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Foreword

Sustainable strategies for managing Brassica napus (oilseed rape) resistance to

Leptosphaeria maculans (phoma stem canker)

The interaction between the fungus Leptosphaeria maculans and oilseed rape (Brassica napus) is becoming
an excellent model system for studying genetics of host–pathogen interactions. Leptosphaeria maculans
causes phoma stem canker (blackleg) on oilseed rape and other Brassica crops worldwide. Recently,
application of molecular techniques has led to increased understanding of the genetics of this hemibio-
trophic interaction. The complete sequences of the genomes of L. maculans and B. rapa (comprising the
Brassica A genome) will be available soon. This will provide new opportunities to investigate basic met-
abolic pathways in the host and the pathogen, and detailed knowledge of the disease process.

Worldwide, the major strategy for control of phoma stem canker is the use of cultivars with resistance to
L. maculans. However, serious epidemics have occurred recently in Australia and Europe when L. maculans
populations changed such that major gene resistance in oilseed rape was overcome. Thus there is an urgent
need to find and deploy sources of resistance to L. maculans in a manner that enhances their durability.

This topic was addressed at a workshop (phoma stem canker durable resistance workshop, 13 Sep-
tember 2004) attended by plant pathologists from Australia and Europe, which was held at INRA
(Versailles, France) immediately before the second annual meeting of the European Union-funded SE-
CURE (QLK5-CT-2002-01813) project. This special issue of the European Journal of Plant Pathology is
based on papers presented at the workshop, with additional contributions from scientists in Canada,
Australia and Europe who were not able to attend. To provide an international perspective on each topic,
authors of most of the papers are from several countries. We hope that these papers will provide
researchers with a synthesis of the recent studies relating to strategies for management of resistance genes
to provide effective control of L. maculans, and will stimulate further research on this important model
system.

BRUCE D.L. FITT
NEAL EVANS

BARBARA J. HOWLETT
MIKE COOKE

European Journal of Plant Pathology (2006) 114: 1 � Springer 2006
DOI 10.1007/s10658-005-8307-6
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Abstract

Phoma stem canker is an internationally important disease of oilseed rape (Brassica napus, canola,
rapeseed), causing serious losses in Europe, Australia and North America. UK losses of e56M per season
are estimated using national disease survey data and a yield loss formula. Phoma stem canker pathogen
populations comprise two main species, Leptosphaeria maculans, associated with damaging stem base
cankers, and Leptosphaeria biglobosa, often associated with less damaging upper stem lesions. Both major
gene and quantitative trait loci mediated resistance to L. maculans have been identified in B. napus, but little
is known about resistance to L. biglobosa. Leptosphaeria maculans, which has spread into areas in North
America and eastern Europe where only L. biglobosa was previously identified, now poses a threat to large
areas of oilseed rape production in Asia. Epidemics are initiated by air-borne ascospores; major gene
resistance to initial infection by L. maculans operates in the leaf lamina of B. napus. It is not clear whether
the quantitative trait loci involved in the resistance to the pathogen that can be assessed only at the end of
the season operate in the leaf petioles or stems. In countries where serious phoma stem canker epidemics
occur, a minimum standard for resistance to L. maculans is included in national systems for registration of
cultivars. This review provides a background to a series of papers on improving strategies for managing B.
napus resistance to L. maculans, which is a model system for studying genetic interactions between hemi-
biotrophic pathogens and their hosts.

Introduction

Phoma stem canker (blackleg) is a disease of
world-wide importance on oilseed rape (Brassica
napus, canola, colza, rapeseed, Raps), which can
cause serious losses on crops in Europe, Australia
and North America (West et al., 2001; Howlett,
2004). The disease is caused by a complex of
Leptosphaeria species (Mendes-Pereira et al.,
2003), the most important of which is L. maculans,

associated with damaging stem base canker in
many countries (West et al., 2001). In Europe
and North America, L. maculans often co-exists
with L. biglobosa (West et al., 2002a), which may
have evolved from a common ancestor (Gudelj
et al., 2004). Leptosphaeria biglobosa is associated
with upper stem lesions; whilst generally not
damaging, they can cause serious losses in coun-
tries like Poland with high summer temperatures
(Huang et al., 2005).

European Journal of Plant Pathology (2006) 114: 3–15 � Springer 2006
DOI 10.1007/s10658-005-2233-5



Basal phoma stem canker (L. maculans) can
potentially cause total crop loss, for example when
highly susceptible Chinese cultivars were grown in
Europe (Grezes-Bessett and McCartney, personal
communication) or when breakdown of major
gene resistance in a susceptible background
occurred recently in Australia (Li et al., 2003).
This major gene resistance generally operates at
the point of entry of L. maculans into the plant
(cotyledon or leaf), although its effects may last
throughout the season because L. maculans is a
monocyclic pathogen. However, many cultivars
grown in countries where L. maculans is endemic
also have some quantitative background resistance
to L. maculans, which may operate to impede the
progress of the pathogen down the leaf petiole or
in the stem tissues, although the genetics is not
clearly understood (Rimmer and van den Berg,
1992; Delourme et al., 2004).

Fungicide spray treatments, applied to control
stem canker in western Europe in autumn/winter
during the leaf spot phase of the disease before the
pathogen reaches the stem (West et al., 1999,
2002b), may become impractical if gross margins
from growing winter oilseed rape decrease in these
countries. Use of fungicide foliar sprays is gener-
ally uneconomic outside western Europe, in
countries where yields are lower, although fungi-
cides are applied with the seed in Australia and
Canada (West et al., 2001). Therefore, for sus-
tainable world-wide production of oilseed rape,
strategies need to be developed to manage resis-
tance to L. maculans so that it is durable (Rouxel
et al., 2003a). This review, which provides the
background for a series of papers on developing

improved strategies for managing B. napus resis-
tance to L. maculans, discusses national losses
from phoma stem canker, differences between
L. maculans and L. biglobosa, the world-wide
spread of L. maculans, epidemiology of phoma
stem canker in relation to genetics of B. napus
resistance to L. maculans and the role of disease
resistance in national systems for registration of
oilseed rape cultivars.

National losses from phoma stem canker

Phoma stem canker is now the most serious dis-
ease on winter oilseed rape in the UK. Using data
from a national (England and Wales) survey,
estimates of losses from this disease have increased
from c. e14M per season in the late 1980s (Fitt
et al., 1997) to e56M per season in harvest years
2000–2002 (www.cropmonitor.co.uk) (Figure 1).
By contrast, losses from light leaf spot, caused by
Pyrenopeziza brassicae, the most serious disease of
winter oilseed rape in Scotland, have decreased in
England and Wales in this period, with estimated
losses of c. e28M per season in 2000–2002. On a
national scale in the UK, both sclerotinia stem rot
(Sclerotinia sclerotiorum) and dark pod spot
(Alternaria brassicae) are generally unimportant,
with average losses of e2M and e0.4M per sea-
son, respectively (Fitt et al., 1997).

These losses are estimated by multiplying Eng-
land and Wales survey disease incidence data
(% plants affected) and appropriate yield loss
parameters (Fitt et al., 1997). The survey data are
collected by sampling from a stratified series of

0

40

80

19
87

19
88

19
89

19
90

19
91

19
92

19
93

19
94

19
95

19
96

19
97

19
98

19
99

20
00

20
01

20
02

Phoma stem canker Light leaf spot Sclerotinia Alternaria

U
K

 o
ils

ee
d 

ra
pe

 d
is

ea
se

 lo
ss

es
 (

£M
)

Figure 1. Estimated losses (£1 ” e1.4) from diseases (phoma stem canker, light leaf spot, sclerotinia stem rot and alternaria pod

spot) in winter oilseed rape in England and Wales, for harvest years 1987–2002, calculated from disease survey data (www.crop-

monitor.co.uk) and yield loss coefficients (Fitt et al., 1997).
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approximately 100 commercial crops per season
(Welham et al., 2004), with numbers of crops
sampled proportional to the area of oilseed rape
grown in each Defra (UK Department for Envi-
ronment, Food and Rural Affairs) region. Losses
are estimated from data for % plants affected in
random samples of 25 plants per crop taken in
summer (early July) before harvest. Estimates of
yield losses associated with severe epidemics of
each of these diseases were based on data from
plot experiments with only one disease present, in
which fungicides had been used to control this
disease. Thus, yield response to fungicide treat-
ment (y) was related to decrease in incidence of
phoma stem canker (x) by linear regression
(y=a+bx). The yield loss coefficient (b) for pho-
ma stem canker was estimated as 0.015 t ha)1 for
each 1% increase in incidence of the disease. Given
the area sown to oilseed rape each season, the
national incidence of the disease and the oilseed
rape price (estimated as e210 t)1), the yield loss
coefficient was used to estimate the loss from
phoma stem canker each season to demonstrate
trends in the national importance of the disease.
Yield loss coefficients relating % yield loss to
incidence of phoma stem canker have also been
estimated (Zhou et al., 1999); given data for the
national average yield in t ha)1, these could also be
used to estimate national average yield losses.

Despite the deployment of resistant cultivars,
the oilseed rape industry in Australia continues to
suffer serious losses from phoma stem canker, as
illustrated by losses of e11.3M and e30.1M for
the 1998 and 1999 seasons, respectively (Khangura
and Barbetti, 2001). In France, losses from phoma
stem canker vary between regions and seasons, but
generally account for 5 (e36.8M) to 20%
(e147M) of the national oilseed rape production
(Allard et al., 2002).

Pre-harvest assessments of phoma stem canker
can be used, retrospectively, to estimate yield los-
ses from the disease in Europe because most losses
are associated with premature death of plants
through occlusion of vascular tissues by stem base
cankers (West et al., 2001). Although phoma leaf
spotting epidemics may be widespread in autumn
and winter, such epidemics rarely cause extensive
death of plants. If occasional plants are lost, sur-
rounding plants can compensate so that yield is
unaffected. By contrast, in Australia, widespread
death of seedlings and complete destruction of

crops by the disease at any stage from seedling to
maturity can occur (Khangura and Barbetti,
2001). In such circumstances, national losses can-
not be estimated solely from end-of-season disease
surveys and total production of seed.

Differences between Leptosphaeria maculans
and L. biglobosa

Historically, the L. maculans/L. biglobosa species
complex was divided into two groups of isolates,
named highly virulent/aggressive and weakly vir-
ulent/non-aggressive, from their pathogenicity to
oilseed rape stems (Williams and Fitt, 1999). The
presence of a non-host specific phytotoxin,
sirodesmin PL, in culture filtrates made it possible
to divide isolates into Tox+ (producing sirodesmin
PL, highly virulent) and Tox0 (not producing
sirodesmin PL, weakly virulent). Moreover, two
different RLFP patterns associated with differ-
ences in pathogenicity and pigment production in
liquid medium lead to classification of isolates into
A (highly virulent, Tox+) or B (weakly virulent,
Tox0) groups. B-group isolates are a more complex
group than A-group isolates. Indeed, B-group
isolates were divided into three subgroups; NA1
(NA, non-aggressive), NA2 and NA3 (Koch et al.,
1991).

Under in vitro conditions, reproducible differ-
ences in pseudothecial morphology, the inability to
cross A with B-group single ascospore isolates and
crossing of opposite mating types of A with A or B
with B suggested that the two groups are different
species, named L. maculans for A-group isolates
and L. biglobosa for NA1 B-group isolates (Somda
et al., 1997; Shoemaker and Brun, 2001). The two
species also differ in germination, growth, pigment
diffusion, biochemical traits, molecular patterns
and pathogenicity. A study, based on the sequence
of the internal transcribed spacer region of the
ribosomal DNA repeat, established the relation-
ships between seven members of the species
complex. These included L. maculans ‘brassicae’
(A-group), L. biglobosa ‘brassicae’ (NA1 B-group,
predominant in Europe) and L. biglobosa ‘cana-
diensis’ (NA2 B-group, predominant in Canada)
(Mendes-Pereira et al., 2003).

Whilst typical symptoms caused by L. maculans
(phoma leaf spot lesions and stem base cankers)
are easily identified, it is more difficult to recognise
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specific symptoms for L. biglobosa. However,
L. biglobosa leaf lesions generally differ from those
of L. maculans (Brun et al., 1997; Toscano-
Underwood et al., 2001) (Figure 2). Both species
are able to survive on stem debris and produce
ascospores on unburied debris, but L. biglobosa
survives longer on unburied debris than on buried
debris (Huang et al., 2003a). Under the same
conditions, ascospores of L. maculans survive
longer than those of L. biglobosa. Rates of pseu-
dothecial maturation of the two species are similar
at 15–20 �C but L. biglobosa matures more slowly
than L. maculans at <10 �C (Toscano-Underwood
et al., 2003). In Europe, no yield loss is associated
with leaf lesions of either species. On stems, L.
biglobosa is mainly confined to upper stems (West
et al., 2002a), even though both species occur on
different stem tissues, including the pith. In
France, premature senescence of oilseed rape crops
in the absence of phoma stem canker (Brun and
Jacques, 1991), associated with a complex of L.
maculans, Verticillium longisporum and Fusarium
spp., has caused serious yield losses. It is difficult
to attribute the losses to specific components of
this pathogen complex. More research is also
needed to understand effects of L. biglobosa on
yield and establish relative yield losses caused by
L. maculans or L. biglobosa.

Whilst resistance to L. maculans, which may be
either major gene or polygenic, has been described
(Pilet et al., 2001; Delourme et al., 2004), little is
known about resistance to L. biglobosa. Never-
theless, some results indicate that genes for resis-
tance to L. maculans are not effective against
L. biglobosa. For example, the genes Rlm1 in cv.
Vivol (Brun et al., 1997) and Rlm6 in MX lines
(not yet commercialised in Europe) both confer
resistance to L. maculans but not to L. biglobosa
(Somda et al., 1998; Brun, unpublished results).
More research is needed to investigate potential
differences in resistance to L. maculans in B. napus
and other crucifers and find sources of resistance
to L. biglobosa.

World-wide spread of L. maculans

L. maculans and L. biglobosa have a world-wide
distribution, probably due to their transmission in
seed of B. oleracea, B. napus, B. rapa and other
brassica crops (West et al., 2001). One or other of
them is known to occur in Europe (25 countries),
Africa (eight countries), Asia (16 countries), North
America (Canada, USA, Mexico), central America
(five countries), South America (Argentina and
Brazil) and Oceania (five countries) (Anon., 2004)

Figure 2. Symptoms of disease on leaves (phoma leaf spot) caused by L. maculans (large pale lesions with pycnidia) or L. biglobosa

(darker lesions, generally smaller) and stems (basal phoma stem canker, L. maculans predominant species present; upper stem

lesions, L. biglobosa predominant species present) of European winter oilseed rape, and cultures of L. maculans (no pigment) or

L. biglobosa (pigment) on potato dextrose agar.
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(Figure 3). In most cases, reports do not distin-
guish between L. maculans and L. biglobosa or
provide information on the brassica crop on which
the pathogen was identified. Reports that distin-
guish between L. maculans and L. biglobosa are
almost entirely based on characteristics of isolates
cultured from oilseed rape (B. napus).

Leptosphaeria biglobosa ‘canadiensis’ has been
widespread on oilseed rape in Canada since it was
first isolated in 1957. Leptosphaeria maculans was
first isolated from oilseed rape in Saskatchewan in
1975, and subsequently spread to Alberta by 1983
and Manitoba by 1984 (Gugel and Petrie, 1992).
Currently, almost all Canadian oilseed rape pro-
duction is with resistant cultivars. In a survey from
1998 to 2000 in Alberta, Saskatchewan and Mani-
toba (Keri, Kutcher and Rimmer, unpublished), L.
biglobosa accounted for 18–48% of the isolates,
depending on the year. Both species are widely dis-
tributed in the USA (Anon., 2004). Leptosphaeria
maculans and L. biglobosa have recently been re-
ported from Mexico on B. oleracea (Moreno-Rico
et al., 2001) and Brazil (Fernando and Parks, 2003)
and Argentina (Gaetan, 2005) on oilseed rape.

Both L. maculans and L. biglobosa ‘brassicae’
occur in France, the UK and Germany, although

the relative frequency of the two species differs
between locations (West et al., 2001). Until the
mid-1990s, phoma stem canker in Poland was
almost exclusively associated with L. biglobosa
(Jedryczka et al., 1994). By 2002, L. maculans was
widespread on oilseed rape in western Poland,
whereas only L. biglobosa was found in eastern
Poland (Karolewski et al., 2002). Changes in
relative frequencies of the two species were also
observed in the Czech Republic and Hungary
(Szlávik et al., 2003). Thus, there is evidence of an
eastward spread of L. maculans from western
Europe. Leptosphaeria biglobosa is established in
Russia but L. maculans is not (Jedryczka et al.,
2002).

Piening et al. (1975) reported severe phoma stem
canker on oilseed rape in Kenya from 1972 to 1974
and indicate that the pathogen was present on
vegetable brassicas in 1951. From their description
of symptoms (severe basal stem cankers), they
were probably caused by L. maculans and not
L. biglobosa. L. maculans, reported in Natal, South
Africa on cabbage crops (Laing, 1986), has prob-
ably spread to oilseed rape, introduced into South
Africa in 1994 (http://www.arc.agric.za/institutes/
ppri/main/news/number60/moth.htm).

Lm

Lb

Lm/Lb

Lm or Lb

Figure 3. World-wide distribution of L. maculans (Lm) and L. biglobosa (Lb), showing the direction of spread of L. maculans in

Canada, where L. biglobosa ‘canadiensis’ was predominant, and eastern Europe (solid arrows), where L. biglobosa ‘brassicae’ was

predominant. Areas where populations have been characterised as predominantly L. maculans (red), L. biglobosa (blue) or a mix-

ture of the two species (green) are indicated by patches. Areas where there have been reports of the pathogens (sometimes only a

single report) but the species has not been identified are shown by yellow dots. Based on information in Crop Protection Compen-

dium (Anon., 2004) and other sources available to the authors.
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Although both L. maculans and L. biglobosa
have been isolated from oilseed rape in Australia
(Plummer et al., 1994), the population is almost
entirely L. maculans. Barrins et al. (2004) found
small differences in genetic diversity among iso-
lates according to the cultivar, age of the plants
and the region from which they were obtained but
populations differing in virulence were not
observed. Only L. biglobosa has been isolated from
oilseed rape in China (West et al., 2000). Since
many Chinese cultivars are highly susceptible to
L. maculans (McCartney and Grezes-Besset, per-
sonal communication), this raises the concern that
if L. maculans isolates are introduced to China
considerable damage could result. Furthermore, in
China, there are large areas grown to vegetable
brassicas. There is a need to improve the resistance
to L. maculans in Chinese oilseed rape cultivars
(B. napus) and vegetable brassicas (B. oleracea,
B. rapa). In the meantime, strict quarantine
measures should be employed to ensure that
L. maculans does not enter China in the next few
years. However, two factors relating to crop pro-
duction practices in China may mitigate the spread
and significance of L. maculans there. Removal of
oilseed rape stem debris from the field after harvest

for use as cooking fuel in rural China destroys
inoculum. Rotation of oilseed rape with rice
involves flooding fields after the oilseed rape har-
vest, submerging infected residues for long peri-
ods. Flooding oilseed rape residues greatly
decreased ascospore production after 6 days and
almost eliminated it after 10 days (Petrie, 1995).

Epidemiology of phoma stem canker in relation
to genetics of B. napus resistance to L. maculans

Since the oilseed rape growing regions of Europe,
Canada and Australia where phoma stem canker
causes major economic losses have different
growing seasons, types of cultivar resistance,
agricultural practices and climates, it is not unex-
pected that there are differences in the epidemiol-
ogy of the disease between these areas (West et al.,
2001) (Table 1). Wherever phoma stem canker
occurs, the air-borne L. maculans ascospores are
the main source of inoculum (Gladders and Musa,
1980; Salisbury et al., 1995; West et al., 2001)
(Figure 4). However, seasonal patterns of asco-
spore discharge differ between locations and
seasons (Khangura and Barbetti, 2001; West et al.,

Table 1. Stages in the epidemiology of phoma stem canker (Leptosphaeria maculans) in different parts of the world where severe

epidemics occura

Australia Canada Europe

Period of ascospore

release

Late April–

end August

West: May–Aug;

Ontario: Sept–Nov,

May–Aug

West: Sept–April;

East: Sept–Nov, April

Seedling blight

(blackleg)

Sporadic outbreaks can

severely affect crops

(mainly in the west)

(June/July)

Occasionally Uncommon

Phoma leaf lesions

Phoma stem canker

Leaf spots throughout

the growing season

West: leaf spots on

young or older plants

(June, July);

Ontario: leaf spots on

young winter oilseed

rape (Oct–Dec)

West: distinctive leaf

spots on young plants,

Oct–April;

East: little leaf spotting

Crown canker (stem base) Most severe phase of

disease; can occur

at any growth stage

Develops in pre-harvest

period (August)

West: most severe phase

of disease (May–July);

East: rare?

Phoma stem

lesions (upper stem)

Observed on stems

during and after

flowering (Sept–Nov)

Develop in pre-harvest

period

Generally more severe in

east than west Europe

(June/July)

Survival on residues West: 3–4 years;

South–east: 1–3 years

3 years <2 years

aAdapted from West et al. (2001).
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2002b). Differences in timing of pseudothecial
maturity are the main cause of differences in the
timing of the start of ascospore discharge (West
et al., 1999). Despite this, the main periods of
ascospore release in the different countries are
predominantly during the late autumn/winter
(Gladders and Musa, 1980; West et al., 1999;
Salam et al., 2003). In some regions (e.g. Western
Australia), ascospore showers often coincide with
seedling development (Wherrett et al., 2004). In
Western Australia, modelling demonstrated that
the dates of both seedling emergence and asco-
spore development/release are determined by
rainfall (Salam et al., 2003).

Maximum yield loss results from ascospore
infections that occur at the early seedling stage,
when plants are most vulnerable (Barbetti and
Khangura, 1999). The role of conidia in the epi-
demiology of the disease is generally minor in
Europe but more important in Western Australia
(West et al., 2001). In Australia, there is a good
correlation between incidence of cotyledon lesions
and subsequent incidence of stem base canker
(Li et al., 2005). By contrast, in North America

and Europe, cotyledon infection is generally less
important (West et al., 2001). In winter oilseed
rape, the most damaging stem base cankers are
generally associated with phoma leaf spots that
developed on leaves three to ten before the onset of
rapid stem extension.

Major gene specific resistance to L. maculans
(Rimmer and van den Berg, 1992; Balesdent et al.,
2002) operates when the ascospores infect cotyle-
dons or leaves of seedlings and prevents subsequent
spread to the stem and development of cankers
(Figure 4). Major gene resistance can be effective
for several years under field conditions, provided
the corresponding avirulent strains of the pathogen
remain prevalent (Rouxel et al., 2003b). However,
major gene resistance has broken down in France
(Brun et al., 2000; Rouxel et al., 2003b) and Aus-
tralia (Li et al., 2003; Sprague et al., 2006). Such
resistance breakdown is associated with major
changes in populations of L. maculans. For exam-
ple, in France, L. maculans population changes
from avirulence (AvrLm1) to virulence (avrLm1) to
the single dominant B. napus resistance gene Rlm1
between 1990 and 2000 were associated with

Figure 4. Seasonal cycle of phoma stem canker epidemics in Europe in relation to potential components of oilseed rape (B. napus)

resistance to L. maculans. Epidemics of this monocyclic disease are initiated in autumn (September/October) by air-borne ascosp-

ores; the pathogen spreads down the leaf petioles to reach the stem, where stem base cankers or upper stem lesions develop by har-

vest. A gene-for-gene specific host–pathogen interaction operates at the leaf infection stage but the basis for the background adult

plant (quantitative) resistance which operates in the leaf petiole and stem is not known. The UK recommended list (RL) rating for

resistance to phoma stem canker (www.hgca.com) is based on assessments of the cross-section of the stem damaged by the patho-

gen in summer (plants sampled in late June) before harvest (July).
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breakdown of this host resistance in commercial
crops (Rouxel et al., 2003b). There is also good
evidence that the resistance genes Rlm9, Rlm2 and
Rlm4 were rapidly broken down in France after the
widespread use of cultivars carrying them (Rouxel
et al., 2003b). These studies suggest that a single
major gene for resistance operating alone at the leaf
infection stage of epidemics is unlikely to be
durable.

Cultivars with quantitative resistance, which
may operate when the pathogen is spreading down
the leaf petiole or into the stem tissues (Figure 4)
(West et al., 2001), can be effective in controlling
L. maculans (Salisbury et al., 1995; Pilet et al.,
2001). Use of quantitative resistance in breeding
programmes has ensured new cultivars have good
background resistance (Delourme et al., 2006).
However, quantitative resistance is generally
influenced by environmental conditions and its
performance can be variable. Quantitatively
inherited resistance is likely to be more stable (Pilet
et al., 2001) than single gene seedling leaf resis-
tance. Despite this, it is of concern that in Western
Australia strains of L. maculans may overcome
quantitative resistance under glasshouse condi-
tions (Li et al., 2005). As quantitative resistance is
controlled by many genetic factors, molecular
markers for mapping and characterising quanti-
tative trait loci (QTL) can be used to identify these
different genetic backgrounds (Pilet et al., 2001;
Delourme et al., 2004).

In Australia, fewer pseudothecia and ascospores
were produced on residues from a cultivar with
specific resistance from B. rapa subsp. sylvestris
than on residues from cultivars with quantitative
resistance (Marcroft et al., 2004). Most ascospores
were produced on European winter oilseed rape
cultivars with quantitative resistance. Thus the
type of resistance deployed may affect reproduc-
tion of L. maculans and selection for increased
virulence.

Importance of resistance to L. maculans in national
systems for registration of oilseed rape cultivars

In countries where phoma stem canker causes
serious epidemics on oilseed rape, there is gener-
ally a standard for resistance to L. maculans
included in the national system for registration of
oilseed rape cultivars. For example, in the UK

‘recommended list’ system for registration of
winter oilseed rape cultivars (www.hgca.com)
there is an assessment of ‘field resistance’ to the
pathogen (i.e. resistance assessed on adult plants at
the end of the season, rather than on cotyledons or
leaves of seedlings). Each year the published table
of recommended list winter oilseed rape includes
‘resistance to stem canker’, along with relative
gross output, oil content, glucosinolate content
and agronomic qualities, such as resistance to
lodging and ‘resistance to light leaf spot’. The
resistance to stem canker or light leaf spot is on a 1
(susceptible) to 9 (resistant) scale, with the mini-
mum standard for resistance to either disease a
score of 3. These minimum standards for disease
resistance are used in the decision-making pro-
gress, alongside other agronomic standards such
as minimum lodging resistance, and marketing
standards such as low glucosinolate content.
Earlier in the selection process, a merit rating for
each candidate cultivar is calculated, based on
gross output, lodging resistance and resistance to
stem canker and light leaf spot.

To assess field resistance to L. maculans in the
UK, each season a series of ‘recommended list’
field trials including the candidate cultivars are
sown at a range of sites in different parts of the
country (www.hgca.com). These include trials
where plots are inoculated with winter oilseed rape
residues from the previous season with stem can-
ker symptoms, to provide a source of L. maculans
ascospores to initiate phoma stem canker epi-
demics a few weeks after sowing in autumn
(Huang et al., 2005). In the recommended list tri-
als, contractors assess phoma leaf spot in autumn
to confirm that the inoculation has been success-
ful. However, the score (1–9) for field resistance to
L. maculans is based on assessments of phoma
stem canker severity on plants sampled from
plots in June, a few weeks before harvest. Cur-
rently, 30–50 stems are sampled from each plot in
June and the severity of external phoma stem
canker at the stem base is assessed (Kenyon et al.,
2004) (Figure 5a). Such external assessments may
not accurately measure the internal damage to the
stem and stems are also cut transversely at the base
to record the extent of internal stem blackening
(Figure 5b). These external and internal assess-
ments are used to produce an index for stem
canker severity, which is inversely related to the
resistance rating of the cultivar.
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Australia also has a national ‘Blackleg Resis-
tance Rating’ testing scheme, under which oilseed
rape germplasm is screened for resistance to
L. maculans in a series of phoma stem canker
screening nurseries across the oilseed rape growing
regions. The main criteria for assessing resistance/
susceptibility are based upon the percentage of
plants that survive in the presence of high con-
centrations of L. maculans ascospore inoculum.
These results are made available to all oilseed rape
breeding programmes, pathologists, agronomists
and growers throughout Australia on the web site
of the Canola Association of Australia. This sys-
tem assumes that most, if not all, plant loss is from
phoma stem canker. In Western Australia, addi-
tional assessments are also made of the severity of
crown (stem base) canker when flowering has fin-
ished and a score is assigned to each cultivar.
These additional ratings give an assessment of the
impact of phoma stem canker on surviving plants
and can readily be related to yield loss. Thus
Western Australian growers are provided with a
single rating that combines both assessments
(Khangura et al., 2003).

In Canada, the ‘Western Canadian Canola/
Rapeseed Recommending Committee’ evaluates
candidate cultivars for potential commercial pro-
duction and forwards recommendations based on
seed quality, agronomic performance and phoma
stem canker resistance data to the Canadian
Food Inspection Agency, which is responsible for
cultivar registration. For phoma stem canker

resistance, cultivars are evaluated in disease nurs-
eries at a number of sites across western Canada.
Cultivar resistance is compared to that of three
control cultivars and the overall disease severity at
each site is assessed on ‘Westar’, included as a
susceptible control. A minimum of six site-years of
data over two years of testing is used to assign
each cultivar a rating of susceptible (S), moder-
ately susceptible (MS), moderately resistant (MR)
or resistant (R). Currently, cultivars are recom-
mended only if they are MR or R.

In France, the candidate cultivars for registra-
tion in the French national list are assessed over a
growing season for their resistance to stem base
canker in the CTPS (Comité Technique Permanent
de la Sélection) network, comprising nine trials in
different regions of France (http://www.geves.fr).
In each trial, there are eight control cultivars,
chosen because they are susceptible/resistant and
some of them carry specific Rlm genes (Rlm1,
Rlm4 and Rlm7) present in widely grown com-
mercial cultivars. Each trial is inoculated before
plants reach the two-leaf stage with residues
infected with L. maculans. Leaf lesions are scored
in the autumn to confirm that the inoculation has
been successful. Forty stem bases are sampled per
cultivar and per replicate (four replicates per cul-
tivar per trial) from each plot in June a few weeks
before harvest, and the severity of internal phoma
stem canker at the stem base is assessed on a scale
from 1 (healthy) to 6 (severe disease). The index of
candidate cultivars is compared to that of control
cultivars. Cultivars that have a greater stem canker
index than two susceptible control cultivars are
rejected and those that have a stem canker index
not significantly different from that of the two
resistant control cultivars receive a score up to 1.5,
which is included in the cultivar merit rating used
in selection of cultivars, alongside yield, seed
quality and other agronomic characters.

Discussion

This review provides evidence that L. maculans,
cause of phoma stem canker of oilseed rape and
other brassicas, should be classified as a global
invasive species. Not only does it cause a
destructive disease under a wide range of cli-
mates in Europe, North America and Australia
(Salisbury et al., 1995; West et al., 2001), but also

Figure 5. External (a) and increasingly severe internal (b, by

comparison with a healthy stem) symptoms of phoma stem

canker on winter oilseed rape in the UK, assessed in summer

before harvest.
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it has spread across Canada (Gugel and Petrie,
1992), into Mexico (Moreno-Rico et al., 2001) and
is spreading across Poland (Karolewski et al.,
2002), into areas where previously only the less
damaging L. biglobosa was present. L. maculans
now poses a threat to production of oilseed rape in
Asia, especially China where c. 8M ha of oilseed
rape (B. napus) and c. 1.7M ha of brassica vege-
tables are grown annually, mostly by subsistence
farmers, and sustainable brassica production de-
pends on use of sources of biodiversity in local
wild brassica species. To prevent spread of
L. maculans into China, a short-term strategy is to
hold workshops in China and produce manuals on
use of PCR diagnostics to identify the pathogen in
imported seed (for plant quarantine staff) and
recognise symptoms of the disease in the field (for
extension staff), with related publicity. In the
longer term, there is a need to introduce durable
resistance to L. maculans into Chinese cultivars
and to understand how interactions between L.
maculans and L. biglobosa (West et al., 2002a)
might be exploited to control L. maculans. Given
the increasing importance of oilseed rape as a
crop, to meet the shortfall in world-wide demand
for food oil and bio-diesel and the increasing
severity of phoma stem canker disease, resistance
to L. maculans is now a major target in many
breeding programmes (Marcroft et al., 2002;
Delourme et al., 2004).

However, current resistance breeding pro-
grammes are hampered by problems in accurately
measuring field resistance to L. maculans, which
is generally assessed at the end of the season
(Figures 4 and 5). These methods for assessing
phoma stem canker are time-consuming, expensive
and technically difficult, because it is not always
easy to distinguish symptoms of phoma stem
canker from those of other diseases (Kenyon et al.,
2004). Although they provide good assessments of
the phase of the disease which affects yield, there is
scope for improving them, using new under-
standing of the epidemiology of the disease (West
et al., 1999, 2001; Huang et al., 2003b, 2005) and
the genetics of the L. maculans/B. napus interac-
tion (Balesdent et al., 2002; Delourme et al., 2004)
and new PCR based methods for quantifying
L. maculans DNA in infected tissues (Kenyon
et al., 2004). End-of-season assessments provide
no information about the components of ‘field
resistance’ that have been operating during the

period since the initiation of epidemics by air-
borne ascospores impacting on leaves of the
seedling crop (West et al., 2001; Huang et al.,
2005). For example, spray timing experiments
have provided indirect evidence that the rate of
progress of L. maculans down the leaf petiole
may differ between cultivars with different
scores for resistance to L. maculans (Thomas and
Wedgwood, 1998). Furthermore, a good relation-
ship has been observed between amounts of
L. maculans DNA in leaf petiole samples in
November (assessed by quantitative PCR) and
resistance scores of cultivars at the end of the season
in June (Kenyon et al., 2004). This suggests that
quantitative PCR may provide an assessment of
resistance that is more reliable, less time-consuming
and several months earlier than the pre-harvest
assessment methods currently used.

Recent problems with breakdown of major gene
resistance to L. maculans (Brun et al., 2000),
associated with severe phoma stem canker epi-
demics in Australia (Li et al., 2003) have emphas-
ised the need to develop strategies for deployment
of durable resistance, through resistance breeding
and disease management programmes (Sprague
et al., 2006). Durability of resistance depends on
factors such as the type of resistance and its genetic
background, type of pathogen and its plasticity,
area of crop grown and climate. Durable resistance
is difficult to produce against fungal pathogens,
such as L. maculans, where widespread air-borne
ascospore dispersal and sexual recombination
occurs in crops (McDonald and Linde, 2002). For
breeding programmes, it is probably necessary to
focus on field resistance, associated with QTL,
which may be difficult to select for because it
is under polygenic control (Pilet et al., 2001;
Delourme et al., 2004). Major genes for resistance
to L. maculans operating when the pathogen at-
tempts to infect the leaf may bemore durable if they
are set in a field resistance background than if they
are set in a susceptible background, as they were
when resistance breakdown occurred recently in
Australia (Li et al., 2003). The durability of major
gene resistance may be increased by diversification
schemes, which classify the current commercial
cultivars by the resistance genes they carry, to guide
strategies for deployment of these genes (Gladders
et al., 2006). Modelling the effects of different
deployment strategies in both space (pattern of
areas sown to cultivars with different genes) and
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time (seasonal pattern of deployment), in relation
to different measures of durability of resistance
(van den Bosch and Gilligan, 2003), can be used to
guide advice on effectiveness of different proposed
deployment strategies (Pietravalle et al., 2006).

Many of the factors which relate to strategies
for managing B. napus (oilseed rape) resistance to
L. maculans (phoma stem canker) can also be
applied to other host-pathogen systems. The
availability of an extensive range of host and
pathogen tools and resources make L. maculans–
B. napus an excellent model system for studying
the genetics of host-pathogen interactions for
hemi-biotrophic pathogens. The sequencing of the
L. maculans genome (Rouxel and Balesdent, 2005;
Kuhn et al., 2006) and the subsequent availability
of minisatellite markers (Eckert et al., 2005a;
Rouxel and Balesdent, 2005) will greatly facilitate
work on the genetics of pathogen populations.
Furthermore, the labelling of L. maculans with
both GFP (Sexton and Howlett, 2001) and DsRed
(Eckert et al., 2005b) reporter genes and the
development of real-time PCR (Kenyon et al.,
2004) will enable the important symptomless phase
in development of epidemics (spread from the leaf
down the petiole to the stem) to be studied both
qualitatively and quantitatively. The production at
INRA Versailles of ascospores of near-isogenic
isolates of L. maculans differing at specific aviru-
lence loci (AvrLm1, avrLm1; AvrLm4, avrLm4;
AvrLm6, avrLm6) provides an excellent opportu-
nity to study fitness deficits associated with loss of
avirulence (Huang et al., 2006) as a predictor of
durability of resistance genes (Leach et al., 2001).
Furthermore, the development at INRA Rennes of
near-isogenic lines of B. napus with/without Rlm6
(corresponding to AvrLm6), set in a susceptible
background (Eurol, Eurol MX) or an adult plant
resistant background (Darmor, Darmor MX)
(Delourme et al., 2006) provides a unique oppor-
tunity for using the L. maculans/B. napus system to
assess whether the durability of major gene resis-
tance is increased by incorporating it into cultivars
with good quantitative resistance. These subjects
are covered by papers in this special issue of the
European Journal of Plant Pathology.
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Abstract

Leptosphaeria maculans is a haploid outcrossing ascomycete with a genome size of about 34 Megabases
(Mb) which is predicted to have between 10,000 and 12,000 genes. The chromosomes of L. maculans are of
a size range (0.7–3.5 Mb) and number (15–16) that can be readily resolved by pulsed field gel electro-
phoresis. Chromosome length polymorphisms are generated by meiosis giving rise to size differences as high
as 57%, in the case of the ribosomal DNA-harbouring chromosome whose size varies between 1.8 and
4.2 Mb. Genetic maps are characterised by linkage groups comprising an accumulation of markers based
on retrotransposon sequences. This, along with sequencing of pericentromeric regions and stretches of
ORF-rich regions, suggest that the genome of L. maculans consists of a mosaic of GC-equilibrated coding
regions with no or few transposons, and of stretches of highly degenerated and truncated retrotransposons,
encompassing very few genes. Chromosome length polymorphisms are linked with the loss of dispensable
regions. We suggest that the degree of length polymorphism for a particular chromosome correlates to the
amount of dispensable retrotransposons, and that some gene-rich chromosomes may be less prone to
undergo chromosome length polymorphisms than other chromosomes.

Abbreviations: AFLP – amplified fragment length polymorphism; BAC – bacterial artificial chromosome;
CHEF – contour-clamped homogeneous electric field; CLP – chromosome length polymorphism; ISSR –
inter-simple sequence repeat; LG – linkage group; LTR – long terminal repeats; RAPD – random amplified
polymorphic DNA; Rep-PCR – repetitive element-based PCR; RIP – repeat induced point mutation;
TAFE – transverse alternating field electrophoresis

Introduction

Leptosphaeria maculans is an ascomycete fungus,
which has historically been classified as a Locu-
loascomycete, a class comprising over 6000 species
(Silva-Hanlin and Hanlin, 1999). However, taxo-
nomic revisions now assign L. maculans to the
largest order of the Dothideomycetes class (only
partly corresponding to the Loculoascomycete

class), the Pleosporales (Liew et al., 2000).
Pleosporales also encompass other important
plant pathogens such as the closely related Pha-
eosphaeria (Stagonospora) nodorum (formerly
known as Leptosphaeria nodorum), and other
genera such as Cochliobolus, Pleospora, Alternaria,
Venturia and Pyrenophora (Berbee, 2001).

Due to the incidence of phoma stem canker
worldwide (Fitt et al., 2005) and the experimental
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tractability of L. maculans, major efforts in
understanding the epidemiology and the
population genetics of the fungus, and its inter-
action with the host have been recently under-
taken (Balesdent et al., 2002; Delourme et al.,
2004; Howlett, 2004; Aubertot et al., 2005;
Delourme et al., 2005; Fitt et al., 2005). In addi-
tion L. maculans exemplifies Dothideomycete
infection strategies and has characteristics in its
life traits, including pathogenicity, that render it
an excellent model to address numerous issues
related to pathogen evolution, pathogenicity and
host specificity. The importance of sexual recom-
bination in the wild also renders L. maculans an
appropriate model for studying molecular evolu-
tion of genes submitted to selection pressure (avi-
rulence genes, fungicide resistance genes) (Rouxel
and Balesdent, 2005).

Numerous tools have been developed that will
allow the L. maculans scientific community to enter
the ‘genomic era’ through the use of a gene-by-gene
approach. These include efficient transformation
techniques, large collections of segregating popu-
lations (including tetrads), genetic maps, Bacterial
Artificial Chromosomes (BACs) and cosmid
libraries, Expressed Sequence Tag libraries,
including subtractive libraries of the plant patho-
gen interaction, and collections of strains tagged
with selectable markers that can mutate genes (for
a review see Rouxel and Balesdent, 2005). How-
ever, to date, like other Dothideomycetes, the
genome structure of L. maculans is poorly charac-
terised. The genome size of the fungus is about 34
Megabases (Mb) and this is predicted to contain
between 10,000 and 12,000 genes (Cozijnsen et al.,
2000). The chromosomes of L. maculans are of a
size range (0.7–3.5 Mb) and number (15–16) that
can be readily resolved by pulsed field gel electro-
phoresis (Howlett et al., 2001).

This paper presents our current knowledge on
the genome of L. maculans focusing on struc-
tural features that can be deduced from (i)
genetic maps (ii) physical maps built by hy-
bridisation of probes to electrokaryotypes, and
(iii) sequence data on clusters of coding regions
or repeats. Our data strongly suggest that, at
least for some chromosomes, the genome of
L. maculans encompasses mosaics of large cod-
ing regions and large dispensable zones, which
may be responsible for chromosome length
polymorphisms generated following meiosis.

Materials and methods

Fungal isolates and in vitro crosses

Three crosses were used to build genetic maps at
INRA, Versailles. Cross #11 between two French
field isolates (a.2 and H5) heterozygous at the
avirulence AvrLm1 locus, and cross #23 between
two isolates (v11.3.6, a progeny of the a.2�H5 in
vitro cross, and 21.3.1, a progeny of a cross
between a German field isolate and a French lab.
isolate) heterozygous at the AvrLm1 and AvrLm4
loci, were described by Attard et al. (2002). Cross
#30 between v23.1.2 (a progeny of the
v11.3.6� 21.3.1 cross displaying the AvrLm7
allele) and the New Zealand field isolate Nzt 4
(virulent for this locus) was described by Balesdent
et al. (2002). Maps 11, 23 and 30 were constructed
from 98, 42 and 46 F1 progeny, respectively. Iso-
lates were cultured and maintained as previously
described (Ansan-Melayah et al., 1995; Attard
et al., 2002).

Markers used to generate the genetic maps

Except for biological (mating type) and phyto-
pathological (host-specificity, i.e., avirulence) loci,
markers were mostly anonymous and PCR-
based (Table 1). These encompass RAPD
(Ansan-Melayah et al., 1995), ISSR, e.g., mark-
ers designed to amplify between microsatellites
(West et al., 2002), AFLP, and Rep-PCR mark-
ers (Jedryczka et al., 1999), i.e., mostly markers
generated by using the sequence polymorphism
of the Long Terminal Repeat (LTR) retrotrans-
poson Pholy (Attard et al., 2005) to amplify
between tandem truncated copies of Pholy (Je-
dryczka et al., 1999). Protocols for generation,
separation and visualization of RAPD, ISSR and
Rep-PCR are described in Ansan-Melayah et al.
(1995), West et al. (2002), and Jedryczka et al.
(1999), respectively.

AFLP analysis was performed according to Vos
et al. (1995) with slight modifications and ampli-
fied products run on acrylamide gels. Genomic
DNA (approx. 500 ng) from parents and F1

progeny was digested with 5 U of MseI (Invitro-
gen) (30 min digestion at 37 �C), followed by a
digestion with 10 U of EcoRI (Invitrogen) (over-
night digestion at 37 �C). Adaptors were designed
and ligated to the restriction fragments according

18



to Vos et al. (1995). A 3 l1 part of the mix was
first amplified with a +1-MseI primer and a
+1-EcoRI primer, i.e., primers with one addi-
tional selective nucleotide, followed by a second
round of selective amplification using EcoRI + 1
and MseI + 2 primer combination. In accor-
dance with findings of Cozjinsen et al. (2000)
this combination gave rise to more resolvable
bands per lane than the other combinations and
consequently more polymorphic bands between
parents. Amplification took place in a 20 ll
volume with 1 lM of each primer, 0.1 lM of
each dNTP, 2 mM MgC12, 2 ll 10� Taq buffer
and 1.25 U Taq Polymerase (Applied Biosys-
tems). Amplification took place in a PE-9600
Thermal Cycler (Applied Biosystems). Cycling
conditions were as follows: first round of
amplification: cycle 1–20; 1 s at 94 �C, 30 s at
56 �C, 2 min at 72 �C, with 0.01 ramp. Selective
amplification: cycle 1; 2 min at 94 �C, 30 s at
65 �C, 2 min at 72 �C. Cycle 2–9; 1 s at 94 �C,
30 s at 64 �C with a progressive drop of 1 �C
annealing temperature in each cycle, 2 min at
72 �C. Cycle 10–32; 1 s at 94 �C, 30 s at 56 �C,
2 min at 72 �C. Two microlitres of the amplifi-
cation products were separated in a CastAway
Precast 5.5% Long Ranger acrylamide gel
(Stratagene) and electrophoresed in a CastAway
Sequencing Device (Stratagene) according to the
manufacturer’s recommendations. After electro-
phoresis the gel was stained with silver nitrate as
described by Chalhoub et al. (1997).

Genetic map construction

Polymorphic bands were recorded as pres-
ent/absent in the progeny and monogenic segre-
gation was checked with a Chi-squared test
(P = 0.05). Monogenic markers were submitted to
multipoint linkage analysis using the Mapmaker/
Exp 3.0 software (Lander et al., 1987) set for F2

backcross segregating population, with log of the
likelihood ratio (LOD) value of 3.0, a maximum
distance of 20 cM. Linkage groups were drawn
with the Mappit version 1.3 software (L. Gian-
franschi and B. Koller, Swiss Federal Institute of
Technology, http://www.pa. ipw.agrl.ethz.ch/).

Cloning and characterization of markers

AFLP bands were isolated from the acrylamide
gels as described by Chalhoub et al. (1997) and
fragments ligated into vector pGEM-T Easy
(Promega). Cloning and sequencing was as de-
scribed previously (Attard et al., 2001). Minisat-
ellites were obtained as described by Eckert et al.
(2005). Chromosomal DNA was prepared
according to Plummer and Howlett (1995) and
resolved by contour-clamped homogeneous elec-
tric fields (CHEF) electrophoresis using the con-
ditions described by Morales et al. (1993).
Chromosomal DNA was vacuum blotted on nylon
N+ membranes and hybridized as described pre-
viously (Leclair et al., 1996).

Table 1. Characteristics of three genetic maps of Leptosphaeria maculans developed at INRA, Versailles

Cross number 11 23 30

Total number of markers in the map, including 443 177 266

RAPD 102 6 4

ISSR 48 6 29

Rep-PCR 35 0 1

Mini- and microsatellites 3 0 2

AFLP 235 163 229

Others 20 2 1

Major linkage groups

More than 20 cM 41 (3–13 markers) 7 (4–9 markers) 7 (4–9 markers)

More than 6 markers 20 4 7

Doublets 17 19 27

Unlinked markers 76 (17.1%) 60 (33.9%) 54 (20.3%)

Total number of linkage groups 78 35 61

Map coverage (cM) 2129 430 867

Average physical/genetic distance (kb/cM) a 16 79 39

aAs estimated on the basis of a 34 Mb genome size (Cozijnsen et al., 2000).
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Results and discussion

Genetic linkage maps of L:maculans

Genetic linkage maps have been developed for L.
maculans by Pongam et al. (1998), Cozijnsen et al.
2000) and by the INRA-PMDV group (this study).
The more detailed one is presented in Figure 1.
The map developed by Pongam et al. (1998)
comprised 56 AFLP markers on 67 progeny from

a cross between the Australian isolate PHW1223
and the French isolate PHW1245 (IBCN74) that
segregated for an avirulence gene that the authors
named alm1. This gene probably corresponds to
AvrLm4 (Delourme et al., 2004). Nine linkage
groups and five pairs of markers were assigned
with a total genome size of 340 cM and an average
distance between loci of 6.1 cM. Cozijnsen et al.
(2000) constructed a genetic map comprising 155
AFLP markers, three RAPD markers, the mating

Figure 1. The linkage map of Leptosphaeria maculans cross #11. (a) shows the major linkage groups (LG) (5 markers or more, and

more than 30 cM) (b) shows LG harbouring 5 markers or more, with accumulation of markers over a small genetic distance. The

map was derived by analysis with Mapmaker/Exp 3.0 software set for F2 backcross segregating population (LOD = 3.0, maxi-

mum distance = 20 cM). The marker names are shown to the left of the LG and the distance between markers (cM) is indicated

on the right of the LG. AFLP markers are indicated with an ‘a’ followed by the additional 3’ nucleotides of the primer combina-

tion (e.g., A_TA) and the number of the polymorphic band on the AFLP gel. ISSR markers are indicated as the name of the re-

peat used as primer (e.g., TG8 or GAG5) followed by the number of the polymorphic band on the agarose gel. RAPD markers

are indicated as the name of the primer (as per Operon Technology; e.g., L12, U14 or AH13) followed by the size (kb) of the poly-

morphic band. Rep-PCR markers are indicated in the FxRy form (some are LmxEXy or LmxRy) followed by the size (kb) of the

marker band. MAT denotes the mating type locus, AvrLmx corresponds to avirulence loci, ITSEco6 to the rDNA locus, and Min-

Lmx to minisatellite loci.
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type locus, and a B. juncea host specificity locus.
The cross was between Australian isolates C13 and
Ml (IBCN17 and 18, respectively) (Figure 2) and
the mapping was performed on 58 F1 progeny.
Twenty-one linkage groups, five pairs, and 18
unlinked markers were assigned, and the coverage
was 1520 cM.

The L. maculans INRA maps comprised between
177 and 443 markers, mainly including anonymous
PCR-based markers (Table 1). The most detailed
map (from cross #11) was obtained using a F1

segregating population of 98 progeny. This map

had 15 major groups (comprising 5 markers or
more, and covering more than 30 cM) (Figure 1a).
Its overall coverage (2129 cM), and physical to
genetic ratio is comparable to the most detailed
linkage maps currently available for other fungal
species (Table 2). However, 14 additional groups
that could be considered as major groups in terms
of number of markers, were characterised by an
accumulation of markers in a very small genetic
distance (Figure 1b). This was also the case for the
less detailed genetic maps developed from crosses
#23 and #30, with each map showing seven linkage

Figure 1. (Continued).
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groups again with several markers in a small ge-
netic distance (data not shown). The mating-type
locus, MAT, and the avirulence AvrLm1 locus
mapped to these linkage groups (Figure 1b).

Our data indicate that the other two avirulence
loci AvrLm4 and AvrLm7 mapped in crosses #23
and #30 are also in a region with many markers in
a small distance (Figure 3). Such a location of
avirulence/virulence loci in linkage groups with
many markers in a small genetic distance, and/or
clustering of avirulence loci so that they form a
separated linkage group, seems to be a usual fea-
ture of fungal genetic maps, as noted for Blumeria
graminis (Pedersen et al., 2002) and for the two
Dothideomycetes, Mycosphaerella graminicola

(Kema et al., 2002) and Cochliobolus sativus
(Zhong et al., 2002). In addition, for our L. mac-
ulans maps, there was a difference between these
two types of linkage groups in terms of the major
markers that defined them. Groups that had many
markers over a small genetic distance were rich in
Rep-PCR markers, i.e. markers based on the
Pholy retrotransposon (23 Rep-PCR markers out
of 113), whereas these markers were almost
absent from the major linkage groups displayed on
Figure 1a (5 markers out of 108). The opposite
situation was observed for ISSR markers (10.2%
in the major groups compared to 4.4% in groups
showing accumulation of markers) (Figure 1).
This difference was not observed for AFLP

Figure 2. Schematic diagram of chromosomes of isolates M1, C13, a.2 and H5 showing estimated sizes (Mb) and location of

probes corresponding to identified genes or minisatellites of L. maculans. The pattern is a synthetic representation based on separa-

tions done on gels run under several conditions to resolve the whole karyotype. In addition, the number of cloned markers, origi-

nating from the genetic maps and allocated to a given chromosome is indicated in bold in parentheses. Bands that stain brightly

with ethidium bromide (indicated by diagonal striping) probably comprise more than one chromosome. The smallest chromosome

(sized 0.63–0.85 Mb) is thought to be a dispensable ‘B’ chromosome (Leclair et al., 1996), with no single-copy sequence detected to

date. Probes used for hybridisation are: MinLm1-5, minisatellite loci (Eckert et al., 2005); LmGA1, G protein alpha subunit, physi-

cally linked to psd1, phosphatidyl serine decarboxylase; sod1, superoxide dismutase 1; ufd1, ubiquitin fusion degradation protein 1;

anp1, similar to ANP1 protein; fat2, fatty acid transporter 2; hhk7, histidine kinase 7 (this study); btub, b-tubulin (Cozijnsen et al.,

2000; this study); rDNA, ribosomal DNA (Howlett et al., 1997; this study); niaD, nitrate reductase, physically linked to niiA, ni-

trite reductase (Williams et al., 1994, 1995; this study); pg1; polygalacturonase 1; Cel1, cellulase 1; Cel2, cellulase 2 (Sexton et al.,

2000); ops, opsin (Idnurm and Howlett, 2001); MAT1–2, mating-type locus, physically linked to GAP, GTPase activating protein,

and DNA-L, a DNA-Lyase homologue (Cozijnsen and Howlett, 2003); icl1, isocitrate lyase physically linked to prs5, ribose phos-

phate pyrophosphokinase (Idnurm and Howlett, 2002); znr1 and maa1, physically linked to multidrug facilitator 1 (mfs1), elonga-

tion factor (ef1b), heat shock protein (hsp78), DNA mismatch repair protein (msh5) (Idnurm et al., 2003a); nth1, neutral trehalase

1, physically linked to ade3, C1 tetrahydrofolate synthase; ugt51E1, UDP-glucose:sterol glucosyltransferase, physically linked to

MAP kinase (Idnurm et al., 2003b); Cht, cyanide hydratase (Sexton and Howlett, 2000); lop-B, loss of pathogenicity B (Idnurm

and Howlett, 2003); sp1, secreted protein 1, physically linked to chp1, conserved hypothetical protein (Wilson et al., 2002). Minisat-

ellites MinLm1, MinLm2, and MinLm5 map to LG2, LG9 and LG38 of the cross #11 genetic map, respectively (see Figure 1).
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markers (53.7% in the major groups compared to
50% in groups showing accumulation of markers)
or for RAPD markers (24.1% in the major groups
compared to 23% in groups showing accumula-
tion of markers) (Figure 1). Again, accumulation
of specific types of markers, particularly anony-
mous or retrotransposon-based markers, is com-
monly observed in fungal genetic maps (Table 2).
For example, retrotransposons such as those of the
MAGGY Gypsy-type are clustered at specific
locations in the Magnaporthe grisea integrated
genetic map as are other types of repetitive DNA
(Nitta et al., 1997). However, markers based on
repeats are still uncommon in fungal genetic maps
and clustering of markers is often attributed to the
use of AFLP markers whereas RAPD, and mainly
RFLP markers or microsatellites are less prone to
such clustering (e.g. Kema et al., 2002; Jurgenson
et al., 2002a, 2002b; Zhong et al., 2002). As

emphasized by Jurgenson et al. (2002a), the most
likely explanation for clustering of AFLP markers
is the map saturation that can be attained with
such markers. Accordingly, the relatively low
number of AFLP markers used here in the L.
maculans genetic map could explain the lack of
specific clustering of these markers. Other expla-
nations for clustering of such markers suggested
by Jurgenson et al. (2002a) include non-random
distribution of AT-rich regions in the genome,
which would contain a higher number of EcoRI
and MseI restriction sites, and/or recombination
suppression in some genomic regions.

AFLP markers common between the three
INRA maps were investigated and cloned in order
to co-linearize the three maps. Forty-three markers
out of 98 tested (43.8%) common between map
#11 and map #23 were obtained; 64 common
markers out of 187 tested (34.2%) were obtained

Figure 3. An example of co-linearization between the three L. maculans maps developed at INRA. The maps were constructed

with Mapmaker/Exp 3.0 software set for F2 backcross segregating population (LOD = 3.0, maximum distance = 30 cM). Com-

mon AFLP markers between the three maps are indicated with a plain line. Marker name nomenclature and distances are as in

Figure 1, except that names of AFLP markers do not begin with a lowercase ‘a’ in maps #23 and #30.

24



between map #11 and map #30; and 16 markers
out of 80 tested (20.0%) were common between
map #23 and map #30. This latter low number of
common markers between map #23 and-map #30
led to only eight markers being common to the
three maps. Using standard MapMaker settings
(LOD 3.0, max distance 20 cM), the co-lineariza-
tion strategy was unable to combine linkage
groups. When maximum distance was increased to
30 cM, several previously unlinked groups were
combined for some maps (Figure 3). This exten-
sive mapping showed that, even though the
markers were scattered throughout the genome,
increasing the number of markers usually in-
creased the size of given linkage groups without
reducing their number. Accumulation of markers
in some linkage groups further suggested that Rep-
PCR, ISSR, and to a lesser extent that AFLP or
RAPD markers, could specifically target some re-
gions of the genome whereas other genomic re-
gions are extremely poor targets for these markers,
therefore leading to gaps in the maps, and to many
more linkage groups than chromosomes. This can
also be illustrated by similar findings in the linkage
map of the Dothideomycete C. sativus, with
chromosomes encompassing up to three linkage
groups, one of which is characterized by accumu-
lation of markers in a small genetic distance
(Zhong et al., 2002). In this respect, the recent
development of new types of markers, i.e., locus-
specific minisatellites, were able to target parts of
the genome not covered by other markers, as
exemplified by the MinLm6 minisatellite which
allowed two previously unlinked minor LGs to be
joined (LG24, Figure 1a).

Cloning of markers and their assignment to
physical maps

Cozjinsen et al. (2000) cloned three polymorphic
RAPD bands and 18 polymorphic AFLP bands of
their map to provide anchoring markers for
chromosomes. These AFLP and RAPD markers
were hybridised to Southern blots of chromosomal
DNA of parent isolates, but only the three RAPD
markers and eight of the AFLP markers were
chromosome-specific. The remaining 10 AFLP
markers bound to all chromosomes. Eight of these
were sequenced; two (GenBank AF293766 and
AF293768) corresponded to portions of the Copia
LTR retrotransposon Pholy (previously named

LMR1; Cozijnsen et al., 2000) whereas the six
other markers did not have any match in the
database until recently. Here, we have shown that
three of these (6 unknown AFLP markers) (Gen-
Bank AF293767, AF293769 and AF293770) cor-
respond to various parts of the recently identified
Gypsy-like LTR retrotransposon Polly, and an-
other one (GenBank AF293771) correspond to
part of the recently identified Gypsy-like LTR
retrotransposon Rolly (Gout, 2005). Single-copy
minisatellites identified in L. maculans by Eckert
et al. (2005) were also assigned to chromosomes. A
schematic representation of the chromosomes of
the two parents of the Cozijnsen et al. (2000) map
(of isolates M1 and C13) and of map #11 of the
present study (of isolates a.2 and H5) is shown in
Figure 2, where the letters and numbers next to
each band refer to chromosome-specific markers,
corresponding to known genes or to minisatellites.
The number of anonymous RAPD or AFLP
markers per chromosome is also indicated. Most
chromosomes have several markers. In contrast, as
exemplified by the most extensive physical map
available, that of isolate M1 (Figure 2), six (or
seven, if including the minichromosome) chromo-
somes do not possess any marker from the genetic
maps. However, as mentioned above, many
anonymous RAPD and AFLP markers tested
bound to all chromosomes.

Chromosome length polymorphisms

Large variation in chromosome sizes is a feature of
many fungal electrokaryotypes (Table 2). Chro-
mosome Length Polymorphisms (CLPs) were ob-
served between natural isolates of L. maculans
firstly using TAFE (transverse alternating field
electrophoresis) and then CHEF (contour-
clamped homogeneous electric fields) separation of
chromosomal DNA (Taylor et al., 1991; Morales
et al., 1993). Morales et al. (1993) also hybridised
chromosomal DNA with conserved heterologous
sequences, such as b-tubulin, and thus suggested
that homologous chromosomes may have very
different sizes. As for other Dothideomycetes
species (Tzeng et al., 1992; Zhong et al., 2002;
Kema et al., 2002), major chromosome length
polymorphisms were shown to be generated by
meiosis (Plummer and Howlett, 1993, 1995) with
significant karyotype variation linked with the
assortment of parental homologues of different
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sizes. However, in some cases, novel-sized homo-
logues were observed that varied in size from those
of the parents (Plummer and Howlett, 1995; Le-
clair et al., 1996). Zolan (1995) suggested that size
changes in chromosomes represented gain or loss
of non-essential sequences. In L. maculans, large
CLPs generated by meiosis were described partic-
ularly for the chromosome harbouring ribosomal
DNA (rDNA) sequences (Howlett et al., 1997).
Ribosomal DNA probes hybridised to chromo-
somal DNA ranging between 2.5 and 4.2 Mb
(Figure 2), and rDNA was shown to be borne by a
1.8 Mb chromosome in the Canadian isolate Ler-
oy (Morales et al., 1993). However, significant size
polymorphism was also observed for the smallest
chromosome (Leclair et al., 1996), and in the
present study for other putative homologues, such
as the chromosome harbouring MinLm1, which
ranged in size from 2.15 to 2.8 Mb or the chro-
mosome harbouring MinLm3 which ranged in size
from 1.15 to 2.5 Mb (Figure 2).

In contrast, other chromosomes only show a
smaller degree of CLP, as illustrated here by the
chromosome harbouring b-tubulin which ranged
between 1.95 Mb and 2.3 Mb, and was previously
described to range between 1.6 and 2.0 Mb in a
series of Canadian isolates (Morales et al., 1993).
This chromosome is characterised by the numer-
ous genes that it is currently thought to contain
and by the lack of genetic markers from the maps
that could be hybridised to it (Figure 2). Leclair
et al. (1996) suggested that a dispensable ‘B’
chromosome was present and that this was com-
posed of repetitive sequences. Until now, no gene-
coding sequences have been identified on this
chromosome. Here, neither ORF-based nor re-
peat-based single-copy probes (e.g., minisatellites)
hybridised to the minichromosome (Figure 2).
Finally, mitochondrial DNA, as diffuse bands
sized 100 to 150 kb, and linear plasmids (sized 9
and 10 kb) can also be resolved (Howlett, 1997).

L. maculans genome structure as a mosaic of
gene-rich and repeat-rich regions

As yet, few regions of the genome of L. maculans
have been sequenced and only about 300 gene se-
quences and Expressed Sequenced Tags (ESTs) are
available on GenBank and COGEME databases
(http://www.cogeme.man.ac.uk/). A 184 kb contig
sequence has been obtained through the INRA-

PMDV-Genoscope collaboration (Attard, 2001;
Attard et al., 2002; Attard et al., 2005). Sequence
data have also been obtained and analysed exten-
sively for three gene-rich regions: 10 kb encom-
passing the mating type locus in two isolates
(Cozijnsen and Howlett, 2003); the sirodesmin
cluster region (68 kb) (Gardner et al., 2004); a
38 kb region with genes possibly involved in sec-
ondary metabolism (Idnurm et al., 2003a). This
research, along with studies on particular genes or
randomly mutated genes (Idnurm and Howlett,
2002; Idnurm and Howlett, 2003; Idnurm et al.,
2003b; Meyer et al., 2004) has resulted in addi-
tional annotated genes published on international
databases e.g. opsin, isocitrate lyase, cyanide
hydratase, neutral trehalase, secreted proteins sp1
and sp2, Ga subunit (Idnurm and Howlett, 2001;
Sexton and Howlett, 2000; Idnurm and Howlett,
2002; Wilson et al., 2002; Idnurm et al., 2003b;
Wilson and Howlett, 2005; M. Meyer, this study)
(Figure 2).

The occurrence of repeats in the L. maculans
genome has been investigated via hybridisation of
High-Density spotted BAC libraries with ran-
domly labelled whole genomic DNA. This ap-
proach showed that 20% of the BAC clones
contained high amounts of repeated DNA (Attard
et al., 2005). The 184 kb contig sequence appears
to be a pericentromeric region and contains the
inactive Long Terminal Repeat (LTR)-retrotrans-
poson ‘Pholy’, also present in 17.1% of the geno-
mic BAC clones (Attard et al., 2005). Comparative
analysis of the two largest regions currently se-
quenced showed a marked difference between
these two genomic regions. The sirodesmin gene
cluster had 18 genes within a 55 kb region flanked
by genes involved in other aspects of metabolism
of L. maculans, very few non-coding sequences,
and short intergenic regions. The sirodesmin gene
cluster appears to be ‘protected’ from repetitive
elements, although Pholy fragments flanked one
end. In contrast to the sirodesmin gene cluster, the
184 kb region was AT-rich with many diverse and
repeated elements, and only 11 open reading
frames clustered within 32 kb. This mosaic of
transposons was characterised by the occurrence
of numerous truncated copies, including solo-
LTRs, and large-scale degeneracy of the retro-
transposons by Repeat Induced Point mutation
(RIP) phenomenon, a mechanism by which
repeated sequences are inactivated following
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meiosis. This process was recently shown to be
active in L. maculans whereby copies of an intro-
duced selectable marker (hygromycin resistance
gene) were inactivated (Idnurm and Howlett,
2003). In addition to Pholy (Copia-type), at least
two other Gypsy-type degenerate and truncated
LTR-retrotransposons were clustered within this
region, amounting to up to 70% of the sequence
(Figure 4). Finally, preliminary data from the
on-going sequencing of 1.3 Mb of the 2.8 Mb-
chromosome of isolate JN3 suggest that up to
80% of the sequence consisted of large arrays of
degenerate and composite repetitive elements
(Gout and Ross, unpublished data; Gout, 2005).

Concluding remarks

Genetic linkage maps are still the primary tool for
genome knowledge in a series of plant and animal
models. For plants they also are a basic tool for
positional cloning and breeding for agronomically
desirable traits, including quantitative traits,
eventually leading to marker-assisted selection.
Due to their small genome size and laboratory
tractability, fungal models such as the ascomycete
yeast Saccharomyces cerevisiae, and the filamen-
tous ascomycete Neurospora crassa, have been

pioneers in the process of building genetic maps
(Arnold, 1997; see also http://www.yeastgenome.
org/; http://www.broad.mit.edu/annotation/fungi/
neurospora_crassa_7/markers.html). This has led
to maps containing hundreds of gene-based
markers at a time when anonymous markers just
began to emerge to be used for other models. In
this respect, the development of genetic linkage
maps has been very slow for other fungal species,
being very often slowed down by the impossibility
of achieving fertile crosses in laboratory conditions
(or the lack of a sexual stage), the difficulty to
visualize fungal chromosomes and the lack of ge-
netic markers. By the beginning of the 1990s, both
the development of high-throughput anonymous
molecular markers and the assignment of linkage
groups to chromosomes separated by pulsed field
gel electrophoresis were instrumental for genetic
mapping in fungi (Table 2). Genetic maps associ-
ated with physical assignment to chromosomes
were developed to analyse genome structure, and
to target and clone genes of interest such as avi-
rulence/pathogenicity genes of pathogenic fungi,
or quality genes for edible mushrooms, and now-
adays, to prepare the numerous genome initiatives
underway for numerous fungal species.

In the present study, the moderately dense
genetic map presented along with preliminary
assignment to chromosomes suggest that the
genome of L. maculans consists of a mosaic of
GC-equilibrated coding regions with no or few
transposons, and of stretches of degenerate and
truncated retrotransposons, encompassing very
few ORFs. Here, we confirm that each chromo-
some contains stretches of degenerate retrotrans-
posons, such as Pholy. We also suggest that, at
least for some chromosomes, degenerate retro-
transposons are clustered together, and often
constitute a very large part of the chromosome
whereas ORF-rich regions seem to be ‘protected’
from retrotransposon invasion. Apart from partial
sequence data, this is substantiated by the obser-
vation that 20% of BAC clones are rich in repeats
whereas other BAC clones did not hybridise to
repeats, and by the fact that the genetic maps have
linkage groups with clustered rep-PCR markers
that are absent from larger linkage groups. In
addition, the two minisatellites which resulted
from sequencing of the BAC-end, chosen so that
the corresponding BAC did not hybridize to re-
peated elements, MinLm5 and MinLm6 (Eckert

Figure 4. Sequence analysis of a 184 kb L. maculans genomic

region (GenBank accessions AL732383, AL732384 and

AL732385) expressed as the number of basepair correspond-

ing to one given class of repeated element or ‘unique’ se-

quences (Gout, 2005). The region comprises numerous copies

of more or less truncated copies of the Copia retrotransposon

Pholy, and of the two recently identified Gypsy retrotranspo-

sons Olly and Polly. ‘U’ denotes non-repeated sequences

either corresponding to ORFs or to other repeats of which

only one copy is present in this region. Other repeats are

present and correspond to a minor proportion of the se-

quence (minor unlabelled segments).
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et al., 2005), were genetically mapped here to
major LG, poor in rep-PCR markers. It remains to
be seen whether large clustered arrays of repeats
are a peculiarity of the L. maculans genome since,
regardless of potential gaps in the genomic se-
quences, such arrays of repeats are generally not
observed in the currently fully sequenced genomes
of model fungi such as S. cerivisiae or N. crassa, or
phytopathogenic fungi such as M. grisea or Fusa-
rium graminearum (see www.broad.mit.edu/anno-
tation/fungi/). The present study, along with
previously published work also suggests large
chromosomal length polymorphisms are linked
with the loss of dispensable retrotransposon-rich
regions. The dispersed nature of this repetitive
DNA may play a role in generating chromosomal
length polymorphisms (Plummer and Howlett,
1993, 1995) and homologues of varying sizes may
be due to the presence of different numbers of
repetitive sequences spaced between coding se-
quences, arising from unequal pairing of chromo-
somes. During meiosis these sequences would act
as sites for reciprocal recombination, leading to
production of chromosomes of novel sizes in the
progeny (Plummer and Howlett, 1995). This was
recently demonstrated by Gout (2005) who
showed that up to 600 kb (i.e. 25% of the corre-
sponding chromosome) consisted of mosaics of
retrotransposons and other repeats, and that these
regions were absent from homologues when a
range of isolates was compared. This has led to the
hypothesis that chromosomes may have a minimal
functional size where they mainly consist of coding
regions (Gout, 2005). The present study is consis-
tent with this hypothesis and suggests that some
chromosomes may be less prone to large CLP than
others, suggesting they reach a minimal functional
size, and are rich in ORFs. In addition, this pos-
tulate can probably be expanded to other fungal
models such as C. sativus, where significant CLPs
are noticed for the chromosome harbouring the
VHv1 virulence locus (size ranging between 2.2
and 2.8 Mb) whereas other chromosomes may
show only limited size polymorphism (Zhong
et al., 2002).

In most fungal genome initiatives that are
currently underway, a high priority is given to the
construction of integrated genome maps encom-
passing (i) high-resolution genetic maps, (ii)
physical maps, (iii) complete genomic sequence
and (iv) annotation with special reference to the

genes (Xu et al., 2003). Such an integrated genetic
map, initiated for L. maculans here, is a pre-
requisite to understand genome structure, func-
tion and evolution of fungal genomes. The
economic importance of the L. maculans-B. napus
interaction, the properties of this interaction as a
model host-pathogen system, and the need to
better characterise the genome structure of the
fungus has led to the establishment of the
L. maculans genome sequence initiative. This
whole-genome sequencing project is led by
INRA-PMDV (T. Rouxel and M.H. Balesdent)
and The University of Melbourne (B. Howlett)
and will be done by the French sequencing agency
Genoscope (www.cns.fr) in 2006. The objective of
the project is to attain a 12-x coverage of the
L. maculans genome, using isolate JN3 (v23.1.3)
(Attard et al., 2002). The sequencing strategy will
include the three following steps: (1) shot gun
sequencing of chromosomal DNA of isolate
v23.1.3, (2) sequencing of both ends of 12,500
BAC clones, in order to facilitate the assembly of
small contigs generated by shot-gun sequences,
(3) sequencing of cDNA libraries (25,000 reads),
in order to facilitate and validate the automatic
annotation of the sequences (Rouxel and Bales-
dent, 2005). Only such a large-scale sequencing
project will allow us to generate the ultimate
integrated maps for L. maculans, and enable us to
validate the hypotheses on genome structure dis-
cussed in this paper based on current genetic and
physical map information.
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Abstract

Resistance of Brassica napus (oilseed rape, canola) conferred by three different major resistance genes has
been overcome by changes in virulence of Leptosphaeria maculans populations in France and Australia. In
South Australia where B. napus cultivars with major gene resistance derived from Brassica rapa ssp.
sylvestris were grown extensively, resistance was rendered ineffective within 3 years of commercial release of
the cultivar. Disease severity was higher on cultivars with sylvestris-derived resistance than cultivars with
polygenic resistance. This Australian situation is compared to that in France, where resistance conferred by
the Rlm1 gene was overcome nation-wide in 5 years under commercial cropping practices, and also where a
source of resistance introgressed into B. napus from B. juncea was rendered inefficient in 3 years in
experimental field plots near Rennes.

Introduction

Phoma stem canker (blackleg), caused by the
fungus Leptosphaeria maculans, is the most
important disease of Brassica napus worldwide (for
reviews see Howlett, 2004; Fitt et al., 2006). As
discussed by Delourme et al. (2006) and Aubertot
et al. (2006), the main strategies for control of the
disease are cultural practices and effective
deployment of resistance genes. The durability of
particular sources of resistance can vary depending
on the biology of the pathogen. Pathogens that
pose the greatest risk of overcoming resistance
conferred by single or few genes (major gene
resistance) are those with a high evolutionary po-
tential; i.e. those that reproduce both sexually and
asexually, have effective spore dispersal and large

population sizes (McDonald and Linde, 2002).
Leptosphaeria maculans has a high potential for
overcoming major gene resistance since it under-
goes an annual cycle of sexual recombination to
produce widely dispersed wind-borne ascospores,
and it also produces large numbers of conidia
spread by rain splash (Fitt et al., 2006).

In accordance with this high evolutionary
potential of L. maculans, major gene resistance has
been overcome in field experiments in France
(Brun et al., 2000) and in nation-wide surveys of
commercial fields and trial sites (Rouxel et al.,
2003). Oilseed rape breeding programs in Austra-
lia have focussed on developing cultivars display-
ing adult plant resistance, which provides
protection only against stem canker, whilst leaves
develop sporulating lesions. This non-specific
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resistance is probably conferred by several genes
and is hereafter referred to as polygenic (for review
see Delourme et al., 2006). In 2000, cultivars with
specific resistance conferred by a single dominant
gene were released by Pacific Seeds Pty Ltd (Li and
Cowling, 2003). This resistance gene was derived
from Brassica rapa ssp. sylvestris by Crouch et al.
(1994) and hereafter resistance conferred by this
gene is referred to as sylvestris-derived resistance.
When these cultivars were first released, they
showed few phoma leaf spots or stem canker
symptoms (Sosnowski et al., 2004) and were given
an Australian Blackleg Rating of 9 on a scale
where 1 is highly susceptible and 9 is highly resis-
tant (http://www.canolaaustralia.com). However,
in 2002 canker symptoms were identified on such
cultivars at two locations remote from each other
in South-eastern Australia (Andrew Easton, Pa-
cific Seeds Pty Ltd, Australia, pers. comm.). In
addition, isolates in Western Australia capable of
attacking these cultivars were identified (Li et al.,
2003a; 2005).

In this paper, we report in greater detail the
decline in efficiency of resistance in B. napus cul-
tivars with sylvestris-derived resistance to L. mac-
ulans in South Australia and compare it to the
decline in efficiency of resistance in France.

Materials and methods

Survey of commercial oilseed rape crops and trial
sites in South Australia for canker severity

Following the release of cultivars with sylvestris-
derived resistance in Australia in 2000, field sur-
veys were conducted to detect any changes in host
resistance and in L. maculans populations in re-
sponse to the large-scale use of these cultivars. In
2003, the incidence and severity of phoma stem
canker were examined in crops at different dis-
tances from a trial site on the Lower Eyre Penin-
sula in South Australia where diseased plants were
first observed in 2002. The 2002 site (0.5 ha) had
been used for the previous 3 years to assess resis-
tance to L. maculans in oilseed rape lines and is in a
region that had been cropped intensively with
cultivars with sylvestris-derived resistance for the
previous 3 years, in rotation with cereal or grain
legume crops. Thirty-one oilseed rape crops of
cultivars with sylvestris-derived resistance were

examined within a 100 km radius of this site. These
cultivars with sylvestris-derived resistance included
Surpass 400, Surpass 501TT and Hyola 501.

In a separate experiment in 2004, disease
severity in cultivars with either polygenic or major
gene sylvestris-derived resistance was examined at
14 sites in South Australia. At one of these sites
(Struan), there had been significant yield loss in
cultivars with sylvestris-derived resistance in 2003
(Trent Potter, South Australian Research and
Development Institute, Australia, pers. comm.).
At most sites, the moderately resistant cv. Beacon
(with polygenic resistance) and cv. Surpass 501TT
were examined. Where these cultivars were not
present, cultivars with a similar level of polygenic
or sylvestris-derived resistance were assessed.

In the two experiments described above, the
incidence and severity of phoma stem canker were
assessed on 60 mature plants per site just before
wind-rowing (swathing). Plants were cut trans-
versely at the crown and then visually assessed for
disease severity, which was scored as a percentage
(0, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90 or 100) of the
cross section with internal necrosis (Marcroft
et al., 2004). The average disease severity and
incidence of plants with disease severity ‡5% were
then calculated for each field and trial site.

Virulence testing of L. maculans isolates

Stubble pieces bearing L. maculans pseudothecia
from cultivars with polygenic resistance or with
sylvestris-derived resistance were collected from
Lower Eyre Peninsula and Struan in South Aus-
tralia in 2002 and 2003. Individual ascospores were
cultured and isolates derived from these ascospores
(35 isolates from 2002 stubble and 49 isolates from
2003 stubble) were tested for virulence on the cot-
yledons of cv. Surpass 400. Symptoms were scored
12 or 14 days after inoculation on a scale of 0 (no
darkening around wounds) to 9 (large grey-green
lesions with profuse sporulation) (Koch et al.,
1991). Isolates were classified as producing low
(score 0 to 2), moderate (2 to 4), high (4 to 6) or very
high (6 to 9) lesion scores. The percentage of isolates
in each category was determined for both years.

Statistical analyses

Stem canker severity and incidence data collected
at different distances from the original site where
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disease was observed on the Lower Eyre Peninsula
in 2003, were square-root transformed and arcsin-
transformed, respectively prior to analysis with
REML, the algorithm for unbalanced data sets. A
t-test was used to compare the severity of disease in
cultivars with polygenic resistance to that in culti-
vars with sylvestris-derived resistance at the same
site. The severity of cotyledonary lesions caused by
isolates collected in 2002 and 2003 was compared
using the t-test. All analyses were performed using
Genstat version 6.1 (Payne et al., 1995).

Results and discussion

The incidence and severity of phoma stem canker
in cultivars with sylvestris-derived resistance were
examined on the Lower Eyre Peninsula in South
Australia. At the sites examined there were no
significant differences in the incidence and sever-
ity of disease, even at distances up to 100 km
from the original 0.5 ha site where stem cankers
were first observed in 2002 (Figure 1). This find-
ing implies that individual L. maculans genotypes
capable of overcoming sylvestris-derived resis-
tance did not arise at this one location, or
alternatively, that the spread of virulent isolates

of the fungus was very efficient. However, it is
most likely that such isolates were present over
the whole area at a low frequency and were se-
lected for by increased sowing of cultivars with
sylvestris-derived resistance. Indeed, an isolate
collected in Millicent, South Australia before
cultivars with sylvestris-derived resistance were
developed (isolate IBCN18 collected in 1986) is
able to produce stem cankers on these cultivars
(data not shown).

In 2004, severity of phoma stem canker was
assessed on 60 mature plants at each of the 14
South Australian sites. The mean disease severity
in cultivars with sylvestris-derived resistance was
51.7, significantly greater (P<0.01) than the mean
of 25.3 recorded on cultivars with polygenic
resistance (Figure 2). At six of the sites, canker
severity was similar in cultivars with sylvestris-de-
rived and polygenic resistance, although disease
severity was extremely low at two sites (Figure 2).
However, at eight of the sites the pathogen pop-
ulations showed host specificity whereby canker
severity was higher on cultivars with sylvestris-
derived resistance than on cultivars with polygenic
resistance. This finding of populations adapted to
cause cankers on cultivars with sylvestris-derived
resistance is consistent with the extensive use of

Distance (km)

0-5 5-10 10-20 20-30 30-50 50-100

P
ho

m
a 

st
em

 c
an

ke
r

0

20

40

60

80

100

Figure 1. Severity (n) and incidence (h) of phoma stem canker in 31 commercial crops of Brassica napus cultivars with resistance

derived from B. rapa subsp. sylvestris in 2003 at several distances from the South Australian site where plants with stem canker

were first observed in 2002. Results are presented as mean±SE.
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such cultivars in these regions, compared to culti-
vars with polygenic resistance.

Individual isolates cultured from stubble of
cultivars with polygenic resistance or with sylves-
tris-derived resistance were tested for their ability
to cause cotyledonary lesions on cv. Surpass 400,
which has sylvestris-derived resistance. Isolates
collected in 2003 produced higher disease scores
than isolates collected in 2002 (Figure 3). The

mean disease score for isolates inoculated on
Surpass 400 in 2003 was 4.3, significantly higher
(P<0.001) than the 2002 mean of 2.3 (data not
shown). Although the number of isolates tested
was small, this finding supports the hypothesis that
the virulence of L. maculans isolates against syl-
vestris-derived resistance has changed. Surveys in
New South Wales and Victoria have identified
some fields with high levels of phoma stem canker
in cultivars with sylvestris-derived resistance (S.J.
Marcroft and S.J. Sprague, Australia, unpubl.).
Isolates from Western Australia capable of over-
coming the sylvestris-derived resistance in glass-
house trials have been described (Li et al., 2003a;
2005), but field surveys of disease severity and
yield loss in this state have not yet been reported.

The situation in South Australia can be com-
pared to the situation in France, where major gene
resistance has been reported to be rendered ineffi-
cient. Brun et al. (2000) carried out a field experi-
ment at Le Rheu over a 4-year period (1992–1995),
where oilseed rape lines with major gene resistance
introgressed from two different Brassica species
were sown into L. maculans-infested stubble of the
respective lines to assess the durability of the
resistance sources. After 4 years of recurrent
selection, the fungal populations had adapted to
overcome resistance in a cultivar-specific manner.
Under high inoculum concentration and in the
presence of L. maculans populations selected
recurrently on an oilseed rape line (MX) with the
Rlm6 resistance gene from B. juncea, resistance of
this line was overcome after three seasons. In
contrast, the MX-line was much more resistant to
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Figure 2. Severity of phoma stem canker in Brassica napus

cultivars with either polygenic or sylvestris-derived resistance

at 14 sites in South Australia in 2004. Each closed point (d)

represents data (mean ± SE of disease severity) collected

from 60 plants at one site. The open point (s) represents the

mean (±SE) disease severity across all sites. Disease severity

was significantly (P<0.01) higher in cultivars with sylvestris-

derived resistance than in cultivars with polygenic resistance.
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Figure 3. Frequency of Leptosphaeria maculans isolates collected from South Australia in 2002 and 2003 causing different levels of

disease symptoms (low to very high disease scores) on the cotyledons of Brassica napus cv. Surpass 400. The mean disease score

for isolates inoculated on Surpass 400 in 2003 was 4.3, significantly higher (P<0.001) than the 2002 mean of 2.3 (data not shown).
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populations selected on stubble of B. napus and an
oilseed rape addition line (LA4+) with chrom-
osome 4 introgressed from B. nigra. The resistance
of the LA4+ line was maintained in the presence of
L. maculans populations from stubble of plants
with B. juncea or B. nigra resistance. Both the MX
and LA4+ lines exhibited a high level of resistance
when exposed to L. maculans populations from
stubble of B. napus cultivars.

These recurrent selection experiments suggest
that L. maculans populations can rapidly shift
under selection pressure exerted by a new resis-
tance gene. The Rlm6 gene from B. juncea seems to
have given a selective advantage to virulent iso-
lates that pre-existed within the fungal population,
as previously shown by Somda et al. (1999).
Consequently, the selection pressure within the
field experiment rendered the Rlm6 resistance
source inefficient after only three seasons. Unlike
the Rlm6 gene, which was introduced into a sus-
ceptible genetic background, the more stable
source of resistance from B. nigra was introduced
into the LA-line, which has polygenic resistance at
the adult plant stage. Some isolates produced leaf
spots but there was little canker at the stem base
(data not shown). These results are consistent with
the hypothesis that the durability of major resis-
tance genes can be increased in the presence of a
genetic background with polygenic resistance
(Kiyosawa and Shiyomi, 1976). An alternative
hypothesis is that isolates virulent on the B. nigra
recombinant line were less fit than isolates virulent
on the B. juncea recombinant line. As yet there are
not enough data to test either of these hypotheses.

A nation-wide survey of commercial crops in
France over an 8-year period (1994–2001) showed
a decline in the efficiency of resistance conferred by
a major gene, Rlm1 (Rouxel et al., 2003). Increases
in the frequency of virulent avrLm1 isolates in the
L. maculans population corresponded to the in-
creased adoption of cultivars harbouring Rlm1. By
1998/1999 this led to a decrease in the effectiveness
of resistance conferred by Rlm1. Thereafter, the
area sown to cultivars harbouring Rlm1 decreased
significantly. Further large-scale surveys of the
French L. maculans population structure in 2000/
2001 confirmed that AvrLm1 isolates represented
less than 20% of the national population (Bales-
dent et al., 2006). Apart from the large-scale
cropping of Rlm1 cultivars, other factors probably
contributed to the speed of this shift in allele fre-

quency. These include (i) increased areas of oilseed
rape in France (an increase of more than 35%
between 1996 and 1999) leading to a larger path-
ogen population size; (ii) high inoculum concen-
trations in the autumns of 1998 and 1999,
promoting colonisation of plants by avrLm1
bearing-isolates and subsequent sexual recombi-
nation; and (iii) changes in cultural practices
including closer crop rotations and development of
minimum tillage practices. Integrated management
strategies can increase the longevity of resistance
(Mundt et al., 2002), however, such strategies need
to be clearly communicated to growers and farm
advisers (Gladders et al., 2006).

The Rlm1-attacking isolates were present in
French L. maculans populations before the com-
mercial release of cultivars with the Rlm1 resistance
gene. For example, an isolate collected at Le Rheu
in 1985 and deposited in the International Blackleg
of Crucifers Network (IBCN) collection (Rouxel
et al., 2003) and isolate H5 obtained in 1989 (An-
san-Melayah et al., 1995) have the avrLm1 allele.
Van der Plank (1968) has proposed that the pres-
ence of a virulence gene would decrease the fitness
of a pathogen, therefore the frequency of isolates
harbouring that virulence gene would decline when
the corresponding resistance gene was removed.
This theory suggests that an isolate with an
unnecessary virulence gene would be less fit and
occur at very low frequency within a population.
This hypothesis was tested and is discussed by
Huang et al. (2006) who compared symptoms
caused by near-isogenic isolates of L. maculans
differing at the AvrLm4 locus. Many avirulence
genes are probably not associated with a fitness
function and therefore a mutation to virulence is
not necessarily associated with loss of fitness
(Leach et al., 2001). As discussed previously, iso-
lates able to overcome the sylvestris-derived resis-
tance and Rlm1 were present in Australia and
France, respectively, prior to the introduction of
cultivars harbouring the corresponding resistance
gene. However, these isolates did not appear to
increase in frequency until the widespread use of
cultivars containing the resistance genes, indicating
that virulent isolates may be less fit.

At the Lower Eyre Peninsula in South Australia,
the reduced efficiency of resistance in commercial
crops occurred more rapidly and was associated
with greater yield loss than in France. For in-
stance, up to 90% yield loss was reported in some
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fields in the Lower Eyre Peninsula but few areas in
France recorded such high yield loss. Although
phoma stem canker of B. napus is a world-wide
problem, yield loss due to the disease is generally
greater in Australia than in other countries. This
may be because B. napus crops experience a milder
winter with higher spring and summer tempera-
tures in Australia compared to France. These
conditions maximise the growth rate of the fungus
within the plant and therefore increase the stem
canker severity (Sun et al., 2001). An additional
explanation for the large yield loss and rapid
decline in efficiency of resistance in Australia is
that the general level of background resistance of
the spring oilseed rape cultivars into which the
sylvestris-derived resistance was introduced may
have been less effective than that of the European
winter oilseed rape cultivars. Cultivar Surpass 400,
with sylvestris-derived resistance has some back-
ground resistance. The severity of leaf lesions and
stem canker was less on cv. Surpass 400 than on
the highly susceptible cultivars Q2 and Westar
when inoculated with isolates able to overcome
sylvestris-derived resistance (Li et al., 2003b).
Without specific molecular markers for resistance,
the extent of polygenic resistance in a cultivar with
an effective major gene resistance in field trials
cannot be evaluated.

Similar changes in virulence of L. maculans
populations leading to overcoming of resistance
have not been documented in other countries. This
may reflect the fact that major gene resistance in
oilseed rape cultivars has only recently been de-
scribed; hence any changes in field behaviour of
cultivars (such as increasing disease severity) has
not been attributed to a decline in efficiency of
such resistance. However, major gene resistance
becoming less efficient has been reported in other
host–pathogen systems. Mycosphaerella gramini-
cola, a foliar pathogen of wheat, and Venturia
inaequalis, the cause of apple scab are pathogens
with a similar lifecycle to L. maculans. These fungi
undergo sexual recombination on infected debris,
airborne dispersal of sexual spores and asexual
multiplication within the crop, and are able to
overcome major gene resistance of their hosts.
Isolates of M. graminicola that could specifically
overcome resistance of the Stb4 major gene resis-
tance in the wheat cv. Gene (Kronstad et al., 1994)
were identified within 5 years of cultivar release in
Oregon (Cowger et al., 2000). Although cv. Gene

was highly resistant on release in 1992, some dis-
ease was evident (Mundt et al., 1995) suggesting
that virulent isolates were already present in the
population. Increased use of cv. Gene selected for
virulent isolates, however, these isolates persisted
in the population despite the reduction in acreage
of cv. Gene (Cowger et al., 2000). In contrast to
this situation with M. graminicola, and L. macu-
lans in France and Australia, isolates of V. inaeq-
ualis able to overcome the Vfmajor gene resistance
in apple apparently were not present in the pop-
ulation prior to the introduction of cultivars har-
bouring this resistance gene (Guerin and Le Cam,
2004). The authors propose that all virulent iso-
lates arose from a single mutation event that
occurred in the sampling year, as all virulent iso-
lates collected could be assigned to a single clonal
lineage. This hypothesis was supported by the high
degree of genetic differentiation between virulent
and avirulent populations, which indicated a lack
of sexual recombination between the two popula-
tions (Guerin and Le Cam, 2004).

Although the oilseed rape genotype (winter vs.
spring) and the environmental conditions under
which crops are grown differ considerably between
France andAustralia, resistance conferred bymajor
genes was overcome in a few years in both countries.
The data presented for different resistance genes
under diverse climatic environments highlight the
need for better evaluationof the level of background
resistance to L. maculans into which major resis-
tance genes are introduced. Moreover, these results
highlight the need to exploit the best combinations
of different genetic factors (for example; by pyr-
amiding effective major genes and/or by associating
polygenic and major gene resistance) to develop
cultivars with durable resistance. Delourme et al.
(2006) discuss a range of resistance sources that are
currently being tested for exploitation in oilseed
rape breeding programs. The presence of the sexual
stage of L. maculans on oilseed rape stubble with
major resistance genes allows the recombination of
virulence genes and is a source of primary inoculum
for initiating epidemics. Integrated strategies that
consider the genotype of the cultivars, agronomic
practices to reduce fungal inoculum and the best
strategy to deploy cultivars with the same major
gene resistance (for example; minimum distance
between fields) require further research to minimise
the risk that resistance becomes inefficient in oilseed
rape by changes in populations of L. maculans.
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Abstract

The most common and effective way to control phoma stem canker (blackleg) caused by Leptosphaeria
maculans in oilseed rape (Brassica napus) is through the breeding of resistant cultivars. Race specific major
genes that mediate resistance from the seedling stage have been identified in B. napus or have been int-
rogressed from related species. Many race specific major genes have been described and some of them are
probably identical in B. napus (allotetraploid AACC) and the parental species B. rapa (diploid AA). More
work is needed using a set of well-characterised isolates to determine the number of different major
resistance genes available. In some B. napus cultivars, there is resistance which is polygenic (mediated by
Quantitative Trait Loci) and postulated to be race non-specific. Many of these major genes and Quanti-
tative Trait Loci for resistance to L. maculans have been located on B. napus genetic maps. Genes involved
in race specific and polygenic resistance are generally distinct.

Abbreviations: LG – Linkage Group; QTL – Quantitative Trait Loci; RGA – Resistance Gene Analogues

Introduction

This review focuses on resistance of oilseed rape
(Brassica napus L.) to Leptosphaeria maculans
Desm. (Ces & de Not) since this pathogen causes
more damage to oilseed rape than that caused by
other members of the Leptosphaeria species com-
plex, such as L. biglobosa (Shoemaker and Brun,
2001), that are found on Brassicaceae species.
Furthermore, only the genetics of the interaction
between L. maculans and Brassica spp. has so far
been studied.

Different sources of resistance to L. maculans
have been identified and introduced into B. napus
breeding lines and cultivars. Many studies on the
inheritance of resistance have been done at both
seedling and adult plant growth stages. Two types of
resistance are usually distinguished. The first type is
a qualitative resistance, which is expressed from the
seedling to the adult plant stage in cotyledons and
leaves and is generally considered as single-gene
race specific resistance. The second type is a quan-
titative adult-plant resistance, which is a partial
resistance usually thought to be race non-specific
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and mediated by many genes. In Europe, Canada
and Australia, many resistant cultivars have been
registered but there is evidence of breakdownof race
specific resistance in response to rapid evolution of
L. maculans populations. Therefore, understanding
the genetic basis of resistance in oilseed rape is
strategically important for management of resistant
cultivars. This paper reviews knowledge on race
specific and race non-specific resistance and the
relationship between them.

Race specific resistance genes in different
Brassica species

Differential interactions in the Brassica – L. mac-
ulans pathosystem were first studied at the seedling
stage using a cotyledon inoculation test (Williams
and Delwiche, 1979). The first B. napus differential
set consisted of three cultivars, ‘Westar’ (suscep-
tible control, spring oilseed type), ‘Quinta’ and
‘Glacier’ (winter oilseed types) (Mengistu et al.,
1991). Using this differential set, L. maculans iso-
lates were classified into three Pathogenicity
Groups (PG), i.e. PG2 (avirulent on ‘Quinta’ and
‘Glacier’), PG3 (avirulent on ‘Quinta’ but virulent
on ‘Glacier’) and PG4 (virulent on all three culti-
vars). Badawy et al. (1991) replaced ‘Westar’ with
winter B. napus cultivar ‘Lirabon’ and added ‘Jet
Neuf’, leading to the description of six PG, termed
A1-A6, resulting from a subdivision of each of the
previous groups into two PG (virulent or avirulent
on ‘Jet Neuf’, respectively). Other race specific
interactions were described using other differential
sets including other Brassica species (Cargeeg and
Thurling 1980; Ballinger et al., 1991; Kutcher
et al., 1993; Kuswinanti et al., 1999). Genetic
studies demonstrated a number of gene-for-gene
interactions between B. napus and L. maculans and
both avirulence genes (AvrLm) in the pathogen
and their corresponding resistance genes (Rlm) in
the host have been identified. Race specific resis-
tance to isolates of L. maculans with the corre-
sponding avirulence allele results in an
incompatible interaction that inhibits infection
from germinated ascospores or conidia and sub-
sequent development of leaf lesions.

Genes identified in B. napus

The first race specific resistance genes were iden-
tified in ‘Quinta’ and ‘Glacier’ cultivars in the

original differential set (Rimmer and van den Berg,
1992). Gene-for-gene B. napus/L. maculans inter-
actions (Rlm1/AvrLm1 in ‘Quinta’-PG3; Rlm2/
AvrLm2 in ‘Glacier’-PG2 interactions) were dem-
onstrated through the use of segregating popula-
tions of both plant and pathogen (Ansan-Melayah
et al., 1995, 1998). Other dominant race specific
resistance genes have been described through ge-
netic studies involving different oilseed rape culti-
vars/lines and different L. maculans isolates
(Table 1). Some of these genes have been posi-
tioned on B. napus linkage maps (Ferreira et al.,
1995; Mayerhofer et al., 1997; Delourme et al.,
2004; Rimmer, 2006).

Mapping studies showed that some of the
resistance genes are organised in clusters. Zhu and
Rimmer (2003) found two closely linked but dis-
tinct loci mediating resistance at the seedling and
adult plant stage, respectively in two B. napus
breeding lines (‘RB87-62’ and ‘DH88-752’). These
genes all mapped to Linkage Group 6 (LG6) of the
genetic map published by Ferreira et al. (1994).
The two resistance loci in line ‘RB87-62’ mapped
more than 40 cM away from those in line ‘DH88-
752’, but only 5-10 cM separated the seedling and
adult plant resistance loci of each line (Rimmer,
2006). Three other resistance genes (LEM1, LmR1
and cRLMm, present in ‘Major’, ‘Shiralee’ and
‘Maluka’, respectively) have also been mapped
onto this linkage group (Ferreira et al., 1995;
Mayerhofer et al., 1997; Rimmer, 2006). From
comparing their locations on the LG6 linkage
group, it seems that LmR1 is different from LEM1
but LmR1 could be identical to cRLMm since
‘Shiralee’ and ‘Maluka’ share a similar pedigree
and produce similar interactions with L. maculans
(Mayerhofer et al., 1997). Based on differential
interactions with a series of L. maculans isolates, it
seems likely that the seedling resistance genes in
‘Maluka’ (cRLMm) and ‘RB87-62’ (cRLMrb) are
equivalent (Rimmer, 2006).

Delourme et al. (2004) have mapped five race
specific resistance genes (Rlm1, Rlm3, Rlm4, Rlm7
and Rlm9) on LG10 and one gene (Rlm2) on
LG16 of the genetic map published by Lombard
and Delourme (2001). Rlm1 is clearly distinct
from Rlm3 and Rlm4 because they both occur in
one cultivar and they map to different positions.
Rlm3 and Rlm4 are found in many cultivars but
rarely seem to be present together in a single
cultivar. Similarly, Rlm3 and Rlm7 have not been
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found in the same cultivar. Thus, Rlm3, Rlm4,
Rlm7 and Rlm9 could be a cluster of tightly
linked genes, or a single gene with different al-
leles, or a combination of both. Both LG6 of the
genetic map published by Ferreira et al. (1994)
and LG10 published by Lombard and Delourme
(2001) seem to correspond to LG N7 of the ge-
netic map described by Parkin et al. (1995). Thus,
some of the genes described on these LG might
be the same. The genes LEM1 and cRLMm are
almost certainly identical to Rlm4, present in

‘Major’ and ‘Maluka’ (Rouxel et al., 2003).
Additionally, LmR1 in ‘Shiralee’ and cRLMrb in
‘RB87-62’ might also correspond to Rlm4. The
different locations of LmR1 and LEM1 (Maye-
rhofer et al., 1997) might be due to the homeol-
ogous reciprocal translocation that can occur
between LG N16 and LG N7 close to the posi-
tion of LEM1 (Osborn et al., 2003). Such ho-
meologous reciprocal translocation can affect
recombination and precise mapping in this region
using parents with or without the translocation.

Table 1. Genetic interactions between Brassica napus (allotetraploid AACC) and Leptosphaeria maculans including race specific

resistance genes identified in B. napus

Cultivar/line L. maculans isolate Resistance gene Location in

B. napus

LGc

Reference

Name &

informationa
Genotypeb

Quinta 11.26.11 AvrLm1 avrLm2 Rlm1 LG10=N7 Ansan-Melayah et al. (1998)

(PG3; A2) avrLm3 avrLm4

AvrLm7 avrLm9 Delourme et al. (2004)

Maxol v11.1.2 AvrLm1 avrLm2 Rlm1 LG10=N7 Balesdent et al. (2002)

(PG3; A2) avrLm3 avrLm4

AvrLm7 avrLm9 Delourme et al. (2004)

Glacier 14.3.01 AvrLm1 AvrLm2 Rlm2 LG16=N10 Ansan-Melayah et al. (1998)

(PG2; A4) avrLm3 avrLm4 Delourme et al. (2004)

AvrLm7 avrLm9

Major PHW1245 AvrLm1 AvrLm2 LEM1=Rlm4 LG6=N7 Ferreira et al. (1995)

(PG2; A3) avrLm3 AvrLm4

AvrLm7 avrLm9

Shiralee Canadian isolates – LmR1=Rlm4 ? LG6=N7 Mayerhofer et al. (1997)

Crésor Field population

(Saskatchewan)

– LmFr1 – Dion et al. (1995)

Crésor Field population

(Saskatchewan)

– aRLMc LG6=N7 Rimmer (2006)

Maluka Pl86.12 (PG2; –) – CRLMm=Rlm4? LG6=N7 Rimmer (2006)

RB87–62 Pl86.12 (PG2; –) – CRLMrb=Rlm4? LG6=N7 Rimmer (2006)

aRLMrb Zhu and Rimmer (2003)

DH88–752 Pl86.12 (PG2; –) – cRLMj LG6=N7 Rimmer (2006)

aRLMj Zhu and Rimmer (2003)

Quinta v23.2.1 avrLm1 avrLm2 Rlm4 LG10=N7 Balesdent et al. (2001)

(PG4; A5) avrLm3 AvrLm4 Delourme et al. (2004)

AvrLm7 avrLm9

Maxol 19.2.01 (PG4; A1) avrLm1 avrLm2 Rlm3 LG10=N7 Balesdent et al. (2002)

AvrLm3 avrLm4 Delourme et al. (2004)

avrLm7 avrLm9

23.1.1 A290 (PG4; A1) avrLm1 avrLm2 Rlm7 LG10=N7 Balesdent et al. (2002)

avrLm3 avrLm4 Delourme et al. (2004)

AvrLm7 avrLm9

Darmor IBCN56 AvrLm1? AvrLm2? Rlm9 LG10=N7 Balesdent et al. (2002)

AvrLm3? avrLm4 Delourme et al. (2004)

avrLm7 AvrLm9

aPathogenicity groups are indicated as PG2-PG4 (Mengistu et al., 1991) and as A1-A6 (Badawy et al., 1991).
bAvrLm genes matching the Rlm genes studied are indicated in bold typeface.
cLinkage groups LG10 and LG16 are from the Lombard and Delourme (2001) genetic map; LG6 is from the Ferreira et al. (1994)

genetic map; LG N7 and N10 are from the Parkin et al. (1995) genetic map.
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Definite conclusions on identity of or distinct-
ness between these Rlm genes will be possible only
through a precise characterisation of B. napus/L.
maculans interactions using differential L. macu-
lans isolates selected or genetically bred to carry
single (or as few as possible) identified avirulence
(Avr) genes (Balesdent et al., 2002), through allel-
ism tests or, in the longer term, by cloning and
sequence comparison of the resistance genes. An
improved host differential set comprising fixed
cultivars or lines possessing a minimum number of
Rlm genes has been developed (Balesdent et al.,
2005). It consists of ‘Westar’ (no R genes, sus-
ceptible control), ‘Columbus’ (Rlm1-Rlm3), ‘Bris-
tol’ (Rlm2-Rlm9), ‘22-1-1’ (Rlm3), ‘Jet Neuf’
(Rlm4), ‘150-2-1’ (B. juncea line, Rlm5, not yet
characterised at the Rlm9 locus), ‘Darmor-MX’
(Rlm6, not yet characterised at the Rlm9 locus),
‘23-1-1’ (Rlm7), ‘156-2-1’ (B. rapa line, Rlm8, not
yet characterised at the Rlm9 locus) and ‘Goeland’
(Rlm9). The host genotypes carrying genes origi-
nating from B. napus are freely available to the
scientific community, so that a common nomen-
clature can be used to simplify the identification of
genes for resistance to L. maculans in different
genotypes.

Genes identified in other Brassica species

Resistance to L. maculans in germplasm of other
Brassicaceae species related to B. napus has also
been studied. Few resistance genes were found by
screening different accessions of the two diploid
progenitors of oilseed rape, B. oleracea (CC,
2n=18) and B. rapa (AA, 2n=20). An extensive
screening of B. oleracea germplasm in the main
European Gene Banks was done at ‘Instituto
Superior de Agronomia’ (ISA Lisbon). The dif-
ferential isolates were BBA62908, harbouring Av-
rLm1, AvrLm2 and AvrLm4 alleles (Rouxel et al.,
2003), and three ‘PG4’ European isolates har-
bouring none of these avirulence alleles. Of the 392
accessions tested, a few occasionally reacted to one
of the ‘PG4’ isolates, but none was resistant to the
isolate BBA62908, suggesting the absence of Rlm1,
Rlm2 or Rlm4 in B. oleracea genotypes (JS Dias,
unpubl.). These data, which are consistent with the
data of Mithen et al. (1987) and Rimmer and van
den Berg (1992), confirm that no major resistance
genes to L. maculans originate from B. oleracea.
However, in one closely related species, B. insularis

(2n=18), two dominant resistance genes were de-
tected in a segregating population obtained from a
B. oleracea � B. insularis hybrid (Mithen and
Lewis, 1988).

This screening of genetic resources also
encompassed 555 accessions of B. rapa, including
accessions of vars chinensis, japonica, parachinen-
sis, pekinensis, perviridis, rapifera and trilocularis
and a few wild accessions. Most (95.5%) of these
accessions were fully susceptible to all four
L. maculans isolates. However, 12 (2%) accessions
were resistant to all four isolates and 10 (1.8%)
accessions were resistant to isolate BBA62908 and
susceptible to the three ‘PG4’ isolates (JS Dias,
unpubl.). These data suggest that the resistant
accessions of B. rapa could harbour genes previ-
ously identified in B. napus such as Rlm1, Rlm2 or
Rlm4. To test this hypothesis, limited screening
was done through collaboration between IPK
Gatersleben and INRA-PMDV (T Rouxel and E
Willner, unpubl.). Sixty-two B. rapa var. oleifera
accessions, a few B. rapa var. sylvestris accessions
and wild accessions were inoculated with differ-
ential isolates BBA62908 [race Av1-2-4-5-6-7-(8)],
v11.1.1 [Av5-6-7-8], v11.1.2 [Av1-5-6-7-8] and
v23.2.1 [Av4-5-6-7-8]. Twenty-two percent of the
accessions were susceptible to all isolates and
48.3% of the accessions showed either a hetero-
geneous or a homogeneous resistance to all four
isolates (T Rouxel and MH Balesdent, unpubl.).
Of these, four accessions have Rlm1, three acces-
sions have Rlm4 and two accessions have both
genes. The resistant accessions were investigated
using a wide range of differential isolates. In at
least one accession (CR1478), self pollination of
one fully resistant plant generated a line express-
ing the Rlm7 resistance. Screening of progeny of
another resistant accession (156.1.1) showed
monogenic control by Rlm8 interacting with the
novel single-gene avirulence AvrLm8 (Balesdent
et al., 2002). In a few accessions, resistance was
observed against all or most isolates tested, sug-
gesting occurrence of undescribed major resistance
genes.

Dominant resistance genes were also identified
in two B. rapa cultivars (Crouch et al., 1994;
Chèvre et al., 2003) and a cluster of race specific
genes, effective at the cotyledon stage, was identi-
fied in one source (Chèvre et al., 2003). These
B. rapa genes were introduced into the B. napus
genome either through production of a synthetic
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oilseed rape crossed to B. napus (Crouch et al.,
1994) or by direct crosses between B. napus and
B. rapa (Chèvre et al., 2003) (Table 2). The effi-
ciency of the different introgression methods is
under study (AM Chèvre, unpubl.). Genetic stud-
ies with lines obtained from the synthetic B. napus
indicated the presence of three genes introgressed
from B. rapa var. sylvestris on different B. napus
linkage groups; LepR1 and LepR2 were mapped,
respectively, onto B. napus A-genome LG N2 and
LG N10 of the Parkin et al. (1995) genetic map
(Yu et al., 2005), and LepR3 was identified from
new commercial cultivars Surpass 400 (Li and
Cowling, 2003) and Hyola 60. LepR3 was mapped
onto B. napus LG N10 about 15 cM below LepR2
(Yu et al., 2004). The LG N10 is the LG where
Rlm2 mapped (Delourme et al., 2004). In seedling
assays, LepR1 behaved as a dominant allele and
was resistant to all except one L. maculans isolates.
The LepR3 gene was described as a dominant gene
(Li and Cowling, 2003), whereas LepR2 was
incompletely dominant to most isolates, with the
phenotype of the heterozygotes more similar to
that of the susceptible parent than to that of the
homozygous resistant lines. Isolates virulent on
LepR2 have been identified (F Yu, SR Rimmer
and DJ Lydiate, unpubl.). Resistance conferred by
LepR3 has been overcome in some parts of Aus-
tralia (Li et al., 2003; Sprague et al., 2006). Thus
these three genes are race specific. A recessive gene
has also been identified in B. napus lines derived
from B. rapa var. sylvestris. Mapping of this locus
is in progress (S R Rimmer, unpubl.). The cluster
of race specific dominant B. rapa resistance genes
(Chèvre et al., 2003) has been transferred into
B. napus genetic backgrounds with or without
polygenic resistance and is being tested under field
conditions. This cluster was introgressed into a
different B. napus linkage group (AM Chèvre,
unpubl.).

The Brassica species with the B genome,
B. nigra (BB, 2n=16), B. juncea (AABB, 2n=36)
and B. carinata (BBCC, 2n=34) have been de-
scribed as highly resistant to L. maculans under
field conditions (Rimmer and van den Berg,
1992). Based on cotyledon and stem resistance
ratings, Keri et al. (1997) suggested that resis-
tance in B. juncea is mediated by two genes. This
is consistent with genetic data obtained with L.
maculans, which showed that the interaction was
governed by two avirulence genes termed AvrLm5

and AvrLm6 (Balesdent et al., 2002). The corre-
sponding resistance genes were fixed, respectively,
in a B. juncea line originating from ‘Aurea’
(Rlm5) and in the series of introgressed B. napus
MX lines developed at INRA Rennes (Rlm6)
(Chèvre et al., 1997; Balesdent et al., 2002, 2005).
The resistance genes were introgressed into
B. napus either by hand pollination between the
donor species and B. napus cultivars/lines or by
symmetric or asymmetric protoplast fusion
(Table 2) and the resulting hybrids were back-
crossed to B. napus. Whatever the screening
methods used, all genes detected were dominant,
except for one recessive gene introgressed from B.
juncea (Saal et al., 2004) and three genes acting in
a complex interaction (Pang and Halloran,
1996a). Evaluation of different B. napus-B. nigra
addition lines carrying resistance has suggested
that a number of different resistance genes occur
in the B genome (Zhu et al., 1993; Chèvre et al.,
1996). Resistance genes, introgressed from B.
nigra, B. juncea or B. carinata into the B. napus
genome are all on the same B genome region
(Dixelius, 1999). Furthermore, Plieske et al.
(1998) found that resistance genes from these
three species all introgressed into the same B.
napus linkage group. In all the introgression lines
obtained by sexual crosses, resistance genes from
the B genome were introgressed into A genome
linkage groups of B. napus (Roy, 1978; Barret
et al., 1998; Plieske et al., 1998). However, from
their location on B. napus genetic maps, it seems
that different genes were introgressed. This result
was confirmed by the different interactions from
different introgressed lines (Saal et al., 2004; AM
Chèvre, unpubl.).

Other sources of resistance are available in less
closely related species such as Arabidopsis thali-
ana, Sinapis arvensis, Coincya monensis, Diplo-
taxis muralis, Diplotaxis tenuifolia or Raphanus
raphanistrum (Chen and Seguin-Swartz, 1999;
Winter et al., 1999; Snowdon et al., 2000; Boh-
man et al., 2002). Some gene introgressions have
been attempted by crosses to B. napus or by
asymmetric protoplast fusion for Arabidopsis
(Table 2). Resistant addition lines have been ob-
tained from B. napus–S. arvensis hybrids (Snow-
don et al., 2000). Bohman et al. (2002) showed
that an introgression of genes carried by chro-
mosome 3 of A. thaliana confers adult leaf resis-
tance in B. napus.
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èv
re

et
a
l.
(1
9
9
7
),
B
a
rr
et

et
a
l.
(1
9
9
8
)

P
et
io
le

D
o
m
in
a
n
t
g
en
e,

P
h
R
2

P
li
es
k
e
et

a
l.
(1
9
9
8
)

C
o
ty
le
d
o
n
,
st
em

–
W
in
te
r
et

a
l.
(1
9
9
9
)

L
ea
f

D
o
m
in
a
n
t
g
en
e,

L
m
B
R
1

D
ix
el
iu
s
(1
9
9
9
)*

C
o
ty
le
d
o
n
,
le
a
f

T
h
re
e
in
d
ep
en
d
en
t
g
en
es

D
ix
el
iu
s
a
n
d
W
h
a
lb
er
g
(1
9
9
9
)*

C
o
ty
le
d
o
n

R
ec
es
si
v
e
g
en
e,

r j
lm

2
S
a
a
l
et

a
l.
(2
0
0
4
)

B
.
ca
ri
n
a
ta

(B
B
C
C
,

2
n
=

3
4
)

L
ea
f,
st
em

–
S
jö
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Correlation between race specific resistance at
seedling and adult stages

Comparisons between seedling (cotyledon test)
and adult (petiole or stem inoculation in glass-
house or field tests) resistance screening tests have
produced either significant positive (McNabb
et al., 1993; Bansal et al., 1994) or non-significant
(Ballinger and Salisbury, 1996; Pang and Hallo-
ran, 1996b) correlations. These differences may be
explained by differences between sources of resis-
tance studied (conferring either race non-specific
quantitative resistance versus race specific resis-
tance or a combination of both resistance types)
and differences in combinations of avirulence
genes between L. maculans isolates used in con-
trolled environment tests and L. maculans popu-
lations in field tests. Another explanation is that
isolates may interact with each other. For exam-
ple, Mahuku et al. (1996) reported that the weakly
virulent L. biglobosa can induce resistance in
B. napus to the highly virulent L. maculans.

The effectiveness of race specific resistance genes
at growth stages later than seedlings has been
clearly demonstrated. The effect of LEM1 in
‘Major’ was detected using a stem inoculation test
(Ferreira et al., 1995). The LmFr1 gene from
‘Crésor’ accounted for 57–84% of the variation in
resistance in a segregating doubled haploid (DH)
population in field trials, depending on the year/
location of the trial (Dion et al., 1995). The Rlm1
gene in ‘Maxol’ explained 70% of the phenotypic
variation for resistance in a field trial (Delourme
et al., 2004). Currently, the Rlm7 resistance is
100% effective in France because nearly 100% of
field isolates of L. maculans harbour AvrLm7
(Balesdent et al., 2005). Similarly, cultivars/lines
with race specific resistance genes introgressed
from B. rapa var. sylvestris (LepR1, LepR2 and
LepR3) were highly resistant to L. maculans in field
trials (Li and Cowling, 2003; Yu et al., 2005), ex-
cept for those with LepR3, which has been over-
come, so that large yield losses have occurred in
regions of south eastern Australia (Sprague et al.,
2005). Furthermore, resistance genes introgressed
into B. napus from B. nigra (Chèvre et al., 1996) or
B. juncea (Roy, 1984; Chèvre et al., 1997) are
generally effective in field trials.

Conversely, Zhu and Rimmer (2003), compar-
ing the results of cotyledon and stem inoculation
tests on lines ‘RB87-62’ and ‘DH88-762’,

concluded that distinct but linked genes were
effective in each line at the seedling and adult
stages. The effect of LEM1 was not detected in
field trials where L. maculans isolates were pre-
dominantly of the same pathogenicity group
(PG2) as the isolate used to identify this gene at
the seedling stage. However, some isolates in the
L. maculans field population were highly virulent
on ‘Major’. A difference in avirulence allele com-
position between L. maculans isolates could ex-
plain the contrasting response of ‘Major’ in
controlled environment and field experiments
(Ferreira et al., 1995) since PG2 isolates can be
either virulent or avirulent on lines with resistance
conferred by Rlm4 (Badawy et al., 1991). Conse-
quently, in the field, the effect of a race specific
resistance gene will depend on the L. maculans
population structure, i.e. on the frequency of the
corresponding avirulence allele. However, the
threshold frequency of the virulence allele at which
the corresponding resistance gene is no longer
effective in protecting the crop is not known (Brun
et al., 2004).

Quantitative resistance in B. napus

A high level of field resistance to L. maculans in the
absence of effective race specific resistance genes
has been observed in winter European B. napus
cultivars such as ‘Jet Neuf’, which is one of the
best known sources of quantitative resistance to
L. maculans. Cultivar Jet Neuf was widely grown
all over Europe during the 1970s and 1980s and is
still very resistant to L. maculans. The major
sources of resistance used in the Australian B.
napus breeding programmes have been Japanese
spring types and French winter types (Roy et al.,
1983). Although Japanese lines such as ‘Chikuzen’
and ‘Chisaya’ are only moderately resistant to
L. maculans, resistant selections from crosses be-
tween these and other lines were obtained. Two
other Japanese cultivars (‘Norin 20’ and ‘Mutu’)
also showed resistance and have been widely used
in breeding programmes (Salisbury and Wratten,
1999). There is usually no difference in the devel-
opment of phoma leaf spot symptoms on young
plants between cultivars with quantitative resis-
tance to L. maculans and cultivars without it, but
later in the season stem cankers do not develop or
are less severe on the cultivars with quantitative
resistance than those without it. L. maculans can
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survive and reproduce on even the most resistant
lines (Marcroft et al., 2004). As quantitative
resistance is partial, when L. maculans inoculum
concentrations are high, it may not prevent large
yield losses (Salisbury et al., 1995; Khangura and
Barbetti, 2001; Marcroft et al., 2003).

Screening for quantitative resistance is primarily
done by assessment of stem cankers on mature
plants in field nurseries where plants have been
exposed to the locally prevalent mixture of
L. maculans races. Phoma stem canker severity is
assessed using a disease index based on the extent of
external and internal necrosis at the crown (stem
base) of plants sampled just before harvest. Con-
trolled environment tests for quantitative resistance
using inoculation of leaves, petioles or stems with
L. maculans have also been proposed (Newman
and Bailey, 1987; Kutcher et al., 1993; McNabb
et al., 1993; Bansal et al., 1994; Ballinger and
Salisbury, 1996; Pang and Halloran, 1996b). With
these tests, the correct evaluation of the quantita-
tive resistance of a B. napus genotype depends on
the L. maculans isolate used. Since the effect of a
race specific resistance gene is detectable at later
growth stages, L. maculans isolates that are virulent
against any race specific resistance gene(s) present
in the genotype to be tested must be used. Similarly,
a cultivar carrying a new race specific resistance
gene that is effective against all or most of the
L. maculans isolates in a field population cannot be
evaluated for quantitative resistance in that field. A
controlled environment test can be done, provided
a L. maculans isolate virulent against that particu-
lar race specific resistance gene is used.

Little information is available on the genetic
control of quantitative resistance to L. maculans.
Ferreira et al. (1995) detected two QTL, which
were associated with field resistance in Manitoba,
on LG12 and LG21. The genetic basis of quanti-
tative resistance in the French winter oilseed rape
‘Darmor’, derived from ‘Jet Neuf’, has been
studied. In the ‘Darmor-bzh’�‘Yudal’ cross, Pilet
et al. (1998) identified a total of ten QTL for
resistance, of which four were associated with de-
creased stem canker severity and decreased plant
death in both seasons of field experiments. Anal-
ysis of progeny derived from a ‘Darmor’�‘Samo-
urai’ cross, consisting of one DH population and a
number of F2:3 families, identified six QTL in the
DH population and four QTL in the F2:3 families
(Pilet et al., 2001). Out of a total of sixteen loci

detected in the four cultivars, only four QTL were
common to the ‘Darmor-bzh’�‘Yudal’ and ‘Dar-
mor’�‘Samourai’ crosses. Pilet et al. (2001) con-
cluded that the genetic background contributes
greatly to the observed QTL and that the con-
centration of L. maculans inoculum at each loca-
tion is probably important in revealing QTL with
small contributions to overall field resistance to
L. maculans.

The genomic regions carrying the most consis-
tent resistance QTL in ‘Darmor’ do not corre-
spond to the two regions on LG10 and LG16
identified as carrying race specific resistance genes
to L. maculans (Delourme et al., 2004). The posi-
tion of Rlm2 on LG16 corresponds to a QTL
identified for adult plant resistance in the ‘Dar-
mor’�‘Samourai’ DH population (Pilet et al.,
2001). The cultivar Samourai carries both the
resistance allele at this QTL and Rlm2. Since no
French isolates of L. maculans carry AvrLm2
(Rouxel et al., 2003), two hypotheses can be pro-
posed to explain this co-location; either the Rlm2
gene has a residual effect at the adult plant stage,
similar to that suggested in other pathosystems, or
genes linked to Rlm2 are responsible for part of the
variation for resistance at this QTL.

Towards identification of the function of
resistance genes

Although resistance genes have been cloned from
many plant species, including the model species
A. thaliana, none has yet been characterised in
Brassica species. Expressed Sequence Tags (ESTs)
were derived from B. napus ‘Glacier’ leaves inoc-
ulated with a L. maculans PG2 isolate (Fristensky
et al., 1999). Resistance gene analogues (RGA),
either derived from ESTs that have sequence
homology to cloned resistance genes or from PCR
products amplified with primers based on the
conserved nucleotide binding site and leucine-rich
repeat regions of cloned genes, have been mapped
in B. napus (Joyeux et al., 1999; Sillito et al., 2000,
Fourmann et al., 2001). Some of these RGA
mapped to LG N7 carrying race specific genes for
resistance to L. maculans (Sillito et al., 2000). A
B. nigra cDNA sequence, denoted Lm1, improved
resistance to L. maculans in both cotyledons and
leaves when it was expressed in transgenic oilseed
rape (Wretblad et al., 2003). Identification of
differential gene expression using microarray
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technology has been used to understand the
interactions between L. maculans and resistant
(LepR3 gene)/susceptible host plants (Kaur et al.,
2004). Work is in progress to clone the ‘Crésor’
resistance gene (I Parkin, unpubl.) and the LepR3
gene introgressed from B. rapa var. sylvestris
(Larkan et al., 2004). Isolation of Rlm genes that
correspond to the avirulence genes that are being
cloned in L. maculans (Kuhn et al., 2006) will
make the B. napus/L. maculans pathosystem an
excellent model system for studies of the molecular
interactions between a host and its pathogen.

Conclusions

Our understanding of L. maculans/Brassica inter-
actions has increased greatly in recent years with
developments in genetic studies on both the path-
ogen and the host plant, and with increased
knowledge of the distribution of avirulence alleles
in L. maculans populations (Balesdent et al., 2005;
Stachowiak et al., 2006). To understand the
interactions, it is necessary to distinguish between
two types of resistance; a qualitative resistance
effective from the seedling to the adult plant stage
(race specific resistance) and a quantitative adult-
stage resistance that is controlled by many genes
with small individual effects. Field resistance can
be conferred by race specific major genes and/or
by polygenes. Partial resistance in the field can be
due either to a major gene on which the L. mac-
ulans population is partly virulent or to quantita-
tive resistance. It is only through investigating the
presence of race specific resistance gene(s) in the B.
napus genotype tested and avirulence alleles in the
L. maculans isolates used in controlled environ-
ment or field experiments that the type of resis-
tance can be determined. Currently, it seems that
the genes involved in race specific resistance and
polygenic race non-specific resistance are distinct.
However, mechanisms leading to quantitative
resistance can be effective at different stages of
epidemic development and may differ depending
on the resistance source. A better understanding of
the mechanisms underlying quantitative resistance
would help our understanding of the relationships
between quantitative and major resistance genes.

Leptosphaeria maculans populations have a very
great potential to evolve to virulence under
selection pressure exerted by race specific resis-

tance genes and single resistance genes do not
provide a durable resistance. This has been shown
both in a field experiment using the Jlm1/Rlm6
gene introgressed into B. napus from B. juncea
(Brun et al., 2000) and in commercial crops for the
Rlm1 cultivars and the LepR3 gene introgressed
from B. rapa var. sylvestris (Li et al., 2003, 2005;
Rouxel et al., 2003; Sprague et al., 2006). Poly-
genic resistance has generally been considered
durable. This is supported by evidence for the
commercial cultivar Jet Neuf. However, the poly-
genic resistance in some B. napus cultivars has
become less effective with time. Sprague et al.
(2006) reported that, after its release in 1993,
‘Rainbow’ maintained its Australia Blackleg Rat-
ing (ABR) for resistance at 6.5 until 2000 but it
decreased to 5.5 in 2004 while the ABR of ‘Ripper’
decreased more rapidly, from 7.5 in 2000 to 5.0 in
2004. This is presumed to be the result of changes
in virulence and aggressiveness (the ability to cause
more severe disease) of the L. maculans popula-
tion. It is difficult to test experimentally the
hypothesis that aggressiveness has changed, since
this requires multi-season, multi-location field
testing of B. napus cultivars and continual moni-
toring of the pathogen population for aggressive-
ness and frequency of different pathotypes.

To maximise durability of resistance, it is nec-
essary to identify as many different resistance
genes as possible to diversify their use and estab-
lish strategies to manage them through genotype
construction and deployment. To achieve this
objective, there is a need to improve characterisa-
tion of the race specific resistance genes and QTL
for non specific resistance to L. maculans.
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Chèvre AM, dePonce Leon A, Jenczewski E, Eber F, Delourme

R, Renard M and Brun H (2003) Introduction of blackleg

resistance from Brassica rapa into Brassica napus. Proceed-

ings 11th International Rapeseed Congress, Copenhagen,

Denmark 1: 32–35

Crouch JH, Lewis BG and Mithen RF (1994) The effect of

A-genome substitution on the resistance of Brassica napus

to infection by Leptosphaeria maculans. Plant Breeding 112:

265–278

Delourme R, Pilet-Nayel ML, Archipiano M, Horvais R,

Tanguy X, Rouxel T, Brun H, Renard M and Balesdent

MH (2004) A cluster of major specific resistance genes to

Leptosphaeria maculans in Brassica napus. Phytopathology

94: 578–583

Dion Y, Gugel RK, Rakow GFW, Séguin-Swartz G and
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Abstract

Nine avirulence genes (AvrLm1–AvrLm9) were identified in Leptosphaeria maculans, the causal agent of
stem canker of oilseed rape (OSR), combinations of which could theoretically generate up to 512 different
races of the fungus. L. maculans displays a high evolutionary potential to adapt to novel resistance genes as
illustrated by the Rlm1 breakdown in France, where virulent populations became prevalent within three
growing seasons. An improved knowledge of the race structure of the fungal population is therefore needed
to ensure a better use of available major resistance genes. The objective of this study was to characterise the
L. maculans population structure in France using a large-scale, rationalised sample of isolates. Experi-
mental fields, planted with ‘‘trap plants’’ harbouring no major resistance gene, were sown at 20 locations.
Single-pycnidium isolates were collected from leaf lesions that developed in early autumn and 1797 isolates
were genotyped at Avr loci. The frequency of AvrLm6 and AvrLm7 was higher than 99%, whereas avrLm2
and avrLm9 alleles were fixed in the population. AvrLm1, AvrLm4, AvrLm5 and AvrLm8 were polymor-
phic. AvrLm3 isolates were detected at a very low frequency (less than 1%). Only 11 races were identified in
France, with one race prevalent, namely Av5-6-7-(8) (i.e. virulent on Rlm1, Rlm2, Rlm3, Rlm4 and Rlm9),
representing around 65% of the population. Disparities between the locations sampled were evident at all
scales analysed. Some virulent races, such as those harbouring avrLm5, were present before the intro-
duction of the corresponding resistance gene in the commercial OSR crop.

Abbreviations: Avr – avirulence; cv – cultivar; OSR – oilseed rape; R – resistance

Introduction

The dothideomycete Leptosphaeria maculans
(anamorph Phoma lingam), the causal agent of
phoma stem canker disease of oilseed rape (OSR)
(winterBrassica napus) and canola (springB. napus
and B. rapa), is the most economically important
disease of oilseed Brassicas worldwide. Breeding for
‘‘field resistance’’ to L. maculans in the past often
gave rise to cvs harbouring single major gene
resistance (Rlm genes) that were selected uninten-
tionally due to their complete effectiveness when

challenged by populations of the pathogen har-
bouring the corresponding avirulence (AvrLm)
allele (Ansan-Melayah et al., 1997; Pinochet et al.,
2003; Rouxel et al., 2003a). Most currently regis-
tered winter OSR cvs in France harbour at least one
Rlm gene (Pinochet et al., 2003, 2004; Balesdent
and Pinochet unpublished data). The life cycle of
the pathogen involves annual sexual recombination
and large-scale dispersal of ascospores (West et al.,
2001), which predisposes L. maculans to have a
high evolutionary potential to adapt to novel
resistance genes (McDonald and Linde, 2002). This

European Journal of Plant Pathology (2006) 114: 53–65 � Springer 2006
DOI 10.1007/s10658-005-2104-0



was illustrated by the case ofRlm1 in France, where
cvs harbouring this gene became popular and ac-
counted for more than 40% of the French OSR
production area (Rouxel et al., 2003a). This was
associated with a concurrent increase in the pro-
portion of virulent individuals within the popula-
tion of L. maculans within three growing seasons
(Rouxel et al., 2003a). This study, along with
experimental data which indicate that the novel
Rlm6 gene (not commercially used to date in Eur-
ope) can also be overcome within three growing
seasons when subjected to artificially increased
inoculum pressure (Brun et al., 2000), and the
current breakdown of the newly-introduced ‘‘Sur-
pass 400’’ resistance in Australia (Li et al., 2003;
Sprague et al., 2006), illustrate the need to monitor
the race structure of L. maculans populations. Such
information will allow more efficient use of avail-
able sources of major gene resistance (R) to prevent
pathogen adaptation and the spread of novel viru-
lent isolates to regions where novel resistances have
not been used.

Although based on a large collection (1011) of
French isolates, the study by Rouxel et al. (2003a)
was insufficient to provide an extensive survey of
the current structure of L. maculans populations in
France since (i) it included samples taken between
1994 and 2000 at only three sampling locations, (ii)
only three Avr genes were analysed, AvrLm1,
AvrLm2 and Avrlm4, whereas nine Avr genes have
currently been identified (Balesdent et al., 2002,
2005; Delourme et al., 2004), (iii) part of the col-
lection originated from unknown (or uncharacter-
ised in terms of R genes) plant genotypes, which
might exclude some races avirulent on these geno-
types, resulting in a sampling bias caused by
selection of the corresponding virulent alleles. For
example, the Rlm2 gene was extremely popular in
French cvs (Rouxel et al., 2003a, b) and it was
impossible to ascertain that the corresponding
avirulent allele,AvrLm2, was absent in L. maculans
populations in France.

A recent analysis of the race composition of
an international L. maculans isolate collection
for all nine identified Avr genes indicated that
there was a low diversity of races in Europe,
with only 8 out of 512 possible races identified,
and important differences between continents in
race structure (Balesdent et al., 2005). However,
only historical isolates were present in this
collection, and the information on the plant

genotype from which the isolates originated was
often absent.

In this context, the objectives of the present
study were (i) to extensively investigate the
L. maculans population structure in France,
including all nine AvrLm genes known to date,
based on a rational sampling scheme, (ii) to eval-
uate the putative regional differences in race
structure and (iii) to relate them to the history of
OSR production in the surrounding region. It was
also envisaged that such a large survey would
allow us to evaluate which (and where) Rlm genes
were still effective against a significant part of the
L. maculans population, and if some virulent races
were already present before the introduction of
unused novel resistance genes. For this purpose,
large-scale sampling of the L. maculans population
of France was done, on a country-wide basis from
a network of similar experimental fields planted
with ‘‘trap plants’’ (known to harbour no major
resistance genes). These crops were grown by a
network of OSR breeding companies, public re-
search institutes, cultivar registration bodies and
advisory bodies. The resulting collection of isolates
was analysed for the occurrence of AvrLm alleles
corresponding to Rlm genes which had been used
commercially in the past (Rlm2, Rlm3, Rlm4,
Rlm9), more recently introduced commercially
(Rlm1) or not yet been used commercially [Rlm7
from B. napus, Rlm5 and Rlm6 from B. juncea and
Rlm8 from B. rapa (Balesdent et al., 2002)].
Finally, control plant genotypes, each having
different known specific resistance genes, were also
included in each trial, to relate the L. maculans
population structure to effectiveness of specific
resistance genes in winter OSR crops.

Materials and methods

Experimental fields

Seventeen experiments were sown in August–
September 2000, and three experiments were sown
in August–September 2001 to cover important
OSR production areas that were not included in
the 2000/2001 survey (Figure 1). In 2000/2001, the
experimental design comprised 10 cvs sown in four
replicates at each site (Table 1). Each plot (one
replicate of one cv. on one site) consisted of four
lines of minimum length 2 m. Cultivar Drakkar, a
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spring genotype known to possess no Rlm gene
(provided by INRA-APBV, Le Rheu) was used as
a ‘‘trap plant’’, because it exerted no direct selec-
tion on the L. maculans population. Cv. Surpass
400, possessing a B. rapa subsp. sylvestris major
gene termed LepR3 (Li and Cowling, 2003; Yu
et al., 2004) and line 23-1-1 (Rlm7) were assessed
as potential novel resistance sources for the French
conditions, as neither had been previously used
commercially in France. The other cvs chosen were
commercial cultivars with or without Rlm1, Rlm2,
Rlm4 or Rlm9 (Table 1). Jet Neuf (Rlm4) was also
grown as a reference cultivar. In 2001/2002, the
experiment included only cv. Drakkar, with four
replicates at each site. No additional L. maculans
inoculum (e.g. infected debris) was used at the
beginning of the growing season. Sowing date and

agricultural practices were as close as possible to
what was usual in that particular region.

The incidence and severity of phoma leaf spots
and stem canker were recorded in 2000/2001.
Incidence (i.e. percentage of plants with at least
one leaf lesion) and severity of phoma leaf spots
were recorded in autumn at 11 sites by observing
60 plants per block (6 row-lengths of 10 plants
each). Severity of the leaf spotting was recorded on
the same set of plants by placing each plant into
one of four classes: 0, no leaf symptom; 1, <5
spots per plant; 2, 5–10 leaf spots per plant; 3,>10
leaf spots per plant. These data were used to cal-
culate a leaf disease index (LDI) according to the
formula: LDI=Si (nici)/N, where ni is the number
of plants in class i, ci is a correction coefficient
score for class i (1 for class 1; 3 for class 2; 5 for

Figure 1. Location of the 20 OSR experimental sites sampled across France (s, sites sampled in Autumn 2000 h, sites sampled in

Autumn; 2001). Regions in white, less than 20,000 ha of OSR cultivated in this region; regions in pale grey, between 20,000 and

50,000 ha; regions in medium grey, between 50,000 and 100,000 ha; regions in black, from 100,000 to 250,000 ha. Other regions

were not sampled.
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class 3), and N is the total number of plants. LDI
values therefore ranged between 0 (no disease) and
5 (all plants severely affected). At the Versailles
site, this index correlated well with the number of
phoma leaf spots (R2=0.98, data not shown).
Severity of stem canker was assessed in mid-June
to early July using the G2 stem canker index,
ranging from 0 (no disease) to 9 (all plants lodged)
(Pierre and Regnault, 1982; Aubertot et al., 2004).

Isolation and culture of L. maculans

When phoma leaf spot symptoms appeared (be-
tween October and December), 25 leaves with at
least one leaf lesion each were collected per block
of cv. Drakkar, washed, dried, and sent to INRA-
PMDV for immediate isolation of L. maculans.
Single-pycnidium isolates were collected from one
lesion per affected leaf (West et al., 2002). All
fungal cultures, for sporulation or long-term
storage, were processed as described by Ansan-
Melayah et al. (1995).

The plant differential set

A differential set, comprising genetically fixed cul-
tivars or lines possessing only a few Rlm genes, was
used to identify races of L. maculans (Balesdent
et al., 2005). The differential set consisted of cvs/
lines Westar (no R genes, susceptible control),
Columbus (Rlm1, Rlm3), Bristol (Rlm2, Rlm9), 22-
1-1 (Rlm3), Jet Neuf (Rlm4), 150-2-1 (B. juncea
line, Rlm5, not characterised at the Rlm9 locus),

Falcon-MX (Rlm4, Rlm6, not characterised at the
Rlm9 locus) or Samouraı̈-MX (Rlm1, Rlm6, not
characterised at the Rlm9 locus) or Darmor-MX
(Rlm6, not characterised at the Rlm9 locus), 23-1-1
(Rlm7), 156-2-1 (B. rapa line, Rlm8, not charac-
terised at theRlm9 locus) and Goéland (Rlm9). The
commercial cvs Columbus and Bristol were pro-
vided by Monsanto SAS (Boissay, France) and cv.
Goéland by Momont Hennette (Mons-en-Pévèle,
France). Samouraı̈-MX, Darmor-MX and Falcon-
MX were provided by M. Renard (INRA-APBV,
Le Rheu, France). All other genotypes were
maintained as described by Balesdent et al. (2002).

Pathogenicity tests and race terminology

Isolates were inoculated onto cotyledons of the
plant differential set (Balesdent et al., 2001, 2005).
Each isolate/line interaction was recorded as com-
patible (>80% susceptibility symptoms, the isolate
is virulent [avrLm]) or incompatible (>80% resis-
tance responses, the isolate is avirulent [AvrLm])
(Balesdent et al., 2001). Combining the results of all
interaction phenotypes for a given isolate on the
whole differential set made it possible to identify
each Avr allele for all Avr loci. For instance, an
isolate which was virulent on the line 22-1-1 (Rlm3)
but avirulent on Columbus (Rlm1, Rlm3) was
classified as being avirulent at the AvrLm1 locus
and virulent at the AvrLm3 locus. The iso-
lates were then classified into races, based on their
pattern of avirulence alleles as described previ-
ously (Balesdent et al., 2005). For instance, the race

Table 1. Characteristics of the OSR genotypes sown at 17 experimental sites across France in 2000/2001

Cultivar/line Resistance gene(s) Provider Type of cv. Phoma leaf spot indexa Stem canker indexb

Drakkar None INRA-APBV Spring 2.00±1.50c nd

Surpass 400 LepR3 Advanta seeds Spring 1.01 B nd

Pollen Rlm4 Momont Hennette Winter 1.24 B 2.72 D

Bristol Rlm2, Rlm9 Monsanto SAS Winter 1.27 B 4.53 A

Columbus Rlm1, Rlm3 Monsanto SAS Winter 1.26 B 2.26 E

Vivol Rlm1, Rlm3 Monsanto SAS Winter 1.12 B 3.54 C

Mohican Rlm9 Rustica prograin génétique Winter 1.38 AB 3.97 B

Jet Neuf Rlm4 INRA-PMDV Winter 1.32 B 1.76 F

Goéland Rlm9 Momont Hennette Winter 1.84 A 3.21 C

23-1-1 Rlm7 INRA-PMDV Winter 0.45 C 0.58 G

aValues are mean indices (0–5 scale) from 11 experimental sites for 2000–2001, for which complete phoma leaf spot incidence and

severity data were available. Cvs followed by the same uppercase letter are not significantly different at the 5% level (Bonferroni test).
bValues are mean indices (0–9 scale) from 14 sites with complete stem canker (G2 index) ratings (2000–2001). Cvs followed by the same

uppercase letter are not significantly different at the 5% level (Bonferroni test). nd, not determined (spring-type cvs).
cCv. Drakkar (only assessed at a few sites) was not included in the statistical analysis.
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Av1-2-4-7 is composed of isolates possessing the
Avr alleles AvrLm1, AvrLm2, AvrLm4 and
AvrLm7. Figures within brackets correspond to
Avr loci for which genotyping was not possible.

Data analysis

Phoma leaf spot incidence, phoma leaf spot
severity, stem canker severity (G2 rating), and
frequencies of each Avr allele were analysed by
analysis of variance, with the sites and/or the
plant genotypes as sources of variation, and blocks
as replicates. The plant genotypes or the sites
were classified using the Bonferroni test (a=0.05).
Statistical analyses were performed using XLStat
7.5 software. Populations (isolates obtained from a
given site) were compared for frequency of each
avirulent allele and for complexity of the isolates
(number of virulences per isolate). In addition, two
indices were used to analyse populations diversity
(Pinon and Frey, 1997): the Margalef index, which
measures the richness in species (here, in races) of
a population, and the Simpson index of richness,
that also takes into account the evenness of races
within each population:

Margalef index:
DMg=(S)1)/logeN, with S=number of races and
N=total number of isolates, at a site.

Simpson index:
DS=S [(ni (ni)1))/N(N)1)], with ni=number of
isolates of race i and N=number of isolates, at a
site. The Simpson diversity index was calculated as
SD=1)DS.

Results

Disease severity in the 2000–2001 growing season

Incidence and severity of phoma leaf spot and
stem canker data indicated that L. maculans
inoculum concentration differed between sites in
the 2000–2001 growing season. Incidence (%
plants affected) of phoma leaf spot ranged from
12% (Mons) to 99% (Grignon), whereas phoma
leaf spot severity ranged from 0.31 (Versailles) to
3.5 (Grignon) on a 0–5 scale. Analysis of variance
revealed significant differences between cultivars
or lines and between sites for both disease inci-
dence and severity, but no correlation was ob-

served between the variable measured and either
the date of assessment or the geographical location
(data not shown). For example, the two sites with
the lowest and highest values for disease severity
were located within 20 km of each other, with
symptoms assessed on dates only 15 days apart.
For both phoma leaf spot incidence and severity,
whatever the experimental site, the line possessing
Rlm7 (23-1-1) was significantly less affected than
other cvs (Table 1, and data not shown). Surpass
400 developed some leaf spotting in autumn. Al-
though Surpass 400 had the second lowest leaf
disease indices, it did not differ significantly from
most winter-type cvs (Table 1).

Stem canker severity ranged from 0.6 to 4.5 on a
0–9 scale, depending on the cv (Table 1). Although
the stem canker severity was low by comparison
with other seasons, there were significant differ-
ences between sites (F=66.3, df=13, p<0.0001)
and between lines (F=189.7, df=7, p<0.0001).
Line 23-1-1 was always the most resistant line,
whatever the experimental site (Table 1 and data
not shown). Cultivars Jet Neuf and Columbus were
usually ranked as the most resistant after 23-1-1,
whereas Bristol and Mohican were always ranked
as most susceptible (Table 1 and data not shown).
Bristol was the most susceptible cv in 8 out of 14
sites. Stem canker resistance of cv Surpass 400
could not be evaluated, as most of the plants of this
spring cv. did not survive the winter.

Establishment of the collection of isolates

Affected leaves of cv Drakkar collected between
October and December 2000 (17 sites), or October
and December 2001 (3 sites), were sampled to
collect a total of 1988 single-pycnidium isolates.
Except for two sites, a total of 73–120 isolates was
obtained from each site. Of these 1988 isolates,
1787 were characterised for their pattern of Avr
alleles (no more than 100 isolates per site were
analysed) (Table 2). Only eight out of the nine Avr
loci could be characterised for all sites, due to
problems in multiplying the B. rapa genotype
harbouring Rlm8 (156-2-1). The occurrence of
AvrLm8 could therefore be fully characterised for
only one site (Châteauroux, in the Central area),
and some data were obtained for a second site
(Le Rheu).
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Avirulence alleles occurring in France

Two avirulence alleles, AvrLm6 and AvrLm7,
were present in more than 99% of the French
L. maculans population (Figure 2). Only one iso-
late with avrLm6 and one isolate with avrLm7 were
identified out of the total of 1787 isolates. These
two isolates came from an experimental field lo-
cated close to a stem canker nursery at one of the
oldest OSR breeding sites in France. Two viru-
lence alleles were fixed in the populations, as all
isolates were virulent at the AvrLm2 and AvrLm9
loci. Only three isolates, from three different sites,
were avirulent at the AvrLm3 locus (Figure 2).
AvrLm1 and AvrLm4 avirulence alleles were har-
boured by a small proportion of the population
(19.6 and 8.6%, respectively). In contrast, the

majority of the isolates were avirulent at the
AvrLm5 and AvrLm8 loci (83.8 and 68.4%,
respectively) (Figure 2).

Regional differences for individual avirulence alleles

Site to site differences were observed for all three
avirulence alleles which were polymorphic in the
French population, i.e. AvrLm1, AvrLm4 and
AvrLm5, as AvrLm8 could not be investigated
nationally (Table 2). Depending on the site,
AvrLm1 was present in 2.7–39% of the isolates,
with significant differences between sites (F=6.54,
p<0.0001). This Avr allele was present at high
frequencies in the Northern and Western areas
where it was present at frequencies of up to 39% of
the isolates. Regions where OSR is not one of the

Table 2. Characteristics of the race structure of Leptosphaeria maculans populations at 20 experimental sites in France

Site Regiona No.

isolates

analysed

No.

racesb
Margalef

Index

No. virulence

alleles per

isolate

% isolates avirulent for polymorphic Avr

loci

AvrLm1 AvrLm4 AvrLm5

Chartainvilliers C 100 7 1.30 4.76 12.00 19.00 93.00

Chateauroux C 93 6 1.10 5.00 11.83 4.30 89.25

Lutz C 100 8 1.52 4.73 30.00 5.00 91.00

Oucques C 100 8 1.52 4.88 20.00 11.00 76.00

Toury C 100 8 1.52 4.75 16.00 13.00 97.00

Mean for Central region 7.40 1.39 4.82 17.97 10.46 89.25

Châlons E 89 8 1.56 5.06 31.46 5.62 56.18

Martincourt E 75 5 0.93 5.03 2.67 5.33 89.33

Mean for Eastern region 6.50 1.24 5.04 17.06 5.48 72.76

Mons en P. N 43 4 0.80 4.72 18.60 9.30 100.00

Prémesques N 98 8 1.53 4.79 33.67 10.20 77.55

Mean for North region 6.00 1.16 4.75 26.14 9.75 88.78

Grignon NC 100 5 0.87 4.88 6.00 11.00 95.00

Guyancourt NC 50 6 1.28 5.08 4.00 14.00 74.00

Verneuil NC 100 5 0.87 4.68 25.00 8.00 99.00

Verpilliere NC 100 7 1.30 4.88 21.00 13.00 78.00

Versailles NC 87 6 1.12 4.84 13.79 19.54 82.76

Mean for North-Central region 5.80 1.09 4.87 13.96 13.11 85.75

La Bénate W 100 3 0.43 4.87 6.00 7.00 100.00

Le Rheu W 100 8 1.52 4.62 39.00 8.00 91.00

Les Alleuds W 73 6 1.16 4.85 27.40 6.85 80.82

Mean for Western region 5.67 1.04 4.78 24.13 7.28 90.61

Caussade S 79 4 0.69 5.04 22.78 0.00 73.42

Mondonville S 100 5 0.87 4.87 21.00 2.00 90.00

Nérac S 100 4 0.65 5.37 20.00 0.00 43.00

Mean for South region 4.33 0.74 5.09 21.27 0.67 68.81

Mean for all sitesc 1.13 (±0.16) 4.88 (±0.52) 19.1 (±4.79) 8.6 (±2.54) 83.8 (±6.89)

aC, central region; E, eastern region; NC, north central region; W, western region; S, south region; for a guide to the location of the

sites, see Figure 1.
bThe number of races is calculated on the basis of Avr combinations for AvrLm1–AvrLm7 and AvrLm9; data for AvrLm8 are excluded

because there were too few data available at this locus.
cValues between parentheses indicate the confidence interval at a 5 % level (Student test).
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main crops (Southern, Western and Northern
areas, Figure 1) had the highest frequencies of
isolates harbouring AvrLm1 (Table 2). Within the
main OSR growing areas, there were large differ-
ences between individual sites, with a few sites
where the AvrLm1 allele was almost absent
(e.g. Martincourt in the Eastern area) (Table 2).
Significant differences between sites (F=7.283,
p<0.0001) were also observed within a region. For
example, for the seven sites within a 100-km radius
south of Paris (i.e. Guyancourt, Versailles,
Grignon, Verneuil, Lutz, Toury and Chartainvil-
liers; Figure 1), the frequency of AvrLm1 allele in
the populations ranged between 4 and 30%.
Due to this variation between sites within a
region, no significant differences between regions
were observed in frequency of AvrLm1 (F=0.569,
p=0.723).

Significant differences between sites were also
observed for AvrLm4 (F=3.225, p<0.0001).
Depending on the site, the AvrLm4 allele was
present in 0–19.5% of the isolates (Table 2). The
range of variation between sites within a region
was small. In the Southern area, the allele was
rare, and it was absent from two sites. In the
North-Central area and three sites located in the
North of the Central area (Oucques, Toury and
Chartainvilliers) the frequency was>10% of the
population (Table 2). A significant difference
(p=0.0012) between these populations and
those from the Southern region was observed. The

frequency of AvrLm5 varied between sites, ranging
from 43 to 100%, with significant differences
between individual sites (F=8.1, p<0.0001), even
when comparing the seven neighbouring sites
around Paris (F=3.831, p=0.01). Consequently
no evidence for regional differences was observed
(F=1.255, p=0.336).

Race structure at the national and regional scales

As most AvrLm8 data were missing, race structure
was analysed only for the combination of eight Avr
genes; AvrLm1–AvrLm7 and AvrLm9. Since only
six of these eight genes were polymorphic in the
current study, 64 (i.e. 26) possible combinations of
Avr alleles could be expected to occur in the col-
lection of isolates. However, only 11 distinct races
of L. maculanswere identified (Table 3). This small
number of races is, however, consistent with the
fact that, for three Avr loci (i.e. AvrLm3, AvrLm6
and AvrLm7), one of the two alleles was at a very
low frequency. Considering only the three loci with
a frequency>5% for each allele (i.e. AvrLm1, Av-
rLm4 and AvrLm5), all possible combinations of
the avirulent and virulent alleles were identified in
the collection. Only two races, Av5-6-7-(8) and
Av1-5-6-7-(8), were found at all 20 sites sampled,
and these two races represented more than 75% of
the whole population (Table 3). In contrast, four
races were each at a frequency <1%.

Figure 2. Frequency of avirulent (AvrLm) alleles for the nine Avr loci AvrLm1–AvrLm9 for isolates of L. maculans sampled at 20

experimental sites across France. Values are means over the 20 sites in Figure 1. Vertical lines are the standard deviation. A total

of 1787 Leptosphaeria maculans isolates were analysed at each locus, except for AvrLm8 (129 isolates).
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The number of races identified at each individ-
ual site ranged from 3 to 8 (Table 2). No signifi-
cant differences between regions were observed for
the richness in races, as estimated by the Margalef
index (F=1.716, p=0.196) or the Simpson diver-
sity index (F=0.09, p=0.993), or for the number
of virulences per isolate (F=2.444, p=0.086). In
contrast, sites from the same region showed both
simple and complex race structures (Table 2, Fig-
ure 3). The lowest richness (Margalef Index) and
the greatest number of virulences per isolate were
both detected at the three sites in the south of
France, where there was a low frequency of Av-
rLm4 isolates.

Race structure and disease severity

The multi-site assessment of B. napus cultivars or
lines for resistance to stem canker included a range
of B. napus cvs differing in their R gene composi-
tion. There was a correlation between the good
resistance of the Rlm7 line (always ranked as ‘‘least
diseased’’ or even immune) and the absence of
isolates virulent for this R gene in the population.
To correlate the frequencies of AvrLm1 and
AvrLm4 and the stem canker severity at harvest,
but take into account differences between sites in
the severity of epidemics, the mean G2 ratings
were first converted into a ‘‘relative G2 index’’ for
each site and each cv. This relative index was cal-
culated by normalising the G2 rating against that
of the most susceptible cv. (i.e. Bristol). Bristol was
also chosen as the reference cultivar because it did
not contain resistance genes that could recognise
any isolate in the L. maculans populations. This
‘‘relative G2 index’’ was correlated to the fre-
quency of AvrLm4 in populations for one cv. with
Rlm4 (Pollen, R2=0.523, df=13, p<0.05) but not
for Jet Neuf (also with Rlm4, R2=0.028, NS)
(Figure 4). In contrast, no correlation could be
identified between the frequency of AvrLm1 and
the severity of stem canker on Rlm1 cvs (either
Columbus or Vivol, data not shown).

Discussion

In this paper, we report data from a large-scale
collection of French L. maculans isolates, that

Table 3. Leptosphaeria maculans races identified in the large-

scale French survey of experimental OSR sites

Racea Frequency (%) No. sitesb

Av5-6-7-(8) 64.52 20

Av1-5-6-7-(8) 13.20 20

Av6-7-(8) 8.11 16

Avl-6-7-(8) 5.20 16

Av4-5-6-7-(8) 5.15 18

Av4-6-7-(8) 2.52 13

Av1-4-5-6-7-(8) 0.56 9

Avl-4-6-7-(8) 0.50 5

Avl-3-5-6-7-(8) 0.11 2

Av3-5-6-(8) 0.05 1

Av5-7-(8) 0.05 1

aRace nomenclature according to Balesdent et al. (2005): the

figures indicate the Avr loci for which the isolate is avirulent.

Figures between brackets indicate that the corresponding Avr

locus has not been characterised.
bNumber of sites where the race was found.

Figure 3. Values of Simpson indices of richness for isolates of L. maculans sampled at 20 experimental sites across France.

Sites are ordered by region (alternate grey bars or black bars) as described in Table 2. White bar, mean over all sites+standard

deviation.
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were characterised at eight Avr loci. Studies that
aim to analyse the race structure or pathogenicity
grouping of L. maculans populations often lack
information on the host genotypes from which
isolates originate or the R genes they harbour is
often not known (Koch et al., 1991; Kutcher et al.,
1993; Mahuku et al., 1997; Pongam et al., 1999;
Barrins et al., 2004; Balesdent et al., 2005). In the
present study, a spring-type cultivar (Drakkar)
that was characterised for its lack of any known
resistance gene was chosen as a trap cultivar on
which ascospores from any race of L. maculans
could produce a leaf lesion. Previous work had
demonstrated that winter-type cvs harboured R
genes more frequently than spring-type cvs (Rouxel
et al., 2003b). Additional screening of more than
60 French commercial winter-type OSR cvs dem-
onstrated that they all possess at least one gene for
resistance to L. maculans (Balesdent and Pinochet,
unpublished data). Therefore, although spring cvs
are never sown in autumn under French climatic
conditions, only a spring-type cv sown alongside
the winter-type cvs could be used to trap
L. maculans isolates without introducing a sam-
pling bias. Leaf disease indexes measured on both
Drakkar and winter-type cvs during autumn
2000 (Table 1) indicated that Drakkar was effec-
tively infected by L. maculans in autumn, in a

proportion similar to that of winter-type cvs.
Leaves were sampled within a few days after the
first phoma leaf spots were visible, to ensure that
the collection was representative of the initial
release of ascospores deposited on a given crop.
Molecular analyses of a subset of this collection of
isolates from three sites, and of isolates originating
from different lesions on the same leaves, demon-
strated that nearly all these isolates possessed dis-
tinct haplotypes and therefore did not result from
a secondary cycle of conidial infection (L. Gout,
pers. comm.).

In the present study, 1787 isolates originating
from 20 fields were genotyped at 8–9 Avr loci.
Only such a large-scale analysis could allow us to
identify some rare alleles or races. For instance,
there was only one isolate identified that could
overwhelm either of the new resistance genes Rlm6
or Rlm7. This information is relevant to the future
management of these resistance sources in com-
mercial cvs, as (i) these two R sources are effective
against the current French L. maculans popula-
tions, since nearly 100% of the population is
avirulent at these two loci, but (ii) the virulent
alleles are already present, albeit at a very low
frequency, in natural populations, even before the
resistances have been introduced commercially.

One of the objectives of this work was to
investigate the relationships between the frequency
of a given Avr allele in a population and the
effectiveness of the corresponding R gene for
control of stem canker. This objective was only
partly achieved, for two reasons. Firstly, the multi-
site analysis of the relationships between phoma
leaf spot incidence and severity in autumn, stem
canker severity at harvest, frequencies of each Avr
allele in the local pathogen population and sus-
ceptibility of cultivars was confounded by many
uncontrolled factors that differed from one site to
another, such as sowing date, time at which phoma
leaf spot was assessed, accuracy of the phoma leaf
spot assessment, along with epidemics which were
not severe at some sites or loss of one experimental
trial. Secondly, only extreme values were obtained
for the frequencies of all Avr alleles, whatever the
sites analysed, with either no or little polymor-
phism, or polymorphism within a limited range of
values of Avr frequencies, such as 0–19% of
AvrLm4 isolates, or 2.7–39% of AvrLm1 isolates.
Nevertheless, a positive correlation was observed
between the frequency of AvrLm4 isolates and the

Figure 4. Relationship between the frequency (%) of AvrLm4

isolates and the relative stem canker index on two cvs with

the corresponding resistance gene Rlm4, Pollen (n) and Jet

Neuf (h) at 14 sites across France. Regression lines: Pollen

(––), Jet Neuf (- - - -). Stem canker index was evaluated using

the G2 index (0, healthy, 9, severely diseased) and the data

were then expressed as a percentage of the G2 index of Bris-

tol, the most susceptible cv over all sites.
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severity of stem canker on cv. Pollen, possessing
Rlm4. There may have been no such correlation
for cv. Jet Neuf (also possessing Rlm4) because it
possesses a high level of polygenic, general resis-
tance, which explains why the severity of stem
canker was less on Jet Neuf than all other cvs
except the Rlm7 line in the field experiment. In
such a genetic background, the role of a specific,
major R gene facing only a small proportion of the
pathogen population (maximum 20% of the iso-
lates) may be insignificant.

All field experiments demonstrated the complete
resistance of Rlm7, which resulted in little leaf
spotting or stem canker development at all exper-
imental sites. This result clearly correlates with the
very high frequency of AvrLm7 isolates, and
demonstrates, for a second pair of AvrLm/Rlm
gene pairs, that a specific resistance expressed at
the leaf stage is sufficient to control this monocy-
clic disease when the corresponding avirulence al-
lele is prevalent in the local population. The first
evidence of such a correlation was found for the
gene pair AvrLm1/Rlm1 (Ansan-Melayah et al.,
1997), with Rlm1 effectively controlling stem can-
ker in France at a time when the frequency of
AvrLm1 in L. maculans populations was>80%.
However, the commercial success of Rlm1 rapidly
provoked a shift in the population (Rouxel et al.,
2003a), confirmed during the present study, with
the frequency of AvrLm1 <20% nationally in 2000
and 2001. Knowing that commercial cultivars
harbouring Rlm7 have recently been released in
France (Pinochet et al., 2004) and that virulent
isolates are already present at a low, but detect-
able, frequency, a new selection pressure will be
exerted in favour of this virulent population. One
can expect a shift in the frequency of AvrLm7,
accompanied by a progressive loss in effectiveness
of this resistance source, over the next few years,
except if a significant fitness cost is associated with
the gain of virulence to Rlm7, which is not yet
known. Although the frequency of avrLm1 was
much higher, when Rlm1 was released on a sig-
nificant area (4.9% isolates avrLm1 in 1994,
Rouxel et al., 2003a), than that observed now for
avrLm7 isolates (<0.1% isolates avrLm7 in 2000–
2001), the Rlm7 gene will have to be managed
carefully through information to advisory bodies
and breeding companies, surveys of virulence in
L. maculans populations and close monitoring of
the resistance of Rlm7-cultivars. Even though the

appropriate durable resistance management strat-
egy is not yet known, advisory bodies like CETI-
OM have started to recommend a diversification in
use of the specific resistance genes (Pinochet et al.,
2004; http://www.cetiom.fr/CTMSite/page/techni-
que/sommairef.htm).

Taking into account the eight Avr loci for
which complete information was available, only 11
distinct races of L. maculans were identified in the
large-scale survey. This relatively low diversity is
explained by the fact that only three Avr alleles,
AvrLm1, AvrLm4 and AvrLm5, displayed a sig-
nificant level of polymorphism. That all possible
combinations of alleles at these three loci were
identified in the collection supports the conclusion
that the three loci are genetically independent
(Balesdent et al., 2002) and the annual occurrence
of genetic recombination in the life cycle of
L. maculans. For example, the frequency of iso-
lates with AvrLm1 or AvrLm4 in the whole pop-
ulation was 19.5 or 8.5%, respectively. It is
noteworthy that the observed frequency of races
combining these two Avr alleles (i.e. races Av1-4-
5-6-7-(8) plus race Av1-4-6-7-(8), 1.06% in total,
Table 3) is not very different from the calculated
probability of finding these two Avr alleles in the
same isolate (i.e. frequency of AvrLm1 multiplied
by frequency of AvrLm4=1.65%). Similarly, the
observed frequency of races combining AvrLm4
and AvrLm5 (5.71%, Table 3) is close to the cal-
culated probability of finding them in the same
isolate (7.21%). This illustrates the importance of
recombination in this fungus and questions the
efficiency of R-gene pyramiding as a breeding
strategy.

In spite of the limited diversity in L. maculans
races at the national scale, this large-scale survey
revealed considerable variability between neigh-
bouring sites for different parameters assessed (i.e.
disease severity, frequency of a given Avr allele, or
richness in races). For example, the two sites in the
North region which were only 35 km apart dif-
fered greatly in the richness in races; the Margalef
index value was high at Prémesques (1.53) and
differed significantly from that at Mons-en Pévèle
(0.8). The site with the lowest richness, La Benate
(Margalef index=0.43, only three races identified)
was in a region of intensive OSR cultivation.
Similarly, the large differences in AvrLm1 fre-
quencies between sites (i.e. from 2.7 to 39%
isolates avirulent) may illustrate different stages in
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the evolution of L. maculans population, linked to
differences in selection pressure from site to site.
For example, the site with the highest frequency of
AvrLm1 (Le Rheu) is located in a region where
OSR is not a major crop, whereas sites with very
low frequencies of AvrLm1 are often in regions of
intensive OSR cropping (Grignon, Martincourt,
La Benate). Finally, the race which was most
frequent, Av5-6-7-(8) (64.5% of the population) is
representative of what would be expected follow-
ing selection by the sequential use of R genes
Rlm2, Rlm4 and Rlm1 in France (Rouxel et al.,
2003b), along with the very frequent occurrence of
Rlm9 in winter OSR cvs. (Balesdent et al., 2005;
Balesdent and Pinochet, unpublished data). All
these data suggest that, for Avr loci, the structure
of populations of L. maculans may be determined
by the local cropping history of OSR with differ-
ent R genes, in spite of the lack of population
structure revealed by neutral molecular markers
(L. Gout, pers. comm.). Analyses of L. maculans
populations with AFLP markers showed not only
a high level of genetic diversity within a field but
also significant, although lower, differences in
isolate diversity between fields, both in Canada
(Mahuku et al., 1997), and Australia (Barrins
et al., 2004). Our study revealed that a significant
proportion of the population was virulent at the
AvrLm5 and AvrLm8 loci, although Rlm5 and
Rlm8 have never been used in commercial OSR
crops. This suggests that these R sources may be
present in some B. rapa, B. juncea or other mus-
tard cultivars, used on a small scale as green
manure or vegetable crops, which could have
selected for the virulent alleles. Also, the more
ancient agricultural use of B. rapa and B. juncea,
compared to the recent history of OSR cropping,
may account for the presence of these virulence
alleles in the population present now on OSR.

A preliminary characterisation of L. maculans
avirulence genes in French populations was
previously done through the characterisation of
the isolates in the IBCN collection (Balesdent
et al., 2005). Although based on a very limited
number of isolates (only 13 French isolates
mostly sampled in 1990 and 1992), some of the
conclusions based on this limited sample were
consistent with the large-scale survey done dur-
ing the current study. Both the high frequency of
AvrLm6 and AvrLm7 (100% each in the IBCN
French isolates) and the high frequencies of

avrLm2, avrLm3 and avrLm9 (92% for avrLm2,
100% for avrLm3 and avrLm9 in the French IBCN
isolates) were confirmed by the present study. The
analysis of collections of intermediate sample size
(i.e. 100–200 isolates) can allow a first description
of the race structure in a given country, should the
information be completely lacking. Such a survey is
currently being done in additional European
countries (Stachowiak et al., 2004, 2006) and in
Australia (M. Barbetti, pers. comm.). In these
studies, the use of the sampling procedure and host
plant differentials described here will facilitate the
comparison of L. maculans population structures
in different countries or continents. In addition,
starting from the very detailed analysis of the
L. maculans French population in 2000–2001
described in the current study, it also seems feasi-
ble, with a reduced work load, to up-date the
information on an annual basis by analysing
around 100 isolates from 2 to 3 sites in turn. The
collection of isolates gathered and characterised
during such studies will be a useful resource for
further population genetic analysis, or for the
validation of molecular markers for a given race or
virulent allele (Attard et al., 2002; L. Gout, pers
comm.). Such molecular markers will greatly
facilitate future population surveys by combining
the use of trap cultivars with the possibility to
extract DNA from individual leaf lesions, as
developed for large-scale PCR analysis of the
L. maculans mini-satellite MinLm1 (Attard et al.,
2001).
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Abstract

This paper describes the first large-scale Europe-wide survey of avirulence alleles and races of Leptosphaeria
maculans. Isolates were collected from the spring rape cultivar Drakkar, with no known genes for resistance
against L. maculans, at six experimental sites across the main oilseed rape growing regions of Europe,
including the UK, Germany, Sweden and Poland. Additionally in Poland isolates were collected from
cv. Darmor, which has resistance gene, Rlm9. In total, 603 isolates were collected during autumn in 2002
(287 isolates from Germany and the UK) and 2003 (316 isolates from Poland and Sweden). The identity of
alleles at eight avirulence loci was determined for these isolates. No isolates had the virulence allele avrLm6
and three virulence alleles (avrLm2, avrLm3 and avrLm9) were present in all isolates. The isolates were
polymorphic for AvrLm1, AvrLm4, AvrLm5 and AvrLm7 alleles, with virulence alleles at AvrLm1 and
AvrLm4 loci and avirulence alleles at AvrLm7 and AvrLm5 loci predominant in populations. Virulent
avrLm7 isolates were found at only one site in Sweden. Approximately 90% of all isolates belonged to one
of two races (combinations of avirulence alleles), Av5-6-7 (77% of isolates) or Av6-7 (12%). Eight races
were identified, with four races at frequencies less than 1%. The study suggested that Rlm6 and Rlm7 are
still effective sources of resistance against L. maculans in oilseed rape in Europe. The results are comparable
to those of a similar survey done in France in autumn 2000 and 2001.

Introduction

Leptosphaeria maculans (Desm.) Ces. et de Not. is
an important pathogen of oilseed rape world-wide
and causes considerable losses in Australia, north
America and western Europe (West et al., 2001;
Fitt et al., 2006). Novel sources of resistance to
L. maculans (phoma stem canker, blackleg), har-
bouring race-specific resistance genes initially
proved to be very effective when introduced into
Europe during the 1990s (Rouxel et al., 2003a).

However, it became clear that L. maculans popu-
lations could change under selection, particularly
when there was large-scale cropping of cultivars
with resistance genes (Howlett, 2004). For exam-
ple, in France, cultivars with the resistance gene
Rlm1 quickly became popular with growers and
were grown over a large proportion of the oilseed
rape area. This resulted in rapid adaptation of the
L. maculans population and breakdown of Rlm1
resistance (Ansan-Melayah et al., 1997; Rouxel
et al., 2003a). Similarly in Australia, breakdown of
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a single dominant resistance gene derived from
Brassica rapa subsp. sylvestris was observed after
only 2–3 years of widespread commercial cultiva-
tion (Li et al., 2003; Sprague et al., 2006).

In Europe, the life cycle of L. maculans begins
each season when ascospores land on oilseed rape
cotyledons and/or leaves in autumn. At present,
both polygenic (quantitative trait loci based)
resistance to L. maculans (Pilet et al., 1998) and at
least nine specific resistance genes (Rlm1–Rlm9) are
known in oilseed rape. Rlm1-Rlm4, Rlm7 and Rlm9
are from Brassica napus (Ansan-Melayah et al.,
1998; Balesdent et al., 2001, 2002; Delourme et al.,
2004), Rlm5 and Rlm6 from B. juncea (Chèvre
et al., 1997; Barret et al., 1998; Balesdent et al.,
2002, 2005) and Rlm8 from B. rapa (Balesdent
et al., 2002). These resistance genes correspond to
L. maculans avirulence genes AvrLm1-AvrLm9. In
this paper, we describe the structure of races of field
populations of L. maculans across the main oilseed
rape growing regions of Europe, including the UK,
Poland, Germany and Sweden, by comparison to
that described in a large-scale survey in France
(Balesdent et al., 2006).

Materials and methods

The isolates characterised in this study originated
from field experiments established in autumn 2002
at two sites in the UK 75 km apart (Boxworth,
Cambridgeshire and Rothamsted, Hertfordshire)
and one site in Germany (Teendorf, Lower
Saxony), and field experiments established in
autumn 2003 at two sites in Poland 450 km apart
(Poznan, Wielkopolska and Pulawy, Lublin
Region) and one site in Sweden (Svalöv, Skøne).
The field plots were sown with the spring cultivar
Drakkar as a ‘‘trap cultivar’’. Since this cultivar
has no specific resistance genes against L.
maculans, all isolates in the pathogen population
are able to infect plants and cause phoma leaf le-
sions. One hundred leaves with phoma lesions
were collected randomly at each site (Figure 1).
An additional trap cultivar, the winter cultivar
Darmor (with Rlm9), was used in Poland, as plants
of cv. Drakkar were killed by the extremely low
winter temperatures in this country.

Infected leaves with typical phoma spots were
sent to INRA, Versailles or Institute of Plant
Genetics, Polish Academy of Sciences, Poznan,

where L. maculans was cultured from pycnidia on
the lesions. Small fragments of leaves with lesions
were placed in Petri dishes containing wetted tissue
paper and incubated for 2–3 days to induce
pycnidia to exude conidia. The conidia produced
from these pycnidia were transferred to antibiotic-
amended Campbells V8 agar medium (100 mg l)1

streptomycin sulphate and 50 mg l)1 ampicillin)
using a sterile needle. After two or three subcul-
tures, hyphal tips that were free of bacterial and
fungal contaminants were transferred to V8 agar
medium and kept at �22 �C for 12–14 days under
alternating 12 h white/12 h near-UV light. Conidia
of individual isolates of L. maculans were sus-
pended in sterile double-distilled water; the
suspensions were adjusted to a concentration of
10 conidia ml)1 and stored at )20 �C for further
analysis.

Leptosphaeria maculans races were identified by
inoculating each isolate onto cotyledons of a set of
nine differential cultivars/lines (Balesdent et al.,
2005), which incorporates eight of the nine known
resistance genes (Table 1). In addition to this dif-
ferential set, cv. Darmor-MX, with the Rlm6
resistance gene but not characterized at the Rlm9
locus, was used (Table 1).

Two-week old seedlings of the differential set of
cultivars/lines were inoculated with L. maculans
isolates at the cotyledon stage. The plants were
grown in plastic trays in an air conditioned glass-
house maintained with alternating 12 h periods of

Figure 1. Location of oilseed rape experimental sites sampled

throughout Europe (1, Rothamsted, UK; 2, Boxworth, UK;

3, Teendorf, Germany; 4, Svalöv, Sweden; 5, Poznan, Poland;

6, Pulawy, Poland).
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20–22 �C light/16–18 �C dark. Droplets (10 ll,
107 conidia ml)1) of spore suspensions of each of
four isolates were placed on half of a cotyledon
(i.e. two isolates per cotyledon, two cotyledons per
seedling) that had been wounded by puncturing
with a sterile needle before inoculation. Each
isolate was screened on 12 plants of every differ-
ential cultivar/line, with four isolates per seedling.
Trays with inoculated plants were covered with a
plastic propagator lid, kept in darkness for 48 h
and then transferred to a growth chamber with
alternating 12 h periods at 24 �C (light)/16 �C
(dark) at 70% relative humidity. Host response
was scored using a 0–6 scale, where a 1–3 score
(small to medium sized necrotic spots) was
recorded as a resistant reaction (i.e. the isolate was
avirulent on the cultivar) and a 4–6 score (grey–
green tissue collapse with or without production of
pycnidia) as a susceptible reaction (i.e. the isolate
was virulent) (Balesdent et al., 2001).

In total, 603 isolates were studied; 207 isolates
from Poland, including 147 from west Poland
(Poznan collected in 2003) and 60 from east Poland
(Pulawy in 2003), 203 from the UK including 103
from East Anglia (Boxworth in 2002) and 100 from
the south east (Rothamsted in 2002), 84 from Ger-
many (Teendorf in 2002) and 109 isolates from
Sweden (Svalöv in 2003).Most isolates fromPoland
(88.9%) were from cv. Darmor (184 isolates; 135
from west and 49 from east Poland) although 23
isolates were from cv.Drakkar (12 fromwest and 11
from east Poland). The data were analysed by
analysis of variance. In addition, two indices were
used to analyse diversity of populations. These were
the Margalef index, which measures the richness in
species (in this case, races) of a population, and the
Simpson index of diversity, which also takes into

account the evenness of races within each popula-
tion (Magurran, 1988; Balesdent et al., 2006).

Results

Frequencies of avirulence alleles on a European
scale

All isolates were virulent on cv. Bristol (Rlm2), line
22-1-1 (Rlm3) and cv. Goéland (Rlm9). Thus, the
avirulence alleles AvrLm2, AvrLm3 or AvrLm9
were absent from the 603 isolates tested (Figure 2).
In contrast, all isolates were avirulent (possessed
the AvrLm6 allele) on Darmor-MX (Rlm6). Simi-
larly, 99.5% of isolates possessed the AvrLm7
allele, with only three isolates from the Swedish
site virulent at the AvrLm7 locus. Three avirulence
loci (AvrLm1, AvrLm4 and AvrLm5) were
polymorphic, with most isolates avirulent at the
AvrLm5 locus (86%), 8.4% of isolates avirulent at
the AvrLm1 locus and 2.3% of isolates avirulent
at the AvrLm4 locus.

Differences between countries for individual
avirulence alleles

Frequencies of alleles avrLm2, avrLm3, AvrLm6
and avrLm9, which were fixed in the L. maculans
population, did not differ between the different
countries. The remaining avirulence alleles studied
were polymorphic. Frequencies of the avirulence
alleles ranged from 1.2% (Teendorf, Germany) to
17.6% (Rothamsted, UK) for AvrLm1, 0% (Sva-
löv, Sweden and Poznan, Poland) to 6.8%

Table 1. List of the oilseed rape cultivars/lines used in a dif-

ferential set to differentiate isolates of Leptosphaeria maculans

in seedling pathogenicity tests

Cultivar Resistance Gene

Columbus Rlm1+Rlm3

Bristol Rlm2+Rlm9

22-1-1 Rlm3

Jet Neuf Rlm4

150-2-1 Rlm5

Darmor MXa Rlm6

23-1-1 Rlm7

Goéland Rlm9

aNot characterized at the Rlm9 locus.

Figure 2. Mean frequency (%) of avirulence alleles in isolates

from Leptosphaeria maculans populations sampled by isolat-

ing from phoma leaf spots on crops in the UK, Germany,

Sweden or Poland. Error bars show standard deviation of

AVR allele frequencies between experiment sites.
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(Rothamsted, UK) for AvrLm4 and 76.9%
(Svalöv, Sweden) to 91.5% (Pulawy, Poland) for
AvrLm5 (Figure 3). Two avirulence loci, AvrLm1
and AvrLm5, were polymorphic at all experiment
sites, with significant differences between sites for
both alleles (P = 0.008 and P = 0.026, respec-
tively). Amongst isolates at four sites, the AvrLm4
locus was polymorphic, but the AvrLm4 allele was
absent in isolates from west Poland and Sweden.
AvrLm7 was polymorphic at only one site (Svalöv,
Sweden) where avrLm7 isolates were observed at a
low frequency (three isolates).

There were differences between the populations
from the two sites sampled in the UK, with
approximately twice the frequency of avirulence
alleles AvrLm1 and AvrLm4 at Rothamsted,
Hertfordshire as at Boxworth, Cambridgeshire
(Figure 3). The populations of L. maculans from
the UK and from east Poland contained more
avirulence alleles than those from other sites,
especially for AvrLm1 and AvrLm4. The propor-
tions of AvrLm1 and AvrLm4 alleles in German
isolates were less than for the UK sites. In Poland,
there were fewer isolates with AvrLm1 or AvrLm4
than at UK sites. The mean frequency of the
AvrLm1 allele for two sites in Poland was 9.7%,
whereas for the two UK sites it was 14%. For
AvrLm4, the frequencies were 1.5% for Poland
and 4.8% for the UK. When the two sampling
sites from Poland were compared, Pulawy (east)
had more isolates (12%) with the avirulence allele
AvrLm1 than Poznan (west) (7%). At Poznan, no
isolates with the AvrLm4 allele were found. The
frequency of isolates with AvrLm1 and AvrLm4
alleles at Pulawy resembled that at Boxworth, UK,
with a slightly higher frequency of isolates with
AvrLm1 (12.4% at Pulawy, 10.4% at Boxworth)
and an identical frequency of AvrLm4 (2.9% at
each site). The proportion of isolates containing
the AvrLm5 allele ranged from 76.9% in Sweden
to 89.7% in Poland. The mean number of aviru-
lence alleles differed between sites (P = 0.015).
The lowest frequency was at Svalöv, Sweden
(2.8%) and the highest at Pulawy, Poland (3.1%).

Race structure on a European scale

Theoretically, nine avirulence genes can produce
512 races, defined as different combinations of
virulence/avirulence alleles. However, only eight
allele combinations were found in our survey. The

most frequent race at all locations (465 isolates out
of 603), with the combination of alleles avrLm1-
avrLm2-avrLm3-avrLm4-AvrLm5-AvrLm6-AvrLm7

Figure 3. Differences in frequency (%) of avirulence allelles

AvrLm1 (a), AvrLm4 (b) and AvrLm5 (c) in field populations

of Leptosphaeria maculans isolated from phoma leaf spots on

leaves of oilseed rape at six sites across Europe.
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-avrLm9, was race Av5-6-7-(8) using the termi-
nology proposed by Balesdent et al. (2005). The
next most frequent race was Av6-7-(8) (78 iso-
lates). Altogether, the two most frequent races
accounted for 90% of all isolates and the other six
races had very low frequencies. There were 39
isolates of race Av1-5-6-7-(8), with AvrLm1, Avr-
Lm5, AvrLm6 and AvrLm7 avirulence alleles. For
the three most frequent races, there were differ-
ences between sites (P = 0.003, 0.044 and 0.047).
There were eight isolates of race Av4-5-6-7-(8), five
isolates of race Av1-6-7-(8) and three isolates each
of races Av4-6-7-(8) and Av6-(8) (only AvrLm6
allele found). There was only one isolate of the
rarest race (frequency 0.2%) with the highest
number of avirulence alleles, Av1-4-5-6-7-(8). The
only avirulence allele present in all isolates was
AvrLm6 (Figure 2).

Difference in race structure between countries

The race Av5-6-7-(8) was predominant at all sites,
with a frequency which ranged from 60% of the
population at Rothamsted (UK) to 87% at Teen-
dorf (Germany). The frequency of Av6–7-(8), the
second most abundant race, varied from 7% at
Pulawy (Poland) to 19% at Svalöv (Sweden). Race
Av1-5-6-7-(8) was most frequent at Rothamsted,
UK (15%) and present in Germany (1.2%) and
Sweden (0.9%) at low frequencies. Other races were
present at low frequencies, from 3.9% to 0.5%.

Overall, differences between countries for major
raceswere not as important as those forminor races,
which were rare or absent at some sites but abun-
dant at others [e.g. race Av1-5-6-7-(8)] (Table 2).

Only the three most frequent races [Av5-6-7-(8),
Av6-7-(8), Av1-5-6-7-(8)] were observed at all sites.
Races Av4-5-6-7-(8) and Av1-6-7-(8) were both
found at four sites, including Boxworth and
Rothamsted (UK). Race Av4-5-6-7-(8) was found
in Germany and east Poland, but not west Poland
or Sweden. In contrast, race Av1-6-7-(8) was pres-
ent in west Poland and Sweden but not Germany or
east Poland. Race Av4-6-7-(8) was found only at
Rothamsted and Pulawy. The rarest race, with the
highest number of avirulence alleles [Av1-4-5-6-7-
(8)], was found only at Rothamsted (UK) (one
isolate). The race with the smallest number of
avirulence alleles [Av6-(8)] occurred only in Sweden
(three isolates).

The most diverse population of isolates of
L. maculans was at Rothamsted, with seven races
including the unique race Av1-4-5-6-7-(8). Conse-
quently, both the Margalef index and the Simpson
index of diversity had the highest values at this site
(Table 2). There were five races at Boxworth, Sva-
löv and Pulawy. Six different races were found in
Poland; the three most frequent races were at both
sites whilst the three rarer ones were present at one
site each. The populations ofL. maculans fromwest
Poland and Germany were least diverse, with only
four races.

Table 2. The frequency of Leptosphaeria maculans races on oilseed rape at different sites in the UK, Germany (D), Sweden (S) or

Poland (PL)

Race a Frequency (%)

Boxworth (UK) Rothamsted (UK) Teendorf (D) Svalöv (S) Poznan (PL) Pulawy (PL) Mean

Av5-6-7-(8) 77.9 60.2 86.8 76.0 81.4 80.0 77.1

Av6–7-(8) 8.8 16.3 10.8 19.3 11.6 6.6 12.2

Av1-5-6-7-(8) 9.4 14.7 1.2 0.9 6.5 10.0 7.1

Av4-5-6-7-(8) 2.9 3.9 1.2 0.0 0.0 1.7 1.6

Av1-6-7-(8) 1.0 2.0 0.0 0.9 0.5 0.0 0.7

Av4-6-7-(8) 0.0 2.0 0.0 0.0 0.0 1.7 0.6

Av6-(8) 0.0 0.0 0.0 2.9 0.0 0.0 0.5

Av1-4-5-6-7-(8) 0.0 0.9 0.0 0.0 0.0 0.0 0.2

Number of isolates 103 100 84 109 147 60 100

Number of races 5 7 4 5 4 5 5

Margalef index 0.86 1.30 0.68 0.85 0.60 0.98 1.09

Simpson diversity index 0.38 0.60 0.24 0.39 0.32 0.35 0.39

aRace nomenclature according to Balesdent et al. (2005). The numbers indicate the AvrLm locus for which the isolate is avirulent. The

number in parentheses indicates that the corresponding locus (AvrLm8) has not been characterized.
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Discussion

This study reveals similarities across Europe in the
frequency of avirulence alleles and structure of L.
maculans races. The results of this European
survey are comparable to those of a similar survey
in France (Balesdent et al., 2006). Both surveys
used the same methodology and a similar differ-
ential set of oilseed rape genotypes. The French
survey was done on L. maculans populations in
autumn 2000 and 2001, whereas the European
survey is of field populations sampled in autumn
2002 (UK, Germany) and 2003 (Poland, Sweden).
The observation that no isolates of L. maculans
possessed the avirulence alleles AvrLm2, AvrLm3
or AvrLm9 is consistent with the French survey,
which found that virulence alleles avrLm2 and
avrLm9 were fixed in the L. maculans population
and more than 99% of isolates (out of 1787) had
the avrLm3 allele. Similarly, all isolates sampled
during the European survey were avirulent on
Darmor-MX (with Rlm6), which is consistent with
the French results, where only one isolate was
virulent at the avrLm6 locus (Balesdent et al.,
2006).

However, there were some differences between
the two surveys in proportions of avirulence alleles
within the populations. For example, in the
European survey AvrLm1 and AvrLm4 avirulence
alleles were at frequencies of 8% and 2%, respec-
tively, whereas in the French survey the propor-
tions of isolates avirulent on Rlm1 and Rlm4 were
greater (20% and 9%, respectively). There were
differences between the surveys in sampling sites
and seasons. The isolates in the French survey
were mostly collected in autumn 2000, and another
survey in France showed that a rapid decrease in
frequency of the AvrLm1 avirulence allele occurred
over three seasons of intensive cultivation of
cultivars with the Rlm1 resistance gene (Rouxel et
al., 2003a). It is likely that a similar decrease could
have occurred in other European countries. For
example in Sweden, the two most common culti-
vars, Capitol and Cadillac (both with Rlm1, MH
Balesdent and X Pinochet, France, unpubl.),
accounted for 55% of the oilseed rape area in 2002
and could have selected for avrLm1 isolates.

The contrasting popularities of cultivars with
different Rlm resistance genes probably explain the
different ratios of avirulence alleles at different
sites. In France, sites with frequencies of the

AvrLm1 allele <10% were in regions with int-
ensive cropping of oilseed rape. In the European
survey, the popularity of oilseed rape cultivars
with the Rlm1 resistance gene explains the low
frequency of AvrLm1 allele. The frequency of the
AvrLm5 allele in populations was similar in the
French (84%, Balesdent et al., 2006) and Euro-
pean surveys (86%). To our knowledge, the Rlm5
resistance gene has not been used in commercial
cultivars of oilseed rape. The detection of virulent
avrLm5 isolates may be explained by the wide-
spread use of B. juncea (source of Rlm5) for the
production of mustard or as a green manure. On a
local scale, this could have selected against
AvrLm5 and increased the frequency of virulent
avrLm5 isolates.

The results from the European and French
surveys are also similar for AvrLm7. In the Euro-
pean survey, 99% of isolates were avirulent
(AvrLm7) with only three isolates from Sweden
with the avrLm7 allele. In the French survey, there
was only one avrLm7 isolate out of 1787 isolates
sampled (Balesdent et al., 2006). Selection for
avrLm7 might have resulted from extensive culti-
vation of swedes (Brassica napus var. napobrassi-
ca), of which some genotypes possess the Rlm7
resistance gene. However, swedes are cultivated on
only 150–200 ha in Sweden at Kulla-halvön and
Östergötland, 80 and 400 km away from the
experimental site at Svalöv. Thus, occurrence of
avrLm7 at Svalöv is unlikely to be associated with
cultivation of swede. However, new sources of
resistance, including Rlm7, are more frequently
found in the older oilseed rape cultivars than in
new breeding material (Rouxel et al, 2003b). Old
cultivars, some of which may possess the Rlm7
resistance gene, were grown in Sweden for many
years before the 1990s. This might explain the
occurrence of avrLm7 isolates in the Swedish
L. maculans population.

It is significant that in all five countries studied
(France, Germany, Poland, Sweden and the UK)
several races had the virulence allele avrLm5.
Thus, isolates with this virulence allele have been
detected before the introduction of the corre-
sponding Rlm gene into commercial cultivars. This
finding highlights the problems associated with the
use of new resistance sources with specific, major
resistance genes. The widespread use of resistant
cultivars or the unregulated introduction of new
resistance genes may rapidly result in adaptation
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of L. maculans to the increased selection and
decrease the efficiency of the new resistance
(Rouxel et al., 2003a; Howlett, 2004; Sprague
et al., 2006). Resistance appears to be more
durable if it is polygenic, as in cv. Jet Neuf (Pilet
et al., 2001; Delourme et al., 2004). Another
strategy for maintaining durability of resistance
will be the careful, well-planned deployment of
specific resistance genes in a ‘‘diversification’’
programme, where cultivars with known resis-
tance genes are used in rotation (Aubertot et al.,
2005).

The L. maculans population from Rothamsted
(UK) had the greatest diversity, not only in terms of
individual avirulence alleles, but also in terms of
race structure. A number of oilseed rape cultivars
and lines are grown annually on Rothamsted field
plots for experimental purposes. Between 1999 and
2002, for example, these included cultivars Apex,
Bristol, Lipton, Capitol, Madrigal, Synergy, Jet
Neuf, Shannon, Regina, Falcon and Pronto. The
selection on theL.maculans population imposed by
this genetically heterogeneous host background
may explain the diversity of avirulence alleles at this
site. However, the European survey indicates that,
despite different cropping ratios, growing condi-
tions, oilseed rape cultivation practices and culti-
vars grown in each country, the race composition
(for the three most common races) of the L. macu-
lans population was similar in different countries.

Analysis of the populations from Poland sug-
gests that wind dispersal of L. maculans ascosp-
ores and exchange of infected seed have played an
important role in dissemination of the pathogen.
Before the mid-1990s, a large proportion of the
Polish oilseed rape area was sown with local
cultivars and epidemics of phoma stem canker
were not severe (Jedryczka et al., 1994, 1999a, b).
During the mid-1990s, German and French culti-
vars were widely adopted in Poland and, after 2–3
seasons, a rapid increase in the incidence and
severity of stem canker was observed. The Polish
L. maculans race structure is currently very similar
to that in western Europe, which suggests that the
initial distribution of L. maculans might have been
seed-borne. However, most seed production is
done within Poland and only seed of new cultivars
is likely to be imported. Thus, the Polish popula-
tion might have been expected to have been the
most diverse for number of avirulence genes
present. Most isolates from Poland were collected

from cv. Darmor, which has Rlm9. Therefore, only
isolates with the avrLm9 allele could infect these
plants. However, of the 23 Polish isolates collected
on cv. Drakkar, all had the avrLm9 virulence
allele, as in other European countries (Balesdent
et al., 2005b). Therefore the Polish L. maculans
population probably does not differ from popu-
lations in other countries with respect to the
AvrLm9 locus. The increasing importance of
phoma stem canker in Poland has also been con-
nected with climate change associated with global
warming (West et al., 2005). Widespread release of
L. maculans ascospores in the autumn produces
phoma leaf spots on crops before winter (West
et al., 2002) and occurrence of mild winters
decreases loss of infected leaves (Huang et al.,
2005), thereby allowing the pathogen to colonise
the stem and carry over to the next growing sea-
son. This hypothesis is examined in a detailed
study of the Polish L. maculans and L. biglobosa
populations (Jedryczka et al., 2004).

The little information available on resistance
genes in current and historical oilseed rape culti-
vars (Ansan-Melayah et al., 1995, 1998; Balesdent
et al., 2001, 2002; Rouxel et al., 2003b; Delourme
et al., 2004, 2006) limits interpretation and
understanding of changes and evolution of aviru-
lence genes and race composition in L. maculans
populations. The European survey suggests that
the Rlm6 and Rlm7 resistance genes are likely to be
effective sources of resistance against L. maculans
in Europe. The example of the Rlm1 resistance
gene showed that a specific resistance operating at
the cotyledon and leaf stage is sufficient to control
stem canker epidemics, at least for a few seasons
(Ansan-Melayah et al., 1997; Rouxel et al., 2003a;
Sprague et al. 2005). Undoubtedly, such specific
resistance will be of only short-term value unless
combined with quantitative (polygenic) resistance
or used in combination with other effective resis-
tance genes. Numerous studies show virulence is
achieved or lost through a set of small, highly
conserved genetic events (Joosten et al., 1994;
Bryan et al., 2000; Attard et al., 2002). Therefore,
knowledge of race structure of a pathogen popu-
lation before and after the introduction of a new
resistance gene is essential for the good manage-
ment of resistance to maintain its durability over
several seasons. The recent survey of Balesdent
et al. (2006) suggests that a sample of ca. 100–200
isolates is sufficient to draw general conclusions
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about frequency of avirulence genes and race
structure in L. maculans populations at a given
site. However, this sample size may be too small to
detect virulence alleles present at very low
frequencies, which is usually the case when a new
resistance gene is introduced in an area.
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West JS, Jędryczka M, Leech PK, Dakowska S, Huang Y-J and

Fitt BDL (2002) Biology of Leptosphaeria maculans (stem

canker) ascospore release in England and Poland. Interna-

tional Organisation for Biological Control Bulletin 25: 21–30

West JS, Kharbanda PD, Barbetti MJ and Fitt BDL (2001)

Epidemiology and management of Leptosphaeria maculans

(phoma stem canker) on oilseed rape in Australia, Canada

and Europe. Plant Pathology 50: 10–27

75



Fitness cost associated with loss of the AvrLm4 avirulence function in

Leptosphaeria maculans (phoma stem canker of oilseed rape)

Y.-J. Huang1,*, Z.-Q. Li1,3, N. Evans1, T. Rouxel2, B.D.L. Fitt1 and M.-H. Balesdent2
1Rothamsted Research, Harpenden, Herts, AL5 2JQ, UK; 2INRA-PMDV unit, Route de St Cyr, F-78026,
Versailles Cedex, France; 3Plant Protection Institute, Inner Mongolia Academy of Agricultural Sciences,
010031, Huhhot, China; *Author for correspondence (Phone: +44-1582763133; Fax: +44-1582760981;
E-mail: yong-ju.huang@bbsrc.ac.uk)

Accepted 1 September 2005

Key words: ascospore, avirulence gene, blackleg, Brassica napus (canola), near-isogenic isolate, resistance
gene

Abstract

Near-isogenic isolates of Leptosphaeria maculans differing at the AvrLm4 avirulence locus (AvrLm4 or
avrLm4) were produced in vitro. Methods for inoculation of leaves of oilseed rape with ascospores or conidia
were compared. The ‘ascospore shower’ inoculation was the most efficient method for use when inoculum is
limited (e.g. ascospores produced in vitro). It was used in controlled environments to compare fitness of
AvrLm4 and avrLm4 isolates at 5, 10, 15, 20 or 25 �C on leaves of oilseed rape cultivars Eurol and Darmor
lacking the resistance gene Rlm4, which corresponds to AvrLm4. At all temperatures tested, AvrLm4
ascospores produced more lesions than avrLm4 ascospores. The diameters of lesions produced by AvrLm4
ascospores were greater than those of lesions produced by avrLm4 ascospores. At 15–20 �C, more lesions
initiated by AvrLm4 ascospores produced pycnidia than did lesions initiated by avrLm4 ascospores. How-
ever, there were no differences between AvrLm4 and avrLm4 isolates in incubation period (from inoculation
to appearance of lesions) or rate of mycelial growth in leaves from lesions towards the stems. In field
experiments with winter oilseed rape cultivars lacking Rlm4, the frequency of AvrLm4 isolates increased
from 5.7% at the phoma leaf lesion stage (autumn) to 20.5% at the stem canker stage (summer) during 2002/
2003 and from 7.9 to 11.5% during 2003/2004 growing seasons. Results of controlled environment and field
experiments indicate that avrLm4 isolates have a fitness cost compared to AvrLm4 isolates.

Abbreviations: AFLP – amplified fragment length polymorphism; BC – back-cross; cv – cultivar; GS –
growth stage; NI – near isogenic

Introduction

Leptosphaeria maculans is an important world-
wide pathogen of cruciferous crops, especially
Brassica species, causing phoma stem base canker
(blackleg) of oilseed rape in Europe, Canada and
Australia (West et al., 2001; Fitt et al., 2006). Use
of cultivars (cv) with resistance genes is an effi-
cient and environmentally friendly way to control

the disease. However, new major resistance genes
often become ineffective after two to three sea-
sons if cultivars carrying them are grown com-
mercially (Li et al., 2003; Rouxel et al., 2003a) or
in experimental plots (Brun et al., 2000). There is
a need to evaluate a priori the durability of new
resistance genes to design management strategies
that will minimise the risk of rapid resistance
breakdown.

European Journal of Plant Pathology (2006) 114: 77–89 � Springer 2006
DOI 10.1007/s10658-005-2643-4



One approach to predicting the durability of
new resistance genes is through understanding the
fitness associated with the corresponding pathogen
avirulence genes (Leach et al., 2001). Fitness of an
organism is defined as the combined ability for it
to survive and reproduce (Crow, 1986; Pringle and
Taylor, 2002). Fitness can be measured in absolute
or relative terms. For plant pathogens, several
traits, such as reproductive rate, infection effi-
ciency or severity of disease caused, have been
used to measure fitness (Vera Cruz et al., 2000;
Leach et al., 2001; Pringle and Taylor, 2002).
Several bacterial avirulence genes possess a func-
tion in disease symptom expression (Leach et al.,
2001). Therefore, it is suggested that the fitness
cost associated with pathogen evolution from
avirulence to virulence to overcome host resistance
affects the durability of the resistance (Vera Cruz
et al., 2000). This has been demonstrated for the
Xanthomonas oryzae/rice gene-for-gene interaction
(Vera Cruz et al., 2000). However, few other
experimental data sets are available to test this
hypothesis, especially for fungal plant pathogens.

L. maculans has a gene-for-gene interaction with
B. napus (Ansan-Melayah et al., 1998; Balesdent
et al., 2001, 2002). Although several major genes
conferring resistance to L. maculans have been
identified (Ansan-Melayah et al., 1998; Delourme
et al., 2004, 2006), it has been difficult to investi-
gate a priori the durability of these resistance genes
through assessing fitness associated with corre-
sponding avirulence genes without having avail-
able pairs of L. maculans isolates differing only at
the corresponding avirulence locus. Since pairs of
near isogenic (NI) L. maculans isolates differing
only at one avirulence locus (Attard et al., 2002)
have now been developed, the potential durability
of major gene resistance can be examined by
comparing the fitness of corresponding avirulent
and virulent isolates.

In Europe, including theUK, phoma stem canker
epidemics are initiated by ascospores produced on
infected debris and there is no evidence that conidia
play a role in the development of epidemics (Glad-
ders and Musa, 1980; West et al., 1999; Huang
et al., 2005). Effects of major genes for resistance
operating during the infection of leaves by germ
tubes from these ascospores in autumn can remain
for thewhole growing season becauseL.maculans is
a monocyclic pathogen (Fitt et al., 2006). However,
most previous work on the L. maculans/B. napus

interaction has been done with conidial inoculum
applied to cotyledons. Only recently have experi-
ments on leaf penetration and infection been done
with ascospores (Biddulph et al., 1999; Toscano-
Underwood et al., 2001; Huang et al., 2003). To
obtain lesions using conidial inoculum, leaves usu-
ally have to be wounded before inoculation. Since
wounding can induce plant defence responses or
allow the pathogen to bypass leaf resistance, this
approach is not suitable to compare the fitness ofNI
L. maculans isolates.

Since techniques were published for the in vitro
production of ascospores ofL.maculans by crossing
the two opposite mating types (Mengistu et al.,
1993;Gall et al., 1994), it has becomepossible to use
ascospores from genetically defined isolates as
inoculum to study the relative fitness of virulent and
avirulent isolates. However, since only small num-
bers of ascospores are produced in vitro, methods
for inoculatingwith the large numbers of ascospores
produced on infected debris under natural condi-
tions are not suitable for inoculating with ascosp-
ores produced from defined crosses in vitro.

This paper investigates the fitness cost associated
with the loss of avirulence function of the AvrLm4
allele. For this purpose, NI L. maculans isolates
carrying either the avirulent (AvrLm4) or the viru-
lent (avrLm4) allele of the avirulence locus AvrLm4
were compared for specific components of fitness
(i.e. infection efficiency, latent period, size of the
lesions, ability to sporulate on the lesions, systemic
growth down the petiole) in controlled environ-
ments using a new ‘ascospore shower’ inoculation
method. To support results from controlled envi-
ronment experiments, changes in frequencies of
AvrLm4 isolates in naturalL. maculans populations
were assessed under field conditions using winter
oilseed rape crops lacking the corresponding resis-
tance gene Rlm4.

Materials and methods

Production of near-isogenic isolates of
Leptosphaeria maculans

Near-isogenic isolates of L. maculans, differing in
their alleles at the AvrLm4 locus, were produced
by a back-crossing (BC) scheme. Two sister
isolates of opposite mating-type, v23.1.2 (avrLm4,
MAT1–1) and v23.1.3 (AvrLm4, MAT1–2), were
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crossed in vitro and the F1 progeny isolates were
characterised at the AvrLm4 locus by inoculation
of cotyledons of cv Jet Neuf (carrying Rlm4) and
cv Westar (susceptible with no resistance genes)
(Balesdent et al., 2001; Attard et al., 2002). The
mating types of progeny isolates were determined
by PCR (Cozijnsen and Howlett, 2003). An
avrLm4, MAT1–1 isolate was selected at random
from the F1 progeny and back-crossed to v23.1.3
(AvrLm4, MAT1–2). The BC1 progeny isolates
were characterized on cv Jet Neuf and an avrLm4,
MAT1–1 isolate was selected and crossed to
v23.1.3 for the second back-cross (BC2). This
procedure was repeated until the fifth BC genera-
tion (BC5), obtained by crossing v23.1.3 and
v37.1.4. Ninety-five progeny isolates recovered
from the fifth BC were characterised at the
AvrLm4 and MAT loci.

AFLP markers were used to confirm the increase
in isogenicity at each step of the BC scheme. AFLP
bands were amplified using 21 primer pairs (Kuhn
et al., 2006) with genomic DNA of the F1 parental
isolates v23.1.2 and v23.1.3, along with the selected
parental isolate for each subsequent round of BC.
Bands were separated on CastAway 5.5% acryl-
amide gels (Stratagene) and visualized by silver
nitrate staining (Kuhn et al., 2006). Bands that were
polymorphic between parental isolates of each BC
generation were recorded.

In vitro growth rates of NI L. maculans isolates

The in vitro growth rates of the F1 parental isolates
and six avirulent (AvrLm4) and six virulent
(avrLm4) NI isolates from BC5 progeny were
compared. Plugs (8 mm diameter) were taken from
the margin of actively growing colonies of each
isolate and placed in the centre of Petri dishes
(9 cm diameter) filled with 20 ml of V8 juice agar.
Petri dishes were incubated in darkness at 4, 12 or
22 �C, with three or four replicate Petri dishes per
isolate. Radial growth was assessed by measuring
two perpendicular colony diameters after 6, 11 and
17 days (12 and 22 �C) or 10, 24 and 32 days
(4 �C). To estimate the growth rate, a linear
regression of colony diameter on incubation time
was done for each isolate. Analyses of variance
were done to assess differences between AvrLm4
and avrLm4 NI isolates in growth rate in vitro at
different temperatures, using GENSTAT statisti-
cal software (Payne et al., 1993).

In vitro crosses of NI isolates to produce ascospores

To produce ascospores of isolates with either
AvrLm4 or avrLm4 alleles, four AvrLm4 (two
MAT1–1 and twoMAT1–2) and four avrLm4 (two
MAT1–1 and two MAT1–2) isolates from the fifth
BC progeny were randomly selected for sub-
sequent crossing. Conidial suspensions of the eight
isolates were prepared and adjusted to a concen-
tration of 106 spores ml)1. Equal volumes of spore
suspensions of the four AvrLm4 isolates were
mixed, and 50 ll of the mixture were spread over
20% V8 juice agar in Petri dishes (5 cm diameter).
Petri dishes were incubated for 7 days at 25 �C,
under mixed white (500 nm) and near-UV light
(360 nm) for 12 h of light per day, then flooded
with 5 ml of 1.5% water agar (cooled to 45 �C)
and incubated for 5–6 weeks at 12 �C under
alternating near-UV light (12 h per day)/darkness.
Pseudothecia produced under these conditions
contained ascospores of only the AvrLm4 geno-
type. Similarly, pseudothecia containing avrLm4
ascospores were produced by incubating four
avrLm4 isolates together.

Development of the ‘ascospore shower’ method for
inoculation with ascospores produced in vitro

Seeds of cv Lipton were sown in pots (7 cm diame-
ter) containing peat-based compost and a soluble
fertiliser (1Æ5 kg PG mix m)3; Petersfield Products,
Cosby, Leicester, UK). Plants were grown in a
glasshouse and thinned to one plant per pot 10 days
after sowing. Pots were then placed in seed trays
(37 cm�23 cm) and transferred to a 15 �C con-
trolled-environment cabinet. Plants were inocu-
lated when they reached growth stage (GS) 1,3
(Sylvester-Bradley and Makepeace, 1985) and kept
in the growth cabinet throughout the experiment.

A suspension of L. maculans conidia was pre-
pared from a 12-day-old culture of isolate L44,
which was obtained from a phoma leaf spot col-
lected during November 2001 from winter oilseed
rape cv Apex at Rothamsted. A suspension of
L. maculans ascospores was prepared from natu-
rally infected oilseed rape stem base debris collected
during August 2002 at Rothamsted, using the
method described by Huang et al. (2001).
Ascospores from defined crosses were obtained by
crossingL. maculans isolates v23.1.2 and v23.1.3 on
V8 juice agar (Balesdent et al., 2001). Pieces of agar
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with mature pseudothecia were attached to the
under-side of a Petri dish lid, then the lid was placed
over the base of the dish, which was then placed at
15 �C for 6–8 h in darkness to allow ascospores to
discharge into the bottom of the dish. The dish was
viewed under a binocular stereo-microscope
(Olympus Optical Co., London) to confirm that
ascospores had been discharged.Distilledwaterwas
added to suspend the ascospores. The concentration
of the conidial suspension was adjusted to 106 con-
idia ml)1 and the concentration of the ascospore
suspension was adjusted to 103 ascospores ml)1.

For inoculation of leaves with conidia, three
methods were used: (1) spray the whole plant with
conidial suspension; (2) point inoculation with a
10 ll drop of conidial suspension without wound-
ing; (3) point inoculation with a 10 ll drop of
conidial suspension on a site that hadbeenwounded
using a sterile pin. Three plants were inoculated by
each method. For point inoculation, only the first
and second leaves of each plantwere inoculated; 6–8
wounded sites or 10–12 unwounded sites on each
plant were inoculated. For inoculation with as-
cospores, three inoculation methods were used: (1)
spray the whole plant with ascospore suspension;
(2) point inoculation with a 10 ll drop of ascospore
suspension on the leaf surface without wounding
the leaf; (3) ‘rain down’ dry ascospores onto the
plant. To allow ascospores to ‘rain down’ onto
plants (‘ascospore shower’), three small pieces
(0.5�2 cm) of oilseed rape debris with mature
pseudothecia were attached to the under-side of a
tray cover (37�23�14 cm) with Vaseline (Cheseb-
rough-Pond’s Ltd, London) and the debris was
sprayed with distilled water until run-off. Alterna-
tively, for ascospores produced by in vitro crosses,
pieces of agar with mature pseudothecia produced
in vitro were attached to the under-side of a tray
cover. For both sources of inoculum, the tray cover
was then placed over the traywith plants (Figure 1).
Three plants were inoculated by each inoculation
method. For point inoculation, 4–6 unwounded
sites on each plant were inoculated.With ‘ascospore
shower’ inoculation, the duration of the inoculation
period was 2 h for ascospores from natural condi-
tions and 24 h for ascospores from in vitro crosses.
After inoculation, plants were covered immediately
with polyethylene bags sprayed inside with distilled
water to maintain leaf wetness for 72 h.

The numbers of new phoma leaf spots on each
leaf of the inoculated plants were counted daily until

no more new leaf spots appeared. The incubation
period (from inoculation to the appearance of first
phoma leaf spots) for each treatment was recorded.
For point inoculation, the infection efficiency was
estimated as the percentage of inoculated sites that
produced lesions. To estimate the infection effi-
ciency of conidia or ascospores inoculated by
spraying, at the time of inoculation three micro-
scope slides were placed among the plants so that
conidia or ascospores used for the experiment were
also deposited on the slides. The number of conidia
or ascospores deposited per cm2on each of the slides
was counted under a light microscope (Olympus
Optical Co., London). The leaf areas of five addi-
tional uninoculated plants were measured at the
time of inoculation. Themean number of conidia or
ascospores deposited per plant was estimated [leaf
area (cm2) per plant � number of spores per cm2].
The infection efficiency was then estimated as
number of spores required to cause one lesion (i.e.
total number of spores deposited per plant divided
by total number of lesions which developed per
plant).

Fitness of virulent (avrLm4) and avirulent
(AvrLm4) L. maculans isolates during leaf
infection in controlled environments

Plants of oilseed rape cultivars Eurol (lacking
Rlm4) and Darmor (lacking Rlm4) were grown in

Figure 1. ‘Ascospore shower’ method for inoculation of oil-

seed rape seedlings with Leptosphaeria maculans ascospores

produced under natural conditions on oilseed rape debris or

in vitro by crossing the two opposite mating types on agar

medium. Small pieces of oilseed rape debris with mature

pseudothecia were attached to the under-side of a tray cover

and the debris was sprayed with distilled water until run-off.

Alternatively, for defined crosses, pieces of agar with mature

pseudothecia produced in vitro were attached to the under-

side of a tray cover. The tray cover was then placed over the

plants to allow dry ascospores to ‘rain down’ onto the plants.
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pots (5 cm diameter) containing peat-based com-
post and a soluble fertiliser. The pots were put in
trays (37�23 cm) in four rows with seven pots in
each row. The two cultivars were sown in alternate
rows. Plants were grown in a glasshouse, thinned
to one plant per pot 10 days after sowing and then
transferred to a 15 �C controlled-environment
cabinet until they reached GS 1, 3 and were ready
for inoculation.

Plants were inoculated using the ‘ascospore
shower’ method with ascospores of either AvrLm4
or avrLm4 isolates that had been produced in vitro.
A total of 10 trays with 28 plants per tray was
inoculated. After inoculation, plants were sprayed
with distilled water and covered with tray covers.
Two trays (one inoculated with ascospores of
AvrLm4 isolates, the other inoculated with ascosp-
ores of avrLm4 isolates) were selected at random
and transferred to each of the 5, 10, 15, 20 or 25 �C
growth cabinets. The tray covers were kept on for
48 h to maintain leaf wetness. The experiment was
repeated three times, with each experiment inocu-
lated with fresh ascospores produced in a new set of
crosses. Growth cabinets were allocated at random
to each of the three experiments, whenever possible.
The temperatures in the growth cabinets were
monitored throughout the experiments and varied
by ±1 �C.

Plants were assessed daily until no new leaf
spots appeared and the incubation period was
recorded. The diameters of 10 lesions on plants
grown at 15, 20 and 25 �C were measured 13–
14 days after inoculation. To compare the
growth of AvrLm4 and avrLm4 isolates after
initial infection (growth from leaf lesion towards
the petiole to reach the stem), affected leaves
were detached 18–19 days after inoculation, and
L. maculans was isolated at 1, 2 and 3 cm from
centre of the lesion in the direction of petiole,
using the method described by West et al.
(2002). To compare the sporulation of AvrLm4
and avrLm4 isolates, the number of lesions that
produced pycnidia was counted at the end of
each experiment (i.e. when no more new lesions
appeared).

Analyses of variance using the GENSTAT
statistical software compared components of the
fitness (e.g. incubation period, number of lesions,
size of lesions, growth in planta and sporulation
ability) of AvrLm4 and avrLm4 isolates during
infection of leaves of oilseed rape without the

resistance gene Rlm4 (Payne et al., 1993). Linear
regressions of incubation period on temperature
were calculated separately for the inoculum
(AvrLm4 or avrLm4) treatments in each of the
three replicate experiments. Analyses of position
and parallelism were done to assess whether the
data were best fitted by a single line or series of
parallel lines or series of non-parallel lines for
AvrLm4 and avrLm4 isolates.

Fitness of virulent (avrLm4) and avirulent
(AvrLm4) isolates in natural populations
of L. maculans

Oilseed rape cultivars Darmor, Mohican and
Pactol, all lacking resistance gene Rlm4, were
grown in field experiments during two growing
seasons at Versailles, France. During 2002/2003,
each of the three cultivars was grown in 6.5�2.3 m
plots with four replicates. During 2003/2004, only
cv Mohican was grown in 20�3 m plots with 10
replicates. The experimental plots for the two
seasons were located in the same large field, but
not at the same place in the field. During 2002/
2003, 2.87 ha of oilseed rape (cultivars Extra and
Pollen, with Rlm4) were also grown in this field.
Isolates were recovered from individual phoma
leaf spot lesions sampled from plots in autumn (5
and 11 November 2002, 24–26 November 2003) or
spring (9 April 2004), from stem cankers sampled
before harvest during summer (20 June 2003, 8
July 2004) and from ascospores produced on the
debris in the following autumn using the method
described by West et al. (2002). All isolates were
characterised at the AvrLm4 locus using cotyledon
inoculation tests on cultivars Jet Neuf (carrying
Rlm4) and Westar (susceptible control with no
resistance genes) (Balesdent et al., 2001).

Results

Production of near-isogenic isolates of
Leptosphaeria maculans

The 21 AFLP primer pairs generated 94 AFLP
fragments that were polymorphic between the
two parental isolates of the F1 generation. The
number of polymorphic markers decreased at
each successive BC generation (Table 1), indi-
cating an increase in isogenicity. The level of
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polymorphism at each BC generation was
greater than expected (Table 1). AvrLm4 and
avrLm4 isolates from the BC5 generation, which
were used to produce near-isogenic ascospores
for fitness studies, were identical for more than
90% of the markers tested.

In vitro growth rates of NI L. maculans isolates

For the six avirulent (AvrLm4) and six virulent
(avrLm4) NI isolates selected from the BC5 prog-
eny (Table 2), the in vitro growth rate of avrLm4
isolates was greater than that of AvrLm4 isolates
at 4 �C (P<0.001; 78df; SED=0.01) and 12 �C
(P<0.01; 80df; SED=0.02). However, these
differences between AvrLm4 and avrLm4 NI iso-
lates were small (0.05 mm per day at 4 �C and
0.09 mm per day at 12 �C), compared to the dif-
ferences between the two parental isolates of the
F1 generation (0.18–0.36 mm per day at 4–22 �C;
Table 2). In addition, there was no difference in
mean growth rate between AvrLm4 (3.62 mm per
day) and avrLm4 (3.65 mm per day) isolates at
22 �C (P=0.13; 60df; SED=0.03). Furthermore,
there was no difference in germination patterns
between ascospores of AvrLm4 and avrLm4
isolates on water agar at 22 �C.

Development of the ‘ascospore shower’ method for
inoculation with ascospores produced in vitro

All the plants inoculated with ascospores that had
been produced on oilseed rape stem base debris
under natural conditions developed leaf lesions,
regardless of the inoculation method (Table 3).
However, no lesions developed on unwounded
plants inoculated with droplets of conidial sus-
pensions, and very few lesions developed on plants
sprayed with conidia. Plants inoculated with con-
idia on wounded sites developed lesions. All plants
inoculated with ascospores produced in vitro
developed lesions. The incubation period (from
inoculation to appearance of the first lesion) was
longer when conidia were inoculum (15–18 days)
than when ascospores were inoculum (5–9 days).
For ascospores, the incubation period was longer
for the ‘ascospore shower’ method (9 days) than
for droplet inoculation (5–7 days). For conidia,
the incubation period was longer for spray inoc-
ulation (18 days) than for droplet inoculation
(15 days).

The infection efficiency of ascospores was
greater than that of conidia (Table 3). For droplet
inoculation, only 56% of sites inoculated with
conidia developed lesions, while 100% of sites
inoculated with ascospores, either produced under
natural conditions or from crosses in vitro, devel-
oped lesions. In treatments where leaves were
sprayed with spore suspensions, about nine
ascospores were required to produce one lesion,
while about 2.4�106 conidia were necessary to
produce one lesion. The ‘ascospore shower’ inoc-
ulation method was more efficient than the asco-
spore suspension method. To inoculate three
plants with ascospores from in vitro crosses
between v23.1.2 and v23.1.3, three pseudothecia
were used to produce the ascospore shower and
each plant developed an average of 3.5 lesions
(Table 3). By contrast, ten pseudothecia were
needed to make only 200 ll of ascospore suspen-
sion at the concentration required (103 ascospores
ml)1). This volume was not sufficient for spray
inoculation, and could be used only for point
inoculation. To inoculate three plants with
ascospores produced under natural conditions,
three small pieces of debris were used to produce
the ascospore shower. By contrast, 10 pieces of
debris were required to make an ascospore
suspension for spray inoculation.

Table 1. Estimation of the level of isogenicity of the two

parental isolates of each generation of the back-crossing (BC)

scheme for producing near isogenic (NI) AvrLm4 and avrLm4

isolates of Leptosphaeria maculans

Generation No. AFLP markers

polymorphic

between parental

isolatesa

Observed %

polymorphic

markersb

Expected %

polymorphic

markers

F1 94c 100 100

BC1 50 53.2 50

BC2 30 31.9 25

BC3 15 16.0 12.5

BC4 15 16.0 6.3

BC5 9 9.6 3.2

aParental isolates for the F1 were v23.1.3 (MAT1–2) and

v23.1.2 (MAT1–1); parental isolates for BC5 were v23.1.3

(MAT1–2) and v37.1.4 (MAT1–1).
bBased on the proportion of AFLP markers which were poly-

morphic between parental isolates.
cA total of 94 markers were compared on each pair of parental

isolates.
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Table 2. In vitro growth rate of the Leptosphaeria maculans parental isolates of the F1 and BC5 generations and of near-isogenic

isolates (AvrLm4 and avrLm4) from the BC5 progeny

Isolatea AvrLm4 alleleb MAT allelec Growth rate (mm day)1)d

4 �C 12 �C 22 �C

Parents

v23.1.3 AvrLm4 MAT1–2 0.98 2.00 3.51

v23.1.2 avrLm4 MAT1–1 1.16 2.36 3.80

v37.1.4 avrLm4 MAT1–1 1.00 1.88 3.44

Progeny

v41.1.2 AvrLm4 MAT1–1 1.01 2.09 3.81

v41.2.1 AvrLm4 MAT1–1 0.99 1.89 3.75

v41.5.3 AvrLm4 MAT1–1 0.99 1.78 3.59

v41.2.4 AvrLm4 MAT1–2 0.94 1.88 3.51

v41.2.5 AvrLm4 MAT1–2 1.00 1.87 3.71

v41.3.9 AvrLm4 MAT1–2 0.96 2.14 3.64

v41.1.1 avrLm4 MAT1–1 1.00 2.11 3.68

v41.2.8 avrLm4 MAT1–1 0.97 1.84 3.62

v41.3.3 avrLm4 MAT1–1 0.98 2.18 3.57

v41.3.1 avrLm4 MAT1–2 0.98 1.87 3.64

v41.3.10 avrLm4 MAT1–2 1.10 1.83 3.58

v41.5.6 avrLm4 MAT1–2 1.03 2.22 3.63

SED 0.006 0.021 0.027

(df) (99) (95) (75)

aThe parental isolates were v23.1.3 and v23.1.2 for F1, v23.1.3 and v37.1.4 for BC5.
bIsolates were characterised at the AvrLm4 locus by inoculation onto cotyledons of oilseed rape seedlings of cv Jet Neuf (with

resistance gene Rlm4) and Westar (susceptible control with no resistance genes).
cThe mating type (MAT1–1 or MAT1–2) of isolates was determined by PCR.
dRadial growth of isolates grown on V8-juice agar in darkness was measured for two perpendicular diameters (mm) per plate 6, 11 and

17 days (12 and 22 �C) or 10, 24 and 32 days (4 �C) after inoculation. The growth rate was the slope of the regression line calculated

from data for four times (0, 6, 11 and 17 days for 12 and 22 �C; 0, 10, 24 and 32 days for 4 �C). Data are means from three or four

replicate plates per isolate.

Table 3. Effects of inoculum type (ascospores or conidia) and inoculation method on incubation period, number of lesions and

infection efficiency of Leptosphaeria maculans (phoma leaf spot) on leaves of oilseed rape cv. Lipton

Inoculum Inoculation method Incubation period (days)a No. lesions per plant Infection efficiency

Conidiab Point droplet –c 0 0

Wounding/point 15 4.1 56.1%d

Spray droplets 18 0.6 1/(2.4�106)e

Ascospores (produced naturally)f Point droplet 5 5.4 100%d

Spray droplets 7 45.5 1/(8.7)e

Ascospore shower 9 6.5 –c

Ascospores (produced in vitro)g Point droplet 7 4 100%d

Ascospore shower 9 3.5 –c

aTime (days) from inoculation to appearance of the first lesion.
bThe conidial suspension was made from a L. maculans isolate derived from a phoma leaf spot sampled during November 2001 from an

oilseed rape (cv Apex) field experiment at Rothamsted.
cNot available or not tested.
dFor point inoculation, infection efficiency is defined as the percentage of inoculated sites that developed lesions.
eFor spray inoculation with spore suspension (conidia or ascospores), infection efficiency is defined in terms of the number of spores

required to cause one lesion (e.g., 9 ascospores required to cause one lesion for spray ascospores droplets inoculation).
fAscospores were obtained from naturally infested winter oilseed rape stem base debris (cv Apex) collected during August 2002 at

Rothamsted.
gAscospores were obtained from in vitro crosses between isolates v23.1.2 and v23.1.3.
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Fitness of virulent (avrLm4) and avirulent
(AvrLm4) L. maculans isolates during leaf
infection in controlled environments

Oilseed rape plants inoculated with ascospores of
AvrLm4 isolates developedmore lesions than plants
inoculated with ascospores of avrLm4 isolates
(P<0.001; 30df; SED=0.72) (Figure 2). There was
an interaction between temperature and type of
inoculum (P<0.05; 15df; SED=2.2). Plants in-
oculated with ascospores of AvrLm4 isolates
developed the most lesions at 20 �C (10 lesions per
plant) and the fewest lesions at 5 �C (only 1 lesion
per plant). However, there was no significant dif-
ference in the number of lesions between tempera-
tures on plants inoculated with ascospores of
avrLm4 isolates. There was no significant difference
in the number of lesions between cultivars Darmor
and Eurol; therefore only mean values are pre-
sented.

There was no difference in incubation period
(from inoculation to the appearance of first lesion)
between AvrLm4 and avrLm4 isolates at 5–25 �C
(P=0.8; 30df; SED=0.2). However, there were
differences between temperatures for both AvrLm4
and avrLm4 isolates. The relationship between
incubation period (f) and temperature (T) was
fitted best by a single line for AvrLm4 and avrLm4
isolates: f=24.3–0.7 T (R2=0.87). As temperature
increased, the incubation period of both AvrLm4
and avrLm4 isolates decreased, from 21 days at
5 �C to 8 days at 25 �C (Figure 3).

At 13–14 days after inoculation, the diameters of
lesions on plants inoculated with ascospores of

AvrLm4 isolates were greater than those on plants
inoculated with ascospores of avrLm4 isolates
(P<0.001; 18df; SED=0.04) (Table 4). For both
AvrLm4 and avrLm4 isolates, the diameters of
lesions increased with increased temperature
(P<0.05; 4df; SED=0.1). The mean diameter of
AvrLm4 lesions increased from 3.7 mm at 15 �C to
9.8 mm at 25 �C, and that of avrLm4 lesions
increased from 3.3 mm at 15 �C to 7.1 mm at
25 �C. More lesions on plants inoculated with
ascospores of AvrLm4 isolates produced pycnidia
than did lesions on plants inoculated with ascosp-
ores of avrLm4 isolates (P<0.05; 24df; SED=1.5).
On plants inoculated with ascospores of AvrLm4
isolates, 18% of lesions produced pycnidia at
15 �C, and 11, 10 and 9% of lesions produced
pycnidia at 10, 20 and 25 �C, respectively
(Table 4). On plants inoculated with ascospores of
avrLm4 isolates, only 14% of lesions produced
pycnidia at 15 �C, and 6, 5 and 7% of lesions
produced pycnidia at 10, 20 and 25 �C, respec-
tively. No pycnidia were observed on lesions at
5 �C. There was no difference betweenAvrLm4 and
avrLm4 isolates in the percentage of lesions, that
produced isolates at 1–3 cm away from lesions
towards the petiole at 15–25�C (Table 4).
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Figure 2. Numbers of phoma leaf spot lesions which devel-

oped at different temperatures on oilseed rape plants of culti-

vars Darmor and Eurol that lack resistance gene Rlm4,

inoculated with ascospores of AvrLm4 (n) or avrLm4 (h)

isolates of Leptosphaeria maculans produced in vitro. Data are

combined means for cultivars from three replicate experi-

ments (P<0.001; SED=0.72; 30df).
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Figure 3. Effects of temperature on the incubation period

(from inoculation with ascospores to the appearance of the

first lesion) of AvrLm4 (D) and avrLm4 (s) isolates of Lep-

tosphaeria maculans on oilseed rape plants (cultivars Darmor

and Eurol) lacking the resistance gene Rlm4. The relationship

between incubation period (f) and temperature (T) for Av-

rLm4 and avrLm4 was fitted best by a single line f=24.3–

0.73 T (R2=0.87). Data points are means of three replicate

experiments but the regression line was calculated from data

for individual experiments.
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Fitness of virulent (avrLm4) and avirulent
(AvrLm4) isolates in natural populations
of L. maculans

During the 2002/2003 growing season, 284 isolates
were recovered from leaf lesions in autumn, 49
isolates were recovered from stem cankers in
summer and 171 isolates were recovered from

ascospores produced on stem debris collected from
the field at Versailles. These 504 isolates were
classified as AvrLm4 or avrLm4. During the
growing season, the frequency of AvrLm4 isolates
increased from 5.7% at the phoma leaf spot stage
in autumn to 20.4% at the stem canker stage
before harvest and 15.2% on debris after harvest
(Figure 4). A similar trend was observed during
2003/2004, when 280 isolates (139 from leaf lesions
in autumn and 141 from leaf lesions in spring)
were recovered from leaf lesions, 166 from stem
cankers and 244 from ascospores produced on
stem debris. These 690 isolates were classified as
AvrLm4 or avrLm4. The frequency of AvrLm4
isolates increased from 7.9% at the phoma leaf
spot stage (in autumn/spring) to 11.5% at the stem
canker stage before harvest and 12.3% on debris
after harvest.

Discussion

Results of controlled-environment experiments,
indicating that AvrLm4 and avrLm4 L. maculans
isolates differ for some, but not all, components of
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Figure 4. Frequency (%) of the avirulent allele (AvrLm4) in

natural populations of Leptosphaeria maculans sampled from

oilseed rape cultivars lacking the resistance gene Rlm4 during

2002/2003 (n) and 2003/2004 (h) field experiments at Ver-

sailles, France from phoma leaf spots [sampled during au-

tumn (2002/2003) or autumn and spring (2003/2004)], stem

cankers (summer) and stem debris (after harvest).

Table 4. Fitness of Leptosphaeria maculans near-isogenic isolates AvrLm4 (avirulent) or avrLm4 (virulent) in terms of lesion diam-

eter, % lesions producing pycnidia or growth from leaf spot lesions towards the petiole on leaves of Brassica napus cultivars Dar-

mor and Eurol without the corresponding resistance gene Rlm4a

Temperature (�C) AvrLm4 allele Lesion diameter (mm)b % lesions producing pycnidiac % lesions producing hy-

phae at 1 – 3 cm away

from the lesion towards

the petioled

1 cm 2 cm 3 cm

5 AvrLm4 –e 0 – – –

avrLm4 – 0 – – –

10 AvrLm4 – 10.5 – – –

avrLm4 – 6.0 – – –

15 AvrLm4 3.7 17.5 78.3 61.3 58.0

avrLm4 3.3 14.0 75.0 66.0 70.6

20 AvrLm4 8.8 9.5 83.3 66.2 60.1

avrLm4 6.0 4.7 75.7 39.2 46.6

25 AvrLm4 9.8 9.4 64.7 53.9 39.6

avrLm4 7.1 6.8 41.2 23.8 22.4

SED 0.04 1.56 15.38 16.61 16.60

(df) (18) (24) (10) (10) (14)

aData are the mean values for cultivars Darmor and Eurol from three replicate experiments. In each experiment, plants were inoculated

with fresh ascospores of AvrLm4 or avrLm4 isolates produced in vitro on a new set of crosses.
bLesion diameters were measured 13–14 days after inoculation.
cNumber of lesions which produced pycnidia was counted at the end of each experiment.
dPresence of L. maculans hyphae shown by isolations, made on affected leaves 18–19 days after inoculation.
eNot measured, since lesions were too small to measure at 10 �C and no lesions had developed at 5 �C 13–14 days after inoculation.
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phoma leaf spot development, suggest that there is
a fitness cost of virulence. Firstly, plants inocu-
lated with ascospores of AvrLm4 isolates produced
more lesions than those inoculated with ascospores
of avrLm4 isolates at all five temperatures tested,
suggesting that infectivity of AvrLm4 ascospores is
greater than that of avrLm4 ascospores. Secondly,
there was no difference between AvrLm4 and
avrLm4 isolates in the incubation period from
inoculation to lesion development. Similarly, there
was no difference between AvrLm4 and avrLm4
isolates in growth rate within the leaf within 3 cm
from the infection site at 15–25 �C, as for growth
on V8-agar medium. This suggests that fitness
differences between avirulent and virulent isolates
in field conditions may not be related to the speed
of colonization of the leaf tissues. Thirdly, at all
temperatures tested, AvrLm4 ascospores produced
larger leaf spot lesions than avrLm4 ascospores
and more lesions initiated by AvrLm4 ascospores
produced pycnidia than did lesions initiated by
avrLm4 ascospores. The larger leaf spot lesions
may reflect a more extensive colonization of the
plant tissue at the infection site by avirulent
isolates, or a greater ability of these isolates to
induce plant cell death and necrosis. These larger
lesions may allow such isolates to benefit from a
larger source of nutrients for subsequent systemic
colonization of the petiole and the stem and/or
sporulation.

Results from the field experiments during two
seasons support the conclusions from controlled-
environment experiments that there is a fitness cost
of virulence. In both growing seasons, there was an
increase in the frequency of AvrLm4 isolates
between the autumn (leaf spot stage) and summer
(stem base canker and post-harvest stages). These
data indicate that AvrLm4 isolates may be fitter
than avrLm4 isolates in systemic growth from leaf
lesions to stems under natural conditions. Growth
from leaf lesions to stems is a crucial stage in the
life cycle of L. maculans (Fitt et al., 2006).
Experiments under both controlled and field con-
ditions therefore suggest that the avrLm4 allele
may have a fitness cost associated with loss of
function of the avirulence gene. Such a fitness cost
of the avrLm4 allele might explain why the cv. Jet
Neuf, with the resistance gene Rlm4, has been
successfully used as a source of resistance for
10–15 years. This also might explain why AvrLm4
isolates are still present in field populations in

France (Balesdent et al., 2006) and other parts of
Europe (Stachowiak et al., 2006), although Rlm4
has been used widely in past cultivars and is still
present in more than 25% of current commercial
French cultivars (Rouxel et al., 2003b; MH
Balesdent, INRA and X Pinochet, CETIOM,
France, unpublished data).

A pathogen ‘‘cost of virulence’’ parameter is
often a component in models of factors affecting
durability of host resistance (Pietravalle et al.,
2006). This parameter is based on the hypothesis
that loss of pathogen functions linked with the loss
of avirulence will decrease the competitiveness of
virulent isolates as compared to avirulent isolates.
However, this hypothesis had not been demon-
strated experimentally for a fungal plant pathogen,
although one bacterium–plant interaction has
been analysed (Vera-Cruz et al., 2000). Our paper
therefore outlines the first experimental evidence
that loss of one avirulence function in a fungal
pathogen can alter its ability to produce leaf
symptoms and sporulate on lesions, as compared
to an avirulent isolate. Loss of the AvrLm4 func-
tion also may affect the ability of the virulent
isolates to compete with avirulent isolates during
growth down the petiole to reach the stem base
and to colonize the basal plant tissues in natural
field conditions. This work, using both the novel
ascospore shower inoculation method and NI
isolates, will now be expanded to two other avi-
rulence genes, AvrLm1 and AvrLm6, to evaluate if
this is a feature specific to AvrLm4 or a more
general feature of avirulence genes in L. maculans.

The development of near-isogenic (NI) isolates
of L. maculans suggests that the back-crossing
(BC) scheme is an efficient procedure for increas-
ing isogenicity between AvrLm4 and avrLm4 iso-
lates, since less than 10% of the AFLP markers
that were polymorphic between parental isolates at
the beginning of the BC scheme were still poly-
morphic in the fifth BC generation. In theory, the
frequency of polymorphism should be halved at
each BC generation, but the observed decrease in
polymorphism at each generation was less than
expected. This result may be linked to the need to
maintain polymorphism at another genomic
region (the MAT locus), independent of AvrLm4,
to allow subsequent fertile crosses. The increase in
isogenicity of AvrLm4 and avrLm4 isolates with
BC also was shown by the changes in in vitro
growth rate of the isolates. There were larger
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differences in in vitro growth rate between the
parental isolates (15%) of the F1 generation at 4
and 12 �C than between parental isolates (4%) of
the fifth BC generation. These results not only
illustrate the efficiency of the inbreeding process,
but also indicate that these NI isolates are
appropriate for fitness studies, because quantita-
tive differences between avirulent and virulent
isolates during host infection and colonization will
not be a simple consequence of major differences
in general growth of the isolates, but will show
differences in the pathogenic fitness of the isolates.
Furthermore, the crossing of NI isolates in vitro
offers a method to produce ascospores of NI
L. maculans for use as inoculum to compare
virulent and avirulent isolates for their ability to
infect and colonize plants by natural means.

As an alternative to the production of NI
isolates by classical back-crossing, genetically
modified isolates resulting from the transforma-
tion of a virulent isolate by the cloned avirulent
allele can be used. However, it is then necessary to
first clone the avirulent allele, which is often diffi-
cult, as for AvrLm1 in L. maculans (Attard et al.,
2002; L. Gout, INRA, France, unpubl.) and other
fungi (Farman and Leong, 1998). In addition, the
random integration of the cloned fragment may
produce a deleterious effect on the isolate, as
random integration of alien DNA is also a method
for identifying mutants with decreased pathoge-
nicity, for pathogens such as L. maculans (Meyer
et al., 2004). Therefore, such an approach neces-
sitates analyzing a number of transformed isolates
to obtain useful results.

The ‘ascospore shower’ method is an efficient
procedure for inoculation with L. maculans
ascospores when inoculum is limited; for instance,
ascospores produced from in vitro crosses. Three
times as many pseudothecia were required to
inoculate the same number of plants with asco-
spore suspension as were required with the ‘asco-
spore shower’ method. Furthermore, when using
the ‘ascospore shower’ method, it was not neces-
sary to wound leaves, whereas inoculation with
conidial suspensions without wounding the leaves
resulted in few lesions. As stem canker epidemics
are initiated by air-borne ascospores, this method
more accurately simulates natural conditions.
Thus, it is suitable for investigating the first stages
of interactions between Brassica species and
L. maculans. This new ‘ascospore shower’ method

can be combined with NI L. maculans isolates to
investigate the fitness of other pairs of virulent and
avirulent isolates, and thus the potential durability
of novel resistance genes (Brun et al., 2001; Leach
et al., 2001; Rouxel et al., 2003a; Sprague et al.,
2006).
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Abstract

Specific resistance loci in plants are generally very efficient in controlling development of pathogen pop-
ulations. However, because of the strong selection pressure exerted, these resistances are often not durable.
The probability of a resistance breakdown in a pathosystem depends on the evolutionary potential of the
pathogen which is affected by: (i) the type of resistance (monogenic and/or polygenic), (ii) the type of
reproduction of the pathogen (sexual and/or asexual), (iii) the capacity of the pathogen for dispersal, (iv)
the resistance deployment strategy (pyramiding of specific resistances, mixture of cultivars, spatio-temporal
alternation), (v) the size of the pathogen population, which is affected by control methods and environ-
mental conditions. We propose the concept of Integrated Avirulence Management (IAM) to enhance the
durability of specific resistances. IAM involves a strategy to limit the selection pressure exerted on pathogen
populations and, at the same time, reduce the size of pathogen populations by combining cultural, physical,
biological or chemical methods of control. Several breakdowns of resistance specific to Leptosphaeria
maculans, the causal agent of phoma stem canker have occurred in Europe and in Australia. This review
paper examines control methods to limit the size of L. maculans populations and discusses how this
limitation of population size can enhance the durability of specific resistances. It proposes pathways for the
development of a spatially explicit model to define IAM strategies. Simulation results are presented to
demonstrate the potential uses of such a model for the oilseed rape/L. maculans pathosystem.

Abreviations: GM – Genetically Modified; IAM – Integrated Avirulence Management

Introduction

The durability of control methods to limit or
eradicate populations of living organisms is an
important, generic issue in human societies. In the
domain of human health, the development of
resistance to antibiotics has been well documented

and studied in bacteria. In the field of crop pro-
tection, the phenomenon of adaptation of pest
populations to a means of control has been widely
studied for chemical control against weeds, fungi,
and insects (de Waard, 1993), including develop-
ment of resistance in insects against geneti-
cally modified (GM) crops (Laxminarayan and
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Simpson, 2002). Lastly, genetic control of fungal,
bacterial and viral plant pathogens can also lack
durability (McDonald and Linde, 2002; Parlevliet,
2002).

It is therefore important to develop methods to
preserve the efficacy of available genetic or chem-
ical means to control pathogen populations. For
crop protection, models have been developed to
enhance the durability of pest control methods. In
addition to specific breeding strategies, such as
pyramiding (McDonald and Linde, 2002), several
approaches have been proposed to enhance the
durability of resistance to plant pathogens. These
generally consist of (i) changing the proportion of
resistant cultivars in a given region using
non-spatially explicit models (Kiyosawa, 1982;
Shi-Mai, 1991; van den Bosch and Gilligan, 2003),
(ii) using mixtures of cultivars (Wolfe, 1984;
Mundt, 2002), or (iii) spatio-temporal deployment
of different resistances (Kiyosawa, 1982; Holt and
Chancellor, 1999). Similarly, for GM crops, vari-
ous models have been proposed to help define
strategies to limit the selection pressure exerted on
the pest populations through (i) the adaptation of
refuge size (Laxminarayan and Simpson, 2002;
Linacre and Thompson, 2004), (ii) refuge size and
spatial organisation (Caprio, 2001; Vacher et al.,
2003), (iii) refuge size, spatial organisation and
crop rotation (Peck et al., 1999; Onstad et al.,
2001). Computerised simulations of the evolution
of insect resistance to insecticides indicated that
insecticide rate, refuge size and rotation of insec-
ticides with different modes of action could en-
hance the durability of the efficacy of chemical
control (Gazzoni, 1998). However, these models
usually take into account only one control meth-
od. Nonetheless some models aimed at defining
management strategies for a non-durable method
of control do integrate additional control meth-
ods. For GM crops, Storer et al. (2003) and Cerda
and Wright (2004) integrated refuge size, spatial
organisation, crop rotation and pesticide use on
the refuge in their models to help preserve the
efficacy of GM crops. In addition, non-chemical
controls (such as tillage, fallow periods and sowing
rate) have been generally integrated into models to
develop strategies for management of herbicide
resistance (Cavan et al., 2000; Neve et al., 2003).
Likewise, Integrated Resistance Management
(IRM) programs have been successfully developed
to prevent the adaptation to insecticides of

tobacco whitefly (Bemisia tabaci) and other pests
(Palumbo et al., 2001).

With regard to the durability of genetic resis-
tances to pathogens, fewer integrated approaches
have been conducted, no doubt because of the
complexity of the pathosystems. One idea pro-
posed is the integrated management of cultivar
resistance group simultaneously with fungicide
application (Crute, 1984; Wolfe, 1984). For
example, different powdery mildew resistance
sources could be used for spring and winter barley,
while permitting only specific fungicides on each
crop type to isolate pathogen populations on the
two barley types and hence limit evolutionary
potential. Wolfe (1984) extended the idea to alter
crop cultivars grown each year (in a cultivar mix-
ture rather than with different cultivars in different
fields), simultaneously altering either the chemical
used or the cultivar protected by it. Where differ-
ent diversification groups are available, the groups
in use may be rotated each season so that any one
particular group is initially unprotected for one or
two seasons, then protected by a fungicide, before
being omitted from cultivation completely for at
least one season.

Understanding the selection occurring in a local
pathogen population is complex as it is influenced
by sub-populations on wild host plants, spore re-
lease from old debris (of previous cultivars), and
long-distance immigration of spores or seed-borne
inoculum in addition to inoculum produced on the
range of cultivars currently grown in a region. Due
to local differences in the pathogen population,
classification of cultivar resistance for advising
growers each season is therefore usually based on
trials done in several locations within a particular
country or region. However, classification of ‘field
resistance’ is a combination of different compo-
nents: qualitative, race-specific resistance; quanti-
tative polygenic resistance, disease escape and
tolerance, which may each be affected by cultural
and environmental factors. Various cropping
practices can decrease disease severity or increase
‘field resistance’ and therefore reduce selection of a
pathogen population virulent on the current cul-
tivars. Integrated management of pathogens can
increase the durability of the resistances used for
their control (McDonald and Linde, 2002; Mundt
et al., 2002; Parlevliet, 2002), but there is a general
lack of knowledge on how to integrate several
methods to enhance the durability of resistances.
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Therefore, it is important to develop tools to
integrate methods to limit the selection pressure
exerted on the populations by resistances and to
limit the inoculum size of pathogen populations.
We propose the expression ‘‘Integrated Avirulence
Management’’ (IAM) to describe this concept.

IAM involves not only limiting the selection
pressure exerted by specific resistances on pathogen
populations using a gene deployment strategy, but
also limiting the inoculum size of the pathogen
populations using an appropriate combination of
control methods. These methods can be cultural,
physical, biological or chemical. The gene deploy-
ment strategy can comprise alternating genetic
resistances in time and space, or pyramiding resis-
tances into a single cultivar. The deployment
strategy can be applied at plant level (pyramiding),
at field level (cultivar mixtures, species mixtures,
multi-lines and multi-blends), at the farm level
(inter-field diversification), or at the regional level
(inter-field diversification, Adugna, 2004). With
regard to the deployment in time, resistance genes
can be released sequentially (a new resistance is
introduced as soon as resistance breakdown oc-
curs), or different genetic resistances can be used in
different seasons. The physical area to which the
definition of IAM applies depends on the capacity
of the pathogen for dispersal. Although this
integrated management is proposed for spe-
cific resistances, it can be applied to quantitative
resistances.

We illustrate the concept of IAM using phoma
stem canker (Leptosphaeria maculans), one of the
most serious diseases that affects oilseed rape
worldwide (Fitt et al., 2006). The main control of
this disease is genetic through specific and quan-
titative resistances (Delourme et al., 2006).
McDonald and Linde (2002) proposed a model
that predicts the risk of specific resistance break-
down for several pathosystems on a 4–11 scale,
with higher values indicating greater risk of resis-
tance breakdown. With this model, the Leptosp-
haeria maculans/oilseed rape pathosystem was
scored as 7–8. This high level of risk of specific
resistance breakdown results from the evolution-
ary potential of the pathogen that undergoes a
combination of sexual and asexual reproduction
and has a medium genotypic flow (West et al.,
2001). The high score given by this model is con-
sistent with observations of several specific resis-
tance breakdowns that have occurred in Europe

(Rouxel et al., 2003) and, more recently, Australia
(Li et al., 2003a,b, 2004; Sprague et al., 2006). This
review paper analyses the methods (cultural,
physical, chemical, and biological) that can limit
the size of Leptosphaeria maculans populations,
then demonstrates how this limitation can enhance
the durability of specific resistances in the consid-
ered pathosystem. Finally, it proposes pathways
for the development of a spatially explicit model to
define IAM strategies and provides preliminary
simulation results.

Cultural, physical, chemical and biological control
of Leptosphaeria maculans

Cropping practices affecting the severity of phoma
stem canker include crop rotation, stubble man-
agement and tillage, sowing date, fungicide regime,
plant density and fertiliser use. The first group
(crop rotation, stubble management and tillage)
concerns ways of reducing exposure of crops to
inoculum. Similarly, sowing date can be changed
to avoid exposure to air-borne spores completely
or at least during the period when the crop is most
vulnerable. Sowing date may also be changed to
avoid excessively hot periods, which can stress
plants and exacerbate the impact of the disease
(West et al., 2001). Fungicide regime is included
here as an agricultural practice that when used
correctly can substantially reduce final disease
severity, but which for some regions is not an
economic option. Other factors such as plant
density and soil nutrition affect the severity of
disease in various ways through disease escape or
increasing crop tolerance.

Cultural and physical control

Reducing exposure of the crop to inoculum by
disposal of stubble and using crop rotation to
maximise separation between recent debris and the
current crop is an important strategy for disease
control. Similarly, tillage regime has a large effect
on inoculum availability through differences in the
burial or destruction of debris bearing pathogen
fruiting bodies. This not only influences dispersal
gradients of air-borne ascospores but also prevents
conidia being rain-splashed directly from stubble
in close proximity to plants (Thürwächter et al.,
1999). The most common primary inoculum is
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air-borne ascospores, which are usually released
after rain over several weeks, from pseudothecia
formed on remains of infected plants.

Tillage regimes tested in Canada by Turkington
et al. (2000) confirm that burial helps the break-
down of debris but that the woody root and crown
debris is more persistent than upper stem debris.
After 3 years, residue levels were generally low
following all tillage regimes tested (including zero-
tillage), indicating that a rotation with at least
4 year intervals is advisable to reduce phoma stem
canker in that location. This contrasts to the sit-
uation in south-eastern Australia where crop res-
idues and ascospore loads decrease substantially
after 18 months (Marcroft et al., 2003).

Typically, ascospore dispersal gradients follow a
negative exponential (or a power function, or a
Cauchy) distribution with most spores deposited
within 500 m of the source, especially the first
100 m, but with some risk to crops up to several
kilometres away (West et al., 2001; Marcroft et al.,
2004). However, dispersal gradients are modified
substantially by wind speed and local topography.
Although the small number of spores likely to
travel considerable distances pose little risk of
initiating severe disease in the current season, these
spores could represent new races or pathotypes,
which can then become established in a region.
The dispersal and deposition of many air-borne
particles, such as plant pathogen spores and plant
spores or pollens, has been modelled to optimise
separation distances. This approach can be applied
to calculate the risk of nearby inoculum sources
for infection of oilseed rape crops by ascospores of
L. maculans. Further work is required to quantify
the relative proportions of background air-borne
spores that have travelled long distances and those
produced locally.

Currently, a separation of crops from stubble
sources of only 500 m is recommended in Aus-
tralia. This distance is short because current cul-
tivars are generally more resistant than those
grown in the 1970s, use of minimum tillage prac-
tices is widespread and the acreage of oilseed rape
grown is increasing, making large separation dis-
tances from stubble sources difficult (Barbetti and
Khangura, 1999). Due to the dispersal character-
istics of ascospores, and the separation distances
recommended, the size of crop areas may also act
as a cultural method to reduce disease in combi-
nation with crop rotation. In the UK, there has

been a tendency in recent years for several ‘tradi-
tional farms’ to be managed as one, often with the
same crops being grown in adjacent fields,
although cultivars with different maturities are
used to lengthen the duration of the harvest and to
diversify disease resistance genes. Further work is
required to assess the impact of rotating relatively
large crop areas compared to smaller areas.
Although larger cultivated areas increase the size
of sources of ascospores (from the previous sea-
son’s crop debris), separation distances between
the current and previous season’s crops are also
larger, causing dilution of spores in the atmo-
sphere. This is generally likely to decrease disease
incidence, but increase spatial heterogeneity in
disease severity.

The timing of ascospore release makes sowing
date crucial. Poisson and Pérès (1999) demon-
strated that early leaves (i.e. the first two true
leaves) are more readily infected than later leaves
(leaves 4 or 6), although phoma leaf spots may
take longer to appear on early leaves. Previous
work has shown that infection of cotyledons or
leaves early in the season produces severe phoma
stem cankers before harvest (Hammond and
Lewis, 1986; Poisson and Pérès, 1999; Aubertot et
al., 2004a). In some areas, such as the dry Medi-
terranean climate of Western Australia, where the
first rains of the season often synchronise the
release of air-borne ascospores with seedling
emergence, severe canker or even death results as
the stem of seedlings up to the six leaf stage may be
completely severed at the base (Barbetti and
Khangura, 1999). Similar symptoms have been
reported on spring rape in Canada (Kharbanda,
1993). In much of Western Europe, there is usually
sufficient soil moisture to sow seeds in late summer
to establish plants that have produced several
leaves by the time L. maculans ascospores are first
released, avoiding infection at the crop’s most
vulnerable stage (LePage and Penaud, 1995). This
may explain why seedling death due to hypocotyl
infection is rare in Europe (Paul and Rawlinson,
1992). However, if late harvesting of crops or poor
weather delays sowing or emergence, crops may
still be relatively young when ascospores initiate
infections. Zhou et al. (1999) and Sun et al. (2001)
showed that in the UK, early appearance of crown
canker symptoms was associated with greatest
yield loss, with a thermal time from onset of leaf
spotting to canker appearance that differed
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between cultivars. However, an exception due to
disease escape often occurs in some central and
eastern European countries such as Poland, where
autumn leaf infections occur but severe crown
cankers are very rare. This is thought to be because
infections caused by early (autumn) spore releases
[in Poland] often do not reach the stem because
early frosts cause leaves to drop off prematurely.
The cold winter weather largely prevents further
spore release, leading to a second peak of spore
release in the spring, which leads to infection of
upper stems.

Other agricultural practices affecting disease
severity include plant (sowing) density and fertil-
iser regime. A dense stand tends to produce plants
with longer petioles and causes shaded leaves, low
in the canopy, to be shed sooner than in stands of
low plant density, in which plants receive better
illumination. Hence higher plant densities promote
disease escape or delay the pathogen reaching the
stem. Conversely dense stands and excessive fer-
tiliser treatment can produce relatively tall, thin-
stemmed plants, which ultimately may be more
prone to lodging. Further research is required to
understand effects of plant density on phoma stem
canker severity and yield. Spring nitrogen fertili-
sation has no effect on phoma stem canker severity
(Söchting and Verreet, 2004), but high autumn
nitrogen availability (i.e. more than 250 kg ha)1)
increases phoma stem canker severity (Aubertot
et al., 2004a).

Chemical and biological control

Chemical control of phoma stem canker includes
seed treatments, coated fertiliser granules or fun-
gicide sprays to foliage or stubble, depending on
the disease epidemiology and crop economics
(West et al., 2001). Foliar fungicide applications
are used only where potential yields are high, such
as Western Europe, rather than in areas where
shorter day-lengths and heat-induced early senes-
cence cause lower yields. Generally, foliar fungi-
cide applications have an impact on final canker
severity only if applied at the optimal time (West
et al., 2002). Penaud et al. (1999) reported a system
developed in France to improve fungicide use
based on infection risk and agronomic factors.
Imminent infection (7 rain-days after sowing,
maturation of pseudothecia or first detection of
>20 ascospores per day) triggers the decision to

apply a fungicide if agronomic factors (cultivar
susceptibility, soil type, growth stage and plant
vigour) favour disease. The optimal timing for
foliar fungicide applications in England is soon
after the onset of significant leaf spotting (i.e.
>10–20% plants affected) as this prevents new
leaf infections, whilst preventing stem infection
from existing leaf lesions due to fungistatic and
fungicidal effects (West et al., 2002). However, this
approach relies on regular disease assessment in
crops, particularly if plants are small, as the inci-
dence of leaf spotting can increase rapidly and the
fungus can reach the stem of small plants relatively
quickly. To reduce the need for regular assessment
of crops, the onset of phoma leaf spot and there-
fore, fungicide timing, can now be predicted. The
model developed by Salam et al. (2003) predicts
the onset of pseudothecial maturity in Australia
when 43 suitable days (as defined by temperature
and rainfall parameters) have occurred since har-
vest. Following the onset of maturity, ascospore
showers are predicted when daily rainfall exceeds a
threshold. This model is very accurate under
Western Australian conditions and is used as a
decision support tool for advising sowing date.
Further models suited to other regions are under
development to predict ascospore release or the
first appearance of phoma leaf spot from temper-
ature and wetness or rainfall data.

Chemical treatment of stubble to inhibit sporu-
lation or even kill the pathogen has been described
previously (Humpherson-Jones and Burchill, 1982;
Rawlinson et al., 1984; Petrie, 1995) and a new
group of chemicals has now been tested (Wherrett
et al., 2003). When dry crop debris were tempo-
rarily immersed in fluquinconazole, flutriafol
(technical grade) or glyphosate-ammonium, pseu-
dothecial maturation and subsequent ascospore
discharge were delayed. A practical solution such
as spraying stubble and weeds after harvest could
therefore help the crop to evade infection at the
most vulnerable growth stages.

Several microbiological control agents that
might control phoma stem canker develop-
ment have been tested. The bacterium Erwinia
herbicola was highly antagonistic to L. maculans in
vitro through antifungal substance secretion
(Chakraborty et al., 1994). Another bacterium,
Paenibacillus polymyxa strain PKB1, produces
antifungal peptides (Beatty and Jensen, 2002). This
bacterium significantly reduced germination and
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germ-tube length of L. maculans conidia in vitro,
decreased incidence and severity of leaf lesions in
growth chamber tests, and decreased survival of
the fungus on infected oilseed rape stubble in field
experiments (Kharbanda et al., 1999). Cyathus
striatus, a bird’s nest fungus, also has antagonistic
effects against L. maculans via two mechanisms. It
possesses a greater ability for primary resource
capture (greater production of cellulase and lign-
ase than L. maculans) and produces an antibiotic
complex named cyathin (Maksymiak and Hall,
2000). Furthermore, a biopreparation based on
spores from the fungus Trichoderma harzianum
reduced the severity of L. maculans leaf lesions in
field experiments (Hysek et al., 2002). However,
none of these biological control agents are cur-
rently used by farmers to control L. maculans and
the potential for their wide-scale deployment is
unknown.

Size of pathogen populations and durability of
resistances

Five evolutionary forces, described below, influ-
ence pathogen population evolution (McDonald
and Linde, 2002) but differ in their relative
importance in the oilseed rape/ L. maculans
pathosystem in relation to durability of resistances.

Evolutionary forces that act on pathogen
populations

Mutation is the ultimate source of genetic varia-
tion, leading to the appearance of new alleles in the
population. In a gene-for-gene relationship be-
tween pathogen and plant host, mutation from
avirulence to virulence is required in the pathogen
to generate individuals able to overcome the cor-
responding resistance gene in the plant. Mutation
rates are generally low, and vary between loci and
pathogens (McDonald and Linde, 2002). How-
ever, for a given mutation rate, the larger the
pathogen population, the higher the probability
that virulent mutants will appear. Furthermore, as
increasing numbers of virulent mutants are gen-
erated, the diversity of genetic backgrounds in
which further mutations to virulence occur in-
creases, thus increasing the probability that well
adapted mutants will arise.

Genetic drift may lead to a loss of alleles over
time in small populations, or populations going
through regular reductions in size. However, this
loss of alleles will only occur in the absence of
selection. Alleles experiencing selection pressure
will persist, whatever the size of the population.
Drift may lead to a random loss of inessential
virulence alleles on a susceptible plant cultivar but
on a resistant cultivar these alleles will not be lost
by drift because they are required for pathogen
infection.

Migration allows the exchange of alleles between
different populations. From a source of propa-
gules, the dispersal gradient is defined as the ex-
pected number of propagules reaching a given
distance. The number of propagules usually de-
creases with increasing distance, and, depending
on the nature of propagules and the dispersive
agent (wind, rain, vectors, human activities), the
pathogen dispersal gradient may vary in steepness.
However, for a given gradient, increasing the size
of the source population will increase both the
number of propagules dispersed to a given dis-
tance, and the probability that some propagules
will travel further.

Recombination in plant pathogens is generally
considered to promote adaptation of populations
by promoting the association of several necessary
alleles. If a combination of several virulence alleles
is necessary to infect a cultivar, a strictly asexual
pathogen will need to accumulate these virulences
by successive mutations in the same genotype,
whereas sexual reproduction will enable the com-
bination of two or more alleles that appeared
independently in different genotypes. In large
populations, increased numbers of mutants and
reduced genetic drift will promote higher diversity,
and therefore increase probability for combina-
tions of virulences to occur. However, to undergo
sexual reproduction, opposite mating types of
plant pathogens must meet and cross on the same
plant or its residues. Therefore, recombination can
occur only between those alleles that are not nec-
essary to infect the cultivar. In other cases, either
the two genotypes do not meet because they can-
not infect the same plant, or they meet but both
already possess the same alleles so recombination
does not confer any advantage. A disadvantage of
sexual reproduction is the need to find the opposite
mating type in order to produce progeny. As sta-
ted above, mating types of obligatory heterothallic
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pathogens must meet on the same plant to cross,
and are restricted to passive dispersal (they cannot
look for each other as insects do). In large popu-
lations, finding the opposite mating type will not
be a problem because incidence of the disease is
high and most plants are infected by several
genotypes. However, to overcome resistance genes,
when populations are very small on the resistant
cultivar, finding the opposite mating type may
become a limiting factor. This problem may be
reduced in L. maculans as saprophytic colonisation
of debris by pathotypes that would be avirulent on
the living plant could enhance the prospect of
crosses with virulent pathotypes.

Selection for virulence, selection against viru-
lence (fitness cost) and selection for aggressiveness
are critical evolutionary forces involved in the
process of resistance breakdown. In the gene-for-
gene relationship, major resistance genes oblige the
pathogen to possess the corresponding virulence
allele. Therefore, as soon as a resistant cultivar is
grown in a region, virulent genotypes have an
advantage over avirulent ones, in the proportion
of the respective acreages. Strategies that moderate
the selection pressure by diversification of genes in
space or time have been reviewed previously
(Finckh et al., 2000; McDonald and Linde, 2002;
Mundt, 2002). In general, the larger the acreage of
a resistant cultivar, the greater the advantage
of virulent genotypes - regardless of the size of
pathogen populations. The effect of increasing the
total pathogen population in the region (i.e. on
susceptible cultivars) will be to generate a larger
number of virulent genotypes through mutation,
more combinations of alleles through recombina-
tion and more migration of these compatible
genotypes onto the resistant cultivars, all of which
will increase the size of populations on the resis-
tant cultivars.

Selection against virulence, or a fitness cost for
the virulent individuals over avirulent ones, has
often been introduced into models of pathogen
population evolution (Kiyosawa, 1982; Leonard,
1997; Damgaard, 1999). Without a fitness penalty,
the only stable state that a model could reach is
ascendancy of multi-virulent individuals, which
does not correspond to what is observed in the
field. The strength of this selection against viru-
lence is still a matter of debate because of difficulty
in measuring it. If one assumes that all single base
pair mutations are similarly likely, then the equi-

librium frequency of an allele is a simple function
of its historical relative fitness. As mutations are
rare, small differences in fitness should cause large
differences in frequency, so often fitness costs for
initially rare virulence alleles would be immeasur-
ably small. Mutations that confer virulence against
one type of resistance could lead to avirulence
against another type of resistance, but may be
equally fit in the absence of either. This process
seems to vary among pathogens and loci and
probably only applies when avirulent and virulent
genotypes are in competition (i.e. on the suscepti-
ble cultivar). Furthermore, in the case of insecti-
cide resistance in mosquitoes, where the initial
fitness cost is very high, fitness is an adaptive trait
and replacement by alleles with lower fitness cost
occurs over time (Chevillon et al., 1999). In large
pathogen populations, if the resource is limiting,
competition between individuals is expected to be
more severe, but on the other hand the diversity of
genotypes in which mutation to virulence occurs is
higher, thus increasing the probability of lower
fitness costs or compensatory mutations.

Selection pressure imposed by quantitative
resistance is less documented than is the case for
major gene resistance (gene-for-gene relation-
ships). In the case of quantitative resistance,
infection by the pathogen is not an all or nothing
response, therefore the selection pressure imposed
on the pathogen population is lower and as a
consequence more difficult to study. Large popu-
lations of a pathogen increase the probability of
selecting genotypes with increased virulence.

Durability of resistance, evolutionary forces and
population size in the oilseed rape/L. maculans
pathosystem

What is a durable use of resistance genes, and
which forces act for and against adaptation of
pathogen populations? In some cases, durability of
resistance occurs at the level of the gene, and the
pathogen is not able to become virulent. One
famous case is the barley mlo gene for resistance
against Blumeria graminis for which laboratory
selection of virulent mutants was unsuccessful and
no virulent isolates could be recovered from crops
despite about 30 years of use in spring barley
(Schwarzbach, 1998). In this case, three indepen-
dent mutations are necessary for the fungus to
become virulent and the only two virulent isolates
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available suffer a fitness cost (Lyngkjaer et al.,
2000). Of course, breeders hope to find such genes
but for L. maculans such combinations of viru-
lence genes have not been found. Furthermore,
virulent L. maculans isolates were present even
before the introduction of the corresponding genes
in the cultivars. This has been the case not only for
genes originating in B. napus, but also in France
for genes transferred into B. napus from the mus-
tards B. juncea (Brun et al., 2000) and B. nigra
(Brun et al., 2001) or in Australia for a gene
introduced from B. rapa subsp. sylvestris (Li et al.,
2003b, 2005). In these cases, reducing the size of
the population at the local level may reduce the
occurrence of new mutants and virulence alleles
may be lost through genetic drift. However, as
virulent isolates are detected in populations in the
complete absence of selection pressure, it appears
unlikely that their fitness cost would be sufficient
to hamper their build-up as soon as resistant
plants were present.

In some cases individual plants may have
durable resistance through combination or pyr-
amiding of stable resistance genes. The underlying
assumption of pyramiding is that it is more diffi-
cult for a pathogen to acquire several independent
mutations than a single one. However, any sepa-
rate use of the individual resistance genes else-
where will reduce the efficacy of pyramiding
(Kiyosawa, 1982). In the case of L. maculans, if
virulent mutants are already present at low fre-
quencies in the population, they would need to
acquire only one allele to become virulent against
two resistance genes. Isolates with multiple viru-
lences may also be already present in the popula-
tion, at a frequency below the detection threshold
but would be exposed to a very strong selection
pressure. Furthermore, once multi-virulent isolates
are present in the population, corresponding
resistance genes cannot be used either alone or in
combination.

A final approach to enhance the durability of
resistances occurs on a regional scale through
strategic use of non-durable genes in a manner that
prevents adaptation of the pathogen population,
despite its ability to overcome individual genes or
gene combinations. In this case what happens in
each field (population of the fungus) should be
distinguished from what happens at the level of a
network of fields or a small region. At a regional
scale, the group of fields from which the inoculum

is produced at the end of one growing season is
mixed to form a metapopulation of the fungus and
spread over all of the crops emerging in the next
growing season. On this scale, maintaining low,
stable frequencies of virulent alleles will enhance
durability of resistance genes. The susceptible
cultivars (on which virulence alleles are neutral)
act as a source of virulent mutants, and resistant
cultivars (on which virulence alleles will multiply)
act as a sink. As long as the resistant cultivars
remain only a sink, the composition of the meta-
population will not change over time. When the
resistant cultivars contribute progeny to the next
generation, no combination of the processes of
mutation, drift, migration, recombination or fit-
ness cost will be sufficient to counterbalance the
selective advantage of virulent individuals growing
on the whole acreage in contrast to avirulent
individuals that do not.

Durability in a metapopulation and cultural
practices

Until now, strategies aimed at increasing durabil-
ity of resistance have generally sought to reduce
selection pressure by diversification of resistance
genes in space and/or time. However, the expected
outcome from such strategies is a dilution that
slows the process, but does not result in a stable
equilibrium, unless a huge fitness cost is assumed.
Much less attention has been paid to other possi-
bilities, in the context of the metapopulation, that
focus on preventing resistant cultivars from
becoming a source of inoculum. To be a source
from a resistant cultivar, L. maculans has to sur-
vive saprophytically and produce inoculum, which
has to be dispersed onto oilseed rape fields in fol-
lowing seasons. All three processes could be
hampered in the following ways:

1. Survival of the pathogen is altered by various
stubble management practices described previ-
ously and fungicide sprays.

2. Inoculum is produced on oilseed rape residues
as either ascospores arising from sexual
recombination, or conidia from asexual multi-
plication. As a heterothallic obligatory patho-
gen, L. maculans can produce ascospores only
if mycelia of opposite mating types meet on
the same plant. Adapting the crop manage-
ment of oilseed rape (sowing date and rate,
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nitrogen availability, fungicide application)
can reduce the susceptibility and exposure of
the crop to inoculum and therefore reduce the
subsequent inoculum production.

3. Dispersal of inoculum from the resistant culti-
var to the following year’s crops depends on
the spore type, the amount of inoculum and
the locations of fields in successive years. As-
cospores move between distant fields, whereas
conidia at most will only reach adjacent fields.
Therefore, unless the oilseed rape is grown in
the same field each year, or sown adjacent to
unburied residues from the previous season,
the transmission of offspring from one genera-
tion to the next through conidia is likely to be
very low. Spatio-temporal distribution of cul-
tivars in a given region will therefore strongly
affect the incidence and severity of leaf spot
infections.

Thus cultural practices will play a major role in
durability of resistances, if used on both resistant
and susceptible cultivars so as to prevent resistant
cultivars from acting as an inoculum source. On
resistant cultivars, the amount of inoculum has to
be reduced, and the success of dispersal con-
strained. The amount of inoculum produced may
be lowered actively by soil tillage (Turkington
et al., 2000), burning (Marcroft et al., 2003) or use
of pesticides (Humpherson-Jones and Burchill,
1982; Rawlinson et al., 1984; Petrie, 1995; Wher-
rett et al., 2003, 2004). The success of dispersal can
be constrained by making sure conidia do not
survive from one season to the next (no con-
secutive rotation, no new crop adjacent to field
residues of resistant cultivars). Concerning
ascospores, the key point is to reduce the size of
the population on resistant cultivars, which will
both lower the distance at which migration will be
significant and reduce inoculum produced if the
size of the population is low enough so that indi-
viduals do not find an opposite mating type for
sexual reproduction. Decreasing population size
on the resistant cultivars also depends on the
reduction of population size on susceptible culti-
vars. Smaller population sizes on susceptible cul-
tivars are expected to reduce the number of
virulent mutants, to lower the probability that
such a mutation occurs in a background with low
fitness costs, to enhance the loss of virulence alleles
through genetic drift, and to lower allelic diversity

so that fewer allelic combinations are generated by
drift. Thus, smaller population sizes on susceptible
cultivars reduce the probability that virulent mu-
tants reach fields sown with otherwise resistant
cultivars where they would not be prevented from
obtaining an automatic selective advantage.

Modelling for Leptosphaeria maculans Integrated
Avirulence Management

To apply IAM strategies, modelling is an essential
tool to handle the complexity of a pluri-annual
system, driven by environmental variables along
with technical decisions taken by a group of
stakeholders at a regional scale. In this section,
pathways are presented for the development of a
model aimed at defining IAM strategies. This
model describes the effects of cultural practices of
several farmers in a given region on the evolution
of the genetic structure of the pathogen popula-
tions. To do so, cultural practices that greatly af-
fect the pathosystem will be taken into account;
changes over time in the regional spatial distribu-
tion of oilseed cultivars (with possibly different
specific and quantitative resistances), stubble
management (tillage, export, or burning), appli-
cation of chemicals to leaves or stubble, sowing
date and sowing rate, and nitrogen fertiliser inputs
throughout the cropping systems (Figure 1). The
distribution of infected stubble is predicted from
the changes over time in regional spatial distribu-
tion of oilseed rape cultivars and stubble man-
agement. Application of chemicals to stubble may
reduce and delay the production of primary inoc-
ulum. Temperature and rainfall affect the timing
of pseudothecial maturity; the mature ascospores
are released during a rainfall event and wind speed
and direction indicate where the ascospores will be
dispersed. The deposition of ascospores on oilseed
rape crops also depends on crop density (affected
by nitrogen availability at sowing), as long as the
soil surface is not completely covered by the crop.
The severity of stem canker depends on cultivar
resistance, the use of foliar fungicides, sowing date
and sowing rate, nitrogen availability at sowing
and weather variables. Available models, such as
SimCanker (Aubertot et al., 2004b), can be used to
represent this particular stage in the epidemiology
of phoma stem canker. The genetic structure of
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L. maculans populations is then simulated for each
field in the region studied.

Preliminary simulations illustrate how such a
tool could help to define integrated strategies to
enhance the durability of specific resistance genes.
Simulations are limited to the spread of ascospores
for one season (only the 3 upper boxes are used in
these simulations). The numerical model used to
compute these simulations is a combination of
three validated models: a model representing the
effects of tillage operations on the vertical distri-
bution of oilseed rape stubble (Schneider, 2005);

Sporacle (Salam et al., 2003); and Anthracnose
Tracer (Diggle et al., 2002).

We modelled a part of Scaddan district of
Western Australia (33.44�S and 121.72�E), a
17.2�17.5 km area, to indicate the pattern and
intensity of ascospore dispersal. Figure 2 shows
the simulated dispersal of ascospores for a period
of 30 days after emergence in the current season
from field 67, where an affected crop was grown
the previous season. Local weather data for 1999
were used to run this simulation on an hourly
basis, assuming a crop emergence date of 10th

Figure 1. Flow chart of a spatially explicit model aimed to define Integrated Avirulence Management strategies for phoma stem

canker of oilseed rape over several seasons.
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May. The functions (relationship between weather
variables and ascospore maturity and seasonal
pattern of ascospore release) and related parame-
ters used have been described (Salam et al., 2003).
The ascospore dispersal function has two compo-
nents, the angle and distance of dispersal, as
characterised by the wind attributes. The wind-
induced dispersal angle is chosen from a normal
distribution defined by the average wind direction,
as measured by a weather station at 10 s intervals.
The distance component is a random value chosen
from a half-Cauchy distribution with a median
dispersal parameter multiplied by the average wind
speed (m s)1). This parameter is the median of the
distribution distance (m) that spores may travel.
Details of the dispersal function have been given

by Diggle et al. (2002). The dispersal parameter of
Salam et al. (2001) was used to describe dispersal
of L. maculans ascospores in Western Australia.

Wherrett et al. (2004) have recently quantified a
relationship between ascospore-production and
phoma stem canker severity in oilseed rape. With
respect to a potential of 34� 106 ascospores per
stem (or 1.7�109 spores m)2, considering 50
affected stem fragments m)2), a disease index
gradient [a calculation based on numbers of plants
affected in each of 6 canker severity classes
(Wherrett et al., 2004)] of 0–40, 40–50, 50–60 and
>60% was observed with roughly 1, 3, 6, 8 and
>8% spore-load (relative proportion of total
spore production over 30 days after emergence),
respectively. A similar relative scale was used to

Figure 2. Relative cumulated number of Leptosphaeria maculans ascospores/m2 dispersed during 30 days after emergence on a

17.2�17.5 km area of Scaddan district, Western Australia, from a source with 1.7�109 ascospores/m2 (50�50 m grid). The shading

represents the proportion of ascospores dispersed from sources during 30 days after emergence (h 0%, 0–1%, 1–3%, 3–

8%, n >8%). The numbers correspond to each field represented on the map. The black line around field 67 illustrates the signifi-

cance of the 500 m separation distance from the previous season’s crop, suggested in Western Australia.
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produce as outputs the concentration of ascosp-
ores dispersed in a grid (with squares 50�50 m) in
five concentrations – white (no spores), light grey
(0–1% of spore-load), grey (1–3% of spore-load),
dark grey (3–8% of spore-load) and black (>8% of
spore-load). Figure 2 also shows (black line
around field 67) the significance of suggested sep-
aration distance (500 m) from the previous sea-
son’s crop.

With the above assumptions, four scenarios
were simulated, combining two cultural factors,
cropping pattern (clustered fields and dispersed
fields) and tillage (simplified or mixed) to show
differences in spore dispersal in the region. For
these scenarios, it was assumed that six oilseed

rape crops were infected in the previous season in
the region. The infected fields were either clustered
(fields 51, 52, 53, 67, 71 and 73, Figure 2) or
scattered (21, 25, 60, 67, 123 and 176, Figure 2).
Simplified tillage consisted of sowing directly after
a cover-crop operation. Mixed tillage combined
three fields with conventional tillage and three
fields with simplified tillage. The conventional
tillage consisted of ploughing after harvest and
sowing after a rotary harrow operation. The spore-
load in the field with conventional tillage was 6%
of that observed with the simplified tillage (from
Schneider, 2005).

Figure 3 indicates that the concentration of as-
cospores is greatest, over the whole region, when

Figure 3. Comparison of the spatial dispersal of Leptosphaeria maculans ascospores obtained for four scenarios corresponding to

six infected fields arranged in either a clustered or dispersed cropping pattern, with simplified or mixed tillage (three fields with

simplified tillage and three fields with conventional tillage). The shading represents the proportion of ascospores dispersed from

sources during 30 days after emergence, with a total production of 1.7�107 ascospores/m2 (h 0%, 0–1%, 1–3%, 3–8%,

n >8%). The arrows point to locations in the region where crops could be grown without much risk expected of ascospore depo-

sition.
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the fields are in a clustered arrangement and have
undergone simplified tillage. The simplified tillage
practice with a scattered crop distribution, de-
creases the regional ascospore concentration by
13% (compared to the greatest), whereas mixed
tillage, irrespective of cropping pattern, decreases
the ascospore concentration by 45% (compared to
the greatest). However, the spores are expected to
be more widely distributed under the dispersed
(spores landed in 59 and 44% of the area,
respectively for simplified or mixed tillage) com-
pared to clustered (spores landed in 37 and 28% of
the area, respectively for simplified or mixed till-
age) cropping patterns. It is evident from Figure 3
that in some locations in the region, crops could be
grown without much risk expected of ascospore
deposition (near arrow) under the clustered crop-
ping pattern; this is not the case for the dispersed
cropping pattern scenario.

Discussion

Oilseed rape is facing a dynamic situation where
there are continual changes in the L. maculans
population, with the host being exposed to
potentially threatening ‘metapopulations’. While
strategies for enhancing durability of resistance
have existed for some time, the potential for
exploiting a more integrated management ap-
proach to increase durability has largely gone
untapped, mainly due to inadequate knowledge on
how to integrate available control strategies for
enhancing durability of resistance. Strategies and
options will vary in different regions of the world.
A sound approach would be to apply an integrated
approach to limit the selection pressure on the
L. maculans population and limit the actual
amount of inoculum produced by the L. maculans
population (IAM concept). However, this type of
management can be successfully achieved only by
including the full array of available cultural prac-
tices to decrease residue/inoculum levels (e.g. by
tillage, burning, crop rotation, application of
chemicals to residues), avoid residue/inoculum
(e.g. time of sowing, crop rotation), and judicious
and timely application and/or delivery to the crop
of fungicides and fertilisers. This requires spatially
explicit modelling, especially as additional factors
that influence L. maculans population evolu-
tion, such as mutation, genetic drift, migration,

recombination and selection occurring within the
pathogen populations, also need to be taken into
consideration in relation to durability of the host
resistance gene(s). Therefore, further work is re-
quired to transform the conceptual model pre-
sented in this paper into a completely validated
simulation model to provide recommendations for
strategies to be followed by farmers. The inte-
grated disease management strategy required dif-
fers in relation to the resistance genes present in
the crop. For example, the integrated management
of cultivars with polygenic versus major gene
resistance is likely to differ between different farms
and regions. Previous models have generally fo-
cused only on one or at most a few of these aspects
affecting durability of host resistance. In contrast,
our model is the first that attempts to spatially
accommodate the full range of the key aspects
affecting durability of resistance, especially those
associated with cultural control, with the aim of
predicting the best options for maintaining and
extending the durability of host resistance against
L. maculans. Durability of host resistance can be
achieved only by combining all these approaches
rather than merely relying solely upon the devel-
opment and deployment of resistant cultivars.
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Söchting HP and Verreet JA (2004) Effects of different

cultivation systems (soil management, nitrogen fertilization)

on the epidemics of fungal diseases in oilseed rape (Brassica

napus L. var. napus). Zeitschrift Fur Pflanzenkrankheiten

Und Pflanzenschutz-Journal of Plant Diseases and Protec-

tion 111: 1–29

Sprague SJ, Balesdent MH, Brun H, Hayden HL, Marcroft SJ,

Pinochet X, Rouxel T and Howlett BJ (2006) Major gene

resistance in Brassica napus (oilseed rape) is overcome by

changes in virulence of populations of Leptosphaeria

maculans in France and Australia. European Journal of

Plant Pathology 114: 33–40

Storer NP, Peck SL, Gould F, Van Duyn JW and Kennedy GG

(2003) Sensitivity analysis of a spatially-explicit stochastic

simulation model of the evolution of resistance in Heli-

coverpa zea (Lepidoptera: Noctuidae) to Bt trangenic corn

and cotton. Journal of Economic Entomology 96: 173–187

105



Sun P, Fitt BDL, Steed JM, Underwood CT andWest JS (2001)

Factors affecting development of phoma canker

(Leptosphaeria maculans) on stems of winter oilseed rape

(Brassica napus) in southern England. Annals of Applied

Biology 139: 227–242
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Abstract

A seasonal model, where a growing season is defined as the time between sowing and harvest and alternates
with an inter-crop period, was derived to study the effects of the ‘cost of virulence’ and cropping ratio on
durability of resistance. We assumed a single strain of virulent pathogen, a single strain of avirulent
pathogen and two cultivars (one resistant and one susceptible) and studied two measures of durability of
resistance (‘take-over time’ and ‘usefulness time’). Take-over time is defined as the time needed for the
virulent strain of the pathogen to reach a preset threshold and predominate over the previous pathogen
population. Usefulness time is the time needed before the estimated gain in green canopy area duration per
plant through the use of the resistant cultivar becomes negligible. The model suggested that, although it
could take several seasons before the virulent strain of the pathogen predominated over the previous
pathogen population, the usefulness time of the resistant cultivar was always much shorter. Furthermore,
increasing selection for the virulent strain of the pathogen (through increasing the cropping ratio of the
resistant cultivar) caused the virulent strain of the pathogen to invade the system more rapidly. Cost of
virulence, reflecting differences in pathogen infection rates between the four possible combinations of
cultivar/pathogen strain, significantly affected durability of resistance, with the dynamics of the virulent
and avirulent strains ranging from a case where the virulent strain of the pathogen died out to a case where
the virulent strain of the pathogen invaded the resident pathogen population. An intermediate state, where
the system reached equilibrium and the virulent strain of the pathogen neither became predominant nor
died out, was defined as ‘coexistence’ of both strains of the pathogen. Occurrence of coexistence was
directly related to the cost of virulence since it did not occur when virulence of the pathogen did not have a
fitness cost. Two methods to include cost of virulence in the model gave similar results in relation to the two
measures of durability of resistance studied.

Introduction

Growth in the productivity of agriculture during
the last 50 years has relied, to a large extent, on the
development of strategies for crop protection
(pesticides, resistant cultivars or specific farming
practices). It is generally recognized that both
pesticides and cultivar resistance face major
durability problems (Regev, 2002). Once such a

crop protection technique is introduced, it is often
only a matter of time before it loses its efficiency as
a growing proportion of the targeted pest/patho-
gen becomes resistant (e.g., to fungicides). This
problem can be managed as long as farmers have
access to a wide range of alternative efficient crop
protection techniques. However, the recent intro-
duction of regulations for market approval has
greatly decreased the number of commercialized
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active ingredients used in pesticides. In future,
farmers may need to rely on a narrow range of
chemical crop protection techniques and conse-
quently will need to depend more on genetic
resistance. Therefore, understanding and develop-
ing strategies for managing the durability of
resistance in cultivars is a scientific issue with
major economic stakes.

This problem of durability is particularly
important in the case of the pathogen Lepto-
sphaeria maculans that causes phoma stem canker
in oilseed rape. Currently, the control of the dis-
ease through the use of fungicides is frequently
only partially effective (Aubertot et al., 2006) and
farmers often rely on cultivar resistance and spe-
cific cultural practices. Under some circumstances,
major gene resistance used in cultivars has broken
down shortly after its introduction into commer-
cial cultivars. For example, the major resistance
genes Rlm1 and Rlm6 were rendered ineffective
within, respectively, 4–5 years and 3 years in
France (Rouxel et al., 2003) and the major resis-
tance gene in cultivar Surpass 400 was broken
down in 3 years in Australia (Li et al., 2003).

Although mapping work has been done on
L. maculans avirulence genes (Kuhn et al., 2006),
the genetic basis of much of the resistance is not
well understood in oilseed rape (Delourme et al.,
2006) and strategies to maximize durability of
resistance in commercial crops remain poorly
developed and have mainly concentrated on crop
rotation (Marcroft et al., 2002), burning or
disposal of stubble (Marcroft et al., 2003) or
ploughing (Turkington et al., 2000). Known major
genes for resistance to L. maculans are scarce. In
Europe, of the 10 such genes (Rlm) known in
oilseed rape (Howlett, 2004), many have already
been overcome. As a result, correct advice on
optimum strategies for deployment of resistant
cultivars is crucial to maximize durability of
resistance.

However, because of the cost and time needed,
few field experiments to study resistance durability
have been done (Brun et al., 2000) and, in some
situations, they may not be feasible. For instance,
pyramiding and non-pyramiding of major genes of
resistance have never been compared in field
experiments, although pyramiding has been
recently suggested as a way to improve durability
of oilseed rape resistance to L. maculans (Li et al.,
2004a). Models can be used to provide plant

pathologists with a better insight into the relative
effects of different agricultural practices and
characteristics of the pathosystem on durability of
resistance. Agricultural practices and strategies
which can be investigated include crop rotation
and spatial deployment of resistance genes
(McDonald and Linde, 2002). However, before
examining such strategies in detail, it is necessary
to define a base-line model, discuss the assumptions
it relies on and establish its validity as a starting
point for further analysis. This is the aim of this
paper. Hence, the emphasis of this work is on
qualitative (rather than quantitative) analysis.

Van den Bosch and Gilligan (2003) developed a
continuous model for a polycyclic disease epidemic
and compared several ways to define durability of
resistance. However, as they acknowledge in that
paper, ‘‘the model used [...] is the simplest possible
model that shows the effects of population
dynamics and population genetics on durability’’
and does not include spatial nor temporal patterns.
To incorporate spatial and temporal heterogeneity,
it is necessary to introduce seasonality into the
model. Here, we discuss differences caused by the
introduction into the model of seasonality, with a
sowing and a harvest date, when studying a poly-
cyclic disease. When comparing models for
monocyclic epidemics and polycyclic epidemics, we
had found no significant difference in the effects
studied (Pietravalle et al., 2004), possibly because a
polycyclic epidemic can be considered as a series of
successive monocyclic epidemics. Consequently,
we decided to restrict this study to polycyclic epi-
demics as this led to a simpler model. Furthermore,
and most importantly, we also introduced a cost of
virulence. The aims of this paper are therefore (1)
to explain the relationship between cropping ratio
and durability of resistance, (2) to explain the
relationship between cost of virulence and dura-
bility of resistance, (3) to compare two measures of
durability of resistance and (4) to compare two
models for introducing cost of virulence.

Materials and methods

The model

We consider a pathosystem with two host culti-
vars (resistant or susceptible) and two strains of
the pathogen (virulent or avirulent). As well as
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introducing seasonality into the model, we also
include two definitions of cost of virulence to
represent the differences in ‘total’ infection rate
between the four possible combinations of patho-
gen strain and cultivar. Further, in the context of
this model, we include both qualitative resistance
(complete resistance, mediated by a single gene)
and quantitative resistance (incomplete resistance,
mediated by one or more genes). Thus, where
resistance is incomplete, it is possible for the
avirulent pathogen to infect the resistant cultivar.
These assumptions lead to a system of six linked
ordinary differential equations (ODE) to describe
the system within each growing season and a set of
rules for the transfer of the pathogen and crop
densities between seasons. Two equations describe
the dynamics of the uninfected host, according to
its susceptibility (resistant or susceptible), whereas
four equations describe the dynamics of the
pathogen, according to its virulence (virulent or
avirulent) and the cultivar it infects (resistant or
susceptible). We now derive the two models stud-
ied and define the two measures of durability used
in this paper.

Within season dynamics

The densities of healthy tissue on susceptible and
resistant cultivars are called S and R, respectively.
In the absence of disease, both these densities
increase logistically as the crop grows, between
sowing and harvest. However, the increase in both
healthy crop densities is slowed down or even
reversed because of pathogen infection. Similarly,
when present, each strain of the pathogen
increases as a result of new infections and
decreases as a result of death or cessation of
sporulation. This is expressed as a set of six
differential equations:

dS

dt
¼ crop growth½ �S�

disease due to the

virulent strain

� �

� disease due to the

avirulent strain

� �

dR

dt
¼ crop growth½ �R�

disease due to the

virulent strain

� �

� disease due to the

avirulent strain

� �

dAS

dt
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susceptible to susceptible cultivar

2
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þ
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dt
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In the absence of disease, healthy crop densities of
both resistant and susceptible cultivars increase
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logistically, with equal growth rate r (r=rR=rS)
and with carrying capacities KR and KS. The path-
ogen has a polycyclic development with a base-line
infection rate b (defined as the new area infected per
lesion per unit time for the avirulent strain of the
pathogen on the susceptible crop) and a rate of
pathogen death and sporulation cessation l. We
also introduce a cost of virulence that affects the
pathogen infection rate. To do so, we define
parameters e1, e2 and e3 that represent the relative
decreases in infection rates of the virulent pathogen
on the susceptible crop, the avirulent pathogen on
the resistant crop (possibly to zero) and virulent
pathogen on the resistant crop, respectively. The
parameters e vary between 0 (no infection possible)
and 1 (no decrease in infection rate).We also need to
introduce the number (g) of lesions produced per
infected area. In this study, to investigate the four
objectives presented in the ‘Results’ section, we
chose to keep the eight parameters (r,K,b, l, g, e1, e2
and e3) constant across growing seasons.

In a first approach, we assume that the cost of
virulence e affects infection and does not affect
spore production (model 1) (Pietravalle et al.,
2004). Within growing season, this leads, after
setting A=AS+AR and V =VS+VR, to a set
of four differential equations, with parameters
described in Table 1.

dS

dt
¼ rSS 1� S

KS

� �
� bSA� e1bSV

dR

dt
¼ rRR 1� R

KR

� �
� e2bRA� e3bRV

dA

dt
¼ gbA Sþ e2Rð Þ � lA

dV

dt
¼ gbV e1Sþ e3Rð Þ � lV

ð1Þ

In a second approach, we assume the cost of
virulence e affects spore production and does not
affect infection (model 2). This leads to six differ-
ential equations:

dS

dt
¼ rSS 1� S

KS

� �
� bS e1VS þ e3VRð Þ

� bS AS þ e2ARð Þ
dR

dt
¼ rRR 1� R

KR

� �
� bR e1VS þ e3VRð Þ

� bR AS þ e2ARð Þ
dAS

dt
¼ gb AS þ e2ARð ÞS� lAS

dAR

dt
¼ gb AS þ e2ARð ÞR� lAR

Table 1. Variables and parameters used in the models

Description Dimension

Variables

R Density of uninfected resistant crop L2L)2

S Density of uninfected susceptible crop L2L)2

AR Density of avirulent lesions on resistant crop L)2

AS Density of avirulent lesions on susceptible crop L)2

VR Density of virulent lesions on resistant crop L)2

VS Density of virulent lesions on susceptible crop L)2

Parameters

rR, rS Logistic growth rate of resistant or susceptible crop t)1

KR, KS Carrying capacity of resistant or susceptible crop L2L)2

g Number of lesions produced per infected area L)2

l Rate of pathogen death and sporulation cessation t)1

ba New area infected per lesion per unit time (base-line) L2t)1

e1,2,3
a Cost of virulence 1

k Rate of transfer of pathogen between seasons 1

h Proportion of crop sown which is resistant 1

aNew area infected per lesion per unit time for the avirulent pathogen on the susceptible and resistant crops are b and e2 b respectively

and new area infected per lesion per unit time for the virulent pathogen on the susceptible and resistant crops are e1 b and e3 b
respectively.
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dVS

dt
¼ gb e1VS þ e3VRð ÞS� lVS

dVR

dt
¼ gb e1VS þ e3VRð ÞR� lVR

ð2Þ

Transition between seasons

Having described the derivation of the within
season model, we describe the dynamics between
two growing seasons. The parameter (k) for
transfer of pathogen between seasons represents
the proportion of infected material left in the field
from one cropping season to the next as a result of
environmental factors and farming practices (e.g.
burning of stubble, ploughing, etc.). Because one
aim of this study was to investigate the similarities
and differences between a continuous and a sea-
sonal model, rather than to investigate agricultural
practices, we decided to keep constant across sea-
sons the initial total crop density H0 and the pro-
portion h of crop sown in the region which was
resistant. Consequently, the initial total crop den-
sity and carrying capacity for each cultivar are
given by

KR ¼ hK; KS ¼ 1� hð ÞK;
R 0ð Þ ¼ hH0; S 0ð Þ ¼ 1� hð ÞH0

where K is the total (i.e. over both cultivars) car-
rying capacity and t=0 is the start of each growing
season.

Furthermore, the initial density of pathogen
present at the start of a season is a fraction k of the
total density remaining at the end of the previous
season. V(0) and A(0) are initial conditions to be
chosen the first season they are in the system.
Then, for each subsequent growing season:

Vð0Þ ¼ kVðend of previous seasonÞ
Að0Þ ¼ kAðend of previous seasonÞ

Numerical simulations and measures of durability of
resistance

All simulations are started with only the suscepti-
ble cultivar and the avirulent strain of the patho-
gen. This system was solved numerically until a
steady state was reached. Stabilization of the
system was assessed by comparing both final

densities (A and S) at the end of two consecutive
seasons. The system was considered to be stabi-
lized if both densities (A and S) differed by less
than 1% when measured at the end of two

consecutive seasons, that is
A tiþ1ð Þ�A tið Þ

A tið Þ < 0:01 and
S tiþ1ð Þ�S tið Þ

S tið Þ < 0:01 where A(ti ) and S(ti ) are densities
of the avirulent pathogen and susceptible crop at
the end of season i and the pathogen was consid-
ered as extinct for a density smaller than 10)14 at
the end of any season.

We then assumed that the virulent strain of the
pathogen was already present in very small quan-
tities in the background of the system and could
start to spread when the resistant crop was intro-
duced. As a result, we introduced the resistant
cultivar and virulent strain of the pathogen at the
start of the season following stabilization of the
initial system. The virulent strain of the pathogen
was introduced at a very low density V(0)=A(0)/
1000, where A(0) and V(0) are the densities of the
avirulent and virulent strains of the pathogen,
respectively, at the time of introduction of the
virulent strain of the pathogen.

Two measures of durability of resistance were
studied. Firstly, the widely recognized time until
take-over of the virulent pathogen is defined as the
time for the virulent pathogen to reach a given
threshold (95% in this work) in the pathogen
population, that is the time until V/(A+V) ‡ 0.95
(van den Bosch and Gilligan, 2003). Secondly,
because it is often thought that yield is related to
green canopy area duration (Gaunt, 1995), we also
introduced a measure of durability of resistance
based on the crop estimated green canopy area
duration. We calculated this as the sum, over the
entire growing season, of the healthy tissue for
each crop separately. Soon after the resistant
cultivar was introduced, it had an advantage over
the susceptible cultivar but this advantage
decreased with time as the virulent strain of the
pathogen developed, so that differences in green
canopy area duration between the resistant and
susceptible cultivars became small. As a result, we
define the usefulness time of the resistant crop as
the number of seasons before the estimated gain in
green canopy area duration per plant due to the
use of the resistant cultivar becomes negligible
(<5%), that is the time until there is no advantage
for the farmer to use a resistant cultivar rather
than a susceptible cultivar.
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Results

In this section,we successively demonstrate whether
(1) durability of resistance responds to cropping
ratio and compare this to results from the previously
published continuous model (van den Bosch and
Gilligan, 2003), (2) cost of virulence (through e1, e2
and e3) affects durability of resistance, (3) the two
measures of durability of resistance differ and (4) the
two models introduced differ.

(1) Increasing the proportion of resistant culti-
var h significantly reduces the time until
take-over (Figures 1 and 2). This result was
comparable to that obtained when using a
continuous model. On the other hand, use-
fulness time is not affected by increasing
cropping ratio h.

(2) Figures 1 and 2 also show that, when the
cost of virulence affects infection (model 1),
take-over time decreases with increasing e1
and e3 (results not shown for e3) and in-
creases with increasing e2. Small values of e1
and e3 and large values of e2 produce
extreme cases where both strains of the
pathogen coexist (infinite take-over time) or
the virulent strain of the pathogen dies out.
Coexistence, defined as an equilibrium state
where the virulent strain of the pathogen
neither dies out nor takes over, is therefore
directly related to the cost of virulence.
When usefulness time is the measure of
durability of resistance, similar trends are
observed, with the yield per plant for the
resistant cultivar only remaining signifi-
cantly greater than that for the susceptible
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Figure 1. Effects of cost of pathogen virulence (e1) and cropping ratio (h) on the two measures of durability of host resistance

(take-over time and usefulness time) to when the cost of virulence is assumed to affect infection (model 1). Model parameter

(Table 1) values used in these simulations are b=0.015, k=0.05, e2=0.6, e3=0.9, l=30, g=2000, rS=18.4, rR=18.4, K=3.5,

H0=0.01, A(0)=0.2 and V(0)=0.001 A(0). A smoothed spline was fitted to the calculated take-over and usefulness times.
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cultivar for small values of e1 and e3 (results
not shown for e3) and large values of e2.

(3) The two measures of durability of resistance
used in this paper are measured in the same
units (number of seasons) and are therefore
directly comparable. Although it might be
expected that the advantage of the resistant
cultivar over the susceptible cultivar would
decrease as the population of the virulent
strain of the pathogen increases, and that
the two measures of durability of resistance
are similar, Figures 1 and 2 show that this is
not the case. For instance, even with the vir-
ulent and avirulent strains of the pathogen

coexisting, the resistant cultivar may pro-
duce a yield (as measured by green canopy
area duration) not significantly greater than
that of the susceptible cultivar. Furthermore,
when the virulent strain of the pathogen
does take over, making the resistant cultivar
‘useless’, the time until take-over is always
larger than the usefulness time.

(4) Although results for simulations when cost
of virulence was assumed to affect the path-
ogen spore production (model 2) are not
illustrated, there was no difference between
the two models in terms of usefulness time
and take-over time.
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Figure 2. Effects of cost of pathogen virulence (e1) and cropping ratio (h) on the two measures of durability of host resistance

(take-over time and usefulness time) to when the cost of virulence is assumed to affect infection (model 1). Model parameter
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Discussion

Introduction of seasonality into the continuous
model of van den Bosch and Gilligan (2003) did
not qualitatively change the effect of cropping ra-
tio on the durability of resistance. However,
introduction of a cost of virulence (e) greatly af-
fected the dynamics of the virulent and avirulent
pathogen strains and the measures of durability of
resistance. The most important effect on the
dynamics of the pathogen is the possibility of
coexistence of the two strains for certain values of
e. Since results were qualitatively similar for the
two measures of durability of resistance and sim-
ilar patterns were observed for increasing e1 or
increasing e3, we will concentrate on the cases
where take-over time is used as the measure of
durability of resistance and where cost of virulence
is expressed through e1 and e2. To understand the
possibility of coexistence in relation to cost of
virulence, let us assume a very simple case where e2
is very small and e1 and e3 are equal (e1=e3=e). If
we consider an initial system in equilibrium with
only the avirulent strain of the pathogen and the
resistant and susceptible cultivars present, it fol-
lows that, if e is ‘large enough’ and the fraction of
S at equilibrium is ‘not too large’, the virulent
strain of the pathogen will invade. Similarly, if we
consider an initial system at equilibrium with only
the virulent strain of the pathogen and the resis-
tant and susceptible cultivars present, it follows
that the avirulent strain of the pathogen will in-
vade provided the fraction of S at equilibrium is
‘large enough’. Thus, in a system where both
strains of the pathogen are present, this shows
that, for some costs of virulence (i.e. combinations
of es), coexistence can occur since both strains can
re-invade the system if they reach small propor-
tions of the population. This result seems in
accordance with observed field data; even when a
major gene for resistance has broken down, coex-
istence has occurred (Brun et al., 2004).

Results of this work demonstrate that the two
measures of durability of resistance studied are not
equivalent (e.g. both strains of the pathogen can
coexist (hence no take-over) while the yield per
plant of the resistant cultivar becomes significantly
less than that of the susceptible cultivar). This
emphasizes the importance of clearly differentiat-
ing study of pathogen populations from study of
plant productivity. Although different combina-

tions of parameters produced different values for
take-over time, the usefulness time was always
shorter than the take-over time. This suggests that,
although the virulent strain of the pathogen may
sometimes take longer to invade the pathogen
population, differences in take-over time will have
little effect on the changes in green canopy area
duration of the plant and can be explained, simi-
larly to the appearance of coexistence of both
strains of the pathogen, as another direct conse-
quence of the introduction of costs of virulence in
the model. For instance, if we consider the very
simple case where both susceptible and resistant
crops are present in similar proportion, the use-
fulness time would be expected to be much shorter
than the take-over time because the loss of use-
fulness of the resistant crop can be due to the
infection by the avirulent strain of the pathogen.
Therefore, before such results can be used in
practice, further model studies are needed to con-
firm our findings. For instance, one factor which
should be tested is the period used to calculate the
green canopy area duration and usefulness time.
One alternative to the solution presented in this
work would be to restrict the period for calculating
the green canopy area duration to later stages of
growth rather than to the entire growing season. If
these results are shown to be robust, one conse-
quence is that total annual increases in yield ob-
tained through the introduction of resistant
cultivars would be directly related to the propor-
tion of the area sown with the resistant cultivar (h).
This suggests that it might be most profitable to
introduce a resistant cultivar over a large area, to
produce a larger gain in total yield, even though
this strategy would decrease the time for take-over
by the virulent strain of the pathogen.

To date, many field experiments investigating
durability of resistance have concentrated on
pathogen population frequencies (Brun et al.,
2000; Rouxel et al., 2003). This work shows that
such observations may not give the best insight
into the effects of a breakdown in resistance and
that the host green canopy area duration should
also be investigated. The results also show that
cost of virulence greatly affects durability of
resistance, suggesting that experiments must focus
on accurately estimating such fitness cost at each
stage (Li et al., 2004b; Huang et al., 2006) of the
pathogen life cycle to obtain an overall cost of
virulence as defined for this model.

114



This model can be used to investigate the effects
of spatial and temporal strategies for deployment
of resistance genes on durability of resistance. For
instance, spatial effects can be investigated further
at the local scale. Temporal effects to be analysed
could include agricultural practices such as crop
rotation through varying cropping ratio, possibly
combined with fungicide treatments (hence vary-
ing the rate of pathogen death and cessation of
sporulation l as a function of time) to investigate
the issue of inoculum thresholds (Wherrett et al.,
2004). Furthermore, some of the simplifying
assumptions used in this model may be relaxed.
For instance, it was assumed that the cost of vir-
ulence e was constant with time. It can be argued
that such a cost may diminish as a function of
time. Other areas of research to be pursued include
pyramiding of major resistance genes or intro-
ducing a probability of mutation (or gene deletion)
for the pathogen.

Furthermore, the model developed can be used
to analyse alternative measurements of durability,
in particular through economic indicators. In the
economic literature (Regev et al., 1983; Hurley et
al., 2001), durability is generally measured by the
accumulated profit for farmers over a long period
of time (say 20 years). To implement such an
indicator, a damage function that describes the
fact that yield loss increases with increasing den-
sity of pathogen that can survive on each crop
would need to be added. The damage is small if the
frequency of the virulent pathogen is very small
and if the resistant cultivar is efficient in reducing
the density of the avirulent pathogen strains.
However, the damage becomes significant as the
frequency of the virulent pathogen and the density
of pathogens increase. In an economic framework,
a strategy is durable if it preserves the long-term
economic gain without producing excessive short-
term economic losses. Here, the long-term gain is
generally obtained if the frequency of the virulent
pathogen is kept small; the cultivar is then still
efficient in controlling the damage caused by the
pathogen. However, such an objective may be
achieved only by preserving some avirulent path-
ogen strains in the short term, which would in-
crease damage and give some short-term economic
losses. Such an analysis would be worthwhile for
two reasons. Firstly, most of the applied economic
literature on the durability of resistance considers
insect pests and, to our knowledge, no application

has been made to fungal pathogens. Secondly, we
expect the usefulness time indicator to be corre-
lated with the accumulated economic profit indi-
cator. If confirmed, this would increase the interest
in using the ‘usefulness time indicator’.
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Abstract

The management of phoma stem canker (blackleg disease, caused by Leptosphaeria maculans) is an integral
component of oilseed rape production. In this paper, we discuss the information about management
strategies that is disseminated in Europe and Australia. New cultivars have been introduced with improved
resistance to disease, but sometimes this resistance has been overcome as new races of the pathogen have
emerged. When cultivars with single major gene resistance have been introduced into areas with high
inoculum concentrations, significant economic damage has been caused by new races of L. maculans within
2–3 years. Quantitative or polygenic resistance has also been used successfully against stem canker and
offers more durable disease resistance if plant breeders and farmers deploy this resistance more effectively.
Strategies to improve the durability of resistance need to be developed and tested in practice. New infor-
mation on the occurrence of virulence and avirulence genes in populations of Leptosphaeria maculans and
modelling of the durability of resistance provide opportunities for plant breeders, specialist technical
organisations, cooperatives, advisory services and farmers to collaborate and better exploit cultivar resis-
tance. Changing economic and environmental factors influence cropping practices and, if to be considered
successful, management strategies must show clear financial benefits. Technology transfer will need to
address all aspects of managing stem canker and other diseases of oilseed rape and using effective written,
verbal and electronic methods of communication.

Abbreviations: DSS – decision support system

Introduction

Phoma stem canker (blackleg), caused by Lep-
tosphaeria maculans), is one of the most econom-
ically important diseases of Brassicas world-wide.
It is particularly damaging on oilseed rape (canola)
in the major production areas of Europe, Australia
and North America (West et al., 2001). Oilseed
rape was first grown in Australia in the early 1960s

(Colton and Potter, 1999) and these crops were of
Canadian spring cultivars which were susceptible
to phoma stem canker. By 1971, L. maculans had
become endemic to the oilseed rape producing
areas (Bokor et al., 1975; McGee and Emmett,
1977). Severe epidemics soon after crop emergence
in Australia (Bokor et al., 1975) and in parts of
France (Brunin and Lacoste, 1970) caused com-
plete loss of crops. Epidemiological studies and
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breeding programmes were started in France
during the late 1960s. The winter oilseed rape
cultivar Major, registered in 1971, was the first
stem canker tolerant cultivar to be widely used and
had the resistance gene Rlm4 (Delourme et al.,
2006). The cultivar Jet Neuf, registered in 1978,
represented an important advance, combining very
good quantitative (polygenic) resistance to stem
canker and specific resistance (Rlm4) to L. macu-
lans (Delourme et al., 2006). Jet Neuf was the
main cultivar used all over continental Europe
during the following 10 years and has been widely
used as a source of resistance in breeding new
cultivars.

Phoma stem canker problems only re-emerged
at the end of the 1980s when a change in European
Union policy led to the introduction of double
zero (low erucic acid and low glucosinolate content
in seed) cultivars (Bearman, 1989). These problems
were evident before the modern winter oilseed crop
became established in the UK in the late 1970’s
and provided early awareness of the phoma stem
canker disease cycle in oilseed rape in relation to
components of disease management. Phoma stem
canker problems soon developed in southern and
eastern England, even where crops were grown for
the first time (Gladders and Musa, 1980). As the
areas of the UK and Australia that were cropped,
respectively, to winter and spring oilseed rape
cultivars expanded, government research and
technology transfer programmes increased. Such
research and technology transfer recorded the
prevalence of pests and diseases and provided
strategies for their management using cultivars
and agrochemicals (Fitt et al., 1997). This led to
more detailed epidemiological studies and the
development of improved control strategies using
resistant cultivars, fungicides and modified crop
agronomy (West et al., 1999; Zhou et al., 1999;
Gladders et al., 2004b). Government funding of
research continues and includes partnerships with
industry (‘LINK funding’) in the UK (Gladders
et al., 2004a). In France, CETIOM has strongly
supported stem canker research since the begin-
ning of the 1990’s. Government, public and
European Union funding helped these efforts,
notably Agence de l’environnement et de la mait-
rise de l’energie (ADEME), Ministère de la
Recherche et de la Technlogie (MRT), Ministère
de l’Agriculture et de la Pêche (MAP) Comité
Technique Permanent de la Selection (CTPS), and

the EU-funded projects NORDIC, IMASCORE
and SECURE. In Australia, state governments
and grower levies invested by the Grains Research
and Development Corporation account for most
research and extension funding, but several private
breeding companies have also been established.

A common feature, world-wide, of damaging
stem canker epidemics is the importance of air-
borne ascospores of L. maculans that are produced
on crop residues (West et al., 2001). In Australia,
epidemics of stem canker have been more dam-
aging than in Europe. These epidemics prevented
production of canola for approximately 15 years
until suitable resistant cultivars became available
(Salisbury et al., 1995). Rainfall at sowing and
minimum tillage cropping practices that leave in-
fected crop residues on the soil surface combine to
produce very severe early epidemics on seedlings.
Technology transfer activities have emphasised the
use of resistant cultivars, isolation of new crops
from fields with crop residues (Barbetti et al.,
2000; Khangura and Barbetti, 2001; Marcroft
et al., 2004; Wherrett et al., 2004) and use of
fungicides as seed or soil treatments (Ballinger
et al., 1988; Khangura and Barbetti, 2002). Little
emphasis has been placed on the use of fungicide
spray treatments for stem canker control because
of the low input – low yield production systems in
many parts of Australia (Barbetti et al., 2000).

In Europe, phoma stem canker has been more
damaging in some regions of France and Germany
than in the UK. Several major resistance genes
have been overcome (Brun et al., 2000; Rouxel
et al., 2003; Balesdent et al., 2006; Sprague et al.,
2006) and improved strategies to manage stem
canker are required (Aubertot et al., 2006). Tech-
nology transfer to farmers has been led by CETI-
OM with emphasis on understanding the
development of L. maculans and controlling it with
resistant cultivars. As in the UK, current research
is directed to understanding the seasonal variation
in disease development (Poisson and Pérès, 1997;
Thürwächter et al., 1999) and management by
improved husbandry and targeting of agrochemi-
cals. Nevertheless, the benefits from foliar fungi-
cide treatments are uncertain due to the long
periods of dissemination of ascospores and rela-
tively short periods of fungicide persistence. Effi-
cient disease control has been achieved when
fungicide application timings are correctly guided
by spore trap records indicating prevalence of
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L. maculans ascospores and forecasts of the
risks of onset of phoma leaf spot development
(P. Gladders, unpublished data).

Technology transfer

In Australia and Europe, the transfer of results of
research and development on phoma stem canker
to farmers and the wider industry was initially
funded by government through programmes
commissioned with state advisory services and
national organisations doing cultivar testing. This
was achieved through a network of plant pathol-
ogists and advisers, using local meetings with
farmers, and supported by various publications
and press features (Table 1). There are some dif-
ferences between the UK, France and Australia in
the use of written, verbal and electronic commu-
nication, but all use a range of different methods.
Cultivars were promoted mainly by their breeders
and agrochemicals by their manufacturers. These
activities have changed over the last two decades
as advice to UK and Australian farmers is now
usually provided by private consultants and

agrochemical distributors on a chargeable basis. In
Australia, France and the UK, research results
and technology transfer to farmers and industry
are conveyed by levy-funded bodies (GRDC,
CETIOM and Home-Grown Cereals Authority
(HGCA) respectively) that receive funding from
farmers based on their oilseed rape production
(Table 2). Activities of these bodies include
conferences and meetings, field demonstrations
and publications that are available to industry,
consultants and farmers. In the UK, where agro-
chemical usage is important, manufacturers have
made a significant contribution to technology
transfer. Most research projects have a component
of technology transfer, although this is necessarily
short-term and generally only done during the
course of the project. In Australia, the Canola
Association of Australia, and Oilseeds Western
Australia provide links between researchers,
growers, marketers, oilseed crushers and exporters
in eastern and Western Australia, respectively.

Technology available for the transfer of infor-
mation on disease management, continues to
evolve. Advances in personal computers and the
electronic media, such as the Internet, have been
exploited since the late 1990s. A first step is to have
technical paper documents also available on
Internet (see for example www.cetiom.fr), includ-
ing recommendations on how to select cultivars
and agronomic practices to decrease the impact of
stem canker. For other diseases, such as light leaf
spot (Pyrenopeziza brassicae) in winter oilseed
rape (Welham et al., 2004), a regional forecast
exemplifies free Internet-based technology transfer
(Evans et al., 2002). Individual farmers and con-

Table 1. Summary of methods used for technology transfer

of information and advice on control of stem canker and

other diseases of oilseed rape

Method Format Australia France UK

Written Technical leaflets ** ** *

Books * * *

Specialist magazines ** *** ***

Scientific papers ** * **

Conference papers ** ** **

Project reports * * *

Farming press (weekly) *** *** ***

Non-specialist Press

e.g. newspapers

* – *

Weekly crop reports ** * **

Verbal Telephone * * *

Farmer meetings *** ** **

Specialist training events * ** **

Scientific conferences ** * **

Advisory visits ** ** *

On farm consultancy *** ** ***

Electronic Email * * **

Fax ** ** *

Websites ** ** **

DSS ** * **

Databases * * *

The relative importance of technology transfer activities is

indicated by the number of asterisks (*** is the most impor-

tant).

Table 2. Funding of technology transfer activities for im-

proved disease management of oilseed rape crops

Funding sources Australia France UK

EU – ** *

Government (State – AUS)

includes Research Councils

* * **

Government/industry LINK * * **

Levy *** *** ***

Agrochemical industry * * **

Plant breeders * * *

Individual farmers/consultants * * *

The relative importance of funding for technology transfer

activities is indicated by the number of asterisks (*** is the most

important).
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sultants can access the forecast to determine the
risk of damaging attacks of light leaf spot and use
the forecast interactively to judge the benefits of
using resistant cultivars and/or fungicides (see
www3.res.bbsrc.ac.uk/leafspot). The regional
forecast provides strategic guidance about the
changes in disease risk from year to year. Similar
forecasts are being developed for phoma stem
canker, but have not yet been validated (Gladders
et al., 2004a). Crop-based information is still re-
quired to guide decisions on individual fields.
There has been increased emphasis on rapid
transfer of information on disease development in
crops to provide improved guidance on seasonal
risk and the timing of fungicide sprays in autumn.
In the UK, information on the development of
L. maculans in crops in autumn has been made
available by Syngenta Crop Protection UK Ltd
(www.syngenta-crop.co.uk/SPAWS/). Both spore
trap records and crop assessment records are up-
dated weekly in autumn to provide improved
guidance on the year-to-year and crop-to-crop
variation in disease development. Disease surveys
and live monitoring data are available for the
England through the Defra-funded CropMonitor
project (www.cropmonitor.co.uk). Recently
CETIOM has released on-line ‘‘@oléovar’’, which
is an interactive tool available to select culti-
vars or combinations of cultivars (www.cetiom;fr/
oléov@r).

The complex interactions of pathogens, crop and
environment present many challenges for technol-
ogy transfer. Modelling of some of these interac-
tions and the development of decision support
systems (DSS), such as the PASSWORD project
(Gladders et al., 2004a), are in progress for L.
maculans and other pathogens of oilseed rape. DSS
have the advantage of allowing wide access to
guidance on disease management and for decisions
to be made for individual crops in response to
changing conditions. To be successful, DSS must
be up to date, easy to use, reliable and cost-effective
(Henriksen et al., 2000).

The impact and success of technology transfer
activities may be judged in part by changes at the
farm level detected in surveys. New oilseed rape
cultivars are taken up by the industry in 1–2 years
and most have a relatively short period of com-
mercial production before higher yielding cultivars
replace them (Hardwick et al., 2002). Similarly
new fungicides have been strongly promoted and

adopted rapidly in the UK (Turner et al., 2000;
Hardwick et al., 2002). Technology transfer to
encourage use of autumn sprays to control stem
canker (and light leaf spot) and to improve fun-
gicide spray timing has taken place since autumn
1996 (Gladders et al., 1998). At that time, few
farmers were applying fungicide sprays at opti-
mum times and they therefore derived little disease
control or financial benefit from fungicide appli-
cation (Gladders et al., 1998). Crop surveys in
England indicated a large increase in the use of
autumn sprays from 2.5% of crops treated in 1992
to 75% of crops treated in 1999 (Turner et al.,
2000). Changes in timing of fungicide sprays have
occurred more rapidly in oilseed rape than in
wheat, probably because there are more sources of
information available for fungicide treatment of
wheat. This is probably due to the fact that while
there are more sources of information available for
fungicide treatment of wheat, sources tend to give
conflicting advice (Hardwick et al., 2002). A con-
sistent message (supported by industry partners)
on the benefits of autumn fungicide sprays in oil-
seed rape, with clear indications of disease-induced
yield loss and economic benefits (Fitt et al., 1997;
Turner et al., 2002), has been important for the
success of this technology transfer.

In Germany and some other European countries
where winter damage is important, fungicides
(often triazoles) are applied in autumn to improve
winter hardiness rather than for disease control. In
France, especially in the Central region, the mar-
ket share of fungicide applications in autumn also
increased greatly (from nearly 0% in 2002 to 9%
at the national level in 2003, and from 0 to 23% in
the Central region near Orléans in 2003 (CETIOM
postal surveys)) in response to commercial pres-
sure from agrochemical suppliers and in opposi-
tion to independent advice from CETIOM. This
increase in use of fungicides appears to be linked
to an increase in no tillage techniques. In Austra-
lia, changes in cultivars and fungicide use dem-
onstrate the adoption of new technology by
farmers. In early 2004, the Canola Association of
Australia, and Oilseeds Western Australia together
reported that it was no longer feasible to grow
cultivars containing the major gene for resistance
to L. maculans derived from Brassica sylvestris and
the area sown with these cultivars decreased from
60% in 2003 to <5% in 2004. Furthermore, as a
response to concerns about phoma stem canker,
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the uptake by farmers of fungicide treatment of
seed in Australia has risen from 0% in 2000 to
about 80% of all seed in 2004.

Management strategies for enhancing durability
of resistance in oilseed rape

To decrease the risk that new races of L. maculans
will overcome host resistance genes, a holistic crop
management approach must be adopted by the
oilseed rape industry. In many situations, a com-
bination of cultural and chemical control measures
will be required to supplement the sowing of
resistant cultivars to prevent yield loss from stem
canker. Oilseed rape production is expected to
expand in Europe in response to economic and
environmental factors affecting production of
arable crops. Farmers are increasingly favouring
minimum tillage practices to both improve organic
matter content and soil erosion and to reduce the
costs of crop establishment. Minimum tillage may
also solve problems associated with increasing size
of farms and reductions in farm workers. How-
ever, if this minimum tillage extends to wheat
production after oilseed rape, debris-borne dis-
eases such as phoma stem canker are likely to have
a strong impact on yield and oilseed rape pro-
duction may not be sustainable. Higher densities
of oilseed rape cropping will potentially increase
air-borne inoculum of L. maculans and conse-
quently result in more severe stem canker epi-
demics and increased yield loss (Aubertot et al.,
2006). The future of the crop in both Europe and
Australia will be determined by crop yields and
economic performance. The benefits of improved
disease management already have a strong finan-
cial basis (Fitt et al., 1997; Barbetti et al., 2000)
and benchmarks for disease, yield and economic
performance could be introduced to define effec-
tive crop management strategies.

Gene deployment and management strategies to
reduce the likelihood of resistance breakdown

To date, strategies for breeding stem canker
resistance in oilseed rape have focused on
increasing the level of stem canker resistance, with
less emphasis on understanding the durability of
resistance. Rapid breakdown of major gene resis-
tance has been associated with areas of high
L. maculans inoculum concentrations (Sprague

et al., 2006). General strategies for improving the
durability of resistance genes include rotation of
different resistance genes in space and time, pyr-
amiding different resistance genes and the use of
multilines or mixtures of cultivars with different
resistance genes (McDonald and Linde, 2002).
Modelling provides some insights into the effects
of different strategies (Pietravalle et al., 2006).
L. maculans can overcome novel single major gene
resistance within 3 years (Brun et al., 2000; Li
et al., 2003b; Rouxel et al., 2003; Sprague et al.,
2006) and has caused erosion of resistance in
quantitatively resistant cultivars (Salisbury et al.,
1995; Delourme et al., 2006; Li et al., 2003a,
2004). Such erosion of resistance has been reported
in several Australian cultivars, such as Dunkeld,
Monty, Karoo, Charlton and Ripper that are no
longer grown, primarily due to their greater sus-
ceptibility to L. maculans than when they were first
released.

In European populations of L. maculans, there
is a high frequency of virulence alleles that can
overcome resistance genes Rlm1, Rlm2, Rlm3,
Rlm4, Rlm5 and Rlm9, often in complex races
(Balesdent et al., 2006; Stachowiak et al., 2006).
This largely reflects the history of use of these
resistance genes in oilseed rape and the predomi-
nance of small number of cultivars in commercial
production at any one time. The cultivar Jet Neuf
(Rlm4) was widely grown in the early 1980s, and
more recently Capitol (Rlm1), Bristol (Rlm2,
Rlm9), Express (Rlm2), Mendel (Rlm3), Falcon
(Rlm4), Synergy (Rlm4) and Apex (Rlm9) have
been widely grown in some countries. Two resis-
tance genes, Rlm6 and Rlm7, appear to still be
useful for phoma stem canker control in Europe.
However, there is evidence from France that Rlm6
may be overcome in 2–3 years (Brun et al., 2001)
and isolates with virulence against Rlm7 have been
detected (Stachowiak et al., 2006). Very careful
management of these specific resistance genes will
therefore be required if they are introduced into
commercial cultivars.

Quantitative resistance or field resistance
(Delourme et al., 2006) is considered to be stable
in France, though it is less effective than specific
(major gene) resistance. As it is a partial resistance,
its effectiveness for stem canker control is sensitive
to inoculum concentration. Pyramiding of resis-
tance genes has been used successfully for control
of wheat rust (Pederson and Leath, 1988) and
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combinations of quantitative and major gene
resistance should be considered for control of
phoma stem canker (Salisbury et al., 1995; Pino-
chet et al., 2004). It may also be appropriate to
release cultivars that have more than one major
resistance gene (such as Bristol) and to use culti-
vars with differing combinations of resistance
genes. Thus cultivar diversification schemes, as
used for management of various cereal pathogens,
can be introduced to improve phoma stem canker
management as has been proposed in France
(Anon. 2004, Pinochet et al., 2004; Table 3). Cul-
tivars of oilseed rape may be assigned to groups
based on their major specific resistance genes and
quantitative resistance. Within these groups (cur-
rently designated 1, 2, 3 and 4), sub-groups with
the same major resistance gene or genes (e.g. cul-
tivars with quantitative resistance and major
resistance genes Rlm1, Rlm4 or Rlm1 and Rlm4
could be sub-groups in Group 2) may be identified
(Table 3). To exploit major gene resistance, the
strategy involves careful planning of cropping so
that cultivars with the same major resistance genes
are not grown in successive years or in nearby
fields. Where cultivars lack quantitative resistance
and their major resistance genes have been over-
come by L. maculans, they should be grown only in
areas where the risk of stem canker is low. Alter-
nation and rotation of cultivars presents some
difficulties for management between neighbouring
farms and may only be appropriate for use on a
regional scale. With changing preferences from
year-to-year, seed production would also require
careful management. These strategies are untested
and improved control of volunteer oilseed rape
plants may be required to decrease selection pres-
sure on the pathogen.

There may be opportunities to have localised
use of resistance genes and use of cultivar mixtures
or multilines (Mundt, 2002). The latter may be of
greater value in Australia where secondary spread
of L. maculans is more important than in Europe
(West et al., 2001) but suitable commercial mate-
rial is not yet available. Regionally deployed
resistance is another option, but would be difficult
to manage. To be successful, information on the
nature of a new cultivar’s genetic resistance should
be available before its commercial release. Careful
monitoring of new L. maculans races would be
required annually after the introduction of new
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cultivars so that timely action can be taken on
future production strategies.

Cultural control practices

To successfully produce oilseed rape commercially
and reduce the likelihood of resistance breakdown,
producers are now advised to grow their crops in
ways that avoid high inoculum concentrations.
Experience in France (where five genes for resis-
tance to L. maculans (Rlm1, 2, 3, 4 and 9) have
been overcome) has shown that resistance genes
have remained effective in regions where inoculum
concentrations are low (Rouxel et al., 2003).
Therefore, growing oilseed rape crops under con-
sistently lower inoculum concentrations is a crucial
management recommendation in Australia and
Europe.

Cultural control practices principally aim to
decrease the number of ascospores landing on
oilseed rape plant tissue. This can be achieved by
burying or destroying oilseed rape stubble
(allowing stubble to break down naturally within a
few months) or isolating crops from stubble.
However, there are some environments, such as
Western Australia, where stubble residues con-
tinue to produce L. maculans ascospores for more
than 18 months because they decay slowly in the
dry Mediterranean climate. Most farmers leave 2
or 3 years between oilseed rape crops in the same
field in Australia, but a 1-year break is now com-
mon in some regions. Previous studies on cultivars
with quantitative resistance have shown that an
isolation distance of 500 m between the current
crop and the stubble of the previous year’s crop is
sufficient to avoid the highest concentrations of L.
maculans inoculum in Australia (Marcroft et al.,
2004) and Europe (Gossende et al., 2003). If iso-
lation distances required are relatively small (500–
1000 m), individual farmers or groups of farmers
could successfully manage resistance rotation on
their own properties. Rotation of oilseed rape in
space and time is a practical option and farmers
have adopted recommendations to sow oilseed
rape crops well away from L. maculans inoculum.

In Australia, farmers destroy primarily by
burning and in Europe, where burning is not
permitted, by cultivations (Schneider et al., 2003).
Chopping, slashing and/or harrowing is also used
to break up the stubble. This process reputedly
enhances the natural decomposition of the stubble,

reducing survival of the pathogen (Bokor et al.,
1975; Gladders and Musa, 1979; Turkington et al.,
2000). The main limitation of actively destroying
oilseed rape stubble is that most methods still leave
large quantities of stubble on the soil surface. In
addition, they may also have detrimental envi-
ronmental side-effects if they increase soil erosion
or water loss. To ensure that major sources of
inoculum are managed effectively, it is essential to
show significant economic advantages accruing
from such practices. The costs of cultivation for
burial of stubbles are considerable, but should be
balanced against the value of the yield benefits
from decreased disease severity. Early establish-
ment of oilseed rape is also important so that
seedlings have reached the 6-leaf stage before the
main phoma leaf spot epidemic develops. Phoma
leaf spotting can result in death of seedlings and
early infection results in the most damaging at-
tacks of phoma stem canker (Hammond et al.,
1985; Hammond and Lewis, 1986).

Chemical control practices

In Australia, triazole fungicides, including flutria-
fol and fluquinconazole, are registered for the
control of phoma stem canker. Flutriafol is used as
a fertiliser-amended fungicide as it causes toxicity
if applied directly to the seed coat. Ballinger et al.
(1988) found that flutriafol increased plant height,
decreased stem canker severity, increased plant
survival, decreased leaf lesion severity and in-
creased yields. Fluquinconazole is the predomi-
nant fungicide used by farmers for stem canker
control due to the ease of application (seed dress-
ing) and low cost. Seed treatment may be under-
valued as it is a strategically important control
measure with potential to prevent the introduction
of new races of seed-borne pathogens.

There has been some interest in chemically
treating crop residues to delay or inhibit ascospore
production, but this has not yet been developed for
use on farms (Humpherson-Jones and Burchill,
1982; Wherrett et al., 2003, 2004). In the UK,
foliar fungicides have given good control of stem
canker and resulted in significant increases in yield
(Gladders et al., 1998, 2004a; West et al., 1999;
Zhou et al., 1999). However, fungicide use is not
always warranted as its economic viability will
depend on yield benefits in relation to disease
severity (dependent on seasonal conditions) and
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host resistance. Early guidance based on weather
factors could be used to identify situations where
chemical treatment is required (Gladders and
Symonds 1995; Salam et al., 2003). In future, the
role of fungicides may change if fungicide-resistant
populations of L. maculans and other pathogens
should arise or if existing product registrations are
not supported in future.

Targets for technology transfer

Technology transfer for improving the manage-
ment of phoma stem canker will focus on several
target groups (Table 4). Oilseed rape breeders
must be conversant with issues relating to the
durability of resistance genes and combinations of
quantitative and major gene resistance. Policy
makers should be made aware of the importance
of quantitative resistance for sustainable produc-
tion and the need to characterise it (Delourme
et al., 2006). Exploitation of resistance genes
requires detailed understanding of pathogen pop-
ulations and virulence genes and how these are
changing in time and space. This will require fur-
ther annual monitoring using methods already
developed (Balesdent et al., 2006) and funding
should be co-ordinated internationally. Single
major resistance genes are unlikely to survive un-
less supported by other effective resistance genes.
Strategies to ensure resistance remains durable
must be economically viable if they are to influence
where new cultivars are grown. Equally, farmers
and their advisers need to be informed about
the necessity to conserve genetic and chemical
resources and the benefits of managing disease

risk. Levy-funded bodies are expected to have a
major role to play in supporting this technology
transfer. An integrated approach to control of
phoma stem canker will be required, as use of
resistant cultivars must be supported by contri-
butions from crop agronomy (including rotations
and spatial distribution of crops), general hygiene
to bury or reduce the impact of crop residues and
fungicides. It is important to consider the eco-
nomic benefits from improved control of other
diseases affecting oilseed rape (e.g. sclerotinia stem
rot, light leaf spot) and adapt the strategies to
maximise overall benefits. While plant breeders
can be targeted as a group through technical
seminars and direct contact, advice to farmers and
their advisers will require a more sustained ap-
proach using a variety of methods for technology
transfer.
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