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A cost of disease resistance: paradigm or peculiarity?

James K.M. Brown
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Disease is one of the main driving forces of biological
evolution. Parasites cause natural selection for disease
resistance in populations of their hosts. Why then are
all organisms susceptible to some parasites? One expla-
nation is that resistance to disease is costly, reducing
the fitness of the host in the absence of disease. A
recent article shows that such costs might have helped
to maintain polymorphism at a resistance locus. Other
work, however, has questioned whether the costs of
resistance are indeed necessary to account for poly-
morphism in host-parasite interactions.

Plants are good models for studies of co-evolution because,
unlike animals, their interactions with some important
parasites are controlled by a fairly simple genetic system.
In the gene-for-gene relationship [1], plants are resistant
to some genotypes of a parasite species but not to others
(Box 1). The asymmetry of this system has long fascinated
evolutionary biologists because a resistance (R) allele
should always have an advantage over a susceptibility
allele by protecting the plants that have the R allele
against pathogens that possess the matching avirulence
(Avr) gene. How then is polymorphism for resistance and
susceptibility maintained in plant populations? One
possibility is that R-genes might impose metabolic costs
on plants. A recent study by Joy Bergelson and colleagues
[2] provides the first evidence for such a cost of a gene-for-
gene resistance. This cost, balanced against the benefit of
the R-gene in plant defence, is sufficiently high to have
helped to maintain polymorphism at this R-locus for
millions of years.

Costly resistance

Polymorphism has persisted at the RPM1 locus of
Arabidopsis thaliana for at least 10 million years [3].
RPM1 confers resistance to genotypes of the pathogenic
bacterium Pseudomonas syringae pv maculicola, which
express one of two A-genes, AvrRpm1 or AvrB. Tian et al.
[2] investigated whether a cost of resistance might have
contributed to the longevity of this polymorphism. They
produced four pairs of NEAR-ISOGENIC LINES (see Glossary)
that were identical except at a transgenic ectopic RPM1
locus, where they had integrated resistance alleles
(RPM17") or susceptibility alleles (rpml; written as
RPM1~ in Ref. [2]). In the RPM1 " lines, a 3.84-kb insert
included RPM1 itself, its promoter and its terminator and
was flanked by lox sites. The expression and function of
RPM1 was phenotypically normal in these plants. Wild
plants that are susceptible to AvrRpm1 and AvrB isolates
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of P. syringae pv maculicola lack the complete coding
region of RPM1 [4]. Thus, Tian et al. mimicked this allele
via cre-mediated excision of the 3.84-kb insert at the lox
sites to generate plants that possessed rpm1.

The effect of RPM1 on the fitness of these plants was
tested in a field trial in the absence of P. syringae pv
maculicola. RPM1 * plants were consistently smaller than
rpm1 plants, with smaller shoots, and had lower repro-
ductive fitness, with fewer SILIQUES (seed pods) per plant
and seeds per silique, resulting in 9% fewer seeds per plant
in total (Figure 1). This high cost of resistance was
consistent across the four pairs of transgenic lines,
indicating that the cost of resistance was indeed associated
with RPM 1 and was not an artefact of the position at which
the transgene was inserted.

A resistance cost of 9% is surprisingly high. Indeed, it is
probably not typical of gene-for-gene resistances. There
are estimated to be 163 gene-for-gene R-genes in
A. thaliana [5]. Thus, if R-alleles incurring a cost of 9%
segregated at all these loci, the genetic load on the plant
population would be unsustainable [2]. Gene-for-gene
resistances are also used widely in plant breeding but
any R-gene with such a high cost would be rapidly
eliminated from breeders’ germplasm.

There is circumstantial evidence from recent research
on POWDERY MILDEW of barley that R-genes other than
RPM1 might incur costs. Transcripts of two R-genes, Mla6
and Mlal3, are induced between 16 and 20h after
inoculation, but only if the fungus has the corresponding
Avr gene [6]. The fact that these R-genes are inducible

Glossary

Cultivar: a variety of a crop plant, produced by plant breeding in modern
agriculture or by natural selection among diverse genotypes in traditional
farming systems.

Downy mildew: a plant disease that appears as a downy growth on leaves,
flowers and fruit, caused by oomycetes in the order Peronosporaceae.
Meristem: a localized region of active cell division and differentiation in plants.
Metapopulation: a ‘population of populations’, in which an organism exists at
several discrete sites. In each generation, the organism might become extinct
at some sites and might be re-colonized from other sites.

Near-isogenic lines: a group of plant lines that are genetically identical except
around one locus, produced by genetic engineering or by repeated back-
crossing to a recurrent parent.

Oomycete: a group of organisms with an outward appearance similar to fungi,
but actually part of the Stramenopile group of protists, which includes diatoms
and brown algae among its better-known members.

Powdery mildew: a plant disease important mainly in humid, temperate
environments, in which the fungal spores appear as a powder on leaves, stems
and flowers, caused by ascomycetes in the order Erysiphales.

Rust: a common disease of of many plants, in which pustules of spores break
through the surface of leaves and stems, caused by basidiomycete fungi in the
order Uredinales.

Silique: the elongated pod containing several seeds, typical of plants in the
family Brassicaceae, including Arabidopsis thaliana.
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Box 1. The gene-for-gene relationship

The gene-for-gene relationship controls the responses of plants to
some important parasites (Table |). Effective resistance is elicited
only if the presence of an avirulence (Avr) gene in the parasite is
recognized by a matching resistance (R) gene in the plant. Avrdoes
not elicit effective defence if the plant lacks the matching R-gene
altogether, has an ineffective, susceptibility allele of the R-gene or
has an allele of the R-gene that recognizes a different Avrgene. If the
pathogen lacks the Avr gene or has an ineffective allele, the plant
does not sense the presence of the pathogen, whether or not the
R-gene is functional, and so defence is not elicited or is ineffective.
Different parasite Avrgenes are detected by different host R-genes or
by different alleles of a multi-allelic R-gene. There need only be
one matching R—-Avr gene pair for resistance to be effective. Most
R-genes are dominant or semi-dominant, as are Avrgenes. Here the
parasite is shown as haploid, as is the case for ascomycete fungi and
bacteria, two of the most important groups of plant pathogens.

Table I. Specificity of the gene-for-gene resistance

Parasite
Plant Avirulent (Avr) Virulent (avr)
Resistant (Rl — ) Resistance Disease
Susceptible (rlr) Disease Disease

suggests that constitutive expression might be costly to the
plant. By contrast, the L6 gene offlax for resistance to RUST
is expressed constitutively even after inoculation with an
avirulent pathogen isolate [7], which tentatively suggests
that its expression might not be costly in evolutionary terms.

R-genes that control gene-for-gene interactions are by
no means the only genes involved in the defence of
the plant against disease. An R-protein is a receptor
molecule that induces effective defences if it perceives the
presence of a parasite elicitor (e.g. the matching Avr
protein). Many other genes are therefore involved in plant
disease resistance, some of which are indeed costly to the
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Figure 1. Costs of RPM1 resistance in Arabidopsis thaliana, redrawn from Ref. [2].
In near-isogenic lines (NILs) produced by genetic engineering, those with the
resistance gene (RPM1*; orange bars) had lower above-ground biomass, fewer
seeds per silique, siliques per plant and total seeds per plant than susceptible
plants (rpm1; blue bars). These effects were consistent across four pairs of NiLs
[2]. Data shown are means across the four NILS.
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plant [8,9]. The question of whether or not gene-for-gene
resistance is costly therefore does not necessarily have a
bearing on the costs imposed by other types of resistance.

More genes, higher cost?

Two different types of costs should be distinguished:
adding a new R-gene and variation between the effective
alleles of an existing R-gene that recognize the presence of
different parasite Avr genes. The study by Tian et al. [2] is
the first to investigate knowingly the cost of an additional
R-gene. Previous studies that searched for costs of gene-
for-gene resistance — all of which found none — probably
investigated allelic variation in functional R-genes. The
most comprehensive study used ten pairs of near-isogenic
lines of the barley cuLTIVAR Manchuria; in each pair one
line had an R-gene that induced defence against powdery
mildew whereas the other line did not. Each of these
R-genes is effective against mildew fungi with different,
matching Avr genes. These lines were developed using
12—15 backcrosses to Manchuria and so were very similar
except for the sequence flanking the R-genes themselves.
In no case did the R-gene significantly affect grain yield,
grain size or a range of other traits [10]. Likewise, no costs
were associated with R-genes that induced defence against
mildew that segregated in populations of barley [11] or rye
[12]. Three of the R-genes in Manchuria near-isogenic
lines, Mlal [13], Mla6 [14] and Mla13 [6], have since been
cloned. They have similar sequences and appear to be
allelic at the Mla locus.

These data suggest that each new R-gene might be
costly but allelic variation within an existing R-gene
family might not. This could explain features of the
organization of R-genes and alleles in the plant genome.
On the one hand, A. thaliana has fewer than 200 NB-LRR
(nucleotide-binding, leucine-rich-repeat) genes [5], the
largest known class of R-gene. These account for only
approximately one-thousandth of the genome, despite the
vast range and diversity of potential parasites. If adding
new R-genes were cost-free, one would expect massive
proliferation of R-genes so that the plant could recognize
as many of its enemies as possible. On the other hand,
several R-genes have many alleles at the same locus, each
of which corresponds to a different pathogen Avr gene. Mla
in barley for resistance to powdery mildew is a well-known
example of this [6,13,14]. More generally, many R-genes
are clustered in certain regions of the genome and might
have originated by gene duplication [15]. This suggests
that generation of new alleles of existing R-genes is
economical in evolutionary terms.

There could be a balance of the costs and benefits of
adding a new R-gene compared with adding a new R-allele
at an existing locus. In the first case, the total number of
genotypes would be doubled but at the cost of reduced
fitness. In the second case, there would be many fewer new
genotypes, for example, 5% more if a new R-allele occurred
at a locus that already had 20 alleles — but this increase
would incur little or no cost to the plant.

Complex costs
There are several possible reasons why RPM 1 resistance is
costly [2]. Overexpression of an R-gene under certain
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environmental conditions might lead to inappropriate and
damaging induction of plant defences [16]. Also, basal
levels of expression of an R-gene in the absence of disease
might induce plant defences to a certain level; although
there is as yet no direct evidence for such induction,
overexpression of some R-genes in the absence of the
parasite causes activation of plant defences [9]. If these
two effects are generic consequences of gene-for-gene
resistance, however, it is doubtful that either would result
in as large a cost as that found by Tian et al. [2], because
of the physiological load of the combined effect of many
R-genes.

Alternatively, as Tian et al. note [2], a cost could arise
not from the presence of RPMI alone but from the
interaction of the RPM1 protein with other plant proteins.
Evidence is emerging that R-proteins do not recognize Avr
proteins directly, but through the interaction of Avr with
other plant proteins, known as pathogenicity targets
(PTs). Effectively, R-proteins guard PT proteins against
damage by pathogens [17,18]. The only PT for which there
is direct evidence for a tri-partite interaction (R + PT +
Avr) is RPM1 interacting protein (RIN4) [19-21], one of
several A. thaliana. proteins with which RPM1 is
associated (Figure 2). RIN4 is required for normal seedling
growth, MERISTEM function and fertility [19]. The presence
of the corresponding Avr-proteins, AvrRpm1 and AvrB,
leads to phosphorylation of RIN4. This is recognized by
RPM1, resulting in the activation of the host defences [19].
RPM1 also interacts with another PT, AtTIP49a, as does
recognition of Peronospora parasitica 5 (RPP5), the
product of an R-gene against DOWNY MILDEW, caused by
the OOMYCETE Peronospora parasitica. Like RIN4,
AtTIP49a is required for normal development, being
essential for meristem function, flower formation and
seed set [22]. AtTIP49a also suppresses RPP5-mediated
resistance to P. parasitica, such that plants in which
AtTIP49a transcription is reduced are more resistant to
the parasite. However, reduction of AtTIP49a levels did
not noticeably enhance RPM1-mediated resistance to
P. syringae pv maculicola, although it might have been
difficult to detect any enhancement because this resistance
is already strong in plants with wild-type AtTIP49a [22].

AtTIP49a interacts with the R-genes RPM1 and RPP5,
downregulates RPP5-dependent resistance and is essen-
tial for normal meristem development. RPM1 also inter-
acts with RIN4, which is also essential for plant growth
and development, and the cost of RPM1 was measured in
terms of seed production. It is therefore reasonable to
speculate that the cost of resistance identified by Tian et al.
[2] might result from RPM1 interfering with the activity of
the developmentally important proteins AtTIP49a, RIN4
or both, so that less seed is produced than in rpm1I plants.
A test of this hypothesis would require comparative
functional analysis of RIN4 in RPM1 ™" and rpmI plants
and has not yet been done. Whether or not this particular
hypothesis turns out to be correct, it could well be that
costs of resistance are specific to individual R-genes and to
the proteins they guard. The nature and size of the cost,
indeed the existence of any cost at all, might be specific to
each R-gene. Indeed, there might be no general model for
costs of gene-for-gene resistance.
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Figure 2. The guard hypothesis for gene-for-gene interactions [17], illustrated by
the plant resistance (R) gene RPM1 and the pathogen avirulence (Avr) gene
AvrRpm1. RPM1 interacting protein (RIN4) is required for normal development of
Arabidopsis thaliana and is the pathogenicity target (PT) for the Avr protein
AvrRpm1 of the bacterial pathogen Pseudomonas syringae pv maculicola. RPM1
‘guards’ RIN4 and is the R-protein in the gene-for-gene relationship, correspond-
ing to AvrRpm1 [19]. Interaction with AvrRpm1 results in phosphorylation of RIN4.
(a) In a resistant plant, RIN4 phosphorylation is recognized by RPM1, which
induces effective defence against P. syringae pv maculicola, so the plant is resist-
ant to disease (top left). (b) If RPM1 is absent, RIN4 phosphorylation by interaction
with AvrRpm1 is not recognized, so host defences are not induced and disease
results (bottom left). (c),(d) If AvrRpm1 is modified or absent and RIN4 is therefore
not phosphorylated, so that P. syringae pv maculicola is virulent, P. syringae pv
maculicola is not recognized whether RPM1 is (c) present or (d) not. RPM1 also
guards RIN4 against another P. syringae pv maculicola Avr protein, AvrB [19], and
RIN4 is also the PT for yet another Avr protein, AvrRpt2. The R-protein that guards
this protein is RPS2 [20,21].

Are costs necessary?
Population geneticists have recently questioned whether
there is any need for costs of resistance for polymorphism
to be maintained in gene-for-gene systems. Figure 3
depicts a standard, simple model of cycles of R- and
V-gene frequencies [23]. This and most other theories of
gene-for-gene coevolution include a cost of host resistance
because, without it, the R-allele would become fixed in the
host population and the virulence allele of the Avr gene
would be fixed in the parasite population. This model is
unrealistic in several respects. First, the equilibrium point
is unstable, so that trajectories of gene frequencies cycle
outwards and polymorphism is not maintained indefi-
nitely. Second, the system comes so close to the boundaries,
especially at the top and left of the diagram, that it is likely
that alleles are lost quickly from a population of finite size.
Third, rapid loss of alleles can only be avoided if the costs of
resistance and virulence are unrealistically high. These
problems have inspired several developments of the model to
explain what factors might contribute to maintaining
polymorphism, notably sub-division of host populations [24].
In Figure 3, selection and near-elimination of suscep-
tibility and avirulence alleles is rapid because dispersal is
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Figure 3. Dynamics of gene frequencies in a simple model of gene-for-gene inter-
actions between a plant and a parasite [23]. In each generation, each plant is
attacked by one parasite and all parasites have an equal chance of attacking each
plant. A resistance gene for which the matching parasite avirulence is common
(i.e. the virulence allele is rare) has a selective advantage because it protects the
host against the majority of parasites (lower part of the cycle). As it becomes com-
mon, it selects for virulence in the parasite (right) — or more precisely, against
functional avirulence. A resistance gene that is no longer effective against the
pathogen falls in frequency because it is costly (top of the cycle), then the cost of
the virulence that is no longer required to overcome host resistance causes it to be
removed from the parasite population (left of the cycle). Here, the cost to the plant
of being diseased (s) is 0.25 and the cost of having the resistance gene (t) is 0.05.
The cost to an avirulent pathogen of being unable to infect a resistant host (c) is
0.9 and the cost of being virulent (d) is 0.09. The trajectories of gene frequencies
spiral around and away from an unstable equilibrium point where the frequency of
resistance is d/c = 0.1 and the frequency of virulence is (s — t)/s = 0.8. The model
was run for 500 generations.

panmictic, such that the entire pathogen population is
dispersed over the entire plant population in each
generation. Avirulent pathogens are therefore removed
because they rapidly encounter resistant plants, whereas
susceptible plants have reduced reproduction because they
are rapidly attacked by virulent pathogens. By contrast,
Thrall and Burdon [25] investigated a METAPOPULATION
model with restricted dispersal. Each sub-population
comprises plants with diverse resistance genotypes,
infected by pathogens with diverse virulences. The greater
the severity of disease in a sub-population, the more plants
are killed. Dispersal of seeds between sub-populations
allows re-colonization of sites where plants have been
exterminated by disease, whereas spore dispersal allows
re-infection of recently re-colonized sub-populations. The
importance of the spatial scale of dispersal for population
dynamics of plants and pathogens that interact by gene-
for-gene relationships has been demonstrated experimen-
tally for flax rust [26].

In the metapopulation model [25], high polymorphism
in both R- and A-genes was maintained even if resistance
and virulence incurred no direct costs. Instead, a different
kind of cost operates. Plant populations with low diversity
in R-genotypes are vulnerable to attack by few pathogen
genotypes, whereas extermination of plants where the
population is uniform causes the death of the pathogens on
those plants. The costs are therefore not of resistance or
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virulence as such, but of uniformity of resistance and
virulence. In an earlier metapopulation model, it was
proposed that the cost of uniformity at the R-locus could
arise from a lack of diversity for resistance to another
parasite [27]. If this is true, it means that plant biologists
must extend their horizons even beyond complex inter-
actions within a single plant to complex interactions
within entire ecosystems — a daunting prospect.

Must resistance be costly?

Is the cost of RPM 1 a paradigm or a peculiarity? On the one
hand, long-lived alleles have been detected in several
R-genes in A. thaliana [28], and so mechanisms must be
sought to account for durable polymorphism in host—
parasite interactions. The data of Tian et al. [2] imply that
a cost of resistance might be part of the story, helping to
maintain polymorphism in the RPM1 gene for millions of
years. On the other hand, the cost of RPM1 is so high that
it is most unlikely that all the hundred or so R-genes in
A. thaliana have similar costs. The complex interactions of
RPM1 with other proteins suggest that the costs of RPM 1
might not be typical of R-genes in general unless all
R-proteins interact with many others. Moreover, costs of
resistance might not actually be required to maintain
polymorphism in realistic, spatially structured popu-
lations. A working hypothesis, therefore, is that the
existence of a cost of resistance and the nature and size
of that cost might be properties of each individual R-gene
and that variation between effective R-alleles at the
same locus is cost-free, whereas the cost of uniformity of
resistance might be a general property of populations of
all host organisms, animals and plants.
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Tracing the dawn of Plasmodium falciparum with
mitochondrial genome sequences
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Department of Infectious and Tropical Diseases, London School of Hygiene and Tropical Medicine, Keppel Street London WC1E 7HT, UK

Until recently, little light had been shed on the murky
origins of human malaria. Did Plasmodium falciparum,
the most virulent malaria parasite, emerge as a com-
mon pathogen only in the past few thousand years, as
suggested by some analyses of its nucleotide sequence
diversity? Or, was it an ancient scourge of early humans
>100 000 years ago, as suggested by others? A recent
study, using complete mitochondrial DNA sequence
polymorphism data and new analytical methods, points
to an intermediate date of origin and expansion out of
Africa. Subsequent population growth in each conti-
nent is less well resolved.

Plasmodium falciparum, which causes malaria, has
probably resulted in more human mortality than any
other infectious agent and has a continued impact today.
Thus, it is important to understand the evolution of this
pathogen. Analyses of nucleotide sequence diversity in
P. falciparum have been used to support divergent views
on its origin. Very low levels of polymorphism at synon-
ymous nucleotide sites [1] and within introns [2] of some
protein coding genes indicated that the global
P. falciparum parasite population might have originated
from a very small founding population only a few thousand
years ago. By contrast, further analysis of public database
sequences indicated that nucleotide polymorphism was
more extensive, supporting a view that the parasite has
had a large effective population size for hundreds of
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thousands of years [3]. Analysis of complete sequences of
the parasite mitochondrial genome (mtDNA) yielded an
intermediate estimate of tens of thousands of years [4].
These contrasting data were discussed previously [5-7],
although differing interpretations remained. More
recently, a substantial dataset has been generated on
most of the genes contained on chromosome 3 (one of the 14
nuclear chromosomes of the parasite), surveyed in five
different P. falciparum isolates, and this indicates that
some of the nucleotide diversity traces back to ~100 000
years ago [8]. However, it has also been shown that most of
the polymorphism in two closely related paralogous genes
on chromosome 11 has probably been generated by gene
conversion between the paralogues. Furthermore, it has
been speculated that such processes could be widespread
in the genome and could inflate estimates of allelic
divergence [9]. Most protein-coding genes in the
P falciparum genome are single loci (and do not have
adjacent closely related paralogues) [10], as are their
orthologues in the genomes of other Plasmodium species
[11]. Thus, it is not clear whether gene conversion should
be of widespread concern or if it greatly challenges the
analysis of chromosome 3 diversity [8]. Given such
uncertainty, there is potential merit in independent
approaches to trace the evolutionary history of
P. falciparum.

Roots and shoots
Joy and colleagues [12] studied the six-kilobase mtDNA
because it is uni-parentally inherited (only through the
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