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Abstract: Pea is an important grain legume mainly grown as spring crop in temperate regions. However, in areas
with mild winters and dry springs, like Mediterranean type environments, spring pea types are autumn sown.
Unfortunately, little efforts have been made so far in pea breeding for constraints typical of these environments,
such as crenate broomrape (Orobanche crenata), rust (Uromyces pisi), powdery mildew (Erysiphe pisi) and
ascochyta blight (Mycosphaerella pinodes). In this paper we revise the present state of the art in pea breeding
against these diseases and we will critically discuss present progress and future perspectives.
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Pea (Pisum sativum L.) is a cool season legume
grown worldwide as a source of protein both for
human food and animal feed. Pea is the most widely
grown grain legume in Europe and the second-most
in the world (FAOSTAT 2008) and represents a
versatile and inexpensive protein source for animal feeding. Significant efforts have been made in
pea breeding for disease resistance in continental
and oceanic conditions where it is mainly spring
sown (Cousin 1997). However, relative prevalence and importance of the various diseases varies with agroecological conditions. In areas with
mild winters and dry springs, like Mediterranean
type environments, spring pea types are autumn
sown. Unfortunately, little efforts have been made
so far in pea breeding for constraints typical of

these environments, such as crenate broomrape
(Orobanche crenata Forsk.), rust (Uromyces pisi
(Pers.) Wint.), powdery mildew (Erysiphe pisi DC)
and ascochyta blight (Mycosphaerella pinodes (Berk
& Blox) Vesterg). In this paper we will revise the
present state of the art in pea breeding against
these diseases and we will critically discuss present
progress and future perspectives.
Crenate broomrape (Orobanche crenata Forssk.)
Pea cultivation is strongly hampered in Mediterranean and Middle East farming systems by
the occurrence of crenate broomrape (Rubiales
et al. 2003, 2009a, b). The lack of resistance and
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the absence of a suitable control method have relegated pea cultivation to uninfested areas. Rather
than being controlled, the broomrape problem is
increasing both in intensity and acreage (Rubiales
et al. 2008, 2009b). With the climate change, these
invasive parasites are spreading further northward
in Europe, and further southward in Africa. Recent studies (Grenz & Sauerborn 2007) have
suggested that very large areas of new territories
are at risk of invasion if care is not immediately
taken to limit the introduction of broomrape seeds
and to educate farmers and others to be on alert
for new infestations. So far the effectiveness of
conventional control methods has been limited
due to numerous factors, in particular the complex
nature of the parasites which reproduce by tiny
and long-living seeds (Rubiales et al. 2009b).
Breeding for broomrape resistance is difficult
considering the scarce and complex nature of resistance in legumes in general (Rubiales et al. 2006;
Rispail et al. 2007) and in pea in particular. Only
incomplete resistance to O. crenata was found in
other grain legumes like faba bean that has been
successfully accumulated by breeding, allowing
the release of resistant cultivars (Pérez-De-Luque et al. 2009). A similar effort in pea breeding
for broomrape resistance has been started only
recently. Various levels of resistance have been
reported in accessions of P. sativum ssp. sativum,
abyssinicum, arvense and elatius and in P. fulvum
(Rubiales et al. 2005). All these accessions have
been successfully crossed with pea cultivars and
a breeding program to introgress the resistance
from these pea relatives into elite pea germplasm
is underway (Rubiales et al. 2009a).
Resistance against root parasitic weeds is a multicomponent event, being the result of a number of
avoidance factors and/or resistance mechanisms
acting at different levels of the infection process (Rubiales 2003; Fernández-Aparicio et
al. 2008b). Avoidance due to precocity is known
in legumes (Fernández-Aparicio et al. 2009),
including pea (Rubiales et al. 2005), early flowering genotypes having an advantage limiting the
O. crenata infection. Avoidance due to low root
biomass has also been reported in pea (PérezDe-luque et al. 2005a). This indicates that such
accessions having low root biomass avoid the
broomrape attack reducing the chance of contact
between host and parasite. Resistance to O. crenata associated with a low induction of parasite
seed germination was reported in several legumes
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and is also present in Pisum germplasm (PérezDe-Luque et al. 2005a; Rubiales et al. 2005).
Pre-haustorial mechanisms of resistance have also
been identified in Pisum germplasm. The protein
cross-linking of the host cell walls in contact with
parasite intrusive cells prevents the penetration
into the central cylinder in these accessions. This
protein cross-linking reinforces the pea cell walls,
and is also associated with the expression of two
pathogenesis related (PR) proteins: peroxidase and
β-1,3-glucanase (Castillejo et al. 2004; PérezDe-Luque et al. 2006). There may also occur a
failure of attached parasites to further develop into
a broomrape shoot. In pea, a high percentage of
necrotic tubercles can be observed in some accessions, reaching circa 60% in a mini-rhizotron. The
host vessels at the infection point are filled with
mucilage-like substances (Pérez-De-Luque et
al. 2005b, 2006). These substances seem to block
the normal flux of water and nutrients between
the host and the parasite and the tubercles die
after exhausting their reserves. However, other
mechanisms should not be discarded, such as the
production by the host and delivering into the
parasite of toxic metabolites such as phenolics,
as described in Medicago truncatula-O. crenata
interaction (Lozano-Baena et al. 2007).
QTL conferring resistance to O. crenata have
been detected in pea using a map developed from
the cross P. sativum ssp. syriacum (= P. humile) ×
P. sativum cv. Messire (Valderrama et al. 2004;
Fondevilla et al. 2009a). Four genomic regions
associated with field resistance, assessed as the
number of emerged broomrape shoots per pea
plant under field conditions, were identified but
they also explained a low to moderate proportion
of phenotypic variation. A more accurate screening of this RIL assaying different phases of the
parasite cycle using a Petri dish technique enabled the identification of QTL governing specific
mechanisms of resistance. Thus, QTL for a low
induction of O. crenata seed germination, lower
numbers of established tubercles per host root
length unit, and slower development of tubercles
were identified. The identification of QTL involved
in specific mechanisms of resistance could be useful for combining different escape and resistance
mechanisms in a single cultivar that may provide
increased resistance while being at the same time
more difficult to lose through the evolution of the
parasite, compared with resistance based on a single
mechanism. However, before using the available QTL
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in MAS, the genomic regions containing the QTL
should be further saturated in order to refine the
position of the QTL and identify molecular markers
more closely linked to the resistance genes.
An alternative strategy for the broomrape control
would be the development of pea cultivars resistant to herbicides. Target site herbicide resistance
might be a promising solution for controlling the
broomrape, which is being explored in some crops
(Gressel 2009), particularly in non-transgenic
imidazolinone target-site resistant sunflowers
which are now being released in Europe (Tan et
al. 2004). This is therefore a promising solution for
controlling Orobanche in pea. Resistance could be
transferred into pea following the existing protocols, allowing an efficient broomrape control.
Ascochyta blight
(Mycosphaerella pinodes Berkeley & Bloxam)
Aschochyta blight, caused by Mycosphaerella
pinodes, the teleomorph of Ascochyta pinodes
(Berk & Blox) Jones, is a widespread pea disease.
It constitutes the second major constraint for the
crop after broomrape in the Mediterranean basin
(Rubiales et al. 2003). The existence of pathotypes for M. pinodes is still a matter of controversy
(Tivoli et al. 2006a). Although extensive searches
have been carried out, only moderate resistance
is available in pea cultivars and this has been inadequate to control the disease (Fondevilla et
al. 2007b). Higher levels of resistance have been
identified in wild species of Pisum (Wroth 1999;
Fondevilla et al. 2005), but they have not been
used efficiently in breeding programmes yet. Four
major genes were described (Clulow et al. 1991)
that have not however been verified by any other
ulterior study. In contrast, QTL mapping studies have resulted in the identification of numerous genomic regions involved in the control of
resistance, confirming the polygenic nature of
resistance. Timmerman-Vaughan et al. (2002,
2004) identified 19 QTL associated with resistance, six of which were common to two crosses.
Tar’an et al. (2003) identified three QTL specific
to resistance to M. pinodes under field conditions.
Prioul et al. (2004) reported six QTL associated with seedling resistance to M. pinodes under
controlled conditions and ten for adult plant field
resistance, with four being common to both stages.
More recently 6 QTL (mp1–mp6) have been as-

sociated with resistance to M. pinodes in a cross
of the cultivar Messire with P. sativum subsp.
syriacum (Fondevilla et al. 2008b). Candidate
genes co-locating with QTL previously described
for resistance to M. pinodes have been reported
(Prioul-Gervais et al. 2007).
Powdery mildew (Erysiphe pisi Boerema & Verh.)
Pea powdery mildew, caused by Erysiphe pisi, is
an air-borne disease with a worldwide distribution, being particularly important in climates with
warm dry days and cool nights. Although varying
levels of resistance to E. pisi have been observed
in pea (Heringa et al. 1969; Fondevilla et al.
2007a), only three genes for resistance named er1,
er2 and Er3 (Heringa et al. 1969; Fondevilla et
al. 2007c) have been described so far.
Gene er1 is widely used in pea breeding programmes and provides complete or incomplete
resistance depending on the locations (Heringa
et al. 1969; Tiwari et al. 1997; Fondevilla et al.
2006). Resistance conferred by this gene has been
proved to be stable and is caused by a barrier to the
pathogen penetration (Fondevilla et al. 2006).
RFLP, RAPD/SCAR and SSR markers linked to the
er1 locus have been identified (Dirlewanger et al.
1994; Timmerman-Vaughan et al. 1994; Tiwari
et al. 1998; Ek et al. 2005; Pereira et al. 2009).
Gene er2 (Heringa et al. 1969) is not used commercially. The gene confers a high level of resistance
in some locations but is ineffective in others (Tiwari
et al. 1997; Fondevilla et al. 2006). The expression of er2 is influenced by temperature and leaf
age. Gene er2 governed resistance is based mainly
on post-penetration cell death complemented by
a reduction of percentage penetration success in
mature leaves (Fondevilla et al. 2006). AFLP,
RAPD and SCAR markers linked to er2 are available
(Tiwari et al. 1999; Katoch et al. 2009).
Gene Er3 was recently identified in P. fulvum
and has successfully been introduced into the
adapted P. sativum material by sexual crossing
(Fondevilla et al. 2007c). Resistance conferred
by the gene Er3 is due to a high frequency of cell
death that occurs both as a rapid response to attempted infection and a delayed response that
follows the colony establishment (Fondevilla et
al. 2007a, c). RAPD markers tightly linked to Er3
have been identified and converted into SCARs
(Fondevilla et al. 2008a).
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Rusts (Uromyces pisi and U. viciae-fabae Pers.)

CONCLUSION

Pea rust has become an important pathogen of
dry pea from the mid-1980s particularly in regions
with warm, humid weather (EPPO 2009). Pea rust
has been reported to be caused either by the fungus
Uromyces viciae-fabae (syn. U. fabae) or U. pisi. U.
viciae-fabae is the principal causal agent of pea rust
in tropical and subtropical regions such as India and
China, where warm humid weather is suitable for
the appearance of both the uredial and the aecidial
stage (Kushwaha et al. 2006). However, it has been
observed in temperate regions that although pea
seedlings can be infected by U. viciae-fabae, it hardly
gets established and progresses under field conditions
(Emeran et al. 2005; Barilli et al. 2007, 2009c).
Several sources of incomplete resistance against
U. viciae-fabae have been reported (Pal et al. 1980;
Xue & Warketin 2001; Vijayalakshmi et al.
2005; Chand et al. 2006; Kushwaha et al. 2006).
A single major gene (Ruf) has been reported as
responsible for this partial resistance. Two RAPD
markers have been detected flanking the gene Ruf,
but both markers were not close enough to the gene
to allow a dependable marker-assisted selection for
rust resistance (Vijayalakshmi et al. 2005).
Only recently has a pea germplasm collection
been screened to identify sources of resistance to
U. pisi both under field and growth chamber conditions (Barilli et al. 2009b). No complete resistance
has been identified so far, however, incomplete
resistance was common in the collection. All the
accessions displayed a compatible interaction
(high infection type) both in adult plants under
field conditions and in seedlings under growth
chamber conditions, but with varying levels of
disease reduction (Barilli et al. 2009b). This
resistance was not associated with host cell death
(Barilli et al. 2009a, b). A segregating population
derived from the cross between a resistant and a
susceptible accession of P. fulvum has recently
been developed to study the resistance against
U. pisi (Barilli unpublished data). Preliminary
results performed on F2:3 revealed two QTL for
resistance to U. pisi in the field and controlled
conditions, respectively, which explained a high
percentage of the phenotypic variance (Barilli
et al. 2007). A RIL population derived from this
cross is being developed at present in order to
perform the required replications of field tests,
characterize their effects and validate the stability
of QTL across environments.

The current focus in applied breeding is leveraging
biotechnological tools to develop more and better
markers to allow marker-assisted selection with the
hope that this will speed up the delivery of improved
cultivars to the farmer. To date, however, progress in
marker development and delivery of useful markers
has been slow. Now we are also facing an accelerated
progress in genomic and biotechnological research,
which should soon provide the important understanding of some crucial developmental mechanisms
both in the parasites and their host plants. The application of knowledge acquired from basic genomic
research and genetic engineering will contribute to
more rapid pea improvement.
In general, the scarce genomic resources developed for cool season legumes and the limited
saturation of the genomic regions bearing putative
QTL make it difficult to identify the most tightly
linked markers and to determine the accurate
position of QTL (Rispail et al. 2009; Rubiales et
al. 2009a). The effectiveness of MAS might soon
increase with the adoption of new improvements
in marker technology together with the integration
of comparative mapping and functional genomics.
It could be a key to saturate genetic maps with
strong markers located in active genetic regions
and genes that should allow us to detect expression
QTL (eQTL) for reliable MAS selection.
M. truncatula is already being studied to unravel
resistance to a large number of pathogens, from
parasitic plants (Lozano-Baena et al. 2007; Fernández-Aparicio et al. 2008a), bacterial pathogens
(Vailleau et al. 2007), nematodes (Moussart
et al. 2007) to fungal and oomycete pathogens
(Rubiales & Moral 2004; Ellwood et al. 2006;
Tivoli et al. 2006b; Moussart et al. 2007; Prats
et al. 2007). The transcriptomic and proteomic approaches developed for this model legume can be
used to understand the molecular components and
identify candidate genes involved in M. truncatula
defence against these pathogens. Transcriptomic
or proteomic studies have been performed to
determine genes involved in defence mechanisms
against Aphanomyces euteiches (Nyamsuren et al.
2003; Colditz et al. 2005), Erysiphe pisi (Curto
et al. 2006, 2008; Foster-Hartnett et al. 2007),
Orobanche crenata (Dié et al. 2007; Castillejo
et al. 2009; Dita et al. 2009), U. striatus (Castillejo et al. 2003) or Mycosphaerella pinodes
(Fondevilla et al. 2009b).
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Pea resistance breeding is slow not only due to
the difficulty and the relatively low investment on
genetics, genomics and biotechnology of the crop,
but also, and mainly because of little knowledge on
the biology of causal agents and on the pea/disease
interactions. Comprehensive studies on the host status and virulence of causal agents are often missing,
and in most of the examples listed above, there is a
low agreement on the existence of races and on their
distribution. This is a major limitation for any breeding programme. Also, available information on levels
of resistance and on the responsible mechanisms
is often incomplete. Only after a significant input
to improve the existing knowledge on the biology
of causal agents as well as on the plant, resistance
breeding will be accelerated efficiently.
Acknowledgements. The authors would like to thank
Projects No. AGL2008-01239 and No. P07-AGR02883
for financial support.
References
Barilli E., Rubiales D., Torres A.M. (2007): Identification of QTLs (Quantitative trait loci) for rust (Uromyces
pisi) resistance in pea (Pisum fulvum). In: 6th European
Conference on Grain Legumes: Integrating Legume
Biology for Sustainable Agriculture. Lisbon.
Barilli E., Sillero J.C., Rubiales D. (2009a): Characterization of resistance mechanisms to Uromyces pisi
in pea. Plant Breeding, 128: 665–670.
Barilli E., Sillero J.C., Fernández-Aparicio M.,
Rubiales D. (2009b): Identification of resistance to
Uromyces pisi (Pers.) Wint. in Pisum spp. germplasm.
Field Crop Research, 114: 198–203.
Barilli E., Sillero J.C., Serrano A., Rubiales D.
(2009c): Differential response of pea (Pisum sativum)
to rusts incited by Uromyces viciae-fabae and U. pisi.
Crop Protection, 28: 980–986.
Castillejo M.A., Gómez C., Moral A., Rubiales D.,
Jorrín J.V. (2003): Plant pathogen interaction studies
in Medicago truncatula. Two-dimensional electrophoresis of proteins in Uromyces striatus infected tissue. In: Jorrín J.V., Bárcena J.A., Alonso A., Ramos
J., Tena M. (eds): Seminars in Proteomics. Servicio
Publicaciones Universidad de Córdoba, 200–201.
Castillejo M.A., Amiour N., Dumas-Gaudot E.,
Rubiales D., Jorrín J.V. (2004): A proteome approach to studying plant response to crenate broomrape (Orobanche crenata) in pea (Pisum sativum).
Phytochemistry, 65: 1817–1828.

Castillejo M.A., Maldonado A.M., Dumas-Gaudot
E., Fernández-Aparicio M., Susin R., Rubiales D.,
Jorrín J. (2009): Differential expression proteomics
to investigate responses and resistance to Orobanche
crenata in Medicago truncatula. BMC Genomics,
10: 294.
Chand R., Srivastava C.P., Singh B.D., Sarode S.B.
(2006): Identification and characterization of slow
rusting components in pea (Pisum sativum L.). Genetic Resources and Crop Evolution, 53: 219–224.
Clulow S.A., Matthews P., Lewis B.G. (1991): Genetical analysis of resistance to Mycosphaerella pinodes
in pea seedlings. Euphytica, 58: 183–189.
Colditz F., Braun H.P., Jacquet C., Niehaus K., Krajinski F. (2005): Proteomic profiling unravels insights
into the molecular background underlying increased
Aphanomyces euteiches-tolerance of Medicago truncatula. Plant Molecular Biology, 59: 387–406.
Cousin R. (1997): Peas (Pisum sativum L.). Field Crops
Research, 53: 111–130.
Curto M., Camafeita E., López J.A., Maldonado
A.M., Rubiales D., Jorrín J.V. (2006): A proteomic
approach to study pea (Pisum sativum) responses
to powdery mildew (Eysiphe pisi). Proteomics, 6:
163–174.
Curto M., Gil C., Gutiérrez M., Rubiales D., Maldonado A.M., Jorrín J.V. (2008): Medicago truncatula resistance to powdery mildew (Erysiphe pisi):
a proteomic study. Proteómica, 1: 135.
Die J.V., Dita M.A., Krajinski F., González-Verdejo
C.I., Rubiales D., Moreno M.T., Román B. (2007):
Identification by suppression subtractive hybridization and expression analysis of Medicago truncatula
putative defence genes in response to Orobanche crenata parasitization. Physiological and Molecular Plant
Pathology, 70: 49–59.
Dirlewanger E., Isaac P., Ranade S., Belajouza M.,
Cousin R., Devienne D. (1994). Restriction fragment
length polymorphism analysis of loci associated with
disease resistance genes and developmental traits in
Pisum sativum L. Theoretical and Applied Genetics,
88: 17–27.
Dita M.A., Die J.V., Román B., Krajinski F., Küster
H., Moreno M.T., Cubero J.I., Rubiales D. (2009):
Gene expression profiling of Medicago truncatula
roots in response to the parasitic plant Orobanche
crenata. Weed Research, 49: 66–80.
Ek M., Eklund M., Von Post R., Dayteg C., Henriksson T., Weibull P., Ceptilis A., Issac P., Tuvesson
S. (2005). Microsatellite markers for powdery mildew
resistance in pea (Pisum sativum L.). Hereditas, 142:
86–91.

139

Czech J. Genet. Plant Breed., 45, 2009 (4): 135–142
Ellwood S.R., Kamphuis L.G., Oliver R.P. (2006):
Identification of sources of resistance to Phoma medicaginis isolates in Medicago truncatula SARDI core
collection accessions, and multigene differentiation
of isolates. Phytopathology, 96: 1330–1336.
Emeran A.A., Sillero J.C., Niks R.E., Rubiales D.
(2005): Infection structures of host-specialized isolates
of Uromyces viciae-fabae and of others Uromyces infecting leguminous crops. Plant Disease, 89: 17–22.
EPPO (2009): Standards Pea. Available at http://archives.
eppo.org/EPPOStandards/PP2_GPP/pp2-14-e.doc.
(accessed February 13, 2009).
FAOSTAT (2008): Available at http://www.fao.org
Fernández-Aparicio M., Pérez-De-Luque A., Prats
E., Rubiales D. (2008a): Variability of interactions
between barrel medic (Medicago truncatula) genotypes and Orobanche species. Annals Applied Biology,
153: 117–126.
Fernández-Aparicio M., Sillero J.C., Pérez-De-Luque A., Rubiales D. (2008b): Identification of sources
of resistance to crenate broomrape (Orobanche crenata) in Spanish lentil (Lens culinaris) germplasm.
Weed Research, 48: 85–94.
Fernández-Aparicio M., Flores F., Rubiales D.
(2009): Field response of Lathyrus cicera germplasm to
crenate broomrape (Orobanche crenata). Field Crops
Research, 113: 321–327.
Fondevilla S., Avila C.M., Cubero J.I., Rubiales
D. (2005): Response to Mycosphaerella pinodes in a
germplasm collection of Pisum spp. Plant Breeding,
124: 313–315.
Fondevilla S., Carver T.L.W., Moreno M.T., Rubiales D. (2006): Macroscopical and histological characterisation of genes er1 and er2 for powdery mildew
resistance in pea. European Journal of Plant Pathology,
115: 309–321.
Fondevilla S., Carver T.L.W., Moreno M.T., Rubiales D. (2007a): Identification and characterisation of
sources of resistance to Erysiphe pisi Syd. in Pisum
spp. Plant Breeding, 126: 113–119.
Fondevilla S., Cubero J.I., Rubiales D. (2007b): Inheritance of resistance to Mycospherella pinodes in
two wild accessions of Pisum. European Journal of
Plant Pathology, 119: 53–58.
Fondevilla S., Torres A.M., Moreno M.T., Rubiales D.
(2007c): Identification of a new gene for resistance to Erysiphe pisi Syd. in pea. Breeding Science, 57: 181–184.
Fondevilla S., Rubiales D., Moreno M.T., Torres
A.M. (2008a): Identification and validation of RAPD
and SCAR markers linked to the gene Er3 conferring resistance to Erysiphe pisi DC in pea. Molecular
Breeding, 22: 193–200.

140

Fondevilla S., Rubiales D., Zatovic S., Torres
A.M. (2008b): Mapping of quantitative trait loci for
resistance to Mycosphaerella pinodes in Pisum sativum
subsp. syriacum. Molecular Breeding, 21: 439–454.
Fondevilla S., Fernández-Aparicio M., Satovic Z.,
Emeran A.A., Torres A.M., Moreno M.T., Rubiales D. (2009a): Identification of quantitative trait loci
for specific mechanisms of resistance to Orobanche
crenata in pea. Molecular Breeding, DOI 10.1007/s
11032-009-9330-7.
Fondevilla S., Krajinski F., Küster H., Rubiales D.
(2009b): Identification of genes involved in resistance
to Mycospherella pinodes in pea using micro-array
technology. In: 2nd International Ascochyta Symposium. Pullman.
Foster-Hartnett D., Danesh D., Penuela S., Sharopova N., Endre G., Vandenbosch K.A., Young
N.D., Samac D.A. (2007): Molecular and cytological
responses of Medicago truncatula to Erysiphe pisi.
Molecular Plant Pathology, 8: 307–319.
Grenz J.H., Sauerborn J. (2007): Mechanisms limiting the geographical range of the parasitic weed
Orobanche crenata. Agricultural Ecosystems and Environment, 122: 275–281.
Gressel J. (2009): Crops with target-site herbicide resistance for Orobanche and Striga control. Pest Management Science, 65: 560–565.
Heringa R.J., Van Norel A., Tazelaar M.F. (1969):
Resistance to powdery mildew (Erysiphe polygoni D.C.)
in peas (Pisum sativum L.). Euphytica, 18: 163–169.
Katoch V., Sharma S., Pathania S., Banayal D.K.,
Sharma S.K., Rathour R. (2009). Molecular mapping of pea powdery mildew resistance gene er2 to pea
linkage group III. Molecular Breeding, DOI 10.1007/s
11032-009-9322-7
Kushwaha C., Chand R., Srivastava C. (2006): Role
of aeciospores in outbreaks of pea (Pisum sativum)
rust (Uromyces fabae). European Journal of Plant Pathology, 115: 323–330.
Lozano-Baena M.D., Prats E., Moreno M.T., Rubiales D., Perez-De-Luque A. (2007): Medicago truncatula as a model host for legumes-parasitic plants
interactions: Two phenotypes of resistance for one defensive mechanism. Plant Physiology, 145: 437–449.
Moussart A., Onfroy C., Lesne A., Esquibet M.,
Grenier E., Tivoli B. (2007): Host status and reaction of Medicago truncatula accessions to infection
by three major pathogens of pea (Pisum sativum) and
alfalfa (Medicago sativa). European Journal of Plant
Pathology, 117: 57–69.
Nyamsuren O., Colditz F., Rosendahl S., Tamasloukht M., Bekel T., Meyer F., Küster H., Fran-

Czech J. Genet. Plant Breed., 45, 2009 (4): 135–142
ken P., Krajinski F. (2003): Transcriptional profiling of
Medicago truncatula roots after infection with Aphanomyces euteiches (oomycota) identifies novel genes
upregulated during this pathogenic interaction. Physiological and Molecular Plant Pathology, 63: 17–26.
Pal A.B., Brahmappa H.S., Rawal R.D., Ullasa B.A.
(1980): Field resistance of pea germplasm to powdery
mildew (Erysiphe polygoni) and rust (Uromyces fabae).
Plant Disease, 64: 1085–1086.
Pereira G., Marques C., Ribeiro R., Formiga S.,
Damaso M., Tavares-Sousa M., Farinho M.,
Leitão J.M. (2009): Identification of DNA markers
linked to an induced mutated gene conferring resistance to powdery mildew in pea (Pisum sativum L.).
Euphytica, DOI 10.1007/s 10681-009-0003-8.
Pérez-De-Luque A., Jorrín J., Cubero J.I., Rubiales
D. (2005a): Orobanche crenata resistance and avoidance in pea (Pisum spp.) operate at different developmental stages of the parasite. Weed Research, 45:
379–387.
Pérez-De-Luque A., Rubiales D., Cubero J.I., Press
M.C., Scholes J., Yoneyama K., Takeuchi Y., Plakhine D., Joel D.M. (2005b): Interaction between
Orobanche crenata and its host legumes: unsuccessful
haustorial penetration and necrosis of the developing
parasite. Annals of Botany, 95: 935–942.
Pérez-De-Luque A., González-Verdejo C.I., Lozano
M.D., Dita M.A., Cubero J.I., González-Melendi
P., Risueño M.C., Rubiales D. (2006): Protein crosslinking, peroxidase and β-1,3-endoglucanase involved
in resistance of pea against Orobanche crenata. Journal
of Experimental Botany, 57: 1461–1469.
Pérez-De-Luque A., Fondevilla S., Pérez-VIch B.,
Aly R., Thoiron S, Simier P., Castillejo M.A.,
Fernández J.M., Jorrín J., Rubiales D., Delavault
P. (2009): Understanding Orobanche and Phelipanchehost plant interaction and developing resistance. Weed
Research, 49(S1): 8–22.
Prats E., Llamas M.J., Rubiales D. (2007): Characterisation of resistance mechanisms to Erysiphe
pisi in Medicago truncatula. Phytopathology, 97:
1049–1053.
Prioul S., Frankewitz A., Deniot G., Morin G.,
Baranger A. (2004): Mapping of quantitative trait
loci for partial resistance to Mycosphaerella pinodes
in pea (Pisum sativum L.), at the seedling and adult
plant stages. Theoretical and Applied Genetics, 108:
1322–1334.
Prioul-Gervais S., Deniot G., Receveur E.M.,
Frankewitz A., Fourmann M., Rameau C., PiletNayel M.L., Baranger A. (2007): Candidate genes
for quantitative resistance to Mycosphaerella pinodes

in pea (Pisum sativum L.). Theoretical and Applied
Genetics, 114: 971–984.
Rispail N., Dita M.A., González-VErdejo C., PérezDe-Luque A., Castillejo M.A., Prats E., Román
B., Jorrín J., Rubiales D. (2007): Plant resistance to
parasitic plants: current approaches for an old foe.
New Phytologist, 173: 703–712.
Rispail N., Kaló P., Kiss G.B., Ellis T.H.N., Gallardo
K., Thompson R.D., Prats E., Larrainzar E., Ladrera R., González E.M., Arrese-Igor C., Ferguson
B.J., Gresshoff P.M., Rubiales D. (2009): Model legumes to contribute to faba bean breeding. Field Crops
Research, DOI 10.1016/jr.fcr.2009.03.014.
Rubiales D. (2003): Parasitic plants, wild relatives and the
nature of resistance. New Phytologist, 160: 459–461.
Rubiales D., Pérez-De-Luque A., Cubero J.I., Sillero J.C. (2003): Crenate broomrape (Orobanche
crenata) infection in field pea cultivars. Crop Protection, 22: 865–872.
Rubiales D., Moral A. (2004): Prehaustorial resistance
against alfalfa rust (Uromyces striatus) in Medicago
truncatula. European Journal of Plant Pathology, 110:
239–243.
Rubiales D., Moreno M.T., Sillero J.C. (2005): Search
for resistance to crenate broomrape (Orobanche crenata) in pea germplasm. Genetic Resources and Crop
Evolution, 52: 853–861.
Rubiales D., Pérez-De-Luque A., Fernández-Aparicio M., Sillero J.C., Román B., Kharrat M., Khalil
S., Joel D.M., Riches C. (2006): Screening techniques
and sources of resistance against parasitic weeds in
grain legumes. Euphytica, 147: 187–199.
Rubiales D., Fernández-Aparicio M., Rodríguez M.J. (2008): First report of crenate broomrape
(Orobanche crenata) on lentil (Lens culinaris) and
common vetch (Vicia sativa) in Salamanca province,
Spain. Plant Disease, 92: 1368.
Rubiales D., Fernández-Aparicio M., Pérez-DeLuque A., Prats E., Castillejo M.A., Sillero J.,
Rispail N., Fondevilla S. (2009a): Breeding approaches for crenate broomrape (Orobanche crenata
Forsk.) management in pea (Pisum sativum L.). Pest
Management Science, 65: 553–559.
Rubiales D., Fernández-Aparicio M., Wegmann
K., Joel D.M. (2009b). Revisiting strategies for reducing the seedbank of Orobanche and Phelipanche spp.
Weed Research, 49(S1): 23–33.
Sillero J.C., Fondevilla S., Davidson J., Vaz Patto
M.C., Warkentin T.D., Thomas J., Rubiales D.
(2006): Screening techniques and sources of resistance
to rusts and mildews in grain legumes. Euphytica,
147: 255–272.

141

Czech J. Genet. Plant Breed., 45, 2009 (4): 135–142
Tan S., Evans R.R., Dahmer M.L., Singh B.K., Shaner
D. (2004): Imidazolinone tolerant crops: history, current status and future. Pest Management Science, 61:
246–257.
Tar’an B., Warkentin T., Somers D.J., Miranda D.,
Vandenberg A., Blade S., Woods S., Bing D., Xue
A., Dekoeyer D., Penner G. (2003): Quantitative trait
loci for lodging resistance, plant height and partial
resistance to mycosphaerella blight in field pea (Pisum
sativum L.). Theoretical and Applied Genetics, 107:
1482–1491.
Timmerman-Vaughan G.M., Frew T.J., Weeden N.F.
(1994): Linkage analysis of er1, a recessive Pisum sativum gene for resistance to powdery mildew fungus
(Erysiphe pisi D.C). Theoretical and Applied Genetics,
88: 1050–1055.
Timmerman-Vaughan G.M., Frew T.J., Russell A.C.,
Khan T., Butler R., Gilpin M., Murray S., Falloon
K. (2002): QTL mapping of partial resistance to field
epidemics of Ascochyta blight of peas. Crop Science,
42: 2100–2111.
Timmerman-Vaughan G.M., Frew T.J., Butler R.,
Murray S., Gilpin M., Falloon K., Johnston P.,
Lakeman M.B., Russell A., Khan T. (2004): Validation of quantitative trait loci for Ascochyta blight resistance in pea (Pisum sativum L.), using populations
from two crosses. Theoretical and Applied Genetics,
109: 1620–1631.
Tivoli B., Baranger A., Avila C.M., Banniza S.,
Barbetti M., Chen W., Davidson J., Lindeck K.,
Kharrat M., Rubiales D., Sadiki M., Sillero J.C.,
Sweetingham M., Muehlbauer F.J. (2006a): Screening techniques and sources of resistance to foliar diseases caused by major necrotrophic fungi in grain
legumes. Euphytica, 147: 223–253.
Tivoli B., Baranger A., Sivasithamparam K., Barbetti M.J. (2006b): Annual Medicago: from a model

crop challenged by a spectrum of necrotrophic pathogens to a model plant to explore the nature of disease
resistance. Annals of Botany, 98: 1117–1128.
Tiwari K.R., Penner G.A., Warkentin T.D. (1997):
Inheritance of powdery mildew resistance in pea.
Canadian Journal of Plant Sciences, 77: 307–310.
Tiwari K.R., Penner G.A., Warkentin T.D. (1998):
Identification of coupling and repulsion phase RAPD
markers for powdery mildew resistance gene er-1 in
pea. Genome, 41: 440–444.
Tiwari K.R., Penner G.A., Warkentin T.D. (1999):
Identification of AFLP markers for powdery mildew resistance gene er2 in pea. Pisum Genetics, 31: 27–29.
Valderrama M.R., Román B., Satovic Z., Rubiales
D., Cubero J.I., Torres A.M. (2004): Locating quantitative trait loci associated with Orobanche crenata
resistance in pea. Weed Research, 44: 323–328.
Vailleau F., Sartorel E., Jardinaud M.F., Chardon
F., Genin S., Huguet T., Gentzbittel L., Petitprez
M. (2007): Characterization of the interaction between
the bacterial wilt pathogen Ralstonia solanacearum
and the model legume plant Medicago truncatula.
Molecular Plant Microbe Interactions, 20: 159–167.
Vijayalakshmi S., Yadav K., Kushwaha C., Sarode
S.B., Srivastava C.P., Chand R., Singh B.D. (2005):
Identification of RAPD markers linked to the rust
(Uromyces fabae) resistance gene in pea (Pisum sativum). Euphytica, 144: 265–274.
Wroth J. (1999): Evidence suggests that Mycosphaerella
pinodes infection of Pisum sativum is inherited as a
quantitative trait. Euphytica, 107: 193–204.
Xue A.G., Warkentin T.D. (2001): Reaction of field
pea varieties to three isolates of Uromyces fabae. Plant
Science, 82: 253–255.
Received for publication October 18, 2009
Accepted after corrections November 5, 2009

Corresponding author:
Prof. Dr. Diego Rubiales, Institute for Sustainable Agriculture, CSIC, Apdo de Correos 4084, 14080 Córdoba,
Spain
tel.: + 34 957 499 215, fax: + 34 957 499 252, e-mail: diego.rubiales@ias.csic.es

142

