
Improved resistance management for durable disease control: A case study

of phoma stem canker of oilseed rape (Brassica napus)

J.N. Aubertot1,*, J.S. West2, L. Bousset-Vaslin3, M.U. Salam4, M.J. Barbetti5 and A.J. Diggle6
1UMR d’Agronomie INRA/INA P-G, BP 1, 78850, Thiverval-Grignon, France; 2Rothamsted Research, AL5
2JQ, Harpenden, UK; 3UMR BIO3P INRA/Agrocampus Rennes, Domaine de la Motte, BP 35327, 35653, Le
Rheu Cedex, France; 4Department of Agriculture, Western Australia, Centre for Cropping Systems, P.O.
Box 483, 6401, Northam, WA, Australia; 5School of Plant Biology, The University of Western Australia, 35
Stirling Highway, 6009, Crawley, WA, Australia; 6Department of Agriculture, Western Australia, Baron-Hay
Court, 6151, South Perth, WA, Australia; *Author for correspondence (Fax: +33-130815425;
E-mail: aubertot@grignon.inra.fr)

Accepted 20 September 2005

Key words: durability, Integrated Pest Management, Leptosphaeria maculans, population genetics,
resistance breakdown, specific resistance

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

99



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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