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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).
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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
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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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Szlávik SZ, Jedryczka M, Kiss I, Lewartowska E and Nagy G

(2003) Population structure and pathogenicity grouping of

L. maculans isolates from Hungary. Blackleg News 3–4

Thomas J and Wedgwood E (1998) Potential for exploiting

resistance to stem canker (Leptosphaeria maculans) in

cultivars of winter oilseed rape. International Organisation

for Biological Control Bulletin 21: 91–96

Toscano-Underwood C, West JS, Fitt BDL, Todd AD and

Jedryczka M (2001) Development of phoma lesions on

oilseed rape leaves inoculated with ascospores of A-group or

B-group Leptosphaeria maculans (stem canker) at different

temperatures andwetness durations. Plant Pathology 50: 28–41

Toscano-Underwood C, Huang YJ, Fitt BDL and Hall AM

(2003) Effects of temperature on maturation of pseudothe-

cia of Leptosphaeria maculans and L. biglobosa on oilseed

rape stem debris. Plant Pathology 52: 726–736

van den Bosch F and Gilligan CA (2003) Measures of durability

of resistance. Phytopathology 93: 616–625

Welham SJ, Turner JA, Gladders P, Fitt BDL, Evans N and

Baierl A (2004) Predicting light leaf spot (Pyrenopeziza

brassicae) risk on winter oilseed rape (Brassica napus) in

England and Wales, using survey, weather and crop

information. Plant Pathology 53: 713–724

West JS, Biddulph JE, Fitt BDL and Gladders P (1999)

Epidemiology of Leptosphaeria maculans in relation to

forecasting stem canker severity on winter oilseed rape in

the UK. Annals of Applied Biology 135: 535–546

West JS, Evans N, Liu S, Hu B and Peng L (2000) Leptosp-

haeria maculans causing stem canker of oilseed rape in

China. Plant Pathology 49: 800

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

Epidemiology and management of Leptosphaeria maculans

(phoma stem canker) in Australia, Canada and Europe.

Plant Pathology 50: 10–27

West JS, Balesdent MH, Rouxel T, Nancy JP, Huang YJ, Roux

J, Steed JM, Fitt BDL and Schmit J (2002a) Colonisation of

winter oilseed rape tissues by A/Tox+ and B/Tox0 Lep-

tosphaeria maculans (phoma stem canker) in France and

England. Plant Pathology 51: 311–321

West JS, Fitt BDL, Leech PK, Biddulph JE, Huang YJ and

Balesdent MH (2002b) Effects of timing of Leptosphaeria

maculans ascospore release and fungicide regime on phoma

leaf spot and phoma stem canker development on winter

oilseed rape (Brassica napus) in southern England. Plant

Pathology 51: 454–463

Wherrett AD, Sivasithamparam K and Barbetti MJ (2004)

Establishing the relationshipof ascospore loadswithblackleg

(Leptosphaeriamaculans) severity on canola (Brassica napus).

Australian Journal of Agricultural Research 55: 849–854

Williams RH and Fitt BDL (1999) Differentiating A and B

groups of Leptosphaeria maculans, causal agent of stem

canker (blackleg) of oilseed rape. Plant Pathology 48: 161–

175

Zhou Y, Fitt BDL, Welham SJ, Gladders P, Sansford CE and

West JS (1999) Effects of severity and timing of stem canker

(Leptosphaeria maculans) symptoms on yield of winter

oilseed rape (Brassica napus) in the UK. European Journal

of Plant Pathology 105: 715–728

15



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


