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Although disease-resistance polymorphisms are common in natural plant populations, the mechanisms responsible for this variation

are not well understood. Theoretical models predict that balancing selection can maintain polymorphism within a population if the

fitness effects of a resistance allele vary from a net cost to a net benefit, depending upon the extent of pathogen damage. However,

there have been a few attempts to determine how commonly this mechanism operates in natural plant–pathogen interactions.

Ipomoea purpurea populations are often polymorphic for resistance and susceptibility alleles at a locus that influences resistance

to the fungal pathogen, Coleosporium ipomoeae. We measured the fitness effects of resistance over three consecutive years at

natural and manipulated levels of damage to characterize the type of selection acting on this locus. Costs of resistance varied

in magnitude from undetectable to 15.5%, whereas benefits of resistance sometimes equaled, but never exceeded, these costs.

In the absence of net benefits of resistance at natural or elevated levels of disease, we conclude that selection within individual

populations of I. purpurea probably does not account completely for maintenance of this polymorphism. Rather, the persistence

of this polymorphism is probably best explained by a combination of variable selection and meta-population processes.

KEY WORDS: Coevolution, evolution of resistance, plant–pathogen interactions, costs of resistance, Coleosporium.

Plant populations often exhibit polymorphisms at genes that

provide resistance to microbial pathogens (Burdon 1987, 1994;

Harry and Clarke 1987; Parker 1988; Jarosz and Burdon 1990;

Bevan et al. 1993; Kniskern and Rausher 2006a). The abundance

of disease-resistance polymorphisms in the face of deleterious

pathogens is paradoxical, and one of the major goals of evolu-

tionary studies of plant–pathogen interactions is to understand the

mechanisms responsible for such polymorphisms (Parker 1990,

1992; Thompson 1999; Roy and Kirchner 2000; Bergelson et al.

2001; Thrall and Burdon 2002). There are two reasons to sus-

pect that selection plays a primary role in maintaining disease-
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resistance polymorphisms in coevolving plant–pathogen interac-

tions. First, a large number of theoretical models and simulations

predict that balancing selection will often act on disease-resistance

genes (Haldane 1949; Jayakar 1970; Clarke 1976; Frank 1992;

Antonovics and Thrall 1994; Thrall and Burdon 2002); and sec-

ond, population genetic studies of resistance genes indicate that

alleles may be selectively maintained for millions of years (Stahl

et al. 1999; Caicedo et al. 1999; Tian et al. 2002; Mauricio et al.

2003; Rose et al. 2004). However, very few empirical studies

have attempted to elucidate the precise manner in which selection

promotes the maintenance of disease-resistance polymorphism in

natural plant–pathogen interactions.

Almost every model that has attempted to identify the condi-

tions necessary for the selective maintenance of disease-resistance
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polymorphism assumes that resistance alleles may be costly or

beneficial depending upon the amount of pathogen damage that

a plant population experiences (e.g., Jayakar 1970; Clarke 1976;

Frank 1992; Antonovics and Thrall 1994; Roy and Kirchner 2000;

Thrall and Burdon 2002; but see Damgaard 1999 for an excep-

tion). Theory suggests that if pathogen damage is influenced by

the frequency of resistance in a plant population, then the costs

and benefits of resistance will interact to generate frequency-

dependent selection that can maintain polymorphism within a pop-

ulation (Jayakar 1970; Clarke 1976; Frank 1992; Antonovics and

Thrall 1994; Roy and Kirchner 2000). Alternatively, heterozygote

superiority could derive from the interaction between costs and

benefits of resistance if the benefits of resistance are completely

dominant (equal in both homozygous and heterozygous resistant

plants) whereas the costs are incompletely dominant (largest in

homozygous resistant plants) (Clarke 1976). Heterozygote superi-

ority would lead to overdominance, resulting in selection that, like

negative frequency-dependent selection, would maintain disease-

resistance polymorphism within a population over time. Finally, if

pathogen abundance varies between years, then fluctuating costs

and benefits might generate temporal variation in selection which,

under certain conditions, could maintain polymorphism within a

population (Hedrick 1974; Hedrick et al. 1976).

However, even if selection within individual populations does

not maintain disease-resistance polymorphisms, meta-population

models show that variation in resistance may be maintained

across an interconnected set of populations by the combination

of pathogen-mediated selection, resistance costs, and among-

population demographic processes including extinction and mi-

gration (Thrall and Antonovics 1995; Thrall and Burdon 2002;

Carlsson-Granér and Thrall 2002). This represents a competing

explanation for both the abundance and apparent longevity of

disease-resistance polymorphisms in wild systems. At least two

empirical studies implicate the importance of metapopulation dy-

namics on the distribution of resistance alleles or phenotypes (see

Thrall et al. 2001; Carlsson-Granér and Thrall 2002) and although

it seems probable that spatial dynamics are often important in

plant–pathogen interactions (Thompson 1994, 1999; Thrall and

Burdon 1997), there is still little empirical evidence regarding

the spatial scale at which selection operates to maintain disease-

resistance polymorphisms in nature.

One reason for this is that few studies have attempted to

characterize the type of selection that acts on disease-resistance

genes in natural plant populations. If overdominance or frequency-

dependent selection commonly occur, then the maintenance of

polymorphisms within a single population would be possible. Al-

ternatively, if these types of selection do not act within populations,

then more complicated hypotheses involving among-population

processes would need to be pursued. Much of the initial effort to

understand how selection promotes disease-resistance polymor-

phism focused on documenting whether fitness costs are associ-

ated with resistance alleles. It is now well established that such

costs occur (reviewed in Bergelson and Purrington 1996; Purring-

ton 2000; see also Tian et al. 2003). Yet, surprisingly, a few studies

have evaluated the relative benefits of resistance under natural lev-

els of disease. Studies that measure the relative costs and benefits

of major-gene resistance are thus needed to determine whether

the type of selection acting on disease-resistance genes within

individual populations is sufficient to maintain polymorphisms.

In addition, because single resistance genes of large phenotypic

effect currently dominate theory on plant–pathogen coevolution

(Thompson and Burdon 1992; Burdon 1997; Holub 2001), studies

that determine how selection acts on these genes will also further

our understanding of the coevolutionary process.

We measured the relative costs and benefits of a single re-

sistance allele at the locus (Rci1) (Kniskern and Rausher 2006a)

to understand how within-population selection acts on a simple

disease-resistance polymorphism in the annual plant Ipomoea pur-

purea. Coleosporium ipomoeae is a rust fungus that parasitizes

most natural populations of I. purpurea that have been examined

to date, and available data suggest that most of these populations

are also polymorphic at the resistance locus Rci1, where complete

resistance is dominant to susceptibility (Kniskern and Rausher

2006a). We studied this interaction over a three-year period at

a single field site in Durham, North Carolina. In a companion

paper, we described the pathogenic effects of C. ipomoeae on ge-

netically susceptible plants in these experiments; these included

reductions in plant size, flower production, seed production, and

life span (Kniskern and Rausher 2006b). We also showed that mi-

croenvironmental heterogeneity was associated with variation in

plant tolerance to C. ipomoeae: plants in poor quality microenvi-

ronments tended to experience the most deleterious fitness effects

of damage. Here we describe the fitness differences between the

three resistance genotypes to characterize how selection acts on

this resistance locus under varying levels of C. ipomoeae damage

and across the same microenvironmental gradient that was associ-

ated with variation in plant tolerance to C. ipomoeae. Our primary

goal is to test the hypothesis that the type of selection acting on

this locus within a single population is indicative of some form of

balancing selection that could maintain a polymorphism.

The rationale for our experiments is as follows: for frequency-

dependent selection or temporal variation in selection to maintain

a resistance polymorphism, at low pathogen levels (correspond-

ing to a high frequency of resistance) there should be a net cost

of resistance, whereas at high pathogen levels (corresponding to

a low frequency of resistance) there should be a net benefit of

resistance. We test whether this expectation is met in our sys-

tem by manipulating pathogen abundance to create both low and

high infection rates. In addition, we assess the degree of dom-

inance of costs and benefits of resistance to determine whether
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overdominance in fitness may be occurring at the resistance

locus.

Materials and Methods
SYSTEM

Ipomoea purpurea is a self-compatible, annual plant that is dis-

tributed throughout Mexico and the central, southern, and south-

eastern United States in North America. In the southeastern United

States, populations are often found in disturbed sites such as the

borders of farm fields, along roadsides, and in abandoned fields.

Plants in natural populations germinate in late spring through sum-

mer and reproduction begins as early as six weeks after germina-

tion and continues until the first hard frost or until plants begin

to senesce. Coleosporium ipomoeae is a heteroecious rust fungus

that cycles between two hosts. The primary hosts are species of

Pinus, from which aeciospores are shed that infect the alternate

hosts, which include many species in the genus Ipomoea (Rhoads

et al. 1918). Bright orange urediospores are produced on suscep-

tible Ipomoea and are capable of re-infecting these plants. In the

fall, red teliospores are produced in a circular pattern around ag-

ing uredia. Teliospores give rise to basidospores that are able to

re-infect the primary host. Coleosporium ipomoeae is distributed

throughout the Americas, and in North America it is distributed

from Mexico east to Florida and north to Pennsylvania and Illi-

nois. In the southeastern United States, C. ipomoeae is commonly

found on several Ipomoea species, including I. purpurea, I. hed-

eracea, I. coccinea, I. lacunosa, and I. pandurata (Kniskern and

Rausher 2006a).

EXPERIMENTAL DESIGN

We carried out three field experiments over three successive years

(2000–2002). In all three experiments we used lines that had been

inbred for at least 12 generations by selfing and single seed de-

scent to generate experimental seeds of each resistance genotype

(RR, Rr, and rr; see Kniskern and Rausher 2006a). Because these

inbred lines may have unique combinations of alleles at unlinked

loci, we used a crossing design to randomize the resistance allele

(and susceptibility allele) with respect to unlinked, polymorphic

loci in three different genetic backgrounds (see Fig. 1). For this

crossing design, an inbred line identified as homozygous resistant

(RR) was crossed to three lines identified as homozygous suscepti-

ble (rr) to create three crossing groups. F1 seeds from each of these

three crossing groups were selfed and F2 progeny were scored for

resistance phenotype and then selfed. F3 seeds from susceptible

plants were grown in the greenhouse whereas seeds from each

resistant plant (RR or Rr) were grown in the growth chamber and

scored for resistance phenotype. If any F3 plants were suscep-

tible, then we inferred that the F2 parent was heterozygous and

excluded these families from the crossing design. Homozygous

RR X
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RR

P

F1

F2

F3 thrown
out
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self
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Figure 1. Illustration of the crossing design used to generate ex-

perimental plants for all three experiments.

resistant (RR) and homozygous susceptible (rr) plants for each

of the three crossing groups thereby acted as the parents for F4

seeds used in the field experiments. All F4 seeds were derived

from a cross between two plants in different crossing groups to

ensure that all plants experienced the same history of inbreeding.

The experiments carried out in 2000 and 2001 used the same pool

of seeds, whereas in 2002 homozygous F3 seeds saved from the

initial crosses were grown and used to replenish F4 seeds for this

field experiment.

In the first year (2000), we assessed the fitness differences of

all three genotypes in three different C. ipomoeae environments:

a pathogen exclusion treatment where the severity of C. ipomoeae

damage was experimentally reduced with the systemic fungicide

Ridomil Gold (Syngenta Crop Protection, Inc., Greensboro, NC),

a fungicide which has no direct effects on I. purpurea fitness (see

Kniskern and Rausher 2006b); a control treatment where plants

received a water application but C. ipomoeae damage was un-

manipulated; and a pathogen addition treatment that consisted

of an aqueous bulk inoculation solution of C. ipomoeae ure-

diospores that was sprayed onto plants to increase damage be-

yond natural levels. These urediospores were collected from at

least 100 plants within populations of I. purpurea and I. hed-

eracea that were within 50 miles of the study site by washing

urediospores from the leaf surface. Consequently, the bulk inoc-

ulation solution consisted of an unknown number of genotypes

that reflected the local population of C. ipomoeae. The second

experiment (2001) was altered to increase statistical power by in-

cluding only the two homozygous genotypes with the pathogen

exclusion and pathogen addition treatment. Finally, in 2002 we

returned to using all three genotypes and planned on adminis-

tering the same pathogen exclusion and pathogen addition treat-

ment as in 2001, but we were unable to collect enough ure-

diospores for the pathogen addition treatment; by default, this

EVOLUTION FEBRUARY 2007 379



J. M. KNISKERN AND M. D. RAUSHER

became a control treatment administered in the same manner as

2000.

All three experiments used randomized block designs and

were carried out in an experimental field managed by the Biology

Department of Duke University in Durham County, North Car-

olina. The experiments of 2000, 2001, and 2002 were planted on

July 17 (N = 864), August 1 (N = 1056), and June 7 (N = 1080),

respectively. In 2001 and 2002, a single seed was planted within

20 cm of each experimental plant to act as a free living phytometer

to assess the microsite quality independently for each experimen-

tal plant (Kniskern and Rausher 2006b). These phytometer plants

were all derived from an inbred line that had been propagated for

13 generations by single seed descent. Early season phytometer

size was measured as a proxy for the quality of a plant’s microen-

vironment approximately two weeks after germination.

Lifetime seed production was measured as an estimate of the

female component of plant fitness in all three years. In 2001 and

2002, we also counted total flower production two to three times

per week as an estimate of the male component of plant fitness

(J. Lau, R. E. Miller, and M. D. Rausher, unpubl. data), as has

been done in other annual herbaceous plants (Delvin and Ellstrand

1990; Conner et al. 1996). Additionally, we measured plant size

(total number of leaves) as an indirect estimate of plant fitness in

all three years. Plant size (or biomass) is commonly used as proxy

for plant fitness in studies examining resistance costs (reviewed

in Bergelson and Purrington 1996) because size and fecundity

are typically highly correlated (Kelly 1984; Klinkhamer and de

Jong 1987; Dudash 1991; de Jong and Klinkhamer 1994; Sletvold

2002).

Damage from Coleosporium ipomoeae infection was esti-

mated as the percent of total leaf area occupied by C. ipomoeae

based on six randomly chosen leaves per plant in 2000, all leaves

in 2001 (because damage was low), and four randomly chosen

leaves in 2002 (Kniskern and Rausher 2006b). During these ex-

periments we noticed that damage comes in three different forms

and in 2002 we recorded the type as well as the magnitude of

damage. The vast majority of damage consisted of bright orange

uredia (fruiting bodies that produce urediospores) that were of-

ten but not always surrounded by red telia (fruiting bodies that

produce teliospores). A small amount of damage existed in the

form of red telia that surrounded an orange-colored lesion lack-

ing uredia or, alternatively, just orange lesions. When uredia were

present, orange lesions were generally not visible. No other mi-

crobial pathogens imposed visible damage in 2000 or 2001. How-

ever, damage from Rhizoctonia solani appeared early in the 2002

season on lower leaves and was measured in the same manner as

C. ipomoeae damage. Damage from insect herbivores was present

in each year and in 2000 we measured the percent of total leaf area

removed by insect herbivores.

STATISTICAL ANALYSES

Damage from naturally occurring enemies of I. purpurea was

analyzed with analysis of variance (ANOVA) using the GLM pro-

cedure of SAS (SAS Institute 1990). These models included the

following fixed main effects: block, the sire and dam line from

which experimental plants were derived, treatment, and genotype.

Proportional damage data were arcsine–square root transformed

to improve the fit of residuals to a normal distribution. Damage

from R. solani was also analyzed categorically using a logit anal-

ysis implemented within the PROBIT procedure of SAS (SAS

Institute 1990).

Traits related to plant fitness (seed number, flower number,

and plant size) were analyzed with ANOVA using the MIXED

procedure in SAS (SAS Institute 1990). Spatial correlation in fit-

ness traits among plants was modeled using the coordinates of

plants in the field and analyses of plant fitness were then ad-

justed for spatial heterogeneity (Littell et al. 1996). All mod-

els included the sire line, dam line, treatment, and genotype as

fixed main effects. Response variables were generally log trans-

formed to improve the fit of residuals to a normal distribution

with the exception of leaf number and seed number from 2000,

which were square-root transformed. Preplanned comparisons to

evaluate the costs and net benefits of resistance were assessed

with contrast tests. These contrasts could not be run in full mod-

els, so higher order interaction terms were sequentially dropped

until contrasts could be successfully run. This elimination of

higher order interactions is justified because only one out of 80

such interactions tested were significant. For all contrast tests

of plant fitness and performance, the homozygous and heterozy-

gous resistant genotypes were first compared, as resistance was

previously known to be dominant. If these genotypes were not

significantly different at an alpha level of 0.05, then contrasts

were performed to compare both resistance genotypes to the sus-

ceptible genotype. To test for gross benefits of resistance, the

pathogen-exclusion treatment was compared separately to control

and pathogen-addition treatments for the experiments of 2000 and

2002 to determine if the magnitude of fitness differences between

resistant and susceptible genotypes differed significantly among

treatments, as revealed by a significant treatment × genotype

interaction.

Early season phytometer size was included as a covariate in

analyses of covariance (ANCOVA) to determine if microenviron-

mental quality mediated selection on the resistance locus. These

analyses were implemented in the same manner as the spatially

adjusted ANOVA described above. A significant interaction be-

tween the covariate and genotype (or higher order interactions

involving these terms) was interpreted as evidence that microen-

vironmental variation might alter the fitness differential among

genotypes.
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Figure 2. Coleosporium ipomoeae damage on experimental

plants in 2000–2002. Bars represent one standard error of the

mean. PE, pathogen exclusion treatment; C, control treatment; PA,

pathogen addition treatment.

Results
EFFECTS OF THE RESISTANCE LOCUS ON NATURAL

ENEMIES OF I. PURPUREA

Estimates of damage demonstrate that the resistance allele signifi-

cantly reduced the proportion of leaf area occupied by C. ipomoeae

at both natural and elevated levels of exposure (see Fig. 2 and

Table 1). Homozygous resistant and heterozygous plants did not

Table 1. ANOVA of Coleosporium ipomoeae damage in 2000–2002. For simplicity, nonsignificant higher order interaction terms are not

shown, but were included in all analyses.

Effect 2000 2001 2002

df F P df F P df F P

Block (B) 3 1.78 0.1499 21 2.18 0.0019 14 22.55 <0.0001
Sire line (S) 2 0.1 0.9032 2 3.32 0.0371 2 1.09 0.3365
Dam line (D) 2 0.26 0.7682 2 4.46 0.012 2 0.34 0.714
Treatment (T) 2 139.65 <0.0001 1 396.67 <0.0001 1 187.73 <0.0001
Genotype (G) 2 312.78 <0.0001 1 364.87 <0.0001 2 262.89 <0.0001
B×S 6 1.04 0.3995 42 1.13 0.2666 27 0.73 0.8377
B×D 6 1.67 0.1225 42 1.11 0.2998 28 0.85 0.6874
B×T 6 0.53 0.7877 21 2.17 0.002 14 1.98 0.0187
B×G 6 4.13 0.0005 21 2.14 0.0024 28 2.93 <0.0001
S×D 2 2.67 0.0699 3 1.03 0.3787 1 0.8 0.3717
S×T 4 0.05 0.9954 2 2.4 0.0914 2 0.37 0.6904
S×G 4 0.16 0.9594 2 1.18 0.3081 4 2.24 0.0645
D×T 4 0.82 0.511 2 1.43 0.2395 2 0.18 0.8336
D×G 4 0.65 0.6286 2 0.4 0.6717 4 1.39 0.2369
T×G 4 74.58 <0.0001 1 334.26 <0.0001 2 83.54 <0.0001
B×T×G – – – 21 2.19 0.0018 – – –
Error 572 492 372

differ in the proportion of leaf area damaged in the pathogen addi-

tion treatment of 2000 (1.52% and 1.45%, respectively: F = 0.01,

df = 1, 729, P = 0.9241), control treatment of 2000 (0.000349%

and 0.015%, respectively: F = 0, df = 1, 729, P = 1) or in the

control treatment of 2002 (1.84% and 1.86%, respectively: F =
0.21, df = 1, 710, P = 0.6497), indicating the resistance allele

was dominant for this phenotype. In 2002 C. ipomoeae damage

was categorized by type (lesions only, lesions + telia, or uredia +
telia). There was a significant difference among genotypes in type

of damage (X2 = 465.4, df = 6, P < 0.0001). The vast majority of

damage on susceptible plants consisted of uredia (which generally

obscured any appearance of lesions) and telia (see Table 2). In con-

trast, the small amount of damage that occurred on resistant plants

was dominated by orange lesions with or without accompanying

red telia. It is also clear that the manipulation treatments were

successful: although damage varied extensively between years,

the treatment effect was always highly significant (see Table 1),

and in the pathogen-elimination treatment, there was essentially

no visible infection in any of the three years. Furthermore, in 2000,

the only year in which both control and pathogen-addition treat-

ments were both applied, pathogen abundance was almost four

times greater in the pathogen-addition treatment.

C. ipomoeae was the only visible natural enemy of I. purpurea

that was affected by polymorphism at the resistance locus: there

was no effect of resistance genotype on herbivore damage in 2000

(F = 0.12, df = 2, 735, P = 0.8828) or the proportion of leaf area

damaged by R. solani in 2002 (F = 0.6, df = 2, 159, P = 0.5515).
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Table 2. Numbers of plants exhibiting different types of C. ipo-

moeae damage in 2002.

Genotype Lesions Lesions All1 No Total
only and telia damage

RR 24 123 5 133 285
Rr 18 110 54 131 289
rr 0 9 241 71 297
Total 42 242 300 362 871

1All indicates the presence of uredia and most often telia as well (see

Materials and Methods for description of damage types).

Furthermore, resistance genotypes did not differ in the probability

of receiving damage by R. solani (X2 = 1.6, df = 2, P = 0.4489).

These damage data indicate that the resistance allele significantly

alters the type and magnitude of damage from C. ipomoeae under

field conditions, but provides no apparent protection from other

natural enemies of I. purpurea.

COSTS OF RESISTANCE

The fitness of resistant and susceptible plants was compared within

the pathogen exclusion treatment in all three years to evaluate po-

tential costs of resistance. Costs of resistance were observed in

two of three years for either or both plant size and flower produc-

tion (see Fig. 3). Plant size exhibited a significant cost in 2000

(14%) and 2002 (13.8%) (F = 4.54, df = 1, 761, P = 0.033 and

F = 5.06, df = 1, 886, P = 0.025, respectively), but not in 2001

(F = 0.92, df = 1, 991, P = 0.335). A combined probability test

(Sokal and Rohlf 2001), which asks whether the data from these

three independent experiments collectively are significant, also

reveals a cost (� 2
6 = 16.387, P < 0.02). Resistant plants also

incurred a highly significant cost in terms of flower production

in 2002 (15.5% fewer flowers than susceptible plants, F = 7.24,

df = 1, 918, P = 0.0073), but not in 2001 (F = 2.34, df = 1, 992,

P = 0.1266). For seed production, there was no detectable cost in

any of the three years (2000: F = 0.25, df = 1, 761, P = 0.6166;

2001: F = 2.37, df = 1, 992, P = 0.123; 2002: F = 2.79, df =
1, 918, P = 0.0954). Overall, these results indicate that the resis-

tance allele incurs fitness costs and that the magnitude of these

costs may vary among years.

BENEFITS OF RESISTANCE

The expectation that the resistance allele will confer benefits when

plants are exposed to C. ipomoeae was evaluated at natural (control

treatment) and artificially elevated levels of damage (pathogen ad-

dition treatment). Of particular interest are those conditions where

gross benefits of the resistance allele exceed costs to yield net ben-

efits of resistance. We found little evidence for a net benefit in any

of the years (see Table 3A and Fig. 3). Only seed production in

2001 was nominally significantly greater for resistant plants. Be-
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Figure 3. Fitness relationships of genotypes in 2000–2002. Bars

represent one standard error of the mean. PE, pathogen exclusion

treatment; C, control treatment; PA, pathogen addition treatment.

cause this is the only significant net benefit out of 10 measured, this

result may be spurious. Support for this suggestion is provided by

a combined probability test over years for seed production, which

does not even approach significance (� 2
8 = 11.70, P > 0.2).

Although there is little evidence of net benefits to resistance,

in the three cases in which a significant cost was detected in

the pathogen exclusion treatment (e.g., flower number in 2002
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Table 3. Benefits of resistance. (A) F-values from contrast tests

comparing resistant genotypes (R-) to the susceptible genotype

(rr) within the treatments containing the pathogen. Treatments:

PA, pathogen addition; C, Control. Tests for net benefit of resis-

tance (i.e., benefit–cost). (B) F-values from the Treatment × Geno-

type interaction effect for analogous comparisons (see Statistical

Analyses). Tests for gross benefit of resistance (i.e., without sub-

tracting cost).

Year 2000 2001 2002
Treatment PA C

C PA

Trait
A.

Plant size 0.92 0.12 1.3 1.37
Seed number 1.37 0.06 5.291 0.19
Flower number NA NA 1.88 0.12

B.
Plant size 4.191 3.22 2.81 6.171

Seed number 0.73 0.32 0.34 2.33
Flower number NA NA 0 4.631

1P < 0.05.

and plant size in 2000 and 2002), genotypes were virtually indis-

tinguishable for these traits in treatments where pathogens were

present (see Fig. 3). This observation suggests that in these sit-

uations there may have been gross fitness benefits to resistance

that just equaled the costs. If this hypothesis is true, then there

should be a significant interaction between treatment and resis-

tance genotype. This interaction was significant for both plant

size and flower number in 2002 (see Table 3B). For the 2000 ex-

periment, the interaction between treatment and resistance geno-

type was assessed separately for the control and pathogen-addition

treatments; this interaction was significant for plant size in the con-

trol treatment comparison, although it was not significant for plant

size in the pathogen-addition treatment comparison (P = 0.07).

It thus appears that for flower number and plant size, resistance

provides a benefit, albeit one that is not large enough to overcome

the cost of resistance and produce a detectable net increase in

fitness.

EFFECTS OF C. IPOMOEAE ON RESISTANT PLANTS

One possible explanation for the lack of net fitness benefits in

resistant plants is that although resistance prevents sporulation of

the pathogen, it does not completely prevent hyphal growth within

the plant, and this growth has deleterious effects on plant fitness.

We examined this hypothesis by comparing the fitness traits of

resistant plants across treatments. If this hypothesis is correct,

then resistant plants should have higher fitness in the pathogen-

exclusion treatment than in treatments in which the pathogen was

present. A significant pattern of this type was found in three cases

Table 4. Detrimental effects of Coleosporium ipomoeae on re-

sistant plants. Values in table are F-statistics from contrast tests

comparing the fitness of R-genotypes in the pathogen-exclusion

treatment and the indicated treatment. Treatments: PA, pathogen

addition; C, Control.

Year 2000 2001 2002
Treatment PA C

C PA

Trait
Plant size 1.25 8.942 0.03 41.733

Seed number 0.24 6.921 0.16 0.98
Flower number NA NA 0.04 0.06

1P < 0.01.
2P < 0.005.
3P < 0.0001.

(see Table 4). In 2000, resistant plants in the pathogen-addition

treatment produced 5.8% fewer seeds and were 5.7% smaller than

plants in the pathogen-exclusion experiment. Interestingly, resis-

tant plants in the control treatment, in which there was consid-

erably less damage (see Fig. 2), did not exhibit this fitness re-

duction. In addition, plants in the 2002 control treatment were

35.3% smaller than in the pathogen-exclusion experiment. The

effects on plant size (but not seed number) remain significant at

an alpha value of 0.05 after a sequential Bonferroni correction

(Rice 1989). These effects can be attributed to C. ipomoeae be-

cause we previously reported that the fungicide used in this work

does not directly influence plant fitness (Kniskern and Rausher

2006b). It thus appears that resistant plants do experience a reduc-

tion in fitness in the presence of the pathogen, despite showing

little outward manifestation of infection.

EFFECTS OF MICROENVIRONMENTAL QUALITY

ON COSTS AND BENEFITS

We showed previously that microenvironmental heterogeneity

was associated with significant differences in plant tolerance to

the deleterious effects of C. ipomoeae in genetically susceptible

plants (see Kniskern and Rausher 2006b). Consequently, here we

tested the hypothesis that there would be an association between

microenvironmental heterogeneity and fitness differences among

resistance genotypes in the presence of C. ipomoeae. To do this,

data on phytometers were collected as a proxy for microenvi-

ronmental quality and included as a covariate in ANCOVAs on

measures of plant fitness and performance. A significant interac-

tion between the quality of the microenvironment (as measured

with phytometers) and genotype or between microenvironmen-

tal quality, treatment, and genotype would be consistent with the

hypothesis that fitness differences among genotypes covary with

microenvironmental quality. However, ANCOVAs of plant size,

seed number, and flower number from 2001 and 2002 all showed
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no evidence of a significant interaction involving microenviron-

mental quality and genotype (data not shown; all relevant inter-

action terms were nonsignificant at P > 0.05). Consequently, the

fitness relationships among the three genotypes appear to be ro-

bust to the level of microenvironmental heterogeneity present in

these experiments.

Discussion
COSTS AND BENEFITS OF THE RESISTANCE ALLELE

In many models for the maintenance of polymorphisms for

pathogen resistance by some form of balancing selection within

individual populations, frequency dependence in fitness is gen-

erated by a frequency dependence in pathogen abundance: when

most plants are resistant, pathogen abundance, and thus damage,

is expected to be low, even on susceptible plants, and costs are

expected to exceed benefits. By contrast, if most plants are sus-

ceptible, pathogen abundance and damage are expected to be high,

and benefits are expected to exceed costs (Gillespie 1975; Clarke

1976; Antonovics and Thrall 1994; Roy and Kirchner 2000). Two

requirements for this type of frequency-dependent selection are (1)

that resistant genotypes exhibit costs in the absence of pathogens,

and (2) that when pathogens are abundant, the benefits exceed

the costs to yield a net fitness increase compared to susceptible

genotypes. We did not manipulate the frequency of the resistance

allele to test this prediction, although other plant rusts are known

to exhibit frequency-dependent infection (Chaboudez and Burdon

1995; Akanda and Mundt 1996; Brunet and Mundt 2000; but see

Roy 1993; Siemens and Roy 2005). Instead, we evaluated the po-

tential for frequency-dependent selection to maintain the R-locus

polymorphism in Ipomoea purpurea by asking whether a net fit-

ness cost occurs when pathogen infection is experimentally re-

duced, and whether net benefits occur when pathogen abundance

is experimentally elevated above natural levels.

Our experiments indicate that the first of these requirements

appears to be met in this system. Significant costs were detected

for both plant size and flower production, though not for total seed

production, and were as large as 15.5% for flower production in

2002. Although we have no direct evidence from these experi-

ments, costs in both size and flower production are likely to reflect

true fitness costs. As is true in other systems (Delvin and Ellstrand

1990; Conner et al. 1996), male outcross success in I. purpurea

is proportional to the number of flowers produced (J. Lau, R. E.

Miller, and M. D. Rausher, unpubl. data). It is thus likely that the

reduced number of flowers produced by resistant plants actually

translates into a lower male component of fitness. Plant size is

less obviously directly related to fitness. In many plant species,

larger plants produce more seeds (Kelly 1984; Klinkhamer and de

Jong 1987; Dudash 1991; de Jong and Klinkhamer 1994; Sletvold

2002), but despite strong correlations between plant size and seed

number in these experiments (data not shown), significant costs

in seed production were not observed. However, because in many

species larger plants also produce higher quality seeds (Foster

and Janson 1985; Waller 1985; Roach 1986; Klinkhamer and

de Jong 1987), it is very possible that the smaller size of re-

sistant plants in our experiments translates into lower offspring

quality.

By contrast, our experiments provide little indication that the

second requirement—that resistance confers a net benefit under

elevated levels of pathogen infection—is met in this system, at

least in the years and location of our experiments. Although we

did detect gross benefits in some instances, these benefits were

never large enough to offset the costs of resistance. We cannot

rule out the possibility that in other years there might be a net

benefit, particularly if pathogen abundance were especially high.

Nevertheless, our experiments over three years suggest that such

years are probably not very frequent, and thus that there is not

likely to be on average a long-term net benefit to resistance at this

locus in I. purpurea. To the extent that this inference is valid, it is

not likely that frequency-dependent selection within populations

accounts for the long-term maintenance of the R-locus polymor-

phism.

A second way in which selection could maintain polymor-

phism within a population is through fitness overdominance

(Clarke 1976). One of the more general ways in which overdom-

inance at disease-resistance loci could occur is if resistance costs

are not completely dominant, while resistance (and thus the bene-

fit of resistance) is completely dominant. Costs would then reduce

plant fitness of resistant homozygotes relative to heterozygotes,

whereas damage would reduce the fitness of susceptible homozy-

gotes. There was no significant evidence of heterozygote supe-

riority in these experiments (see Fig. 3) and costs of resistance,

when evident, were completely dominant. Thus, it is unlikely that

overdominance maintains the resistance polymorphism within in-

dividual I. purpurea populations.

Temporal variation in selection might also maintain polymor-

phism within a population if varying pathogen abundance gener-

ates costs in some years and net benefits in others (Hedrick 1974;

Hedrick et al. 1976). A two-allele model with complete domi-

nance shows that short cyclical variation or a strong negative cor-

relation in selection between generations is required to maintain

a polymorphism, whereas infrequent or stochastic variation in se-

lection may actually increase the rate at which polymorphism is

lost (Hedrick 1974). The three consecutive years of these exper-

iments provide no evidence of a consistent negative correlation

in selection between years, and it is difficult to imagine a mech-

anism that would generate cyclical variation in selection. Con-

sequently, infrequent years of high and low pathogen abundance

would probably not be sufficient to maintain disease-resistance

polymorphism within a population.
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Finally, in the absence of any type of balancing selection

within populations it is possible that this disease-resistance poly-

morphism is transient. However, population surveys suggest that

nine of 11 natural populations in North Carolina, South Carolina,

and Georgia are polymorphic at the resistance locus Rci1, and es-

timates of resistant plant frequency in polymorphic populations

vary widely, from 0.08 to 0.61 (mean of 0.38) (Kniskern and

Rausher 2006a). The prevalence of polymorphism in natural pop-

ulations suggests that alternative selective explanations should

also be considered.

Consequently, we suggest that some form of meta-population

process (Thompson 1994, 1999; Thrall and Burdon 1997) may be

contributing to the maintenance of this polymorphism. In par-

ticular, we have shown previously that environmental conditions

influence the degree to which susceptible plants tolerate infection

by C. ipomoeae, and thus influence the potential benefits of re-

sistance (Kniskern and Rausher 2006b). It seems very possible

that environmental differences between populations may yield a

situation in which potential benefits are high enough to yield a net

fitness benefit in some populations, leading to the preservation of

the resistant allele, whereas in other populations benefits never

exceed costs, leading to loss of that allele. In the face of such di-

vergent selection, gene flow could then maintain a polymorphism

in both populations (Levene 1953; Wright 1969; Gillespie 1974;

Hedrick et al. 1976).

CAUSE OF LACK OF NET BENEFITS

Kniskern and Rausher (2006b) demonstrated that in these same

experiments, C. ipomoeae reduced the same fitness traits exam-

ined here by up to 47% in susceptible plants. Given this substantial

detrimental impact, it is surprising that we failed to observe any

Table 5. Estimated component costs and benefits of resistance. Expected net benefit is the sum of Sd, cost, and Rd. Significant values

are indicated in bold. NA: net benefit of resistance not expected because seed and flower production of damaged susceptible plants

exceeded that of protected plants by 17.1% and 11.7%, respectively (both not significant at P < 0.05).

Year Treat type Fitness estimate Sd
1 Cost Rd Expected net benefit

2000 Control Leaf no. 18.3% 14% 5.3% None
Seed no. 11.1%2 9.7% 1.7% None

Pathogen addition Leaf no. 22.6% 14% 5.7% 2.2%
Seed no. 14.9% 9.7% 5.8% None

2001 Pathogen addition Leaf no. 4.3% 0.9% 2.3% 1.1%
Seed no. NA NA NA none
Flower no. NA NA NA none

2002 Control Leaf no. 47.6% 13.8% 35.3% none
Seed no. 5.5% 12%2 −1.4%3 none
Flower no. 12.8% 15.5% 7% none

1Estimates of Sd from Kniskern and Rausher (2006b).
2Indicates significance at 0.05 < P < 0.1.
3Resistant plants in control group produced slightly more seeds than plants in pathogen exclusion treatment.

evidence of a net fitness benefit. One explanation for this failure

stems from our observation that exposure to C. ipomoeae is also

detrimental to resistant plants. This effect essentially reduces the

benefit associated with resistance.

The relative contribution of this effect can be portrayed by

partitioning the net benefit of resistance into three components:

net benefit = Sd − C − Rd,

where Sd is the amount by which the pathogen reduces the fitness

of susceptible plants, C is the cost of resistance, and Rd is the

amount by which the pathogen reduces the fitness of resistant

plants. In Table 5, we present estimates of these quantities for

the fitness traits in different years. Sd values were presented in

Kniskern and Rausher (2006b), whereas values for C and Rd are

from the present report. Values are presented as best estimates

regardless of their significance.

The most striking pattern that emerges from this partitioning

is that in six out of eight trait-year combinations, the fitness re-

duction due to infection in susceptible plants, Sd, is substantially

greater than the cost. If these were the only two effects influenc-

ing net benefit, then the net benefit would have frequently been

positive. However, in most cases the magnitude of the detrimental

impact on resistant plants, Rd, is substantial, averaging 36% of the

potential benefit (range: 0–74%). In all cases in which potential

benefits (Sd) exceed costs, this additional effect is large enough to

essentially eliminate the potential benefit.

We do not know why resistant plants suffered from exposure

to C. ipomoeae, but it seems unlikely that the small amount of

visible damage on resistant plants is entirely responsible for these

fitness effects. We also do not believe that these fitness effects
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were caused by a rare but highly deleterious strain of C. ipomoeae

that was able to infect resistant plants, as urediospores from resis-

tant plants in 2000 were inoculated on resistant plants in the lab

and consistent infection was not observed (unpubl. results). In-

stead, we suspect that the fitness reduction is due either to costs of

induction of resistance (with susceptible genotypes not exhibiting

an induction response), or to detrimental effects of hyphal growth

that is not externally visible. In either case, our results suggest

more generally that lack of visible damage upon exposure to a

pathogen does not mean there are no detrimental fitness effects of

that exposure.
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