Key-words: bacterial blight, biological control, biodiversity, endophytic bacteria, L-form,
pea, PDR1 retrotransposon, Pisum sativum, Pisum abyssinicum, Pseudomonas syringae pv.
pisi, race specific resistance, race non-specific resistance, Spanish landraces.
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Pea bacterial blight: pathology and prospects for durable control

Pea cultivation can be traced to the Neolithic period (Zohary and Hopf, 1973). Most
cultivated pea types are closely related to wild ecotypes found in the Middle East.
Secondary centres of diversity have been identified in the highlands of South Central
Asia and Ethiopia (Ellis et al., 1998). Domestication involved evolution from taller
and more rambling growth habit, tough seed coat, dehiscing pods and smaller seeds
present in the wild types.

The number of species within the genus Piswm has been controversial. Davis
(1970) reported at most two species (P. sativum and P. fulvum) while Ellis et al.
(1998) reported that the genus Pisum has three main groups: P. fulvum, P.
abyssinicum and other Pisum spp. (P. elatius, the highland Asiatic P. sativum and all
the rest including modem cultivars). The tremendous variability in the present pea
gene-pool reflects its early domestication and subsequent widespread distribution.

Mendel’s work on hybridization with peas published in 1865 was the foundation of
genetic science. However, it was not until 1901 that his work was rediscovered and its
importance recognized (Bateson, 1901). The pea has been an important model plant
for several generations of plant physiologists, biochemists and geneticists (Davis,
1993).

Peas are grown worldwide, but because of sensitivity to extremes of climate,
especially high temperatures, are largely confined to temperate regions and the higher
altitudes or cooler seasons of warmer regions. They require well-drained soils and are
especially sensitive to water and temperature stress during germination and flowering,.
Pea crops are grown for a number of specialist purposes: (1) Vining or garden peas,
where plants are harvested for their tender green immature seeds, with a high sugar
content, and used for human consumption either fresh, frozen or canned;, (2)
Mangetout and sugar snap peas, where plants are harvested for human consumption of
their fresh immature pods; (3) Dried or combining peas, where the crop is harvested as
matured dried seeds which are used for human consumption directly after rehydration
or after preservation by rehydration and canning, they may also be used in animal feed
and as a raw material for protein and starch extraction; (4) Forage peas, where the
whole plant is harvested at the flat pod stage and may be ensiled or dried and used as
hay; and (5) Green manure crop.

Total world production of dry peas in 1998 was 12,2 million metric tones, the
fourth most important legume (FAQ, 1998). The main arcas of production are USA,
Canada, India, China, Russian Fed., France, Germany, Denmark and UK. During the
1980s there was a dramatic expansion in the area of dry peas grown in the EC,
particularly in France, Denmark and the UK, due to the EC policy to increase
cultivated surface and encourage research: from 111,000 ha with yields of 3,300 kg/ha
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in 1979 to 900,000 ha and yields of 4,500 Kg/ha in 1991, In Spain, increase on the
cultivated surface did not occur until the 1990s: from 9,000 ha in 1991 to 70,500 in
1994, The average yield in the EC in 1998 (4,400 kg/ha) is much greater than the
world average (1,900 kg/ha). However, yields in Spain are still very low (1,300
kg/ha).

Pea is an important protein source for use in compounded animal feed which could
further contribute to a reduction in the Buropean dependency on soya imports.
Sustainable agriculture practices are increasingly demanded and grain legumes,
including peas, with their ability to yield well in the absence of added nitrogen
fertilizer, through symbiotic nitrogen fixation with Rhizobium, provide a valuable
component in crop rotation systems.

There is an unquestioned need to improve the level of protection to the main
fungal, bacterial and viral discases (Hagedorn, 1985) in order to increase the yield and
quality of the pea crop. Hagedorn (1985) reported as major diseases in the pea crop:
Pythium damping-off caused by Pythium ultimum Trow and/or other Pythium species;
‘Ascochyta’ diseases which include Ascochyta leaf and pod spot caused by Ascochyta
pisi Lib., Ascochyta blight by Mycosphaerella pinodes (Berk and Blox) and
Ascochyta foot rot by Phoma medicaginis var. pinodella (Jones) Boerema (ex
Ascochyta pinodella Jones), near-wilt by Fusarium oxysporum f. sp. pisi race 2;
Aphanomyces root rot by Aphanomyces euteiches Drechs and Fusarium root rot by
Fusarium solani 1, sp. pisi (F.R. Jones) Snyd.&Hans.

Bacterial blight (Pseudomonas syringae pv. pisi) is considered to be of moderate
importance (Hagedorn, 1985), but under cool and wet conditions, at first stages of
development, severe losses may occur. The lack of resistant cultivars to race 6 of P.
syr. pv. pisi and the increasing incidence of this race may result in a greater
importance of this disease in the near future. It is considered one of the three most
damaging diseases in the Spanish pea crop together with Ascochyta pisi and Botrytis
cinerea (Laguna ef al., 1997).

1. DESCRIPTION OF PEA BACTERIAL BLIGHT
1.1. The causal organism

Pea bacterial blight caused by Pseudomonas syringae pv. pisi was first recorded in
Colorado (Sackett, 1916). It is a Gram-negative, non-spore forming rod (ca. 0.7 x 2-3
f), chemo-organotrophic, obligative aerobe, motile by one to five polar flagella.
Optimum growth occurs at 26-28°C and pH 6.5-7.5. Most strains produce a yellowish-
green diffusible pigment on King’s B medium which fluoresces blue under ultra violet
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light.

It has the typicat characters of a LOPAT group la green fluorescent Psendomonad
(Lelliot et al., 1966): positive levan production on 5% sucrose nutrient agar (white
mucoid colonies), negative oxidase, negative pectolytic activity on potato slices,
negative arginine dihydrolase activity and positive hypersensitive reaction in tobacco,

1.2, Disease symptoms and potential losses

Pea bacterial blight may affect all aboveground plant parts. Under cool and wet
conditions, favourable for the spread of the disease, lesions are initially discrete, shiny
and water-soaked, on stipules lesions may be fan shaped, with age lesions become
darker and finally necrotic. In warm dry weather, less favourable for the disease,
lesion development will be arrested and water-soaking may be less obvious and
lesions smaller.

Pathogen invasion of the intercellular spaces causes the plant cells to leak their
contents causing water congestion of the tissues and hence the initial water-soaked
appearance of the lesions. The bacteria then feed on the leaked nutrients and multiply
in the intracellular spaces (Hunter, 1996). In the case of a resistant response, the so-
called hypersensitive reaction is expressed as the rapid collapse and browning of
invaded tissues in association with the accumulation of phytoalexins and the inhibition
of bacterial multiplication (Cruishank and Perrin, 1961).

When peas are infected at the seedling stage, the entire crop may be lost. Irregular
maturity results when the growing tip is killed at later stages, defoliation, blasting of
blossoms and pods and unsightly pods can lower yield, quality and the value of the
crop (Hagedorn, 1989).

Ps. syr. pv. syringae and Ps. viridiflava can be found in association with Ps.
syringae pv. pisi (Taylor and Dye, 1972). Infections in the field by Ps. syr. pv. pisi
and Ps. syr. pv. syringae are generally indistinguishable. The organisms can be
distinguished by host tests in the glasshouse as well as serological (agglutination with
specific antisera) and nutrtional tests (homoserine utilization).

Occurrence of pea bacterial blight has been reported in all continents (Anon., 1971;
Hunter and Cigna, 1981; Taylor, 1986; Hollaway and Bretag, 1995a). The first
occurrence of the disease in Europe was described in The Netherlands (1924), and
subsequent occurrences were described in most other European countries. Although
the disease was known to be present in Spain (A. Ramos-Monreal, personal
commurnication), when the present study was initiated there was no published record
on its occurrence in Spain.
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1.3. Disease transmission
1.3.1, Seed borne transmission

Pea bacterial blight is a seed borne disease (Skoric, 1927). Epidemics may be initiated
from seed infection levels of 0.1% or less. The expected transmission ratio
seed:seedling is approximately 10:1 under normal field condition (Taylor, 1982).
Skoric (1927) reported overwintering of Ps. syr. pv. pisi as a dry bacterial film on the
surface of the seed and in the seed coat. Hagedorn (1989) reported that the bacterium
was carried by the seed both externally and internally and could persist for at least
three years, it did not appear to penetrate the embryo or cotyledon and the most
common primary sites of seced-induced infection were the lower stipules.

1.3.2. Secondary spread in the field

Sackett (1916) reported penetration through wounds and stomata into the stem and
leaves and further spread into the underlying parenchyma and that the infection did
not appear to spread into the pith and vascular bundles. He observed a gradual wilting
of plants but not a sudden collapse. However, Skoric (1927) observed that the bacteria
enter parenchyma cells of the cortex and the pith breaking down cell walls and vessels
by high pressure of bacterial slime and by chemical action, and then may enter into the
vascular bundles, with consequent wilting of leaflets and occasionally of the whole
plant (Skoric, 1927).

Secondary infection and spreading of the disecase is favoured by any activity which
can disseminate bacteria and cause wounding: rain and wind damage (Stead and
Pemberton, 1987), farm machinery, people, insects and birds (Roberts, 1991),
irrigation, frost and hail damage (Young and Dye, 1970; Boelema, 1972). Mansfield et
al. (1997) found that disease severity was greater in winter-sown than spring-sown
peas and that yield reduction was strongly correlated with disease severity.

The soil is not a primary source of inoculum and the pathogen as a free living
organism is unlikely to survive from one season to the next. However, infected plant
debris in soil is a potent source of inoculum and crop rotations which include two
seasons free of field peas should be considered as part of a strategy to control bacterial
blight (Hollaway and Bretag, 1997). Weeds collected in naturally infected pea fields
often harboured the pathogen but with levels smaller than those observed on peas
(Grondeau er al., 1996). Among altemative hosts reported are sweet pea (Lathyrus
odoratus), red clover (Trifolium pratense) and soybean (Glycine max) (Hagedorn,
1989). Ps. syr. pv. pisi has an epiphytic resident phase and its development on pea is
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pathogen race specific (Grondeau ef al., 1996). It is not known whether the same
genes for pathogenicity are also involved in the race-specificity of epiphytic
development.

Soil moisture contents influence transmission of infection from seed to seedling
(Skoric, 1927; Roberts, 1992; Hollaway et al., 1996), but not temperature (Roberts,
1992). The influence of soil moisture suggests that the embryo itself is not actually
infected and that infection takes place during germination and emergence. By sowing
later in the year the likelihood of a drier seedbed is increased which would result in a
lower incidence of disease transmission, seed 10 seedling. Later sowing may give a
yield penalty but may be worthwhile for seed crops (Roberts, 1992).

1.4. Race occurrence

Two races of Ps. syr. pv. pisi were defined for the first time by Taylor (1972) on the
basis of different reactions on two pea cultivars, Early Onward and Partridge. A
further four race types were later identified on the basis of interactions with an
expanded set of nine cultivars (Taylor et al., 1989; Bevan et al., 1995). Race 6 was
originally found as a spontaneous mutation from race 3 in a laboratory culture but has
since been found in naturally infected pea crops. Race 6 is unique in its ability to
cause disease in all cultivars tested (Taylor et al., 1989) and at present there are no
cultivars known to be resistant to race 6.

Race typing of a collection of 146 isolates from UK and overseas showed that race
2 was predominant (83% of all UK isolates) (Taylor ¢t al., 1989). In a study made in
the UK in seed stocks from 1987 to 1994 (Reeves et al., 1996), race 2 was most
frequently isolated (65% to 92%), races 1, 3, 4 and 5 occurred infrequently and there
was an increase in the incidence of race 6, representing 26% of the infected samples in
1994, Schmit (1991) in a study in France, also reported the predominance of race 2
(52% of the isolates), followed by race 6 (36%) and 4 (12%). The racc frequency
spectrum in Australia (Hollaway and Bretag, 19956} is quite ditferent from Europe:
race 3 represented 64% of the isolates tested, race 6 (31%) and race 2 (5%).

1.5. Measures for the control of pea bacterial blight

Primary infection can be prevented by the use of disease-free sced and therefore
disease avoidance through seed testing is a major control measure of pea bacterial
blight.

Measures to avoid spreading of the disease once this has been introduced in the
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field are: (1) Use clean farm equipment, (2) Avoid sprinkler irrigation, particularly in
seed crops, (3) Plough in infected crops immediately after harvest and disinfect all
equipment, {(4) Do not grow peas in fields for at least one season after an infected crop
and (5) Destroy all volunteer peas before resowing,.

The use of resistant cultivars is also a key-measure for the control of the disease
and race specific resistance genes are present in many cultivars. It would be optimal to
use cultivars that are resistant to all races of the pathogen, however, all cultivars tested
so far are susceptible to race 6. Biological control of the disease constitutes an elusive
control measure.

2. BREEDING FOR RESISTANCE TO PEA BACTERIAL BLIGHT

Pea is diploid with seven chromosome pairs. It is self-fertilizing and natural
outcrossing has been estimated (o be less than 1% (Gritton, 1980).

2.1. Race specific resistance
2.1.1. The gene-for-gene model

The genetic analysis of six races of Ps. syr. pv. pisi and a set of nine differential pea
cultivars allowed a gene-for-gene model to be proposed based on five matching pairs
of resistance genes (R-genes) in the host and avirulence genes in the pathogen (Taylor
et al., 1989). The model indicated one or more avirulence genes operating in each of
the six known races with the exception of race 6, which was found to be compatible
on all cultivars tested. Further genetic analyses of both the host and pathogen and the
discovery of one new naturally occurring race subsequently led to the revision and
refinement of the model in which the interaction of eight differential cultivars with
seven races was based on six matching pairs of resistance genes in the host and
avirulence genes in the pathogen (Table 1, Bevan et al., 1995).

2.1.2. Frequency of race specific resistance genes

Resistance to races 1-5 was found to be widespread in a collection of Pisum sp.
germplasm including 151 lines {commercial cultivars, breeding lines and wild types),
with more than 75% showing resistance to one or more races, indicating the
widespread presence of race specific R-genes. The predominant R-gene was R3 (56%)
followed by R2 (38%) and R4 (11%) (Taylor e al., 1989). In a later Pisum sp.
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germplasm screening, part of a CEC programme, which included 231 accessions, R3
was also found to be the most common R-gene (J.D. Taylor, personal
communication).

There seems to be an involvement of host genotype in the occurrence of specific
races, which has been also reported in the soybean-Ps. syr. pv. glycinea interaction
{Cross et al., 1966). The most common commercial pea cultivars grown in Australia
are susceptible to races 3 and 6 of Ps. syr. pv. pisi, where these races have a high
incidence (Hollaway and Bretag, 19955). The lower frequency of race 2 in Australia
than in UK and France is most likely due to the presence of R2 in common cultivars in
Australia. Many of the cultivars grown in UK and France lack R2 and are susceptible
to race 2, likewise many Australian cultivars lack R3 and are susceptible to race 3.
Schmit (1991} found that race 2 predominates in the North of France where there is
intensive production of spring cultivars (most of them susceptible to race 2). Most of
the strains identified as race 6 were found in the South of France were winter cultivars
are grown (with frequent resistance to race 2).

Table 1. Gene-for-gene relationship between pea cultivars and races of Psexdomonas
syringae pv. pisi (Bevan ez al., 1995)

Race/avirulence genes
1 2 3 4 5 6 17

1 .

2 . 2 2
3 i . 3
4 4 4 4

. A 5
Resistance (R) genes 6 . . . (& . .
KelvedonWonder . . . . . . + + + + + + o+
Early Onward .2 . . ] + - + + - + -
Belinda .. 3 . . . -+ -+ o+ o+ -
Hurst’s Greenshaft . . . 4 . &)y - + + - - + -
Partridge .. 3 4 . . -+ - - -+ -
Sleaford Triumph . 2 . 4 (5) . .
Vinco 1 2 3 . (5 - - - -+ -
Fortune . 2 3 4 . - - - - -+ -

+, Susceptible response; -, resistant response; genes in parentheses partly proven; ., gene absent
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2.1.3. Genetic mapping of race specific resistance genes

Genetic analysis of the inheritance of resistance to Ps. syr. pv. pisi in pea provided
evidence of linkage between the resistance genes R3 (Ppi-3) and R4 (Ppi-4) (Bevan et
al., 1995). Hunter (1996) confirmed the linkage between Ppi-3 and Ppi-4 and linkages
to isoenzyme and morphological characters indicated that the linked loci could be
associated with either linkage group I or VII. Mapping studies in two recombinant
inbred populations placed R2 (Ppi-2) on linkage groupVII and located R1 (Ppi-1) on
linkage group VI close to hilum colour allele pi.

2.1.4. Races/Avirulence genes

The avirulence gene A2 in race 2, was the first cloned avirulence gene (avrPpid)
involved in a gene-for-gene relationship in a Ps. syringae pathovar (Vivian et al,,
1989). This gene was found to alter the virulence of Ps. syr. pv. phaseolicola to bean
and Ps. syr. pv. maculicola to Arabidopsis in a cultivar or ecotype specific manner
(Dangl et al., 1992). The activity of avrPpiA has therefore demonstrated the presence
in bean and Arabidopsis of functional homologs of the R2 gene for resistance to Ps.
syr. pv. pisi (Dangl et al., 1992, Fillingham et al., 1992).

The avirulence gene avrPpiB from Ps. syr. pv. phaseolicola races 3 and 4 was
found to confer avirulence on Ps. syr. pv. pisi in all cultivars examined (Fillingham et
al., 1992; Vivian and Mansfield, 1993).

Wood et al. (1994) detected a gene in pea controlling nonhost resistance to Ps. syr.
pv. phaseolicola (cloned DNA from a plasmid in Ps. syr. pv. phaseolicola conferred
avirulence on Ps. syr. pv. pisi towards its host pea). Avirulence was determined by
two loci which appeared to match a single dominant resistance gene in the pea cultivar
Kelvedon Wonder the first gene for nonhost resistance to be identified in pea.

2.2. Race non-specific resistance

Race non-specific resistance to Ps. syr. pv. pisi was primarily detected during a Pisum
sp. germplasm screening using a stem inoculation technique (Schmit et al., 1993,
Taylor ef al., 1994). All the accessions listed as Pisum abyssinicum were found to be
resistant or partially resistant (o all races of Ps. syr. pv. pisi, including race 6, for
which there are no known commercial resistant cultivars. Sixteen of these accessions
originated from Ethiopia and one from Yemen.

Pisum abyssinicum grows mainly in Northern Ethiopia at altitudes between 1800 to
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3000 m. Ethiopia is one of the centres of diversity of cultivated plants (Vavilov,
1992). The climate is relatively wet during the vegetative period (usually spring) and
harvests usually coincide with the dry period. Plants are tolerant to low temperatures,
particularly during the early stage of plant growth. One of the characteristic properties
of the Ethiopian pea is its cosmopolitan qualities: it can be successfully grown at he
northern extremities of cultivation but succeeds also under dry arid steppe conditions.
In addition to the mesophilic subgroups sown at the beginning of the rainy period,
there are also xerophilic ones, sown at the end of the wet season and subject to the
effects of drought (Vavilov, 1992).

Preliminary studies on the inheritance of race non-specific resistance derived from
P. abyssinicum in a limited number of P. sativum x P. abyssinicum F2s pointed to a
single recessive type of resistance (J.D. Taylor, personal communication).

3. BIOLOGICAL CONTROL OF PEA BACTERIAL BLIGHT BY
ENDOPHYTIC BACTERIA

3.1. What are endophytic bacteria?

Research on bacteria residing in the internal tissues of non-symptomatic plants dates
back to Pasteur (1876), who reported that grape juice was microorganisms-free when
extracted aseptically. Papers published on the subject from 1876 to 1896 (reviewed by
Smith, 1911) served only to inculcate the belief that healthy plant tissues were free of
microorganisms and scientists reported the bacteria found within healthy plants as due
to contaminants and not as natural colonizers. Since 1896 until 1950 authors reported
on bacteria from internal plant tissue but with few exceptions no clear statements were
established (Hollis, 1951).

Perotti {1926) first coined the term endophyte to describe the bacterial microflora
other than Rhizobium spp. isolated from the root cortex of healthy plants. Several
definitions of endophytic bacteria have been proposed since then (Kado, 1992;
Quispel 1992; Beatti and Lindow, 1995). The definition given by Hallmann er al.
(19974a) include those bacteria that can be isolated from surface-disinfested plant
tissue or extracted from within the plant and do not visibly harm the plant. This
definition does not include non-culturable and non-extractable endophytic bacteria
and is inclusive of bacterial symbionts as Rhizobium. It is a functional and practical
definition since it includes the broad spectrum of work being done on the presence,
population dynamics and effect of non-pathogenic colonizers of internal plant tissue.
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3.2. Isolation and examination of endophytic bacteria

The isolation procedure is a limiting factor when studying endophytic bacteria. An
optimal isolation procedure should include only the complete internal bacterial
population, however, in practice, this is unlikely to be achieved. The most common
isolation technique has been surface-disinfestation and grinding. This technique might
over or underestimate the bacterial endophytic populations due to several factors such
as incomplete surface disinfestation, strong adsorption of bacterial cells to plant cell
structures, and the penetration of the disinfestant into plant tissues (Hallmann et al.,
19974). An alternative procedure used to overcome some of these constraints, is
vacuum and pressure extraction to extract endophytic bacteria from xylem and
intercellular spaces (Gardner et al., 1982; Bell ef al., 1995). However, comparison of
both techniques (Bell et al, 1995; Mahaffee and Kloepper, 1997; Hallmann et al.,
1997b) indicates qualitative and quantitative differences, with the higher recovered
numbers in the grinding technique most likely due to the fact that some bacteria clump
together or tend to absorb to particles in the plant (Fisher et al., 1992).

Plating on culture media is the simplest technique for monitoring endophytic
populations. Non-culturable types will not be detected with this technique and the
nutrient media will select for the fraction of the total population that can grow on the
chosen medium (Bell et al., 1995). Allenative techniques for examination of
endophytes in situ are viable staining with 2,3,5-triphenyltetrazolium dichloride
(Patriquin and Déobereiner, 1978; Bashan and Holguin, 19935), electron microscopy
(Hinton and Bacon, 1995; Benhamou et al., 1996a), and autoradiography (Sigee,
1990). For the study of specific endophytes, probe based systems as inmunological
staining and quantification by ELISA (Levanony and Bashan, 1990; van Vuurde and
Roozen, 1990; Mahaffee et al., 1997), nucleic acid hybridization (McFadden, 1991;
Hurek et al., 1994) and by plating and denaturing gradient gel electroforesis (Garbeva
et al., 2000) proved to be valuable tools.

3.3. Ecology of endophytic bacteria

The main source of endophytic bacteria appears to be the rhizosphere soil (De Boer
and Copeman, 1974; Sturz, 1995; Mahaffee and Kloepper, 1997; Hallmann et al.,
1997a). The importance of the phylloplane as a source of endophytic bacteria (Beattie
and Lindow, 1995) has not been studied in so much detail as with the rhizosphere soil,
however it might also play an important role in the case of endophytes specialized in
the aerial part of the plant. Although endophytes have been detected within sceds
(Mundt and Hinkle, 1976; McInroy and Kloepper, 1995¢; Adams and Kloepper,
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1996), the importance of seeds as source of endophytic bacteria remains controversial,
Micropropagated material constitutes a particular source of endophytic bacieria
(Leifert, 1989).

Entry into the plant tissue can be via stomata, lenticels, wounds induced by biotic
or abiotic factors and areas of emergence of roots (Huang, 1986). Wounds that occur
naturally as a result of plant growth are reported to be the main point of entry (Sprent
and de Faria, 1988). However, during agricultural practice crops are also subjected to
many processes that involve wounding. The mode of entry also depends on the
bacterial species. Wounds and root emergence are not absolutely required and active
penetration has been reported (Hurek et al., 1994; Benhamou et al., 1996a).

Once the bacteria have entered the plant, they either remain localized or spread in
the plant. Systemic bacterial colonization seems to be affected by the plant part
(Mahaffee er al., 1997; Quadt-Hallmann et al., 1997). Colonization of specific plant
areas like xylem or root tip seems to be strain and species specific. The potential for
seed transmission of applied endophytes is still questionable (Hallmann ef al., 19974).
In general, endophytic bacteria colonize intercellular spaces and xylem (Dong et al.,
1994; Hinton and Bacon, 1995) with only a few reports on intracellular colonization
(Frommel et af., 1991, Mahaftee et al., 1997). Endophytic bacteria have been found in
the vascular system but usually in relative low numbers (Ruppel et al., 1992). It seems
that spatially limited colonization in the vascular system is characteristic of
endophytic bacteria and probably a major factor in differentiating them from plant
pathogens (Braun, 1990; Vasse et al., 1995). Research on the nutritional requirements
of endophytic bacteria and availability of these nutrients for endophyte metabolism
has been long neglected.

Population densities of indigenous endophytes found in different crops ranged
generally from 10° to 10° CFU/g fresh weight (Hallmann et al., 1997a). Introduced
endophytes are usually found at levels of 10°-10° CFU/g (Dong et al., 1994). In both
cases populations are usually higher in the roots and lower stem and decrease
acropetally (Fisher ef al., 1992; Quadt-Hallmann and Kloepper, 1996). Gram-negative
bacteria are usually predominant over Gram-positives representing 75-100%, of the
total population (Gardner et al., 1982; Gagné et al., 1987; MclInroy and Kloepper,
19955h; Bell et al., 1995). Leifert et al (1989} reported a predominance of Gram-
positives in micropropagated plants. The most common taxa belong to the
Pseudomonaciaceae and Enterobacteriaceae families.

Biotic factors such as plant-associated microorganisms and plant-parasitic
nematodes and insects may influence the bacterial endophytic population (Fisher et
al., 1992; Hallmann ef al., 1998). The influence of plant genotype on endophytic
colonization is scarcely reported (Samish er al., 1961; Bell et al 1995; Adams and
Kloepper, 1998), although it is indeed an important factor in understanding plant-
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endophyte interaction. Abiotic factors such as temperature, rainfall, soil properties and
UV radiation that affect the colonization of bacteria in the rhizosphere and
phylloplane, will also be likely to affect bacterial endophytic colonization. Differences
in endophytic colonization from different soil types have been reported (Quadt-
Hallmann and Kloepper 1996; Mahaffee and Kioepper, 1996, Hallmann et al., 1999).
This probably reflects the interaction of soil factors such as texture, pH and organic
matter content.

3.4. Efects of endophytic bacteria

Endophytic bacteria may have deleterious, neutral or beneficial effects on their host to
control plant pathogens (Chen et al., 1995; Nowak er al., 1995; Hinton and Bacon,
1995) or to promote plant growth (Van Peer and Shippers, 1989; Kloepper et al.,
1992; Nowak et al., 1995).

In the 90s there has been a strong increase number of studies reporting disease
reduction by the use of introduced endophytic bacteria. However, very few are yet
reported to have practical large scale applications in commercial agriculiure (Cook et
al., 1996). Introduced endophytic bacteria include those isolated from the crop being
studied, from other crops, or soils or may be avimlent strains of the pathogen to be
controlled. An avirulent cell wall-less strain of Ps. syringae pv. phaseolicola was
reported to induce resistance to a virulent sirain of the same pathogen in bean
(Phaseolus vulgaris) (Amijee et al., 1992).

Several reports have described variation among cultivars for disease supression
(Vakili, 1992; King and Parke, 1993; Smith ef al.,, 1997), colonization of the host
(Hebbar ez al., 1992), induction of resistance (Lin et al., 1995) and induction of plant
growth responses (Becker and Cook, 1988; Chanway et al., 1988). Smith et al. {1999)
found a genetic basis in tomato for interactions with the biocontrol agent (Bacillus
cereus) against Pythium torulosum: they observed a significant variation among the
lines of a recombinant inbred population of tomate on supression of P, torulosum by
B. cereus, but also a significant phenotypic variation for resistance to P. rorulosum.
However, they found a negative correlation between resistance to P. tolurosurm and
disease supression by B. cereus.

3.5. Endophytic bacteria in pea

The natural incidence of endophytic bacteria in pea has only been investigated in
ovules, seeds and pods (Samish ez al, 1963; Mundt and Hinkle, 1976).
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Studies on biological control of pea diseases have been focused exclusively on
fungal diseases: control of Pythium-damping off with Trichoderma spp. (Harman et
al., 1980; Lifshitz et al., 1986), Ps. cepacia, Ps. fluorescens (Parke et al., 1991; King
and Parke, 1993; Benhamou et al., 199656) and Enterobacter cloacae (Hadar et al.,
1993); Fusasrium solani f. sp. pisi with Pseudomonas sp. (Castejon-Mufioz and
Ovyarzun, 1995) and Fusarium oxysporum f. sp. pisi with Bacillus pumilus (Benhamou
et al 19964). Heflich and Ruppel (1994.) reported that inoculation with Rhizobium and
an associative strain of the endophytic bacterium Pantoea agglomerans increased the
growth and yield of pea.

4. STRATEGIES FOR THE DURABLE CONTROL OF PEA BACTERIAL
BLIGHT

Breeding for resistance to Ps. syr. pv. pisi has been used as a measure of control of the
disease, however, only race specific resistance genes had been introduced into the
commercial cultivars. The increasing importance of race 6, for which there are no
known resistant cultivars, together with the possible appearance of new races, made
obvious the need to breed for race non-specific resistance. When the present study was
initiated a new source of potential race non-specific resistance had recently been
identified (Pisum abyssinicum) and was available. This resistance is a quantitative
type that confers resistance to all known races of the pathogen. Since this resistance
was thought to be of a different nature to race specific resistance, it was therefore
particularly relevant to investigate its mode of inheritance. It was thought that a
combination of race specific and non-specific resistance could be additive and provide
an optimal genetic background for protection against pea bacterial blight.

An understanding of the biology of the pathogen in relation to: (1) frequency of
race specific genes present in Pisum germplasm and race frequency, (2) differential
responses (o Ps. syr. pv. pisi in different plant parts and (3) performance of race non-
specific resistance under field conditions, is also necessary to establish the guidelines
for a successful breeding programme for resistance to pea bacterial blight with the
prospect of long-term performance.

Biological control of pea bacterial blight could provide a measure for a durable
control complementary with the use of resistant cultivars. Endophytic bacteria reside
in internal plant tissues. These tissuecs may provide a more uniform and protective
environment than plant surfaces where exposure to extreme environmental conditions
and microbial competition are major factors limiting long-term bacterial survival. No
studies have reported on the biological control of pea bacterial blight and studies on
the indigenous endophytic bacterial population have been limited to ovules, seeds and




General Introduction 15

pods. Research should primarily focus on detection techniques for endophytic bacteria
in pea, factors affecting endophytic bacterial colonization at the population level and
taxa, and the building of an endophytic bacterial collection of indigenous types in pea
to be further screened for biological control of Ps. syr. pv. pisi.

OUTLINE OF THIS THESIS

Chapter 2, the frequency of race specific resistance genes to pea bacterial blight in
Spanish landraces is reported. Although Ps. syr. pv. pisi is a well established pathogen
in Spain, this study represents the first published record of the occurrence of the
disease in Spain.

Chapter 3, description of the inheritance of race non-specific resistance derived from
Pisum abyssinicum through a crossing programme between two Pisum sativum
cultivars (Kelvedon Wonder, susceptible to all races, and Fortune, resistant to all races
except race 6) and two P. abyssinicum accessions (both resistant/partially resistant to
all races but one of them with a higher rate of resistance). Additionally, the
introduction of race non-specific resistance into commercial cultivars and the
development of molecular markers to assist in the breeding programmes are described.
Chapter 4, the differential responses to Ps. syr. pv. pisi in different plant parts under
glasshouse and field conditions and performance of race specific and non-specific
resistance are reported.

Chapter 5, the development and evaluation of methods for the detection and isolation
of endophytic bacteria in eleven pea cultivars are described and the differences in
stem colonization of these cultivars are analyzed.

Chapter 6, the influence of soil type, plant genotype, growth stage of the crop and
plant part on the population dynamics of endophytic bacteria in five Pisum sativim
cultivars and one Pisum abyssinicum accession are reported.

Chapter 7, methodology for the induction of the L-form (cell wall-less) of Ps. syr. pv.
pisi as a potential biocontrol agent of pathogenic Ps. syr. pv. pisi.

Chapter 8, General Discussion, the main findings are discussed and preliminary
findings on the screening of endophytes for the control of pea bacterial blight are
described.
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