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m Abstract We hypothesize that the evolutionary potential of a pathogen popula-
tion is reflected in its population genetic structure. Pathogen populations with a high
evolutionary potential are more likely to overcome genetic resistance than pathogen
populations with a low evolutionary potential. We propose a flexible framework to
predict the evolutionary potential of pathogen populations based on analysis of their
genetic structure. According to this framework, pathogens that pose the greatest risk
of breaking down resistance genes have a mixed reproduction system, a high potential
for genotype flow, large effective population sizes, and high mutation rates. The lowest
risk pathogens are those with strict asexual reproduction, low potential for gene flow,
small effective population sizes, and low mutation rates. We present examples of high-
risk and low-risk pathogens. We propose general guidelines for a rational approach to
breed durable resistance according to the evolutionary potential of the pathogen.

INTRODUCTION

Our primary aim in this chapter is to illustrate how principles of population genetics
can be applied to guide resistance-breeding strategies. Though the focus will be on
plant genetic resistance, these principles should also be relevant for management
of fungicides and antibiotics in agroecosystems. A secondary goal in this paper is
to develop a flexible framework in which to consider the population genetics of
plant pathogens and then relate that framework to the “risk” of pathogen evolution.
This framework may prove useful for many aspects of risk assessment related to
pathogen-plantinteractions, including release of genetically engineered plants and
microorganisms. Our final goal is to illustrate how this framework may be used to
develop resistance-breeding strategies that aim to attain durable disease resistance
An important theme running through this paper is the concept of the genetic
structure of populations. We define genetic structure as the amount and distri-
bution of genetic variation within and among populations. Genetic structure is a
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consequence of interactions among the five forces that affect the evolution of pop-
ulations. The genetic structure of a population is determined by the evolutionary
history of that population. Thus, knowledge of genetic structure gives insight into
the evolutionary processes that shaped a population in the past. We hypothesize
that knowledge of genetic structure also offers insight into the future evolutionary
potential of pathogen populations. We propose that pathogens with the greatest evo-
lutionary potential pose the greatest “risk” of circumventing the effects (“breaking
down”) of major resistance genes or evolving to counteract other control methods
such as applications of fungicides or antibiotics. Knowledge of the evolutionary
potential of pathogens may prove useful to optimize the management of resistance
genes, fungicides, and antibiotics to maximize their useful life expectancy and
minimize the losses that result from loss in efficacy of these control methods (90).

Plant pathologists have witnessed changes in pathogen populations many times
over the nearly hundred years since Biffen first described the Mendelian inheritance
of disease resistance (4). The most dramatic changes were those that accompanied
the breakdown of major resistance genes. Boom-and-bust cycles have been docu-
mented most thoroughly with regards to cereal rusts [e.g., (64, 84)] and powdery
mildews of cereals [e.g., (11, 136)] that exhibit a gene-for-gene interaction with
their hosts (28). In the majority of these cases, a single resistance gene with large
effect became widely distributed over a large geographical area (the “boom”).
The pathogen population adapted to the presence of a major resistance gene by
evolving a new population that could overcome this resistance gene (the “bust”).
In these cases, the “breakdown” of genetic resistance was due to the evolution of
the local pathogen population because of selection for mutants, recombinants, or
immigrants that were better adapted to the resistant cultivar.

In our current understanding of the gene-for-gene interaction, pathogens pro-
duce elicitor molecules that are recognized by specific receptors in the plant. When
a plant cell receptor recognizes a pathogen elicitor, a defense response is activated
that often leads to the death of the infected plant cell and inhibition of the pathogen.
Mutations from avirulence to virulence in the pathogen lead to a change in the elic-
itor, or failure to produce the elicitor at all, that causes nonrecognition by the host
receptor. Under this gene-for-gene model, a breakdown in resistance is due to anin-
crease in the frequency of pathogen strains that harbor a mutation from avirulence
to virulence. Virulent mutants increase in frequency because host defense systems
are not activated early enough to prevent infection and subsequent pathogen re-
production. After selection drives the virulence mutation to a high frequency in
the pathogen population, the resistance gene is no longer effective, and we say that
its resistance is “broken.” Gene-for-gene resistance is often called major-gene re-
sistance or pathotype-specific resistance because its effects are large and effective
only against the portion of the pathogen population that produces the elicitor.

Resistance in plants can also be due to other types of genetically encoded
products, such as preformed phytoalexins, chemical or physical barriers, PR-
proteins, hydrolytic enzymes such as chitinases, and modifiers of host defense
responses. We consider it likely that the individual actions of these genes are on
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average small and additive, leading to a quantitative resistance response that dif-
fers in inheritance and in mode of action from a gene-for-gene interaction. These
guantitative responses are sometimes called quantitative resistance, minor-gene
resistance, or partial resistance, and they generally do not follow the gene-for-
gene pattern of the boom-and-bust cycle. Quantitative resistance rarely provides
the total resistance observed in major gene resistance, but it tends to be effective
against all strains of a pathogen population, even those that do not produce elic-
itors. We believe that the population genetic processes described in this chapter
also apply to genes governing quantitative resistance, though they may not be as
easy to recognize.

To understand the process that leads to breakdown of a resistance gene, we need
to understand the processes that govern pathogen evolution. In the next section we
briefly illustrate how the five evolutionary forces operate to affect the durability of
major gene resistance and quantitative resistance. Then we develop a quantitative
framework that can be used to evaluate the risk that a pathogen will evolve to over-
come major resistance genes. Finally, we use this framework to propose breeding
strategies that we consider most likely to break the boom-and-bust cycle and lead
to durable resistance.

THE FIVE EVOLUTIONARY FORCES AND
THE RISK OF PATHOGEN EVOLUTION

Genetic structure refers to the amount and distribution of genetic diversity within
and among populations. Itis useful to differentiate between the two types of genetic
diversity that contribute to genetic structure: gene diversity and genotype diversity.
Gene diversity refers to the number and frequencies of alleles at individual loci in

a population. Gene diversity increases as the number of alleles increases and the
relative frequencies of those alleles become more equal. Genotype diversity refers
to the number and frequencies of multilocus genotypes, or genetically distinct
individuals, in a population. Genotype diversity is an important concept for plant
pathogens that have a significant component of asexual reproduction in their life
history.

Mutation

Mutation is the ultimate source of genetic variation, directly leading to changes
in the DNA sequence of individual genes and thus creating new alleles in popula-
tions. Mutation is the process that creates new virulent strains of plant pathogens
that break major gene resistance. Mutation also creates strains with increased
pathogenicity that can erode quantitative resistance. Under our current understand-
ing of the gene-for-gene interaction, a mutation in the avirulence allele, which
encodes the elicitor recognized by a resistance gene, is needed to create a virulent
pathogen strain. Mutations from avirulence to virulence are rare and operating in
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isolation would not cause a breakdown in resistance. However, when mutation is
coupled with directional selection (i.e., deployment of a resistance gene), virulent
mutants increase in frequency rapidly and cause a resistance gene to lose its effec-
tiveness. Mutation rates are generally low, though they can differ among loci and
pathogens (29, 141). Mutation is likely to be especially important for pathogens
such as bacteria and viruses that exist as extremely large populations within indi-
vidual plants. These large population sizes make it more likely that new mutants
with higher fitness will emerge within a host, be able to multiply within the infected
host, and spread to new, uninfected hosts before the mutation is lost through ge-
netic drift. In our risk model, pathogens with high mutation rates present a greater
risk than pathogens with low mutation rates because a high mutation rate increases
the likelihood that the mutation from avirulence to virulence or from low to high
pathogenicity will be present in a pathogen population. For example, pathogen
populations with active transposable elements may exhibit higher mutation rates
than populations without active transposons (33a, 69a, 84a). Though it is difficult
to imagine how a disease management program could reduce mutation rates and
thus limit the creation of new alleles, any activity that slows the movement of
active transposable elements or genome rearrangements among populations could
potentially affect overall mutation rates for a pathogen species.

Population Size and Random Genetic Drift

Population size affects the probability that mutants will be present, and it can
influence the diversity of genes in a population through a process called random
genetic drift. Large populations have more mutants than small populations because
mutation rates are generally low. For example, with a mutation rate of, 20
population with 18 individuals is expected to have 10 mutants, and a population
with 1% individuals is expected to have 1000 mutants. In small populations, genetic
drift leads to a loss of alleles over time. In our risk assessment model, pathogens
with large population sizes have greater evolutionary potential than pathogens
with small population sizes. Pathogens that undergo regular, severe reductions in
population size (bottlenecks), e.g., as a result of crop rotations or annual climatic
extremes that kill the majority of individuals, are less diverse and slower to adapt
than populations that maintain a high population size year round. Any disease
management program that keeps pathogen population sizes small assists control
by limiting the gene diversity in the pathogen population [for examples, see (78)].

Gene and Genotype Flow

Gene flowis a process in which particular alleles (genes) or individuals (genotypes)
are exchanged among geographically separated populations. For strictly asexual
organisms that do not recombine genes, entire genotypes can be exchanged among
populations. We refer to this process as genotype flow. Gene/genotype flow is
the process that moves virulent mutant alleles and genotypes among different
field populations. Pathogens that exhibit a high degree of gene/genotype flow
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are expected to have greater genetic diversity than pathogens with low degrees
of gene/genotype flow because high gene/genotype flow increases the effective
population size by increasing the size of the genetic neighborhood. Pathogens
that produce propagules with the potential for long-distance dispersal, such as
rust- and powdery mildew fungi, tend to have large genetic neighborhoods, which
may encompass entire continents (e.g.,Reciniapathway in North America).
Pathogens with propagules that move only short distances may exist in relatively
small genetic neighborhoods, which may encompass only one field or even one
section in a field (e.g., nematodes). The size of the genetic neighborhood can be
affected by anthropogenic activities. Humans can move many pathogens far beyond
their natural dispersal limits through agricultural practices and intercontinental
travel and commerce. Thus, the actual degree of gene/genotype flow may be much
higher than expected based on life history traits.

Our risk model proposes that pathogens with high gene/genotype flow pose a
greater risk than pathogens with low gene/genotype flow. We hypothesize further
that gene flow involving asexual propagules (genotype flow) poses a higher risk
than movement of sexual propagules (gene flow) because the asexual propagule
represents a linked package of coadapted alleles that has already been selected.
Any disease management tactic that limits movements of genes and genotypes
among pathogen populations limits the spread of mutant alleles and genotypes
[for examples, see (78)].

Reproduction and Mating System

Reproduction and mating systems affect how gene diversity is distributed within
and among individuals in a population. Reproduction can be sexual, asexual, or
mixed. Mating system is relevant only to the sexual component of reproduction,
and can vary from strict inbreeding to obligate outcrossing (Figure 1). In asexual
pathogens, measures of genotype diversity are more meaningful than measures of
gene diversity because most of the genetic diversity is distributed among clonal
lineages. Populations of sexual pathogens usually exhibit a high degree of geno-
type diversity, so measures of gene diversity are needed to compare the amount
of genetic diversity in different populations. Our risk model hypothesizes that
pathogens undergoing regular recombination (this can include bacterial conjuga-
tion, recombination between viral genomes in plants with mixed infections, and
hyphal anastomosis and/or parasexual recombination in fungi) pose greater risks
than pathogens that undergo no or little recombination. A recombining pathogen
population can put together new combinations of virulence alleles as rapidly as
breeders can recombine resistance genes. For this reason, resistance gene pyra
mids may not be an effective long-term breeding strategy against pathogens that
undergo regular recombination. We propose that pathogens that outcross pose a
greater risk than inbreeding pathogens because more new genotypes are createc
through outcrossing. Disease management strategies that prevent the occurrence
of sexual reproduction assist with control [for examples, see (78)].



Annu. Rev. Phytopathol. 2002.40:349-379. Downloaded from arjournals.annualreviews.org
by NORTH CAROLINA STATE UNIVERSITY on 03/11/08. For personal use only

354

MCDONALD = LINDE

=% Higher risk

o% Mixed
& N
o v_,"}'
& &
,\gfp

S %ﬁ.ﬁb E
« @‘25'\0 >
=

2 Sexual
............................................. 2
b = ]
. o
Lower risk =
&

Asexual

Lower risk

Figure 1 The interaction between mating system
and reproduction system in determining the evolu-
tionary potential of a pathogen population.

We hypothesize that pathogens with mixed reproduction systems pose the high-
est risk of evolution. During the sexual cycle, many new combinations of alleles
(genotypes) are created through recombination. These recombined genotypes can
be “tested” in different environments, which may include new resistance genes,
fungicides, or antibiotics. Combinations of alleles (genotypes) that are most fit are
held together through asexual reproduction and may increase to a high frequency
in selected clones. The spatial and temporal distribution of clones or clonal lin-
eages within and among populations will depend mainly on the dispersal potential
of the asexual propagules. If the asexual spore or propagule is capable of long-
distance dispersal, then the clone(s) with highest fithess can become distributed
over a wide area through genotype flow, causing an epidemic. This process of
testing recombinants and amplifying selected genotypes occurs for many rust and
powdery mildew fungi. If the asexual propagule has limited dispersal potential,
then the most damaging clones may be limited to a hot-spot that is only a few
meters in diameter in a field. This may occur for sexual pathogens with splash-
dispersed conidia such &ycosphaerella graminicol§80) andPhaeosphaeria
nodorum(82) on wheat and possibRhynchosporium secal{10) on barley.

Selection Imposed by Major Gene Resistance
and Quantitative Resistance

Selection is the main force that drives changes in frequencies of mutant alleles.
Directional selection occurs when a major resistance gene (encoded by a receptor)
becomes widely distributed over alarge geographical area. This leads to anincrease



Annu. Rev. Phytopathol. 2002.40:349-379. Downloaded from arjournals.annualreviews.org
by NORTH CAROLINA STATE UNIVERSITY on 03/11/08. For personal use only

DURABLE RESISTANCE 355

in frequency of the virulent mutant that has lost the elicitor (avirulence allele) until
the major resistance gene is broken. The many examples of broken major gene
resistance offer abundant evidence that selection is efficient in agricultural ecosys-
tems that are based on monoculture and genetic uniformity. There are several
possibilities for deploying major gene resistance that can change the way that
selection operates on a pathogen population (78) (Figure 2). The most common
alternative is to pyramid several major resistance genes into a single cultivar in
the hope that the pathogen will not be able to undergo a sequence of mutations
corresponding to each resistance gene. Another option is to generate disruptive
selection by rotating major gene resistance through time and space or by grow-
ing mixtures of cultivars with different resistance genes. These strategies disrupt
directional selection by favoring different mutant alleles or genotypes at different
times and places, reducing the rate at which the mutant allele or genotype in-
creases in frequency. Gene rotations and mixtures have not been widely exploited
in modern agroecosystems, though some preliminary attempts show great promise
[e.g., (140)].

Quantitative resistance is another option that plant breeders can utilize to obtain
resistant cultivars. One hallmark of quantitative resistance is that it does not ex-
hibit the boom-and-bust cycle characteristic of major resistance genes. It appears
likely that this is because quantitative resistance is not based on receptor-elicitor
recognition and thus appears to work equally across all pathogen strains. Because
guantitative resistance is sensitive to environmental conditions, it can be difficult
to determine if pathogen strains differ in their degree of pathogenicity on the same
guantitatively resistant cultivar. We consider it likely that pathogen populations also
evolve to overcome quantitative resistance in agroecosystems. However, because
the nature of this evolution differs from evolution against major gene resistance,
it is more difficult to detect and is better characterized as a process of “erosion”
rather than as a process of breakdown (Figure 3). The erosion of quantitative re-
sistance is more difficult to observe because corresponding pathogen populations
can display a distribution of pathogenicity that may vary considerably from year
to year as a result of the strong genotype-by-environment interactions that occur
for quantitative characters in both plant and pathogen.

To illustrate the difficulty of detecting erosion of quantitative resistance, we
developed a model where resistance was due to five unlinked genes with equal and
additive effects (see Supplementary Materials on http://www.annualreviews.org/).
For example, the resistance alleles could encode a combination of hydrolases
(e.g., chitinases and glucanases) and/or pathogen-specific toxins (e.g., preformed
chemical inhibitors or phytoalexins) that slow down or prevent infection by the
pathogen. The diploid pathogen inthe model had five unlinked genes with equal and
additive effects that could counteract the plant resistance genes. For example, the
“pathogenicity” alleles might encode enzymes that inactivate preformed chemical
inhibitors or modify the pathogen substrate targeted by hydrolases. A continuum
in pathogenicity has been described in crosses Wistria haematococcan
peas (32) andUstilago hordei(20). If the gene products in pathogen and host
interact in an equal and additive manner, then the degree of damage done to the
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host (equivalent to pathogenicity) is proportional to the number of pathogenicity
alleles. In our model, for example, each pathogenicity allele adds 5% to the leaf
area infected on the resistant host. The most aggressive strain will cover 50%
of the leaf area, the least aggressive strain will cover only 5% of the leaf area,
and a strain with no pathogenicity alleles cannot infect a plant with maximum
guantitative resistance.

Following many cycles of pathogen reproduction and selection, the level of
pathogenicity in the pathogen population will increase, and the quantitative resis-
tance will erode (see Table, in Supplementary Materials on http://www.annualre
views.org/). However, the year-to-year change will be gradual and hard to de-
tect because the individual strains in the pathogen population exhibit a large
range of pathogenicity (Figure 3 and Figure in Supplementary Materials on http://
www.annualreviews.org/). Though the erosion of quantitative resistance differs
guantitatively from the breakdown of major gene resistance, we believe that the
evolutionary processes (and corresponding risk assessment) described in this sec-
tion apply equally to both types of resistance. Note that resistance genes can differ
in the fitness consequences they impose on the corresponding mutants in pathogen
populations (67). By choosing major resistance genes that have a large effect on
the fitness of virulent mutants, it may be possible to extend the durability of major
resistance genes. But under strong directional selection, even the most durable re-
sistance genes may eventually break down because a new mutant or recombinant
will emerge (115).

The risk model proposes that pathogen populations exposed to strong (major
gene resistance), directional selection over many generations will evolve more
quickly than populations that are exposed to weaker selection (quantitative resis-
tance) or to disruptive selection imposed by temporal or spatial patterning of the
selective force. Selection is the evolutionary force that is most easily manipulated
by humans [e.g., (90)], and thus offers the most practical point for intervention
in the evolutionary process. Agroecosystems based on widespread deployment
of major gene resistance place maximum directional selection on the pathogen

Figure 3 Shifts in pathogen populations associated with breakdown of major gene
resistance and erosion of quantitative resistance. PAraatsiB show the rapid shift

from avirulence to virulence associated with breakdown of major gene resistance,
where p and q represent frequencies of avirulence and virulence alleles, respectively,
in the pathogen population. Differences in pathogenicity between strains that differ for
avirulence and virulence are clear and virulence shifts in pathogen populations are easy
to detect. Panel€ andD show the erosion of resistance, characterized by a gradual
increase in pathogenicity of the pathogen population toward a host with quantitative
resistance, associated with a quantitative resistance model described in the text. Vertical
lines indicate mean pathogenicity of populations that differ by 10% in the frequencies
of five alleles responsible for pathogenicity.
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TABLE 1 Extremes of evolutionary risk posed by plant pathogens and examples of
factors that affect risk assessment

Highest risk of evolution Lowest risk of evolution
High mutation rate Low mutation rate
Transposable elements active No transposons
Large effective population sizes Small effective population sizes
Large overseasoning population No overseasoning propagules
Extinction of local populations rare Extinction of local populations common
No genetic drift, no loss of alleles Significant genetic drift, alleles lost
High gene/genotype flow Low gene/genotype flow
Asexual propagules dispersed by air Asexual propagules soilborne
over long distances
Human-mediated long-distance Quarantines effective
movement common
Mixed reproduction system Asexual reproduction system
Annual sexual outcrossing and Only asexual propagules produced
asexual propagules produced
Efficient directional selection Disruptive selection
R-gene deployed in genetically uniform R-genes deployed in mixtures/multilines

monoculture
R-gene deployed continuously over large R-genes deployed as rotations in time or
area space

population. Agroecosystems that deploy major gene resistance in mixtures, or in
rotations through time and space will reduce the efficiency of selection, orimpose
stabilizing or disruptive selection that can slow the rate of increase in the frequency
of virulent mutants.

The individual contributions of each evolutionary factor to the risk assessment
framework are summarized in Table 1. The end result of the interactions among
these factors is the observed genetic structure of the pathogen population [for
examples see (78)]. By using selectively neutral genetic markers and hierarchical
sampling to determine the genetic structure of pathogen populations, we can begin
to understand the evolutionary forces that shaped these populations, and infer the
importance of the individual evolutionary factors (76).

A MODEL FOR RISK ASSESSMENT

We propose to apply knowledge of the evolutionary forces and pathogen ge-
netic structure to make predictions regarding the relative risks posed by different
pathogens for breaking down resistance. Our hypothesis is that much of the dura-
bility of resistance genes is due to the nature of the pathogen population rather
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than to the nature of the resistance gene. There will be cases where the resistance
gene itself plays a key role in durability, e.g., mlo resistance in barley has been
durable thougtBlumeria graminid. sp. hordeihas a high evolutionary potential
according to our risk model (11, 136), and there is good evidence that some re-
sistance genes impose more severe constraints on the fitness of virulent mutants
than other resistance genes (67). We offer these guidelines in anticipation that the
general pattern will hold true for the majority of pathogens, allowing us to rank
their relative evolutionary potential and thus assess the relative risk they pose to
agroecosystems. The framework we develop here can be used as a hypothesis to
test against a large number of plant pathosystems. The underlying principles of the
framework can be tested individually or in combination according to the available
knowledge of the population genetics for any pathogen.

Figure 4 is a simplified diagram that we propose as a model framework for
assessing the evolutionary risk posed by most plant pathogens. The format used
to present the risk categories was inspired by a similar figure presented by Brent
& Hollomon (8). Figure 4 considers only the evolutionary risk due to differences
in reproduction/mating system, gene/genotype flow, and effective population size.
Mutation rate was not included in this diagram because we assumed that mutation
rates would be low and relatively constant across pathogens. For pathogens known
to have very high mutation rates, or for bacteria and viruses where mutation is
likely to play a more important role in evolution, these risk values can be increased
accordingly. Selection was not included in this diagram under the assumption
that selection is likely to be efficient in the genetically uniform monocultures
that dominate modern agricultural ecosystems. Selection risk can be increased
by increasing the land area covered to the same resistance gene, or decreasec
through resistance gene deployment strategies, such as gene rotations or mixtures.
We expect that the population size for most pathogen populations is large, so it
is likely that virulent mutants will be present and the effects of genetic drift will
be small. However, we recognize that some pathogen populations have smaller
effective population sizes because of a founder effect, regular bottlenecks, or short-
lived overseasoning propagules. Other populations have larger effective sizes due
to year-round multiplication, short latent periods, and production of long-lived
overseasoning propagules. We modified the risk values we originally proposed
(78) by assigning risk values of 1, 2, and 3 for effective population sizes that are
small, average, and large, respectively. We also made the effects additive instead of
multiplicative. This results in arange of values for each cell in the matrix (Figure 4).
The proposed risk categories may need to be adjusted in many cases as a result
of anthropogenic activities. For example, gene/genotype flow may be increased
beyond the normal biological limits of spore dispersal by movement of inoculum or
infected plant material through international commerce and travel. Any activities
that reduce the effectiveness of quarantines, such as smuggling or war, may lead
to an increase in gene/genotype flow. Similarly, the amount of sexual reproduction
may be affected by removal of alternate hosts or by changes in cultivation or
sanitation practices.
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Therisk values presented in Figure 4 are on a 3-9 scale. These numbers are unit-
less and have no specific biological meaning. The numbers attempt to provide arel-
ative ranking of the evolutionary potential inherent in different pathogen life histo-
ries. This ranking system assumes that reproduction/mating system, gene/genotype
flow, and effective population size affect evolutionary potential equally. A further
assumption is that these effects are additive. As more knowledge accumulates and
the hypotheses in this diagram are tested against many different pathosystems,
we may learn that the forces do not contribute equally to evolutionary poten-
tial or that their effects are multiplicative rather than additive. But the proposed
scale offers many possibilities for developing testable hypotheses and assigning
relative evolutionary risks. For example, pathogens that have exclusively asex-
ual reproduction and little potential for gene flow are assigned to the lowest
risk category. This category includes some bacterial pathogens arielitiae-
ium oxysporunformae speciales (Figure 4). At the other extreme, pathogens
that have mixed reproduction and asexual spores that are disseminated over long
distances by wind are assigned to the highest risk category. This category in-
cludes pathogens such as the powdery mildew fungi. In the intermediate risk
categories are pathogens that we expect to have more limited evolutionary po-
tential as a result of lack of an asexual propagule that has high gene flow poten-
tial, or lack of regular outcrossing that produces new recombinants (Figure 4).
Figure 4 hypothesizes that pathogens with regular sexual cycles will evolve faster
than pathogens without recombination. It also hypothesizes that pathogens produc-
ing asexual propagules distributed over long distances will break down resistance
genes faster than pathogens with short distance dispersal of asexual propagules.

EXAMPLE PLANT PATHOSYSTEMS
FIT INTO THE RISK MODEL

At this time, population genetic structure for most pathogens is unknown and
accurate records of the time needed to break down resistance genes or to become
resistantto fungicides and antibiotics usually cannot be gleaned from the accessible
literature. To properly test the model, we will need to consider a large number
of plant pathosystems to determine if the observed evolutionary rate correlates
with the predicted evolutionary potential. We conducted a preliminary test of
the model by combing the plant pathology literature for examples where genetic
structure data were adequate to provide an estimate for expected evolutionary
potential, and records of breakdown of resistance could provide an estimate for
observed rate of evolution. In total, we considered 52 plant pathosystems. The
43 examples with the most complete data are shown in Table 2. Thirty-four of
the pathosystems had adequate information to allow us to approximate values
for four evolutionary forces using our risk model. We used Spearman rank order
correlation analysis to determine the correlations between the four “expected” risk
factors and the “observed” risk values for all 34 pathosystems. We found that
rswas—0.32 (P= 0.063) for reproduction/mating system, 0.26£F0.141) for
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effective population size, 0.36 @ 0.037) for mutation, and 0.26 (B 0.141) for
gene/genotype flow. All significance values were for two-tailed t-tests. When the
analysis was conducted using the sum of mutation risk values and gene/genotype
flow risk values, the correlation was 0.35£20.044). When the largest outlier in

the correlation matrix, the nematollieloidogyne incognitavas removed from the
analysis, the correlation rose to 0.46-P0.007). FoM. incognita it is possible
thatthe actual amount of genotype flowis much higher than the predicted amount of
genotype flow as a result of movement of contaminated machinery, soil, and water
(J. Starr, personal communication), in which ciséncognitashould be placed in

a higher risk category. The correlation between observed and predicted risk values
based on the sum of mutation and gene/genotype flow is shown in Figure 5. This
preliminary analysis suggests that the contributions of the evolutionary forces may
not be equal, as proposed in Figure 4. It also indicates that gene/genotype flow
and mutation may be the dominant forces driving pathogen evolution in the 34
plant pathosystems we considered. However, we believe that many more example
pathosystems will need to be considered before firm conclusions can be drawn. In
the rest of this section, we provide a few illustrative examples.

Xanthomonas oryzae pv. oryzae and Xanthomonas
campestris pv. vesicatoria

Xanthomonas oryzgwy. oryzaereproduces clonally (89) and exhibits limited gene
flow as it disperses mainly by rain splash (87), though typhoons may provide a
means for long-distance movemekMa-3 in rice has been durable for at least

15 years (5, 85) and cultivar Nongken 58 has been resistant for at least 25 years
(5). These observations agree well with the prediction of our model. Race 2 of
X. oryzaepv. oryzaetook only 3—4 years to increase to high frequencies after
the release of cultivars havinga-4 in the 1970s (85). However, cultivars with
Xa-4 are still considered resistant and planted widely (5, 69). This resistance is
achieved by cumulative effects of multiple QTLs, including the residual effects of
the “defeated’Xa-4 (69). These observations do not correspond with our model,
suggesting thatthe unique properties ofXlaedresistance gene may play a greater
role than the biology of the pathogen in determining the durability of this resis-
tance geneXanthomonas campestiis. vesicatoriaalso reproduces clonally, but
resistance genes in tomato and pepper are often defeated within a single growing
season (49, 65,99). In this pathogen, new pathotypes develop from loss of the
plasmid carrying the avirulence gene, from inactivation of the avirulence gene, or
from insertion elements that inactivate avirulence genes (65). Pyramiding defeated
resistance gendBsl Bs2 andBs3did not provide resistance, as they were de-
feated within the same growing season during which they were first deployed (65).
Though this rapid breakdown of a resistance gene pyramid does not correspond
well with expectations for an asexual organismin our model, the fact that two of the
avirulence genes were on plasmids (65) increased the likelihood that multiple “mu-
tations” to virulence could occur relatively quickly through asexual propagation.
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Figure 5 The correlation between observed risk values and the predicted risk based
on the sum of gene/genotype flow and mutation. Values were taken from 34 plant
pathosystems shown in Table 2. The dark triangle represents the largest outlier, the
nematodeMeloidogyne incognitaCorrelation and significance values (two-tailed t-
test) were calculated excludimg. incognita

X. campestrigpv. vesicatoriaseems to exhibit limited gene/genotype flow as new
pathotypes are often restricted to a specific country (49). However, gene flow is
expected to be higher than K. oryzaepv. oryzaebecauseX. campestrigv.
vesicatoriacan be seedborne (99).

Puccinia triticina

The wheat leaf rust funguB, triticina, represents a group of asexual rust pathogens
that fall in a medium risk category because of long-distance genotype flow. It is
asexual (17) in most of the world except in the Mediterranean area (63), where
it would be placed in a higher risk category. Large population sizes can be main-
tained by overwintering of local populations on winter wheat crops (63). Spring
wheat breeding programs in North America (62) and Australia (83) have generally
been successful in producing cultivars with durable resistance. In contrast, winter
wheats grown in the southern plains of the United States often lose effective resis-
tance after only a few years (70). The faster resistance breakdown in the southern
United States could be explained by a combination of high gene/genotype flow
and large effective population sizes maintained over much of the period when the
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wheat crop is in the ground. Thus, this pathogen provides us with an opportunity
to compare the evolutionary potential of populations with different effective pop-
ulation sizes. Fewer pathotypes are found in Australia compared to Canada (61),
perhaps reflecting lower evolutionary potential in the Australian population due
to a founder effectLr13 broke down within a few years of release in the United
States and Canada (61), South Africa, Europe, Mexico, and South America (114),
but it remained effective in Australia for more than 20 years (84).

Phytophthora sojae on Soybean

Phytophthora sojaésyn.Phytophthora megaspermap.glycined is a homothal-

lic (self-fertile) Oomycetous fungus, causing a root and stem rot of soybean. It is

a medium-risk pathogen because it has the potential to outcross, but has lim-
ited potential for gene flow because it is soilborne. Already, 46 pathotypes have
been described for the sojaesoybean pathosystem (1, 108). Differéhisojae
pathotypes probably evolved independently from the same clonal lineage, as it
is homothallic and a poor correlation was found between RFLPs (132), mtDNA
polymorphisms (30), and pathotypes. Howe¥isojaedoes outcross at low fre-
guencies (31, 132), and some of the pathotypes may have been created as a resul
of outcrossing, although mutation is thought to be more important for creating
diversity (31). A substantial level of genetic variation using RFLP markers was ob-
servedinthe U.S. population, suggestihgojaemay be native to the United States
(31). Single-gene resistance has been somewhat durable, lasting for 6 to 15 years
(108,111, 126). The longevity &psresistance may reflect the soilborne nature

of this pathogen. The dynamics of infection and subsequent inoculum production
and dissemination are limited to the soil environment. Because secondary infec-
tion is limited, it is effectively a monocyclic disease, so there is only one chance
to develop new pathotypes during a growing season, giving it a lower effective
population size.

Phytophthora infestans on Potatoes

Phytophthora infestanis heterothallic and has a high potential for genotype flow
because it produces airborne asexual spdPeifestansfirst appeared in the
United States in 1843 and migrated to Europe in 1845. There is good evidence that
the European population consisted of only one clone introduced from the United
States (34). The introducetl infestangpopulation probably consisted of only the

Al mating type and thus was restricted to asexual reproduction (33). As a result of
the limited number of founding individuals and lack of recombination, European
populations oP. infestan$iave exhibited low levels of gene and genotype diversity
over most of the past 155 years. The A2 mating type was first reported in Europe
in 1980, but it appears likely that A2 was introduced into Europe some time in the
1970s. Since the introduction of the opposite mating tpmfestanpopulations

in Europe have begun to reproduce sexually and produce oospores that have the
potential to overwinter in the soil. Thus, the introduction of the opposite mating
type has increased its evolutionary potential in the risk diagram (Figure 4) as a
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result of the introduction of a sexual cycle. It is not yet clear if the oospores will
increase the population size sufficiently to merit a further increase in the risk value.

Blumeria graminis on Barley and Wheat

Blumeria graminigs characterized as a high-risk pathogen with a high potential
for gene and genotype flow. It reproduces asexually on the crop and can survive be-
tween crops as asexual colonies or as sexual ascospores inside cleistothecia. Green
bridges of host plants occur where winter and spring wheat or barley cultivars are
grown within the same genetic neighborhood, resulting in a very large effective
population size. An annual sexual cycle produces many new allele combinations,
and succeeding cycles of asexual reproduction can rapidly increase the frequencies
of selected allele combinations. These pathogens have a long history of defeating
single, major resistance genes and pyramids of major resistance genes. Barley cul-
tivars with major gene resistance select isolateBlofmeria graminid. sp.hordei

with matching virulence, and the effectiveness of most major gene resistance is
lost through the evolution of corresponding virulence in the pathogen (135). Many
barley cultivars with two resistance genes have rapidly become susceptible (135).

A DECISION DIAGRAM TO AID RESISTANCE
BREEDING PROGRAMS

In this section, we propose guidelines based on the evolutionary potential of the
pathogen to choose appropriate types of resistance and decide how to deploy major
resistance genes in a breeding program. The purpose here is to offer advice on the
best way to manage limited genetic resources in order to extend the useful life ex-
pectancy of available genetic resistance. We have distilled most of these ideas into
a simple decision diagram presented in Figure 6. This diagram offers some broad
guidelines to consider before embarking on a resistance-breeding project, with the
objective of matching the weapons (resistance-genes) to the targets (pathogens).
The breeding goal is to choose the appropriate type of genetic resistance and then
apply a resistance gene management strategy that will match the pathogen'’s bi-
ology and minimize the likelihood that the pathogen population will evolve to
overcome the resistance. In particular, we have attempted to indicate when single,
major gene resistance is likely to be most effective, when resistance gene pyramids
are most likely to fail, and when gene deployment options such as cultivar mixtures
or multilines should be considered early in the breeding program. Earlier versions
of this decision diagram were presented elsewhere (77, 78).

The decision diagram assumes that major gene resistance is based on the
receptor-elicitor model characteristic of the gene-for-gene relationship, and that
guantitative resistance is a quantitative character based on several unlinked genes
that usually show equal and additive effects. It is worth noting that the genes
underlying quantitative resistance do not always contribute equally to resistance
[e. g., (112a)], and in some cases it appears that only one or a few genes may make
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- - NO
Does pathogen population show high —_— | Is gene/genotype flow high or low?
gene/genotype diversity?

Asexual reproduction
Sexual/inbreeding High Low

Mixed reproduction Small N,

YES Sexual/outcrossing

Large N.
Pyramid Use MGR
Is gene/genotype flow high or low? | MGR singly
. Asexual rusts Fusarium oxysporum
High Low Magnaporthe grisea

Low risk: Virulent

Moderate risk: n ,
Moderate risk: Sequence mutant doesn’t move far

of mutations to virulence
in one clone unlikely

Use QR, intensively
manage MGR using
cultivar mixtures or
multilines

Use QR and deploy
MGR on a regional
basis

Blumeria graminis Phytophthora sojae
Phytophthora infestans Rhizoctonia solani
High risk: MGR pyramids Moderate risk: MGR pyramids
broken by pathogen break by pathogen
recombination, virulent mutants recombination, virulent mutants
move among regions, need don’t move to new regions easily

disruptive selection

Figure 6 A simplified decision diagram to assist with developing resistance-breeding
strategies to achieve durable disease resistance. Major gene resistance (MGR): resis-
tance that has large effects, is based on the hypersensitive response and follows the
receptor-elicitor model of the gene-for-gene interaction. Quantitative resistance (QR):
resistance that has, on average, small, nearly equal, and additive effects that are equally
effective against all strains of the pathogen.

the major contribution to a quantitative trait. The diagram assumes that both types
of resistance are available to the breeder, and that major gene resistance is preferred
because it is easier to recognize and is more easily utilized in a breeding program.
We did not attempt to include the effects of different mutation rates, population
sizes, or the full range of reproduction/mating systems. This diagram can be ex-
tended with many additional branch points to encompass the full range of possible
interactions among evolutionary forces and potential pathogen population genetic
structures. The outcome of the decision diagram is a general recommendation for
choosing the type of resistance to use and the optimum deployment method with
the aim of maximizing the useful lifespan of the resistance. This diagram should
be considered in the appropriate context in a resistance-breeding program, as an
aid to assist decision-making. It is not intended as an authoritative guide that will
lead to durable resistance.

At one end of the decision diagram are pathogens that have strictly asexual re-
production, a low potential for gene/genotype flow, and small effective population
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sizes. In our risk model, these are pathogens with the lowest evolutionary potential.
These pathogen populations are characterized by low genotypic diversity that is
often arrayed in a limited number of clonal lineages. When a mutation occurs from
avirulence to virulence, it occurs randomly within a clonal lineage, and the virulent
lineage does not disperse far from its origin due to lack of long-distance dispersal
mechanisms. The virulence mutation is “trapped” in the original clonal lineage ow-
ing to the absence of meiosis and recombination. For these pathogens, a breeding
strategy that relies on single major resistance genes is likely to be durable because
the mutation to virulence will occur in a limited number of genetic backgrounds
and the virulent lineages that inevitably arise are unlikely to move quickly to new
fields planted to the same major resistance gene. An example of a class of pathogens
that follow this life history is thé=usarium oxysporurwilts on many crops.

The next category in the decision diagram is asexual or inbreeding pathogens
that exhibit a high potential for genotype flow. These pathogens also exhibit
low genotypic diversity, but when the virulent lineage arises by mutation, it is
moved efficiently to neighboring fields or adjacent agricultural regions. In our risk
model, these are pathogens with an intermediate evolutionary potential. For these
pathogens, a breeding strategy that pyramids major resistance genes is likely to be
durable because it is unlikely that a sequence of multiple mutations to virulence
(loss of several elicitors simultaneously) will occur in the same clonal lineage.
Examples of pathogens that follow this life history are the asexual rustislagd
naporthe griseaPathogens that have a sexual cycle, but appear to be mainly
inbreeding, such aSclerotinia sclerotiorunf59), may also fall into this category.

Pathogens that exhibit mixed reproduction that includes regular recombination
pose a different type of evolutionary risk that requires a different breeding strat-
egy. These pathogens exhibit higher genotype diversity as a result of recombination
and have greater potential for local adaptation to a changing environment. After
a mutation to virulence occurs, it can be recombined into many different genetic
backgrounds, and it can be recombined with other virulence mutations that occur
at unlinked loci. Thus pyramids are not an optimum approach for these pathogens.
Pathogens with a mixed reproduction system and a low potential for gene/genotype
flow are placed in an intermediate risk category. For these pathogens, breeders
should focus on quantitative resistance instead of major gene resistance. As a
result of the mixed reproduction system, the mutation for virulence can be re-
combined into many different genetic backgrounds, and it is likely that one or
more of the resulting pathogen strains will have a high level of fithess on the
corresponding resistant cultivar. A major resistance gene is likely to break down
quickly under these circumstances. In the presence of quantitative resistance, the
pathogen may evolve increased pathogenicity (the counterpart of plant quantitative
resistance), as shown in our model (Figure 1; Figure in Supplementary Materials
on http://www.annualreviews.org/). To evolve a higher level of pathogenicity, the
pathogen must recombine a number of alleles at independent loci into a single
genotype (a coadapted gene complex). Sexual reproduction will tend to break up
these coadapted gene complexes in pathogen genotypes that have a high level of
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pathogenicity, thus the increase in pathogenicity in sexually reproducing pathogens
may occur quite slowly and escape notice if asexual spores are not widely dispersed
or if there are few asexual pathogen reproduction cycles per crop generation. If
guantitative resistance is not available, then major gene resistance can be deployed
in rotations through time or space. Rotations on a regional basis are expected to be
effective against low gene flow pathogens because the virulent mutants that arise
to overcome a major resistance gene in one region will not be likely to emigrate to
other regions. Rotations of major resistance genes through time will produce dis-
ruptive selection that may prevent different virulence mutations from accumulating

in the same genotype.

The highest risk pathogens have a mixed reproduction system and a high degree
of gene/genotype flow. We believe that these pathogens will require the greatest
effort to achieve durable resistance because the mutations to virulence can be
recombined into many genetic backgrounds until a pathogen clone with high fithess
appears, and then this adapted genotype can be dispersed across long distance:
and into new populations. For pathogens in this risk category, we suggest the
breeding effort should concentrate on quantitative resistance that will need to be
renewed regularly to stay ahead of the pathogen. If quantitative resistance is not
available, then major gene resistance should be managed aggressively, including
development of cultivar mixtures and multilines that can be used in combination
with regional and temporal deployment strategies.

GENETICALLY ENGINEERED RESISTANCE

We have entered the era of genetic engineering of our major crops with caution.
Genetic engineering technologies clearly offer great potential, but genetically engi-
neered crops present a number of uncharacterized risks that require further investi-
gation. One risk is that genetically engineered resistance genes will face the same
boom-and-bust cycles as the major resistance genes incorporated by traditional
breeding methods. As molecular characterization of resistance genes proceeds,
it will become progressively easier to manipulate genetic resistance and transfer
resistance genes within and among species. Our present knowledge indicates that
plants evolved leucine-rich repeat (LRR)-types of receptors to recognize a diverse
array of pathogen elicitors, and it is likely that pathogens coevolved with these re-
ceptors for millions of generations before agriculture arose. With this long history

of coevolution, it seems unlikely that we will be able to eliminate plant diseases
by engineering new receptors or combinations of receptors and putting them into
our crops. Pathogens will continue to evolve. However, genetic engineering offers
new opportunities to stay a few steps ahead of the pathogen. Genetic engineering
can be used to create novel pyramids of major resistance alleles that can be trans-
ferred into plants as a cassette of linked genes. It may become possible to create a
pyramid more quickly through a single transformation step than through a series of
hybridizations and backcrosses. Of course, plants already have evolved cassettes
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of linked resistance genes over evolutionary timescales, and pathogens are still
with us. Genetic engineering also could be used to synthesize multilines quickly
and efficiently by inserting different resistance alleles into superior agronomic
genotypes as they are developed. This approach may allow us to impose disruptive
selection that slows pathogen evolution, butitis unlikely to eliminate the pathogen.

It is most likely that pathogen populations will continue to evolve and respond to
the new forms of genetic resistance that we deploy through genetic engineering.
But with careful management of these new, engineered resistance genes, we may
be able to create truly durable forms of genetic resistance. The best way to insure
the durability of these new engineered resistance genes is to manage them wisely

using knowledge of the evolutionary potential of the pathogen population.

The Annual Review of Phytopathologig online at http://phyto.annualreviews.org
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Figure 2 (See figure on previous page) Strategies for deployment of major resistance
genes (R-genes)A] The traditional “plug, plant, and pray” approach of deploying
single R-genes one at a time in a sequence that matches the boom and bust cycle.
(B) Rotations of R-genes in time or space. Each R-gene is deployed over a limited
number of years or area, and is withdrawn before the corresponding virulence al-
lele achieves a high frequency in the pathogen populat©pR-gene pyramid. All
R-genes are placed together in one plant genotjeRégional deployment. Different
R-genes are grown in different regions. This can be part of a gene rotation as described
in panel B. E) Cultivar mixtures and multilines. Individual R-genes are grown as an
intimate mixture in the same field.
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Figure4 (Seefigure onprevious page) Scale of evolutionary risk organized according
to reproduction/mating system, gene/genotype flow and effective population size. The
organization of this diagram is modified from Figure 2 of Brent & Holloman (8).
Effective population size (N is on a 1-3 scale where 1 is smal,I® is average Ne,

and 3 is large N Assignment of total risk value assumes that all effects are additive.
This risk model assumes that mutation rates are constant and that selection is efficient
for all pathogens. Placement of example pathogens is according to principles explained
in the text or from Table 2.
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