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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. PhD Thesis, Wageningen
University, TheNetherlands,200pp.,English,Dutch andSpanish 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 Pisum 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.
Molecular 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 biological 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 103-106 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,Pseudomonassyringaepv.
pisi,racespecific resistance,racenon-specific resistance, Spanishlandraces.
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Peabacterialblight:pathology andprospectsfor 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
presentinthewildtypes.
The number of species within the genus Pisum 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 Pisumspp. (P.elatius,the highland Asiatic P. sativumand all
the rest including modern cultivars). The tremendous variability in the present pea
gene-poolreflects itsearlydomestication andsubsequentwidespread distribution.
Mendel's workonhybridization withpeaspublished in 1865wasthefoundation of
genetic science.However, it wasnotuntil 1901thathisworkwasrediscovered andits
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,
especiallyhightemperatures, arelargely confined totemperate regions andthehigher
altitudes or cooler seasons of warmerregions.They require well-drained soils andare
especially sensitivetowater andtemperature stressduringgermination 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 andsugar snappeas,whereplantsareharvested for humanconsumptionof
theirfresh immaturepods;(3)Dried orcombining peas,wherethecropisharvested as
matured dried seeds which areused for human consumption directly after rehydration
orafter preservation byrehydration andcanning,theymayalsobeusedinanimal feed
and as a raw material for protein and starch extraction; (4) Forage peas, where the
wholeplant isharvested at theflat pod stage and maybe ensiled or dried and usedas
hay;and(5)Greenmanurecrop.
Total world production of dry peas in 1998 was 12,2 million metric tones, the
fourth most important legume (FAO, 1998). The main areas 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 andencourageresearch:from 111,000hawithyieldsof 3,300kg/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).
Peaisanimportant protein sourcefor usein compounded animal feed which could
further contribute to a reduction in the European 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 incroprotation systems.
There is an unquestioned need to improve the level of protection to the main
fungal, bacterial and viraldiseases (Hagedorn, 1985)inordertoincreasetheyieldand
quality of the pea crop.Hagedorn (1985) reported as major diseases in the pea crop:
Pythium damping-off causedbyPythium ultimum Trow and/orotherPythium species;
'Ascochyta' diseases whichincludeAscochyta leaf andpod spotcausedbyAscochyta
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 AphanomyceseuteichesDrechs and Fusarium root rot by
Fusariumsolanif. sp.pisi (F.R.Jones)Snyd.&Hans.
Bacterial blight (Pseudomonas syringaepv.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 withAscochyta pisi andBotrytis
cinerea (Lagunaetal.,1997).

1.DESCRIPTION OFPEABACTERIALBLIGHT
1.1.Thecausal organism
Pea bacterial blight caused by Pseudomonas syringae pv.pisi was first recorded in
Colorado (Sackett, 1916).It isaGram-negative, non-spore forming rod (ca.0.7 x 2-3
(a), chemo-organotrophic, obligative aerobe, motile by one to five polar flagella.
Optimumgrowthoccursat26-28°C andpH6.5-7.5.Moststrainsproduce ayellowishgreendiffusible pigmentonKing'sBmediumwhichfluoresces blueunderultraviolet
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light.
Ithas thetypical characters of aLOPATgroup la green fluorescent Pseudomonad
(Lelliot et al., 1966): positive levan production on 5% sucrose nutrient agar (white
mucoid colonies), negative oxidase, negative pectolytic activity on potato slices,
negativeargininedihydrolase activity andpositivehypersensitivereaction intobacco.

1.2.Diseasesymptomsandpotential losses
Pea bacterial blight may affect all aboveground plant parts. Under cool and wet
conditions,favourable for thespread ofthedisease,lesions areinitially 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.Thebacteria then feed on theleaked nutrients and multiply
in the intracellular spaces (Hunter, 1996).In the case of a resistant response, the socalled hypersensitive reaction is expressed as the rapid collapse and browning of
invadedtissuesinassociationwiththeaccumulation ofphytoalexins andtheinhibition
ofbacterialmultiplication (Cruishank andPerrin, 1961).
When peas are infected at the seedling stage,the entire crop may belost. 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.
syringaepv.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 inthe glasshouse as well as serological (agglutination with
specific antisera)andnutrtionaltests(homoserineutilization).
Occurrence ofpeabacterialblighthasbeenreported inallcontinents (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
communication), when the present study was initiated there was no published record
onitsoccurrenceinSpain.
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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 seed-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 thepith 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 disease 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 et al., 1996). Among alternative 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 et 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 inthe year thelikelihood of adrier seedbed isincreased which would result ina
lower incidence of disease transmission, seed to seedling. Later sowing may give a
yieldpenaltybutmaybeworthwhile for seedcrops (Roberts,1992).

1.4.Raceoccurrence
Tworaces 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 asaspontaneous mutation from race 3inalaboratory culture buthas
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
cultivarsknowntoberesistanttorace6.
Racetyping of acollection of 146isolates from UK and overseas showedthat race
2waspredominant (83%of allUKisolates) (Taylor etal., 1989). Ina study madein
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 5occurred infrequently and there
wasanincreaseintheincidenceofrace6,representing 26%oftheinfected samplesin
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 race frequency
spectrum in Australia (Hollaway and Bretag, 1995ft) is quite different from Europe:
race3represented 64%oftheisolatestested,race6(31%)andrace2 (5%).

1.5.Measuresforthecontrol ofpeabacterialblight
Primary infection can be prevented by the use of disease-free seed 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 to 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).

2.7.2. 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 et 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 etal., 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, 1995ft). The lower frequency of race 2 in Australia
thaninUKandFranceismostlikelyduetothepresenceofR2incommon cultivarsin
Australia. Many of thecultivars 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 2predominates in the North of France where there is
intensive production of spring cultivars (most of them susceptible to race 2).Mostof
thestrainsidentified asrace6werefound intheSouth of Francewerewinter cultivars
aregrown(withfrequent resistancetorace2).

Table 1.Gene-for-gene relationship between pea cultivars and races ofPseudomonas
syringaepv.pisi (Bevanetah, 1995)

Resistance (R) genes
KelvedonWonder
Early Onward
Belinda
Hurst's Greenshaft
Partridge
Sleaford Triumph
Vinco
Fortune

2
3
3
2
2
2

3
3

4
4
4
4

(6)
(5)
(5)

Race/avirulence genes
1
2 3 4
5
6
1
2
2
3
3
4
4
4
(5)
(6)
(6)
+
+ + +
+
+
+
- + +
+
+ - +
+
+
+ +
+
+ +
+
- + - +
+
+

+,Susceptibleresponse;-,resistantresponse; genesinparenthesespartly proven;., gene absent

7
2
3
4

+
-
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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 Rl (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 (avrPpiA)
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 etal., 1992;Fillingham etal., 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 tobe 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 et al., 1994). All the accessions listed as Pisum abyssinicum were found to be
resistant or partially resistant to 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 aretolerant to low temperatures,
particularly during theearly stageofplant growth. Oneofthecharacteristic 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 steppeconditions.
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 ofdrought(Vavilov, 1992).
Preliminary studies on the inheritance of race non-specific resistance derived from
P. abyssinicum in a limited number of P. sativumx P. abyssinicum F2s pointed to a
singlerecessivetypeofresistance (J.D.Taylor,personal communication).

3. BIOLOGICAL CONTROL OF PEA BACTERIAL BLIGHT BY
ENDOPHYTIC BACTERIA
3.1.Whatareendophytic bacteria?
Research on bacteria residing in the internal tissues of non-symptomatic plants dates
back to Pasteur (1876), who reported that grapejuice was microorganisms-free when
extracted aseptically. Paperspublished onthesubject from 1876to 1896(reviewedby
Smith, 1911)served only toinculcate thebelief thathealthy plant tissues werefree of
microorganisms andscientistsreportedthebacteriafound withinhealthyplantsasdue
to contaminants and not asnatural colonizers. Since 1896until 1950 authors reported
onbacteriafrom internalplanttissuebutwithfew exceptions noclear 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 et al.
(1997a) 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,
populationdynamicsandeffect ofnon-pathogenic colonizers ofinternalplanttissue.
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3.2.Isolationandexaminationofendophyticbacteria
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 techniquehasbeen surface-disinfestation andgrinding.Thistechniquemight
over orunderestimate thebacterial endophytic populations dueto 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.,
1997a). 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 etal, 1982;Bell etah, 1995).However, comparison of
both techniques (Bell et al, 1995; Mahaffee and Kloepper, 1997; Hallmann et al.,
1991b)indicates qualitative and quantitative differences, with the higher recovered
numbersinthegrindingtechniquemostlikelyduetothefact that somebacteriaclump
togetherortendtoabsorbtoparticlesintheplant (Fisheretal.,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 thefraction of thetotal population that can grow onthe
chosen medium (Bell et al., 1995). Alternative techniques for examination of
endophytes in situ are viable staining with 2,3,5-triphenyltetrazolium dichloride
(Patriquin and Dobereiner, 1978; Bashan and Holguin, 1995), 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 etal.,1994)andbyplating anddenaturing gradient gelelectroforesis (Garbeva
etal., 2000)provedtobevaluabletools.

3.3.Ecology ofendophyticbacteria
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).Theimportanceof thephylloplane asasourceof endophytic bacteria (Beattie
andLindow, 1995)hasnotbeenstudied in somuchdetail aswiththerhizosphere soil,
however it might alsoplay an important role in the case of endophytes specialized in
the aerial part of the plant. Although endophytes have been detected within seeds
(Mundt and Hinkle, 1976; Mclnroy and Kloepper, 1995a; Adams and Kloepper,
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1996),theimportanceof seedsassourceofendophyticbacteriaremains controversial.
Micropropagated material constitutes a particular source of endophytic bacteria
(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 aresult ofplant growth arereported tobethe main point of entry (Sprent
and deFaria, 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 hasbeenreported (Hureketal, 1994;Benhamou etal, 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 et al, 1997; Quadt-Hallmann et al, 1997). Colonization of specific plant
areas like xylem or root tip seems tobe strain and species specific. The potential for
seedtransmission of appliedendophytesisstillquestionable (Hallmann etal, 1997a).
In general, endophytic bacteria colonize intercellular spaces and xylem (Dong et ah,
1994;Hinton and Bacon, 1995) with only a few reports on intracellular colonization
(Frommel etal.,1991,Mahaffee etal.,1997).Endophyticbacteriahavebeenfound in
thevascular systembutusually inrelativelow numbers (Ruppeletal.,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 etal., 1995).Research onthe nutritional requirements
of endophytic bacteria and availability of these nutrients for endophyte metabolism
hasbeenlongneglected.
Population densities of indigenous endophytes found in different crops ranged
generally from 103to 106CFU/g fresh weight (Hallmann et al., 1997a). Introduced
endophytes are usually found atlevels of 103-105CFU/g (Dong etal, 1994).In both
cases populations are usually higher in the roots and lower stem and decrease
acropetally (Fisheretal, 1992;Quadt-Hallmann andKloepper, 1996).Gram-negative
bacteria are usually predominant over Gram-positives representing 75-100%, of the
total population (Gardner et al, 1982; Gagne et al, 1987; Mclnroy and Kloepper,
19956; Bell et al, 1995). Leifert et al (1989) reported a predominance of Grampositives in micropropagated plants. The most common taxa belong to the
Pseudomonaciaceae andEnterobacteriaceae 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 et al, 1998). The influence of plant genotype on endophytic
colonization is scarcely reported (Samish et 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 (QuadtHallmann and Kloepper 1996; Mahaffee and Kloepper, 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 et 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 agriculture (Cook et
al., 1996). Introduced endophytic bacteria include those isolated from the crop being
studied, from other crops, or soils or may be avirulent 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 strain 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 et al, 1997), colonization of the host
(Hebbar et al., 1992), induction of resistance (Liu 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 tomato on supression of P. torulosum by
B. cereus, but also a significant phenotypic variation for resistance to P. torulosum.
However, they found a negative correlation between resistance to P. tolurosum 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 et 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 etal.,1986),Ps.cepacia, Ps.fluorescens(Parke etal., 1991;King
and Parke, 1993; Benhamou et al., 19966) and Enterobactercloacae (Hadar et al.,
1993); Fusasrium solani f. sp. pisi with Pseudomonas sp. (Castejon-Munoz and
Oyarzun, 1995)andFusarium oxysporum f. sp.pisi withBacilluspumilus(Benhamou
etal 1996&).H0flich andRuppel (1994.)reportedthatinoculation withRhizobium and
an associative strain of the endophytic bacterium Pantoea agglomerans increased the
growthandyieldofpea.

4.STRATEGIESFORTHEDURABLECONTROLOFPEABACTERIAL
BLIGHT
BreedingforresistancetoPs.syr.pv.pisihasbeenusedasameasureofcontrol ofthe
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
obvioustheneedtobreedfor racenon-specific resistance.Whenthepresent studywas
initiated a new source of potential race non-specific resistance had recently been
identified (Pisumabyssinicum)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 ofracespecific andnon-specific resistance couldbeadditive andprovide
anoptimalgeneticbackground forprotection againstpeabacterial blight.
An understanding of the biology of the pathogen in relation to: (1) frequency of
race specific genes present in Pisumgermplasm and race frequency, (2) differential
responses toPs.syr.pv.pisi in different plant parts and (3) performance of racenonspecific resistance under field conditions, is also necessary toestablish the guidelines
for a successful breeding programme for resistance to pea bacterial blight with the
prospectoflong-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 tissues may provide a more uniform and protective
environment than plant surfaces where exposure toextreme 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
theindigenous endophytic bacterial population havebeen limited to ovules, seedsand
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pods.Research shouldprimarily focus ondetection techniquesfor endophytic bacteria
in pea, factors affecting endophytic bacterial colonization at the population level and
taxa,andthebuilding of anendophytic bacterial collection of indigenous types inpea
tobefurther screenedforbiologicalcontrolofPs.syr.pv.pisi.

OUTLINEOFTHISTHESIS
Chapter 2, the frequency of race specific resistance genes to pea bacterial blight in
Spanishlandraces isreported.Although Ps.syr.pv.pisiisawellestablished pathogen
in Spain, this study represents the first published record of the occurrence of the
diseaseinSpain.
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, susceptibletoallraces,andFortune,resistant toallraces
except race 6) and twoP. 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 ofmolecular markerstoassistinthebreeding programmes aredescribed.
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
resistancearereported.
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
stemcolonization ofthesecultivars areanalyzed.
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 Pisumsativum
cultivarsandonePisumabyssinicumaccessionarereported.
Chapter 7,methodology for theinduction of theL-form (cell wall-less) of Ps.syr.pv.
pisi asapotentialbiocontrol agentofpathogenicPs.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.

15

16

Chapter1

REFERENCES
Adams, P.D. and Kloepper, J.W. 1996. Seed-bome bacterial endophytes in different cotton
cultivars.Biodiversity 86(11):S97.
Adams, P.D. and Kloepper, J.W. 1998. Effects of plant genotype on populations of
indigenous bacterial endophytes of nine cotton cultivars grown under field conditions.
Phytopathology 88:S2.
Amijee, E, Allan, E.J., Waterhouse, R.H., Glover, L.A. and Paton, A.M. 1992. Nonpathogenic association of L-form bacteria {Pseudomonassyringae pv. phaseolicola)
with bean plants (Phaseolusvulgaris L.) and its potential for biocontrol of halo blight
disease.Biocontrol ScienceandTechnology 2:202-214.
Anon. 1971.CMIDistribution MapsofPlantDiseases.MapNo.253.Surrey,UK:CMI.
Bashan, Y. and Holguin, G. 1995. Root-to-root travel of the beneficial bacterium
Azospirillumbrasilense. Applied andEnvironmental Microbiology 60: 2120-2131.
Bateson, W. 1901. Experiments in plant hybridisation by Gregor Mendel. Journal of the
RoyalHorticultural Society26: 1-32.
Beatti, G. A. and Lindow, S.E. 1995.The secret life of foliar bacterial pathogens on leaves.
AnnualReview ofPhytopathology 33: 145-172.
Becker, J.O. and Cook R.J. 1988.Role of siderophores in supression of Pythiumspecies and
production of increased-growth response of wheat by fluorescent Pseudomonads.
Phytopathology 78:778-782.
Bell, C.R., Dickie, G.A., Harvey, W.L.G. and Chan, J.W.Y.F. 1995.Endophytic bacteria in
grapevine.CanadianJournal ofMicrobiology 41: 46-53.
Benhamou, N., Belanger, R.R. and Paulitz, T. 1996a. Ultrastructural and cytochemical
aspects oftheinteraction betweenPseudomonasfluorescens andRiT-DNA transformed
pearoots:hostresponsetocolonization byPythiumultimum Trow.Planta 199:105-117.
Benhamou, N., Kloepper, J.W., Quadt-Hallmann, A., and Tuzun, S. 1996fo. Induction of
defense-related ultrastructural modifications in pea root tissues inoculated with
endophytic bacteria.PlantPhysiology 112:919-929.
Bevan, J.R., Taylor, J.D., Crate, I.R., Hunter, P.J. and Vivian A. 1995 Genetics of specific
resistance in pea (Pisumsativum)cultivars to seven races of Pseudomonas syringaepv.
pisi. PlantPathology44:98-108.
Boelema, B.H. 1972. Bacterial blight (Pseudomonas pisi Sackett) of peas in South Africa
with special reference to frost as predisposing factor. Mededelingen
Landbowhogeschool, Wageningen,Nederland 72(13): 1-87.
Braun, E.J. 1990.Colonization of resistant and susceptible maize plants by Erwinia stewarii
strains differing in exopolysaccharide production. Physiological and Molecular Plant
Pathology 36:363-379.
Castejon-Munoz, M. and Oyarzun, P.J. 1995. Soil receptivity to Fusariumsolanif. sp.pisi

General Introduction

and biological control of root rot of pea. European Journal of Plant Pathology 101: 3549.
Chanway, C.P., Nelson, L.M. and Holl, F.B. 1988. Cultivar-specific growth promotion of
spring wheat (Triticum aestivum L.) by coexistent Bacillus sp. Canadian Journal of
Microbiology 34:925-929.
Chen, C , Bauske, E.M., Musson, G., Rodriguez-Kabana, R. and Kloepper, J.W. 1995.
Biological control of Fusarium wilt on cotton by use of endophytic bacteria. Biological
Control 5: 83-91.
Cook, R.J., Bruckart, W.L., Coulson, J.R., Goettel, M.S., Humber, R.A., Lumsden, R.D.,
Maddox, J.V., McManus, M.L., Moore, L., Susan, F., Quimby, P.C., Stack, J.P. and
Vaughn,J.L. 1996.Safety of microorganisms intended for pestandplant diseasecontrol:
aframework for scientific evaluation.Biological Control7:333-351.
Cross, J.E., Kennedy, B.W., Lambert, J.W. and Cooper, R.L. 1966. Pathogenic races of the
bacterial blight pathogen of soybeans, Pseudomonasglycinea. Plant Disease Reporter,
50:557-560.
Cruishank, I.A.M. and Perrin D. 1961.Studies on phytoalexins. III.The isolation, assay and
general properties of a phytoalexin from Pisum sativum L. Australian Journal of
Biological Science 14:336-348.
Dangl,J.L., Ritter, C. Gibbon, M.J., Mur, L.A.J., Wood, J.R., Goss, S., Mansfield, J. Taylor
J.D. and Vivian A. 1992. Functional homologs of the Arabidopsis RPM1 disease
resistance geneinbeanandpea.PlantCell4(11): 1359-1369.
Davis, P.H. 1970.Flora of Turkey, Vol. 3.Edinburgh University Press, Edinburgh, pp.370373.
Davis, D.R. 1993.The Pea Crop. In Casey R., Davies, D.R. (ed.).Peas: Genetics, Molecular
BiologyandBiotechnology. CABInternational, Cambridge,pp. 1-12.
De Boer, S.H. and Copeman, R.J., 1974. Endophytic bacterial flora in Solanumtuberosum
and itssignificance inbacterial ringrot diagnosis. Canadian Journal of Plant Science54:
115-122.
Dong, Z., Canny, M.J., McCully, M.E., Roboredo, M.R., Cabadilla, C.F., Ortega, E. and
Rodes,R. 1994.Anitrogen-fixing endophyte of sugarcane stems.Plant Physiology 105:
1139-1147.
Ellis, T.H.N., Poyser, S.J., Knox M.R., Vershinin, A.V. and Ambrose, M.J. 1998.
Polymorphism of insertion sites of Tyl-copia class retrotransposons and its use for
linkage anddiversityanalysisinpea.Molecular andGeneral Genetics 260:9-19.
FAO. 1998.FAOSTATdatabase.
Fillingham,A.J.,Wood,J., Bevan,J.R., Crute,I.R., Mansfield, J.W., Taylor, J.D.and Vivian
A. 1992.Avirulence genes from Pseudomonassyringaepathovarsphaseolicolaandpisi
confer specificity towards both host and non-host species. Physiological and Molecular
PlantPathology40: 1-15.

17

18

Chapter 1

Fisher,P.J.,Petrini,O.,andScott,H.M.L. 1992.Thedistribution of somefungal andbacterial
endophytes inmaize(ZeamaysL.).NewPhytologist. 122: 299-305.
Frommel,M.I.,Nowak,J. and Lazarovits, G. 1991.Growth enhancement and developmental
modifications of invitrogrown potato (Solarium tuberosum ssp. tuberosum)as affected
byanonfluorescent Pseudomonas sp.PlantPhysiology 96:928-936.
Gagne, S., Richard, C. and Antoun, H. 1987. Xylem-residing bacteria in alfalfa roots.
CanadianJournal ofMicrobiology 33:996-1000.
Garbeva, P., van Overbeek, L.S., van Vuurde, J.W.L. and van Elsas, J.D. 2000 Diversity of
the endophytic bacterial community of potato assessed by plating and denaturing
gradient gel electrophoresis of PCR fragments generated with plant-derived DNA.
Accepted inMolecular Ecology.
Gardner, J.M., Feldman, A.W. and Zablotowicz, R.M. 1982.Identity and behavior of xylemresidingbacteria inroughlemonroots of Floridacitrus trees.Applied and Environmental
Microbiology 43: 1335-1342.
Gritton, E.T. 1980.Field pea. In: Fehr, W.R. and Hadley, H.H. (eds), Hybridization of Crop
Plants.American Societyof Agronomy,Madison,pp.347-356.
Grondeau, C, Mabiala, A., Ait-Oumeziane, R. and Samson, R. 1996. Epiphytic life is the
main characteristic of the life cycle of Pseudomonas syringae pv. pisi, pea bacterial
blightagent.European Journal ofPlantPathology 102: 353-363.
Hadar, Y., Harman, G.E., Taylor, A.G. and Norton, J.M. 1983.Effects of pregermination of
pea and cucumber and seed treatment with Enterobactercloaceae on roots caused by
Pythiumsp.Phytopathology 73: 1322-1325.
Hagedorn, D.J. 1985. Diseases of peas: their importance and opportunities for breeding for
diseaseresistance. In Hebblethwaite, P.D.,Heath,M.C. and Dawkins,T.C.K.(eds),The
PeaCrop,Butterworths,London,pp.205-213.
Hagedorn, D.J. 1989.Compendium of pea diseases. American Phytopathological Society, St
Paul,Minnesota,pp.8-10.
Hallmann, J., Quadt-Hallmann, A., Mahaffee, W.F. and Kloepper, J.W. 1997a. Bacterial
endophytes inagricultural crops.CanadianJournal ofMicrobiology 43: 895-914.
Hallmann, J., Kloepper, J.W. and Rodriguez-Kabana, R. \991b. Application of the
Scholander pressure bomb to studies on endophytic bacteria of plants. Canadian Journal
ofMicrobiology 43:411-416.
Hallmann, J., Quadt-Hallmann, A., Rodriguez-Kabana, R. and Kloepper, J.W. 1998.
Interactions between Meloidogyne incognita and endophytic bacteria in cotton and
cucumber. Soilbiologyand Biochemistry 30:925-937.
Hallmann, J., Rodriguez-Kabana, R. and Kloepper J.W. 1999. Chitin-mediated changes in
bacterial communities of the soil, rhizosphere and within roots of cotton in relation to
nematodecontrol. SoilBiology andBiochemistry 31: 551-560.
Harman G.E., Chet, I. and Baker, R. 1980. Trichodermaharmatum on seedling disease

General Introduction

induced in radish and pea by Pythium sp. or Rhizoctonia solani. Phytopathology 70:
1107-1112.
Hebbar, K.P., Davey, A.G., Merrin, J. and Dart, P.J. Rhizobacteria of maize antagonistic to
Fusarium moliniforme,a soil-borne fungal pathogen: colonization of rhizosphere and
roots. 1992.SoilBiology andbiochemistry 24:989-997.
Hinton, D.M. and Bacon, C.W. 1995.Enterobactercloaceaeis an endophytic symbiont of
corn.Micopathologia 129:117-125.
H0flich, G.andRuppel,S. 1994.Growth stimulation ofpeaafter inoculation with associative
bacteria.Microbiological Research 149:99-104.
Hollaway,G.J. andBretag,T.W. 1995a.Theoccurrence ofPseudomonas syringae pv.pisi in
field pea (Pisum sativum) crops in the Wimmera region of Victoria, Australia.
Australasian PlantPathology 24:133-136.
Hollaway, G.J. and Bretag, T.W. 1995b. Occurrence and distribution of races of
Pseudomonassyringaepv.pisi in Australia and their specificity towards various field
pea (Pisumsativum)cultivars. Australian Journal of Experimental Agriculture 35:629632.
Hollaway, G.J., Bretag, T.W., Gooden, J.M. and Hannah, M.C. 1996. Effect of soil water
content and temperature onthe transmission of Pseudomonas syringaepv.pisi from pea
seed(Pisumsativum) toseedling.Australasian PlantPathology 25: 26-30
Hollaway, G.J. and Bretag, T.W. 1997. Survival of Pseudomonassyringaepv.pisi in soil
and on pea trash and their importance as a source of inoculum for a following field pea
crop.AustralianJournal ofExperimental Agriculture 37:369-375.
Hollis,J.P. 1951.Bacteriainhealthypotatotissue.Phytopathology 41: 350-366.
Huang, J.S. 1986. Ultrastructure of bacterial penetration in plants. Annual Review of
Phytopathology 24:141-157.
Hunter, P.J. 1996.Studyof isoenzyme and RAPD markers for genetic mapping inPisumand
Phaseolus. PhDthesis,SchoolofBiological Sciences,University of Birmingham.
Hunter, J.E. and Cigna J.A. 1981.Bacterial blight of peas in New York State. Plant Disease
65:612-613.
Hurek, T., Reinhold-Hurek, B., van Montagu, M. and Kellenberger, E. 1994. Root
colonization and systemic spreading of Azoarcus sp. Strain BH72 in grasses.Journal of
Bacteriology 176:1913-1923.
Kado, C.I. 1992. Plant pathogenic bacteria. In Balows, A., Triiper, H.G., Dworkin, M.,
Harder, W. and Scheleifer, K.H. (eds.). The Prokaryotes. Springer-Verlag, New York.
pp.660-662.
King, E.B., and Parke, J.L. 1993. Biocontrol of Aphanomyces Root Rot and Phytium
Damping-Off byPseudomonascepaciaAMMD on four pea cultivars. Plant Disease77,
12:1185-1188.
Kloepper, J.W., Wei, G. and Tuzun, S. 1992.Rhizosphere population dynamics and internal

19

20

Chapter 1

colonization of cucumber byplant growth-promoting rhizobacteria with induce systemic
resistance to Colletotrichumorbiculare. In Tjamos, E.S., Biological control of plant
diseases,PlenumPress,NewYork.pp. 185-191.
Laguna, M.R., Ramos,A., Gonzalez, R., Caminero, C. and Martin,J.A. 1997.El cultivo del
guisanteproteaginoso.Agricultura 775: 135-141.
Leifert, C, Waites, W.M. and Nicholas, J.R. 1989. Bacterial contaminants of
micropropagatedplantcultures.Journal ofApplied Bacteriology 67: 353-361.
Lelliot, R.A., Billing, E. and Hayward, A.C. 1966. A determinative scheme for the
fluorescent plant pathogenic Pseudomonads. Journal of Applied Bacteriology 29: 470489.
Levanoy, H. and Bashan, Y. 1990.Avidin-biotin complex incorporation into enzyme-linked
immunosorbent assay (ABELISA) for improving the detection of Azospirillum
brasilense Cd.Curr.Microbiol.20:91-94.
Lifshitz, R., Windham, M.T. and Baker, R. 1986. Mechanism of biological control of
preemergence damping-off of pea by seed treatment with Trichoderma spp.
Phytopathology 76:720-725.
Liu,L., Kloepper, J.W. and Tuzun, S. 1995.Induction of systemicresistance in cucumber by
plantgrowth-promoting rhizobacteria: duration ofprotection andeffect ofhost resistance
onprotection androotcolonization.Phytopathology 85:1064-1068.
Mahaffee, W.F.,and Kloepper, J.W. 1996.(AuburnUniversity) Unpublished data.
Mahaffee, W.F.and Kloepper, J.W. 1997.Temporal changes in the bacterial communities of
soil,rhizosphere and endorhiza associated withfield-growncucumber (Cucumis sadvus
L.).MicrobialEcology 34: 210-223.
Mahaffee, W.F., Kloepper, J.W., vanVuurde,J.W.L., van derWolf,J.M.and van den Brink,
M. 1997. Endophytic colonization of Phaseolus vulgaris by Pseudomonas fluorescens
strain 89B-27 and Enterobacterarburiae strain JM22. In Ryder, M.H., Stephens, P.M.
and Bowen, G.D. Improving plant productivity in rhizosphere bacteria. CSIRO,
Melbourne,Australia,pp.180
Mansfield, P.J., Wilson, D.W., Heath, M.C. and Saunders, P.J. 1997. Development of pea
bacterial blight caused by Pseudomonassyringaepv.pisi in winter and spring cultivars
of combining peas (Pisum sativum) with different sowing dates. Annals of Applied
Biology 131:245-258.
McFadden, G.I. 1991 In situ hybridization techniques: molecular cytology goes
ultrastructural. In Hall, J.L. and Hawes, C (eds.). Electron microscopy of plant cells.
Academic Press,London,pp.219-255.
Mclnroy, J.A. and Kloepper, J.W. 1995a. Population dynamics of endophytic bacteria in
field-grown sweetcorn andcotton.Canadian JournalofMicrobiology 41: 895-901.
Mclnroy, J.A. and Klopper, J.W. 1995b. Survey of indigenous bacterial endophytes from
cottonand sweetcorn.Plant andSoil 173: 337-342.

General Introduction

Mendel, G. 1865. Versuche iiber Pflanzen-Hybriden. Verhandlungen des Naturforshenden
VereinesinBriinn4:3-47.
Mundt, J.O. and Hinkle, N.F. 1976. Bacteria within ovules and seeds. Applied and
EnvironmentalMicrobiology 32:694-698.
Nowak, J., Asiedu, S.K., Lazarovits, G., Pillay, V., Stewart, A., Smith, C. and Liu, Z. 1995.
Enhancement of in vitro growth and transplant stress tolerance of potato and vegetable
plantlets co-cultured with a plant growth promoting Pseudomonad bacterium. In Carre,
F. and Chagvardieff (eds). Ecophysiology and photosynthetic in vitro cultures.
Commissariat al'energie atomique,France,pp.173-179.
Parke, J.L., Rand, R.E., Joy, A.E. and King, E.B. 1991. Biological control of Pythium
dampig-off and Aphanomyces root rot of peas by application of Pseudomonas cepacia
orPseudomonasfluorescenstoseed.PlantDisease75:987-992.
Pasteur, L. 1876.Etudes surlabiere,etcs.Gauthier Villars.Paris,pp.54-57.
Patriquin, D.G. and Dobereiner, J. 1978. Light microscopy observations of tetrazoliumreducing bacteria in the endorhizosphere of maize and other grasses in Brazil. Canadian
Journal ofMicrobiology 24:734-742.
Perotti, R. 1926.On thelimits of biological inquiry in soil science.Proceedings International
Society of SoilScience2: 146-161.
Quadt-Hallmann, A. and Kloepper, J.W. 1996. Immunological detection and localization of
the cotton endophyte Enterobacterarburiae JM22 in different plant species. Canadian
Journal ofMicrobiology 42: 1144-1154.
Quadt-Hallmann, A., Hallmann, J. and Kloepper, J.W. 1997.Bacterial endophytes in cotton:
location and interaction with other plant-associated bacteria. Canadian Journal of
Microbiology 43:254-259.
Quispel, A. 1992.A search for signals in endophytic microorganisms. In Verma, D.P.S.(ed)
Molecular signals in plant-microbe communications. CRC Press, Boca Raton, Fla. pp.
471-490.
Reeves, J.C., Hutchins, J.D. and Simpkins, S.A. 1996. The incidence of races of
Pseudomonas syringae pv. pisi in UK pea (Pisum sativum) seed stocks, 1987-1994.
PlantVarietiesandSeeds 9: 1-8.
Roberts, S.J. 1991. Epidemiology of pea bacterial blight: problems of doing field trials.
Proceedings of the 4th International Working Group on Pseudomonas syringae
pathovars,Florence,pp.239-246.
Roberts, S.J. 1992. Effect of soil moisture on the transmission of pea bacterial blight
(Pseudomonassyringae pv.pisi) from seedtoseedling.PlantPathology 41: 136-140.
Ruppel, S.,Hecht-Buchholz,C, Remus,R., Ortmann,U.and Schmelzer, R. 1992.Settlement
of the diazotrophic, phytoeffective bacterial strain Pantoeaagglomeranson and within
winter wheat: aninvestigation usingELISA andtransmission electron microscopy. Plant
Soil 145: 261-273.

21

22

Chapter 1

Sackett,W.G. 1916.Abacterial stemblightoffield and gardenpeas.Bulletinof theColorado
AgriculturalExperimental Station 218:3-43.
Samish, Z., Etinger-Tulczynska, R. and Bick, M. 1961 Microflora within healthy tomatoes.
Journal ofMicrobiology9:20-25.
Samish, Z., Etinger-Tulczynska, R., and Bick, M. 1963.The microflora within the tissue of
fruits andvegetables.Journalof Food Science 28:259:266.
Schmit, J. 1991. Races of Pseudomonassyringae pv. pisi. Occurrence in France and host
specificity towards winter and spring cultivars of protein peas. Proceedings of the 4
International Working GrouponPseudomonassyringae Pathovars.pp.256-262.
Schmit, J., Taylor, J.D. and Roberts, S.J. 1993. Sources of resistance to pea bacterial blight
(Pseudomonassyringae pv. pisi) in pea germplasm. Abstracts of the 6 International
CongressofPlantPathology,Montreal,pp. 180.
Sigee, D.C. 1990. Microscopical techniques for bacteria. In Klement, Z., Rudolph, K. and
Sands,D.C. (eds)Methods in Phytobacteriology. Akademiai Kiado,Budapest, Hungary.
pp. 27-41.
Skoric, V. 1927. Bacterial blight of pea: overwintering, dissemination and pathological
histology.Phytopathology 17:611-627.
Smith, E.F. 1911 Bacteria in relation to plant diseases. Vol. 2. Carnegie Institution of
Washington,WashingtonD.C.
Smith, K.P., Handelsman, J. and Goodman, R.M. 1997. Modelling dose-response
relationships in biological control: partioning host responses to the pathogen and
biocontrol agent.Phytopathology 87:720-729.
Smith, K.P., Handelsman, J., and Goodman, R.M. 1999. Genetic basis in plants for
interactions with disease-suppresive bacteria. Proceedings of the National Academy of
ScienceUSA96:4786-4990.
Sprent, J.I. and de Faria, S.M. 1988. Mechanisms of infection of plants by nitrogen fixing
organisms.Plant Soil 110:157-165.
Stead, D.E. and Pemberton, A.W. 1987. Recent problems with Pseudomonas syringaepv.
pisi intheUK.EPPObulletin 17:291-294.
Sturz, A.V. and Christie, B.R. 1995. Endophytic bacterial growth governing red clover
growth anddevelopment. AnnalsofApplied Biology 26:285-290.
Taylor, J.D. 1972. Races of Pseudomonaspisi and sources of resistance in field and garden
peas.NewZealandJournal ofAgricultural Research 15:441-447.
Taylor, J.D. 1982. Basic methods for the detection of seed-borne bacteria. Report on the 1st
International Workshop on seed bacteriology, 4th-9th October 1982,Angers, France, pp.
7.
Taylor, J.D. 1986. Bacterial blight of compounding peas. Proceedings of the 1986 British
CropProtection Conference PestandDiseases,pp.733-736.
Taylor, J.D. and Dye,D.W. 1972.A survey of the organisms associated with bacterial blight

General Introduction

23

ofpeas.NewZealandJournalofAgriculturalResearch 15:432-440.
Taylor, J.D., Bevan, J.R., Crate, I.R. and Reader, S.L. 1989. Genetic relationship between
races of Pseudomonas syringaepv.pisi and cultivars of Pisumsativum.Plant Pathology
38:364-375.
Taylor,J.D.,Roberts,S.J. andSchmit,J. 1994.Screening for resistance topeabacterialblight
{Pseudomonassyringae pv. pisi). Proceedings of the 8th International Conference of
Plant Pathogenic Bacteria, Paris.Lemaittre,M.,Freignoun, S., Rudolph, K. and Swings,
J.G.pp.1027.
Vakili, N.G. 1992.Biological seed treatment of corn with mycopathogenic fungi. Journal of
Phytopahology 134: 313-323.
Van Peer, R. and Schippers, B. 1989.Plant growth responses to bacterization with selected
Pseudomonas spp. strains and rhizosphere microbial development in hydroponic
cultures.CanadianJournalofMicrobiology 35:456-463.
Van Vuurde, J.W.L. and Roozen, N.J.M. 1990. Comparison of inmunofluorescence colonystaining in media, selective isolation on pectate medium, ELISA, and
inmunofluorescence cell staining for detection of Erwiniacarotovorasubsp. atroseptica
and E. chrysantemiin cattle manure slurry. Netherlands Journal of Plant Pathology 96:
75-89.
Vasse, J., Frey., P. and Trigalet, A. 1995.Microscopic studies of intercellular infection and
protoxylem invasion of tomato roots by Pseudomonas solanacearum. Molecular and
PlantMicrobe Interactions 8:241-251.
Vavilov, N.I. 1992. Origin and geography of cultivated plants. Press Syndicate of the
University ofCambridge.
Vivian, A., Atherton, G.T., Bevan, J.R., Crate, I.R., Mur, L.A.J, and Taylor, J.D. 1989.
Isolation and characterization of cloned DNA conferring specific aviralence in
Pseudomonassyringaepv.pisi to pea (Pisumsativum) cultivars carrying the resistance
allele,R2.Physiological andMolecularPlantPathology 34:335-344.
Vivian, A. and Mansfield, J. 1993. A proposal for a uniform genetic nomenclature for
avirulence genes in phytopathogenic pseudomonads. Molecular Plant-Microbe
Interactions 6:9-10.
Wood, J.R., Vivian, A., Jenner, C, Mansfield, J.W. and Taylor J.D. 1994. Detection of a
gene in pea controlling nonhost resistance to Pseudomonassyringae pv.phaseolicola.
MolecularPlantMicrobe Interactions 7(4):534-537.
Young, J.M. and Dye, D.W. 1970. Bacterial blight of peas caused by Pseudomonaspisi
Sackett, 1916in New Zealand. New Zealand Journal of Agricultural Research 13:315324.
Zohary,D.and Hopf,M. 1973.Domestication of pulses in the OldWorld. Science 182:887894.

24

Chapter1

Chapter2
Resistancetobacterial blight
(Pseudomonassyringae pv.pisi) in
Spanishpea(Pisumsativum) landraces
M. Elvira-Recuenco ' and J.D. Taylor
1

HorticultureResearchInternational,Wellesbourne,Warwick,CV359EF,UK
Plant Research International, P.O. Box 16, 6700 AA Wageningen, The
Netherlands
2

Euphytica, inpress

26

Chapter 2

ABSTRACT
Peabacterial blight (Pseudomonas syringae pv.pisi) has longbeen known tobepresent in pea
growingareasofSpainandtocauseseriouscroplosses,althoughthereisnopublishedrecordof
its occurrence. A collection of 16isolates from a winter pea trial in Valladolid in 1991which
were shown in this study to be Ps. syr . pv.pisi races 4 and 6 would appear to be the first
published record of the disease in Spain. This occurrence of races 4 and 6 is the same as
reportedforwinter-sownpeasintheSouthofFrance.
Ten Pisumsativumlandraces from different geographical areas of Spain and considered to be
representativeofthetraditionalpeacrop,weretestedfor resistancetosevenracesofPs.syr. pv.
pisi. Seedlings of each landrace were stem inoculated with the type strain of each race in a
glasshouse. Resistance exhibited by the different landraces mainly conformed to those
previously described in pea cultivars indicating various combinations of the main resistance
genes:R3,R2+R4,R3+R4 andR2+R3+R4.R3wasthemostfrequent Rgene,beingpresentin
all landraces. R4 was present in four and R2 in three of the landraces tested. Variation for
resistance within landraces was limited except for landrace accessions ZP-0102, ZP-0109 and
ZP-0137 which also showed variation for morphological traits. The resistance responses of
landrace ZP-0109 were difficult to interpret, but suggested a genetic mixture with some
evidence of less well documented R genes, R5 and/or R6, and possibly some unknown
resistancetorace6.

INTRODUCTION
Pea bacterial blight, caused by Pseudomonas syringae pv. pisi, is a seedborne disease
first recorded in the USA in 1915 (Sackett, 1916). Since then it has been reported in
most pea growing areas of the world. Although the disease is thought to have been
present in Spain for a considerable time (A. Ramos-Monreal, personal communication),
there appears tobenopublished record of its occurrence.
Worldwide, seven races of Ps. syr. pv. pisi are currently recognized (Taylor et ah,
1989). The interaction of races and cultivars is controlled by a gene-for-gene
relationship with avirulence genes in the pathogen matched by resistance genes in the
host (Bevan et al., 1995). Race specific resistance is widespread in commercial pea
cultivars,however, there arenocultivarsknown toberesistant torace 6.
In Spain 70,000 ha. of dry peas were grown in 1994, including 21,000 ha. in Castilla
y Leon (Northwest of Spain). The economic impact of Ps. syr. pv. pisi is most
significant in this region of Spain, which was traditionally the main pea growing area.
The disease is particularly prevalent in winter-sown crops which are exposed to more
severe weather conditions and epidemics occur every four or five years resulting in
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major croplosses.
Although 'modern cultivars' are now widely grown in Spain, traditional local
varieties (landraces) also occur and collections of these are maintained by 'Centra de
Recursos Fitogeneticos' (CRF), 'Instituto Nacional de Investigacion y Tecnologia
Agraria yAlimentaria' (INIA),Ministry of Agriculture,Madrid, Spain.Landraces have
been described as primitive 'folk' varieties of traditional prescientific agriculture,
antecedents of all modern varieties (Marshall, 1990). Genetic variability for disease
resistance in landraces is thought to have developed in response to the continued
coevolution ofthecropanditsparasiteswiththeconsciousorunconscious involvement
ofman. Itwasexpectedtherefore thatpealandraceswouldbegeneticmixturesshowing
variabilityforanumberofcharactersincludingdiseaseresistance.
Theobjectives ofthepresent studywereto: (1)reportthepresenceofPs.syr. pv.pisi
in Spain (2) determine the occurrence and frequency of race specific resistance toPs.
syr. pv. pisi in selected Spanish landraces, (3) compare resistance gene frequency in
Spanish landraces with the known frequency in worldwide Pisum germplasm, (4)
analyzegeneticdiversitybothwithinandbetweenlandracesforresistancetoPs.syr. pv.
pisiandmorphologicaltraits,and(5)identify potentialnewsourcesofresistance.

MATERIALSANDMETHODS
Landraceaccessions
A total of ten Spanish pea landraces were screened for resistance to Ps. syr.pv. pisi.
Landracesweresuppliedby 'ServiciodeInvestigacionAgraria' (SLA),'JuntadeCastilla
y Leon', Valladolid, Spain, and were part of the Germplasm collection from CRF,
Madrid. Theywerecollected byINIA in 1978and 1979in different geographical areas
of Spain with distinct climate and soil conditions and were considered to be
representativeofthetraditionalpeacropinSpain(Table 1 andFigure1).
Two commercial cultivars, Kelvedon Wonder and Frisson, with known resistance
characteristics,wereincludedascontrolsinthecomparison ofvariabilitywithin Spanish
pealandraces.
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Table 1. Accession number and geographical origin of the Spanish pea landraces
(Pisumsativum)
Accession
Number"
ZP-0101
ZP-0102
ZP-0103
ZP-0104
ZP-0106
ZP-0107
ZP-0109
ZP-0110
ZP-0112
ZP-0137
a

Accession
Number
BG-999
BG-1004
BG-1010
BG-1034
BG-1056
BG-1077
BG-1100
BG-1121
BG-1153
BG-2079

Province

Town

Sevilla
LaCorufia
Leon
Castellon
Cadiz
Palencia
Badajoz
Murcia
Zamora
Oviedo

LaRoda
Puentedeume
ValledeFinolledo
VailD'Alba
VejerdelaFrontera
BoadilladeRioseco
Maguilla
Truyols
SantaClaradeAvedillo
Quintana

Number in the collection of 'Servicio de Investigation Agraria', 'Junta de Castilla y Leon',

Valladolid, Spain
Numberinthegermplasmbankof 'CentrodeRecursos Fitogen6ticos',INIA,Madrid, Spain

r# ^
IRDUT

ZP.0107

ZK0112

ZRfflM,

l"

ft
zp.moa
ZPJOIQI

ZP.0110/

•

•

ZP.0106
•

.

-

.

•

•

•

•

.

.

.

-wv
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Fig. 1 Geographical originoftheSpanishlandraces studied
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Bacterial cultures
Seven isolates of Ps. syr.pv.pisi (Table 2) were used for resistance screening. They
were the type strains corresponding to seven races of Ps. syr.pv. pisi (Bevan et ah,
1995). Further tests were made with two other isolates of race 6 (HRI-W 1683 and
1688).
Inaddition, 16Spanishisolateswereusedfor racetyping.Theseisolatesformed part
of a collection made from a variety trial of winter peas in the Northwest of Spain in
1991.Theywereidentified asPs.syr.pv.pisi onthebasis of pathogenicity to pea (cv.
Kelvedon Wonder), reaction with specific antisera (Taylor, 1972; Lyons and Taylor,
1990)andrace-typedbyinoculation ontothestandarddifferential cultivars (S.J.Roberts
and J.D. Taylor, personal communication). They were race 6 (HRI-W 2815A,2815B,
2815C,4393,4394,4395,4396,4397)andrace4(HRI-W2817A,2817B,2817C,4398,
4399,4400,4401,4402).

Table2.SourceandoriginofthetypestrainsofPseudomonassyringaepv.pisi

Race
1
2
3
4
5
6
7

Isolate
Number
HRI-W
299A
202
870A
895A
974B
1704B
2491A*

Origin
Source
ICPM2955
ICPM815
HRI-W
HRI-W
HRI-W
MAFF
ICPM5316

Cultivar
Rondo
Unknown
Martus (seed)
Martus (seed)
Puget(seed)
Stehgolt(seed)
Unknown

Country
NewZealand
U.S.A.
U.S.A.
U.S.A.
U.S.A.
France
Australia

Year
1970
1944
1975
1975
1978
1986
1976

HRI-W, Horticulture Research International,Wellesbourne,Warwickshire, U.K.
ICPM, Internationa] Collection of Microorganisms from Plants, Plant Diseases Division,
DSRI,Auckland, New Zealand
MAFF,Ministry of Agriculture,Fisheries andFood,Cambridge, U.K.
*,Selection from ICPM 5316

Pathogenicitytests
Peas were sown in compost in seed trays and grown in a glasshouse at 18/16° C
(day/night)withsupplementary lightingtogive 16hday.
Pea seedlings were inoculated approximately two weeks after sowing, using a stem
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inoculation procedure (Malik etal.,1987).Isolates were cultured on King's MediumB
(Kingetal, 1954)for 24-48hat25°C.Theywerescrapedfrom thesurface oftheplate
withthetipofasterileentomologicalmountingpinandstabbedintothemainstematits
junctionwiththestipulesattheyoungestnode.
The aimwastoinoculate aminimumof 10plantsfor each combination of accession
and race. In practice, the number of inoculated plants varied between 13 and 30 per
combination.
Plantreactionswererecorded7-10daysafter inoculation andwereassignedtooneof
three categories: a typical susceptible response showed an area of water-soaking
spreading from the site of inoculation, whereas a typical resistant response resulted in
necrosis localized at the point of inoculation. Incomplete expression of resistance was
characterizedbyacombination ofresistantandsusceptiblesymptoms:localizednecrosis
surroundedbyalimitedwater-soakedarea.

Measurementofvariationinmorphologicaltraitsandresistancetopeablightraces
An additional method of determining genetic diversity within and between landraces
was to examine variation in morphological traits. The incidence of morphological
variationwascomparedwithgeneticvariationforresistancetoPs.syr. pv.pisi.
Data on five traits, selected as being independent of environmental influence and
based on the evaluation of 10 plants per landrace and trait, were supplied by SIA,
Valladolid,Spain.Thetraitsconsideredwere:flower colour,primary seedcolour, shape
ofseed,degreeofpodcurvatureandshapeofpod tip.
Variation for inoculation responses to Ps. syr. pv. pisi within a landrace was
calculated in two stages. First the reaction for each race was summarised as the
percentage in the most common category (Resistance, Incomplete Resistance or
Susceptbility). These percentages were then meaned across the races of the pathogen
to give a description of uniformity. This was substracted from 100to give a measure
ofvariability.

RESULTS
InoculationresponsesofthelandracestothesevenracesofPs.syr. pv.pisiareshownin
Table3.
Thevalidated gene-for-gene relationshipbetweenpeacultivars andracesof Ps.syr.
pv. pisi, (Bevan et al, 1995) was used in combination with the resistance data
obtained in the pathogenicity tests (response to the type strains) to infer the presence
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ofracespecific resistance(R)genes(Table4).R-genes werepostulated onthebasisof
matching gene pairs, resistance gene(s) in the landrace and avirulence gene(s) in the
pathogenrace,whichconfers specific resistancetothatrace.

Table 3.Numbers of plants in Spanish pea landraces showing 'resistant: incomplete
resistant: susceptible' responses (R:I:S) after inoculation with specific races of
Pseudomonassyringaepv.pisi
Landrace
1

2

3

Race
4

5

6

7

R:I:S

R:I:S

R:I:S

R:I:S

R:I:S

R:I:S

R:I:S

ZP-0101

30:0:0

0:0:30

18:0:0

26:0:0

14:0:0

0:0:18

19:0:0

ZP-0102

10:1:4

7:0:8

9:0:6

0:0:17

4:3:14

0:0:17

12:0:5

ZP-0103

19:0:0

0:0:18

15:4:2

0:0:14

0:0:15

0:1:17

16:0:0

ZP-0104

17:0:0

12:5:1

15:0:0

14:4:0

13:0:0

0:0:17

20:0:0

ZP-0106

17:0:0

0:0:13

15:3:0

0:0:16

0:0:16

0:0:14

15:1:0

ZP-0107

13:0:0

0:0:18

15:0:2

0:0:20

0:1:16

0:2:18

19:0:0

ZP-0109

9:2:5

0:0:21

8:0:13

0:0:17

4:5:9

7:8:5

3:0:17

ZP-0110

18:0:0

17:2:0

23:0:0

14:6:0

18:2:0

0:0:21

23:0::0

ZP-0112

13:0:0

0:0:18

14:0:0

17:2:0

11:7:0

0:1:20

17:0:1

ZP-0137

5:0:14

0:0:24

5:2:15

0:0:23

1:2:23

0:1:20

5:1:13

Frisson"

23:0:0

23:0:0

22:0:0

0:0:22

21:0:0

0:0:22

22:0:0

K.Wonder"

0:0:10

0:0:11

0:0:12

0:0:12

0:0:11

0:0:12

0:0:12

ab

commercial cultivars

The resistance phenotypes exhibited by the landraces mainly conformed to those
previously described in pea cultivars (Taylor et ai, 1989; Bevan et al., 1995) and
corresponded to established genotypes R3, R2+R3, R3+R4, R2+R3+R4. The most
common resistance genewas R3,being present in all 10landraces. R4waspresent in
four and R2 in three of the landraces tested. None of the landraces was completely
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susceptibleorresistanttoallraces.
In general variation for resistance within landraces was not high and only three of
them (ZP-0102, ZP-0109 and ZP-0137) showed major variation. The same accessions
also showed variation in morphological traits (Table 5).Landrace ZP-0101 showed no
variation either for resistance to Ps. syr. pv. pisi or any of the morphological traits
studied. Landrace ZP-0109 showed the highest variability for resistance and was the
onlylandracewhichshowedsomeresistancetorace6.

Table 4. Postulated resistance genes toPseudomonas syringaepv.pisi in the Spanish
pealandraces
Landrace

Race/avirulence(A) genes
1
1

2

3

4

2
3
4

+

V

V V

-

+

-

-

+
+
+

-

-

V

+
+

-

V
-

V

7
2
3
4

3

-

V

6

2
4

4
5*
6*

+
+

V
+

+
+
+

+
+

+
+
+
+
+
+

V

V

V

+

+
+
+

-

6*
ZP-0101
ZP-0102
ZP-0103
ZP-0104
ZP-0106
ZP-0107
ZP-0109
ZP-0110
ZP-0112
ZP-0137

5

Resistance(R)
genes

+

-

V
-

V

R3+R4
R2+R3
R3
R2+R3+R4
R3
R3
R3+?
R2+R3+R4
R3+R4
R3

+, predominantly susceptible; -, predominantly resistant/partially resistant; V, variable (some
resistant and some susceptible) indicating genetic mixture; ., resistance gene absent; *, genes
postulated butunproven (Bevan etal., 1995)

Forthefivemorphological traits recorded by SIA,Valladolid, all showed variability
within landraces except the flower colour. This wasclear evidence of genetic variation
in addition to that shown for disease resistance. Eight landraces showed variation for
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morphological traits, and although high variation in morphological traits could not be
entirely correlated with high variation for resistance, landrace ZP-0109 appeared to be
highlydiverseforallthecharactersstudied(Table5).

Table 5.Comparison of variation for inoculation responses toPseudomonas syringae
pv.pisi(Psp) withmorphological variation withinSpanishpealandraces
Landrace/
Cultivar

Variation
Psp (%)

ZP-0101
ZP-0102
ZP-0103
ZP-0104
ZP-0106
ZP-0107
ZP-0109
ZP-0110
ZP-0112
ZP-0137
K.Wondera
Frisson"

0.0
26.1
4.9
7.9
3.3
3.9
29.5
7.2
8.5
15.1
0.0
0.0

Seed
Testa Shape
Colour

Pod
Degree of
Tip
Curvature shape
V
V

V

V
V
V

V
V
V

V

V

V
V
V

V
V
V

V,variable trait within alandrace,"' commercial cultivars

LandraceZP-0109
Thiswastheonlylandracetoshowresistancetorace6.Inafirst screening 15outof20
plants wereresistant/partiallyresistant torace 6 (HRI-W 1704B).Resistant plants were
reinoculated with tworace 6isolates (HRI-W 1683and 1688).Although the degreeof
resistancevariedslightlybetweenisolates,resistancewasconfirmed inallcases.
To determine the type of resistance (race specific/race non-specific), the 15
resistant plants were further inoculated with race 2 (HRI-W 202) and all showed a
susceptible reaction indicating that resistance to race 6, if genuine, was of a race
specific nature. ZP-0109 was also the only landrace showing resistance to race 5
whichwasnotcontrolledbyeitherR2orR4.
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DISCUSSION
Althoughpeabacterial blighthasbeenknown in Spainfor manyyears,there appearsto
be no published record of its occurrence. Isolations from Spain in 1991 were
characterized as Ps. syr. pv.pisi and race-typed. Thus, this paper which is primarily
concerned with resistance to a well established pathogen, also constitutes the first
publishedrecordofthediseaseinSpain.
Landraces are expected to be genetic mixtures and show variability for certain
characters. In the Spanish landraces tested, there was considerable variation for
resistancetoPs.syr. pv.pisibetweenlandraces.However,variationforresistancewithin
landraceswaslessmarkedandonlyclearlypresentinthreeofthem.
Amurrioetal.(1993)evaluated 72Spanishpea landraces from theNorthwest of the
Iberian Peninsula. They found significant differences between landraces for all the
characters considered except for seed hardness. They also observed variation within
landracesbutitwasmainlypresentinqualitativetraits.Resultsfrom thelandracestested
inthepresent studysuggested thattheyweregeneticmixturesfor several traitsbutonly
three of them showed evidence of variability for resistance to Ps. syr. pv. pisi. A
homogeneous resistant response to a specific race of Ps.syr.pv.pisi within a landrace
mightsuggestaselectionpressurebythatraceofthepathogen.
The most common resistance gene found in the ten Spanish landraces was R3
whichwaspresentinalllandraces studied.Thisisinagreement withthefinding ofR3
as the most common resistance gene in a worlwide Pisum sp. germplasm collection
(Taylor et al., 1989). The frequency of the R2 gene in Spanish landraces was also
similar to that in the Pisumgermplasm collection, however, the frequency of R3 and
R4 was higher (Table 6). Furthermore, none of the Spanish landraces showed a
complete absence of R-genes compared to 27% fully susceptible accessions in the
Pisumgermplasm collection. It has been shown (Hunter, 1996) that R2 is located on
pea linkage group VII and that the balance of evidence indicates that R3 and R4,
which are linked, are also located on linkage group VII. The frequency of the
genotypes R2+3, R3+4 and R2+3+4 in Spanish and worldwide germplasm is thus in
agreement with the known linkage data. Disease responses to race 5 in landrace ZP0109 suggested that two less well documented genes, R5 and/or R6, could be
operatinginthisinstanceoranotherunknown genewhich alsoconfers somedegreeof
resistancetorace6.
Knowledgeofthefrequency ofpeablightracesinSpainislimitedtothe 16isolates
made in 1991,eight corresponding to race 6 and eight to race 4. Moreover, all of
these isolates were obtained from a single region in Spain and may not be
representative of the Spanish situation. In amore extensive study madein UK of the
races found in pea seed stocks from 1987 to 1994 (Reeves et al., 1996), race 2 was
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mostfrequently recoveredfrom infected seedstocks(65% to92%),races 1,3,4,and5
occurred infrequently inthe samples examined. However, therewas anincrease inthe
incidence of recovery of race 6 over the period, representing 26% of the infected
samples in 1994.In France, Schmit (1991) in tests on 50 isolates of Ps. syr.pv.pisi
showed that the most common races were race 2 (52%of the isolates), race 6 (36%)
and race 4 (12%). In this study Schmit differentiated between spring and winter
cultivars: the most common race in spring cultivars was race 2, whereas in winter
cultivarsitwasrace6andtoalesserextentrace4. Resistancetorace2iscommonin
Frenchwintercultivarsbutuncommonwithinthespringcultivars.

Table 6. Comparison of percentage frequency of Resistance (R) genes in 10 Spanish
pealandraceswitharepresentativecollectionofPisumsativumgermplasm
R-gene
R0
R2
R3
R4

Spanish
Landraces
0
30
100
40

Pisumsativum
Germplasm*
27
38
56
11

*Data calculated from 151 lines including cultivars, breeders lines and wild types (Taylor et ah,
1989)

By contrast in Australia in tests on 65 isolates (Hollaway and Bretag, 1995), the
mostcommon racewasrace 3(64%)followed byrace6(31%) andrace 2(5%). The
importance of race 3 in Australia was probably due to the preponderance of a small
numberofrace 3susceptible cultivars. Indeed, 58%oftheisolates studied came from
asinglerace3susceptiblesource(cv.Dunor 'Duntype').
In the Northwest of Spain, the main area of the Spanish pea crop, spring cultivars
are predominant. Nevertheless, the pattern of race distribution in an isolate collection
from winter peas in Valladolid was the same as in winter-sown crops in the South of
France whereraces 6and4predominate. Moreisolations in different Spanish regions
would need to be made to determine the incidence of the different races and make a
comparison withthefrequency oftheresistancegenes.
A common observation in studies in France and the UK was the predominance of
the resistance gene R3 in Pisumsativumgermplasm and the very low frequency of
races carrying the avirulence gene A3 (races 1, 3 and 7) in disease outbreaks.
However, the potential of race 3, in the absence of the R3 resistance gene, has been
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clearly demonstrated in Australia (Hollaway and Bretag, 1995). A common feature in
all studies (ie. in Europe and Australia) was the lack of resistance to race 6 in
commercial cultivars and the apparent increase in importance of race 6. For the
host/pathogen combination Phaseolus vulgaris!Pseudomonas syringae pv.
phaseolicola, the resistance gene R4 which shows the highest R-gene frequency (35%)
in Phaseolus vulgaris germplasm, is matched by the lowest corresponding avirulence
gene frequency (3.5%) (Taylor et al., 1996). Therefore, it could be suggested that the
history of past epidemics is reflected in the frequency of race- specific resistance
genes.
The increasing importance of race 6 may be explained by the apparent absence of
resistance to this race in commercial cultivars. For this reason it is important to
identify sources of resistance to race 6 for future breeding programmes. This might be
obtained from the Spanish landrace ZP-0109, or from a source of race non-specific
resistance identified in Pisum abyssinicum (Schmit et al., 1993;Elvira-Recuenco and
Taylor, 1998)
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ABSTRACT
Inheritance of potential race non-specific resistance (RNSR) topeabacterial blightpresent in
Pisum abyssinicum was studied through a crossing programme between two P. sativum
cultivars ('Kelvedon Wonder', without race specific resistance, and 'Fortune' with three race
specific resistance genes) and two P. abyssinicumaccessions (JI2202 and JI1640). F2 ratios
in crosses with 'K. Wonder' generally indicated a single recessive inheritance of RNSR,
while crosses with 'Fortune' produced an excess of resistant plants for this hypothesis.
However, F3plantsproduced from selected resistant and susceptible F2s did not segregate as
expected for asinglerecessive gene,butin acomplex pattern conforming toa series of ratios
13:3, 1:1, 3:13 (Resistant:Susceptible) or all susceptible. In an attempt to clarify the F3
segregation a molecular approach was taken using a Tyl-copia group retrotransposon of pea
(PDR1) and SSAP (sequence specific amplification polymorphisms) markers.Three markers
cosegregating with resistance and three cosegregating with susceptibility were identified.
Two of the P. sativum markers were mapped using two recombinant inbred populations
locating the susceptible allele to linkage group V in P. sativum. Although the apparent
complexity ofthe segregation couldpotentially be affected bykaryotypic divergence between
P. sativumand P.abyssinicum,results in this study point to a model of inheritance which is
not polygenic, but more likely a major recessive gene together with a number of modifiers.
The exploitation of the P. abyssinicum resistance has been initiated through a crossing
programmeof selected resistantF5stoarangeofcommercialP.sativumcultivars.

INTRODUCTION
Pea bacterial blight (Pseudomonas syringae pv.pisi) is a seed borne disease that was
first recorded in 1915 (Sackett, 1916) and occurs worldwide. Serious losses are caused
by seedling infection, particularly in winter-sown crops, under cool and wet
conditions, when lesions girdling the stem may lead to complete plant collapse.
Seven races are currently recognized (Taylor et ah, 1989) and the interaction of
races and cultivars is controlled by a gene-for-gene relationship that confers race
specific resistance (Bevan et ah, 1995). There are no cultivars known to be resistant to
race 6. Races 2, 4 and 6 are reported to be the predominant races in Europe, however,
race 6 has become increasingly important (Schmit, 1991; Reeves et ai, 1996),
possibly due to the employment of cultivars resistant to races 2 and 4.
Screening for stem resistance to pea bacterial blight in Pisum germplasm as part of
a CEC programme, showed that all accessions listed as Pisum abyssinicum were
resistant to all races of Ps. syr. pv.pisi including race 6 (Schmit et al, 1993; ElviraRecuenco and Taylor, 1998). This suggested a potential race non-specific resistance
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(RNSR). In total sixteen accessions of P. abyssinicum originating from Ethiopia and
one from Yemen were identified, all of which were resistant to all races. Ethiopia is
one of the primary centres of diversity of cultivated plants, characterized by the
isolationof agricultureamongthemountains,thefairly ancienttypeof agriculture and
thevicinity tothemain centres of origin of 'old world'crops including peas (Vavilov,
1992).
Pisum abyssinicumis found mainly in northern Ethiopia in the high mountains
forming the eastern escarpment in Tigre and Wollo provinces (Westphal, 1972).
Govorov (1930) found itmixed with otherpeas,chickpea (Cicerarietinum) andhorse
bean (Viciafaba) in the regions of Adis Abeba and Hararge. He also pointed at
introgression between the two groups of Ethiopian peas (P. sativum and P.
abyssininicum). Gentry (1971) mentioned the occurrence of a seed type which
suggestedhybridization betweenbothtypes.
Due to the absence of specific resistance to race 6 and the possibility of the
appearance of newraces,theRNSR presentinP.abyssinicum offers thepossibility to
achieve apotentially durable resistance to all races of Ps. syr.pv.pisi. In Phaseolus
vulgarisa similar type of RNSR to all races of Ps. syr. pv. phaseolicolahas been
identified. In this system it has been suggested that the combination of RNSR with
one or more dominant race specific genes may provide an additive and durable
resistance(Tayloretal.,1996).
When this study was initiated the inheritance of RNSR to peablight derived from
P. abyssinicum was largely unknown, although evidence from some preliminary
crosses suggested a recessive nature of its inheritance and indicated that resistance
could be transferred from P. abyssinicumto P. sativum.If this resistance could be
stabilized in aP.sativumbackground and the mode of inheritance determined then it
couldbesuccessfully usedinbreedingprogrammes.
The main objective of the work presented in this paper was to study the mode of
inheritance of RNSR to pea blight derived from P. abyssinicum in a P. sativum
background. In an attempt to clarify the complex segregation patterns that became
apparent at F3,a molecular approach was initiated using a marker system based ona
Tyl-copia group retrotransposon of pea (PDR1) and the SSAP (sequence-specific
amplification polymorphism) technique. This was known to be particularly
informative for both diversity studies and linkage analysis in pea (Ellis etal.,1998).
An additional benefit was the identification of molecular markers for resistance of
possibleuseinfuture breedingprogrammes.
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MATERIALANDMETHODS
Plantmaterial
ThePisumaccessions used in this study are shown inTable 1.Specific crosses made
toelucidatetheinheritanceofpotential RNSR weremadebetween twoPisum sativum
cultivars, Kelvedon Wonder (KW) and Fortune (FORT), and two Pisum abyssinicum
accessions,JI2202andJI1640. 'K. Wonder' issusceptibletoallraces ofP.s.pv.pisi,
'Fortune' is resistant to all races except race 6, JI2202 and JI1640 are partially
resistantinthestemtoallraces(potentialRNSR).
Plants for crossing, resistance scoring and seed production from selected plants
after scoring, were grown in a glasshouse at 20 + 2° C day/18 ± 2° C night with
supplementary light up to 12h. For bulk multiplication, seedlings were grown in a
glasshouse and after 2 weeks transplanted to field soil under polythene tunnel
structures. Because some of these plants were tall or climbing types, they were
supportedbycanesornetting.

Pathogenicity tests
For resistance screening to race 6, pea seedlings were inoculated with isolate 1704B
(HRI collection, Wellesbourne, UK) approximately two weeks after sowing, using a
stem inoculation procedure (Malik et al., 1987). Isolates were cultured on plates of
King's medium B (King et al., 1954) for 24-48 h at 25°C. They were scraped from
the surface of the plate with the tip of a sterile entomological mounting pin and
stabbed into the main stem at itsjunction with the stipules at the youngest node (not
expanded). Parental types were used in all tests as positive and negative controls: K.
Wonder and Fortune for susceptible responses; JI2202 and JI1640 for resistant
responses.
Plant reactions were recorded 7-10 days after inoculation. A typical susceptible
response showed an area of water-soaking spreading from the site of inoculation,
whereas a typical resistant response resulted in necrosis localized at the point of
inoculation. Inoculation responses were assigned to one of three categories: (1).
Susceptible, with water-soaking or weak water-soaking but no necrosis; (2).
Intermediate, with weak water-soaking and necrosis, (this category may have
comprised heterozygous plants where the expression of resistance was influenced by
environmental conditions); and (3). Resistant, with necrosis or weak necrosis but no
water-soaking.
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Table 1. Resistance characteristics to Pseudomonas syringae pv. pisi of the pea
accessions used inthis study
Accessionnumber3

Stemresistance
toraces:

Inferred ResistanceGene(s)b

JI15(WBH1458)
JI281(exEthiopia)
JI399(cv.Cennia)
JI2430(cv. KelvedonWonder)
JI2439(cv.Fortune)

1
2,5,7
None
None
1,2,3,4,5,7

Rl(Ppi-1)
R2 (Ppi-2)
None
None
R2, R3,R4(Ppi-2, Ppi-2,, Ppi-A)

Pisumabyssinicum
JI2(exEthiopia)
JI130(exEthiopia)
JI225(exEthiopia)
JI1556(exEthiopia)
JI1640(exEthiopia)
JI2202(exYemen)
JI2385(exYemen)

1,2,3,4,5,6,7
1,2,3,4,5,6,7
1,2,3,4,5,6,7
1,2,3,4,5,6,7
1,2,3,4,5,6,7
1,2,3,4,5,6,7
1,5

Racenon-specific resistance
Racenon-specific resistance
Racenon-specific resistance
Racenon-specific resistance
Racenon-specific resistance
Racenon-specific resistance
(R6)

Pisumsativum

a

Accession numberinthePisumgermplasmcollection,John InnesCentre,Norwich, UK

b

Designationofrace specific resistance genes(Bevan etah,1995)

Inheritance studies
A total of 275 reciprocal crosses were made between accessions of P. sativum andP.
abyssinicum according tothegeneral scheme outlined inFig. 1.Fl seed was harvested
and selfed seed discarded. Fl seeds were sown toproduce F2s, which were collected
separately from each Fl plant.
A random selection of the F2s (66 families) was tested for resistance. For each
family approximately 15 seedlings were stem inoculated with race 6 as described
above. Morphological characters including plant height, flower colour and seed
pigmentation were also recorded. Thenumbers of plants in each resistance response
category were recorded, the segregation ratios determined and the probability
calculated for various hypotheses. Probability wasalso calculated for the hypothesis
3:1 (Tall:Dwarf). A selection of resistant, partially resistant anda limited number of
susceptible F2seedlings were grown onfortheproduction of F3 seed. F3 seeds were
sown (15 seedperF3 family) inaglasshouse andtheseedlings inoculated with race6.
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Fig 1.Crossingprogrammeandresistance screeningtorace6

Pisum abyssinicum
• JI2202
• JI1640

Pisumsativum
• Kelvedon Wonder
• Fortune

I

Inoculation of Fls
BC to parental types and
collection ofF1BC seed
SelfingofFlBC
Inoculation of FIBCSelf
Analysis of segregation ratios

F,

1
Inoculation of 15 seedlings per F2
family
Analysis of segregation ratios for
resistance:susceptibility and
tall:dwarf
Collection of F3 seed from selected
F2 singleplants

Sowing of 12 seed per F2
family
Production of F3 families in
polythene tunnel

Inoculation of F3s (15 F3 seedlings
from each selected F2plant)
Selection of F3 plants for
production of F4seed

Inoculation of 12 F3 families
from each F2 family (15
seedlings perF3 family)
Selection of F3 plants for
production of F4seed

I

Production of F5 seed from F4 plants
derived from selected resistant F2s
and/orF3s
Inoculation of F5s
Crossing of selected resistant F5s with
commercial Pisumsativum cultivars
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In addition, seeds of 23F2 families (12 seeds per family) were grown in field soil
under apolythene tunnel structuretoproduce F3seed.For 18of theseF2families the
segregation for stemresistancetorace6wasalreadyknownfrom previoustestsonthe
sameF2families. F3sproduced intunnels derived from 9F2families (12F3 families
per F2 family, 15 seeds per F3 family) were sown in a glasshouse and seedlings
inoculated with race 6. Reactions of F3 seedlings were scored and segregation ratios
analyzed. Plant height was also recorded. F3 seedlings were selected, mainly those
witharesistantresponse,transplanted andF4seedharvested from ca400plants.
Further selection of F4s was made on the basis of the inoculation responses of the
previous generations (F2sand F3s).F4s derived from F2 andF3families showing the
highest proportion of resistant plants were taken forward for F5 seed production. For
this, 35 F4 families (3 seeds per family) were grown under a polythene tunnel
structure andF5seedwascollected from individual plants.Thirty oftheseF5 families
(8-10 seedlings perfamily) weresteminoculated withrace6.Plants showing a strong
resistant response were selected and crossed to theparental lines of thepresent study,
as well as to the commercial cultivars Solara (with race specific resistance geneR3),
Belinda (R3), Cea (R3), Esla (R3), Frisson (R2 and R3), Fortune (R2, R3 and R4),
BalletandOrb(unknownresistance) andtotheaccession JI15 (Rl).
The first generation (11 Fls, 2-3 seeds per Fl) from crosses between K. Wonder
and P. abyssinicumaccessions (JI2202 and JI1640) made prior to the present study,
were steminoculated withrace 6and used for backcrossing with 'K. Wonder'. F1BC
plantsweremultiplied under apolythenetunnel structure and scored for growth habit,
leaf dentation, flower colour, pod length and seed characteristics: pigmentation, size,
wrinkled/round and hilum colour. Selfs were discarded, seed was harvested from
F1BC plants and 20seed from each FIBCSelf were sown and screened for resistance
torace6.

Molecularmarkersforresistance andgeneticmapping
Screening ofparentallines withthePDR1-SSAPmethod
Amplification products corresponding to insertion sites of the pea Tyl-copia class
retrotransposon PDR1wereobtained for theP.sativum parental lines,K.Wonderand
Fortune, using the PPT (polypurine tract) primer and Taq adapter primer with TT as
selective bases (as described in Ellis et al., 1998). These were compared with the
products obtained for theP.sativum accession JI399,towhichtheywerevery similar.
Mappositions for 60such markers intheJI15 xJI399 recombinant inbred population
and 61 markers in the JI281 x JI399 RI population using the PDR1-SSAP method
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havebeendescribedbyEllisetal. (1998).
The P. abyssinicum parental lines, JI2202 and JI1640 (10 plants per line), were
compared with the P. abyssinicumaccessions JI2, JI130, JI225, JI1556 and JI2385,
whichhadbeen screenedbyEllisetal.(1998),whofound averylow diversity within
theP.abyssinicum group for these PDR1 markers. The P. abyssinicum markers were
inturncomparedtothosederivedfrom theP.sativum lines.

Screeningoftheoffspring withthePDR1-SSAPmethod
Selection ofplantmaterialfor DNAextraction
SegregantF3,F4andF5populationsofthecrossingprogrammedescribed abovewere
used for molecular marker analysis. It was aimed to screen single plants that were
homozygous for resistance or susceptibility. Theplant material used for the selection
oftheseplantswas:
1.Potentiallyhomozygousresistantplants
La. From the F4 families of the crosses KW x JI2202 (65 families) and FORT x
JI2202 (39families), two seeds were grown per family, these had aknown resistance
background inthecorrespondingF3s,andfor somethiswasalsoknownfor theF2s.
Lb. FiveF5plantsresistanttorace6,derivedfrom resistantF2andF3families.
2.Potentiallyhomozygous susceptibleplants
2.a. F3 families (2 seed per family) of the crosses KW x JI2202 (6 families) and
FORT xJI2202 (3families). These families werepreviously screened by inoculation
of 15seedperfamily andallplantswithinafamily showed tobesusceptible.
2.b.F3individuals that wereprogeny tested for homozygosity: 5families of thecross
KW x JI2202 and 4 families of the cross FORT x JI2202, 16seeds were grown per
family.
Atotal of 275 seedlings were inoculated with race 6. Selection of lines for further
molecular analysis was according to these inoculation responses and resistance
background inpreviousgenerations.Material selected for DNAextraction isshownin
Table 2.Additional DNAextractions weremadefrom theparental lines 'K. Wonder',
'Fortune',JI2202andJI1640,andtheaccessionsJI399,JI2, JI2385.

DNAextraction
Leaflets were collected from 14day old seedlings and stored at -20° C. One or two
leaflets (ca. 0.1gfresh weight)wereplaced in 1.5 mleppendorfs, submerged inliquid
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nitrogen and ground using aneppendorf mixer. DNA wasextracted with the Nucleon
Phytopure Kitandprotocol (Amersham,Life Science).Fortheparentallines,thiswas
done using 0.4-0.5 g fresh tissue from a single plant. DNA concentration and purity
was estimated spectrophotometrically and from ethidium bromide fluorescence of
DNAafter electrophoresis in0.8%agarosegels.

Table 2. Number of plants selected for DNA extraction from each cross and
generation
Cross/generation

resistant partial
susceptible
resistant

KWxJI2202
F3
F4
F5
FORTxJI2202
F3
F4

10
5

6

ThePDR1-SSAPmethod
The protocol used in this study is based on the protocol described by Ellis et al.
(1998).Modifications ofthemethodforeachstepwereasfollows:
Taqldigestion
Genomic DNA (0.5 ng) was digested with 25 U Taql (Gibco) in a 50 (il mixture
containing BSA (O.lmg/ml) and Taqlbuffer (50mMTris-HClpH 8.0, lOmMMgCl2,
50mMNaCl)andincubated at65°Covernight.
LigationofTaqadapter
A40|il solution containing 50pmolof Taq adapter, 4mMATP and 1Uof T4DNA
Ligase in RLbuffer (10mMTris-acetate pH 7.5, 10mMmagnesium acetate, 50mM
potasium acetate, 5 mM DTT) was added to 10 |xl of the Taql digested DNA and
incubated at 37°Covernight. The50|xldigested/ligated DNAwasdiluted adding 100
H.1 of0.1xTE(10mMTris-Cl,0.1mMEDTA pH8)andstored at4°C.
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PCR conditions and gel analysis of PCR products
These were aspreviously described (Ellis et al., 1998) and the selective bases used wit
theTaq primer were TT,TA, TC,AT and AA.

RESULTS
Inheritance studies
Crossing success rate and Fl fertility
A total of 275 crosses were made and 104 of these were successful (Table 3). The
percentage of successful crosses varied from 15 % to 57 % depending on the parents.
Crossing success rate was generally higher for crosses involving 'Fortune' than for
crosses involving 'K. Wonder'. Fl fertility (referred to successful F2 seed in Table 3)
was lower for crosses involving P. abyssinicum as the female parent, particularly for
JI1640, this also presented lower crossing success rates than JI2202 when used as
female parent.

Table 3.Total number of crosses, crossing success and Fl fertility

60
21

Successful
Crosses
(%)
19 (32)
7 (33)

Successful
F2 seed
(%)
17 (89)
7 (100)

FORT x JI2202
FORT x JI1640
JI2202 x KW
JI2202 x FORT

47
21
42
39

23 (49)
12 (57)
18 (43)
16(41)

22 (96)
12 (100)
12 (67)
8 (50)

JI1640 x KW
JI1640 x FORT

26
19

4 (15)
5 (26)

2 (50)
0 (0)

Cross
Female x Male

No. of
Crosses

KW x JI2202
KW x JI1640

F2 segregation
The ratios of Resistant:Susceptible (R:S) plants in the majority of F2 families
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suggested a monogenic recessive inheritance of resistance. Segregation ratios (Table
4)wereanalyzed for thenullhypothesis 1:3 (R:S)considering twopossibilitiesfor the
calculation of probabilities: the intermediate response category was considered to be
either (1) resistant or (2) susceptible. One F2 family was omitted since all plants
within thefamily weresusceptible.

Table4.Segregation for resistancetoPs.syr.pv.pisirace6inF2sofcrossesbetween
the P. sativum cultivars Kelvedon Wonder and Fortune and the P. abyssinicum
accessions JI2202 and JI1640 and probabilities for the hypothesis 1:3 Resistant
(R):Susceptible (S) when the intermediate response category is included either as
resistantorsusceptible
KWx
JI2202
11

No.F2
families
Susc.a
101
Res.b
38
0.41
X21:3
P
0.5-0.8

JI2202x
KW
11

KWx
JI1640
7

JI1640x
KW
5

FORTx
JI2202
13

JI2202x
FORT
8

FORTx
JI1640
10

60
43
15.41
<0.001

54
21
0.36
0.5-0.8

23
7
0.08
0.90-0.95

90
52
10.23
0.001-0.01

45
22
2.19
0.1-0.2

75
38
4.49
0.02-0.05

26
4
2.18
0.1-0.2

108
34
0.08
0.90-0.95

58
9
4.78
0.02-0.05

101
12
12.46
<0.01

99
43
2.11
0.1-0.2

55
12
1.80
0.1-0.2

81
32
0.66
0.2-0.5

Susc.c
Res.d
X21:3
P

114
25
3.65
0.05-0.1

78
25
0.03
0.8-0.9

63
12
3.24
0.05-0.1

Talle
Dwarf5
Z 2 3:l
P

103
34
0.002
0.95-0.98

87
17
4.15
0.02-0.05

55
22
0.52
0.2-0.5

a

' Number of susceptible/resistant plants when intermediate plants are included in the resistant

category; c d Number of susceptible/resistant plants when intermediate plants are included in the
susceptible category; e'f Number of tall/dwarf plants. As a measure of the normality of the cross,
observations were alsomadeof amorphological marker (height)

Inthecrosseswith 'K. Wonder', with theexception of JI2202 xKW,theratio R:S
was 1:3 (P>0.05), with higher P values (P>0.5) when the intermediate response
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category wasconsidered asresistant. In the samecrosses,the segregation ratiofor the
morphological marker plant height was 3:1 Tall:Dwarf (P>0.2).In JI2202 xKW, the
R:S ratio was 1:3 (P>0.8) only when the intermediate category was considered as
susceptible. In the same cross the plant height character did not fit the expected ratio
3:1T:D (P<0.05).Alsothis cross generated moreFl plants failing to set F2seedthan
itsreciprocal whichcouldhavecontributed totheoddsegregationratios.
Crosses with 'Fortune' behaved somewhat differently. There was a higher number
of resistant plants than in crosses with 'K. Wonder'. In one cross where the
intermediate plantswereincorporated intheresistant category therewasan acceptable
fit to a 1:3 R:S ratio. In another cross it required the intermediate plants to be
incorporated into the susceptible category to give a fit to 1:3. In a third cross
incorporating the intermediate plants into either the resistant or susceptible category
failed to give a fit to a 1:3. This is clearly unsatisfactory but it may reflect the
influence of otherresistance genes (race specific) from 'Fortune' (R2,R3 and R4)on
theexpression ofresistance.
The number of plants that were dwarf and resistant was higher than would be
expected for independent assortment. In the crosses KWxJI2202, KW x JI1640and
JI2202 x FORT where P>0.05 for the hypothesis 1:3 (R:S) and 3:1 (T:D), the
probability was calculated for the null hypothesis 9:3:3:1, (TS:TR:DS:DR). Only for
the cross JI2202 xFORT did the probability value indicate apotential linkage (Table
5).

Table 5. Observed and expected numbers for the phenotypes tall-susceptible (TS),
tall-resistant (TR), dwarf-susceptible (DS) and dwarf resistant (DR) and probabilities
for independent assortment 9:3:3:1 inF2s
Crossa/Phenotypes...
KWxJI2202
Obs.
Exp.
l\P

TS TR
78 23
75.4 25.1
5.48,0.1-0.2

DS DR
19
14
25.1 8.4

KWxJI1640

11
7
12.2 4

x\p

37 10
36.6 12.2
2.77,0.2-0.5

Obs.
Exp.
X\P

43 12
37.7 12.6
18.18,<0.001

2
10
12.6 4.1

JI2202xFORT

1

Obs.
Exp.

Only thecrosses wheretheratios 1:3 R:S and 3:1T:D gaveP>0.05 wereincluded inthis analysis
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F3 segregation
F3sproduced from selectedF2s
The observed pattern of segregation from F2 data (Table 4) suggested that resistance
derived from P. abyssinicumwas controlled in a recessive manner, most probably a
single recessive gene. On this basis, it was expected that F3 families derived from
resistant F2 plants would be homozygous resistant. However, the observed
segregation pattern showed three segregating categories for F3s derived from resistant
F2s and two segregating categories for F3s derived from susceptible F2s. The
segregating categories (R:S) had atendency to 13:3or 3:1, 9:7 or 1:1 and 3:13 or 1:3.
Chi-square tests for these hypotheses showed that the most likely segregation ratios
were either 13:3or 1:1 or 3:13 R:S.For the F3s produced from susceptible F2s, they
wereallsusceptible orsegregating either 1:1 or3:13R:S(Tables6and8).
The ratios of the different F3 categories [all R]:[13:3]:[l:l]:[3:13]:[all S] were
0:5:11:9:0 for F3s derived from resistant F2s and 0:0:2:9:3 for F3s derived from
susceptible F2s.Thus,category 13:3R:S isonly present in F3s derived from resistant
F2s,number offamilies falling inthe 1:1 category isalso higher for F3s derived from
resistantF2sandthecategorywithallplantssusceptible isonlypresentinF3sderived
from susceptibleF2s.TherewerenoF3families in which allplantswereresistant.All
the F3 families in the 13:3R:S category were either dwarf or segregating for height
butnevertall.

F3sproduced from unselectedF2s
For the F3's derived from F2 plants that were not inoculated with race 6, three
different F3 segregating categories were observed fitting the ratios either 13:3 or 1:1
or 3:13R:S asfor theF3sderived from selected F2s with aknown response torace 6
(Tables 7 and 8). Approximately half of the F3 families were uniformly susceptible
(all plants susceptible within a family), however, only 2 families were uniformly
resistant (in crosses with 'Fortune'). The ratios of the different F3 categories [all
R]:[13:3]:[l:l]:[3:13]:[all S] were 2:2:17:25:43.The resistant and 13:3 families were
alldwarf.Fromboth setsofF3datathethreeobserved segregation ratioswerepresent
inprogenies derived from the sameFl plants.There wastherefore no possibility that
variation in the genetic constitution of individual parental plants used in the crossing
programmecontributed tothedifferent ratiosobserved atF3.
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seedlings died. If resistance is controlled by a single recessive gene, half of the
FIBCSelf families wereexpected to segregate for resistance and half tobe uniformly
susceptible.Forplantheighthalf of thefamilies wereexpected to segregatefor height
andhalf tobeuniformly dwarf.Theresults obtained showed theexpected segregation
for height, however, all the six FIBCSelf families were uniformly susceptible and
none of them segregated for resistance (Table 10).This suggests that there might be
othergene(s)modifying theresistancepresentinP. abyssinicum.

Table 8. Observed Resistant:Susceptible ratios and probabilities for each of the three
F3 segregating categories when F3 families were either derived from selected F2s or
unselected F2s

Obs.R:S
13:3 x\P
3:1 %\P

F3sfrom selectedF2s
Fromres.F2
Fromsusc.F2
61:10
1.0, 0.2-0.5
1.6,0.1-0.2

F3sfrom unselectedF2s
Nottested atF2
26:3
1.31,0.2-0.5
3.29,0.05-0.1

Obs.R:S
9:7x2, P
1:15C2,P

70:77
4.4,<0.05
0.34, 0.5-0.8

14:13
0.21, 0.5-0.8
0.036, 0.8-0.9

111:111
3.49,0.05-0.1
0,0.99

Obs.R:S
3:13 %\P
1:3 X\P

19:99
0.42, 0.5-0.8
4.98,<0.05

17:96
0.99, 0.2-0.5
5.97,<0.02

58:294
1.19,0.2-0.5
13.6,<0.001

Table 9. Number of resistant and susceptible plants to Ps. syr.pv.pisi race 6 in F4s
derived from resistant selections from theF3segregating categories 13:3, 1:1 and3:13
R:S
F3category
13:3
1:1
3:13

Resistant:Susce ptibleatF4
KWxJI2202
FORTxJI2202
45:6a
59:7
28:10
55:23
4:15
8:9

a

Numbers of resistant or susceptible plants were obtained from a series of F4 families (2-4plants per

family) screened from each segregating category andcross.
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Table 10. Number of resistant and susceptible plants (R:S) to Ps. syr. pv. pisi race 6
and tall/dwarf (T:D) plants for each FIBCSelf family

Cross
female xmale
KWxJI2202

Backcross
female xmale
KWxFl
KWxFl

FIBCSelf
R:S T:D
0:20 0:20
0:20 12:8

KWxJI1640

KWxFl
KWxFl
KWxFl
KWxFl

0:20
0:19
0:20
0:20

0:20
14:6
14:6
0:20

Summary of segregation results
The Fl was generally uniformly susceptible as expected. There were reciprocal
differences in Fl plant fecundity and segregation patterns at F2, which were
predominantly 1:3 R:S. However, segregation patterns at F3 did not conform to the
expected segregations for a single recessive gene, since segregation patterns appeared
to fall into three different ratios (13:3, 1:1, 3:13). The apparent stabilization of
resistance in true breeding populations at F5 together with the fairly common 1:3
segregation at F2 suggest that at most only a small number of genes is likely to be
responsible for the resistance trait. In order to provide a simplifying framework within
which these data could be understood, a molecular marker approach was taken to
investigate these segregating patterns.

Molecular markers for resistance and genetic mapping
Screening ofparental lines
An estimation on the number of markers (polymorphic bands) was initially made with
the selective bases TT for a pairwise comparison between the parental lines ('K.
Wonder', 'Fortune' and JI2202) and JI399 (Table 11). There was a relatively low
polymorphism between the P. sativum lines and no polymorphism within the P.
abyssinicum lines except for one of the JI1640 plants, which lacked one of the bands.
However, polymorphism between P. sativum and P. abyssinicum was very high (Fig.
2).
These results show that the PDR1 product banding patterns were very different
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between P. sativum andP. abyssinicum, andtherefore manymarkers will segregatein
the offspring of crosses between them. Thefact that JI399 isnotvery different from
'K. Wonder' and 'Fortune' suggests that a high proportion of polymorphic bands
cosegregating with susceptibility in these crosses will correspond to JI399 bands.
Hence as JI399 is a parent of twoRI mapping populations, there is a reasonable
likelihood thattheirgeneticmapposition willbeknown.
P.sativum

P. abyssinicum
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•fFig.2.PDR1PPTprimed SSAPproducts,whenusingtheselectivebasesTTwiththe
Taq adapter, from the parental lines of the present crossing programme and other
Pisum lines. Lane 1: JI399 (parental line of two mapped recombinant inbred
populations);lane2:KelvedonWonder,lane3: Fortune (Pisumsativumparenallines);
lanes 4-13: JI2202, 14-23: JI1640 (P.abyssinicum parental lines);lane 24:JI2;lane
25: JI130;lane 26: JI225;lane 27: JI1556andlane 28: JI2385
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Table 11. Number of band differences in pairwise comparisons of the parental lines
from thecrossing programme (cvs.K.Wonder, Fortune andP.abyssinicum accession
JI2202) and the parental line (JI 399) of two RI populations with the selective bases
TA,TC,TTandAA(PDR1-PPTmethod)

TA
TC
TT
AA

KWJI2202
13
19
31
27

Sum 90

FORTJI2202
13
19
29
22

JI399JI2202
15
20
29
23

KWFORT
4
0
6
8

KWJI399
4
1
5
4

FORTJI399
6
1
5
5

83

87

18

14

17

Screeningoftheoffspring
SamplingofthegenomewiththePDR1-SSAPmethod
Estimation of total number of markers (polymorphic bands) with the selective bases
tested gives an indication of how extensive is the sampling of the genome using the
PDR1 markers (Table 11). These markers have been shown to be well distributed
throughoutthepeagenome (Ellisetal.,1998).

Markersfor resistance
ThreeP.abyssinicum bands thatcosegregated withresistance wereidentified withthe
bases TA, AT and AA and three P. sativum bands that cosegregated with
susceptibility were identified with the selective bases AA and TC (Table 12and Fig.
3).
All of the plants tested in which the three P. abyssinicum bands were present and
the three P. sativumbands were absent, were resistant. These plants mainly derived
from resistant selections from the 13:3 R:S F3 category. By comparison half of the
resistant plants in which some of the P. sativumbands were present, were derived
from 1:1 and3:13R:SF3categories.
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Table 12. Number of susceptible (S)andresistant (R)plants with apolymorphic band
(present/absent) at F3/F4/F5 of the crosses between K. Wonder or Fortune with
JI2202fortheselectivebasesTA,AT,AAandTC(PDR1-SSAPmethod)
Band
origin
TA(a) abyssinicum
AT(b) abyssinicum
AA(c) sativum
AA(d) abyssinicum
TC(e) sativum
TC(f) sativum

Present
R
S
1
29
1
29
6
6
1
26
7
7
10
9

F3s susceptible

Absent
S
R
9
5
9
5
4
26
9
6
3
27
1
24

F4s/F5s resistant

JI2202
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Fig.3.PDR1PPTprimed SSAPproducts,whenusingtheselectivebasesAAwiththe
Taq adapter, from the segregating populations of the cross Kelvedon Wonder x
JI2202. Two markers have been identified: AA(c), cosegregating with susceptibility
mappedtoTpsl/141- andAA(d)cosegregating withresistance
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Estimation oflinkage
Number of parental individuals for aP. sativummarker was calculated asthe sumof
those individuals that were susceptible and the sativumband was present; for a P.
abyssinicum marker, sum of those individuals that wereresistant and the abyssinicum
bandwaspresent.Numberofrecombinant individuals for aP.sativum marker, sumof
thosethat were susceptible andthesativum band absent;for aP.abyssinicum marker,
those that were resistant and the abyssinicumband absent. Recombinant frequency
wascalculated for each marker asthenumber ofrecombinants divided by the number
of parental and recombinants. Linkage intensity was estimated considering a single
groupofmarkers,treatingresistance asmonogenicrecessive.
The recombination fraction (r) is problematic to estimate in these segregants
because of the mixture of generations and the pedigrees involved. However, the
recombination values should lie somewhere between those estimated as the
populations wereeither F2s orrecombinant inbreds.Accordingly, r (in cM) andLOD
(logarithm of the odds for linkage) were calculated using Mapmaker version 3.0
considering resistance asmonogenicrecessive.Valuesfor F3/F4/F5 mixed population
shouldlieinbetweenF2andRIvalues(Table 13).
Despite the difficulty in applying a simple model to the calculation of
recombination frequencies, the estimates treating F2 and RI models as upper and
lower bounds (Table 13) suggest that these six markers lie within ca 25 cM of the
locus which is the major determinant of resistance. It is possible that some of the
phenotypic scores are influenced by modifier loci or other, weaker, genetic
determinants of resistance segregating in this progeny. Thus, some of the phenotypic
scoresmaynotaccuratelyreflect theallelic stateofthemajor geneticdeterminant,and
thustheestimates oflinkagedistanceareprobably exaggerated.

Genetic mappingofP.sativumbands
Two of the P. sativumbands cosegregating with susceptibility have been mapped in
previous RI populations. The TC(e) band (corresponding to Tpsl/203-) was mapped
in the RI population JI281 xJI399 and the AA(c) band (corresponding toTpsl/141-)
intheRIpopulationJI15xJI399.TheTC(f) banddidnot segregateinthepreviousRI
populations and therefore no map position could be obtained (ie. TC(f) is present in
JI15, JI281 and JI399). In both crosses the loci derive from an equivalent region of
linkagegroupVbetweenranditsnearertelomere (Fig.4).
Unfortunately the recombination frequency (and chiasma number) is different for
this chromosome / linkage group in these two crosses (Hall et ah,1997), so it is
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difficult to estimate the distance between these two markers, but they are probably
about 20 cM apart, which is consistent with the scale of distances estimated in Table
13. In turn, these data suggested that r(wrinkled seed), pa (foliage colour) or det
(determinate growth) alleles may serve as useful classical markers for the
introgression of this trait.

CDj4
:DNA2a
/cDNA200
Tps1/140-

Tps1/28\Tps1/140\7ps1/109+

Tps1/203-

Tps1/141-

y/Tps1/28-:

xnf52f
\cONA187
\cDNA280

CDNA280
^DNA2a
^cDNA271

^;DNA189a

CDNA280

~Lg1

-cDNA189a

cDNA148b

10cM
CDNA56/2
f ^:DNA231
9P

Tps1/133+
9P
-adh/8/5
Tps1/77+
-Tps1/142-

Fig. 4. Map of pea linkage group V derived from the recombinant inbred
populations (a) JI281 x JI399, (b) JI15 x JI399 (b) and (c) JI15 x JI1194 showing
the mapping position of the two identified markers cosegregating with
susceptibility corresponding to Tpsl/203- and Tpsl/141- . Markers in common
between the RI populations are connected by dashed lines
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Table 13.Recombinant frequency (R) for the markers (from 'a' to 'f) for resistance
identified withtheselectivebasesTA,AT,AAandTC,recombination fraction (r)and
LODconsidering resistance asmonogenic recessive with either anF2orRImodel for
thepopulationwhencalculated withMapmakerversion 3.0
R
TC(f)
TC(e),Tpsl/203AA(c),Tpsl/141TA(a)
AT(b)
AA(d)

0.273
0.186
0.195
0.159
0.159
0.190

F2
r
38.3
24.9
27.4
19.9
19.9
24.0

LOD
1.67
2.59
2.12
3.46
3.46
2.86

RI
r
23.5
13.0
13.9
10.5
10.5
13.4

LOD
2.04
3.96
3.54
4.86
4.86
3.75

DISCUSSION
Genome compatibility
Oneofthepossibilitiestobeconsidered toexplain thecomplex F3 segregations isthe
relative incompatibility between the P. sativum and P. abyssinicum genomes.
Karyotypic variability in pea can have an influence on segregation patterns (Ellis,
1993). Although crosses between P. sativum and P. abyssinicum were relatively
successful, genetical and cytological analysis performed on these crosses suggest the
presence of karyotypic differences between both genomes (von Rosen, 1944;
Lamprecht, 1964;Saccardo, 1971; Conicella andErrico, 1985).Thelow and irregular
seed setting atFl isinfluenced by semi-sterility barriers (von Rosen, 1944;Conicella
and Errico, 1990).P. abyssinicum has been reported as having 100.9-109.7 %of the
genome size of P. sativum while other authors suggest that the genome size of P.
sativum ispractically constant (Baranyi etal, 1996;Baranyi and Greihulber, 1996).It
ispossiblethattheremaybesmalllocaldifferences inrepeated sequence organization
between these two genomes, which may in turn contribute to unusual segregation
patterns.

Maternal effect
Reciprocal differences in Fl fertility were observed, this was lower for crosses
involving P. abyssinicumas the female parent. Only one cross with 'K. Wonder' (a

62

Chapter3

reciprocal involving JI2202) fitted neither the F2 ratio 1:3 R:S, when intermediate
plants were incorporated in resistant category, nor the expected F2 ratio 3:1 T:D, this
may be associated with the lower Fl fertility in this reciprocal cross. Von Rosen
(1944) reported that crosses with P. abyssinicumas the female parent showed 8%
fewer recessive individuals than the reciprocal. He referred to the difficulty of
cooperationbetween genomeand 'plasm' asthecausefor this difference.
Imprinting effects, epigenetic modification of loci resulting in differential
expressiondependingonparentoforigin,couldprovide anexplanation for differences
in reciprocal crosses. Lund etal.(1995) found that some alleles of zein genes, which
encode storageproteins,areonlytranscribed whenmaternally derived. Maternallyand
paternally derived genomes arenot functionally equivalent inArabidopsis endosperm
(Scottetal, 1998).

Apparentlinkageofresistance to dwarfness
An apparent linkage of resistance to dwarfness was observed at F2, however,
statistical analysis did not confirm this. Most of theF3 families falling in either 13:3
R:S category or uniformly resistant category were dwarf and a few segregated for
height, but they none were uniformly tall.F5s,derived from resistant selections atF2
andF3, showing anapparent stabilized resistancewerepredominantlydwarf.
The association of resistance with dwarfness suggests a possible linkage between
these characters. Nevertheless, a phenotypic association may not necessarily reflect
genetic linkage,andacomplete investigation of theinheritance of thedwarf character
has not been undertaken. Von Rosen (1944) described the phenomenon 'varying
linkage' causedbysmallstructuralchangesinchromosomes.

Effect ofracespecific genesincombinationwithracenon-specific resistance
In crosses with 'Fortune' the segregation at F2 showed an excess of resistant plants
and there was generally a poor fit to 1:3 R:S ratio. It is thought that in this case
resistance may have been enhanced by the background presence of the mainly
dominant race specific genes (R2,R3 and R4)known tobepresent in 'Fortune'. This
was also seen in subsequent generations. Only two families were found to be
uniformly resistant at F3 (in crosses with Fortune), although the small number of
plantsineachprogenycouldnotentirelyprecludeahidden 13:3.
Additive effects of race specific genes and race non-specific have been previously
reported (Tayloretal, 1996).However,itisnotreallyknownhowrace-specific genes
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tootherracesthanrace6ofPs.syr.pv.pisi canenhancetheresistancetorace6when
theyarepresenttogether withRNSR.

The identification of molecular markers for resistance with the PDR1-SSAP
method
ThePDR1-SSAPmethodproved tobeagoodmarker systemfor studying segregating
populations from crosses involving P. sativumand P. abyssinicum.Six markers for
resistance were identified, three with P.abyssinicum origin and three with P. sativum
origin.Thefact that alltheplantsinwhichthethreeP.sativumbandswereabsentand
the three P. abyssinicum bands were present, were resistant indicates that this set of
six markers could assist in breeding programmes for selection of resistant plants.Of
theresistant plants in which some of theP. sativum bands were present, half of them
derivedfrom 1:1 or3:13R:SF3categories.Thissuggeststhat morethan onelocimay
beinvolvedinresistance.

Proposedmodelsofinheritance
The segregation patterns at F2 suggested a recessive type of inheritance, however,
relatively large numbers of individuals are needed to distinguish between one or two
genemodels. Specifically a 13:3ratio iseasily mistaken for 3:1 in small populations.
TheF3ratios did not fit with a single recessive gene, however, despite the abnormal
patterns, each of the observed ratios per se suggests that resistance is controlled by
morethan one genebut not by many. Another observation supporting this hypothesis
is that if resistance was controlled by polygenes, the F2 would have shown a normal
distribution with the majority of the F2 plants falling in the intermediate response
categorywhichwasclearlynotthecase.
The difficulty arises in how to integrate in a model all the segregation ratios
observed at Fl, F2 and F3. We propose that resistance is controlled mainly by a
recessive gene present in P.abyssinicum and a set of modifiers, most likely two.The
interaction between theresistance gene and the modifiers is not known. The essential
difference between P. abyssinicumand P. sativum consists of a difference in the
allelic stateof asmallnumberof quantitative genes,thesedifferences aroseduringthe
endemicperiod ofdevelopment ofP.abyssinicum (vonRosen,1944).
Our observations with RNSR in P. abyssinicumprompt comparison with the mlo
genefor powdery mildew (Erysiphe graminisf. sp.hordei) resistance inbarley. They
both occur naturally in Ethiopia, confer a spectrum of quantitative resistance to all
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races ofthepathogen andhavearecessive nature.TheRNSR inbarley was originally
created by chemical mutagenesis (Freisleben and Lein, 1942) and only later found to
occur naturally in Ethiopian barleys (Nover, 1968). Recently, through a mutation
approach, Freialdenhoven et al. (1996) identified two modifiers required for the
function of mloandproposed amodel inwhichtheMlowild typeallelefunctions asa
negativeregulator andthemodifier genes (twounlinked recessiveloci) act aspositive
regulators of arace-non specific response. Although the precise nature of the genetic
control of RNSR in the P. sativum and P. abyssinicumcrosses is unknown, it is
possible that the presence of modifiers genes, derived from P. sativum or P.
abyssinicum couldexplainatleast someofthesegregations inF3.
Itwouldhavebeenuseful tocomparetheinheritance ofRNSR inbothP.sativum x
P. abyssinicumand P. abyssinicumx P. abyssinicumcrosses. At the time this work
was initiated, all P. abyssinicumaccessions appeared to carry RNSR. Only recently
have we identified JI2385, which appears a single race specific gene but non RNSR.
There is thus now a possibility to test the segregation of RNSR in its natural P.
abyssinicumbackground.

Theexploitation ofracenon-specific resistance derivedfromP. abyssinicum
The confusion that has hovered about the terminology and concepts concerning
disease resistance in plants has been of enormous magnitude (Nelson, 1978).We use
the term race non-specific resistance (RNSR) to define a rate-reducing resistance
which occurs across all the races of the pathogen known at present, including race 6,
for which there arenoknown resistant commercial cultivars. Also the fact that race 6
probably arose by the loss of an avirulence gene (from another race, either 2, 3 or4)
suggests that theresistancepresent inP.abyssinicum israce non-specific and thatthe
geneticcontrolinvolvedisdifferent fromracespecific resistance.
Themotive for exploitation of RNSR istheneed for durableresistance.Inthecase
of peabacterial blight, the need of RNSR became apparent with the existence of race
6 for which all tested cultivars to date are susceptible, and may cause severe losses
particularly in winter sowing peas. Similarly, the need for durability in the control of
powdery mildew wasnoticed for barley.Initially,breeders werereluctant to introduce
themlogene intheirbreeding programmes mainly duetoits pleiotropic effects (Kjaer
etal., 1990).But dueto thebreakdown of race specific resistance, the use of themlo
gene was considered as one of the major strategies in the breeding for powdery
mildew resistance.In spite of thefact that thegreat majority of research was doneon
mutagen-derived mlo resistance genes, it was three Ethiopian sources of mlo
resistance that were first introduced in commercial varieties on the European market
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(J0rgensen, 1992).
The RNSR present in P. abyssinicum opens new possibilities for the control of pea
bacterial blight. First steps for the introduction of this resistance into important
agronomical pea types are described in this paper. A first generation of crosses of F5
lines carrying race non-specifc resistance with commercial cultivars is available
together with molecular markers to assist in the breeding programmes.
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ABSTRACT
Resistancetopeabacterialblight (Pseudomonassyringaepv.pisi) indifferent plantpartswas
investigated in twenty-one Pisumsativumcommercial cultivars and landraces, carrying race
specific resistance genes (R-genes) either singly or in various combinations; and two Pisum
abyssinicum accessions carryingracenon-specific resistance.Theresistance genotypepresent
in each pea accession had previously been determined by a standard stem inoculation
procedure.Pea accessions were inoculated in stem, leaf and pod with seven races of Ps. syr.
pv. pisi under glasshouse conditions. For both race specific and non-specific resistance, a
resistant responseinthe stemwasnot always associated withresistance inleaf andpod.Race
specific genes conferred stem resistance consistently, however, there was variability in leaf
and pod responses. This depended on the matching combination R-gene/A-gene (avirulence
gene). R2 generally conferred resistance in all plant parts, R3 or R4 singly did not generally
confer resistance inleaf andpod,however R3in combination with R4had apositive additive
effect and enhanced leaf and pod resistance. P. abyssinicum accessions were uniformly
resistant in the stem to all races, showed leaf and pod resistance to races 2, 5 and 7 and
variable ,partialresistanceor susceptibility,inleaf andpodtoraces 1,3,4and6.
The effects of environmental factors on disease expression were studied in the field under
autumn/winter conditions. A universal susceptible cultivar (Kelvedon Wonder) and two
Pisum abyssinicumaccessions were inoculated with the most important races (races 2, 4 &
6). K.Wonder was susceptible to all three races but especially torace4, the most aggressive
raceunderfield conditions.Eight weeks after inoculation all the K.Wonder plants were dead
due to the combination of disease and frost damage. By comparison, P. abyssinicum was
much less affected by disease, with only race 4 having a significant effect. The combination
of disease resistance with frost tolerance in Pisum abyssinicum enabled plants to survive
through the winter. It is suggested that a breeding strategy to combine race non-specific
resistance with race specific resistance genes may provide durable resistance, under severe
diseasepressure,likelytobeexperienced inautumn/winter conditions.

INTRODUCTION
Studies on resistance topea bacterial bight {Pseudomonas syringae pv.pisi) have been
focused on race specific resistance. The presence of race specific resistance genes (Rgenes) is widespread and at a high frequency both in commercial cultivars and Pisum
germplasm. There are seven races of Ps. syr. pv. pisi currently recognized and
interaction of races and cultivars is controlled by a gene-for-gene relationship (Taylor
etal., 1989;Bevan etal., 1995).
Tests for resistance have usually been done by a stem inoculation procedure (Malik
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etal.,1987).This method allows sequential multiple inoculations with different races
on the same plant and avoids the risk of contamination associated with spray
inoculation ofleaves.Itwasthought that theresponse in the stemwaslikely tobethe
same for other plant parts. However, in stem inoculation with race 3, of a cultivar
carryingtheresistance geneR3,it wasobserved that when steminoculation wasvery
close to the stipule, sometimes a water-soaked susceptible response developed
spreading into the stipule, while the stem showed a necrotic resistant response,
indicating that stemandstipule (leaf) tissues mayexpress adifferential responsetothe
pathogen.
There is some evidence in another host/pathogen combination (Phaseolus
vulgarislPs.syr. pv. phaseolicola for differential responses in different plant parts
(Hilletah, 1972).Inthiscasethreedifferent geneswerereportedtocontrol separately
theexpression ofhaloblightinleaf,podandsystemicchlorosis.
In addition to the race specific genes in Pisum,there is a new identified class of
resistance of a race non-specific nature derived from Pisumabyssinicum(Schmit et
al, 1993; Elvira-Recuenco and Taylor, 1998). This confers a quantitative stem
resistance to allraces of thepathogen including race 6 for which there are no known
resistant cultivars.P.abyssinicum istolerant tolow temperatures and is characterized
byitscosmopolitan qualities (Vavilov, 1992).
Moreover, theeffects of environmental factors on disease expression are important
intheepidemiology ofpeablight.Frostdamage increases susceptibility ofplanttissue
to the pathogen (Boelema, 1972). Disease severity is greater in winter sown than in
spring sownpeasfor both winter and springcultivars (Mansfield etal.,1997).Factors
that maybeinvolved arehigh soil moisture contents whichinfluences transmission of
the pathogen from seed to seedling (Skoric, 1927; Roberts, 1992), frost and hail
damage which favours entry of the pathogen (Young and Dye, 1970; Roberts et al.,
1995) and wind blown rain which favours dissemination of the pathogen (Stead and
Pemberton, 1987).
Because of the possibility of differential responses between stem and leaf tissue,
already demonstrated for race 3 with cultivars carrying R3, it was decided to
investigate the full range of responses of both race specific and race non-specific
resistance to all races of Ps. syr.pv.pisi in stems, leaves and pods under controlled
glasshouse conditions.Investigations were alsodone inthefield under autumn/winter
conditions,whenenvironmental factors (rain,frost, etc.) wouldbelikely topredispose
plantstomaximumdiseaseexpression.
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MATERIAL AND METHODS
Glasshouse studies
The pea lines and bacterial isolates used in this study are listed in Table 1. Peas were
sown in compost in seed trays and grown at 20°C ± 2 day/17°C ± 2 night with
supplementary lighting to give a 12h day.
Bacterial isolates
Seven type strains corresponding to the seven races of Ps. syr. pv.pisi were used for
inoculation. In some of the experiments an additional isolate of each race was used
(Table 2).
For inoculum production, isolates were subcultured onto King's B medium (King et
al., 1954) plates for 24-48 h at 25°C. They were derived from one transfer on KB of
cultures stored either at -80°C in broth (8g/l nutrient broth, 150ml/l glycerol) or freeze
dried.
Stem inoculation
Pea seedlings were steminoculated approximately two weeks after sowing (Malik et al.,
1987). Isolates were scraped from the surface of the plate with the tip of a sterile
entomological mounting pin and stabbed into the main stem at its junction with the
stipules atthe youngest node.
Leaf inoculation
This was done simultaneously with stem inoculation. Young leaves were wounded
with the same entomological pin used for stem inoculation and sprayed with a
bacterial suspension (ca 109 cfu/ml) prepared in sterile V4 strength Ringer's or sterile
tap water. A wetting agent (Manoxol) was added to give a concentration of 0.025% in
the bacterial suspensions which were sprayed at a low pressure to throughly wet the
leaf surfaces. Inoculated plants were maintained in a mist chamber for 48 h after
inoculation and then transferred to the glasshouse.

Pod inoculation
Young flat detached pods were placed on moist filter papers in Petri dishes. Isolates
were scrapped from the surface of culture plates with sterile entomological pins and
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pods stab inoculated (3-4 inoculations per pod). Petri dishes with pods were stored in
closed boxes atroom temperature.
Table 1. Pea accessions and their resistance characteristics to Pseudomonas syringae
pv. pisi
Accession
Designation
Number"
Pisum sativum cultivars
JI2430
Kelvedon Wonder*
JI2431
Early Onward*
JI2432
Belinda*
Hurst's Greenshaft*
JI2435
JI2438
Partridge*
JI2436
Vinco*
JI2437
Sleaford Triumph*
Fortune*
JI2439
ZP-0034 Frisson
Jade
Shasta
Martus
Pisum sativum landraces
JI171
P. sativum (Ethiopia)
JI1577
P. sativum (China)
ZP-0101 P. sativum (Spain)
ZP-0103 P. sativum (Spain)
ZP-0104 P. sativum (Spain)
ZP-0107 P. sativum (Spain)
ZP-0110 P. sativum (Spain)
ZP-0112 P. sativum (Spain)
ZP-0137 P. sativum (Spain)

Stem resistance
to races:

Resistance
genesb

none
2
1,3,7
1,4, 5, 7
1,3,4,5,7
1,2, 3,5, 7
1,2,4,5,7
1,2, 3,4, 5,7
1,2,3,5,7
1,3,7
1,3,7
1,3,7

none
R2
R3
R4, (R6)
R3,R4
Rl, R2, R3, (R5)
R2, R4, (R5)
R2, R3, R4
R2,R3
R3
R3
R3

1,2,3,4,5,7
1,3,4,5,7
1,3,4,5,7
1,3,7
1,2,3,4,5,7
1,3,7
1,2,3,4,5,7
1,3,4,5,7
1,3,7

R2, R3,R4
R3,R4
R3,R4
R3
R2, R3, R4
R3
R2, R3, R4
R3,R4
R3

Pisum abyssinicum
P. abyssinicum (Ehiopia)
1,2, 3,4, 5,6, 7
Race non-specific
JI1640
JI2202
P. abyssinicum (Ethiopia)
1,2, 3,4, 5,6, 7
Race non-specific
*Differential cultivars (Bevan etal., 1995);aJInumbers correspond toaccession numbersin
Pisum germplasm collection, John Innes Centre, Norwich, UK, ZP numbers correspond to
accession numbers in the collection of 'Servicio de Investigation Agraria', 'Junta de Castilla
yLeon', Valladolid, Spain;bDesignationofresistance genes (Bevan etal.,1995)
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Table2.SourceandoriginoftheisolatesofPseudomonassyringaepv.pisi

Race
1
1
2
2
3
3
4
4
5
5
6
6
7
7

Isolate
Number
HRI-W
299A*
1684
202*
4616
870A*
2191A
895A*
2817A
974B*
4012
1704B*
4129B
2491Aa*
4409

Origin
Source
ICPM2955
ICPM 3198
ICPM815
HRI-W
HRI-W
HRI-W
HRI-W
HRI-W
HRI-W
HRI-W
MAFF
HRI-W
ICPM5316
HRI-W

Cultivar
Rondo
Unknown
Unknown
Solara
Martus(seed)
Rondo
Martus(seed)
Unknown
Puget(seed)
Snowflake
Stehgolt (seed)
Stanton
Unknown
Bikini

Country
NewZealand
India
U.S.A.
UK
U.S.A.
Canada
U.S.A.
Spain
U.S.A.
Zimbabwe
France
UK
Australia
UK

Year
1970
1971
1944
1992
1975
1988
1975
1991
1978
1988
1986
1990
1976
1991

HRI-W, Horticulture Research International,Wellesbourne,Warwickshire, U.K.
ICPM, International Collection of Micro-organisms from Plants, Plant Diseases Division,
DSRI,Auckland, New Zealand
MAFF,Ministry of Agriculture, Fisheries and Food, Cambridge, U.K.
*Type strains
a

,Selection from ICPM 5316

Inoculation responses
Stem and leaf responses were recorded 7-10 days after inoculation and pod reactions
5-7 days after inoculation. Responses were assigned to one of three categories: a
typical susceptible response showed an area of water-soaking spreading from the site
ofinoculation, whereas atypicalresistantresponseresultedinnecrosis localized atthe
point of inoculation. Incomplete expression of resistance was characterized by a
combination of resistant and susceptible symptoms: localized necrosis surrounded by
alimitedwatersoakedarea.
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Winteroutdoorsstudies
Cultivar K. Wonder (susceptible to all races) and P. abyssinicumaccessions JI2202
andJI1640(racenon-specific resistance) wereusedfor thesestudies.Theyweresown
in compost in seed trays in a glasshouse. Three weeks later they were transplanted to
25 cm diameter pots containing John Innes compost number 1and placed in a series
of 'cold frames' with removable glass cover. Temperatures were expected to be
similartothoseintheopenfield butwithsomeprotectionfrom thewind.
One week after transplanting the 'cold frames' were uncovered and two days later
plants were either inoculated with the type strains of the races 2,4 or 6 (Table 2) or
uninoculated. Inoculation was doneby spraying theplants with abacterial suspension
(ca. 109 cfu/ml) prepared as described above for glasshouse studies. Each treatment
was represented by a block of 16 pots (4 pots per accession) distributed randomly.
Treatments were separated by aminimum of 2.5 m. Disease symptoms and condition
of theplants wererecorded 1,3,5and 8weeks after inoculation. Meteorological data
wasalsorecorded.

RESULTS
Glasshousestudies
Racespecific resistance
Stem inoculations with the seven races of Ps. syr. pv. pisi consistently gave the
reactions expected from Bevan et al. (1995) (Table 3) and confirmed in the present
study (Table 4). When the appropriate R-gene was present in the pea accession, the
stem inoculated race carrying the matching avirulence gene caused a resistant
(hypersensitive) response. The only exception was race 4 where some partial stem
susceptibility wasobserved.
Inoculation responses in leaves and pods in some cases differed from those in the
stems (Table 4). A susceptible response in the stem was always associated with a
susceptible response in leaf and pod. However, a resistant response in the stem was
associated with either a resistant or susceptible/partially susceptible response in leaf
andpod.Therewasalso somevariation ininoculation responsesbetween experiments
and to some extent within the same experiment. In general responses in leaves and
podsweresimilaralthough insomecasespods showed moresusceptibility. Responses
of the different host-race combinations (Resistance gene/Avirulence gene) were as
follows:
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Table 3. Gene-for-gene relationship between pea cultivars and races of Pseudomonas
syringae pv.pisi (Bevan et al., 1995)

Resistance (R) genes

Race/avirulence genes
1
6
2 3 4
5
1
2
2
3
3
4
4
4
(5)
(6)
(6)
+
+
+ + +
+
+
+
- + +
+
+ - +
+
+
+ + -

KelvedonWonder
Early Onward
. 2
Belinda
3
Hurst's
4
• (6)
Greenshaft
+
Partridge
+ 3 4
Sleaford Triumph
. 2
4 (5)
+
+
.
Vinco
1 2 3
- +
+
(5)
.
Fortune
. 2
+
3 4
+,Susceptibleresponseto steminoculation; -,resistant response tosteminoculation; genesin
parenthesespartlyproven;., geneabsent
Race non-specific resistance
In P. abyssinicum accessions carrying race non-specific resistance (JI2202 and
JI1640) challenged with races 2, 5 & 7, resistance expression was generally complete
in stems, leaves and pods with the exception of JI1640 which showed partial
resistance in the pod with race 2. Resistance to races 1, 3, 4 & 6 was complete in the
stem but only partial in leaves and pods to races 1 & 6 and generally susceptible in
leaves and pods to races 3 &4.
Aggressiveness of isolates
Isolates of the same race gave the same responses with only a small variation in
aggressiveness. Differences in aggressiveness between races were greater and race 4
was shown to be the most aggressive. Isolates 895 A, 1704B and particularly 870A
were more aggressive in the leaf when they were derived from cultures preserved by
freeze drying than those preserved at -80°C.

7
2
3
4

+
-
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Table 4. Inoculation responses of pea accessions to seven races of Pseudomonas
syringae pv.pisi in different plant parts (stems, leaves and pods)
Race

R/Aa

Early Onward (R2)

2
5
7

2
2
2

Responses
Stem Leaf
R
R
R
R
R
R/S

Belinda (R3)

1
3
7

3
3
3

R
R
R

R/S
R/S
R/S

R/S
R/S
R/S

Hurst's Greenshaft (R4+6)

1
4
5
7

4+6
4
4+6
4

R
R
R
R

R
R/S
R/S
R/S

R
R/S
R/S
R/S

Partridge (R3+R4)

1
3
4
5
7

3+4
3
4
4
3+4

R
R
R
R
R

R
R/S
R/S
R*
R*

R
R/S
R/S
R*
R

Sleaford Triumph (R2+R4+R5)

1
2
4
5
7

4
2
4
2+4+5
2+4

R
R
R
R
R

R*
R
R/S
R
R

R/S
R
S
R
R/S

Vinco (R1+R2+R3+R5)

1
2
3
5
7

1+3
2
3
2+5
2+3

R
R
R
R
R

R
R
R
R
R

R
R
R/S
R*
R

Fortune (R2+R3+R4)

1
2
3
4
5
7

3+4
2
3
4
2+4
2+3+4

R
R
R
R
R
R

R
R
R/S
R/S
R
R

R
R
R/S
S
R
R/S

Pea accession (Resistance gene)

Pod
R
R
R/S
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Frisson (R2+R3)

1
2
3
5
7

3
2
3
2
2+3

Responses
Stem Leaf
R
R*
R
R
R
R/S
R
R
R
R

JI171 (R2+R3+R4)

1
2
3
4
5
7

3+4
2
3
4
2+4
2+3+4

R
R
R
R
R
R

R
R
R*
R/S
R
R

R
R
R
R/S
R
R

JI1577 (R3+R4)

1
3
4
5
7

3+4
3
4
4
3+4

R
R
R
R
R

R
R/S
R/S
R/S
R*

R
R/S
S
R/S
R*

ZP-0101 (R3+R4)

1
3
4
5
7

3+4
3
4
4
3+4

R
R
R
R
R

R
R/S
R/S
R
R

ZP-0103 (R3)

1
3
7

3
3
3

R
R*
R

R
R/S
R/S

ZP-0104 (R2+R3+R4)

1
2
3
4
5
7

3+4
2
3
4
2+4
2+3+4

R
R*
R
R*
R
R

R
R/S
R*
S
R
R

ZP-0107 (R3)

1
3
7

3
3
3

R
R
R

R/S
R/S
R/S

Peaaccession (Resistancegene)

Race

R/A

Pod

Differential responses topea bacterial blight instem, leaf and pod

Pea accession (Resistance gene)

Race

R/A
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ZP-0110(R2+R3+R4)

1
2
3
4
5
7

3+4
2
3
4
2+4
2+3+4

Respo nses
Stem Leaf
R
R
R
R/S
R
S*
R
S*
R
R*
R
R

ZP-0112(R3+R4)

1
3
4
5
7

3+4
3
4
4
3+4

R
R
R
R
R

R
R/S
S
R
R

JI2202

1
2
3
4
5
6
7

rnsrb
msr
rnsr
msr
rsnr
rsnr
rsnr

R
R
R
R
R
R
R

R/S
R
S*
S*
R
R/S
R

Pod

R/S
R
S
S
R
R/S
R

1
rnsr
R
R/S
R/S
2
rsnr
R
R
R/S
3
rsnr
R
R/S
R/S
4
rsnr
R
S*
S
5
rsnr
R
R
R
6
rsnr
R
S*
R/S
7
R
rsnr
R
R
R, uniformly resistant; S, uniformly susceptible; R/S, variable responses, partially
resistant; R*, predominantly resistant responses; S*, predominantly susceptible
responses; a R/A, resistance gene/avirulence genes, matching resistance and
race non-specific
avirulence genes in pea accessions and Ps. syr. pv. pisi races;
resistance
JI1640
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Winteroutdoorsstudies
Symptoms were first observed in K. Wonder with race 4 only one week after
inoculation (Table 5). Three weeks after inoculation disease development was
moderately severe in K. Wonder inoculated with races 2 and 6 and very severe with
race 4. By comparison P. abyssinicumaccessions showed only a few small lesions
with races 2 and 6 and slightly larger lesions with race 4 (Fig. 1).Eight weeks after
inoculation, all the inoculated K. Wonder plants were dead whereasP.abyssinicum
plants were alive and in generally good condition, although plants inoculated with
race4 showed some stem snapping.Uninoculated controls of both K.Wonder andP.
abyssinicumshowed no evidence of disease symptoms, and frost damage was more
severe in K. Wonder than in P. abyssinicum.At least some of the P.abyssinicum
plantssurvivedthrough thewintertoflower andproduce seed.

Table 5. Disease development (D), frost damage (F) and survival (S) under winter
conditions of the pea cultivar K. Wonder and the two Pisumabyssinicumaccessions
(JI2202 & JI1640) one, three, five and eight weeks after inoculation with
Pseudomonas syringaepv.pisiraces2,4and6
Treatment
K. Wonder
uninoculated
race 2
race 4
race 6
P. abyssinicum
uninoculated
race 2
race 4
race 6
a

1 w.
D

3w. a
D
F

-

++
+++
++

no

-

no

(+)
-

5w. b
D
F
*
++
+++
++
no

(+)
+

(+)
+

(+)

(+)

8w. c
F
D
+++
+++
+++

**

+
++
+

*

S

V
no
no
no

V
V
V
V

with 5 days frost; bwith 10days frost; c with 12 days frost; *, slight frost damage, **, severe frost

damage; -, no symptoms; (+), few water-soaked lesions on lower leaves, mainly healthy; +, discrete
water-soaked lesions on stipules; ++, fan shaped water-soaked lesions on stipules and leaves,
moderately severe;+++,extensive fan shaped water-soaked lesionson stipulesandleaves,severe

Differentialresponses topeabacterialblightinstem,leafandpod

Fig. 1. Inoculation responses under autumn/winter conditions of (A) Kelvedon
Wonder inoculated withrace4, (B)Pisum abyssinicum inoculated with race4, (C)K.
Wonder inoculated with race 6 and (D) P. abyssinicum inoculated with race 6
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ABSTRACT
Pea plants grown in the field were used to study the natural incidence of endophytic bacteria
in the stem. Eleven pea cultivars at the flowering stage were screened for the presence of
endophyticbacteria usingaprinting technique with surface disinfested stemcross-sections on
5% TSA. Five cultivars showed colonization of which cv. Twiggy showed the highest and
mostconsistent colonization andwasfurther investigated.
Stems of cv. Twiggy at the pod stage were analyzed for endophytic bacterial types and
populations. Cross-sections from stembase to apex of surface disinfested stems were printed
on 5%TSA. Endophytic bacterial populations decreased from the lower to the upper part of
the stem. In addition, one section from the third and the fourth internode was surface
disinfested, homogenized and spiral plated on three media: 5% TSA, R2A, and SC. Over a
series of 30 samples, 5%TSA gave a significant 17%increase compared with R2A and SC.
For most stems,populations ranged from 104to 105CFU/g except for one of thefieldblocks
in which populations were uniformly higher. Comparison of colony counts by spiral plating
and printing showed a positive correlation. Main bacterial types were Pantoea agglomerans
and Pseudomonasfluorescens. Other frequent types were Pseudomonas viridiflava and
Bacillusmegaterium.

INTRODUCTION
Perotti used the term 'endophyte' in 1926 to describe the bacteria that had been
isolated from within plants other than Rhizobium spp. Since then several definitions
have been proposed for endophytic microorganisms (Chanway, 1996). Hallmann et al.
(1997) described endophytes as bacteria which can be isolated from surface
disinfested plant tissue or extracted from inside the plant and which do not visibly
harm the plant.
The presence of endophytic bacteria in healthy plant tissue has been reported in
many occasions for many plant species and plant parts at various stages of growth
(Tervet and Hollis, 1948; Samish et al., 1963; De Boer and Copeman, 1974; Misaghi
and Dondelinger, 1990; Mclnroy and Kloepper, 1991). The genera most commonly
isolated are Pseudomonas, Erwinia, Bacillus, Burkholderia, Xanthomonas and
Enterobacter (Hallmann et al., 1997).
Bacterial endophytes can have beneficial effects such as plant growth promotion
and reduction of disease symptoms caused by plant pathogens (Chen et al., 1995; Wei
etal, 1996; Sturz and Christie, 1997;Khmel et al, 1998).However, in spite of lack of
symptoms, endophytes may show negative effects on plant growth (Van Peer and
Schippers, 1989).

Naturalincidence ofendophyticbacteria inpea

89

For the pea crop, natural incidence of bacterial endophytes have only been
investigated in ovules,seeds andpods (Samishetal., 1963;Mundt andHinkle, 1976).
Nevertherless, there are reports on the potential induction of plant disease resistance
by inoculated endophytes in pea root tissues (King and Parke, 1993; Castejon-Munoz
andOyarzun, 1995;Benhamouetal.,1996,1998).
The aim of the present research was to study the incidence and major types of
bacterialendophytes inthestemofvariouspeacultivars grownunderfield conditions.
Forthispurposedifferent isolationprocedureswereusedandevaluated.

MATERIALANDMETHODS
Screeningofcultivarsforthepresenceofendophytic bacteria
Collection of symptom-free peaplantswasmadeinabreeding field trial of loamysoil
with a randomized complete block design (five blocks), located in Haelen, Southern
the Netherlands. Eleven cultivars, ten plants per cultivar (two plants per block), were
sampled at the flowering stage. The cultivars tested were Bikini, Tristar, Geneva,
Colana,Quattro,Twiggy,Sigra,Karisma,Nomad,SomersetandHambado.
Stems werecutbetween the 2n the 11 node and leaves wereremoved. Stemparts
weresurface disinfested with 1%availablechlorine(Presepttablets,Fisher Scientific)
plus 0.1 % Tween 80 during 5 min. Then stems were rinsed three times in sterile
distilled water. Cross-sections weremade (Fig. 1)with an ethanol flamed scalpel.Per
cross-section four prints weremadeon 5%Trypticase SoyAgar (TSA) with added 10
ppm2,3,5-triphenyltetrazoliumchloride (TTC)for colonydifferentiation and 100ppm
cycloheximide. Plates with prints were allowed to dry under a hood for 30 min and
then the print area was covered with a 200 |il droplet of liquefied 5 % TSA at a
temperature of 48°C to restrict colony size.Plates were incubated at 27°Cduring up
to 10days. Prints were recorded for bacterial growth and main types subcultured on
5%TSAfor further characterization.
Differences between cultivars in endophytic colonization were analyzed byfitting a
logistic regression model, with cultivar as variable, to the observed number of plants
in which endophytic colonization was observed, using the method of maximum
likelihood (McCullaghandNelder, 1989).

Endophytic bacterialpopulationsinthecultivarTwiggy
Twenty plants of the cv. Twiggy were sampled at the pod stage, collected from four
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field blocks (five plantsperblock).Leaves wereremoved andthe stemwascutintwo
parts,thelowerandtheupperpart(Fig. 1).Both stempartsweresurface disinfested as
described above and then rinsed in sterile distilled water. The last rinse for the lower
part was made in VA strength Ringers and 0.5 ml was plated on 5% TSA + 100ppm
cycloheximidefor sterilitychecks.
Cross-sections (Fig. 1and 2) were made as described above and prints from eight
plants werecovered with alayer of the samemedium whiletherest of theprints from
12plants were not covered. Plates were incubated at 27°C and bacterial growth was
recorded after 48handoneweek.
Third and fourth internodes were weighed and homogenized separately in V\
strength Ringers using autoclaved mortars and pestles. Extracts were spiral plated
(WASP,DonWhitley Scientific) on5%TSA,R2A(Difco) and SC(Davisetal. 1980)
with 100ppmcycloheximide added toeachof thethreemedia and incubated at 27°C.
Sterility check plates were incubated for one week. Total numbers and numbers of
dominantendophytic types were determined per spiral plate and calculated as number
pergramfresh stemweight (Fig.2).
The logarithmic transformed CFU/g values were analyzed by ANOVA using a
splitplot model whereeffects of stempart, medium and interaction between stempart
andmediumweretakenfixed. Additional randomeffects ofblock,plant and stempart
were taken to describe interactions between the observations. In addition log CFU/g
values averaged over both stem parts for the medium 5% TSA were analyzed by
ANOVA.
Therelationshipbetween countsinprintsandinspiralplatingwasapproximatedby
thelinear function Y=• +• Xwhere Y=logCFU/g plating (average of log CFU/g
stem weight of internodes 3 and 4 when spiral plated) and X = CFU print (total
number of colonies of stemtransections 1,2,3,4and 5corresponding tointernodes 3
and 4 when agar printed) or X = log CFU print. Visual inspection of the
appropriateness ofthelinearmodel weredonefrom plotsof logCFU/gplatingagainst
CFUprint oragainst logCFUprint.Based onthesefindings alinear regression of log
CFU/gplatingonCFUprintand95%predictionintervalswere performed.
Presence of bacteria inside the seed as source for endophytic colonization was
investigated for cv.Twiggy.Twentyfive seeds were surface disinfested by immersion
in 2.5 %available chlorine suspension (Presept tablets,Fisher Scientific) plus Tween
20 during 5 min. and rinse with sterile tap water three times. Then they were dry
ground and 1 ml of Vi strength Ringers was added. This extract (100 |il per seed
sample)wasplatedon5%TSAandplatesincubated at27°C.
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cutbelow 11thnode

Upperpart

internode4

Lowerpart

internode 3
cutabove2 nodeinthefield
(ca.2cmabovesoillevel)
Fig. 1. Scheme of stem showing cross-sections printed on 5%
TSA for the screening of cultivars (from 1 to 10 in
parentheses), and cross-sections printed on 5% TSA (from 1
to 10) plus internodes 3 and 4 spiral plated for the cv. Twiggy
screening

RESULTS
Screening of cultivars for the presence of endophytic bacteria
The printing of stem transections was applied as a fast screening and gave a semiquantitative indication of the population levels. It was also possible to confirm the
endophytic presence of the bacteria in the prints. Five cultivars showed clear
endophytic colonization (Table 1), though Twiggy was the most consistently
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colonized. The other five cultivars did not show any bacterial growth on the print,
thoughtheymaycontainpopulations below 3-4logCFU/g fresh weight, thethreshold
of the printing technique based on later comparisons between printing and spiral
plating.
Forcv'sColana,Bikini,SigraandTristarprintsofthe3rdor4thinternode developed
bacterial growth, whereas for Twiggy there was growth on prints up to the 7th
internode. Moreover the number of plants showing bacterial colonization was higher
inTwiggythanintherest.
Under the assumption of binomial variance, the P values of the • 2 test gave
evidence for differences between cultivars (P<0.01).Based on the P values of the • 2
test for pairwise comparisons, the cultivars with no print-detected endophytic
colonization (Geneva, Karisma, Nomad, Somerset and Hambado) differed from
Twiggy (P<0.01). Furthermore, cultivars with only 10% of the plants colonized
(Bikini,SigraandTristar)alsodiffered from Twiggy(P=0.04).

Table 1.Number of pea plants per cultivar showing bacterial endophytic colonization
whenusingaprintingtechniquefor screeningof stemcross-sections on5%TSA
Cultivar No.ofplantsa Internode
Twiggy
Colana
Bikini
Sigra
Tristar

5
2
1
1
1

3,4,5,6,7
3
3
4
3

Isolatedtypes
Ralstoniapickettiilike
Bacillus spp.
Pantoeaagglomerans, Ps.fluorescenstype
Rahnellaaquatilis, Ps.fluorescenstype

"Numberofplantsoutof 10tested withcolonized stemprints
b

Identification byfatty acidprofiling/BIOLOG of someisolated types

EndophyticcolonizationofthecultivarTwiggy
Stemextractsbyspiralplating
Comparisonofmedia
Table 2 presents the data for the field block 2 as an example to compare data on
media.Meanvaluesofpopulationsfor thethreemediagavedifferences lessthan 1 log
CFU/g fresh weight for internode 3 and 4. Range of maximum and minimum
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populationspersamplefor thethreemediawaslessthan0.50logCFU/gfresh stem.
ThemeansoflogCFU/g overaseriesof 30stemextracts of 3blockswere4.80 for
5%TSA,4.73for R2Aand4.73for SCwith SED=0.0264.Theincreaseof0.07 inlog
counts for 5%TSA corresponds with 17%higher counts compared to those for R2A
and SC. The ANOVA analysis of log CFU/g showed a significant effect of the agar
medium(P=0.015).Pairwisecomparisons oftreatmentmeansusingt-tests showedthat
themeanfor 5%TSAissignificantly higherthanthosefor R2Aand SC,whichdonot
differ significantly.

Table 2.Comparison of the numbers of endophytic bacteria in internodes 3 and 4 of
the pea cv. Twiggy and isolation efficiency for three media when stem extracts were
spiralplated on 5%TSA,R2A and SC.Data arepresented for thefield block number
2

a

Stem
Section3
6a
6b

5% TSA

R2A

SC

Average

4.64b
4.32

4.61
4.04

4.52
4.23

4.59
4.20

Range
(max-min)
0.12
0.28

7a
7b

4.90
4.98

4.63
4.48

4.86
4.56

4.80
4.67

0.27
0.50

8a
8b

6.04
5.32

5.73
5.26

5.91
5.41

5.90
5.33

0.31
0.15

9a
9b

4.15
3.80

3.89
3.99

3.77
3.86

3.93
3.88

0.38
0.19

10a
10b

4.73
4.89

4.76
4.90

4.68
4.97

4.73
4.92

0.08
0.08

Codeindicates plantnumber and stempart(afor internode 3,bfor internode4)

b

Bacterial endophytic populations are expressed in log (colony forming units per gram fresh stem

tissue)

Bacterialendophytepopulations
Populations in thethird and fourth internode within aplant were of the same order or
one order difference. The populations at the 3rdand 4th internode of the stem ranged
from 103to 107CFU/g, being usually between 104to 106CFU/g fresh weight (Table
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3). Plants from the field block number 4 showed higher populations than the other
blocks (106-107 CFU/g fresh weight). ANOVA on log CFU/g values on 5% TSA
averaged overboth stempartswithblock asexplanatoryvariable showed a significant
effect of blocks (P<0.001). Pairwise comparisons of block means using t-test showed
that the mean of block 4 is significantly larger than those of the remaining blocks,
whichdonotdiffer significantly.
Sterility checks from 3 of the 20 samples were positive (ca. 10-102 CFU/g fresh
weight), however generally the colony types present were phenotypically different
from thetypespresentinthestemextracts on5%TSA.

Fig. 2 a) Stem transections used for printing, node and internode (with cavity), b)
Prints on 5%TSA of transections from the stembase to the tip (from right top to left
bottomoftheplate),c)Bacterial colonypattern intheprint, d)Detailof aspiralplated
stemextract showing somedominantbacterialtypes
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Table 3. Total populations (CFU/g fresh stem weight) of endophytic bacteria and
populations of Pantoea agglomerans, Pseudomonas fluorescens, Pseudomonas
viridiflavaand Bacillusmegaterium for cv. Twiggy when stem extracts were spiral
plated on5%TSA
Plant No

Total
Counts**

Pantoea
Pseudomonas
agglomerans fluorescens

Pseudomonas
viridiflava

4.85
5.27
4.27
5.93
4.85

4.82
4.71*
4.11
5.33
4.79

3.74
4.38
3.60
4.46*
3.78

4.48
4.94
5.68
3.97
4.81

4.29
4.59
5.57
3.76
4.65

3.78
4.13
4.72

4.52
5.04*

4.56*

3.48*

4.56
4.51
4.49
4.21
5.11

4.50
4.38
3.99
3.97
4.84

4.76

6.69
6.22
6.75
7.16
6.94

6.44
6.04
6.11
7.03
6.79

6.23
5.48
6.17
6.28
6.04

Bacillus
megaterium

Field Block 1
1
2
3
4
5

5.66

Field Block 2
6
7
8
9
10
Field Block 3
11
12
13
14
15

3.58
4.24

Field Block 4
16
17
18
19
20

*onlypresent inoneoftheinternodes
**Average of logCFU/gfor internodes 3and 4

5.32*
6.44
6.20
6.20

4.44
4.91
5.20*
4.55
4.85*
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Stem prints
Prints of cross-sections proved to be an efficient tool for detection and semiquantitative estimation of endophytic bacteria (Table 4).
Prints covered with a second layer of 5% TSA reduced colony size and kept
colonies separated in highly colonized areas. This allowed for some samples a better
isolation of types from densily colonized prints. However, part of the bacteria
spreaded outside theprint area which made interpretation more difficult.
Density in the prints of different stem parts of the same Twiggy plant was usually
higher in the lower part of the stem than in the upper part. Endophyte colonies were
present in prints of the 3 rdand 4th internode for all the plants, and very limited or nil in
prints of the 7 th -9*internodes (Table 4).
The observed and fitted linear relationship between counts in prints and CFU/g by
spiral plating are plotted in Fig 3. as well as a 95%prediction interval. Printing seems
to be a good method for semi-quantitative estimation of populations in stems
containing 104to 107CFU/g fresh weight. There isvariation of points around the fitted
line and predicted counts of endophytic populations using the printing technique are
expected tobe more accurate for high populations.
Fig. 3Relationship between observed values of the average of log CFU/g fresh stem
of internodes 3 and 4 when spiral plated and the total number of colonies of stem
printscorresponding tointernodes 3and4
7.5-

7.0-

x

)<)/
6.5-

y ^
..-••"'

^s
yr

6.0.-••*'

5.5-

..-'"'

•

X

yS

»T
Xw

4.0-

*

x y

*»'

S

s*

/ '

S*

/
/

/

w

s'
s

jr

yS
<y

^y

/

/

x
/
xx* xT
yr

4.5-

X

...-'"
X

5.0-

x

•v^

S

S

s

y

/

s

/
0

200

400

600

800

1000

Total numbers of colonies in stem prints
X X X X Observed Values
Predicted Values
Lowerbound 95%prediction interval
Upperbound 95% prediction interval

97

Natural incidence of endophytic bacteria in pea

Table4.Numberofendophyticbacterialcoloniesperstemcross-section of cv. Twiggy
whenprintedon5%TSA
Plant/
Block

1/1
2/1
3/1
4/1
5/1
6/2
7/2
8/2
9/2
10/2
11/3
12/3
13/3
14/3
15/3
16/4
17/4
18/4
19/4
20/4
a

TransectionNumber"

2
8
2
0
28
0
>200 26
5
5
>200 24
0
0
37
18
>200 5
1
0
14
0
4
10
7
6

3
16
3
1
100
0
30
53
84
0
0
0
0
5
21
26

>200
>200
>200
>200
>200

>200
>200
>200

1
29"
0
2
197
5

>200
>200
>200
>200
>200

4
1
200
0
76
9
1
5
100
0
42
7
0
6
6
31
67

5
11
0
0

6
7
0
0
0
0
0
5
0
>200 43
10
0
4
12
0
1
9
0
0
14
8
1
0
12
8
54
0
0
18
2
4
0
15
0
0
>200 8
0
0
15
0
38
0

>200
>200

44
>200

>200
>200
>200

44

1

49

>200

>200

>200

>200

17

4
8
0

0

9
0
0
0
0
0
0
0
29
0
0
1
0
0
8
0
0
0
0
0

>200

>200

>200

>200

>200

8
0
0
0
0
3
0
0
1
0
15
1
0
20
1
0
5
0
>200

Cross-section number 1,2,3 corresponds to internode 3. Cross-sections 4,5 to internode 4. Cross-

sectionsfrom6to 10tointernodes 6,7, 8,9and 10
b

Total number of colonies per cross-section was determined by adding the number of colonies of the

four printsmadeper cross-section

Seedtests
Atotal of 25Twiggy seeds from the seed lotusedin thefield trials were analyzed for
the presence of bacteria as potential source for endophytic colonization. Only two
seeds showed some bacterial colonization at a level of 103CFU/ml pea seed extract.
Thedominantbacterialtypefor eachof theseseedscould notbeidentified bythe fatty
acid profiling.

10
0
0
0
0
0
1
0
0
0
0
0
0
0
0
0
0
0
0
0
>200
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Bacterial characterization

Twenty five isolates representing dominant bacterial types, mainly from cv. Twiggy,
were identified by fatty acid profiling and some isolates were also identified by
BIOLOG (Table 5). The main bacterial types found were Pantoea agglomerans
(Erwinia herbicola) being identified in all of the 20plants studied and Pseudomonas
fluorescensin 17plants.AnothertypeswerePseudomonas viridiflava (mainlyinblock
4), in 8plants,Bacillus megaterium in5plants (onlyfound inblock4),andothersnot
identified (Tables3and5).
Eight Pseudomonasfluorescensisolates (S321, S326, S327, S331, S332, S333,
S334 and S335, IPO Bacteriology collection, Wageningen, the Netherlands) isolated
from the stem of cv. Twiggy and two P.fluorescensisolates (S317, S318) from the
root of cv.Tristar wereanalyzedbyfatty acidprofiling and classified infour different
subgroups: (1) S321,S333, S334 and S335, (2) S326 and S332, (3) S318, S327 and
S331and(4)S317,themostdistinctisolate.

Table 5.Species identification of someisolated bacterial endophytes from the stemof
cv.TwiggybyFattyAcidprofiling andBIOLOG
Strain
number2
S320
S321
S322
S325
S326
S329
S331
S332

Fatty acid profiling
Identification
Pantoea agglomerans
Pseudomonas fluorescens B
Pseudomonas viridiflava
Pantoea agglomerans
Pseudomonas fluorescens B
Pseudomonas viridiflava
Pseudomonas fluorescens
Pseudomonas fluorescens B

BIOLOG
SIb
0.886
0.681
0.961
0.859
0.758
0.948
0.429
0.443

Identification
Pa. agglomerans
Ps. fluorescens G
Ps. viridiflava B
Pa. agglomerans
Ps. fluorescens B
Ps. syringae pv. aptata
No identification
Ps. corrugata

SI
0.909
0.778
0.805
0.851
0.576
0.551
0.565

1

Strain numberincollection atBacteriology, IPO,Wageningen, theNetherlands, Similarity index

DISCUSSION
Comparisonoftechniquesforisolationofendophyticbacteria
Methods for examining bacterial endophytes have been focused on detection of
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culturable endophytes bydilution plating for their simplicity and sensitivity compared
withothermethods asviable staining orelectron microscopy.Nevertheless,two major
limitations must be considered: (1)the surface disinfestation process is a compromise
between elimination of the epiphytic population and maintenance of the endophytic
population, (2) the culture media which will select bacteria favoured by the nutrients
present in a certain medium (Bacon and Hinton, 1997). For this study three media
described by Mclnroy and Kloepper (1995) were used. However, we did not use full
strength TSA but 5% TSA as recommended by J.W. Kloepper (personal
communication). Populations from the medium 5% TSA were significantly higher
than populations on R2A and SC. Mclnroy and Kloepper (1995) found significantly
greaterpopulations on R2A and SCmedium than onfull TSA.This indicates that5%
TSAisprobablyagoodgeneralmediumfor isolationofbacterialendophytes.
Printing of cross-sections on 5% TSA (van Vuurde et ah, 1996) showed to be a
goodroutinemethod toscreenfor thepresence ofbacterialendophytes inthepeastem
and estimate populations between 104 to 107 CFU/g fresh weight. For populations
below 104CFU/g, prints are usually negative. In the print, endophyte cells from the
stemtissuemaybestronglyclusteredandresultinlowernumberofcolonies.

Endophytic colonization
Results in the screening of eleven cultivars using the printing technique on agar
showedthatthecv.Twiggyhadsignificant higherbacterialcolonization thantheother
cultivars tested. These results indicate that cultivar type plays a role in the efficiency
of bacterial endophyte colonization. Adams and Kloepper (1998) suggested that
colonization of cotton plants by endophytic bacteria is affected by plant genotype.
Smith et al.(1999) found a genetic basis for the interactions between a recombinant
inbred linepopulationoftomatoandrootcolonization byBacillus cereus.
Forthecv.Twiggyscreening,populations atthestembase (3^-4*internode) varied
mainly between 104to 106CFU/g as reported in stems for other crops such as potato
(De Boer and Copeman, 1974), alfalfa (Gagne et al., 1987), cotton and sweet corn
(Mclnroy and Kloepper, 1995).Infield block4,populations were significantly higher
and ranged from 106-107 CFU/g for all the plants tested. It seems that certain
conditions in that part of the field were more favourable for bacterial colonization of
the stem. Both biotic damage, eg. due to a local high density of nematodes or plant
invading fungi, and less likely, abiotic factors (local soil conditions) mayexplain this
phenomenon.
Higher populations were observed in the lower part of the stem than in the upper
part. The strong decrease of bacterial endophyte populations acropetally in the stem
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has been also reported by Fisher et al. (1992). This indicates the seed and the soil as
important initial sources of bacterial endophytes as reported by Misaghi and
Donndelinger (1990), Mclnroy and Kloepper (1995) and Mahaffee and Kloepper
(1997). The absence of the main endophyte types in the seed of cv. Twiggy points to
the rhizosphere soil as the dominant source of the endophytes present in Twiggy.

Bacterial endophyte types
The main bacterial genera found for the cv. Twiggy were Pseudomonas, Pantoea and
Bacillus. Identification at species level by fatty acid profiling and Biolog showed a
good correlation between both methods except for some Pseudomonas fluorescens
strains.Previous studies on pea seeds and pods (Samish etal., 1963) and pea seeds and
ovules (Mundt and Hinkle, 1976) also reported these genera as main bacterial
endophytes. These types are commonly found as plant and soil bacteria (Hallmann et
al., 1997). Pseudomonas and Bacillus spp. have been reported as biocontrol agents of
plant diseases (Cook et al., 1996). The present data provide a basis for studies on
microbial harmonization of pea production systems.
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ABSTRACT
Theeffects of soiltype,plant genotype,growth stageof thecrop andplantpart on endophytic
bacterial colonization were studied in five pea genotypes: four pea (Pisumsativum)cultivars
and one Pisum abyssinicum accession, at three field sites in the central-east of the
Netherlands with different soil characteristics (sandy, light-clay and heavy-clay).Plants were
sampled at the seedling and the flower stages and processed either pooled or individually.
One root and one stem base section 2-3 cm long were sampled for young plants and an
additional section of the middle part of the stem for flowering plants. Sections were surface
disinfested, homogenized and extracts plated on 5% TSBA plates. Characterization of the
main endophyte groups was madeby the BIOLOG system and bythe fatty acid profiling. At
the seedling stage,there were significant differences accordingto soil type,pea genotype and
plant part (root-stem base). At the flower stage, interactions between the main factors were
detected. Significant differences between pea genotypes were only found for the root part.
Significant differences were observed between the root or stem base compared with the
middle stem.Light-clay soil gavethe highest endophytic colonization for both growth stages,
however, ranking of pea genotypes wasnot the same.Therewas anincrease of themean log
counts at the flower stage (log 5.6 CFU/g) compared to the seedling stage (log 5.1 CFU/g).
Gram-negative bacteria represented 90% of the total bacterial population: Pseudomonassp.
(54%), Pantoeaagglomerans(11%) and Stenotrophomonasmaltophilia(8%). Arthrobacter
sp. and Curtobacterium sp. were the main Gram-positive species (4.2% and 1.6%
respectively).Therewas anincrease intheGram-positive population upto 10timeshigherin
the mature plants. Specificity for plant part and/or growth stage was observed for Ps.
corrugata, Ps.viridiflava, Ps.syringaepv.syringae, Arthrobacter sp.,Acinetobacter sp.and
Agrobacterium sp.

INTRODUCTION
Research on the ability of bacteria to colonize the interior of plants without causing
visual symptoms started with the work of Pasteur on grapevine in 1876. Hollis (1951)
reviewed the early bacterial endophyte literature showing the different views of the
scientists on the natural existence of endophytic bacteria other than Rhizobium sp.
Several examples of effective colonization of crop plants were given in the review of
Hallmann et al. (1997). This review also highlights the large biodiversity across
bacterial endophytes isolates, as found for example in cotton and corn (Mclnroy and
Kloepper, 1995a) and grapevine (Bell et al., 1995).
In general the presence of endophytic bacteria is expected to have a negative effect
on plant growth, through competition for water and nutrients. However, the literature
of the last decade demonstrates that the overall effect of certain endophytes isolates
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canbehighlybeneficial for plantgrowth. Growth stimulation istheresult of eitheran
improved availability of nutrients as N, P and Fe through endophyte activity or
directly through the formation of plant hormones (Sturz etal.,2000).Improved plant
growth can alsobe theresult of abetter protection of the plant against pathogens and
pests after the introduction of selected endophytes. The net effect of natural
endophytes on growth of individual plants in a crop seems to be related to the
dominanceofbeneficial ordeleteriousbacteriaintheseplants.
Microbial harmonization of plants to optimize crop production and to reduce
agrochemicals use is increasingly seen as an important tool in the development of
sustainable plant production systems. Symbiotic endophytic bacteria are a compatible
component of this approach as the niches colonized in the plant are rather stable and
protected from environmental changes and microbial competition (Hallmann et al.,
1997).
The effects of environmental and cultural factors on the natural endophytic
colonization of plants in production systems have hardly been investigated.
Understanding of thebiology of natural endophytes and their ecological behaviour in
major crop systems will be essential for the development of an effective endophyteplantmanagement strategy.
In an earlier study on the natural incidence of endophytic bacteria in pea we have
reported on differences in endophytic colonization of stems of pea plants at the pod
stage for eleven cultivars (Elvira-Recuenco and Van Vuurde, Chapter 5).The aim of
this study was to investigate possible differences in the endophytic colonization of
four Pisumsativum cultivars and one Pisumabyssinicumaccession grown in three
different soils.Thisstudywasperformed for youngandmatureplantsuptothe flower
stage. Both colonizations of root and of stem parts were studied for total endophyte
numbersandbiodiversity.

MATERIALANDMETHODS
Plantmaterial
Five pea genotypes, four Pisum sativum commercial cultivars and one Pisum
abyssinicumaccession (JI2202, John Innes Centre, Norwich, UK) were used for the
studies on endophytic bacterial colonization. The cultivars were Twiggy, semileafless, a combining pea for animal feed; Solara, a combining pea for animal feed;
Norli, asugar snappea (immaturepod for human consumption) andFortune, avining
pea(immature seedforhumanconsumption).
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Growthconditionsandexperimentaldesign
Studies were performed at three sites in the eastern part of The Netherlands
(Wageningen and Lienden) with different soil types: location De Eng (EN, sand,
pH=7.6, organic matter=3.4%), location Schuilenberg (SC, light-clay, pH=7.2,
organic matter=2.7%, clay=31-39%) and location Grebbedijk (GR, heavy-clay,
pH=7.3, organic matter=4.0%, clay=42-51%). Sowing was done at the beginning of
May, 1998, at a density of ca 80plants/m2. One kg of fertilizer was added in every
location(12-10-18, N-P-K).
At each location, there weretwo fields of 52 m2 (13m x 4m), with two blocks per
field andfive plotsperblock corresponding tothefive peagenotypes.Plot areas were
3 m2. Genotypes were distributed in plots according to a randomized complete block
design.

Fieldsampling
Plants were taken from the field on two sampling dates (seedling and flower stage)
and stored at 4°C. Five plants per plot (genotype) in block 1of each field and two
plantsperplotinblock2were sampled.

Sampleprocessing
For seedlings, a 2-3 cm longitudinal root section from the seed downward and a 2-3
cm longitudinal stem base section from the seed upward were cut with a blade. For
mature plants,an additional internode stem section was cut inthemiddle of the stem.
For each plot, root and stem sections of the five plants from block 1 were pooled
whilesectionsofthetwoplantsfrom block2werekept separately.
Sectionswereweighed andplacedin 10mltubesfor surface disinfestation with1%
available chlorine (Presept tablets, Fisher Scientific) plus 0.1 %Tween 80 for 5min
(seedling sections) and 5-10 min (mature plant sections). They were then washed
twice with sterile distilled water and a third time with 10ml lAstrength Thiosulfate
Ringer's toinactivateremains of chlorine.As asterility check, 100p.1 ofthelastrinse
was plated on 5%TSBA +100 ppm cycloheximideplates and incubated at 27°C for
oneweek.
Surface disinfested sections were homogenized using a Kleco homogenizer
(Kinetic Laboratory Equipment CO) in 10ml ofV* strength Thisosulfate Ringer's for
pooled samples and in 5 ml for individual samples. Dilutions (100 times fold) of
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extracts were prepared in lAstrength Ringer's. Extracts and dilutions were plated (50
ul per plate) with a spiral plater (Don Whitley Scientific LTD) on 5% TSBA + 100
ppm cycloheximide plates and incubated at 27°C. For each sample plate, the total
number of colonies and the number of colonies of the main bacterial types were
counted and values of CFU/g fresh weight were calculated. Isolation of main types
wasdonein5%TSBAandisolateswerestored at-80°Cfor further characterization.

Statistical analyisisofbacterial counts
The observed bacterial counts (CFU/g) were analyzed after logarithmic
transformation. A splitplot model with location (soil type), pea genotype, plant part
and the two and three factor-interactions between these factors as explanatory
variables wasperformed. Additional randomeffects todescribe dependencies between
observations were allowed for the model: for pooled samples random effects were
allowed for differences between fields within location and plots within fields; for
individual samples the same additional random effects were taken as well as random
effects for differences betweenplantswithinplots.
The REML (restricted maximum likelihood) routine of the program Genstat 5
(1993) was used to estimate the various variance components and fixed effects in the
model. Afull model with fixed effects (location, pea genotype and plant part) and all
interactions was fitted to he data. Data are presented for a smaller model in which
effects oflocation,genotype,plantpartandsignificant interactionsareincluded.Fixed
effects were screened by applying Wald-tests (Cox and Hinkley, 1974). Waldstatistics were calculated for the values of the variance components obtained for the
corresponding model. Chi-square tests for the Wald-statistics were used ignoring
variability due to estimation of the variance components. Pairwise differences
between treatment means were tested using normal tests. Significant results (P<0.05)
arediscussed.

Characterization ofbacterial isolates
Characterization wasperformed basically with the BIOLOG system and also with the
fatty acid profiling.
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RESULTS
Ninety-one samples out of 417 showed bacterial growth in the sterility check plating
usually containing only a few colonies (1-10), for 11 samples the check showed a
moreseriouscontamination which couldhaveinterfered withthedataobtainedfor the
data on endophytic colonization for that sample. Statistical analysis is presented
includingallthedatasincetheexclusion ofthe 11samplesgaveverysimilarresultsin
theanalysis.

Endophyticbacterial populationlevels
Seedlingstage
Pooled samples
Mean values of log CFXJ/g are given in Table 1. Interactions were not found
significant. There were significant differences between locations, genotypes and plant
parts(rootandstembase)(Table2).Thehighestendophytic colonization for bothroot
(in four genotypes) and stem (in three genotypes) was observed in the light-clay soil.
There were significantly lower CFTJ/g in the heavy-clay soil than in the sandy and
light-clay. Twiggy was the most colonized genotype while JI2202 was the least.
Genotypes Twiggy and Fortune significantly differed from JI2202 and Solara. There
were no significant differences between Twiggy, Fortune and Norli or JI2202 and
Solara orSolara andNorli (Table 2).Countsinroots were significantly higherthanin
stems.

Individual samples
Mean values of log CFU/g are given in Table 1. Interactions were not found
significant. There were significant differences between locations and plant parts (root
and stem base) but not for genotypes (Table 2). Also, as for pooled samples, the
highest colonization for both root (in four gentoypes) and stem (in three genotypes)
wasobserved inthelight-clay location (significantly less CFU/ginheavy-clay thanin
sandy andlight-clay locations). Twiggy was the most colonized genotype and JI2202
theleast.Countsinrootsweresignificantly higherthaninstems.

Soil,plant genotype and growth stage effects on endophytic colonization

109

Table 1.Mean values of endophytic bacterial populations (log CFU/g fresh tissue) in
theroot and stem base of five pea genotypes at the seedling stage for pooled (P) and
individual (I) samples at three field locations. Analysis of significant differences are
giveninTable2
Fortune

JI2202
P
I

Norli
I
P

5.46a 5.02
5.08 4.00

4.03 3.43
3.48 3.75

5.20
5.13

5.69
4.78

5.26
4.16

5.84 4.92
4.35 3.57

5.96
6.42

6.13
5.76

5.01 5.86
4.83 5.23

pa

Heavy-clay
Root
Stem
Sand
Root
Stem
Light-clay
Root
Stem

r

Solara
P
I

Twiggy
P
I

4.09
4.17

5.19 4.96
3.52 3.97

5.73 5.54
5.39 4.65

5.52
6.07

5.93
5.45

4.81 5.25
4.33 5.10

6.38 4.88
6.48 5.63

5.80
5.59

4.86
4.43

5.64 5.59
5.43 5.71

6.51 6.50
5.89 4.82

a

logtransformation ofCFU/g wasdonefor every samplebefore calculating means

Table 2. Analysis of significant differences in endophytic bacterial populations (log
CFU/g fresh weight) between locations, pea genotypes and plant parts at the seedling
stagefor pooled (P)andindividual (I)samples
Location

P

I

Genotype

P

I

Heavy-clay
Sand
Light-clay

4.82 a
5.71 b

4.33 a
5.03 b
5.56 b

JI2202
Solara
Norli
Fortune
Twiggy

4.58 a
4.87 ab
5.48 be
5.55 c
6.09 c

4.54 a
5.15 a
4.82 a
5.05 a
5.31a

Probability
SED

<0.01
0.28

<0.001
0.29

<0.001
0.33

0.37

5 Alb

Plant P
part
Root 5.53 a
Stem 5.10b

Means with letters incommon donotdiffer significantly attwo-sided testwith • =0.05

Flower-podstage
Pooled samples

=0.02
0.18

I
5.25 a
4.70 6

<0.001
0.14
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Mean values of log CFU/g are shown in Table 3. There were no significant
differences between locations. The light-clay location gave the highest counts (Table
4). There was interaction between genotype and plant part. Significant differences
were found between genotypes for the root part but not for the stem. JI2202 had the
highest colonization inthe root and Fortune in the stem. Counts in themiddle part of
the stemwerevery similar for all genotypes andthey were significantly lowerthanin
the root and the stem base. Values of CFU/g for root and stem base differed
significantly onlyinaccessionsNorliandJI2202.Forhalf ofthetreatmentstherewere
moreCFU/gintherootthaninthestembase.

Table 3.Mean values of endophytic bacterial populations (log CFU/g fresh tissue) in
theroot, stembaseandthemiddlepartofthestemfor five peagenotypes atthe flower
stage for pooled (P) and individual (I) samples at three field locations. Analysis of
significant differences areshowninTables4and5

Heavy-clay
Root
Stem base
Stem middle
Sand
Root
Stem base
Stem middle
Light-clay
Root
Stem base
Stem middle

Fortune
pa
Ia

JI2202
P
I

Norli
P
I

Solara
I
P

Twiggy
P
I

5.62 5.89
5.64 5.25
3.45 3.10

6.80 5.24
4.47 4.95
3.11 3.46

4.10 4.47
5.35 4.85
3.18 2.58

5.47 5.77
5.52 4.74
3.11 2.89

5.83 7.25
5.63 5.61
3.32 3.41

5.56 4.09
5.69 5.90
4.50 4.02

6.29 6.41
5.46 6.95
3.71 4.28

4.15 4.36
5.41 5.43
3.18 4.11

5.60 6.87
5.85 5.96
4.20 3.81

6.80 6.31
6.23 5.73
3.74 2.12

6.40 6.07
5.96 5.62
4.15 2.78

5.81 5.26
5.84 5.76
4.60 3.92

5.48 4.70
5.29 5.66
3.30 2.72

5.16 3.98
5.54 5.06
3.47 3.05

1

logtransformation of CFU/g was donefor every samplebefore calculating means

Individual samples
Mean values of log CFU/g are shown in Table 3. There were no significant
differences between genotypes,being JI2202themostcolonized (Table 5).Therewas
interaction between location and plant part. There were significantly higher numbers
of CFU/g intheroot and the stem base than in the middle-stem. Differences between
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the root and the stembase were significant only in the sandy location. Six treatments
out of 14gave more counts in the stem base than in the root. The light-clay location
gavethehighestcountsfortherootwhereasitwasthesandylocationforthestem.

Table 4. Analysis of significant differences in endophytic bacterial populations (log
CFU/g fresh weight) between locations, pea genotypes and plant parts at the flower
stageforpooled sampleswithaninteraction genotypexplantpart
Location
Heavy-clay
Sand
Light-clay

4.73
4.92
5.18

Genotype Root Stem
base
Fortune
5.88 5.83
JI2202
6.53 5.31
Norli
4.69 5.58
Solara
5.53 5.58
Twiggy
5.58 5.57

Stem
middle
3.81
3.65
3.70
3.51
3.44

Average standard error of differences was 0.25 for location. For the interaction genotype x plant part
was0.41, for genotypewas0.34 andfor plantpartwas 0.43

Table 5. Analysis of significant differences in endophytic bacterial populations (log
CFU/g fresh weight) between locations, pea genotypes and plant parts at the flower
stagefor individual sampleswithaninteraction location xplantpart
Genotype
Fortune
JI2202
Norli
Solara
Twiggy

4.72
5.11
4.50
4.82

Location

Root

Heavy-clay
Sand
Light-clay

5.49
5.32
5.60

Stem
base
4.96
6.13
5.67

Stem
middle
3.02
3.99
2.92

Average standard error was0.33for genotype. For theinteraction location xplant part was0.38, 0.34
for location and0.39for plant part

Summary ofresultsonendophyticpopulationlevels
The estimated variance components suggested large variation in the data compared
with the size of fixed effects (location, plant genotype, and plant part). Variation
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between individual plants within a plot was rather small compared with variation
betweenpartswithinplants(Table6).
Nointeractionsweredetected atthe seedling stage(Table 7).The same conclusions
for pooled and individual samples were found in respect to differences between
locations and plant parts. The light-clay location gave the highest counts and roots
were more colonized than stems.Differences between genotypes were significant for
pooled samples but not for individual samples. The ranking for means from lower to
higher log CFU/g was not equivalent for pooled and individual samples, however in
bothcasesthemostcolonized genotypewasTwiggyandtheleastwasJI2202.

Table 6. Estimated components of variance for fields within a location (o2fieid), plots
within afield(a2piot),plantswithin aplot(c2^) andplantpartswithin aplant (o2part)
for pooled (P) and individual (I) samples at seedling and flower stages. Standard
errorsareinparenthesis

Seedling
P
I
Flower
P
I

_2
O field

_2
° plot

_2
° plant

° part

0.02 (0.08)
0.00 (-)

0.07(0.14)
0.21 (0.14)

0.08(0.12)

0.54(0.15)
0.59(0.11)

0.00 (-)
0.00 (-)

0.19(0.10)
0.12(0.11)

0.06(0.11)

_2

0.29 (0.06)
0.85(0.13)

When anestimate isnegativethe component isassumed tobenegligible and setto 0

Interactions were detected atthe flower stage (Table 7).For pooled samples,there
were no significant differences between locations, however, the light-clay location
gave the highest counts similarly to the seedling stage. The interaction gentoype x
plant part showed differences between genotypes only to be significant for the root
and differences between plant parts was only significant for the middle-stem. JI2202
was the most colonized in the root and Fortune in the stem. Differences between
genotypes were not significant for individual samples, although JI2202 was the most
colonized. The interaction location x plant part showed that the light-clay location
gave the highest counts only for the root. For pooled and individual samples, there
were significant differences between the middle-stem andthe stem base and root; cv.
Norliwasmorecolonized inthelower stemthan intherootatalllocations.Therewas
an increase of population levels at the flower stage (log 5.56 CFU/g) compared to
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thoseattheseedlingstage(log5.14CFU/g).

Table 7. Differences in mean log CFU/g for endophytic bacterial populations for the
factors location, pea genotype and plant part at seedling and flower stages for pooled
(P)andindividual (I)samples

Seedling
P
I
Flower
P

I

Location

Genotype

Plant Part

Interactions

SC>EN>GR*
SC>EN>GR*

T>F>N>S>J*
T>S>F>N>J

RO>SB*
RO>SB*

NS
NS

SC>EN>GR

J>F>T>S>N* (RO)
F>N,S>T>J (SB)
F>N>J»S>T (SM)
J>S>F>N

RO, SB>SM*

genotype x
plant part

RO, SB>SM*

location x
plant part

SC>GR>EN (RO)
EN>SC>GR (SB)
EN>GR>SC (SM)

SC, EN, GR:looations with light-clay, sandy and heavy-clay soils respectively; F, J, N, S, T: pea
genotypes Fortune, JI2202, Norli, Solara and Twiggy; RO, SB, MS: root, stem base and middle part
of the stem; *significant differences, P<0.05;NS,not significant

Bacterialtypes
A total of 570 isolates were used for species identification. BIOLOG was applied to
496 of the isolates and fatty acid (FA) profiling to 177.Of these 177 isolates, 53did
not give any match with BIOLOG, 50 were also identified with BIOLOG with a
distance >0.5 and 74 were only tested with FA.Forty-three of the isolates, for which
nomatchwasgivenbyBIOLOG,werecharacterizedbyFAwithanindex>0.5.

Maingroups
Gram-negatives represented 90%ofthetotalbacterialpopulation (Table 8).Therewas
an increase in the Gram-positive population from the seedling to the flower stage:in
thesandylocation from 4%ofthetotalbacterial population atseedling stageto 8%at
flower stage,intheheavy-claylocationfrom 2%to 19%,andinthelight-clay location
from 3% to 20%. Eighty-two species belonging to 40 different genera were
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characterized.
Pseudomonas sp. were predominant (54 % of the total bacterial population)
followed by Pantoea agglomerans (11%) and Stenotrophomonas maltophilia (8%).
Arthrobacter sp. was the most commonly isolated Gram positive (4.2%) followed by
Curtobacterium (1.6%).

Pea genotype specificity
Pseudomonas sp. and Pantoea agglomerans were detected in all pea genotypes at the
three locations (Table 9). Stenotrophomonas maltopohilia was isolated from all the
genotypes in the heavy-clay location and from four genotypes in the sandy and lightclay locations and Arthrobacter sp. from all the genotypes in the heavy-clay location
and from three genotypes in the sandy and light-clay locations. Some of the species
were only detected in 1-2 genotypes in one location, however, the same species were
found in different genotypes at other locations, eg. Bacillus megaterium and
Agrobacterium radiobacter were detected only in the accession JI2202 at the sandy
location, while B. megaterium was only detected in cv. Norli at the light-clay location
andAgrobacterium radiobacter only in Solara and Twiggy at the heavy-clay location.

Soil specificity
Acinetobacter sp. were only found in the sandy location (four isolates)(Table 8),
Erwinia carotovora ssp. carotovora (two isolates) in the light-clay location, Ps. syr.
pv. phaseolicola (two isolates) and Kocuria sp. in the heavy-clay location (three
isolates).

Growth stage specificity
All the 18 Ps. corrugata isolates were detected at the seedling stage (Table 8). Three
groups were mosly detected at the flower stage: Arthrobacter sp. (21 isolates out of
23), Ps. viridiflava (13 out of 16) and Ps. syr. pv. syringae (11 out of 16).
Agrobacterium sp. (six isolates) and Acinetobacter sp. (four isolates) were only
detected at the flower stage.
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Table 8.Number of endophytic isolates detected for thelocations DeEng (EN,sandy
soil), Grebbedijk (GR,heavy-clay) and Schuilenberg (SC,light clay) at seedling (SE)
andflower stages(FL)
EN
SE
Gram-negative
Acinetobacter baumanii
Acinetobacter radioresistens
Agrobacterium radiobacter
Alcaligenes piechaudii
Alcaligenes denitrificans
Alcaligenes xylosoxydans
Burkholderia cocovenenans
Burkholderia galthei
Buttiauxella agrestis
Cedecea lapagei
Comamonas acidovorans
Comamonas terrigena
Enterobacter agglomerans
Enterobacter amnigenus
Enterobacter cancerogenus
Enterobacter intermedius
Enterobacter gergoviae
Erwinia carotovora ss carotovora
Erwinia rhapontici
Escherichia vulneris
Flavimonas oryzihabitans
Flavobacterium johnsoniae
Flavobacterium indologenes
Klebsiella oxytoca
Klebsiella trevisanii
Janthinobacterium lividum
Pantoea agglomerans
Pantoea ananas
Pantoea dispersa
Photobacterium logei
Pseudomonas aurantiaca
Ps. cichoriii
Ps. chlororaphis
Ps. corrugata
Ps. fluorescens
Ps. marginalis
Ps. putida
Ps. synxantha
Ps. syringae pv. helianthi
Ps. syringae pv. lachrymans
Ps. syringae pv. phaseolicola
Ps. syringae pv. syringae
Ps. tolaasii

EN
FL

GR
SE

1
3
2

GR
FL

SC
SE

SC
FL

4

1

3
1

1
1
1

1
1
1

1
1
1
1

1
1
2

1
1

1
1

1
1
2

1

2
1
1
1
1

2

12

8

1
1
1
1
11

18
1

6

5

1
1
2
4
7
34
4
12

5
25
10
3
1

1
9
9
1
1
1

4
3

3
21
11
2
3
1
1
3

1
1
7
2
16
27
4
2

5

1
21
10
3
2

4
1

Total
1
3
6
4
2
3
1
1
2
2
1
1
2
2
1
5
1
2
1
1
3
1
1
1
1
1
60
1
1
2
2
1
21
18
126
62
25
8
1
1
2
16
4
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EN
SE
Ps. viridiflava
Rahnella aquatilis
Rhodococcus luteus
Serratia fonticola
Serratia grimessii
Serratia liquefaciens
Serratia plymuthica
Serratia rubidaea
Sphingobacterium multivorum
Stenotrophomonas maltophilia
Variovorax paradoxus
Xanthomonas sp.
Xanthomonas campestris pv.
malvacearum
Xenorhabdus nematophilus
Yersinia fredericksenii
Total Gram-negative

EN
FL
4

1

GR
SE
2
2

GR
FL
1
1

SC
SE
1
8

SC
FL
9
1

1

16
13
1
3
1
6
2
1
1
43
2
7
1

72

1
1
500

3
1
3
1
1

2

1

1
11

1
6

6
1

1
15

7

4

1
1

91

93

1
54

80

109
1

1

2
2
4
2
1

Total

Gram-positive
Arthrobacter agilis
Arthrobacter aurescens
Artrobacter ilicis
Arthrobacter oxydans
Arthrobacter pacens
Bacillus sp.
Bacillus megaterium
Bacillus mycoides
Cellulomonas biazotea
Cellulomonas fimi
Cellulomonas flavigena
Cellulomonas turbata
Clavibacter michiganense ss
michiganense
Curtobacterium albidum
Curtobacterium flaccumfaciens
Deinococcus erytromyxa
Kocuria kristinae
Kocuria varians
Microbacterium esteraromaticum
Microbacterium liquefaciens
Micrococcus lylae
Paenibacillus polymyxa
Total Gram-positive

4

8

1

19

3

18

1
8
1
1
2
3
2
1
1
53

Total G-negative and G -positive

95

101

55

99

112

90

553

1
1
1
2
1
1

3
1
1

1

1
1

1
1
1
1
1
1

1

1

1
5
1

1
2
3
1

1
1

3
3
8
4
5
1
3
1
1
1
1
1
1
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Plantpartspecificity
Ps. syringaepv. syringae(11 isolates) was detected only in the stem at theflower
stage,Ps. viridiflava(10 out of 13isolates) andArthrobactersp.(18 out of 21) were
mainly confined to the stem atthe flower stage (Tables 8and 9).Alcaligenessp.was
detected intheroot and thelower stem atthe seedling stage(five isolates) but onlyin
theroot attheflower stage (four isolates)Theratiobetween numbers of isolates from
the root and numbers of isolates from the stem was ca 1for Ps.fluoresceinsand Ps.
marginalis for the seedling and the flower stages in the sandy and heavy-clay
locations, however, it was ca 2 for the same species in the light-clay location. For
Pantoea agglomerans, the R/S was ca 1 for both growth stages and the three
locations.For Stenotrophomonas maltophilia therewere differences depending on the
growthstageandlocation.

Table 9Bacterial endophytic species atlocations De Eng (EN),Grebbedijk (GR)and
Schuilenberg (SC) at seedling (SE) and flower stages (FL) from root (RO) and stem
(ST)samplesinfivepeagenotypes
Fortune
EN-SE-RO
Ent. ammnigenus
Ps. sp.
Rah. aquatilis
Xant. sp.*

EN-SE-ST
Ps. sp.

EN-FL-RO
Ac. radiores.
Ps. sp.

JI2202

Norli

Solara

Twiggy

Ale. piechaudii
B. megaterium
But. agrestis
Com. terrigena
Pan. agglom.
Ps. sp.
Ser. plymuthica

Ced. lapagei
Pan. agglom.
Ps. sp.
Ser. rubidaea
Var. paradoxus
Xant. sp.*

Pan. agglom.
Ps. sp.
Xant. sp.*

Pan. agglom.
Ps. sp.

Pan. agglom.
Bacillus sp.

Ced. lapagei
Ent. intermedius/
Kl. oxytoca
Jan. lividum*
Pan. agglom.
Ps. sp.

Ent. intermedius
Mic. liquefaciens
Pan. agglom.
Ps. sp.
Xant. sp.*

Cel. flavigena*
Com. acidov.
Pan. agglom.
Ps. sp.

Ag. radiobacter
B. megaterium
Cel. biazotea
Pan. agglom.
Ps. sp.

Ac. baumanii
Ac. radiores.
Pan. agglom.
Ps. sp.
Ste. maltophilia

Kluy.
cryocrescens
Pan. ananas*
Ps. sp.
Ste. maltophilia
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Fortune
EN-FL-ST
Art. oxydans
Art. ilicis
Art, pascens
Ent. intermedius
Ent. gergoviae
Pan, agglom.
Ps- spSer. grimessii
Ser. plymuthica
Ste. maltophilia

JI2202

Norli

Solara

Ag. radiobacter
Art. pascens
Pan, agglom.
Ps. sp.
Ste. maltophilia

Ac. radiores.
Cur. flacumf.
Kl. trevisanii
Pan. agglom.
Ps. sp.
Ste. maltophilia

Art. aurescens
Pan, agglom.
Ps. sp.

Rah. aquatilis
Ps. sp.

Ent.
intermedius*
Pan. agglom.
Ps. sp.

Ent. agglom.
Pan. agglom.
Ps. sp.
Ste. maltophilia

Ced. lapagei
Ps. sp.
Y. frederiksenii

Art. pacens*
Ent. agglom.
Ps. sp.
Var. paradoxus

Pan, agglom.

Flav.
indologenes
Pan. agglom.
Ps. sp.
Ste. maltophilia

Bur, cocoven.
Koc. kristinae
Pan, agglom.
Ps. sp.

Ps. sp.

Agr.
radiobacter*
Ale, denitrificans
B. mycoides
Paen. polymixa
Pan, agglom.
Rah. aquatilis
Ps. sp.
Ste. maltophilia

Agr.
radiobacter
Pho. logei
Ps. sp.
Sph.
multivorum*
Ste. maltophilia

Art. ilicis*
Art. oxydans
Mic. lylae*
Ser.
liquefaciens
Ste. maltophilia

Art. ilicis
Koc. varians*
Ps. sp.
Ste. maltophilia

Agr.
radiobacter*
Art. aurescens
Pan. agglom.
Ps. sp.
Rhod. luteus*
Ste. maltophilia

Art. ilicis
Ps. sp.
Ps. viridiflava
Ste. maltophilia

GR-SE-RO
Ale, xylosox.
E. vulneris
Ps. sp.
Ser. liquefaciens

GR-SE-ST
But. agrestis
Pan, agglom.
Ps. sp.
Ser. liquefaciens
Ste. maltophilia
GR-FL-RO
Ale, xylosox.
Art, agilis
Cel. turbata
Cur, flacumf.
Pan, agglom.
Ps. sp.
Ser. liquefaciens
Ste. maltophilia

GR-FL-ST
Art. pacens
Art. aurescens*
Koc. varians
Ps. sp.
Ste. maltophilia

Twiggy
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Fortune
SC-SE-RO
Ale. piechaudii
Flav.
johnsoniae*
Pan. agglom.
Ps. sp.
Ste. maltophilia

SC-SE-ST
Cel. fimi*
Pan. agglom.
Ps. sp.
Ser. fonticola

SC-FL-RO
Ale. xylosox.
Cur. flacumf.
Cur. albidum
Erw. rhapontici
Ps. sp.
Ser. lipuefaciens
SC-FL-ST
Cur. flacumf.
Cur. pussilum /
Mic. esterarom.
Mic. liquef.
Ps. sp.
Rah. aquatilis

JI2202

Solara

Twiggy

Cur.facumf.*
Pan. aggl.
Ps. sp.
Rah. aquatillis

Ps.
Rah. aauatilis
Ste. maltophilia
Xen. nematop*

Erw. car.car.
Ps. sp.
Ser. fonticola

Bur. glathei*
Flav. oryzihab.
Pan. agglom.
Ps. sp.
Rah. aquatilis
Ste. maltophilia
Xant. sp.*

Art. agilis
Ent.
cancerogenus*
Pan. agglom.
Ps. sp.
Rah. aquatilis

Pan. agglom.
Ps. sp.

Ale. piechaudii/
V. fluvialis
Ent. amnigenus
Erw. car.car.
Pan. dispersa
Ps. sp.
Ste. maltophilia

Ale. piechaudii
Ent.
intermedius
Ps. sp.
Ste. maltophilia

Ale.
denitrificans
Pan. agglom.
Ps. sp.
X. c. malvac.

Art. ilicis
B. megaterium
Pan. agglom.
Ps. sp.

Pan. agglom.
Ps. sp.
Ste. maltophilia

Ps. sp.

Art. oxydans*
Art. ilicis
Dei.
erytromyxa*
Flav. oryzihab.
Mic. esterarom.
Pan. agglom.
Ps. sp.

Clav.mich. mich.
Flav. oryzihab.
Pan. agglom.
Pho. logei
Ps. sp.

Cur. flacumf.
Ps. sp.

Artr. pascens*
Curt, flacumf.
Pan. agglom.
Ps. sp.
Ste. maltophilia

Ps. sp.refers tothepresence of some of thefollowing Pseudomonas sp.:aurantiaca, chlororaphis,
cichorii,corrugata,fluorescens, marginalis,putida, synxantha,syringae,tolaasiiand viridiflava
* Identification by BIOLOG gave a similarity index>0.5 but a distance>5 or identification by fatty
acidprofiling gaveanindex<0.5
Notunderlined bacterial specieswereonlyfound inpopulations<105CFU/g
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DISCUSSION
Effect oftreatmentsontotalpopulationlevelsofendophytic colonization
Attheseedling stage,theaverageendophytic colonization leveloveralltreatments for
the root and the stem base was log 5.14 CFU/g fresh weight. An increased level was
found attheflower stage,with anaverage of log 5.56CFU/g fresh weight. Thesedata
demonstrate the relatively high and stable endophytic colonization of pea plants
during the full growth period of the pea. Reports on endophytic colonization of crop
plantsshowvariouslevelsuptolog7for non-rhizobialpopulations ofredcloverroots
(Sturtz etal., 1997),upto log 5for sugar beet (Jacobs etal., 1985),up to log 4.2 for
potato tubers (De Boer and Copeman, 1994).Mclnroy and Kloepper (1991) found a
strong increase from seedling stage (log 4 CFU/g) to maturity (log 10 CFU/g) for
corn,butfor cotton thelevel at seedling andmaturity waslog 3,withuptolog6atan
intermediatestage.
Theestimates for the standard errors ofthefixed effects suggested that therewasa
largevariation inthedata.Thisvariation isexplicable intermsof themany stochastic
factors which affect the opportunity for effective endophytic introduction (Hallmann
et al., 1997; Sturtz et al., 2000). Probability of endophytic introduction will only be
highduringthe shortperiod that e.g. awound formed by asideroot canbe colonized,
while sufficient amount of naturally present rhizosphere bacteria with endophytic
potential shouldbepresent.
Thecolonization oftherootsofyoungplantswassignificantly higherthanthestem
base (Table 1).Similarobservations werereported by Mclnroy and Kloepper (1995ft)
and Sturtz etal. (1997).No significant differences were observed at the flower stage
between root and stem base. The middle part of the stem at the flower stage had a
significantly lower colonization than the stem base, as was found by Fisher et al.
(1992). These data, although not conclusive, support the hypothesis that at an early
stagebacterial endophytes enter mainly through theroot and progressively invadethe
stem with time, as suggested by Gagne et al. (1987). Additional factors which may
have interfered are changing conditions in the plant tissue during plant development
making the stem base more suitable for colonization through the root system or still
unknown conditionsfavouring biotic orabiotic wounding andintroduction atthe stem
baseinalaterphase.
Counts derived from five pooled plants were higher, particularly at the seedling
stage, than counts derived from plants processed individually. This could be a
numerical artefact due to the CFU/g from individual samples being log transformed
before calculating means. Furthermore, the five pooled plants were homogenized in
10mlRinger's andtheindividual plantsin 5ml,which mayhavecaused asystematic
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error in the extraction efficiency and estimates for CFU/g per fresh weight. The
statistical analysis detected significant interactions between the factors studied at the
flower stagebut not at the seedling stage.The effects of soil type and plant genotype
showed clear trends atthe seedling stagewhereas attheflower stage situation seemed
tobemorecomplex duetotheinteractionof several factors.
Ofthefive peagenotypes studied,thehighestnumberofendophytes atthe seedling
stagewasfound for cv.Twiggy.Thecolonization levelofTwiggy (rootandstembase
for pooled data) was 1.5 log higher than for JI2202, which showed the lowest
colonization. At the flower stage, average colonization of JI2202 for the root, stem
base and middle-stem was log 0.35 higher than cv. Twiggy, which was ranked third,
however significant differences were only detected for the root. Cultivar effects on
total endophytic colonization were reported by Samish et al. (1963), Chanway etal.
(1988) and Adams and Kloepper (1998). However, Gagne et al. (1987) found no
cultivar effect in analysing the xylem colonization of alfalfa. In an earlier study in
which 11 pea cultivars were compared for endophytic colonization, significant
differences between cultivars were observed from which cv. Twiggy showed a
significant higher colonization level than the other cultivars (not included in this
study)atthepodstage(Elvira-RecuencoandvanVuurde,Chapter5).
Asignificant soileffect wasobserved atthe seedling stage.Thelight-clay soilwith
a humus content of 2.7% gave the highest counts of bacterial endophytes. At the
flower stage the same trend was observed but differences were not significant. The
effect of soil type on endophyte colonization level has been previously reported by
Samish et al. (1963) and Mahaffee and Kloepper (1996) who observed a greater
colonization by Pseudomonassp. and Enterobacterarburiae in sandy soil. In the
present study the soil with intermediate texture gave the highest counts. Field crop
rotation history (Sturtz et al., 1998, 1999), abiotic conditions such as temperature
(Pillay and Nowak, 1997) and/or biotic conditions may have interfered with
colonization for thethree soil types (Hallmannetal., 1997,Sturtz etal., 2000).Other
studieshavereported nosoileffect (Gagneetal.,1987andBelletal.,1995).

Effect oftreatmentsonbiodiversity
Thecomplex interaction between soil,plant genotype, growth stage and plant part on
the biodiversity of endophytic colonization was analyzed for the major bacterial
genera and species. Based on the characterization of 553 isolates, the overall
biodiversity in the endophytic populations of pea was high, showing 82 species
belonging to 40 different genera. Mundt and Hinkle (1976) found 46 species
belonging to 19genera after characterization of 395 isolates from seed samples of 27
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plant species.In our experiments Gram-negative bacteria dominated (average 90%of
isolates) with Pseudomonas sp., Pantoea agglomerans and Stenotrophomonas
maltophilia as the dominant species. Predominance of Ps.fluorescens andPantoea
agglomerans was previously reported for pea (Elvira-Recuenco and van Vuurde,
Chapter5).AtthegenuslevelPseudomonas sp.accountedto54%ofthetotalisolates.
Forthe Gram-positives, the incidence at genus level was highest for Arthrobacter sp.
(40% of the Gram-positive population). All Gram-positive species were present at
levels below 2% of the total population. Bacillussp. were only incidentally isolated
and formed less than 1% of the characterised isolates. The predominance of Gramnegatives in endophytepopulations was alsoreported for lemon and alfalfa (Gagneet
al., 1987). In corn Gram-positives dominated (88%) (Lalande, 1989), but not in the
studies of Mclnroy and Kloepper (1995a) where they contributed to 23% of the
endophytic community without much variation during the growing season. The high
proportion of Pseudomonas sp. and very low proportion of Bacillussp in the present
study compared to studies by Mclnroy and Kloepper (1995a), Mahaffee (1996) and
Mahaffee and Kloepper (1997) might be associated to temperature conditions, with a
preference ofPseudomonas sp.for coolconditions.Pillay andNowak (1997)reported
that populations of an inoculated endophytic Pseudomonas sp.in shoots and roots of
tomatowereaffected bytemperature.
Forpeathere was achange in favour of the Gram-positives for the three soil types
with thematuration of theplants.This shift was strongest for the light-clay soil (from
2.7 to 20,0 %) and weakest for the sandy soil (4,2 to 7,9%). Data on endophytic
colonization at the species level indicate different ecological behaviour during plant
development andpopulation development intheroot andthe stembase.Ps. corrugata
was only detected at the seedling stage, populations decreased dramatically with
maturation of thecrop.Arthrobactersp.,Ps.viridiflava andPs.syringaepv. syringae
were mainly detected at the flower stage and were generally confined to the stem,
which suggests that they entered theplant through the aerial parts.Agrobacterium sp.
and Acinetobactersp. were only detected at the flower stage. Alcaligenes sp. were
found in the root and the stem base at the seedling stage but only in the root at the
flower stage, which shows a certain specificity for the root. The number of Ps.
fluorescensandPs.marginalis isolates in theroot and the stembase was very similar
for the seedling and flower stage in sandy and heavy-clay soils. However, for the
light-clay soil, which gave the highest endophyte population levels, double the
number of Ps. fluorescens and Ps. marginalisisolates were detected from the root
than from the stem for both growth stages. Pantoeaagglomeransshowed a similar
number of detected isolates for all locations and growth stages, while numbers of
Stenotrophomonasmaltophilia variedaccordingtothefield andgrowthstage.
Data on Pseudomonassp. incidence are available for seeds (Mundt and Hinkle,
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1976) and as predominant species in lemon roots (Gardner et al., 1982). In corn
Bacillus sp.(88%)weremorerepresented inrootsthanPseudomonas sp.(11%),while
Pseudomonas sp.werepredominant in the rhizosphere (Lalande, 1989).In studies on
cucumber (Mahaffee, 1996; Mahaffee and Koepper, 1997) found an incidence of
Pseudomonassp. of 16.3% for the rhizosphere soil and of 8.5% endophytically in
roots.Inthis studythe genus Stenotrophomonas wasnot reported for therhizosphere,
but incidence in the endorhiza was 6.7%. Pantoea agglomeranswas the dominant
endophyte (60%) in clover foliage (Sturtz et al., 1997). The observations in the
present study support the hypothesis that certain types of endophytes like Ps.
fluorescens, Ps. marginalisand Ps. corrugatahave good opportunities to enter the
plant through theroot system while others likePs.syr.pv.syringae, Arthrobacter sp.
or Stenotrophomonas maltophiliamainly derive from phyllosphere populations but
mayspreadfrom above-groundpartstotheroots.
The increasing interest to apply endophytic bacteria to optimize growth, disease
buffering, abiotic stress reduction and/or improved soilfertility has been expressed in
several recent reviews (Hallmann et al., 1997, Chanway, 1998, Sturtz et al., 2000;
Azevedo et al.,2000;and Kobayashi and Palumbo, 2000). Based on data from these
reviews beneficial endophyte effects are described for a variety of endophytic strains
such as fluorescent Pseudomonas sp., abundantly found in the present study. For
beneficial endophyte management in crops, selection of strains should include
compatibility with the cultural and environmental conditions. Present data shows
significant differences between genotypes of pea and soil types especially at the
seedling stage.Compatibility withtheplant genotype seems acritical factor (Smithet
al., 1998;Sturtz etal.,2000) and promising candidate endophytes should be selected
for beneficial effects for a representative panel of the host genotypes in field
experimentstoobtainrobust strainseffective inpractice.
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ABSTRACT
Various procedures were tested for the induction of L-form cells of Pseudomonas syringae
pv.pisi. Thefirst procedure was based on the induction method described forPseudomonas
syringae pv. phaseolicola L-form (Paton and Innes, 1991). Cell-wall deficient cells were
induced in aliquid medium with penicillin. Growth on solid induction medium of these cells
developed asgranular andvacuolated structures,and characteristic colonies were observed in
the first transfer. To overcome the poor growth in subsequent transfers of pv. pisi L-form
compared to pv. phaseolicola and the reversion to the parental type, three new tests were
developed: viability of cells was monitored during induction. Optimum induction time in
liquid medium with penicillin was much lower for pv. pisi than for pv. phaseolicola.
Viability of L-forms in solid induction medium with penicillin was low and decreased in
time; anew inducer, ticarcilin combined with clavulanic acid, which prevented the reversion
totheparental type; and arange of concentrations of penicillin and ticarcillin/clavulanic acid
bytheSpiralGradient Endpoint for calculation of MICs.Basedontheresultsfrom thesetests
animproved induction methodfor pv.pisi L-form isproposed.

INTRODUCTION
L-forms can be described as those bacteria that have either permanently or temporarily
lost their ability to synthesize their cell walls and reproduction involves a complicated
life cycle associated with marked pleomorphism and filterability (Paton, 1987). They
can occur spontaneously only in a few bacterial species (Dienes and Weinberger,
1951; Pachas and Dienes, 1968). The cell wall-less state can be induced for several
Gram-positive and Gram-negative species in vitro (Madoff, 1981) and in vivo (Pachas,
1986) by the action of antibiotics, enzymes, aminoacids and other factors (Strang et
al., 1991).
The induction and cultivation of L-forms are difficult due to the osmotic fragility of
wall-less cells. Generally, important requirements of the induction medium include the
proper consistency of the agar, the presence of animal serum and the correct
osmolality usually provided by sucrose or sodium chloride (Madoff, 1986). However,
horse serum inhibited penicillin-induced L-form colony formation in Staphyloccoccus
aureus when included in an osmotically stabilized culture medium (Shimokawa et al.,
1994). High cell densities are also required in the early stages of induction (Neimark,
1986).
L-form cells have a marked different cell morphology (spherical forms and
granular growth) from the parental bacteria. Variations may be observed within any
one culture which represent a mixture of considerable variability in a still
undetermined life cycle (Madoff, 1986). If the inducing agent is omitted from the
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medium, the L-forms are likely torevert to normal cell-walled bacteria ('unstable' Lforms). But if after the continued absence of inducing agents they remain in a cell
wall-less state,thentheyare 'stable' L-forms (Paton, 1987).
Grichko and Glick (1999) reported in a review paper that L-forms have been
implicated asetiologic agents inboth plant and animal diseases and they may alsobe
usedtoprotectplantsoranimals against disease-causing organisms,ortoactasahost
bacterium for the production and secretion to the growth medium of recombinant
proteins. An important change in L-forms compared to the parental bacteria is often
related to pathogenicity. Most pathogenic bacteria, in which pathogenicity is not due
to exotoxin production or an extracellular virulence factor, will lose their
pathogenicity when totally or partly lose the outer membrane, and generally they
regain pathogenicity on reversion to the parental walled form (Neimark, 1986). Lforms have an apparent ability to enter intact plant cells and associate with them
(Jones and Paton, 1973; Aloysius and Paton, 1984; Paton, 1987; Paton and Innes,
1991). L-forms of Ps. syr. pv.phaseolicolaunlike the parental type did not elicit a
hypersensitive response in tobacco and its association in bean plants (Phaseolus
vulgaris) conferred induced systemicresistancetohaloblight (Amijeeetal.,1992).
The purpose of this paper was to optimize procedures for the induction and
cultivation of the L-form of Pseudomonas syringae pv. pisi as a basis for further
studiesonpeaplantandL-form interaction.

MATERIALSANDMETHODS
Bacterialstrains
Pseudomonas syringae pv. pisi race 2, IPO 1631, Plant Research International,
Wageningen (exHRI202,HRI,Wellesbourne,UK);Ps.syr.pv.pisirace6,IPO1639
(exHRI 1704B)andPs.syr.pv.phaseolicolarace 1,IPO 1647(exHRI 1281).

Inductionandgrowthmedia
Composition ofliquid and solidmedia wasasinPaton andInnes (1991)using sodium
benzylpenicillin at various concentrations. A new inducing method was tested,
ticarcillin plus clavulanic acid (Ticarcillin 1500 mg/Clavulanic Acid lOOmg,
Duchefa).
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Terminology
(1) Rods, the cells of wild type parental bacteria with a complete cell wall; (2)
Spheres, include spherical bacterial forms resulting from the partial removal of the
cell wall (spheroplasts) or total (protoplasts) by an inducing agent in an osmotically
protective medium; (3) L-forms, a distinct type of growth derived from bacteria
initiated by the complete or partial removal of the cell wall. They resemble the
mycoplasma in their colonial morphology, mode of reproduction, growth
requirements andultrastructure (granular,vacuolated) (Madoff andPachas,1976).

Inductionandgrowthprocedures
Method1:Induction ofL-form withpenicillinandviabilitytest
Inductionof L-form
Induction oftheL-form ofPs.syr.pv.pisi wasmadefollowing theprotocol described
byPatonandInnes(1991)for theinductionoftheL-form ofPs.syr.pv.phaseolicola,
with somemodifications asgiven in Fig. la. Cultures of Ps. syr.pv.pisi race 2and6
and Ps. syr. pv.phaseolicolarace 1were grown on King's B at 25°C for 24-48 h.
Suspensions (ca 108 cfu/ml), two replicates per treatment, were prepared in (1)
LIM+P,liquid induction medium with penicillin (5x 103units/ml, 3gl"1),and sterile
tap water (STW) as buffer, (2) LIM+P and %strength Ringer's as buffer, (3) STW
and(4)Ringer's.STWandRinger's wereused asnegativecontrols.Suspensionswere
shakeninflasks at 80revmin"1,25°Cfor 16htoobtain atleast 40%spheresandwere
monitoredbyinterference contrastmicroscopy.
Ten fold dilutions were madein STW or Ringers up to 10"6and were spiral plated
on solid induction medium without penicillin (SIM-P)and on SIM+P(3g penicillin/1
medium) and incubated at 25°Cfor four days.Then subculturing was done only from
SIM-P (there was no growth on SIM+P) to SIM+P with penicillin added at several
concentrations (7.5,6and 3gl"1).Plateswereincubated at25°Cfor 5-7 days toobtain
purecultures ofL-forms andthen subcultured toSIM+P(3gl"1).

Viabilitytest
Duetothelimited growth on SIM+P,aviability test was performed for pv.pisi strain
1631to assess viability of spheres,L-forms and rods according to the scheme in Fig.
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la. Suspensions {ca 108cfu/ml) were prepared in (1) LIM+P and LIM as buffer, 2)
LIM+PandRinger's asbuffer and(3)Ringer's asnegativecontrol.
TheBacterial Viability Kit(Live/DeadBaclight L-7007,Molecular Probes) usedin
this study consists of amixture of two fluorescent nucleic acid stains, green and red.
These stainsdiffer bothintheir spectral characteristics andintheir ability topenetrate
healthy bacterial cells.The green dye labels all bacteria in a population while thered
dye penetrates only those bacteria with damaged membranes competing with the
greendyefor nucleic acidbinding siteswhenbotharepresent. Socellswithintactcell
membranes will stain green, whereas cells with damaged membranes (cell wall and
cytoplasmicmembrane) willstainred.
One ul of each component (Aand B) of thekit was mixed and added to 200 ul of
theshakenbacterial suspensioninLIM+P.Thetotalmixturewasincubated inthedark
for 15min.Adroplet wasplaced onaglass slidefor microscopical examination using
incidentbluelight (LeitzOrthoplan,filterblock 13)andwater immersion objective 50x
/NA 1.0. Monitoring withtheviabilitykitwasdoneevery2h.Suspensions and 10fold
dilutionsupto 10"3 weresubcultured toSIM-Pafter 6hshaking.

Method2:Optimization ofantibioticL-form induction
A concentration gradient of penicillin and ticarcillin/clavulanic acid was tested in
order to find the optimum concentrations for the induction of the L-form of Ps.syr.
pv.pisi.Thestepsfollowed inthreeprotocolsaredescribed inFig. lb and lc.
Bacterial suspensions (ca 108cfu/ml) wereradially streaked from the outer edgeof
theplatetothecentrewithasterilecotton swabonthesurface oftheSIMcontaininga
radialgradientofantibiotic concentrations,previouslydeposited bythespiralplater.
Final Inhibitory Concentration (FIC),NominalInhibitory Concentration (NIC)and
Minimum Inhibitory Concentration (MIC) were determined by the Spiral Gradient
Endpoint (SGE) (Weckbach and Staneck, 1987; User guide Spiral System
Instruments, 1990).The FIC point represents the last location at which still growth is
observed.In somecasesthereisanouter solid growth onthe streak followed by atail
whichformed thetransition tonogrowth.TheNICpoint represents thelocation atthe
startofthistail.Standard MICdetermination inbroth andagardilution testsis defined
as the first dilution that shows no growth. MIC value in spiral plating comparable in
magnitude to standard MIC determination canbe obtained by multiplying the FICby
afactor oftwo,usinga 108concentration ofthetestculture.
Platesof 15cmdiametercontaining 50mlmedium (layer 3.3mmthick)wereused.
Thedilutionrange of theantibiotic was 300fold. The centre of the spiral wasmarked
as reference point for radial advance (RA) measurements. The various combinations
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Fig. lc. Optimization of L-form induction of Ps. syr. pv. pisi race 2 (1631) with
ticarcillin/clavulanic acid by the determination of MICs (Spiral Gradient Endpoint)

Suspension (ca. 108cfu/ml) in LIM+T (10 ug ml"1)

i
Shaking 16h

I
Monitoring by Interference Microscopy and Viability Test
% spheres: +, Vspheres: ++
Very elongated rods, Vrods: +++

SIM - T
% L-forms: +

SIM+[T1] (300-1 ug ml 1 )
MIC=119ug ml'1

Vrods: +++

SIM+[T3] (1000-300 ug ml 1 )
MICfor (1) and (2)=1000 ug ml'1, with tail
VL-forms:(+)
FootnotetoFig. la, lband lc
*Modification on method of Paton andInnes (1991)
LIM+P: liquid induction medium with benzylpenicillin, SIM-P: solid induction medium without
benzylpenicillin, SIM+P: solid induction medium with benzylpenicillin, LIM+T: liquid induciton
medium with ticarcillin/clavulanic acid, SIM-T: solid induciton medium without ticarcillin/clavulanic
acid, SIM+[P1] or SIM+[P3]: solid induction medium with a range of concentrations of
benzylpenicillin, SIM+JT1] or SIM+[T3]: solid induction medium with arange of concentrationsof
ticarcillin/clavulanic acid; Growth ofculture onagar; '-' indicates nogrowth; +,++,+++scale with
increasing growth rate; %spheres, %L-forms: proportion ofspheres orL-forms within thebacterial
population. (+),0-5%;+,5-20%; ++, 20-60%; +++, >60%; Vspheres, Vrods, VL-forms: Viabilityof
cells, only determined for strain 1631. (+), <10%;+, 10-30%; ++, 30-60%; +++,>60%, MIC:
Minimum Inhibitory Concentration
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Table 1.Concentrations ofbenzylpenicillin andticarcillin/clavulanic acidusedfor the
determination ofMinimumInhibitoryConcentrationsbytheSpiralGradientEndpoint
Antibiotic

Medium*

Benzylpenicillin
Benzylpenicillin
Benzylpenicillin
Ticarcillin/clavulanic acid
Ticarcillin/clavulanic acid
Ticarcillin/clavulanic acid

SIM+[P1]
SIM+[P2]
SIM+[P3]
SIM+[T1]
SIM+[T2]
SIM+[T3]

Stock
Conc.f
Hgml"1
3.6 x 105
3.6 x 105
9xl05
6xl04
6xl04
2xl05

Range*
ugml1
1800-6
1800-6
4500-15
300-1
300-1
1000-3

Solid induction medium with a range of concentrations of benzylpenicillin or ticarcillin/clavulanic
acid (medium codesasusedinTable 2andFig. lb and lc).
Antibiotic stock concentration=200 x ACmax (highest antibiotic concentration to be tested). The
reduction factor is 200 when assuming an agar height of 3.3 atRA= 7 mm, for a C40 spiral plater set
at40|il
*Range of measurenents between RA=7mm andRA=50mm,from 'ACmax' to 'ACmax/300'

RESULTS
Method 1: Induction of L-form with penicillin (Paton and Innes, 1991) and
viabilitytest
Induction ofL-form
Theresults on L-form induction and subculturing arepresented in Fig la. Shaking of
bacterial suspensions in LIM+P (3 g l"1)during 16h proved to be a good induction
procedure to obtain highnumbers of spheres (Fig2A).Theintermediate step onSIMP seemed tobe anecessary stepbetween liquid and solid media with penicillin in the
growth of the L-form. The percentage of L-forms on SIM-P was less than 20%,
although it was higher for undiluted samples. Ringer's showed to be a better buffer
than STW both for spheres and rods. A characteristic colony morphology was
observed on SIM-P. Very high quantities of inoculum were needed for successful
transfer to SIM+P, which made no possible the detection of single colonies on this
medium.Firstcolony growth onSIM+Pwasgood,withmorethan60%L-forms (Fig.
2Band2C),butpercentageofL-forms andgrowthonagar decreased intimeandwith
new subcultures. Morphology of L-forms on SIM+Pwas slightly different from SIM-
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Pwithamoregranular andvacuolated structure.

Viabilitytest
Viability staining showed that theoptimum exposuretimeinLIM+Pwas 6hin order
tofind acompromisebetween ahighproportion of spheres andtheirviability. After 6
h there were ca 60% spheres and viability was ca 90%. When exposure time
increased, proportion of spheres also increased but viability decreased. Viability of
spheres was higher when suspensions were prepared in LIM buffer than in Ringer's,
while viability of rods was the same for both buffers. Viability of L-form cells in
coloniesonSIM+Pwasgenerallyverylow anddecreased intime(Fig.2D).

Method2:Optimizationofantibiotic L-form induction
The spiral plating gradient method was used to determine the Final and Nominal
Inhibitory Concentrations (Table 2).In the cases in which RA was <7 mm, FIC and
NICvalueswereapproximate sincethemaximumaccuracy oftheendpoint analysisis
for 7<RA<50mm.MICvaluesareshowninFig. lb and lc.

Method2A: Penicillin
This method is presented in Fig. lb. When subculturing was done from LIM+P to
SIM+P,growthonthestreakwascontinuous (without tail).FICvalues (Table2)were
much lower compared to those when there was an intermediate step on SIM-P. The
FIC for pv.pisi (strain 1631) was about four times lower than for pv. phaseolicola
(strain 1647).Theseresults explain whythere wasnogrowth of pv.pisi on SIM+P(3
g l"1)in 'method 1' after subculturing from LIM+P since the antibiotic concentration
wastoohigh.
When subculturing was donefrom SIM-Pto SIM+P,in the case of pv.pisi there
wasanouter solid growth onthestreak followed by atail which formed thetransition
tonogrowth.TherangebetweentheNICandFICvalueisverylargeandmightimply
a large variance of the resistance frequency distribution of the bacterial population.
Forpv.phaseolicola notail wasdetected andtheFICwasthesameasinpv.pisi(Fig.
3).TheFICvalue '6gl"1'isontherangerecommendedbyPatonandInnes(1991) for
thecultivation oftheL-form of pv.phaseolicola.
On a new subculturing to SIM+P, FIC values were the same as in the first
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subculturing for bothpathovars,although atailwasalsoobservedfor pv.phaseolicola
in this case. NIC value for pv. pisi was higher in the second subculturing. These
results might be due to an increase of resistance of thebacteria to the penicillin (Fig.
3).
Table 2.Nominal Inhibitory Concentration (NIC) and Final Inhibitory Concentration
(FIC) of penicillin and ticarcillin/clavulanic acid determined by the Spiral Gradient
Endpoint for Ps.syr.pv.pisi race2(1631),Ps.syr.pv.pisi race6(1639) andPs.syr.
pv\phaseolicola race 1 (1647)
Plate
Code+

Bacterial
Strains

RA
(mm)*

AC
(fig ml"1)5

Method 2A
LIM+P

SIM+[P1]

1631

37.5

FIC"= 28.5

LIM+P
SIM-P

SIM+[P1]
SIM+[P3]

1647
1631

SIM-P
SIM+P

SIM+[P3]
SIM+[P3]

1647
1631

SIM+P

SIM+[P3]

1647

27.5
32
5
5
33
5
27
5

FIC = 109
NIC11=59
FIC = 6070
FIC = 6070
NIC = 129
FIC = 6070
NIC=291
FIC = 6070

Method 2B
LIM+P

SIM+[T1]

1631

18.7

FIC = 59.5

SIM-T

SIM+[T3]

1631

SIM+T

SIM+[T3]

1631

24.2
7
25.2
7

NIC = 95
FIC=1000
NIC = 83
FIC =1000

Method 2C
SIMP

SIM+P2

1631

SIM-T

SIM+T2

1631

29
2
14
0

NIC = 89
FIC = 3924
NIC =111
FIC > 300

Former
medium*

* Medium in which bacterial strains were grown before subculturing to the antibiotic spiral gradient
plates. LIM+P, liquid induction medium with penicillin; SIM-P/+P, solid induction medium
without/withpenicillin; SIM-T/+T,solidinduction medium without/withticarcillin
f

Antibiotic spiral gradient plates.Platecodeasdescribed inTable 1 andFig lb,lc
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*RA =PR- 13, Radial Advance,radial distance measured from the deposition startcircle to location
P (location ontheplate atwhich antibiotic concentration inthe agar has tobe determined), where PR
is thedistance from the centre of the spiral to location Pand 13mmisthe approximate distance from
thecenter ofthe spiraltotheradius whereplater deposition starts
§

AC=(SCxDF)/H, average concentration of antibiotic intheagar, whereHis theheight of agar(ca

3.3mm),DFisthe Deposition Factor, afunction of RA described on manufacturer's tables and SCis
the volume of antibiotic stock solution deposited by the spiral plater at any location on the surface of
theplate.
"FIC,Final Inhibitory Concentration, lastlocation at which growth is still observed. Concentration at
theendof thetailofcontinuosly growth, excludingthelarger separate colonies
NIC, Nominal Inhibitory Concentration, antibiotic agar concentration at the start of the tail.
Thresholdbiocidal concentration

Method2B:Ticarcillinplusclavulanicacid
Thismethodispresented inFig. lc. After 16hshaking inLIM+Tviable spheres were
formed and a predominance of very elongated rods of the wild type was observed.
Theseelongated cellsindicate anearly stageof development of theL-form. It seemed
that ticarcillin concentration and/or exposure time in LIM+T were not sufficient for
highsphereinductioninliquidmedium.
However, L-forms could be induced on SIM+T. NIC values did not increase with
new subculturing indicating that clavulanic acid is an effective beta-lactamase
inhibitor andtherefore inhibits theresistance mechanism of thebacterium. FIC values
were muchhigher whenthere was anintermediate stepon SIM-Tbefore subculturing
to SIM+T,asfor penicillin induction. The viability of L-forms on SIM+T waslow as
withpenicillin.

Method2C: Directinduction on SIM
A suspension of strain 1631 was prepared in LIM-P, plated and incubated on SIM-P
and then subcultured to SIM+P and SIM+T. NIC and FLICvalues for both penicillin
andticarcillinwerelowerthanafter aprevious inductioninLIMwithantibiotic.

Induction ofPseudomonassyringaepv.pisiL-form

Fig.2
(A). Cell-wall deficient cells (round) induced in liquid induction medium with
benzylpenicillin (5x 103units/ml) andremaining parental cells (rod,indicated withan
arrow)ofPseudomonassyringaepv.pisirace2.Barrepresents4um
(B). L-form cells induced on solid induction medium with benzylpenicillin (10 x 103
units/ml) ofPs.syr.pv.pisirace6after 6daysincubation.Barrepresents4um
(C). L-form cells induced on solid induction medium with benzylpenicillin (10 x 103
units/ml) ofPs.syr.pv.pisirace6after 8daysincubation.Barrepresents 4um
(D). Staining of L-form cells with propidium iodide to assess viability. Cells were
induced on solid induction medium with benzylpenicillin (10 x 103 units/ml) and
stainingperformed after 9daysincubation.Inthispreparation only onecell (indicated
withanarrow)showedtobeviable.Barrepresents4um
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Fig.3.Ps. syr.pv. pisirace2(streaks a,b,eandf) andPs. syr. pv. phaseolicola race1
(streaks c, d, g and h) on a solid inducition medium with a range of benzylpenicillin
concentrations. Streaksa,b,canddwerederived from asolid induction mediumwith
penicillin. Streaks e, f, g and h were derived from a solid induction medium without
penicillin.Plateis 15cmdiameter

DISCUSSION
The terminology of the L-forms (L-phase) has been controversial. They have been
generally defined as bacteria with modified or no cell walls differing from
spheroplasts, protoplasts, and aberrant types. Inherent characteristics are spherical
granular and vacuolated bacterial cells which produce colonies on solid media that
resemble those of the mycoplasma (Madoff and Pachas, 1976). Colony morphology
resulting from surface inoculation on solid media is still the most important
identifying characteristic of the L-form (Clasener, 1972). In this study, cell-wall
deficient forms (spheroplasts and protoplasts) of Ps. syr. pv. pisi have been
successfully induced in liquid medium with penicillin (5 x 103 units/ml) according to
Paton and Innes (1991) with some modifications. The optimum exposure time to
obtain a maximum number of spheroplasts and protoplasts of pv.pisi that are viable

was6 h insteadof 16 h usedbyPaton and Innes (1991)forpv. phaseolicola.

First transfer to SIM+P gave a good growth on agar and high proportion of L-
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Fig.3. Ps.syr. pv.pisirace2(streaksa,b,eandf)andPs.syr.pv.phaseolicola race1
(streaks c, d, g and h) on a solid inducition medium with a range of benzylpenicillin
concentrations. Streaksa,b,canddwerederived from asolid induction mediumwith
penicillin. Streaks e, f, g and h were derived from a solid induction medium without
penicillin.Plateis 15cmdiameter

DISCUSSION
The terminology of the L-forms (L-phase) has been controversial. They have been
generally defined as bacteria with modified or no cell walls differing from
spheroplasts, protoplasts, and aberrant types. Inherent characteristics are spherical
granular and vacuolated bacterial cells which produce colonies on solid media that
resemble those of the mycoplasma (Madoff and Pachas, 1976). Colony morphology
resulting from surface inoculation on solid media is still the most important
identifying characteristic of the L-form (Clasener, 1972). In this study, cell-wall
deficient forms (spheroplasts and protoplasts) of Ps. syr. pv. pisi have been
successfully induced in liquid medium with penicillin (5 x 103units/ml) according to
Paton and Innes (1991) with some modifications. The optimum exposure time to
obtain a maximum number of spheroplasts and protoplasts of pv.pisi that are viable
was6hinsteadof 16husedbyPatonandInnes(1991)for pv.phaseolicola.
First transfer to SIM+P gave a good growth on agar and high proportion of Informs, however, new transfers to SIM+Prevealed apoor growth, a decreased number
of L-forms, low L-form viability and higher number of bursting cells. Numbers of
rods (parentaltype)increased inthesesubcultures indicating apossibleincreaseofthe
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resistance mechanism of the bacterium to penicillin. Landman and Forman (1969)
showed that the presence of agar in the medium promoted reversion of Bacillus
subtilisL-forms and spheres to the rod form, however at a high sphere concentration
reversion was inhibited (Landman et al., 1977). In this study high inoculum doses
wereusedfor subculturing andthemostlikelyexplanation, therefore, isanincreasein
theresistancemechanism againstpenicillin.
Due to this, a new inducer, ticarcillin combined with clavulanic acid, was tested.
This is an effective combination of abeta-lactam antibiotic (ticarcillin) mainly active
against Gram negative like Pseudomonasspp. and a beta-lactamase inhibitor of the
resistance mechanism of the bacterium (clavulanic acid) which is a high affinity
substrate tobeta-lactamase. Thus,theresistance of thebacteriumby thehydrolysisof
thebeta-lactamringofticarcillinwillbeavoided.
The sensitivity of pv.pisi to penicillin and ticarcillin/clavulanic acid tested for a
range of concentrations showed an increase in the resistance mechanism of the
bacterium against penicillin. Overall pv.phaseolicolacould tolerate higher penicillin
concentrations than pv.pisi. Theuseof ticarcillin/clavulanic acidproved tobe agood
inducer todecreasetheresistancemechanism sinceNICvalues didnot increase inthe
second transfer but on the contrary slightly decreased. Shmitt-Slomska (1986)
reported that L-forms from several bacterial species were resistant to beta-lactam
antibiotics. Hubert etal. (1971) used gradient plates containing 10and 30 ug ml"1 of
carbenicillin. Because the L-forms tended to revert on these plates, the concentration
of antibiotic needed to prevent reversion was 5000 ug ml"1 at the 20th transfer. The
use of clavulanic acid allows lower concentration of antibiotic than penicillin for pv.
pisiand probablylesspassages arenecessarytoavoidreversion.
Low viability of L-forms was a limitation in the induction procedure. Strang et al.
(1991) reported that a very fine balance existed between the amount of inducer that
wasbactericidal,that whichfavoured Bacillus brevis L-form induction andthatwhich
allowedthebacillary form togrow.The antibiotic inducer balance changed witheach
subculture and finding this balance for each step seemed to be the key to L-form
cultivation. Also some L-forms may require very specific conditions. L-form of
Escherichiacolispecifically requirescalcium,andinitsabsence,cellsceased dividing
and eventually lysed (Onoda et al., 2000). Viability of bacterial cells should be
monitored during the induction process. Although the viability test used in this study
hasbeen successfully usedwithorganisms without acellwall(Mycoplasma hominus),
thisisthefirst reportonitsusefor L-forms.
With theresults obtained in this study the recommended induction method for
pv. pisi is the production of protoplasts/spheroplats in LIM+P (5 x 103 units/ml)
(Paton and Innes, 1991) shaking for 6 h at 25°C, 80 rev min"1, transfer to a SIM-P
(Paton and Innes, 1991) and after 2-4 days transfer to SIM+T (100-1000 ug ml"1)
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(Table 2). Ticarcillin should be used in combination with clavulanic acid in order to
switch off the resistance mechanism of the bacterium. Growth improvement on
SIM+P subculture can best done using high quantities of inoculum or probably even
better by the 'push block' technique used classically for the subculture of
mycoplasmas (Fallon and Whittlestone, 1969).
Due to the need to put much research and the lack of further funding, we were not
able to carry on with the optimization of the L-form induction protocol for pv.pisi to
perform the pea-L-form interaction studies. We hope the presented data will facilitate
further studies on the induction of L-forms.
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The aim of the work presented in this thesis was todevelop strategies for the control
of pea bacterial blight with the emphasis on durability and sustainability. Two
approaches were taken for this purpose: (1) development of resistant cultivars based
onthecombination of race specific andracenon-specific resistance and (2)biological
controlofthepathogenbyendophytic bacteria.
To establish guidelines for a resistance breeding programme, it is necessary to be
awareofthebiology of thepathogen (Chapters 2and4),its coevolutionwith thehost
(Chapter 2) and the available host genetic resources (Chapters 2and 3).Race specific
resistance has been exploited in pea cultivars with some degree of success, however,
at present, the main limitation isthelack of cultivars with resistance to race 6, arace
which is becoming increasingly important. The novel resistance found in Pisum
abyssinicum in a germplasm screening (Schmit etah, 1993),confers resistance to all
races of the pathogen, including race 6, and represents the most promising route to
disease control.Studiesonits modeof inheritance,introgression intoaPisum sativum
background, and the development of molecular markers to assist in breeding
programmeswereinitiated (Chapter3).
Biological control of a bacterial disease by endophytic bacteria has scarcely been
reported.Anecessary stepwhen working withendophytic bacteria isthe development
of a reliable detection technique (Chapter 5). Whatever the biocontrol mechanism,
endophytic bacteria must first be able to colonize the plant at levels greater than 104
CFU/g plant fresh weight. Many factors may affect the level of colonization,
particularly under field conditions (Chapter 6), and understanding these factors is the
basis for an effective biological control programme. Indigenous populations of
endophytes isolated atlevelshigherthan 104CFU/gplant fresh weight are potentially
effective colonizers and were used for further studies. The use of non-virulent strains
of the pathogen may be candidate biocontrol agents. A case studied in the present
workistheL-form (cell-walllessvariant)ofPs.syr.pv.pisi (Chapter7).

DEVELOPMENT OF RESISTANT CULTIVARS TO PEA BACTERIAL
BLIGHT
Screening for resistance in Spanish pea germplasm. Frequency of race specific
resistance genes
Peabacterialblighthasbeenknowntooccurin Spainfor someconsiderable time,and
although serious epidemics only occur only every 4-5 years (A. Ramos-Monreal,
personal communication), it has caused widespread damage. Despite this, the present
studyrepresents thefirst published record of peabacterial blight in Spain (Chapter2).

GeneralDiscussion
The incidence of the disease and the frequency of the different races in Spain is still
little known compared to France, England orAustralia. Races 4 and 6 seem tobethe
most important racesin winter-sown cultivars in Spain, and although this information
is based on a limited number of isolations, the situation prompts comparison to
Southern France where a similar distribution of races is reported (Chapter 2).
However, considerably more isolations need tobe made from the different regionsof
Spaintofully assessthesituation.
A study of the resistance characteristics of Spanish Pisum sativum germplasm
(Chapter 2) was performed on acollection of landraces from the main traditional pea
growing areas of Spain. This was done mainly to determine the frequency of known
race specific genes but also to identify potential new sources of resistance. The
widespread presence of race specific resistance genes and thepredominance of R3in
Spanish landraces was similar to that described in a worldwide Pisum sp. collection
(Taylor etal.,1989).Alllandraces presented resistance phenotypes that conformed to
those previously described in pea cultivars except for landrace ZP-0109, which also
showed somepartialresistancetorace6,suggesting apossiblynewresistancesource.
A negative association between the presence of R genes in pea cultivars and Ps.
syr.pv.pisi raceshasbeenreported (Schmit, 1991; Hollaway andBretag, 1995).This
is shown by the presence of R3 in all Spanish landraces tested and also its high
frequency incommercial cultivars andthecorresponding lowfrequency ofrace3.The
presenceofR4in40%ofthelandraces would argueagainstthepredominance ofrace
4inSpainexceptthatcommercialcultivars mostlylackR4.
An increase of race 6 was reported in England over the period 1987-1994,
representing 26% of all isolates in 1994 (Reeves et ah, 1996). Similarly, race 6
represented 36%oftheisolates studied inFrance(Schmit, 1991),31%, (Hollaway and
Bretag, 1995) in Australia and 50% in Spain (Chapter 2). The lack of cultivars
resistant to race 6 and the increasing importance of race 6 is evidence of the
association described aboveandofthechanging frequency of specific racesduetothe
use of resistant cultivars carrying race specific resistance genes. The only known
established source of resistance torace 6at present isPisumabyssinicum (Chapter 3)
originating mainlyfrom Ethiopiaandalsofrom Yemen.
There appear tobenorecords of theoccurrence of peabacterialblight in Ethiopia,
however, it would be interesting to know whether Ps. syr. pv. pisi is present in
Ethiopia, what races and what prompted the evolution of race non-specific resistance
inthatregion. Itisexpected thatduringthemaingrowing season of P.abyssinicum in
the mountains of Ethiopia, weather conditions should be favourable for the disease
and potentially therefore disease pressure could be high. In tests for resistance in 14
Ethiopian accessions of P. sativum (J.D. Taylor, personal communication), two did
not have any resistance genes, seven had R3,six R4 and four R2.Frequencies of R2
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and R4 were strikingly similar to those found in Spanish Pisumsativumgermplasm,
however, R3wasfound less frequently. Day (1974) and Parlevliet and Zadoks (1977)
suggested that during evolution parasites have been kept in check by the need to
conserve their hosts to ensure their survival but in modern crops the host-pathogen
relationship is quite different from the natural situation. The dramatic change in the
host population from genetically very heterogenous to extremely homogenous has
completely disturbedtheequilibriumbetweenthehostandthepathogen.

Race non-specific resistance to pea bacterial blight derived from Pisum
abyssinicum
Studies on the inheritance of the race non-specific resistance derived from P.
abyssinicum (Chapter 3)pointed to amodel of inheritance which is notpolygenic but
more likely a major recessive gene together with a number of modifiers. Although
segregation at F2 indicated resistance was recessive, probably a single gene, F3
segregation showed a complexity which could not have anticipated at the F2 stage.
However, despite this complexity and the difficulty in establishing a clear genetic
model, F3 populations segregated in a series of well known ratios indicating the
likelihood of a relatively simple underlying genetic control. Vanderplank (1982)
suggested that the fact that quantitatively inherited resistance can often respond
readily to selection in breeding programmes also implies that the number of genes
involved maynotalwaysbelarge.
It is thought that a series of factors might have influenced the complex F3
segregation. Although P. abyssinicumhas been considered for years as a cultivar
group or subspecies of P. sativum(Govorov, 1930; Gentry 1971;Westphal, 1972) or
an ecotype of Pisum(Blixt, 1972), Ellis et al.(1998) reported that P. abyssinicum is
notasubgroup of cultivated P.sativum. Itisknown that there aredifferences between
both genomes in size (Baranyi et al., 1996) and karyotipically (von Rosen, 1944;
Saccardo, 1971).Von Rossen (1944) showed that in the main the gene maps agreein
both species,however, secondary disturbances considerably increased thedifficulty of
making adetailed study oftheexactparallelism ofthegenemaps.Healsoreportedon
small structuralchangesinthechromosomes (deletions,smallinversions,etc).
At the time the present study was initiated, all the accessions listed as P.
abyssinicumin the Pisum germplasm collection (John Innes Centre, UK) that had
been screened for resistance were shown toexpressrace non-specific resistance, these
included sixteen accessions originating from Ethiopia (including JI1640), and one
from Yemen (JI2202). However, more recently it was noticed that one accession
(JI2385) listed as Pisum sp., from Yemen, and susceptible to race 6, was in fact P.
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abyssinicum.It would have been very useful to have included this accession in the
crossing programme both in crosses with P. sativumand P. abyssinicumaccessions
carryingracenon-specific resistance.Crossesbetween JI2385 andJI2202inparticular
would have established the pattern of inheritance of race non-specific resistance in a
pure P. abyssinicum background, in the absence of possible genomic differences
associated withcrossesinvolvingP. sativum.
Ethiopia is one of the main centres of genetic resources of cultivated plants
(Vavilov, 1992).Most cultivated pea types are closely related to wild types found in
the Middle East. Secondary centres of diversity have been identified in the highlands
of south central Asia and in Ethiopia (Ellis et ah, 1998).The Yemenite focus is also
included in the Abyssinian center of origin described by Vavilov (1992). This focus
reflects influences from both the Ethiopian and the southwestern Asiatic centers
(Vavilov, 1992). All the accessions carrying race non-specific resistance originated
form Ethiopia, while of thetwoP.abyssinicum accessions derived from Yemen, only
oneofthemcarriedracenon-specific resistance.
In a further attempt to elucidate the genetic control of racenon-specific resistance,
a molecular analysis of segregant populations was performed using a LTR
retrotransposon of pea (PDR1, pea dispersed repeat number 1). Transposons are
segments ofDNAthatmovetonewchromosomal positions.LTRretrotransposons are
closely related to retroviruses, posses a long terminal repeat, use RNA as a
transposition intermediate and have been found in fungi, plants, insects, and
vertebrates. They are major contributors to the generation of genetic variation
(biodiversity) in plants. PDR1 belongs to the Tyl-copia group. The degree of
sequencedivergenceinTyl retrotransposon populationsbetween anypairof speciesis
generally proportional to the evolutionary distance between those species (Kumar,
1996).Although the copy number of the PDR1element isrelatively low inpea, there
will often be 300 to 400 PDR1 markers segregating in a given cross. PDR1
amplification products are highly polymorphic and provide many markers fairly
evenly distributed on all the linkage groups for pea genetics (Ellis et al., 1998). P.
sativumand P. abyssinicumare very distinct when using PDR1 (Ellis et al., 1998).
The parental pea lines used in the crossing programme of the present study had not
been tested by Ellis et al. (1998). Screening of these lines using PDR1 markers
confirmed results obtained by Ellis et al. (1998), revealing the homogeneity in P.
abyssinicum whenusingthePDR1markersandthedivergencefrom P. sativum.
Theprimary objective of the screening of segregantpopulationsF3,F4andF5was
toclarify thecomplex F3patterns.Although ithas not beenpossible to determine the
exact numberof genesinvolved,results suggested that more,butnot manymore,than
one loci were involved in resistance. Six markers were identified, three originating
from P. abyssinicum, cosegregating with resistance, and three from P. sativum
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cosegregating with susceptibility. The resistance markers could be used for the
selection of race non-specific resistance in marker-assisted breeding The genetic
mapping of two of the P. sativummarkers to linkage group V was possible as they
were mapped in two previous recombinant inbred populations (Ellis et al., 1998).
Calculations on linkage estimation were made considering resistance as monogenic
recessive. It is likely that the major component has been mapped, however both
inheritance studies and the presence of markers in the segregants indicated that there
areothercomponents (modifiers) involved
Most of the resistance genes cloned and analyzed to date were identified on the
basis of their avirulence gene specificity with regard to a single race of a pathogen
(Swords etal., 1997). Three genes have proved to be exceptions to this and act in a
race non-specific manner: Bs2 in pepper confers resistance to Xanthomonas
campestris pv.vesicatoria (Swords etal.,1996),Xa21inrice toXanthomonas oryzae
pv. oryzae(Khush etal., 1991) and mloin barley to Erysiphegraminisf. sp.hordei.
The mechanism of race non-specific resistance due to the mlogene is likely to differ
from the other two cases.The mlogene isrecessive and for its function two recently
identified modifier genes (Ror genes) are necessary (Freiandelhoven et al, 1996).
Described first asan induced mutation (Freisleben andLein, 1942),itwasfound later
tooccurnaturally inEthiopian barleys (Nover, 1968).Inheritance studieswiththemlo
gene have used mutated cultivars as source of race non-specific resistance. Although
there are no published reports, crosses between Ethiopian Hordeum vulgare and
commercial barley cultivars are expected to segregate in a complex pattern (SchulzeLeffert, personal communication). The nature of the race non-specific resistance
present in P. abyssinicum prompts comparison with mloin barley. In studies of race
specific resistance genes isolated from different plant species, there was a high
similarity of the related structural domains in the deduced gene products (Dangl,
1995).Accordingly, aninteresting approach would bethecomparison ofthemlogene
andthemajor component ofresistanceinP. abyssinicum.

Expressionofresistance toPs.syr.pv.pisi indifferent plantparts
It has been shown that expression of race specific resistance genes R2 and R3 was
complete in the stem, while R4 was sometimes expressed incompletely
(hypersensitive response associated with a limited water-soaking) (Chapter 4). The
incomplete expression of R4 in the stem has been reported previously (Bevan et ah,
1995;Hunter, 1996).
Hunter (1996) observed a deviation from Mendelian single gene segregation for
stemresistance toraces 3and4in someF2families of crossescv.Partridge (R3+R4)
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x cv. Early Onward (R2); and to races 2 and 4 in F2 families of crosses cv. Vinco
(R1+R2+R3+R5) xcv.Hurst's Greenshaft (R4+R6).Hesuggestedthatresistancemay
not be conferred by single dominant alleles but by alleles showing incomplete
dominance.This would tend to generate 1:2:1 ratios of phenotypes.The classification
of heterozygotes as resistant or susceptible could then vary depending on
environmental factors and/or background factors which may or may not be linked to
resistance.
Differential expression between stem and leaf/pod resistance was demonstrated for
both race specific and race non-specific resistance. Failure to express leaf/pod
resistance was most striking in certain R/A combinations, especially R3/A3 and
R4/A4 (Chapter 4). Independent genetic control of resistances in stem and leaf/pod
seems not to hold: a resistant response in the stem was associated with resistance or
susceptibility in the leaf/pod, but a resistant response in the leaf/pod was never
associated withasusceptibleresponseinthestem.Thissuggeststhatthereisashift on
the expression of resistance in leaf/pod which could be associated with modifiers.
Mutational analysis has been used to identify genes required for resistance gene
function in tomato,Arabidopsisand barley (Torp and J0rgensen, 1986; Salmeron et
al.,1994;Hammond-Kosack etal., 1994;Freialdenhoven etal, 1994;Century etal.,
1995; Parker et al., 1996). Pryor (1987) suggested that resistance genes need to
provide two specific functions: pathogen recognition and transduction of the specific
signal to the general plant defense pathway. There was no requirement for both
functions tobeencodedinasingleprotein

ENDOPHYTICBACTERIAINPEA
The printing technique as a routine method for the detection of endophytic
bacteriainthepeastem(Chapter5)
Printing of stem cross-sections gave a semi-quantitative indication of the bacterial
population levels and confirmed their endophytic presence. Printing seems to be a
good method for semi-quantitative estimation of populations in stems containing 104
to 107CFU/g fresh weight. The threshold of theprinting technique is 103-104 CFU/g
fresh weight based in comparisons with spiral plating. This represents a constraint to
the use of this method when low populations are studied. Also, bacteria are not
distributed evenly along the stem but tend to group in certain areas. Therefore
populationsmaybeoverorunderestimated whenonlyafew cross-sections aretested.
This method isrecommended for assessment of indigenous populations effectively
colonizing the plant and makes possible identification of main types. It is also
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recommended for monitoring establishment of introduced endophytes which hasbeen
previously marked. It has been used for selecting stems for in planta studies on
endophytic and pathogenic bacteria with SEM (van Vuurde etal., 1996).Although it
isless sensitive than spiral plating, the great advantage of theprinting technique is to
beafast method,relativelycheapand suitablefor routine application.

Population levels
For both field trials in different years and locations (Chapters 5 and 6), endophytic
populations varied from 103 to 107 CFU/g fresh weight, more commonly 104-105
CFU/g. There was also large variation between plants of the same cultivar reflecting
that colonization is also affected by the biological chance of sufficient cells near a
wound or natural opening. There are few reports on the extent and density of
colonization by endophytic bacteria, especially for above-ground tissues. Populations
inotherhostswerealsofound tobeextremely variable (DeBoerandCopeman, 1974;
Jacobsetal.,1985;Gagneetal,1987;Misaghi andDonndelinger, 1990;Mclnroyand
Kloepper, 1991,1995a;SturzeJa/., 1997).
Populations decreased significantly from the stem base to the apex (Chapter 6).
Populations in the root were significantly higher than the lower stem at the seedling
stage, but not at the flower stage when they were about similar. An increase in
endophyte populations was observed at the flower stage compared to the seedling
stage (Chapter 6).For roots and stems of sweet corn, Mclnroy and Kloepper (1995a)
found an increase from log 4 at seedling until log 10 at plant maturity; whereas for
cotton,valuesoflog3atseedling,log5-6through theseason, andadramatic decrease
to log 3 at maturity. Gagne et al. (1987) observed no differences in alfalfa during
maturation.

Biodiversity
Inthe first field trial, based on alimited number of isolations from the stem, Pantoea
agglomerans andPseudomonasfluorescenswerethepredominant species (Chapter5).
In the second field trial based on a more extensive number of isolates in roots and
stems (570 isolates), Gram-negative endophytes represented 90% of the total
population {Pseudomonas sp., 54%; Pantoea agglomerans, 11% and
Stenotrophomonas maltophilia,8%). Arthrobacter sp. and Curtobacterium sp. were
the main Gram-positive endophytes and Bacillussp. were scarcely represented. The
predominance of Gram-negative endophytes has been often reported: in fruits and
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vegetables including peas (Samish et al, 1963), 84% of the population in xylem of
lemon-treeroots (Gardneretal, 1982),94%inalfalfa roots (Gagneetal, 1987), 75%
in corn and cotton roots and stems (Mclnroy and Kloepper, \995b), and 78% in
grapevine xylem (Bell et al, 1995). Lalande (1989) observed a different species
frequency incornroots, 88%Bacillussp.and 11%Pseudomonas sp.Mahaffee (1996)
studied soil, rhizosphere and endorhiza communities for the cucumber crop: in soil
Bacillus sp. represented 67% of the isolates and Pseudomonas sp. 4%; in the
rhizosphere, Bacillus sp. decreased to 17% with an increase of Pseudomonas sp. to
16.3%,whileintheendorhizaBacillus sp.were 15.6%andPseudomonas sp.8.5%.
The main endophyte groups reported are Pseudomoniaceae and Enterobacteriaceae
for many crops. Nevertheless, the high proportion of Pseudomonas sp. in the present
study (54%) compared to Mahaffee studies (8.5%) and Mclnroy and Kloepper (7%)
carried out in Alabama, may have been associated with temperature, with preference
of Pseudomonas sp. for cool conditions. Population levels of an introduced
endophytic Pseudomonasstrain in shoots and roots of tomato were higher for cool
conditions (Pillay andNowak, 1997)
Three bacterial groups were mainly detected at the flower stage confined to the
stem (Arthrobacter sp.,Ps. viridiflavaand Ps. syringae.pv. syringae). This suggests
they entered the plant through the aerial part after the seedling stage. Ps. corrugata
was only detected at the seedling stage and mainly in the roots (Chapter 6). B.
megaterium wasfound inthepea stem (Chapter 5)in one only of thefield blocks.In
the second field trial (Chapter 6), in a sandy soil, it was found at high populations
exclusively in one of the pea lines (JI2202). Hollis (1951) reported Bacillus
megateriumas an endophyte of potato whereas B. cereuswas more common in soil
andwasnotfound endophytically.

Plant genotype
Significant differences in population levels were observed at the pod stage between
cultivars, with cv. Twiggy the most highly colonized (Chapter 5). In a second year
field trial at a different location and using different cultivars, except for Twiggy,
differences inpopulationlevelsbetween cultivars were significant only atthe seedling
stage. Twiggy was the most highly colonized at the seedling stage and JI2202 at the
flower stage, however, JI2202 differed significantly only for the root, and the
interactionplantgenotypexplantpartwas significant.
Previous studies onthe influence of plant genotype on endophytic colonization are
controversial.Gagne etal.(1987) andPillay andNowak (1997) in alfalfa roots andin
tomato roots and shoots respectively did not find any plant genotype effect on
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endophytic colonization. Samish etal.(1961, 1963) and Adams and Kloepper (1998)
found differences between cultivars with several fruits and vegetables and cotton
cultivars respectively. Adams and Kloepper (1996) also reported that the occurrence
of seed-borne bacterial endophytes within and among cotton genotypes was not
necessarily related to cultivar type but was based on physiological and/or
morphological components.

Soiltype
At the seedling stage, light-clay soil, with a relatively low content of humus (2.7%),
gave significantly greater total endophyte counts than sandy and heavy-clay soils.At
the flower stage, counts were greater but not significant. Some differences in
biodiversity werealsoobserveddepending ofthesoiltype(Chapter6).
Samish et al. (1961, 1963) observed that endophytic bacteria may be isolated
abundantly in one field and rarely in another, with results varying greatly. When
cotton seeds were germinated in agar, populations were higher than in Promix (soilless potting medium) probably due to the potential effect of microbial competition,
moisture andnutrients availability (Mclnroy and Kloepper, 1995a).Addition of chitin
resulted in changes in the soil microflora and the endophytic bacterial community
(Hallmann etal.,1999).QuadtHallmann and Kloepper (1996)reported that chemical
composition and adsorption capacity of substrate can affect bacterial fitness and
motility. Mahaffee and Kloepper (1996) observed that colonization of Ps. fluorescens
and Enterobacterarburiae was greater in sandy soils.Bacillussubtilissubspglobigii
in cabbage roots, could be recovered for up to 28 days only when grown in
vermiculite, whilein the field they wererecovered the whole growing season (Wulff,
2000). Studies by Gagne et al. (1987) and Bell et al. (1995) reported no substrate
effect.

IsolationMedia
For the studies in the first field trial (Chapter 5), three isolation media were tested
which supported the growth of particular bacterial types: 5%TSA (for heterotrophic
types), R2A (for oligotrophic) and SC (for fastidious organisms). The medium 5%
TSAgave a significantly 17%higher plating efficiency than R2A and SC,equivalent
to an increase of 0.07 in log counts. Mclnroy and Kloepper (1991) found no
differences between full TSA, R2A and SC,but subsequently Mclnroy and Kloepper
(1995a) described significantly greaterpopulations onR2A and SCthan onfull TSA.
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Sturz etal.(1997)reported lowerpopulations onR2Athanfull TSA.Themedium5%
TSA was used by Adams and Kloepper (1996) for isolation of cotton endophytes. In
the studies duringthe secondfield trial 5%TSBA wasused, asit seemsto supportthe
growth ofwiderangeofendophyticbacterial speciesinpea.

Assaysondiseasereduction
Preliminary experiments on disease buffering by introduced endophytes (not reported
in this thesis), were conducted for six isolates derived from the first year field trial
(Chapter 5); seven biocontrol top isolates of the collection at Department of
Phytopathology, Auburn University, Alabama (courtesy Prof. J. W. Kloepper) and
severalcombinations ofthese 13 isolates.
Theseisolates were tested for antagonism invitroby spot inoculation on King's B
and TSBA media pour plated with 1% Ps. syr. pv. pisi race 2 suspension (ca 109
CFU/ml). They were also tested under glasshouse conditions together with the
chemicalinducers:Actigard,BABA(DL-B amino-n-butyric acid)and salycilic acidat
several concentrations. Several inoculation techniques for both the biocontrol agent
and the pathogen were tested. For the endophytes, seed inoculation with vacuum
infiltration, priming with 2% methylcellulose and 0.1% Silwet plus endophytic
suspension (ca 108CFU/ml),leaf inoculation and a soil drench weretested. Pathogen
challenge was usually made at the 4th node stage. Concentration of the pathogen
suspension was critical and it was necessary to find an optimal challenge with
sufficient concentration for the development of symptoms in theglasshouse assaybut
whichwasnot soaggressivethat thebiocontrol agent wasunabletoexert anoticeable
positive effect. In order to get symptoms consistently through wounding plus leaf
spraying,itisnecessary touseaconcentration ofatleast 107CFU/ml.
In a series of three experiments disease reduction was consistently observed for
Actigard (0.40mg/ml),however, therewas alsoareduced fresh weight atthe seedling
stage. A combination of isolate S321 (Ps. fluorescens) and isolate S355 (Bacillus
pumilus)gavethebestperformance withthehighestdiseasereduction(adiseaseindex
of 0.38 compared to 1.2 of the disease control).Isolate S355 also showed the highest
antagonism invitroofthe 13isolatestested individually.
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TOWARDS A DURABLE AND SUSTAINABLE CONTROL OF PEA
BACTERIALBLIGHT
Durablegeneticresistance
Durability of resistance is a primary concern for breeders. Durable resistance can be
defined simply as resistance that lasts a long time. Absolute proof of durable
resistance is therefore not possible. According to Johnson (1979), recognition of
durable resistance is a retrospective judgement and can only be recognized in those
linesthathavebeenwidely grownfor areasonably longperiod.Parlevliet andZadoks
(1977) stated that differences in durance of resistance result from the inability of the
pathogen population to have the required gene or genes, or from the inability to
exploit the gene or genes that arepresent in low frequencies. Stability of resistance is
assumed to be highest when many resistance genes and pathogenicity genes are
involved, and when recombination in the pathogen is restricted. However, durable
resistance can also be under simple genetic control. Stability results from the absence
of a gene-for-gene relationship, sothat changes in a number of parasite genes would
berequiredtoovercometheeffects ofasinglehostresistancegene(Crate, 1985)
Race specific resistance controlled by single genes is readily handled in breeding
programmes and is generally expressed as a hypersensitive reaction. A serious
disadvantage isthe sudden appearance ofnewraceswhich,either following mutation,
ormorelikelyfrom existing small virulent populations increaserapidly in responseto
the selection exerted by genes for high resistance (Wood, 1982).Nevertheless, genes
for race specific resistance are a valuable natural resource if they are used within a
diverse background and, if possible, are used in combination with race non-specific
resistance (Robinson, 1971). The two different types of disease resistance found in
natural populations (race specific and race non-specific resistance) are not inevitable
alternatives (Burdon, 1996). Clifford (1975) stated:'in common with other workers,
the author accepts the convenience of cataloguing resistance in two types. Nature, I
amsure,neverintended this division'.
Hayes (1973) indicated that 'the incorporation of the best available genes for race
specific resistance into genotypes having the highest possible level of race nonspecific resistance provides the best long term solution especially in the light of the
indication that major genes themselves may exhibit a 'ghost' effect when present in
backgroundswithmoderate tohighlevelsofnon-specific resistance'.
Race specific resistance to pea bacterial blight has been defined on the basis of a
gene-for-gene relationship. However, the test for resistance was based on plant
responses to stem inoculation. The differential responses in other plant parts (Chapter
4) needs more investigation, especially on genetic control, nevertheless findings
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obtained in this study provide much relevant information which needs to be
considered when establishing a breeding programme. Resistance with a consistent
performance in the leaf/pod to races 3,4 and 6 can not be achieved with single race
specific resistance genes orrace non-specific resistance, however, the combination of
race specific genes R3+R4 with their additive effect provides leaf/pod resistance to
races3and4.Race6isnotasaggressiveintheleaf asrace4,andthesusceptibilityof
P. abyssinicum to race 6 under field conditions is relatively low (Chapter 4).
Resistance in the stem to all races is provided by race non-specific resistance, which
can be reinforced by the combination of race specific resistance genes. Race 4 is the
mostaggressiveraceandbothracespecific andnon-specific resistances are 'leaky' on
some instances, however, it is expected that the combination of both types of
resistance will reduce this partial susceptibility. It has been shown that race specific
genes (Chapter 3) exert a 'ghost effect' on resistance to race 6. Screening for race
specific genes R2, R3 and R4 can generally be performed by pathogenicity tests and
reactionseasily scored.Screening for racenon-specific resistanceismoredifficult and
theuseofmolecular markersisrecommended inselectingfor thistrait.
For the Spanish situation, the pea cultivars used on relatively large farms are
mainly imported and many of them are not well adapted to Spanish agronomic
conditions. The research group at Servicio de Extenxion Agraria, Valladolid, have
worked on the development of new cultivars ('Cea' and 'Esla') better adapted to
Spanish growing conditions. However, both are susceptible to races 4 and 6 of
bacterial blight. Progenies of crosses between these cultivars and resistant F5s
carrying race non-specific resistance and race specific resistance genes are now
available(Chapter3).

Biocontrolbyendophyticbacteria
Factors such as soil orplant genotype may affect colonization by endophytic bacteria
(Chapters 5 and 6). Changes in these factors will potentially influence the
performance of the introduced endophyte. Recent studies show an increasing interest
for the relationship between the plant genotype and the efficiency of colonization by
beneficial bacteria. Sturz etal.(2000) suggested that selectingfor yield characteristics
and disease resistance is likely to have a collateral effect on selection for hostendophyte interaction. Siciliano and Germida (1999) reported that the composition of
the root bacterial community of canola differed between transgenic and nontransgenic cultivars, and this cultivar effect was more pronounced in the root interior
compared to the rhizosphere community. A significant variation was found among a
recombinant inbred population of tomato on supression of Pythium torulosumby
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Bacilluscereus andalsoasignificant variation forresistancetoP.torulosum (Smithet
al.,1999).Cultivar-specific ofthegrowthpromoting effect byendophyticbacteriahas
beendescribed (Bensalimetal.,1998).Ithasbeen showninthepresent studythatpea
genotypemayaffect significantly endophyticpopulations.
Although endophytes are less exposed to fluctuations in environmental conditions
thanepiphytes,changesinthemicroflora of soil,root and aerialepiphytic populations
may also affect endophytic colonization. Interactions between internal and external
microfloral populationshavebeen described (Sturz andChristie, 1995;Shishido etal.,
1995).Pillay andNowak (1997) reported anegative effect of high temperature onthe
population of an endophytic Pseudomonas strain in tomato roots. Therefore, it is
importanttouseasbiocontrol agentsthosemicroorganisms indigenoustothe soilsand
plantsoftheregion.Aselection of indigenous endophytes strains originating from the
pea field trials (Chapter 5 and 6) and shown to be effective colonizers should be
introduced in the plant and screened for biocontrol of Ps. syr. pv. pisi under field
conditions. Candidates are isolates S319, S321 and S355 which showed disease
reductioninplantaunderglasshouse conditions
Thepotentialusefor biocontrol of avirulent strains ofthepathogen wasintended to
be studied with the L-form of Ps. syr. pv. pisi. This type of research is still in a
preliminary phase and in this thesis only an improved procedure for the induction of
L-form cells invitroisreported (Chapter 7). Thiswas shown tobe acomplex process
andbecause of their fragility andthepossibility of reversion, practical applications in
commercialpeacultivation arestillveryspeculative.
Bacteria from the phylloplane have provided some biological control (Andrews,
1990;Wilson andLindow, 1993),however,themajority ofbacterialbiocontrol agents
have been selected from among the rhizobacteria (Beauchamp, 1993). Most of these
epiphytic biocontrol agents have not fulfilled their initial promise due to poor
rizosphere competence and instability of these agents in long-term culture (Sturz et
al.,2000).Internal plant tissues are amore protected environment than plant surfaces
where exposure to extreme environmental conditions and microbial competition are
major factors limiting long-term bacterial survival. Bacterial endophytes could
partiallyovercometheseconstrainsfor aconsistentbiocontrol performance.

Futureresearch:Potential integrationofgeneticresistanceandbiocontrol
The information and materials developed in this genetic study should enable the
deployment of abroad based and likely durable resistance to bacterial blight intopea
breeding programmes using current technologies. In particular, this resistance should
permit the growing of winter peas in regions where the disease is at present a major
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constraint. With the likely future development of transformation in peas it should be
possible to transfer numbers of genes into arange of pea cultivars without the need for
time consuming backcross programmes. This use of GM technology should be
acceptable since only indigenous Pisum genes would be involved.
This study has resulted also in an understanding of the ecology of endophytic
bacteria in pea and the selection of indigenous effective colonizers. It has shown that
it is necessary to be aware of factors such as soil type and plant genotype when aiming
for a biocontrol programme with a consistent practical application under field
conditions.
Integration of genetic resistance (race specific and race non-especific) with
endophytic bacteria are complementary measures for the control of pea bacterial
blight. Furthermore, it is expected that biocontrol will enhance durability of the
genetic resistance by the reduction of the pathogen population in a race non-specific
manner.

REFERENCES
Adams, P.D. and Kloepper, J.W. 1996. Seed-borne bacterial endophytes in different cotton
cultivars.Biodiversity 86(11):S97.
Adams, P.D. and Kloepper, J.W. 1998. Effects of plant genotype on populations of
indigenous bacterial endophytes of nine cotton cultivars grown under field conditions.
Phytopathology 88:S2.
Andrews, J.H. 1990. Biological control in the phyllosphere: realistic goal or false hope?
CanadianJournal of PlantPathology 12:300-307.
Baranyi, M., Greihulber, J. and Swiecicki, W.K. 1996 Genome size in Pisum species.
Theoretical andApplied Genetics 93: 717-721.
Beauchamp, C.J. 1993. Mode of action of plant growth-promoting rhizobacteria and their
potentialuseasbiologicalcontrol agents.Phytoprotection 71: 19-27.
Bell, C.R., Dickie, G.A., Harvey, W.L.G. and Chan, J.W.Y.F. 1995.Endophytic bacteria in
grapevine.CanadianJournal ofMicrobiology 41: 46-53.
Bensalim, S., Nowak, J. and Asiedu, S. 1998.Aplant growth promoting rhizobacterium and
temperature effects on performance of 18clones of potato. American Journal of Potato
Research 75: 145-152.
Bevan, J.R., Taylor, J.D., Crute I.R., Hunter, P.J. and Vivian, A. 1995. Genetics of specific
resistance in pea (Pisumsativum)cultivars to seven races of Pseudomonas syringaepv.
pisi.PlantPathology44:98-108.
Blixt,S. 1972. MutationgeneticsinPisum. AgriHortiqueGenetica30: 1-293.
Burdon,J.J. 1996.Theroleofrace specific resistanceinnaturalplantpopulations. Oikos76(2):

159

160

Chapter 8

411-416.
Century, K.S., Holub, E.B. and Staskawicz, B.J. 1995.NDR1,a locus ofArabidopsis thaliana
thatisrequiredfor diseaseresistancetobothabacterialandafungal pathogen.Proceedings
oftheNationalAcademyofSciences,USA92: 6597-6601.
Clifford, B.C. 1975.Stableresistancetocerealdiseases:problems andprogress.Rep.WelshPI.
Breed.Stan.1974:107-113.
Crute,I.R. 1985. Thegenetic basesof relationships betweenmicrobial parasites andtheirhosts.
InFraser,R.S.S.(ed.)Mechanisms ofResistancetoplant diseases.MartinusNijhoff/Dr W.
JunkPublishers,Dordrecth.pp.80-142.
Dangl, J.L. 1995 Piece de resistance: novel classes of plant disease resistance genes. Cell 80:
363-366.
Day,P.R. 1974.Geneticsofhost-parasiteinteraction.W.H.Freeman,SanFrancisco,238pp.
DeBoer, S.H. andCopeman,R.J. 1974.Endophyticbacterial flora inSolarium tuberosum and
its significance in bacterial ring rot diagnosis. Canadian Journal of Plant Science 54:
115-122.
Ellis, T.H.N., Poyser, S.J., Knox, M.R., Vershinin, A.V. and Ambrose, M.J. 1998.
Polymorphism of insertion sites of Tyl-copia class retrotransposons and its use for
linkageanddiversityanalysisinpea.Molecular andGeneral Genetics260(1):9-19.
Freialdenhoven, A., Scherag, B.,Hollricher, K., Collinge, D.B.,Thordal-Christensen, H. and
Schulze-Lefert, P. 1994. Nar-1 and Nar-2, two loci required for A/Za/2-specified race
specific resistance topowderymildew inbarley.ThePlantCell6:983-994.
Freialdenhoven, A., Peterhansel, C, Kurth, J., Kreuzaler, F. and Schulze-Lefert, P. 1996.
Identification of genes required for the function of non-race-specific mlo resistance to
powderymildewinbarley.ThePlantCell 8:5-14.
Freisleben, R. and Lein, A. 1942. Uber die Auffindung einer mehltauresistenten Mutante
nach Rontgenbestrahlung einer anfalligen reinen Linie von Sommergerste.
Naturwissenshaften 30:608.
Gagne, S., Richard, C. and Antoun, H. 1987. Xylem-residing bacteria in alfalfa roots.
CanadianJournalofMicrobiology 33:996-1000.
Gardner, J.M., Feldman, A.W. and Zablotowicz, R.M. 1982. Identity and behaviour of
xylem-residing bacteria in rough lemon roots of Florida citrus trees. Applied and
Environmental Microbiology 43: 1335-1342.
Gentry,H.S. 1971.PeapickinginEthiopia.PlantGeneticResourcesNewsletter 26:20-22
Govorov, L.I. 1930 The peas of Abyssinia. A contribution to the problem of the origin of
cultivated peas.Essay II.BullApplBotGenetPIBreed24(2):420-431.
Hallmann, J., Rodriguez-Kabana, R. and Kloepper J.W. 1999. Chitin-mediated changes in
bacterial communities of the soil, rhizosphere and within roots of cotton in relation to
nematodecontrol. SoilBiologyandBiochemistry 31: 551-560.
Hammond-Kosack, K.E., Jones, D.A. and Jones, J.D.G. 1994. Identification of two genes

General Discussion

161

required intomato for full Cf-9dependent resistance to Cladosporiumfulvum. The Plant
Cell6:361-374.
Hayes,J.D. 1973.Prospects for controlling cereal disease bybreeding for increased levelsof
resistance.AnnalsofApplied Biology 75: 140-144.
Hollaway, G.J.and Bretag, T.W. 1995. Occurrence and distribution of races ofPseudomonas
syringae pv.pisiinAustraliaandtheirspecificity towardsvariousfieldpea(Pisumsativum)
cultivars.AustralianJournalofExperimentalAgriculture35:629-632.
Hollis,J.P. 1951.Bacteriainhealthypotatotissue.Phytopathology 41:350-366
Hunter, P.J. 1996.Study of Isoenzyme and RAPD Markers for Genetic mapping inPisumand
Phaseolus. PhDthesis,SchoolofBiologicalSciences,UniversityofBirmingham.
Jacobs, M.J., Bugbee, W.M. and Gabrielson, D.A. 1985. Enumeration, location and
characterization ofendophyticbacteriawithin sugarbeetroots.CanadianJournalof Botany
63: 1262-1265.
Johnson,R. 1979. Theconceptofdurableresistance.Phytopathology 69: 198-199.
Khush, G.S.,Bacalangco,E.andOgawa,T. 1991.Anewgenefor resistance tobacterial blight
from Oryza longistaminata. RiceGeneticsNewsletter7: 121-122.
Kumar,A. 1996. Theadventuresofthe Tyl-copiagroupofretrotransposons inplants.Trednsin
Genetics 12(2):41-43.
Lalande, R., Bissonette, N., Coutlee,D. and Antoun, H. 1989.Identification of rhizobacteria
from maize and determination of their plant-growth promoting potential. Plant and Soil
115:7-11.
Mahaffee, W.F. 1996. Biological studies of rhizobacteria. PhD Thesis, Graduate Faculty of
AuburnUniversity, Alabama.
Mahaffee, W.F.andKloepper, J.W. 1996.AuburnUniversity,Alabama,unpublished data.
Mclnroy,J.A. andKloepper, J.W. 1991. Analysis of population densities andidentification of
endophytic bacteria of maize andcotton in the field. In Kell, C, Koller, B.and Defago,
G. Plant Growth Promoting Rhizobacteria, Progress and Prospects.IOBC/WPRS Bull.
XIV/8.pp.328-331.
Mclnroy, J.A. and Kloepper, J.W. 1995a. Population dynamics of endophytic bacteria in
field-grown sweetcornandcotton.CanadianJournalofMicrobiology 41: 895-901.
Mclnroy, J.A. and Klopper, J.W. 1995ft. Survey of indigenous bacterial endophytes from
cottonand sweetcorn.Plant andSoil 173: 337-342.
Misaghi, I.J. and Donndelinger, C.R. 1990. Endophytic bacteria in symptom-free cotton
plants.Phytopathology 80:808-811.
Nover, I. 1968. Eine neue, fur die resistenzzuchtung bedeutungsvolle rasse von Erysiphe
graminisDC.f. sp.hordei. MarchalPhytopath. Z.62: 199-201.
Parlevliet, J.E. and Zadoks, J.C. 1977. The integrated concept of disease resistance; a new
viewincludinghorizontal andverticalresistance inplants.Euphytica 26: 5-21.
Parker, J.E., Holub, E.B., Frost, L.N., Falk, A., Gunn, N.D. and Daniels, M.J. 1996.

162

Chapter 8

Characterization of edsl, a mutation in Arabidopsis suppressing resistance to
Peronosporaparasitica specified by several different RPP genes. The Plant Cell 8:
2033-2046.
Pillay , V.K. and Nowak, J. 1997.Inoculum density, temperature and genotype effects onin
vitro growth promotion and epiphytic and endophytic colonization of tomato
(Lycopersicum esculentum L.) seedlings inoculated with pseudomonad bacterium.
CanadianJournal ofMicrobiology 43: 354-361.
Pryor, A.J. 1987. The origin and structure of fungal disease resistance in plants. Trends in
Genetics 3: 157:161.
Quadt-Hallmann, A. and Kloepper, J.W. 1996. Immunological detection and localization of
the cotton endophyte EnterobacterarburiaeJM22 in different plant species. Canadian
Journal ofMicrobiology 42: 1144-1154.
Reeves,J.C., Hutchins J.D. and Simpkins, S.A. 1996.The incidence of races ofPseudomonas
syringae pv.pisi in UK pea (Pisum sativum) seed stocks, 1987-1994. Plant Varieties and
Seeds9: 1-8.
Robinson, R.A. 1971. The value of vertical resistance in agriculture. In Mutation breeding for
diseaseresistance.InternationalAtomicEnergyAgency,Vienna.
Saccardo,F. 1971.Crosses amongPisumspecies.PisumNewsletter 3:38.
Salmeron,J.M.,Barker, S.J., Carland, F.M.,Mehta,A.Y.and Staskawicz, B.J. 1994.Tomato
mutants altered in bacterial disease resistance provide evidence for a new locus
controllingpathogen recognition.ThePlantCell6:511-520.
Samish, Z., Etinger-Tulczynska, R. and Bick, M. 1961 Microflora within healthy tomatoes.
Journalof Microbiology 9:20-25.
Samish, Z., Etinger-Tulczynska, R., and Bick, M. 1963.The microflora within the tissue of
fruits andvegetables.Journal ofFood Science 28:259:266.
Schmit, J. 1991. Races of Pseudomonassyringae pv. pisi. Occurrence in France and host
specifity towards winter and spring cultivars of protein peas. Proceedings of the 4th
InternationalWorkingGrouponPseudomonassyringaePathovars,pp.256-262.
Schmit, J., Taylor, J.D. and Roberts, S.J. 1993 Sources of resistance to pea bacterial blight
(Pseudomonassyringae pv. pisi) in pea germplasm. Abstracts of the 6th International
CongressofPlantPathology, Montreal,pp. 180.
Smith, K.P., Handelsman, J., and Goodman, R.M. 1999. Genetic basis in plants for
interactions with disease-suppressive bacteria. Proceedings of the National Academy of
ScienceUSA96:4786-4990.
Siciliano, S.D. and Germida J.J. 1999. Taxonomic diversity of bacteria associated with the
roots of field-grown transgenic Brassica napus cv. Quest, compared to the nontransgenic B. napus cv. Excel and B. rapacv. Parkland. FEMS Microbial Ecology 29:
263-272.
Sishido,M., Loeb, B.M. and Chanway, C.P. 1995.External and internal root colonization of

General Discussion

lodgepole pine seedlings by two growth-promoting Bacillus strains originated from
different rootmicrosites.CanadianJournal ofMicrobiology 41:707-713.
Sturz,AV.andChristie,B.R. 1995.Endophyticbacterialgrowthgoverning redclover growth
anddevelopment. Annals ofApplied Biology 26:285-290.
Sturz, A.V., Christie, B.R., Matheson, B.G. and Nowak, J. 1997.Biodiversity of endophytic
bacteria which colonize red clover nodules, roots, stems and foliage and their influence
ongrowth.Biol.Fertil.Soils25:13-19.
Sturz, A.V., Christie, B.R. and Nowak, J. 2000. Bacterial endophytes: potential role in
developing sustainable systems of crop production. Critical Reviews in Plant Sciences
19(1): 1-30.
Swords, K.M.M., Dahlbeck, D., Kearney, B., Roy, M. and Staskawicz, B.J. 1996.
Spontaneous and induced mutations in a single open reading frame alter both virulence
and avirulence in Xanthomonas campestris pv. vesicatoria avrBs2. Journal of
Bacteriology 178:4661-4669.
Swords, K.M.M., Liang, J. and Shah, D.M. 1997. Novel approaches to engineering disease
resistance in crops.In Stlow,J.K. (ed) Genetic engineering, Vol. 19,Plenum Press,New
York.pp. 1-13.
Taylor, J.D., Bevan, J.R., Crute, I.R. and Reader, S.L. 1989 Genetic relationship between
races of Pseudomonas syringaepv.pisi and cultivars ofPisumsativum.Plant Pathology
38:364-375.
Torp, J. and J0rgensen, J.H. 1986. Modification of barley powdery mildew resistance gene
Mia 12byinducedmutation.CanadianJournalofGenetics andCytology 28:725-731.
Vanderplank, J.E. 1982. Host-pathogen interactions in plant diseases. Academic Press, New
York&London.207pp.
Van Vuurde, J.W.L., Clerks, A.C.M. Elvira-Recuenco, M. and Put, H.M.C. 1996. Procedure
for selecting stemsfor inplanta studies onendophytic andpathogenic bacteria with SEM.
Proceedings of the 9th International Conference on Plant Pathogenic Bacteria, Chennai,
Madraspp.181-185.
Vavilov, N.I. 1992. Origin and geography of cultivated plants. Press Syndicate of the
University of Cambridge.
Von Rosen, G. 1944Artkreuzungen inder gattung Pisum.Insbesondere zwischen P.sativum
L.undP.abyssinicumBraun.HereditasXXX:261-400.
Westphal, E. 1972. Pulses in Ethiopia, their taxonomy and agricultural significance. Versl
Landbowkundl Onderzoek,Wageningen,TheNetherlands.
Wilson, M.andLindow, S.E. 1993.Release of recombinant microorganisms. Annual Review
ofMicrobiology 47:913-944.
Wood, R.K.S. 1982. Man-made and natural resistance. Proceedings of International
Conference PlantProtection inthetropics,pp.49-63.
Wulff, E.G. 2000. The use of antagonistic endopohytic bacteria for controlling black rot of

163

164

Chapter 8

Brassica sp. in Zimbabwe. PhD Thesis, The Royal Veterinary and Agricultural
University, Copenhagen, Denmark.

Summary

166

Summary

Peabacterial blight (Pseudomonas syringae pv.pisi) occurs worldwide, mainly under
coolandwetconditions.Although considered of moderateimportance,thewholecrop
can be lost when damage is caused at the seedling stage, particularly in winter sown
crops. Disease control measures used include disease avoidance through seed testing
and the deployment of resistant cultivars with race specific resistance genes. The
frequency of occurrenceof specific racesof Ps.syr.pv.pisi varies geographically and
there seems to be a negative correlation with the frequency of matching race specific
resistance genes. An increasing incidence of race 6 has been reported, for which at
present there are no resistant cultivars available. Development of alternative methods
of control and integration of control measures are necessary for a more effective and
durable control of this disease. In the present study two major approaches have been
investigated: (1) agenetic approach, through the study of race non-specific resistance
present in Pisum abyssinicum, which confers stem resistance to all races of the
pathogen, its mode of inheritance and introgression into commercial cultivars of P.
sativum in combination with race specific resistance; (2) a biological control
approach,through the study of theecology ofbacterial endophytes from pea and their
potentialuseasbiocontrol agentsofpeabacterialblight.

GENETICRESISTANCE
Resistance topeabacterial blightinSpanishPisum sativum germplasm
Resistance to pea bacterial blight in Spanish Pisumsativumgermplasm was screened
to study frequency of race specific resistance (R) genes and identify potential new
sources of resistance. Screening was done by inoculation with seven Ps. syr.pv.pisi
races onto ten landraces originating from different geographical areas of Spain and
considered to be representative of the traditional pea crop in Spain. Resistance
phenotypes exhibited bythedifferent landraces mainly conformed tothose previously
described in pea cultivars and corresponded to the established genotypes R3, R2+R3,
R3+R4,R2+R3+R4.Theexception wasthelandraceZP-0109, agenetic mixturewith
some partial resistance to race 6, with some evidence of the presence of the poorly
documented R genes, R5 and/or R6. The most common resistance gene was R3,
present in all the landraces. R4 was present in four and R2 in three of the landraces
tested.Nonewascompletely susceptibleorresistanttoallraces.
In addition, genetic diversity for resistance to Ps. syr.pv.pisi was compared with
diversity for five morphological traits selected as being largely independent of
environmental influences: flower colour,primary seedcolour, shapeof seed,degreeof
pod curvature and shape of pod tip. Variation for resistance within landraces was
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generally low (less than 10% for seven of the landraces). The same landraces that
showed higher variation for resistance also showed variation for morphological traits.
Landrace ZP-0109 appeared to be highly diverse for all the characters studied. This
study also represents the first published record of the presence of Ps. syr.pv.pisi in
Spain from a collection of 16 isolates originating from the Northwest of Spain
(Valladolid),eightbeingidentified asrace6andeightasrace4.

Race non-specific resistance to pea bacterial blight derived from Pisum
abyssinicum
Inheritance of potential race non-specific resistance (RNSR) to pea bacterial blight
derived from Pisumabyssinicum was studied through acrossing programme between
two P.sativumcultivars ('Kelvedon Wonder' and 'Fortune') and two P. abyssinicum
accessions (JI2202 andJI1640). 'K. Wonder' is susceptible to allraces of Ps.syr.pv.
pisi, 'Fortune' is resistant to all races except race 6 (with race specific genes R2,R3
and R4), and JI2202 and JI1640 are resistant/partially resistant to all races, including
race 6. Screening for resistance of progenies was done by stem inoculation with race
6.
The Fl generation was generally susceptible as expected. There were reciprocal
differences in Fl plant fecundity, which was lower for crosses involving P.
abyssinicum asthefemale parent. Segregation ratios inF2s derived from crosseswith
'K. Wonder' were predominantly 1:3 Resistant:Susceptible (R:S), (P>0.05). The
segregation ratio for the morphological marker plant height was as expected, 3:1
TalhDwarf (T:D), (P>0.5) The exception was the cross JI2202 x KW, which did not
fit the 1:3 R:S, nor the 3:1 T:D and also had a lower Fl fertility. F2s derived from
crosses with 'Fortune' behaved somewhat differently, with a higher number of
resistantplantsthanincrosseswith 'K. Wonder'.
Segregationpatterns atF3didnotconform totheexpected segregations for asingle
recessive gene. F3 plants produced from selected resistant and susceptible F2s
segregated in a complex pattern conforming to a series of ratios: three segregating
categories (13:3, 1:1,3:13R:S)for F3sderivedfrom resistantF2s andtwo segregating
categories (1:1, 3:13 R:S) oruniformly susceptible for F3s produced from susceptible
F2s. For F3s derived from unselected F2s, the same segregating categories were
observed, except that in this case two families were found to be uniformly resistant,
however,therelatively lownumbers ofplantscould notpreclude ahidden 13:3.From
both sets of data the three observed segregation ratios were present in progenies
derivedfrom thesameFl plants.
F5 families were produced from resistant selections at F2 and F3 based on the
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preponderance of resistant plants in F3families, however, atthetime these selections
weremadeitwasnot yetrecognized thatthesefamilies conformed toaF3 segregation
ratio of 13:3 R:S. Twenty-seven out of thirty families were uniformly resistant.
Selected F5resistantplants,based onstrongresistantresponses andnowater-soaking,
were crossed with the parental lines, with commercial cultivars: Solara (with race
specific resistance geneR3),Belinda (R3),Cea (R3),Esla(R3),Frisson (R2andR3),
'Fortune' (R2, R3 and R4), Ballet and Orb (unknown resistance), and with the
accessionJI15 (Rl).
Thepresence in 'Fortune' of race specific resistance genes which confer resistance
toallracesofPs.syr.pv.pisi exceptrace6appearedtoenhanceresistancetorace6in
crosseswithP.abyssinicum. Thiscouldbeobserved asanexcess ofresistantplantsat
F2 compared with crosses involving 'K. Wonder'. The only two families that were
apparently uniformly resistant at F3 were both derived from the crosses with
'Fortune'.
An apparent linkage of dwarfing habit with resistance was observed. The number
of plants that were dwarf and resistant at F2 was higher than would be expected for
independent assortment. However, for only one cross (JI2202 x FORT) did a
significant probability value indicate linkage.ForF3sproduced from selected F2s,all
the plants belonging to F3 families of the 13:3 R:S category were either uniformly
dwarf or segregating for height but not uniformly tall. At F5, 22 out of 27 of the
uniformly resistantfamilies wereuniformly dwarf.
Duetothe complexity of the segregation patterns, amolecular approach wastaken
to elucidate possible genetic control. This was done using a Tyl-copia group
retrotransposon of pea (pea dispersed repeat number 1, PDR1) and SSAP (sequence
specific amplification polymorphism) markers. Amplification products of P.sativum
parental lines wereshowntobesimilartothoseobtained from awell characterized P.
sativum cultivar (JI399) while the two P. abyssinicum lines were identical to
previously characterized P. abyssinicum accessions. Screening for markers in
segregant F3, F4, and F5 populations was aimed at single plants that were
homozygouseitherfor resistanceor susceptibility.
Three markers cosegregating with resistance and three with susceptibility were
identified. All the plants tested in which the three abyssinicum markers were present
andthesativum markerswereabsent wereresistant.Theseplantsmainly derived from
resistant selections from the 13:3 R:S F3 category. However, half of the plants in
which someoftheP.sativummarkers werepresent, werederivedfrom the 1:1 or3:13
R:Scategories.Linkage intensity wasestimated considering asinglegroupof markers
(resistance as monogenic recessive) and recombination frequencies were estimated
treating F2 and RI models as upper and lower bounds. This analysis suggested that
these six markers lie within ca25 cM of the locus which is the major determinant of
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resistance; however, itispossible that some of thephenotypic scores were influenced
by modifier loci.Twoof theP.sativummarkers were mapped using tworecombinant
inbred populations (JI15xJI399 andJI281 xJI399), locating the susceptible allele to
linkage group Vin P.sativum. The distance between these two markers was difficult
toestimateduetothedifferent recombination frequency from thetwocrossesbutthey
are probably 20 cM apart. The alleles r (wrinkled seed),pa (foliage colour), or det
(determinate growth) could be used as classical markers for the introgression of the
resistancetrait.
According to the results described above the proposed model of inheritance is
based on amajor recessive genepresent inPisumabyssinicum and a set of modifers,
mostlikelytwo,whichcouldbepresentinP.abyssinicum and/orP. sativum.

Responses to pea bacterial blight in different plant parts: glasshouse and field
studies
Resistance to pea bacterial blight has usually been screened using a stem inoculation
technique on the assumption that responses would be the same in other plant parts.
However, observations of stem inoculations very close to thejunction of the stipule
withrace3onacultivar carrying R3,sometimes showed awater-soaked (susceptible)
response spreading into the stipule while the stem showed the expected necrotic
(resistant) response. More extensive studies were therefore undertaken to determine
the extent of the differential responses to the seven races of pea bacterial blight in
stems, leaves and pods. Experiments were performed under glasshouse conditions
using arangeofpeaaccessions (P.sativumandP.abyssinicum) carrying either single
racespecific genesorvarying combinations ofracespecific genesorrace non-specific
resistance.
It was shown that a resistant response in the stem was not always associated with
resistance in leaf and/or pod. This was observed for both the race specific and nonspecific cases. Race specific resistance genes conferred resistance in the stem in a
consistent manner, however, there was a variability in leaf and pod responses which
depended of the matching R-gene and A-gene (avirulence gene in the pathogen)
combination. Race specific resistance gene R2 generally conferred resistance in all
plant parts toraces 2,5and 7 (each of which carry A2).Resistance genes R3 andR4
individually did not, inmost cases,confer complete leaf andpod resistance, however,
R3 in combination with R4 had an additive effect in the resistance. Accessions
carrying race non-specific resistance were resistant to races 2, 5, and 7 in all plant
parts and resistant in the stem but with variable resistance/susceptibility in leaf and
pod to races 1, 3, 4, and 6. This suggests that race non-specific resistance does not
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alwaysexpressinleaf andpodandthatJI2202andJI1640mightcarryalsoR2.
In addition, the effects of environmental conditions on resistance expression were
studied in the field in the autumn/winter of 1998-99.The experiment was made with
pot grown plants of 'K. Wonder', JI2202 and JI1640 inoculated with the three most
important races: 2, 4 and 6. Inoculation was done by spraying the bacterial
suspensions but without previous wounding in an attempt to simulate natural
infection. Eight weeks after inoculation, all 'K. Wonder' plants were dead while P.
abyssinicum plants were alive and in generally good condition, although plants
inoculated withrace4 showed some stemsnapping.Frost damage was moreseverein
'K.Wonder' than inP.abyssinicum andsincefrost damage isreported asafactor that
favours infection, frost toleranceinP.abyssinicum constitutesacomplementary factor
for disease reduction in winter sown crops. Race 4 was shown to be the most
aggressive race both in the glasshouse and under field conditions. The leaf
susceptibility of P. abyssinicum to race 6 was much less obvious under field
conditions.This suggests that the combination of race non-specific resistance from P.
abyssinicum with the race specific genes R3+R4 could provide a very potent
combination evenunderautumn/winterconditions.

POTENTIAL FOR BIOCONTROL
ENDOPHYTIC BACTERIA

BASED

ON

ECOLOGY

OF

Detectionofindigenousendophyticbacteria inpeacultivars
Thenatural incidence of endophyticbacteriainpeastems andprocedures for isolation
were studied in a field variety trial in the south of the Netherlands. A fast screening
technique for the detection of indigenous endophytic bacteria in pea stems was
developed involving printing on 5% TSA (Trypticase Soy Agar) of stem crosssectionsthatwerepreviously surface disinfested with 1%available chlorineplus 0.1%
Tween 80for 5min.Eleven cultivars attheflower stagewere screened from the stem
basetothe apex.The printing of cross-sections gave a semi-quantitative indication of
thepopulationlevels.Forfive cultivarsendophytic colonization wasdetected,withcv.
Twiggy showing the highest and most consistent colonization, differing significantly
from othercultivars.Cv.Twiggy wasexamined further bytestingtwentyplantsatthe
podstageusingtheprintingtechniquefrom thestembasetotheapex.Inaddition,one
section from the third and the fourth internode was surface disinfested, homogenized
and spiral plated on three media (5% TSA for herotrophic bacteria, R2A for
oligotrophic and SC for fastidious). Endophytic populations decreased acropetally.
Populations varied intherange 103to 107CFU/gfresh stemtissue,beingusually from
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104to 10 CFU/g.Populations inoneofthefield blocksdiffered significantly from the
other blocks. Over a series of 30 stem extracts, recovering efficiency was 17%
significant higher for 5%TSA than for R2A and SC.Themain species were Pantoea
aggloemeransand Pseudomonasfluorescens.Ps. viridiflavawas mainly detected in
onefield block andBacillus megaterium exclusively in thisblock. The efficiency and
reliability of the printing technique were compared with the traditional plating
method. The relationship between counts in prints and CFU/g by spiral plating
showed thatprinting on5%TSAisagood method for semi-quantitative estimationof
populationsinpeastemscontaining 104to 107CFU/gfresh stemtissue.

Factorsinfluencing endophyticbacterialpopulationsinpea
Plant genotype apparently plays a role on the indigenous endophytic bacterial
populations in pea. Further studies on the effects of cultivar type was combined with
studies on endophytic colonization related to soil type, growth stage of the crop and
plant part at three field sites in the central-east of the Netherlands with different soil
characteristics (texture, organic matter content and pH). The pea lines were four P.
sativum cultivars with a variety of commercial purposes: Solara, Norli, 'Fortune'
(parental line in the crossing programme), and Twiggy (the cultivar with highest
endophytic colonization );and oneP. abyssinicum accession, JI2202 (parental line in
thecrossingprogramme).Ateach site,thereweretwofields with twoblocksper field
andfive plotsperblock, corresponding toarandomized completeblockdesign.Plants
were sampled at seedling and flower stage. Root and stem parts were processed
pooled (from 5plants) or individually by surface disinfestation and spiral plating on
5% TSBA. Characterization of bacterial types was done using the BIOLOG system
andfatty acid profiling. Bacterial counts were analyzed using therestricted maximum
likelihoodmethods (Genstat5)andWaldstatistics.
Attheseedlingstage,nointeractions weredetectedand significant differences were
observed for soil type, pea genotype and plant part (root-lower stem). The highest
colonization at the seedling stage for each factor considered independently was
detected in light clay, cv. Twiggy, and in roots. At the flower stage, the interactions
plant genotype x plant part (pooled samples) and location x plant part (individual
samples) were significant. There were no significant differences between locations or
peagenotypes.Light-clay soil gave thehighest counts inroots and stems.JI2202 was
the highest colonized pea genotype at the flower stage. Populations in roots or lower
stems were significantly higher than in upper stems. An increased average level of
endophytes was found at the flower stage (from log 5.14 CFU/g at seedling stage to
log5.56atflower stage).
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Atotalof 570isolates wasusedfor bacterial species identification bytheBIOLOG
system and the fatty acid profiling. Gram-negative endophytic bacteria represented
90%, although there was an increase in the Gram-positive population at the flower
stage,particularly inthelight clay soil (from 3%to20%).Thedominant species were
Pseudomonas sp.(54%ofthetotalbacterialpopulation),Pantoea agglomerans (11%)
and Stenotrophomonas maltophilia (8%). Arthrobacter sp. and Curtobacterium sp.
werethemainGram-positive species(40%and 17% respectively ofthe Gram-positive
population). Bacillus sp. were poorly represented. Within a location, some species
were only detected in certain cultivar(s).Arthrobactersp.,Ps.viridiflava and Ps.syr.
pv. syringae were mainly detected atthe flower stage and confined to the stems.Ps.
corrugata was only detected at the seedling stage in the three field sites, while
Agrobacterium sp. andAcinetobactersp. were only detected at the flower stage.The
ratio between the number of Ps.fluorescens in the root and the number in the stem
(R/S)wasca 1 for sandyandheavy-clay soilsandca2for light-claysoil.

InductionofL-form cells(cellwall-less) ofPs.syr. pv.pisi
For the potential use of the L-form of Ps. syr. pv. pisi as a biocontrol agent of
pathogenic Ps. syr. pv. pisi, an efficient production of L-form cells in vitro is an
essential step. The first induction procedure was based on the induction method
described by Paton and Innes (1991) for Ps. syr. pv. phaseolicola. Bacterial
suspensions were shakenovernight inaliquid induction medium withpenicillin (5000
units/ml,LIM+P),transferred toasolidmedium withoutpenicillin (SIM-P)andthena
series of transfers to a solid medium with penicillin (SIM+P). Cell-wall deficient
forms couldbeinducedinLIM+Pandgranular and strongly vacuolated cellsgrew on
solid medium. However, poor growth was observed in subsequent transfers and there
was areversion tothewild type.Toovercome theselimitations,new procedures were
introduced to the induction protocol, including a viability check. Optimum induction
time in LIM+P was lower for Ps. syr. pv. pisi than for Ps. syr. pv.phaseolicola.
Viability of L-forms on SIM+P was low and decreased with time. Number of wild
types increased in subsequent transfers indicating an increase of resistance to
penicillin. Evaluation of a range of concentrations of ticarcillin combined with
clavulanic acid and penicillin by the spiral gradient endpoint showed that the final
inhibitory concentration on SIM+P for Ps. syr. pv.pisi was about four times lower
thanfor Ps.syr.pv.phaseolicola. Theuseof ticarcillin combined with clavulanic acid
provided aninhibition of theresistance.Themethod recommended is aninduction on
LIM+P(5000units/ml)for 6h,thentransfer toSIM-Pwhich seemstobenecessary for
adaptability, andtransfers toSIM+Ticarcillin.

Summary
CONCLUSIONSANDPROSPECTS
Abreedingprogrammefor resistancetopeabacterialblightmustconsiderthree major
factors: (1) the distribution, frequency and aggressiveness of existing races, (2) the
differential expression of resistance in different plant parts and (3) the host genetic
resources. Race specific resistance genes are mainly dominant, easy to handle and
generally confer acompleteresistance.Ithasbeen showninthis study thatthis istrue
in the case of stem resistance, however, differential responses have been seen in leaf
and/orpodfor theexpression ofresistance genesR3orR4individually. Thepresence
of R3+R4has an additive effect andconfers someresistance inboth theleaf andpod.
Race non-specific resistance present in P. abyssinicum confers a quantitative
resistance to all races of Ps. syr. pv.pisi. However, as with race specific resistance,
thereisashift intheresistantresponses inleaf and/orpod,andresistanceintheleaf to
races 1, 3, 4 and 6 is not conferred in a consistent manner. Under field conditions,
susceptibility in the leaf to race 6 is relatively low and susceptibility to race 4 is
moderate in the leaf with some stem snapping. Race 4 is known to be a very
aggressiverace,andbothrace specific andracenon-specific resistance seemnottobe
fully effective. There is some evidence that P. abyssinicum may also be carrying the
race specific geneR2.Anadditional benefit from theuseof P.abyssinicum isits frost
tolerance, since frost damage is a factor that favours infection. With the pea genetic
resources now available, possibilities for achieving a durable resistance include the
combination ofracenon-specific resistance, whichconfers stemresistancetoallraces
including race 6, and leaf resistance to races 2, 5 and 7; and the race specific genes
R3+R4for leaf resistance toraces 1,3,and4 andtheir apparent enhancement of stem
resistancetorace6.
Thepresent studyresultedinthedevelopment of: (1)F5scarryingrace non-specific
resistance derived from crosses between two P. sativum cultivars and two P.
abyssinicumaccessions, (2) progenies from the crosses of these F5s with cultivars
carrying race specific resistance (genotypes Rl, R3, R2+R3, R2+R3+R4) and (3)
molecular markers for race non-specific resistance and its linkage to the classical
markersr(wrinkled seed),pa (foliage colour)anddet(determinategrowth).
Fordeveloping abiological controlprogrammewithbacteria, itisessentialtoknow
the biology of the introduced bacterium agent and its interaction with the host.
Research was focused on endophytic bacteria, an important group of plant associated
bacteria. Representatives of this group are expected to have better traits for stable
colonization of the host than epiphytic bacteria which are traditionally studied for
biocontrol effects. Detectiontechniquesfor endophyticbacteriainpeaweredeveloped
in this study, and their natural incidence under field conditions analyzed. Population
levels were mainly in the range 104-105CFU/g plant fresh weight). A cultivar effect
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on population levels was demonstrated in two field trials during two different years.
Studies on the mature stage of the crop were more complex due to increased
interactions between the involved factors. The root and the lower part of the stem
were consistently more colonized than the upper part of the stem and there was a
increase ofpopulations during the growing season.Thelight clay soil with thelowest
humuscontentgeneratedthehighestendophyticpopulations.
The predominance of endophytic Pseudomonas sp. seems to be related to
temperature, with a preference for cool conditions. Since endophytic bacterial
populationshavespecificity for plantgenotype,soiltypeandgrowth stageofthecrop,
it is important to realize that isolates with a biocontrol effect under certain growth
conditions might not work under other conditions. Specialization of bacterial
endophytes is related not only to the niche they colonize but also to their point of
entrance. Although the root is considered to be the main entrance from which the
endophytes can spread into other plant parts, bacterial endophytes (Pantoea
agglomerans, Ps.viridiflava,Ps.syringae) reportedascommon epiphytes oftheaerial
parts of the plant will also enter the plant directly through wounds and natural
openings in leafs and stems. The data on endophytic colonization of pea genotypes
show that endophytic colonization levels maintain sufficiently high from seedling to
mature stage.Thelargebiodiversity of endophyte types opensthepossibility to select
for biocontrol strains to control Ps. syr. pv. pisi by antagonism, competition in the
parenchymatictissueofthestemorbyinducedresistance.
The development of an integrated programme for the sustainable control of pea
bacterial blight would include selection for race specific and race non-specific
resistance, using standard pathogenicity tests for race specific genes and molecular
markers for race non-specific resistance together with screening for the selection of
specific endophytic bacteria known to colonize with higher populations than 104
CFU/g,underfield conditionsandwithdifferent soiltypes.Thecombined useofthese
systemsisexpectedtoimprovethedurabilityoftheresistance considerably.
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Bacteriebrand van erwt {Pseudomonas syringaepv.pisi) komt wereldwijd voor, met
name in gebieden met koele en natte omstandigheden. Hoewel de ziekte van matig
belang wordtbeschouwd kan alsgevolgervan degeheleoogst verloren gaan.Emstige
schade treedt vooral op als bij in de winter gezaaid gewas de aantasting reeds in het
kiemplantstadium plaatsvindt. Maatregelen om de ziekte te beheersen zijn gericht op
het gebruik van ziektevrij zaad en de ontwikkeling van resistente cultivars. De mate
van voorkomen van specifieke races van Ps.syr.pv.pisi varieert per regio en er lijkt
een negatieve correlatie op te treden met het voorkomen van de race-specifieke
resistentiegenen. Voorrace6,een racewaarvoor geen resistente cultivars beschikbaar
zijn, wordt een toenemende incidentie gerapporteerd. Het ontwikkelen van
alternatieve bestrijdingsmethoden en het integreren van bestrijdingsmethoden zijn
nodig voor een effectievere en duurzamere beheersing van deze ziekte. In dit
onderzoek zijn twee benaderingen onderzocht: (1) via veredeling, gebaseerd op de
niet-specifieke resistentie aanwezig in Pisum abyssinicum, op basis waarvan
stengelresistentie tegen alle races van het pathogeen verkregen kan worden en de
wijze vanovererving eninkruising vandezeniet-specifieke resistentie in commerciele
cultivars van P. sativum in combinatie met race-specifieke resistentie. (2) via een
biologische aanpak, gebaseerd op onderzoek naar de ecologie van endofytische
bacterien van erwt en het potentiele gebruik ervan als biologische bestrijdingsagentia
vanbacteriebrand vanerwt.

GENETISCHE RESISTENTIE
Resistentie tegen bacteriebrand van erwt in Spaans veredelingsmateriaal van
Pisumsativum
Spaans veredelingsmateriaal van P. sativumwerd getoetst om de frequentie van racespecifieke resistentie (R) genen tegen bacteriebrand van erwt en potentieel nieuwe
bronnen van resistentie op te sporen. De toetsing werd uitgevoerd met zeven Ps.syr.
pv.pisi races voor tien landrassen afkomstig van verschillende geografische gebieden
die representatief waren voor de traditionele teelt van erwten in Spanje. Resistente
fenotypes, zoals voorkomend in de verschillende landrassen, kwamen hoofdzakelijk
overeen met dereeds eerderbeschreven fenotypes in erwten cultivars gebaseerd opde
gevestigde genotypen R3, R2+R3, R3+R4, R2+R3+R4. Een uitzondering werd
gevonden voor landras ZP-0109; een heterogeen mengsel van diverse genotypen met
partiele resistentie tegen race 6 en aanwijzingen voor het aanwezig zijn van de nog
slecht gedocumenteerde R-genen, R5 en/of R6. R3 was het meest voorkomende
resistentiegen datinallelandrassen werdaangetroffen. R4was aanwezig invierenR2
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indrievan deonderzochte landrassen. Geenvandelandrassen wasvolledig vatbaarof
resistentvooralleraces.
Aanvullend is de genetische variatie voor resistentie tegen Ps. syr. pv. pisi
vergeleken met de variatie voor vijf morfologische eigenschappen die weinig
beinvloed worden door omgevingsfactoren: bloemkleur, primaire kleur van het zaad,
vorm van het zaad, mate van kromming van depeul en de vorm van het uiteinde van
de peul. De variatie voor resistentie binnen een landras was in het algemeen laag
(minderdan 10%voor zeven van delandrassen).Delandrassen metdemeestevariatie
in resistentie gaven ook de meeste variatie in morfologische eigenschappen te zien.
Landras ZP-0109 bleek voor de morfologische eigenschappen en de resistentie tegen
bacteriebrand van erwt degrootste variatie te geven. Dit onderzoek istevens deeerste
gepubliceerde beschrijving van het voorkomen van Ps. syr.pv.pisi in Spanje en was
gebaseerd opeen collectie van 16isolaten van erwtuit noordwest Spanje (Valladolid).
Achtdaarvanwerdengei'dentificeerd alsrace6enachtalsrace4.

Niet-specifieke resistentie tegen brandvlekkenziekte van erwt afkomstig van
Pisum abyssinicum
De overerving van potentiele niet-specifieke resistentie tegen bacteriebrand van erwt
afkomstig vanP. abyssinicum werd onderzocht via kruisingen tussen tweeP.sativum
cultivars ('Kelvedon Wonder' en 'Fortune') en tweeP. abyssinicum accessies (JI2202
enJI1640). "K. Wonder" isvatbaar vooralleracesvanPs.syr.pv.pisi. "Fortune" is
resistent tegen alleracesbehalverace6(bevatrace-specifieke genenR2,R3enR4)en
JI2202 en JI1640 zijn resistent of partieel resistent voor alle races inclusief race 6.
Onderzoek naar resistentie in de nakomelingen werd uitgevoerd door
stengelinoculaties metrace6.
Alle planten van de Fl generatie waren overeenkomstig de verwachting vatbaar
voorhetpathogeen. Erwarenreciproke verschillen in deproductie van nakomelingen,
deze was lager voor de kruisingen waarbij P. abyssinicum als vrouwelijke ouder
gebruikt werd. De uitsplitsingsverhouding in deF2 afkomstig van kruisingen met 'K.
Wonder' waren overwegend 1:3 Resistent:Vatbaar (R:S), (P>0.05). De
uitsplitsingsverhouding voorhetmorfologische kenmerkhoogtevandeplantwaszoals
verwacht 3:1 Hoog:Dwerggroei (T:D),(P>0.5).Hetresultaat van dekruising JI2202x
'K. Wonder' vormdeeen uitzondering, waarbij de uitsplitsing niet overeenkwam met
de 1:3 R:S noch met de 1:3 T:D en de vruchtbaarheid van de Fl lager was. De F2s
afkomstig van de kruisingen met 'Fortune' waren enigszins verschillend door een
hogeraantalresistenteplanten danindekruisingen met 'K. Wonder'.
De uitsplitsingspatronen van de F3 kwamen niet overeen met de verwachting op
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basisvaneenenkelrecessief gen.F3planten verkregen vangeselecteerde resistenteen
vatbare F2s splitsten uit in een complex patroon: drie uitsplitsingen (13:3, 1:1, 3:13
R:S) voor F3s afkomstig van resistente F2s en twee uitsplitsingen (1:1, 3:13 R:S of
uniforme vatbaarheid) voor F3s afkomstig van vatbare F2s. Voor de F3s van niet
geselecteerde F2s werden dezelfde uitsplitsingsklassen gevonden, behalve dat hierbij
ook twee groepen gevonden werden die uniform resistent waren. Het relatief lage
aantal planten in deze groepen sluiteen 13:3verdeling niet uit. De drie waargenomen
uitsplitsingsverhoudingen waren voor beide data sets aanwezig in de nakomelingen
vandezelfde Fl planten.
F5families werden verkregen door kruisingen metresistente selecties van deF2en
F3 op basis van het relatief veel voorkomen van resistente planten in de F3 families.
Ophetmomentdatdezeselectiewerd gemaakt wasnog nietbekend dat deze families
uitsplitsten in een 13:3 R:S in de F3. Zevenentwintig van de dertig families waren
uniform resistent. Geselecteerde resistente planten van de F5 met een duidelijke
resistente reactie van de plant (zonder symptomen van waterverzadiging in het
weefsel) werdengekruist metdeouderlijke lijnen enmetdecultivars Solara (metracespecifiek resistentiegen R3), Belinda (R3), Cea (R3), Esla (R3), Frisson (R2 en R3),
'Fortune' (R2, R3 en R4), Ballet and Orb (resistentie onbekend) en met de accessie
JI15 (Rl).
De aanwezigheid van race-specifieke genen in 'Fortune' tegen alle races van Ps.
syr.pv.pisibehalverace6scheen deresistentie tegenrace6teverhogen in kruisingen
met P. abyssinicum.Deze waarneming is gebaseerd op de relatieve overmaat aan
resistente planten in de F2 in vergelijking met kruisingen met K.Wonder. De enige
twee families met een blijkbaar uniforme resistentie in de F3 waren beide afkomstig
vankruisingen met 'Fortune'.
Er werd in de kruisingen een mogelijke koppeling waargenomen tussen resistentie
en dwerggroei. Het aantal planten met deze koppeling in de F2 was hoger dan
verwachtmochtworden opbasisvaneenonafhankelijke uitsplitsing.Echter voormaar
eenkruising (JI2202 x 'Fortune') wasdezekoppeling significant. Voor F3s afkomstig
van geselecteerde F2s,waren alle planten, behorend bij de F3 families in de 13:3R:S
categorie, of uniform met dwerggroei of uitsplitsend voor lengte, maar geen enkele
familie bevatte alleen maar langeplanten. Bij deF5 vertoonden 22van de 27 uniform
resistentefamilies tevensuniforme dwerggroei.
Vanwege de complexheid van de uitsplitsingsverhoudingen werd een moleculaire
aanpak gekozen omdemogelijke bronnen voor overerving opte sporen. Daarbij werd
gebruik gemaakt van een Tyl-copiaretrotransposon van erwt (PDR1) en sequence
specific amplification polymorphism merkers (SSAP). De amplificatieproducten van
P. sativum ouderlijnen bleken overeen te komen met die van een goed
gekarakteriseerde P. sativum cultivar (JI399), terwijl de twee P. abyssinicumlijnen
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identiek waren aan de eerder gekarakteriseerde P. abyssinicum accessies. Onderzoek
naar deze merkers in de uitsplitsingen van de F3,F4 en F5 populaties was gericht op
individuelehomozygoteplanten dieresistentofvatbaarwaren.
Er werden drie co-segregerende merkers met resistentie en drie met vatbaarheid
werden gevonden. Alle planten die wel de drie P. abyssinicum merkers bezaten maar
de P. sativum merkers misten waren resistent. Deze planten waren grotendeels
afkomstig van resistente selecties van de 13:3 R:S F3 klasse. De helft van de planten
met enkele van deP.sativummerkers was afkomstig van de 1:1 of 3:13 R:S klassen.
Dematevankoppeling werdgeschatopbasisvaneenenkelegroepvanmerkers(enkel
recessief gen) en de recombinatie frequenties werden bepaald door de F2 en RI
modellen te hanteren als boven en ondergrenzen. Deze analyse geeft aan dat deze zes
merkers vermoedelijk maximaal 25 cM van de veronderstelde resistentie factoren
verwijderd zijn. Het is echter mogelijk dat enkele van de fenotypische waarnemingen
zijn bei'nvloed door modificerende loci. Twee van deP. sativummerkers werden met
behulp van denakomelingen van tweerecombinante terugkruisingen (JI15 xJI399 en
JI281 x JI 399) gelokaliseerd op koppelingsgroep V. De afstand tussen deze twee
merkers was moeilijk te bepalen als gevolg van de verschillende recombinatie
frequenties van de twee kruisingen, maar bedraagt waarschijnlijk 20 cM. De allelen r
(gerimpeld zaadoppervlak), pa (bladkleur) of det (bepalend voor groeitype) konden
worden gebruikt als klassieke merkers voor de inkruising van de resistentie
eigenschap.
Gebaseerd op de hiervoor beschreven resultaten is het voorgestelde
overervingsmodel gebaseerd op een belangrijk recessief gen aanwezig in P.
abyssinicumen een set van waarschijnlijk twee modificerende genen die aanwezig
kunnen zijn inP.abyssinicum ofP. sativum.

Reacties op bacteriebrand van erwt in verschillende delen van de plant: kas- en
veldonderzoek.
De toetsing op resistentie tegen bacteriebrand van erwt is als regel uitgevoerd via
inoculatie van de Stengel, waarbij aangenomen wordt dat de reactie vergelijkbaar is
metdiein anderedelen van deplant.Echter, stengelinoculaties dievlakbij de stipulae
werden uitgevoerd met race 3 op een cultivar met R3,lieten soms een vatbare reactie
(waterverzadigde vlekken) zien die zich uitbreidde in de stipulae, terwijl de Stengel
ook deverwachte necrotische (resistente) reactie gaf. Opbasis daarvan is uitgebreider
onderzoek gedaan naar de verschillende reacties van de zeven races in Stengels,
bladeren en peulen. De experimenten werden in de kas uitgevoerd voor een reeks
erwten accessies (P.sativumen P. abyssinicum) die in het bezit waren van een enkel
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race-specifiek gen, verschillende combinaties van race-specifieke genen, of nietspecifiekeresistentie.
Uit deze experimenten bleek dat een resistente reactie in de Stengel niet altijd
overeenkwam met resistentie in het blad of de peul. Dit verschijnsel trad zowel bij
race-specifieke alsbij niet-specifieke readies op.De race-specifieke genen gaven een
consistente expressie van deresistentie in de Stengel,maargaven een variabele reactie
in hetblad en de peul, afhankelijk van de aanwezigheid van compatibele combinaties
van het R-gen en het A-gen (avirulentie gen van het pathogeen). Race-specifiek gen
R2gaf inhetalgemeen resistentietegenraces 2,5,en7(elkmet A2gen) in alledelen
van de plant. De afzonderlijke genen R3 en R4 gaven meestal beperkte blad- en
peulresistentie, maar de combinatie verhoogde de resistentie voor symptomen in blad
enpeul. Accessies meteen niet-specifieke resistentie waren resistent tegen deraces2,
5 en 7 in alle delen van de plant, de races 1, 3, 4 en 6 gaven een consistente
stengelresistentie maar een variabele reactie in het blad en de peul. Dit geeft aan dat
niet-specifieke resistentieniet altijd totuitingkomtinhetbladendepeulendathetR2
genookkanvoorkomen inJI2202enJI1640.
Aanvullend is het effect van omgevingsfactoren op de veldexpressie van de
resistentie bestudeerd in het najaar en de winter van 1998-99. Het experiment werd
uitgevoerd metinpotten opgekweekte planten van 'K. Wonder', JI2202 enJI1640die
gei'noculeerdwaren metdebelangrijkste races (2,4en 6).Omeen natuurlijke infectie
zogoed mogelijk te simuleren werden deplanten besproeid meteen bacteriesuspensie
zonder dat ze vooraf verwond waren. Acht weken na de inoculatie waren alle 'K.
Wonder' planten dood, maarP. abyssinicum planten waren in goede conditie, hoewel
bij de met race 4 gei'noculeerde planten soms stengeldeformatie optrad. Vorstschade
staat bekend als een factor die de infectie stimuleert en deze schade was ernstiger in
K.Wonder dan in P. abyssinicumDe vorsttolerantie in P. abyssinicum vormt een
complementaire factor voor ziekteonderdrukking in wintergezaaide gewassen. Race 4
washet meestagressieve race zowel in dekas als onder veldcondities. De vatbaarheid
vanP.abyssinicum bladeren voorrace6wasonderveldomstandigheden minderdanin
de kas. Dit geeft aan dat de combinatie van niet-specifieke resistentie van P.
abyssinicum metderace-specifieke genenR3+R4een zeer goedebeschermingkunnen
bieden,zelfsvoorwintergeteelde gewassen.

MOGELUKHEDENVOOR BIOLOGISCHE BESTRUDING GEBASEERD OP
DEECOLOGIEVANENDOFYTISCHE BACTERIEN
Detectievannatuurlijk voorkomende endofyten incultivarsvanerwt
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Het natuurlijk voorkomen van endofytische bacterien in de Stengels van erwt en
methoden voor de isolatie ervan zijn bestudeerd in een rassenproef in het zuiden van
Nederland. Een snelle screeningstechniek voor de detectie van natuurlijke endofyten
werd ontwikkeld op basis van afdrukken van het oppervlak van dwars doorgesneden
Stengels op 5%TSA (Trypticase Soya Agar) nadat de Stengels vooraf gedesinfecteerd
waren met 1% beschikbaar chloor met 0,1% Tween 80 gedurende 5 min. In het
bloeistadium werden deStengelsvan elf cultivars van debasis naar detop onderzocht.
De afdrukken van de dwarsdoorsneden van de Stengel gaven een semi-kwantitatieve
bepalingvandepopulatieniveausenzijn gebruikt voorhetverkrijgen vanisolaten van
endofytische bacterien. Voor vijf cultivars werd endofytische kolonisatie vastgesteld,
waarbij cultivar 'Twiggy' de hoogste en meest consistente kolonisatie liet zien die
significant hoger lag dan die van de andere cultivars. Aan cv. 'Twiggy' is met deze
stempelmethode verder onderzoek gedaan door 20 planten in het peulstadium van
stengelbasis tot top te analyseren. Stengeldelen van het 3e en het 4e internodium zijn
na uitwendige ontsmetting gehomogeniseerd en met de spiralplater uitgeplaat op drie
media (5%TSAvoorheterotrofe, R2Avooroligotrofe en SCvoormoeilijk kweekbare
bacterien). Het aantal endofytische bacterien nam toe van de basis naar de top. De
populaties varieerden van 103 tot 107 CFU/g vers stengelgewicht, maar waren
gewoonlijk tussen 104en 105CFU/g. De populaties in een van de blokken verschilde
significant van die van de andere blokken. De recovery van endofyten in een
vergelijking van de drie media voor een serie van 30 stengelextracten gaf voor TSA
een recovery efficientie die significant hoger (17%) was dan voor R2A en SC. De
dominante soorten waren Pantoea agglomerans en Pseudomonasfluorescens. Ps.
viridiflavawas vooral aanwezig in een van de blokken, terwijl Bacillus megaterium
uitsluitend in dit blok werd gevonden. De efficientie en betrouwbaarheid van de
stempelmethode is vergeleken met de traditionele uitplaatmethode. De positieve
correlatie tussen het aantal kolonies in stempelafdrukken en het aantal in, met de
spiralplater verwerkte monsters gaf aan dat de stempelmethode op agar een goede
methode is voor semi-kwantitatieve bepalingen in Stengels van erwt die 104 tot 107
CFU/gversgewicht bevatten.

Factorendiedeendofytische populatiesvanbacterieninerwtbeinvloeden
Opbasis van dehiervoor beschreven resultaten lijkt het genotype van deplant eenrol
te spelen bij de fenotypische kolonisatie van erwt. Verdere studies hiernaar zijn
gecombineerd met onderzoek naar de relatie tussen bodemtype, groeistadium van het
gewas en naar de endofytische kolonisatie van verschillende plantendelen. Dit
onderzoek werduitgevoerd indriegebieden ten oosten vanhetcentrum van Nederland
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metbodemsvan een verschillend type (textuur, organische stof enpH).Vier cultivars
van P. sativummet verschillende commerciele toepassingen zijn onderzocht: Solara,
Norli, 'Fortune' (ouderlijn in het veredelingsprogramma) en 'Twiggy' (beste door
endofyten gekoloniseerde cultivar) en een accessie van P. abyssinicum JI2202
(ouderlijn in veredelingsprogramma). Op iedere locatie waren twee velden met twee
blokken per veld en vijf subblokken per blok, overeenkomend met een complete
blokkenproef. Deplanten zijn bemonsterd inhetzaailing-enhetbloeistadium.Wortelen stengeldelen zijn individueel verwerkt of na samenvoeging van 5 planten. De
plantdelen zijn naoppervlakkige ontsmetting viaspiralplatinguitgeplaat op5%TSBA.
Dekarakterisering vandebacterietypen isuitgevoerd methetBiolog systeemenofvia
vetzuur profilering. De bacterietellingen zijn geanalyseerd met Genstat 5 (maximum
likelihood methode)enmetWaldstatistics.
De aantallen endofyten in de bepalingen van de samengevoegde monsters waren
hoger danvoor individueel verwerkte monsters, speciaal in het zaailingstadium. Inhet
zaailingstadium traden nog geen interacties tussen de onderzochte factoren op.
Significante verschillen werden gevonden voor de effecten van bodemtype, het
genotype van de erwt en de kolonisatie van de wortel en de stengelbasis. De hoogste
kolonisatie werd gevonden in de wortelbasis van cv. 'Twiggy' in lichte kleigrond. In
het bloeistadium werden significante interacties gevonden tussen genotype en
plantendeel en locatie en plantendeel. Er werden geen significante verschillen meer
gevonden tussen locaties engenotypen. In het algemeen werd dehoogste endofytische
kolonisatie gevonden in lichte kleigrond. De accessie van P. abyssinicum JI2202 was
het hoogst gekoloniseerd in het plantstadium. Populaties in de wortel- en stengelbasis
waren significant hoger dan in het middendeel van de Stengel. Vergeleken met het
zaailingstadium was in het bloeistadium het gemiddelde niveau enigszins toegenomen
(5,14CFUnaar5,56CFUpergramversgewicht).
In totaal zijn 570 van de bacterieisolaten voorlopig gei'dentificeerd m.b.v.
vetzuuranalyse en/of Biolog. Voor beide plantstadia was 90% van de isolaten Gramnegatief. De Gram-positieve bacterien namen toe in het bloeistadium met name in de
lichte kleigrond (van 3% naar 20%). De dominante soorten waren Pseudomonassp.
(54% van de totale populatie), Pantoea agglomerans (11%) enStenotrophomonas
maltophilia (8%). Arthrobacter en Curtobacterium waren de meest voorkomende
gram positieve typen (respectievelijk 40% en 17%van de Gram positieven).Bacillus
sp. kwamen weinig voor. Binnen een locatie werden bepaalde endofyt-typen alleen
gevonden in bepaalde cultivar(s).Arthrobactersp.,Ps. viridiflava en Ps. syringaepv.
syringae werden voornamelijk gevonden in de Stengels in het bloeistadium. Ps.
corrugata werdopalledrie delokaties alleen gevonden inhet zaailingstadium, terwijl
Agrobacterium enAcinetobactersp. alleen in het bloeistadium werden gevonden. De
verhouding vanhetaantalPs.fluorescensindewortelt.o.v. deStengel (R/S)wasca.1
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voorzandgrondenvoorzwarekleienca.2voorlichteklei.
InductievanL-vormcellen(celwandvrij) vanPs.syr. pv.pisi
Een essentiele stap voor het gebruik van L-vorm cellen van Ps. syr.pv.pisi voor de
biologische bestrijding van Ps. syr. pv. pisi is een efficiente productie van L-vorm
cellen invitro.Deeerstgetoetsteprocedurewasgebaseerd opdeinductiemethodevoor
Ps syr. pv. phaseolicola zoals gebruikt door Paton and Innes (1991).
Bacteriesuspensies werden deovernacht geschud ineenvloeibaar inductiemedium met
penicilline (5000 units/ml. LIM+P), overgeent naar een vast medium zonder
penicilline (SIM-P) en vervolgens een aantal malen overgezet op vast medium met
penicilline (SIM+P). Celwand deficiente vormen konden worden gei'nduceerd in
LIM+Pterwijl granulaire cellen encellen metgrotevacuolen werden gevormd opvast
medium. In dedaaropvolgende overentingen wasde groei slecht en werd een terugval
naar cellen van het wildtype gevonden. Om deze problemen op te lossen zijn
modificaties ophetinductieprotocol onderzocht enzijn vitaliteitcontroles vandecellen
uitgevoerd. De optimale inductietijd in LIM+P was lager voor Ps. syr. pv. pisi dan
voor Ps.syr.pv.phaseolicola. De vitaliteit van L-vorm cellen op SIM+P was laagen
nam in de tijd af. Het aantal wildtype cellen nam toe in de opeenvolgende
overzettingen, wat aangaf dat er een toename van de resistentie tegen penicilline
optrad. Evaluatie van de inductie van L-vorm cellen met de z.g. spiralplate endpoint
methode voor eenreeks concentraties van penicilline en decombinatie van ticarcilline
enclavulaanzuur toonde aandatdehoogst remmende concentratie opSEvI+PvoorPs.
syr.pv.pisi ongeveer een factor vier lager was dan voor Ps.syr.pv.phaseolicola. Het
gebruikvanticarcilline incombinatiemetclavulaanzuur gaf eenonderdrukking vande
vormingvanresistentie cellen.Deaanbevolen methodeisgebaseerd opeeninductiein
LIM+P (5000 units/ml) gedurende 6 uur, overenten naar SIM-P voor aanpassing van
de cellen, gevolgd door overenting naar een vast inductiemedium met de combinatie
vanticarcilline enclavulaanzuur.

CONCLUSIESEN VOORUITZICHTEN
Een veredelingsprogramma voor resistentie tegen bacteriebrand van erwt vereist
kennis van drie belangrijke aspecten: (1) kennis over de verspreiding, mate van
voorkomen enagressiviteit vandebestaanderaces,(2)kennisoverdeverschillen inde
expressie van de resistentie in verschillende plantendelen en (3) beschikbaarheid van
genetische bronnen van de waardplant. Race-specifieke resistentiegenen zijn
overwegend dominant, eenvoudig toe te passen en geven als regel een volledige
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resistentie. Dit onderzoek toonde aan dat dit opgaat voor de stengelresistentie, maar
voor resistentie in bladeren en of de peulen werden voor de individuele genen R3 en
R4 wisselende readies waargenomen. De aanwezigheid van R.3+R4 genen had een
additief effect en droeg bij aan de resistentie in zowel het blad als de peul. Nietspecifieke resistentiezoalsaanweziginP.abyssinicum droegbij aaneen kwantitatieve
resistentie tegen alleraces van Ps. syr.pv.pisi. Echter overeenkomstig de situatie bij
race-specifieke resistentie, was er ook hierbij een verschuiving opgetreden in de
resistente reactie in blad en/of peul. De resistentie in het blad voor races 1,3,4 en 6
werd niet op een consistente wijze overgedragen. Onder veldcondities is de
vatbaarheid van het blad voor race 6relatief laag en voor race 4 matig; wel zijn voor
race 4 soms stengeldeformaties gevonden. Van race 4 is bekend dat het een erg
agressief race is waartegen de race-specifieke en de niet-specifieke resistentie niet
volledig afdoende zijn. Er zijn enkele aanwijzingen dat P. abysinicum ook het racespecifieke gen R2 kan bevatten. Een bijkomend voordeel van het gebruik van P.
abyssinicum isde vorsttolerantie, omdatvorstschade het infectieproces bevordert. Met
de nu beschikbare genetische bronnen van resistentie in erwt zijn er, inclusief de
toepassing van niet-specifieke resistentie, goede mogelijkheden voor het verkrijgen
van een duurzame resistentie. De niet-specifieke resistentie geeft voor alle races
stengelresistentie en voor races 2,5 en 7 bladresistentie, terwijl de race-specifieke
genenbladresistentie tegenraces 1,3en4eneenblijkbaar verhoogderesistentietegen
race6geven.
Ditonderzoek heeft geresulteerd indeontwikkeling van (1)F5s met niet-specifieke
resistentie afkomstig van kruisingen tussen twee P. sativum cultivars en twee P.
abyssinicumaccessies,(2)nakomelingen vandekruisingen vandezeF5smetcultivars
met race-specifieke resistentie (genotypen Rl, R3, R2+R3, R2+R3+R4). en (3)
moleculaire merkers voor niet-specifieke resistentie en de relatie ervan met de
klassiekemerkersr,pa endet. DeP.abyssinicum accessieJI2385,deenigebekendeP.
abyssinicumaccessie die vatbaar is voor race 6, kan worden gebruikt voor verder
onderzoek naar de overerving van resistentie afkomstig van P. abyssinicum.
Kruisingen tussen JI2385 en P. abyssinicumaccessies met niet-specifieke resistentie
kunnen worden gebruikt omduidelijkheid tekrijgen of de complexe F3 verhoudingen
in de kruisingen tussen P. sativumen P. abyssinicumhet gevolg zijn van de verdere
genetischeachtergrond (e.g.viamodificerende genen) ofmedehetgevolg zijn vaneen
bepaaldematevangenomische incompatibiliteit.
Voor het ontwikkelen van een biologisch bestrijdingprogramma met bacterien is
hetvangrootbelang debiologievandegei'ntroduceerdebacterieendeinteractieervan
metdewaardplant tekennen. Hetonderzoek wasgericht opdeendofytische bacterien,
een nog weinig onderzochte groep van plant-geassocieerde bacterien. Van
vertegenwoordigers van deze groep wordt verwacht dat ze betere eigenschappen
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bezitten voor een stabiele kolonisatie van de waardplant dan de epifytische bacterien
waarnaar traditioneel veel onderzoek wordt uitgevoerd. In dit onderzoek zijn
detectiemethoden voor endofytische bacterien in erwt ontwikkeld en is hun natuurlijk
voorkomen in het veld bestudeerd. De populatieniveaus lijken voldoende hoog
(gemiddeld 104 tot 105) om een bestrijdingseffect te verwachten. Een effect van de
cultivars op depopulatieniveaus werd gevonden in twee veldexperimenten uitgevoerd
in twee verschillende jaren. Analyse van de endofytische kolonisatie in het
bloeistadium bleek veel ingewikkelder door het optreden van interacties tussen de
betrokken factoren. De wortel en de stengelbasis waren hoger gekoloniseerd dan het
bovendeel van de stengeldelen. Er werd een geringe toename van de populaties
gedurende het groeiseizoen geconstateerd. De lichte kleigrond met de laagste
humusconcentratie gafdehoogsteendofytische kolonisatie.
De dominantie van endofytische Pseudomonas sp. kan deels worden verklaard uit
de voorkeur van deze groep voor wat koelere omstandigheden. Omdat endofytische
bacterien specifiek kunnen zijn voor bepaalde gewassen enbei'nvloed kunnen worden
door het genotype, bodemtype en plantstadium is het mogelijk dat bepaalde
ziektewerende endofyten onder bepaalde condities wel werken en onder andere niet.
Succesvolle kolonisatie door nuttige endofyten is niet alleen gerelateerd aan de niche
die ze koloniseren, maar ook aan de wijze van binnendringen. Hoewel de wortel
beschouwd wordtalsdebelangrijkste plaatsvanbinnendringen van waaruit derestvan
de plant gekoloniseerd wordt, zijn er bepaalde endofyten gerapporteerd als algemene
epifyten van de bovengrondse delen van de plant {Pantoea agglomerans, Ps.
viridiflava,Ps. syringae) die de plant mogelijk direct kunnen binnengedrongen via
wonden of natuurlijke openingen in het blad en de Stengel. De gegevens over de
endofytische kolonisatie van de erwtengenotypen tonen voor o.a. Ps.fluorescensaan
dat de endofytische kolonisatie van zaailingen en bloeiende planten voldoende hoog
zijn omeffecten te verwachten. De grote biodiversiteit van de endofyt typen geeft de
mogelijkheid te selecteren voor stammen voor de bestrijding van Ps. syr.pv.pisi op
basis van antagonisme en competitie in het parenchymatische weefsel van de Stengel
ofviagei'nduceerderesistentie.
Deontwikkeling vaneengei'ntegreerdprogramma voordeduurzamebestrijding van
bacteriebrand van erwt zou gericht kunnen zijn op de selectie van race-specifieke en
niet-specifieke resistentie,waarbij depathogeniteitstoets gebruikt kan wordenvoorhet
screenen van race-specifieke genen en moleculaire merkers voor de niet-specifieke
genen. Onderzoek naar ziektewerende nuttige endofytische bacterien kan het best
worden gericht op die typen endofyten die een goede kolonisatie van de belangrijkste
cultivars geven onder voor de teelt relevante veldomstandigheden. Het gecombineerd
toepassen van deze systemen zalnaar verwachting de duurzaamheid van deresistentie
inbelangrijke mateverbeteren.
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La grasa bacteriana del guisante (Pseudomonas syringae pv. pisi) ocurre
mundialmente, principalmente en condiciones templadas y humedas. Aunque esta
considerada demoderadaimportancia, elcultivoenterosepuedeperder sila infection
seproduceenelestadodeplantula, particularmente enloscultivos de siembra otofial.
Las medidas utilizadas hasta ahoraparaelcontrol dela enfermedad han sidoel usode
semilla no portadora del patogeno y el uso de cultivares con genes de resistencia
especifica. La frecuencia de aparicion de las razas de Ps. syr. pv. pisi varia
geograficamente y parece existir una correlation negativa con la frecuencia de los
genes de resistencia compatibles con los genes de avirulencia de una raza
determinada. Se ha publicado el continuado aumento de la incidencia de la raza 6,
para la que en la actualidad no existen cultivares resistentes. En el presente estudio
dos enfoques para abordar el control de la enfermedad han sido investigados: (1)un
enfoque genetico, a traves del estudio de la resistencia general o no-especifica
presenteenPisumabyssinicum, lacualconfiere resistencia eneltalloatodaslasrazas
del patogeno, su modo de herencia y la introgresion en cultivares comerciales de P.
sativum en combination con los genes de resistencia especifica; (2) un enfoque
referido al control biologico, a traves del estudio de la ecologfa de las bacterias
endofitas delguisanteysuusopotential comoagentesdecontrolbiologicodelagrasa
bacterianadelguisante.

RESISTENCIA GENETICA
Resistencia a la grasa bacteriana del guisante en el germoplasma espanol de
Pisum sativum
La resistencia ala grasa bacteriana del guisante en el germoplasma espanol dePisum
sativum fue investigada para dilucidar la frecuencia de los genes de resistencia
especifica (genes R) e identificar nuevas fuentes potenciales de resistencia. La
investigation sellevo acabo mediante la inoculation de diez landraces originarios de
diferentes zonas geograficas de Espana y considerados respresentativos del cultivo
traditional del guisante en Espana. Los fenotipos de resistencia de los diferentes
landraces fueron principalmente como los descritos previamente en cultivares de
guisante y correspondieron a los genotipos resistentes R3, R2+R3, R3+R4,
R2+R3+R4. La exception fue el landrace ZP-0109, una mezcla genetica con
resistencia partial a la raza 6, y con cierta evidencia de la presencia de los genes R5
y/oR6,loscuales estan escasamente documentados. Elgen deresistencia mascomun
fue R3,presente en todos los landraces. R4 estuvo presente en cuatro yR2en tresde
los landraces estudiados.Ninguno deellosfue completamente susceptible oresistente
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atodaslasrazas.
Adicionalmente, la diversidad genetica para la resistencia a Ps. syr. pv. pisi se
compare con la diversidad para cinco caracteres morfologicos los cuales fueron
seleccionados por ser en gran parte independientes de las influencias medio
ambientales: color de la flor, color de la semilla, forma de la semilla, el grado de
curvatura de la vaina yla forma de la punta de la vaina. La variacion entre landraces
paralaresistencia fue generalmente baja (menosdel 10%para sietedeloslandraces).
Los mismos landraces que mostraron alta variacion para la resistencia tambien
mostraron una alta variacion para los caracteres morfologicos. El landrace ZP-0109
fue muy diverso para todos los caracteres estudiados. Esta investigation tambien
representa laprimera publication delapresencia dePs.syr.pv.pisi enEspanabasado
enunacoleccion de 16aislamientos procedentesdelNoroeste deEspana(Valladolid),
ochofueron identificados comolaraza6yochocomolaraza4.

Resistencia no-especifica alagrasa bacteriana del guisante procedente de Pisum
abyssinicum
La herencia de la potencialmente resistencia no-especifica a la grasa bacteriana del
guisante procedente de Pisum abyssinicumfue estudiada mediante un programa de
cruzamientos entre dos cultivares de P. sativum('Kelvedon Wonder' y 'Fortune') y
dos accesiones de P. abyssinicum(JI2202 y JI1640). 'K. Wonder' es susceptible a
todaslasrazasdePs.syr.pv.pisi, 'Fortune' esresistenteatodaslasrazasexcepto ala
raza 6 (poseelos genes deresistencia especifica R2,R3 yR4), yJI2202 yJI1640 son
resistentes/ parcialmente resistentes a todas la razas,incluyendo la raza 6. El cribado
paralaresistencia deladescendencia serealizo mediantelainoculation eneltallocon
laraza6.
La primera generation (Fl) fue generalmente susceptible como se esperaba. Hubo
diferencias en los cruzamientos recfprocos referente ala fecundidad de las plantas de
laFl, estafue menorparalos cruzamientos enlos queP.abyssinicum fue el parental
femenino. Losratios dela segregacion enla F2derivada delos cruzamientos con 'K.
Wonder' fueron pedominantemente 1:3 Resistente:Susceptible (R:S), (P>0.05). La
segregacion paralaalturadelaplanta (marcador morfologico) fue 3:1Porte alto:Porte
bajo (T:D),(P>0.5)comoseesperaba.Laexception fue elcruzamientoJI2202xKW,
el cual no segrego 1:3 R:S ni 3:1 T:D y tambien tuvo una menor fertilidad en la Fl.
Las F2s derivadas de los cruzamientos con 'Fortune' se comportaton de una manera
un tanto diferente, con un numero mayor de plantas resistentes que en los
cruzamientos con 'K. Wonder'.
Losmodelosdesegregacion enlaF3nocorrespondieron conlosesperados paraun
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solo gen recesivo. Las plantas de la F3 producidas de las F2s seleccionadas como
resistentes o susceptibles, segregaron en un complejo modelo de acuerdo a los
siguientes ratios: tres categories segregantes (13:3, 1:1, 3:13 R:S) para las F3s
derivadas de las F2s resistentes y dos categories segregantes (1:1, 3:13, R:S) o
uniformemente susceptible para las F3s producidas deF2s suscecptibles. ParalasF3s
derivadas delasF2squenofueron seleccionadas, seobservaron lamismascategories,
excepto que en este caso dos familias fueron uniformemente resistentes, sin embargo
elrelativobajo numerodeplantas noexcluye una segregacion 13:3.Deambosgrupos
dedatos,lostresratiosde segregacion estuvieron presentes enproles derivadas delas
mismasplantasdela Fl.
Lasfamilias delaF5 seprodujeron apartir deselecciones resistentes delaF2 yF3
basadas en la preponderancia de plantas resistentes en las familias de la F3, sin
embargo cuando estas selecciones fueron hechas no se habia reconocido todavia que
estas familias segregaban de acuerdo al ratio 13:3 R:S. Veintisiete de 30 familias
fueron uniformemente resistentes.Plantasresistentes delaF5fueron seleccionadasen
base a una marcada reaction resistente y a la no production de 'water-soaking' y
fueron cruzadas con las lineas parentales, con cultivares comerciales: Solara (con el
gen de resistencia especifica R3), Belinda (R3), Cea (R3), Esla (R3), Frisson (R2 y
R3), 'Fortune' (R2,R3yR4),Ballet yOrb(resistenciadesconocida),ycon laaccesion
JI15 (Rl).
La presencia en 'Fortune' de los genes de resistencia especifica, los cuales
confieren resistencia a todas las razas de Ps. syr. pv. pisi excepto a la raza 6,
parecieron intensificar laresistencia a la raza 6 en cruzamientos con P. abyssinicum.
Esto sepudo observar enun excesodeplantas resistentes enlaF2comparadoconlos
cruzamientos enlos que 'K. Wonder' era una de las lineas parentales.Las unicas dos
familias que aparentemente fueron uniformemente resistentes en la F3 derivaron de
cruzamientos con 'Fortune'.
Se observo un aparente ligamiento del porte bajo a la resistencia. El numero de
plantas quefueron deportebajo yresistentes enlaF2fue mayorqueelesperadopara
una segregacion independiente. Sin embargo, solo para un cruzamiento (JI2202 x
FORT) un valor significativo de la probabilidad estadistica indico la existencia de
ligamiento.ParalasF3sproducidas deF2squefueron seleccionadas,todaslasplantas
de F3s de la categoria 13:3 R:S fueron o de porte bajo o segregaron pero no fueron
uniformemente de porte alto. En la F5, 22 de 27 familias uniformemente resistentes
fueron uniformemente deportebajo.
Debido a la complejidad de los modelos de segregacion, se tomo un enfoque
molecular para dilucidar el posible control genetico. Para ello se utilizo un
retrotransposon del guisante del grupo Tyl-copia (PDR1) y los marcadores SSAP
('sequence specific amplification polymorphism'). Los productos resultantes de la
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amplification correspondientes alaslineasparentales deP.sativum fueron similaresa
los obtenidos para el cultivar de P. sativum(JI399), previamente caracterizado a este
estudio, mientras que las accesiones de P. abyssinicum fueron identicas a otras
accesiones de P. abyssinicum previamente caracterizadas. En el cribado de las
poblaciones segregantesF3,F4yF5paralaobtenciondemarcadoresmoleculares ,se
utilizaron plantas que fueran potencialmente homocigotas para la la resistencia o la
susceptibilidad.
Se identificaron tres marcadores cosegregando con la resistencia y tres
cosegregando con la susceptibilidad. Todas las plantas testadas en las que los tres
marcadores procedentes deP.abyssinicum estuvieron presentes ylos tres marcadores
procedentes de P. sativum ausentes, fueron resistentes. Estas plantas principalmente
derivaron de las selecciones resistentes pertenecientes a la categoria 13:3 R:S. Sin
embargo,lamitad delasplantas enlas cuales losmarcadores derivados deP. sativum
estuvieron presentes derivaron de las categories 1:1 o 3:13 R:S. La intensidad del
ligamiento se estimo considerando un solo grupo de marcadores (resistencia
controlada por un solo gen recesivo) ylas frecuencias derecombination se estimaron
tratando la F2 yla poblacionRIcomomodelos para los maximos yminimosvalores.
Este analisis sugerio que los seis marcadores seencuentran a una distancia no mayor
deaproximadamente 25cM dellocusqueesconsiderado elprincipal determinante de
la resistencia; sin embargo, es posible que algunas de las asignaciones dadas a los
fenotipos esteninfluenciadasporlocimodificadores. Dosdelosmarcadores derivados
de P. sativum fueron mapeados a traves de dos poblaciones recombinantes
endogamicas(RI)(JI15xJI399 yJI281xJI399),localizandoelalelosusceptible enel
grupo de ligamiento V de P. sativum.La distancia entre estos dos marcadores fue
dificil de estimar debido a que la frecuencia de recombination de los dos
cruzamientosesdistintaperoestanprobablemente aunadistanciadeunos 20cM.Los
alelos r(semillarugosa),pa (colordelahoja) odet(crecimientodeterminado)pueden
serutilizadoscomomarcadoresclasicosparalaintrogresion delaresistencia.
Deacuerdo alosresultados descritos,el modelodeherenciapropuesto esta basado
en un gen principal recesivo presente en P. abyssinicumy en un grupo de genes
modificadores, lo mas probable dos, los cuales podrian estar presentes en P.
abyssinicum y/oP. sativum.

Reaccionesalagrasabacterianadelguisanteendistintosorganosdelaplanta
Resistencia a la grasa bacteriana del guisante normalmente ha sido testada mediante
una tecnica de inoculation del tallo asumiendo que las reacciones en las otras partes
de la planta serian las mismas. Sin embargo, se observo que en las inoculaciones del
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tallomuyproximas a su confluencia con la estipula, con la raza 3en un cultivar con
R3, algunas veces se manifesto una reaccion de 'water-soaked' (susceptible) que se
extendio en la estipula mientras que la reaccion del tallo era la esperada necrosis
(resistente). Se llevaron a cabo estudios mas extensos para determinar cual era el
alcance de las reacciones diferenciales a las siete razas de la grasa bacteriana del
guisante en tallos, hojas y vainas. Los experimentos se realizaron en invernadero en
una seriede accesiones deguisante (P.sativumy P. abyssinicum) con un solo gen de
resistencia especifica, con una combinacion de genes de resistencia especifica o con
resitencia no-especifica.
Unareaccion resistente eneltallonoestuvo siempre asociada con resistencia en la
hoja y/o la vaina. Esto se observo tanto para la resitencia especifica como para la
resistencia no-especifica. Losgenesderesistenciaespecifica confirieron resistenciaen
eltalloconstantemente, sin embargo,hubo variabilidad en las reacciones enla hoja y
lavaina,lascualesdependieron delainteraction genRygenA(gendeavirulenciaen
elpatogeno). Elgen deresistencia especifica R2 confirio generalmente resistencia en
todaslaspartesdelaplanta alasrazas2,5y7(cadaunadelascualesposeeA2).Los
genes de resistencia R3 y R4 individualmente no confirieron resistencia en la hoja y
enlavaina en la mayoria de loscasos, sin embargo, R3en combinacion con R4tuvo
un efecto aditivo en la resistencia. Las accessiones con resistencia no-especifica
fueron resistentes alasrazas 2,5y7entodos losorganosdelaplantayresistentes en
eltallopero conreacciones variables en lahoja yla vaina alas razas 1,3,4 y6. Esto
sugierequelaresistencia no-especifica nosiempreesexpresada enlahoja ylavainay
queJI2202yJI1640podn'anposeerR2.
Tambien se estudiaron los efectos de las condiciones medio ambientales en la
expresion de la resistencia, lo cual se llevo acabo en experimentos de campo en el
otono-invierno de 1998-99. Se utilizaron plantas crecidas en maceta del cultivar
'Kelvedon Wonder' y las accesiones JI2202 y JI1640 y se inocularon con las razas
mas importantes: 2, 4 y 6. La inoculacion se realizo mediante pulverization de las
suspensiones bacterianas intentando simularinfeccion natural.Ocho semanas despues
delainoculacion todaslasplantas P.abyssinicum estaban vivasygeneralmente enun
buen estado, aunque las plantas inoculadas con la raza 4 mostraron algun
quebramiento de tallo. El dano por helada fue mas severo en 'K. Wonder' que en P.
abyssinicum,y como el dano por helada es un factor que segun se ha publicado
favorece la infeccion, entonces la tolerancia al frio de P. abyssinicumconstituye un
factor complementario para la reduction de la enfermedad en cultivos de siembra
otoflal. La raza 4 fue la mas agresiva de todas las razas tanto en experimentos de
invernadero comodecampo.Lasusceptibilidad deP.abyssinicum enlahoja alaraza
6fue muchomenosobviaencampo.Esto sugierequelacombinacion delaresistencia
no-especifica deP.abyssinicum con losgenes deresistencia especifica R3+R4podria
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serunapotenteyeficaz combination encondiciones otonales/invernales.

POTENCIAL CONTROL BIOLOGICO BASADO EN LA ECOLOGIA DE
LASBACTERIAS ENDOFITAS
Detection debacteriasenddfitasindigenasenelguisante
La incidencia natural de bacterias endofitas en el tallo del guisante y procedimientos
para su aislamiento se estudiaron en un ensayo de campo en el sur de Holanda. Se
desarrollo una tecnica rapida de cribado para la detection de bacterias endofitas
indigenas eneltallo delguisantequeconsistioenimprimir enelmediodecultivo5%
TSA (Trypticase Soy Agar') secciones transversales del tallo que habian sido
previamente desinfestadas con 1% cloro disponible y 0.1% Tween 80 durante 5
minutos. Once cultivares en el estado de floracion fueron testados desde la base del
talloalapice.Laimpresion delas secciones transversales proporciono una estimation
cuantitativa de los niveles de poblacion. Colonization por bacterias endofitas fue
detectada en cinco cultivares de los cuales Twiggy mostro la mas alta y constante
colonization y diferio significativamente del resto de los cultivares. El cultivar
Twiggy se examino en mas detalle mediante el cribado de 20plantas en el estado de
vaina usando la tecnica de la impresion desde la base del tallo al apice. Ademas una
section deltercerydelcuartoentrenudofueron desinfestadas, maceradas ysembradas
en placa con un 'spiral plater' en tres medios de cultivo (5%TSA, R2A y SC).Las
poblaciones endofitas decrecieron desde la base del tallo al apice. Estas variaron de
103a 107CFU/g detallofresco, ycomunmente fluctuaron enelrango 104-105CFU/g.
Las poblaciones difirieron significativamente en una de las parcelas de campo
comparada con el resto. En una serie de 30 macerados de tallo, los conteos en el
medio 5%TSA fueron un 17%significativamente mas altos que en los medios R2Ay
SC. Las principales especies fueron Pantoea agglomerans y Pseudomonas
fluorescens.Ps.viridiflava sedetecto principalmente enunodelos bloques decampo
yBacillusmegaterium exclusivamente en esaparcela. Laeficiencia yla veracidad de
la tecnica de impresion fue comparada con el metodo traditional de sembrado en
placa.Larelation entreambosmetodosmostroquelatecnica deimpresion esunbuen
metodo para la estimation aproximada de poblaciones en tallos de guisante en el
rango 104-107CFU/g.
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Factoresqueinfluencian laspoblacionesdebacteriasendofitas enelguisante
El genotipo de la planta parece influenciar las poblaciones indigenas de bacterias
endofitas en el guisante. Estudios mas extensos fueron llevados a cabo sobre los
efectos del tipo de cultivar combinado con estudios en la colonizacion por endofitos
relacionada con eltipo de suelo, el estadode desarrollo dela planta yel organo dela
plantaentresubicaciones enelcentro-este deHolanda con diferentes propiedades del
suelo (textura, contenido de materia organica y pH). Los genotipos de guisante
estudiados fueron cuatro cultivares de P. sativum con una distintos destinos
comerciales: Solara, Norli, 'Fortune' (linea parental en el programa de cruzamientos)
y Twiggy (el cultivar que mostro el mas alto nivel de colonizacion por endofitos); y
una accesion de P.abyssinicum, JI2202 (linea parental en el programa de
cruzamientos). En cada ubicacion hubo dos campos con dos bloques por campo y
cinco parcelas por bloque correspondiendo a un diseno completo randomizado de
bloques. Las plantas fueron muestreadas en el estado de plantula y de floracion.
Secciones deraices ytallos seprocesaron en grupo (cincoplantas) o individualmente
con la desinfeccion de la superficie del organo de la planta y 'spiral plating' en el
medio de cultivo 5%TSBA.La caracterizacion de las especies bacterianas se realizo
mediante el sistema BIOLOG y el analisis de los acidos grasos de membrana. Los
conteos bacterianos fueron analizados usando los metodos 'restricted maximum
likelihood' (Genstat5)yestadisticaWalds.
Enel estado deplantula no sedetectaron interacciones y seobservaron diferencias
significativas para tipos de suelo, genotipo y organo (raiz-base de tallo). La mas alta
colonizacion en el estado de plantula para cada factor considerado
independientemente fue el suelo ligeramente arcilloso, cv. Twiggy y la raiz. En la
floracion, las interacciones genotipo x organo y ubicacion x organo fueron
significativas. No hubo diferencias significativas entre ubicaciones o genotipos. El
sueloligeramente arcillosorepresento lamas altacolonizacion por endofitos enraizy
tallo. JI2202 fue el genotipo mas colonizado en la floracion. Poblaciones en raices o
en labase de los tallos fueron significativamente mas altas que en la parte media del
tallo. Se observo un aumento de poblaciones endofitas en el estado de floracion (de
log5.14CFU/genplantulas alog5.56enplantasenfloracion).
Seutilizo un total de570 aislados parala identification delas especies bacterianas
con el sistema BIOLOG y el analisis de acidos grasos de membrana. Las Gramnegativas representaron el 90%de la poblacion total, aunque un hubo un aumento de
lasGram-positivas enlafloracion, especialmenteenelsueloligeramente arcilloso(del
3% al 20%).Las principales especies detectadas fueron Pseudomonas sp. (54%dela
poblacion total), Pantoeaagglomerans (11%) yStenotrophomonas maltophilia (8%).
Arthrobactersp. y Curtobacterium sp. fueron las principales Gram-positivas (40%y
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17% respectivamente de la poblacion Gram-positiva). Bacillus sp. fueron raramente
detectados. En una cierta ubicacion, algunas especies solo fueron detectadas en
cierto(s) cultivar(es). Arthrobacter sp. Ps. viridiflava y Ps. syringae pv. syringae
fueron detectados principalmente en la floracion y confinados al tallo. Ps. corrugata
fue solo detectada en plantulas en las tres ubicaciones, mientras que Agrobacterium
sp.yAcinetobacter sp.fueron detectadas soloenlafloracion. Elratioentreel numero
de Ps. fluorescens en la raiz y en el tallo fue aproximadamente 1 para los suelos
arenosos yarcillosos y2paraelsueloligeramentearcilloso.

Inductiondelascelulas 'L-form' (sinparedcelular)dePs.syr. pv.pisi
Una eficiente production de las celulas 'L-form' invitroconstituye un paso esencial
para el uso potencial de la 'L-form' de Ps. syr. pv. pisi como agente de control
biologico de la patogenica Ps.syr.pv.pisi. El primer procedimiento de induccion se
baso en el metodo descrito por Paton e Innes (1991) para Ps. syr. pv.phaseolicola.
Las suspensiones bacterianas se agitaron durante 16horas en un medio de induccion
liquido con penicilina (5000 unidades/ml, LIM+P), fueron transferidas a un medio
solido sin penicilina (SIM-P) y posteriormente se realizaron una serie de
transferencias a medios solidos con penicilina (SIM+P). La induccion de formas
bacterianas sin pared celular pudorealizarse en LIM+P y en el medio solido sepudo
observar celulasdeestructura granular ycon grandes vacuolas. Sinembargo,huboun
escasocrecimientoenlas siguientes transferencias yciertareversion altipoconpared
celular. Para superar estas limitaciones, se introdujeron nuevos procedimientos en el
protocolo, entre ellos un test de viabilidad. El periodo de tiempo optimo para la
induccion en LIM+P fue menor para Ps. syr. pv. pisi que para Ps. syr. pv.
phaseolicola.La viabilidad de las 'L-forms' en SIM+P fue baja y disminuyo con el
tiempo. El numero de formas parentales (con pared celular) se incremento en las
consecutivas transferencias. En la evaluation de una serie de concentraciones de
penicilina yticarcilina con acido clavulanico mediante el 'spiral gradient endpoint' se
observo que la concentration final inhibitoria en SIM+P para Ps. syr. pv. pisi era
cuatrovecesmenorqueparaPs.syr.pv.phaseolicola. Elusodeticarcilina combinada
con acido clavulanico dio lugar a una inhibition del mecanismo de resistencia. El
metodo recomendado es una induccion en LIM+P (5000 unidades/ml) durante 6 h,
transferencia a SIM-P la cual parece ser necesaria para la adaptabilidad y
consiguientes transferencias aSIM+Ticarcilina

195

196

Resumen

CONCLUSIONES YPERSPECTIVAS
Un programa de mejora para la resistencia a la grasa bacteriana del guisante debe
considerar tresfactores principales: (1)ladistribution, frecuencia yagresividad delas
razasexistentes,(2)laexpresiondiferencial delaresistencia endistintos organosdela
planta y (3) los recursos geneticos del guisante. Los genes de resistencia especifica
son principalmente dominantes, faciles de manejar y generalmente confieren una
resistencia completa. Enesteestudio sehademostrado queestoesciertoenelcasode
la resistencia en el tallo, sin embargo, distintas reacciones han sido vistas en la hoja
y/olavainaenlaexpresion delaresistencia delosgenesR3oR4individualmente.La
presencia de R3+R4 tiene un efecto aditivo y confiere cierta resistencia en hojas y
vainas. La resistencia no-especifica presente en P. abyssinicum confiere una
resistencia cuantitativa atodas lasrazas dePs.syr.pv.pisi. Sinembargo, aligualque
conlaresistencia especifica, hayuncambioenlasreaccionesenlahoja y/olavaina,y
la resistencia a las razas 1, 3, 4 y 6 no es conferida de una manera constante. En
condicionesdecampo,lasusceptibilidad enlahoja alaraza 6esrelativamente baja y
la susceptibilidad alaraza4 enlahoja es moderada con ciertoquebramientodetallo.
La raza 4 es muy agresiva, y tanto la resitencia especifica como la no-especifica no
son totalmente efectivas contra esta raza. Es probable que P. abyssinicumtambien
posea el gen de resistencia especifico R2. Un beneficio adicional en el uso de P.
abyssinicumes su tolerancia al fn'o, ya que el dafio por helada es un factor que
favorece la infection. Con los recursos geneticos disponibles actualmente, las
posibilidades para alcanzar una resitencia duradera incluyen la combination de la
resistencia no-especifica, la cual confiere resistencia en el tallo a todas las razas, y
resistencia enlahoja alas razas 2,5y7; ylos genes deresistencia especifica R3+R4
paralaresistencia alasrazas 1,3y4ysuaparente intensification delaresistencia en
eltalloalaraza6.
El presente estudio ha resultado en el desarrollo de: (1) F5s con resistencia noespecifica procedentes de los cruzamientos entre dos cultivares de P. sativumy dos
accesiones deP.abyssinicum, (2) descendencia de los cruzamientos de estas F5s con
cultivares que poseen resistencia especifica (los genotipos Rl, R3, R2+R3,
R2+R3+R4) y (3) marcadores moleculares para la resistencia no-especifica y su
ligamientoconlosmarcadores clasicos r,paydet.
Para el desarrollo de un programa de control biologico con bacterias, es esencial
conocer la biologia de la bacteria introducida y su interaction con el huesped. La
investigation del presente estudio se ha enfocado en bacterias endofitas, un grupo
importante de bacterias asociadas con plantas. Se espera que representantes de este
grupo tendran mejores caracteres para una colonization estable del huesped que las
bacterias epifitas las cuales se han usado tradicionalmente como agentes de control
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biologico. Enesteestudio sehan desarrollado tecnicas dedetection para las bacterias
endofitas enguisante yseha analizado suincidencianatural encampo.Losnivelesde
poblacion estuvieron principalmente en el intervalo 104-105 CFU/g. La influencia del
tipo de cultivar enlosniveles de poblacion fue demostrada en dos ensayos de campo
endosanos.Losestudiosparaelestadodefloracion delcultivofueron mascomplejos
debido a la interaction de los factores estudiados. La raiz y la base del tallo fueron
mas colonizados que la parte superior del tallo y hubo un ligero aumento de las
poblaciones con la maduracion de la planta. El suelo ligeramente arcilloso con el
contenidomasbajo demateriaorganicagenerolaspoblacionesdeendofitos masaltas.
LapredominanciadePseudomonas sp.comoendofitas pareceestarrelacionadacon
la temperatura, con una preferencia por temperaturas templadas. Debido a la
especificidad de las poblaciones debacterias endofitas por el genotipo y el estado de
desarrollo del huesped y por el tipo de suelo, es importante tener en cuenta que
aislamientos con un efecto de control biologico en determinadas condiciones de
cultivo podrian no ser igual de efectivos en otras condiciones. La especializacion de
las bacterias endofitas esta relacionada no solo con el nicho que colonizan sino
tambien con el punto de entrada. Aunque la raiz esta considerada como la principal
forma de acceso apartir dela cualpueden diseminarse en otros organos de la planta,
endofitas tales como Pantoeaagglomerans, Ps. viridiflava,Ps. syringae,conocidas
tambien como epifitas comunes de los organos aereos de la planta, tambien pueden
penetrar directamente a traves de lesiones yorificios naturales en hojas ytallos. Los
datosobtenidosenelpresenteestudio sobrelacolonization dediferentes genotipos de
guisante ha mostrado que los niveles de colonization por endofitos se mantienen
suficientemente altos desde el estado de plantula hasta la madurez. La gran
biodiversidad de tipos de endofitos abre posibilidades para la selection de estirpes
bacterianas para el control de Ps. syr. pv. pisi por antagonismo, competencia en el
parenquima deltallooporresistenciainducida.
El desarrollo de un programa integrado para el control sostenible de la grasa
bacteriana delguisanteincluiriala selection paralaresistencia especifica yresistencia
no-especlfica, utilizando test estandard para los genes de resistencia especifica y
marcadores moleculares para la resistencia no especifica junto con la selection de
especificas bacterias endofitas las cuales colonizan con poblaciones superiores de 104
CFU/g en ensayos de campo con diferented tipos de suelo. Se espera que el uso
combinado deestossistemasmejoreladuration delaresistencia considerablemente.
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