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Abstract

Yuri P. Springer

Epidemiology, Resistance Structure, and the Effects of Soil

Calcium on a Serpentine Plant-Pathogen Interaction

While the impacts of diseases in agricultural settings have long been

appreciated, little is known about the role of plant pathogens in natural ecosystems.

Studies that quantify the ecological impacts of diseases on wild plant populations,

and link these impacts to resulting evolutionary patterns, inform our understanding

of the dynamics of natural systems and allow theories about variation in the

frequency, intensity, and outcome of antagonistic coevolution to be assessed.  Plant

communities associated with serpentine soils offer an intriguing setting in which to

conduct such studies.  While essentially nothing is known about the diseases of

serpentine flora, evidence from agricultural systems suggests that low soil calcium

levels typical of serpentine soils should make associated plants vulnerable to attack

by pathogens.  In contrast, an ecological theory attempting to explain patterns of

edaphic endemism characteristic of serpentine plant communities posits that these

low calcium soils may provide a refuge from disease.  Studying the interaction

between California dwarf flax, Hesperolinon californicum, and the rust fungus

Melampsora lini, I tested these conflicting predictions and examined patterns of

epidemiology and host resistance structure across the latitudinal range of the host

species.  Using a greenhouse experiment in which I manipulated the calcium

concentration of serpentine soils I found that infection rates were lower for plants



growing in higher calcium soils.  This finding was supported by results of three years

of epidemiological surveys conducted in sixteen wild H. californicum populations.

Infection prevalence was positively correlated to host population latitude, altitude,

and density, and negatively related to soil calcium concentration.  Infection was

associated with increased seedling mortality rates and reduced fecundity in adults.  I

documented a cline in infection, with high disease prevalence in northern plant

populations decreasing steadily towards the south.  A nearly identical pattern in host

resistance structure was elucidated by greenhouse inoculations in which plants from

each survey population were challenged with ten rust isolates.  Genetic resistance

was lowest in northern flax populations and increased gradually and continuously

towards the south.  This is one of a handful of studies that has investigated both

epidemiological patterns and host resistance structure in a wild plant/pathogen

interaction.
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Introduction

As a result of the frequent catastrophic effects of pathogens on harvested

plants, and the financial, demographic, and cultural consequences for associated

human populations, the impacts of diseases in agricultural settings have long been

appreciated (Agrios 2005).  In contrast, comparatively little is known about the

influence of pathogens on the ecology and evolution of plant populations in natural

ecosystems (Dinoor and Eshed 1984; Burdon 1987a).  While research involving crop

species demonstrates the potential for diseases to exert rapid and pronounced

effects on demographic and genetic attributes of plant populations, stark differences

in the levels of abundance, density, and genetic variability between domesticated

and natural plant populations suggest that the impacts of pathogens could be

fundamentally different in the wild.  Studies of wild plant/pathogen interactions that

measure the selective impacts of pathogens on host fitness, quantify patterns of

epidemiology and investigate mechanisms underlying infection rates, and

characterize signatures of pathogen-mediated host evolution, are needed to

delineate with greater breadth and certainty the role of plant diseases in natural

ecosystems.

Because of their often intimate association and strong reciprocal fitness

effects, plants and their pathogens represent model systems in which to study the

process of coevolution and the demographic, genetic, and biogeographic patterns

that result.  The geographic mosaic theory of coevolution posits that variation in the

frequency and intensity of reciprocal selection across spatially discrete interacting
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populations can generate a geographic mosaic of coevolutionary dynamics for a

given interaction (Thompson 1994; Thompson 1999b; Thompson 2005).  This is due

to the context dependence of local interactions arising from spatial variation in traits

of the focal species (e.g., demography, life history properties, genetic diversity,

phylogenetic history) and biotic and abiotic features of the external environment. As

a result, heritable traits shaped by reciprocal selection are expected to exhibit

significant geographic structure, evolving at different rates and along varied

evolutionary trajectories in different interacting populations.  According to the

theory, such variation can only be comprehensively characterized by studies of

coevolution conducted across biogeographically robust spatial scales.

Plant communities associated with serpentine soils provide an attractive

setting in which to study spatial patterns of plant/pathogen coevolution. Found

worldwide in areas of tectonic uplift, serpentine soils are characterized by a suite of

unique edaphic properties that include a coarse rocky texture, low water holding

potential, high concentrations of magnesium, iron, silica, and various heavy metals

(e.g., nickel and chromium), and extreme deficiencies in nutritive elements including

nitrogen, phosphorous, potassium, and calcium (Proctor and Woodell 1975; Brooks

1987).  Serpentine soils are associated with high levels of floristic endemism, and

plant ecologists have long sought explanations for why some plant species are

confined to serpentine soils while many others are excluded from it (Kruckeberg

1954; Whittaker 1954; Kruckeberg 1967).  While transplant and soil manipulation

experiments have implicated low calcium availability as a primary factor underlying
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this floristic partitioning, the mechanism(s) by which this factor affects plant

distributions remains unclear. The pathogen refuge hypothesis posits that conditions

of low calcium conditions associated with serpentine soils should result in reduced

levels of disease by lowering infection rates or the degree of symptom-associated

damage (Kruckeberg 1992).  Because calcium concentrations vary spatially among

serpentine patches, this mechanism could generate variation in disease impacts

among host populations and produce spatial mosaics in plant traits influenced by

pathogen-mediated selection.  Through studies of the interaction between California

dwarf flax (Hesperolinon californicum), a serpentine-associated herb, and its fungal

rust (Melampsora lini), I addressed three research questions.  First, what is the

relationship between the calcium concentration of serpentine soils and the infection

rates of plants growing in those soils?  Second, what is the relative contribution of

this mechanism to patterns of epidemiology in wild populations of dwarf flax?  Third,

what is the spatial relationship between these epidemiological patterns and the

resistance structure (spatial distribution of resistance genes) of these flax

populations?

In chapter one I present results of a greenhouse experiment that represents

the first experimental test of the serpentine pathogen refuge hypothesis.  I grew H.

californicum plants in serpentine soils that had their calcium content augmented by

soaking in CaCl2 solutions of varying molarity.  This experimental manipulation

increased calcium levels in both soils and tissue of associated plants.  Plants grown

under these variable soil calcium conditions were inoculated with rust spores, and
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the prevalence of infection in each calcium treatment group was quantified.  By

comparing infection rates and the extent of soil calcium augmentation, I

demonstrated that reduced disease levels were associated with higher levels of soil

calcium.  This result runs counter to predictions of the pathogen refuge hypothesis

and suggests that the edaphic niche of serpentine plants may in fact make them

more vulnerable to infection.

In chapter two I link these findings to patterns of infection prevalence and

severity in sixteen wild H. californicum populations.  I conducted three to four years

of annual epidemiological surveys in these populations, which span the latitudinal

extent of the biogeographic range of H. californicum.  In each population I measured

the prevalence and severity of rust infection and conducted analyses of soil samples

to characterize the local edaphic environment.  I deployed weather sensors at nine

sites spanning the survey area to characterize latitudinal trends in meteorological

conditions important for rust development and reproduction.  At two sites I

quantified the effects of infection on seedling mortality and adult fecundity. I

documented a dramatic cline in infection rates, with disease levels highest in

northern flax populations and decreasing gradually and continuously to the south,

where infection was rare or, at the southernmost sites, never observed.  While mean

disease levels fluctuated across years this clinal pattern remained fairly consistent.

Statistical analyses revealed that infection rates were negatively correlated with soil

calcium levels, but this effect was relatively minor compared to other factors:

infection prevalence was positively correlated with latitude and altitude, and with
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plant density in the current and previous year.  Infection dramatically increased

seedling mortality and reduced adult fecundity, and there was evidence for

population-level demographic feedback across years.  Heavily infected host

populations were significantly smaller in the following year compared to populations

experiencing lower levels of disease.  These data provide clear evidence that

selective impacts of pathogen-mediated selection on hosts are strong and spatially

variable among host populations.

In chapter three I present results of a greenhouse inoculation experiment in

which I documented the existence of a cline in resistance structure among host

populations. Using a fully factorial design, I challenged plants from each survey

population with rust spores collected from nearly every host population found to be

infected in the field.  Genetic resistance to rust infection was lowest in the north and

increased gradually to the south in a pattern that mirrors the cline in infection rates

documented in the field.  I detected a significant effect of local adaptation of the

pathogen: on average, rust isolates were better able to infect plants from their

source population relative to plants from other populations.  Analyses of local

adaptation data indicated the potential for host resistance structure to strongly bias

tests of local adaptation, and reasons for this are discussed.

Aside from studies involving plants that are hyperaccumulators (Brooks 1998;

Boyd 2004), this study is one of the first to examine plant/pathogen interactions in

serpentine plant communities, and is the first to experimentally test the hypothesis

that soil calcium concentrations affect interactions between pathogens and
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serpentine plants.  The results of my lab experiment clearly and unequivocally refute

the pathogen refuge hypothesis and suggest that plant communities associated with

serpentine soils may harbor a relatively high abundance and/or diversity of

pathogens.  As such, host-pathogen interactions are very likely to influence the

populations (e.g., demography, structure) and probably communities (e.g., species

composition) of serpentine-associated flora.  Furthermore, the relationship between

soil chemistry and epidemiology may influence the ability of non-serpentine plants to

invade serpentine patches.  In addition to the physiological stresses imposed by

abiotic soil conditions, range expansion of these plants onto serpentine soils may

also be limited by more frequent and/or severe infection by pathogens in these

edaphic environments.

At a broader spatial scale, this study is one of the most biogeographically

robust characterizations of a plant/pathogen interaction in the wild, and one of only

a handful of studies that has investigated both epidemiology and resistance structure

in the same system (Alexander et al. 1996; Carlsson-Graner 1997; Thrall and Burdon

2000; Laine 2004).  The unprecedented results of the study, demonstrating the

existence of coincident latitudinal clines in infection rates and genetic disease

resistance, suggest that disease caused by plant pathogens may represent a

powerful selective force capable of affecting patterns of evolution across the

biogeographic range of host species.  Evidence of local adaptation of the pathogen

further suggest that, despite the potential for long distance gene flow, wind

dispersed plant pathogens may become specialized on local host populations.
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Collectively, these results demonstrate the influence of edaphic conditions on

serpentine plant/pathogen interactions, illustrate the potential for strong effects of

diseases on both the ecology and evolutionary dynamics of natural plant

populations, and argue strongly for greater consideration of disease in studies of

plant communities in natural ecosystems.
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CHAPTER 1

Effects of Soil Calcium Concentrations on Infection Rates in a

Serpentine Plant/Pathogen Interaction: A Test of the Pathogen

Refuge Hypothesis

INTRODUCTION

One of the central goals of ecological research is to understand the relative

importance of the abiotic environment and species interactions in determining the

distribution and abundance of organisms.  While the mechanisms involved are

complex and highly context specific, two general modes of influence have been

delineated (Real and Brown 1991).  Research predicated on an autecological

perspective has emphasized the role of organismal physiology, often examining

systems in which species are excluded from a locality because of an inability to

tolerate the physical conditions present there.  Conversely, studies conducted within

a synecological framework have highlighted the role of biotic mechanisms in

determining patterns of distribution and abundance, often focusing on variation in

the frequency, intensity, or outcome of species interactions.  Natural systems in

which both mechanisms interact synergistically, and which therefore offer an

excellent opportunity to bridge this dichotomy, are plant communities associated

with serpentine soils.

Serpentine soils, found worldwide in areas of seismic activity and tectonic

uplift, are characterized by a suite of unique and biotically stressful edaphic

properties that include a coarse rocky texture, low water holding potential, high
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concentrations of magnesium, iron, silica, and various heavy metals (e.g., nickel,

chromium), and extreme deficiencies in nutritive elements including nitrogen,

phosphorous, potassium, and calcium (Proctor and Woodell 1975; Brooks 1987).

Serpentine outcrops have long been of interest to botanists and ecologists because

they support distinct floristic assemblages consisting of rare, unique, and highly

specialized taxa (Baker et al. 1991; Roberts and Proctor 1992).  Many of these

species are endemic to serpentine soils and their distributional patterns effectively

demarcate the often sharp boundaries of insular serpentine patches.  In contrast,

most plant species found on adjacent soil types are excluded from serpentine soils.

The striking edaphic differences between serpentine and non-serpentine soils, and

the marked biological discontinuity in areas where they abut, suggest strong

selective pressures imposed on plants by serpentine soils.

Results of transplant and soil manipulation experiments have implicated low

calcium availability as a primary factor underlying the floristic partitioning

characteristic of serpentine ecotones (Kruckeberg 1954; Whittaker 1954; Kruckeberg

1967). Calcium concentrations in these soils can be up to seventeen times lower

than levels measured in non-serpentine and agricultural soils (Mehlich and Tewari

1974).  Although calcium availability undoubtedly represents a force critical in driving

ecological and evolutionary dynamics in serpentine plant communities, the specific

mechanism(s) by which this force exerts its effects remain unresolved.  While the

hypothesis that a trade-off between competitive ability and tolerance of serpentine

conditions (esp., low calcium) has received the most support, few other mechanistic
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possibilities have been investigated.  One such alternative is the hypothesis that low

calcium serpentine soils may provide a refuge from pathogen attack (Kruckeberg

1992).  This “pathogen refuge” hypothesis posits that under conditions of low

calcium availability characteristic of serpentine soils, plants should experience

reduced pathogen pressure either because infection rates are lower or because

symptom-associated damage is reduced.  The hypothesis has never been explicitly

tested and is difficult to address anecdotally because essentially nothing is known

about the diseases of serpentine plants.  The handful of studies that have

considered plant pathogens in serpentine ecosystems have all focused on host

species that are metal hyperaccumulators.  It has been proposed that the high metal

concentrations in the tissues of these plants may serve to protect them from

pathogens, and a number of studies have documented reduced rates of infection in

hyperaccumulators (Boyd et al. 1994; Hanson et al. 2003; Boyd 2004 but see Davis

et al. 2001).  This defensive strategy, while intriguing, is taxonomically rare and

characteristic of only a fraction of serpentine-associated plants (Brooks 1998).   

Exposure to low soil calcium concentrations is a condition experienced by all

serpentine flora, so effects of calcium availability on interactions with pathogens

should be much more pervasive among serpentine-associated plants.

While predictions of the pathogen refuge hypothesis are consistent with

botanical patterns observed in serpentine systems, they run counter to those

generated by research on calcium-mediated plant disease development in

agricultural systems. Biochemical studies of the pathways used by plants to
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recognize and respond to abiotic environmental stressors frequently record increases

in cytosolic free calcium ([Ca+2]cyt) following exposure to stress-related stimuli, and

the signaling role played by calcium in initiating plant stress responses is now well

established (Bush 1995; Knight 2000; Reddy 2001; Sanders et al. 2002).  A growing

body of evidence suggests a similar role of calcium in the signal transduction

pathways associated with plant responses to attacking pathogens (Lamb et al. 1989;

Blumwald et al. 1998; Grant and Mansfield 1999).  Characteristic increases in

[Ca+2]cyt can be triggered by contact with pathogens, and the activation of calcium-

binding sensor molecules often appears necessary to initiate defensive reactions

including induction of the oxidative burst, activation of defense-related genes, and

for localized apoptosis associated with the hypersensitive response (Scheel 1998).

Application of calcium to soils has been shown to exert a suppressive effect on a

wide range of plant diseases (Engelhard 1989).  Collectively these findings suggest

that calcium may be pivotal in determining the frequency and outcome of infection

in plant-pathogen interactions.  In contrast to the pathogen refuge hypothesis,

however, they predict that reduced calcium availability should impair the ability of

plants to defend against attacking pathogens, making serpentine flora more

vulnerable to infection.

The goal of this study was to investigate these conflicting predictions through

the first experimental test of the pathogen refuge hypothesis. I quantified levels of

calcium availability associated with the edaphic niche of Hesperolinon californicum, a

plant species that grows in soils with a wide range of serpentine influence, using soil
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samples collected from 16 natural populations.  I then conducted a greenhouse

experiment in which the calcium concentration of field-collected serpentine soil was

augmented via the application of CaCl2 solutions to recreate part of this range of soil

calcium availability under controlled conditions.  H. californicum plants grown in six

different experimental calcium treatments were inoculated with spores of

Melampsora lini, a pathogenic fungus that infects H. californicum in the wild, and

infection rates were compared among treatments. By manipulating the calcium

concentration of serpentine soils, and using experimental inoculations to quantify the

rate of pathogen infection experienced by plants grown in these soils, I investigated

the role of soil calcium availability on serpentine plant/pathogen interactions and

thereby assessed the potential for this mechanism to contribute to floristic

partitioning in serpentine systems.

METHODS

Host and Pathogen

California dwarf flax, H. californicum Small (Linaceae), is a diminutive annual,

generally 20-40cm tall at flowering, with thin stems and leaves (McCarten 1993).  It

is endemic to California, growing primarily in the Coast Range Mountains but also

occurring in scattered populations on the margins of the eastern Sacramento and

western San Joaquin valleys (Sharsmith 1961). H. californicum is considered a

serpentine generalist, or “bodenvag” taxon as it grows on soils that vary widely in

their degree of serpentine influence and is sometimes found on non-serpentine soils
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(Kruckeberg 1954; Sharsmith 1961).  Seeds germinate in late December/early

January and plants set seed between July and September.  While it has not been

demonstrated conclusively, it is unlikely that H. californicum is a hyperaccumulator

given that metal hyperaccumulation has never been reported in the Linaceae (A.J.M

Baker, pers. com. 2005).  Melampsora lini Persoon is a macrocyclic, wind dispersed,

autecious rust fungus (Uredinales) that forms urediospores in pustules on the stems

and leaves of infected plants (Flor 1954). It is specific to hosts in the family

Linaceae, and infection of 12 of the 13 species of Hesperolinon has been observed

(Springer, pers. obs.). It is unclear whether species-specific strains of M. lini have

evolved within the host genus. As with most rusts, infections are non-systemic and

result in loss of plant vigor or death via destruction of photosynthetic tissue and

increased desiccation through damaged cuticle surfaces (Littlefield 1981). M. lini

infection has been shown to significantly decrease seedling survivorship and adult

fecundity in H. californicum (Chapter 2).

Quantifying soil calcium concentrations in natural H. californicum

populations

I determined the biogeographic range of H. californicum using a monograph

on the genus Hesperolinon (Sharsmith 1961), herbarium records at the University of

California Berkeley Jepson Herbarium (www.calflora.org), and interviews with local

naturalists and plant ecologists.  I selected 16 study populations that collectively

span the latitudinal extent of this range as completely as possible (Figure 1).

Populations are separated from each other by at least 1 km and range in size from
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approximately 1,000 to more than 20,000 individuals.  I collected soil samples from

each of the 16 study populations in 2002 to characterize the natural range of soil

calcium concentrations experienced by H. californicum.  Depending on spatial area of

each population, I collected between six and 18 soil samples per population.  Each

sample consisted of four bulked scoops (~250 mL each) from the upper 10 cm of

soil taken from each of the corners of a 0.25-m2 quadrat.  I placed quadrats

haphazardly within populations, attempting to sample the spatial extent of local

plant distributions as evenly as possible.  Soil samples were oven dried at 60°C for

48 h and sieved using a 2-mm screen. Large organic particles (leaves, twigs, seeds)

were removed using forceps.  I performed two liquid extractions using protocols

adapted from those used by the DANR Analytical Laboratory (UC Davis, Davis, CA

USA).  Diethylene Triamine Pentaacetate (DTPA) extractions (10 g soil + 20 mL of

DTPA solution: 1 L=1.96 g DTPA, 14.92 g TEA, 1.47 g CaCl2, millipure water,

pH=7.3) were used to quantify soil concentrations of Al, Ba, Cd, Co, Cr, Cu, Fe, Mn,

Ni, Pb, Si, Sr, and Zn.  Ammonium Acetate (AA) extractions (2 g soil + 20 mL AA

solution: 1 L=57 mL glacial acetic acid, 68 mL ammonium hydroxide, millipure water,

pH=7.0) were used to quantify soil concentrations of Ca, Mg, K, and Na. Extraction

mixtures were sealed in individual 50-mL Nalgene Oak Ridge polypropylene

copolymer tubes, placed on an orbital shaker (260 rpm at room temperature) for 2h

(DTPA) or 30 min (AA), briefly centrifuged, and the supernatant filtered by gravity

into clean 15-mL Falcon tubes using Whatman 2V qualitative filter paper.  Filtered

solutions were analyzed on a Perkin Elmer Optima 4300 DV Internally Coupled
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Plasma Optical Emissions Spectrometer using 10-ppm scandium and ytrium internal

standards to control for instrument drift.  The spectrometer calculated elemental

concentrations (mg/kg dry soil) of the focal analytes and standards in each sample

by averaging measurements taken in five sequential subsamples. A sample was

rerun if the standard deviation of these subsamples exceeded 2.8% of the mean for

either of the internal standards.

Collection of Materials

I collected serpentine soil, flax seeds, and rust spores used in the experiment

between April and August of 2003 (Figure 1).  Soil samples were collected from the

H. californicum populations in the southern, central, and northern regions of the

species’ biogeographic range where the lowest soil calcium concentrations had been

recorded.  Regional range divisions were based on natural discontinuities in the host

species’ distribution.  Soil was collected to a depth of 10 cm within H. californicum

patches, sieved to obtain the 2-mm fraction, and gamma irradiated (40.4-60.7 kGy

dose intensity) by Sterigenics Corp (Hayward CA, USA) to kill bacteria, fungi, and

seeds.  I removed large organic particles using forceps and prepared a 1:1

volumetric mix of serpentine soil and horticultural grade Perlite (Therm-O-Rock West

Inc., Chandler AZ, USA) for each of the three soil sources.  I used these mixes to fill

66-mL Pine cell conetainers (Stuewe and Sons, Corvallis OR, USA) into which a

synthetic cotton puff had been placed to prevent soil loss out of drainage holes.  I

collected H. californicum seeds from eight maternal lines in each of three

populations, and harvested M. lini spores from multiple H. californicum plants at one
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of these sites (Figure 1).  In the lab spores were amplified on greenhouse grown H.

californicum plants from the source population, collected using a spore vacuum (G-R

Manufacturing Company, Manhattan KS, USA), lyophilized for 6 h (25 millitor), and

stored at –80°C.

Greenhouse Experiment

I conducted an inoculation experiment in the research greenhouses at the

University of California Santa Cruz between April and July of 2004.  The experimental

design consisted of 18 treatments including all combinations of three serpentine soils

sources and six CaCl2 treatment solutions. Using the results of a preliminary

treatment level determination experiment (Springer, unpublished data), I selected

six CaCl2 treatment solution concentrations that produced soil calcium levels

spanning the natural range experienced by H. californicum without exceeding

concentrations that were too osmotically stressful: 0.00 (DI water control), 0.68,

1.36, 3.40, 6.12, and 10.90 mM. I measured the electrical conductivity of these

solutions (millisiemens/cm) with a Denver Instruments model 250 pH/ISE

conductivity meter (Denver Instrument GmbH, Göttingen, Germany).  Nine H.

californicum maternal lines produced enough seedlings to be planted in each of the

18 soil source/CaCl2 treatment groups, and the remaining 13 lines were randomly

assigned to groups with the goal of a balanced design among CaCl2 treatments

within soil sources (seeds from two maternal lines were inviable).  Within maternal

lines seedlings were randomly assigned to soil sources and CaCl2 treatments and

planted individually in conetainers.  I randomly assigned each conetainer to a
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location in a greenhouse grid where it was held upright over a 13-cm plastic

watering dish by an inverted paper cup with a whole cut through the bottom. Plants

were bottom-watered by filling watering dishes with CaCl2 solutions of the assigned

concentrations. Visual and tactile assessments of soil moisture were made every

other day to determine the soaking schedule of each conetainer, and conetainers

were removed from soaking solutions for 3-5 days per week to allow soils to dry.

Plants were grown under conditions of 14 h day length and temperatures of

21°C day/13°C night for 48 days, at which point the majority had attained a height

characteristic of plants in the field when rust infection is first observed (3-6cm).

After removing unhealthy or dying individuals I measured the height (cm) and

number of leaves of each of the remaining plants, which were then placed in

conetainer racks.  I thawed and rehydrated the lyophilized M. lini spores and added

them to a 150-mL solution of autoclaved nanopure water containing 0.05% Tween

20 surfactant (Acros Organics, New Jersey USA) to increase wetability of plant

tissue. I removed 12 0.5-mL aliquots of the inoculation solution to estimate spore

concentration (using a hemacytometer) and viability (by scoring presence/absence

of fungal germination tubes on agar-coated microscope coverslips 24 h after solution

preparation). I sprayed experimental plants to runoff with the inoculation solution

using a Preval disposable aerosol sprayer (Precision Valve Corp, New York, USA) and

then sealed conetainer racks in humidity chambers at 100% RH for 24 h. Following

this period plants were returned to their pre-inoculation positions in the greenhouse

and the presence/absence of rust pustules was scored 14 days later.
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Verifying effects of experimental calcium addition

To confirm that irrigation with calcium treatment solutions had the desired

effect I measured soil calcium concentrations in two to three randomly selected

conetainers from each of the eighteen treatment groups at the end of the

experiment. Perlite was manually removed and ammonium acetate analysis was

performed as described previously. To verify that experimental increases in soil

calcium concentrations resulted in concomitant changes in plant tissue calcium

levels, tissue calcium concentrations were measured for five plants from each of the

six soil treatment levels. Tissue analyses were performed by the DANR Analytical

Laboratory (UC Davis, Davis, CA USA) using nitric acid/hydrogen peroxide microwave

digestion followed by Inductively Coupled Plasma Atomic Emission Spectrometry

(ICP-AES).

Statistical Analyses

Calcium concentrations in natural soils, experimental soils, and tissue of

experimental plants

Variation in calcium concentrations of field soils was visualized using

histograms.  I used linear regression to characterize the relationship between CaCl2

treatment solution molarity and soil calcium concentration measured in experimental

soils.  Log10-transformations of soil calcium and CaCl2 treatment solution

concentrations (hereafter “calcium treatment”) were used to meet assumptions of

normality.  I performed an ANCOVA to quantify the contribution of soil source,

calcium treatment, and their interaction to soil calcium concentrations.  Using data
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from the preliminary treatment level determination experiment, I performed

separate linear regressions for each of the 17 measured soil analytes to confirm that

only calcium concentrations varied among the six CaCl2 treatments.  Finally, I used

linear regression to assess the effects of calcium treatment on plant tissue calcium

concentrations.

Effects of soil source, maternal line, and calcium levels on infection rates

I used nominal logistic regression to analyze the probability of infection of

each plant with respect to (1) soil source, (2) seed source population, (3) maternal

line (nested within seed source population), (4) calcium treatment, and (5)

greenhouse table location.  To determined the best-fit model I constructed the full

model, which contained each of these single-factor effects and all possible

interaction terms, and reduced it by iteratively dropping the non-significant effect of

the highest order and rerunning the reduced models until all remaining terms were

significant at the P<0.05 level (Kleinbaum 1994).  Explanatory power of the model

was quantified using the concordance score (percentage of correctly predicted

observations) and the area under the receiver operating characteristic curve (C

score) (Hanley and McNeil 1982). The later statistic is similar to the nonparametric

Wilcoxon statistic and represents the probability that a randomly chosen diseased

subject is correctly rated, or ranked with greater suspicion, than a randomly chosen

non-diseased subject.  I conducted separate post hoc tests of the influence of plant

height and number of leaves on infection rates by adding these effects (square root

transformed to meet assumptions of normality) to the best-fit model and comparing
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the resulting concordance and C scores with those of original solution. All analyses

were performed in JMP v. 5.1.1 (SAS Institute, Cary NC, USA).

RESULTS

Calcium concentrations in natural soils, experimental soils, and tissue of

experimental plants

Soaking of experimental soils in CaCl2 treatment solutions produced soils with

a range of calcium concentrations that fell within the natural range measured in

field-collected soils.  Across 121 soil samples taken from the 16 H. californicum

populations, soil calcium concentrations varied from 206.0 mg/kg to 6209.8 mg/kg

(mean+stdev=1198.2+1251.7).  The frequency distribution of these field-measured

calcium concentrations, log10-transformed for illustrative purposes, was essentially

normal with a slight positive skew (Figure 2A).  Experimental soil calcium

concentrations ranged from 284.0 mg/kg to 1356.5 mg/kg across the 18 soil

source/calcium treatment combinations (Figure 2B).  This range represents 18% of

the absolute natural range but encompasses 75% of the 121 field-measured calcium

concentration values. The mean soil calcium concentrations (mg/kg) associated with

calcium treatments one through six were 380.2, 436.5, 467.7, 537.0, 724.4, and

851.1 respectively.

While soil calcium concentrations were tightly correlated to calcium treatment

level within each soil source, ANCOVA results indicated that variation in soil calcium

concentrations among the 18 treatment groups was a function of both experimental
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calcium treatment and soil source.  Adjusted r2 values for linear regressions of soil

calcium concentration against calcium treatment, performed separately for each soil

source, were 0.84, 0.69, and 0.83, respectively (Figure 2B). ANCOVA results were

highly significant and the three parameter model explained 84% of the variation in

soil calcium concentrations (MS=0.26, F5,49=53.05, P<0.0001).  While calcium

treatment significantly increased soil calcium levels (MS=0.82, F1,49=166.72,

P<0.0001), the three soil sources also differed significantly in their intrinsic calcium

concentrations (MS=0.23, F2,49=45.96, P<0.0001) and in the rate at which these

concentrations increased across calcium treatment levels (MS=0.019, F2,49=3.95,

P=0.026) (Figure 2B). One sample from calcium treatment level 3/soil source 2 was

excluded from the analyses as an outlier because it fell outside the 95% confidence

ellipse bounding calcium concentrations recorded for soil source 2.   As these results

suggested that the soil sources differed both qualitatively and quantitatively in their

calcium related properties, I included calcium treatment and soil source as separate

effects in analyses of infection rates rather than using soil calcium concentrations for

each soil source/calcium treatment level combination.

Results from the preliminary treatment level determination experiment

indicated that irrigation with CaCl2 solutions was associated with significant increases

in soil strontium concentrations (r2
adj=0.72, MS=0.045, F1,14=37.46, P<0.0001), but

that these increases were proportional to the trace concentration of strontium in the

CaCl2 salts used to make the treatment solutions.  No other analytes were affected

by the experimental manipulation. There was a significant, positive relationship
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between calcium treatment and the calcium concentration (% dry weight) of plant

tissue (r2adj=0.79, MS=6.85, F1,29=109.41, P<0.0001, Figure 3).

Effects of soil source, maternal line, and calcium levels on infection rates

H. californicum plants grown in high calcium soils experienced significantly

lower infection rates than conspecifics in low calcium soils (Figure 4).  In addition,

infection rates were significantly influenced by maternal line, soil source, and the

interaction between soil source and calcium treatment (Table 1).  The best-fit

infection rate model produced by logistic regression was significant and explained

infection patterns well. Concordance of the model was 0.86 (206/239 observation

correctly predicted) and the area under the receiver operating characteristic curve (C

score) was 0.8950.  When added separately post facto to the model the effects of

both number of leaves (log rank 2=3.54, P=0.060) and plant height (log rank

2=2.96, P=0.085) were nearly significant, but neither improved the model’s

predictive ability (concordance or C score) by more than 1.3%.

Overall, of the 351 seedlings planted, 239 survived to be inoculated (68.1%)

and 46 of these (19.2%) became infected. The number of maternal lines and

individual plants in each soil source/calcium treatment combination are given in

Table 2.  There was a weak but significant positive relationship between plant height

and calcium treatment (r2
adj= 0.022, MS=2.31, F1,238=6.28, P=0.0129). Pre-

inoculation mortality rate of plants increased significantly with calcium treatment

(r2adj=0.995, MS=1818.5, F2,5=548.5, P<0.0001) as did treatment solution

conductivity (r2adj= 0.959, MS=1.10, F1,5=117.68, P=0.0004) (Table 2).  Average
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spore concentration of the inoculation solution (mean+SE) was 9167+751

spores/mL, and spore germination rates were high (mean+stdev=76.0+6.4%).

DISCUSSION

Experimental manipulations elevated the calcium concentrations of both

serpentine soils and plant tissue, and H. californicum infection rates declined

significantly with increasing calcium treatment concentration. Multiple lines of

evidence suggest a central role of calcium in plant recognition of and defensive

responses to attacking pathogens.  First, cytosolic free calcium concentrations

increase when plants are challenged by pathogens and pathogen-derived elicitor

compounds (Dixon et al. 1994; Gelli et al. 1997; Zimmermann et al. 1997; Blume et

al. 2000). Second, the involvement of calcium-binding sensor molecules in plant

defenses has been demonstrated (Romeis et al. 2000; Lee and Rudd 2002; Ali et al.

2003; Yang and Poovaiah 2003), and the activation of these molecules can be

integral in initiating responses including oxidative burst (Harding et al. 1997; Xing et

al. 2001), the hypersensitive response (Levine et al. 1996; Harding and Roberts

1998; Xu and Heath 1998), and expression of defense-associated genes (Hahlbrock

et al. 1995; Heo et al. 1999).  Experimentally inactivating these sensors, or inhibiting

calcium influx, can prevent the initiation of plant defenses (Jabs et al. 1997; Grant et

al. 2000; Romeis et al. 2001).  Third, crop plants receiving a calcium-augmented

nutrition regimen often have higher tissue calcium concentrations and experience

reductions in pathogen damage via enhanced resistance to infection or more
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moderate symptom expression (Corden 1965; Muchovej et al. 1980; McGuire and

Kelman 1984; Spiegel et al. 1987; Volpin and Elad 1991; Yamazaki and Hoshina

1995; Flego et al. 1997).

Of the other soil analytes examined, only strontium concentrations increased

across experimental treatment levels.  In contrast to the aforementioned evidence

implicating important contributions of calcium in plant/pathogen interactions, there is

essentially no evidence for a similar role played by strontium. Strontium is not

considered an essential element for plants nor is it associated with any plant nutrient

deficiency (Zeiger and Taiz 2002).  To my knowledge strontium has never been

associated with the mechanisms involved in plant/pathogen interactions.  Because of

similarity in atomic properties strontium can compete with calcium in cellular uptake

and binding pathways (Rediske and Selders 1953; Bowen and Dymond 1956),  but

this interference should have had a negligible impact on observed patterns since soil

strontium concentrations were on average three orders of magnitude lower than

those of calcium.  In light of these points and the large body of evidence implicating

calcium’s role in infection-related processes I conclude that experimental increases

of soil calcium concentrations led to the significant reductions in H. californicum

infection rates.

The relationship observed between soil calcium concentrations and plant

infection rates runs counter to the predictions implicit in the pathogen refuge

hypothesis and is somewhat surprising in light of two other observed patterns that

should have led to elevated infection rates under high soil calcium conditions.  First,



25

although the morphological factors plant height and number of leaves did not

significantly improve the fit of the best-fit infection rate model when added post

facto, separate regression analyses indicated that plants grown under higher soil

calcium concentrations were significantly taller and tended to have more leaves

relative to their low soil calcium counterparts.  These larger, somewhat more foliose

plants presented a higher surface area and should have received a greater spore

inoculum load and exhibited higher infection rates.  Second, significantly higher pre-

inoculation mortality rates experienced by plants growing under higher soil calcium

conditions suggest that these plants experienced more edaphically-imposed stress.

Given the strong positive correlation between molarity and conductance of the

calcium treatment solutions it seems likely that osmotic stress contributed to

observed patterns of plant mortality. This conjecture is supported by the observation

of above-ground symptoms associated with root-burn in some of the dead plants.

Because H. californicum will readily grow in commercial potting soil with calcium

concentrations 10 times higher than those measured in my experimental soils, I

conclude that observed mortality was caused not by toxicity of calcium itself but

rather by the osmotic stress associated with irrigation of soils with salt solutions.

Exposure to environmental stresses such as this should have weakened plants and

made them more susceptible to infection. The fact that the opposite pattern was

documented suggests that mechanisms that reduce infection rates must have acted

in opposition to these two factors to produce the observed epidemiological pattern.

Under some natural conditions H. californicum resistance responses may be
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physiologically constrained by the low calcium availability characteristic of strongly

serpentine soils.  Experimentally augmenting soil calcium may have bolstered host

plant defenses and increased resistance to rust infection.  Alternatively, higher soil

calcium conditions may have resulted in changes in host tissue biochemistry that

reduced rust virulence by interfering with spore germination, host recognition or

penetration, or infection. Irrespective of the mechanism(s) that led to reduced

infection rates, the pattern is intriguing because it occurred over a relatively low and

narrow range of soil calcium concentrations that fell well within the range experience

by H. californicum in its natural environment.  This suggests that epidemiological

processes manifest in the experiment may also be important in the ecology and

evolution of H. californicum/M. lini interactions in the wild.  Additionally, because

many serpentine-associated plants experience similar levels of calcium availability,

these results have implications for many other serpentine plants.

There was significant variation in infection rates among the different

maternal lines used in the experiment.  Based on studies of rust infection of flax in

the genus Linum, I attribute this source of variation in host infection to genetically-

based resistance.  Gene-for-gene host/pathogen compatibility systems were

originally characterized in studies of the interactions between the domesticated flax

Linum usitatissimum and M. lini (Flor 1955; Flor 1956; Flor 1971) and have been

identified in the interaction between the wild flax L. marginale and M. lini (Burdon

1987a). In these systems host resistance and pathogen virulence are determined

through the expression of a few genes with large effects.  Infection is only possible
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when a given host and pathogen contain “matching” resistance and virulence alleles

(Thompson and Burdon 1992).  As a result individual host cultivars or genotypes

may exhibit dramatically different resistance properties. Given the close taxonomic

similarity between the genera Linum and Hesperolinon (Appendix 1) it seems

reasonable to assume that resistance to M. lini infection is also determined via a

gene-for-gene mechanism in H. californicum. The experimental results suggest that

genes conferring resistance may be fairly common in H. californicum (overall

resistance rate was 80.8%) but that the distribution of these genes is variable

among individual plants.  Some maternal lines were much more susceptible to

infection than others, and I attribute this in part to heterogeneity in the distribution

of genetic resistance to rust attack.

Soil source and the soil source/calcium treatment interaction were also

significant factors in the best-fit infection rate model.  Although the three soil

samples are all considered serpentine-derived, they differed fundamentally in

ecologically relevant characteristics.  These differences were evidenced by variation

in how the soils responded to the experimental addition of calcium and also by

variation in infection rates of plants growing in them.  While the underlying

geochemical cause(s) of this edaphic variation could not be identified, my results

suggest the need for more cautious use of the term “serpentine” to loosely identify a

group of soils that are qualitatively similar in their ultramafic derivation but may be

highly variable quantitatively in their physical and chemical properties.  The

dichotomy between serpentine and non-serpentine soils so frequently used in the
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serpentine plant-ecology literature creates the illusion of clearly delineated edaphic

categories, each defined by fairly consistent properties.  My results suggest that such

generalizations may obscure the edaphic variability that is manifest among

“serpentine” soils and can contribute in important ways to ecological and

evolutionary patterns observed in serpentine plant communities.

Plant ecologists have long sought mechanistic explanations for the striking

patterns of plant distribution in areas where serpentine soils occur (Proctor and

Woodell 1975; Kruckeberg 1984).  Attempts to elucidate the processes responsible

for maintaining the observed floristic discontinuity remain inconclusive but suggest

the following explanations (Walker 1954; Kruckeberg 1984).  Most plants growing on

non-serpentine soils are physiologically incapable of tolerating the edaphic conditions

characteristic of serpentine soils.  While the biochemical mechanisms responsible for

this exclusion probably vary taxonomically, calcium deficiencies and the inability to

tolerate them are believed to play central roles in excluding these species.  Why

serpentine associated plants are found obligately or almost exclusively on these

harsh soils remains much more uncertain.  Because serpentine plants will often grow

readily on non-serpentine soils in the greenhouse, physiological restrictions do not

seem to limit their distributions to serpentine soils.  Explanations involving species

interactions have received more support, largely based on observational evidence.

The most widely accepted theory posits that serpentine-associated plants are poor

competitors that are excluded from more benign non-serpentine soils by their more

vigorous non-serpentine counterparts (Whittaker 1954). An alternative proposition,
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that serpentine soils may represent a refuge for associated plants from pathogens,

suggests that biotic factors other than competition may be important drivers in

maintaining the serpentine floristic “syndrome” (Kruckeberg 1992). My results

indicate that the opposite may be true.  Serpentine-associated plants growing on

calcium-deficient soils may be more vulnerable to infection than plants growing on

soils where calcium is present at higher concentrations.

Collectively the results of this study suggest some novel insights into

questions about the distribution of serpentine plants and offer some intriguing

scenarios for plant evolution in serpentine ecosystems.  First, competitive exclusion

from non-serpentine soils may promote species interactions and enhance

coevolutionary processes.  Poor competitive ability may restrict serpentine species to

an edaphic niche where interactions with pathogens are more frequent and perhaps

severe.  If serpentine plant species, by virtue of their association with low-calcium

soils, represent more vulnerable hosts than their non-serpentine counterparts, then

pathogens able to exploit them may have higher fitness than those infecting non-

serpentine hosts.  This would result in selection favoring a greater number of and/or

more specialized pathogens associated with serpentine flora.  Second, greater

vulnerability to pathogen attack among serpentine plants could have demographic

consequences. Like H. californicum, many herbaceous serpentine species are

diminutive in size and have a short lifespan. Because of these life history traits they

may be subject to significant increases in mortality rates and reductions in fecundity

as a result of pathogen infection. Such is the case for H. californicum, which
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experiences dramatic fitness reductions when infected by M. lini (Chapter 2).  This

could contribute to the low levels of abundance and density commonly associated

with serpentine herbs.  Alternatively, these “fast” life history characteristics may

represent an evolutionary response of hosts to disease pressure, allowing them to

quickly take advantage of periods when conditions are unfavorable for pathogen

dispersal and/or establishment. Finally, these results suggest that soil-driven

variation in the frequency of plant-pathogen interactions can manifest over a

relatively narrow range of natural soil calcium levels.  This may generate small-scale

variation in selection for and distribution of genetic resistance to infection.  The

documented inverse relationship between soil calcium concentrations and infection

rates, coupled with potentially severe effects of infection on fitness, suggest that

many serpentine annuals may be under strong selection to acquire resistance to

infection.  This resistance may be conferred genetically or environmentally through

soil calcium uptake. When serpentine plants grow on calcium deficient soils in the

presence of pathogens there should be strong selection for genetic resistance to

infection.  Alternatively, when these plants can colonize edaphically benign habitats

with higher calcium, increases in calcium-mediated, environmentally-conferred

resistance may reduce the strength of selection favoring genetic resistance.  This

trade-off between resistance mechanisms could result in a spatial mosaic in the

distribution of genetic resistance that is inversely related to the calcium levels in

associated soils.  Such a mosaic could manifest spatially among populations of a

single host species or taxonomically among serpentine plant species that vary in
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their competitive vigor and resulting ability to colonize higher calcium soils.  Results

of my study suggest that effects of calcium-mediated plant/pathogen interactions

should be given greater consideration when assessing the mechanisms that shape

the demographic, genetic, and biogeographic patterns documented in serpentine

ecosystems.
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Figure 1: Distribution of H. californicum study populations ( ).  Locations of plant (P),

fungal (F), and soil (S) collection are indicated symbolically.
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Figure 2: Soil calcium concentrations measured in natural H. californicum populations (A) and

experimental soils (B). Figure 2A shows the frequency of log10-transformed soil calcium

concentrations measured in 121 soil samples collected from 16 wild populations.  Figure 2B

illustrates the relationship between calcium treatment (log10-transformed CaCl2 solution

concentration (mM)) and log10-tranformed soil calcium concentration for each soil source:
Soil source 1 ( , solid line): Log10 soil calcium=2.58+(0.44*calcium treatment), r2

adj=0.84,

MS=0.47, F1,15=81.44 P<0.0001.  Soil source 2 ( , dotted line): Log10 soil

calcium=2.43+(0.33*calcium treatment), r2
adj=0.69, MS=0.25, F1,16=35.97, P<0.0001.  Soil

source 3 ( , dashed line): Log10 soil calcium=2.66+(0.26*calcium treatment), r2
adj=0.83,

MS=0.15, F1,16=78.21, P<0.0001
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Source df L-R ChiSquare

Soil Source 2          10.23**

Maternal Line 21          45.94**

Calcium Treatment 1          11.91***

Soil Source X Calcium Treatment 2            9.75**

    *** P<0.001    ** P<0.01

Table 1: Parameter contributions to best-fit model of infection rates produced by nominal

logistic regression. r2=0.39, -loglikelihood full model=74.53, reduced model=117.06, df=26,
chisquare=85.06, P<0.0001

Figure 3: Plant tissue calcium concentrations, expressed as percent dry weight, as a

function of calcium treatment.  r2adj=0.79, MS=6.85, F=1,29=109.41, P<0.0001
% dry weight=0.37+(1.30*calcium treatment)
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Table 2: CaCl2 solution concentration and conductivity, plant sample size, and

plant mortality rate associated with the six calcium treatments.  Mortality rates

are based on the number of plants that survived to be inoculated.  For sample

sizes, the number of maternal lines is equal to the number of individual plants

inoculated except when multiple plants from one or more maternal lines were

included.  In these instances the number of plants inoculated is indicated

parenthetically.

Number of Maternal Lines

Concentration

(log10 mM+1)

Conductivity

(mS/cm)

Plant

Mortality

Rate

Soil

Source 1

Soil

Source 2

Soil

Source 3

0.0 0.0 8.0 16 15 15

0.2253 0.18 4.1 15 16 16

0.3730 0.31 8.0 15 15 16

0.6435 0.52 23.0 15 (16) 11 (13) 15 (18)

0.8525 0.94 46.2 11 6 9 (11)

1.0755 1.25 71.9 11 (14) 1 9 (10)
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Figure 4: Rates of rust infection as a function of calcium treatment level.  Observed

infection rates ( ) calculated by pooling data across soil sources for each of the six

calcium treatment level.  Predicted infection rates for each soil source, depicted in

grey, were generated from best-fit infection rate model equation (ML=maternal line,

SS=soil source):

Probability of infection = 1.94+(SS1*0.90)+(SS2*0.24)+(ML1*-
0.74)+(ML2*0.15)+(ML3*-1.38)+(ML4*9.80)+(ML5*-1.31)+(ML6*-

0.48)+(ML7*9.14)+(ML8*-1.43)+(ML9*-2.43)+(ML10*0.01)+(ML11*-
2.70)+(ML12*-2.35)+(ML13*-4.01)+(ML14*-2.54)+(ML15*-
3.13)+(ML16*0.14)+(ML17*-3.22)+(ML18*9.77)+(ML19*-0.47)+(ML20*-

1.80)+(ML21*-0.73)+(calcium treatment*3.10)+(4.33*(SS1*(calcium
treatment-0.46)))-(3.65*(SS2*(calcium treatment-0.46)))
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CHAPTER 2

Epidemiological Patterns and Fitness Impacts Associated with

Fungal Infection of a Serpentine Flax

INTRODUCTION

While the potential for plant pathogens to dramatically affect host

populations has long been appreciated in agricultural settings, comparatively little is

known about the contribution of diseases to the dynamics of natural plant

communities (Dinoor and Eshed 1984; Burdon 1987a).  Studies involving crop

species demonstrate the potential for pathogens to exert considerable influence on

the ecological and evolutionary characteristics of the host populations they infect

(Agrios 2005).  That said, stark differences in the levels of abundance, density,

genetic variability, and surrounding taxonomic diversity between domesticated and

natural plant populations suggest that the impacts of pathogens could be

fundamentally different in the wild (Burdon 1993).  Although relatively few in

number, studies conducted in natural ecosystems have begun to provide quantitative

insights into the processes by which plant pathogens affect wild host populations,

the factors that modulate these processes, and the demographic and genetic

patterns that result (Gilbert 2002).

The geographic mosaic theory of coevolution provides an empirical

framework in which to conduct studies of the ecological dynamics and evolutionary

outcomes of plant-pathogen interactions in natural plant communities (Thompson

1994; Thompson 1999a; Thompson 2005). The theory is premised on the spatial
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context-dependence of ecological processes and posits that interspecific interactions

commonly differ in frequency, intensity, and/or outcome among spatially discrete

interacting populations (Thompson 1999b).  This is due to both intrinsic traits of the

focal species (e.g., demography, life history properties, genetic diversity,

phylogenetic history) and extrinsic factors that create the context of their interaction

(e.g., passive dispersal forces, resource availability, meteorological conditions,

community structure). As a consequence reciprocal selection between focal species

will be strong in some populations (“hot spots”) but weak or non-existent in others

(“cold spots”) (Gomulkiewicz et al. 2000).  The result is a geographic mosaic of

interacting populations that may be coevolving at different rates and following

different coevolutionary trajectories.

A central goal of research conducted in the geographic mosaic framework is

to quantify spatial variation in the frequency and intensity of the focal interaction

(Thompson 1994). For plants and their pathogens, epidemiological surveys that

measure the incidence, prevalence, and severity of disease provide fundamental

insights into the rates at which hosts in different populations experience attack by

pathogens (Waggoner et al. 2000).  These rates can vary dramatically, from

systemic pathogens endemic to host populations and present at low, stable levels of

infection to non-systemic pathogens that periodically undergo massive epidemic

outbreaks (Burdon 1996; Agrios 2005).  Data on the frequency and intensity of

infection allow a priori predictions to be made about spatial patterns of coevolution

that may arise as a consequence of disease (Thompson 1999b).  Because of the
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aforementioned context-dependence and spatial variation associated with these

parameters, a robust, species-level characterization of disease epidemiology

necessitates surveys of multiple host populations across the biogeographic range of

the focal species (Thompson 1994).

In addition to information on rates of infection, mechanistic explanations for

observed epidemiological patterns require the quantification of factors that influence

disease development.  The concept of the disease triangle, a phytopathological

paradigm, asserts that abiotic environmental conditions play a central role in

determining disease dynamics (Agrios 2005).  The agricultural phytopathology

literature is replete with evidence of important roles of climate and soil conditions on

disease development.  As many of the pathogens that affect crop species are the

same or closely related to pathogens of wild host plants, these correlations should

also be manifest in a natural plant communities.  Effects of the size, density, and

demography of host populations are also important in determining the rates of

pathogen colonization and spread (Burdon and Chilvers 1982).  Gathering

information on factors that contribute to disease dynamics promotes more informed

mechanistic explanations about the factors that give rise to observed epidemiological

patterns and increase predictive ability about how such patterns might vary across

space and time (Burdon and Thrall 1999).

Finally, measuring the fitness effects of infection allows the estimation of the

strength and direction of selection imposed by pathogens (Burdon 1991; Schmid

1994; Ericson et al. 2002).  Plant pathogens impact their hosts in a variety of ways,
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from viruses and bacteria that interfere with nutrient uptake and transport by

clogging vascular tissue, to foliar pathogens that reduce photosynthetic capacity by

damaging leaves, to castrating fungi that destroy reproductive tissue, altering sex

ratios and reducing reproductive output (Burdon 1993; Agrios 2005).  Disease can

result in both increases in host mortality, particularly during vulnerable early life

history stages (Augspurger 1984), and reduced reproductive output of mature adults

(Burdon 1987a; Gilbert 2002).  At high levels of disease pressure such effects can

have measurable consequences for the size, density, age structure, and genetic

makeup of host populations (Bierzychudek 1988; Burdon 1991; Dobson and Crawley

1994).  Coupled with epidemiological information, data on fitness costs of infection

provide insights into the relative contribution of pathogens to the evolutionary

dynamics of plant populations.

Very few studies have simultaneously attempted to explore epidemiological

patterns, mechanistic underpinnings, and fitness effects associated with

plant/pathogen interactions in natural ecosystems. Even fewer have done so at

biogeographically robust scales, instead concentrating on one or a few focal

populations.  In the following study, performed as part of research on genetic

resistance structure of California dwarf flax (Hesperolinon californicum) arising from

attack by the fungal rust Melampsora lini, I used a spatially robust sampling design

to collect data on all three of these facets of a single plant/pathogen interaction. The

study had three objectives: (1) use multi-year epidemiological surveys conducted

across the biogeographic range of the host species to characterize spatial and
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temporal patterns of infection under natural conditions, (2) analyze infection

dynamics by examining relationships between epidemiological patterns and

demographic, edaphic, and meteorological attributes of multiple H. californicum

populations in the wild, and (3) estimate the strength of pathogen-mediated

selection favoring host resistance by quantifying the effects of infection on the

survivorship of seedlings and the reproductive output of mature adults.

METHODS

Host and Pathogen

California dwarf flax, H. californicum Small (Linaceae), is a diminutive annual,

generally 20-40cm tall at flowering, with thin stems and leaves (McCarten 1993).

The species is endemic to California, growing primarily in the Coast Range Mountains

but also occurring in scattered populations on the margins of the eastern

Sacramento and western San Joaquin valleys (Sharsmith 1961). Based on

pseudocleistogamous flower characteristics, the absence of heterostyly, and the

observed tendency for greater morphological variation among versus within

populations, Sharsmith (1961) concluded that the species is primarily selfing.

Melampsora lini Persoon is a macrocyclic, wind dispersed, autecious rust fungus

(Uredinales) that forms urediospores in pustules on the stems and leaves of infected

plants (Flor 1954). It is specific to hosts in the family Linaceae, and infection of 12 of

the 13 species of Hesperolinon has been observed (Springer, pers. obs.). It is

unclear whether species-specific strains of M. lini have evolved within the host
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genus.  As with most rusts, infections are non-systemic and result in loss of plant

vigor or death via destruction of photosynthetic tissue and increased desiccation

through damaged cuticle surfaces (Littlefield 1981).  Based on work in other flax/flax

rust systems it is believed that the fungus overwinters as resting teliospores that can

reinfect their source population or disperse by wind to neighboring host populations

in the subsequent growing season.  Aside from rare and relatively mild damage

caused by feeding of an herbivorous Chrysomelid beetle, no other natural enemies

of H.  californicum are known (Springer, pers. obs.).

Hesperolinon californicum is part of a distinct group of plants that grows on

serpentine soils.  These soils, found worldwide in areas of tectonic uplift, are

characterized by a unique suite of edaphic properties that include a coarse rocky

texture, low water holding potential, high concentrations of magnesium, iron, silica,

and various heavy metals (e.g., nickel, chromium), and extreme deficiencies in

nutritive elements including nitrogen, phosphorous, potassium, and calcium (Proctor

and Woodell 1975; Brooks 1987).  Serpentine soils support communities of floral

endemics, and most plant species found on adjacent soil types are excluded from

serpentine outcrops (Whittaker 1954; Kruckeberg 1984; Harrison 1999). The striking

edaphic differences between serpentine and non-serpentine soils, and the marked

floristic discontinuity in areas where they abut, suggest that one or more attributes

of serpentine soils impose unique selective pressures on associated plants.  The

effects of this edaphic selective regime on plant/pathogen interactions remain largely

unexplored (but see Brooks 1998; Boyd 2004).  Because H. californicum grows on
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soils that vary widely in their degree of serpentine influence (Kruckeberg 1954;

Sharsmith 1961) it represents an ideal host species in which to examine how

variation in soil conditions experienced by host plants influence interactions with

pathogens.

1. Epidemiological Surveys

I determined the biogeographic range of H. californicum using a monograph

on the genus Hesperolinon (Sharsmith 1961), herbarium records at the University of

California Berkeley Jepson Herbarium (www.calflora.org), and interviews with local

naturalists and plant ecologists. I selected 16 study populations that collectively span

the latitudinal extent of this range as completely as possible (Figure 1).  Populations

are separated from each other by at least 1 km and range in size from approximately

1,000 to more than 20,000 individuals.  I collected epidemiological data in a subset

of these populations in 2001 and at all sites in 2002, 2003, and 2004.  Surveys were

conducted in late May/early June at the onset of flowering.  Prior to the initial survey

of a population, a rectangular survey plot was delineated around each spatially

discrete patch of plants containing at least 300-400 individuals. The number of plots

per population ranged from one to nine.  Surveys using uniformly spaced transects

with 0.25-m2 quadrats were conducted each year within these plots.  Transect and

quadrat spacing were based on plot size and plant abundance: (a) transects every

two meters and quadrats every two meters along transects in plots smaller than 100

m2 or appearing to contain fewer than 100 large adult plants, (b) transects every

four meters and quadrats every two meters in plots between 100 m2 and 360 m2,
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and (c) transects every four meters and quadrats every four meters in plots larger

than 360 m2. Within each quadrat I visually estimated infection severity (percent of

host leaf/stem tissue covered with rust pustules) of each plant using a modified

James scale (James 1971) and assigned plants to one of nine infection severity

categories: 0% (uninfected), 1%, 5%, 10%, 25%, 50%, 70%, 90%, and 100%.

Using these data I quantified infection prevalence (percent of hosts infected),

infection severity (percent of host leaf/stem tissue covered with rust pustules), mean

plant density per quadrat, and estimated number of plants per plot (mean density

per quadrat X plot size).  Latitude and altitude (m) of each survey plot were

recorded using a hand-held GPS unit.

Analysis: Analyses were performed in JMP v. 5.1.1 (SAS Institute, Cary NC, USA)

unless otherwise noted.  I characterized regional spatiotemporal patterns of host and

pathogen abundance across the entire survey period by visually assessing raw data.

To examine temporal patterns I plotted the mean of abundance measures for host

(density and estimated number of plants per population) and pathogen (fungal

prevalence and severity) within years (n=16 populations).  To assess spatial patterns

I averaged abundance measures within populations across years (n=4 years) and

regressed them against latitude and altitude recorded in the survey plot nearest to

the center of each population.

2. Infection dynamics
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To better understand the mechanisms underlying observed infection

dynamics I used standard least squares analysis to determine the relative strength of

relationships between fungal prevalence and factors known to influence the

frequency or severity of disease in plant/pathogen interactions.  These included (a)

spatial features of host populations (latitude, altitude), (b) host demography (mean

plant density and estimated number of plants per population), (c) historical effects

(pathogen prevalence and host density and number in the previous year), and (d)

edaphic and (e) meteorological conditions experienced by hosts.  I collected data on

the first three factors as part of annual epidemiological surveys. Edaphic and

meteorological data were obtained using methods described below.

A. Edaphic Conditions:  I collected soil samples from each of the 16 study

populations in 2002 to characterize the edaphic conditions experienced by H.

californicum. Depending on population size (m2) I collected between six and 18 soil

samples from each population.  Samples were divided equally among all patches

within a population, or for large populations, among a subset of patches that most

evenly and completely spanned the spatial extent of the entire population. Each

sample consisted of four bulked equivalent sized scoops (~250 mL each) of the

upper 10 cm of soil taken from each of the corners of a 0.25-m2 quadrat.  Quadrat

placement was haphazard within patches and determined by attempting to sample

the spatial extent of plant distribution within each patch as evenly and completely as

possible.  I oven dried (60°C for 48 h) and then sieved samples to obtain the 2-mm

soil fraction. Large organic particles (leaves, twigs, seeds) were removed using
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forceps.  I performed two liquid extractions using protocols adapted from those used

by the DANR Analytical Laboratory (UC Davis, Davis, CA USA).  Diethylene Triamine

Pentaacetate (DTPA) extractions (10 g soil + 20 mL of DTPA solution: 1 L=1.96 g

DTPA, 14.92 g TEA, 1.47 g CaCl2, millipure water, pH=7.3) were used to quantify

soil concentrations of Al, Ba, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, Si, Sr, and Zn.

Ammonium Acetate (AA) extractions (2 g soil + 20 mL AA solution: 1 L=57 mL

glacial acetic acid, 68 mL ammonium hydroxide, millipure water, pH=7.0) were used

to quantify soil concentrations of Ca, Mg, K, and Na. Extraction mixtures were sealed

in individual 50-mL Nalgene Oak Ridge polypropylene copolymer tubes, placed on an

orbital shaker (260 rpm at room temperature) for 2 h (DTPA) or 30 min (AA), briefly

centrifuged, and the supernatant filtered by gravity into clean 15-mL Falcon tubes

using Whatman 2V qualitative filter paper.  Filtered solutions were analyzed on a

Perkin Elmer Optima 4300 DV Internally Coupled Plasma Optical Emissions

Spectrometer using 10-ppm scandium and ytrium internal standards to control for

instrument drift.  The spectrometer calculated elemental concentrations (mg/kg dry

soil) of the 17 focal analytes in each sample by averaging measurements taken in

five sequential subsamples.  If the standard deviation of these subsamples exceeded

2.8% of the mean for either of the internal standards the sample was rerun.

Analysis: Using Primer v. 5.2.3 (Primer-E Ltd, Plymouth UK) I performed non-metric

multidimensional scaling (NMDS) to determine (1) how well host populations could

be distinguished by their edaphic properties, and (2) the extent to which the
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different focal analytes contributed to this differentiation.  I constructed a Bray-

Curtis dissimilarity matrix with data values that had been standardized using the

built-in software option.  This was necessary because the concentrations of different

analytes spanned five orders of magnitude.  Standardization forced measures of

each analyte to converge on the same mean, thereby weighting each analyte equally

in the NMDS while preserving the distribution of measurements within each analyte.

I ran NMDS on this matrix with 500 restarts.  Stress values (2D and 3D) of the

resulting output were recorded.  I performed SIMPER analysis (Clarke 1993) on the

dissimilarity matrix to quantify the percent contribution of each analyte to the

pattern of among-sample separation in the NMDS output.

B. Meteorological Condition:  In 2003 and 2004, I quantified temperature,

relative humidity, and availability of free water at nine study populations that span

the latitudinal range of H. californicum (Figure 1).  HOBO meteorological dataloggers

(Onset Corp., Bourne, MA, USA), enclosed in baffled housings nine inches above

ground level, took measurements every 30 min between mid December (onset of

plant germination) and mid June (end of flowering).

Analysis: I coded data by sampling day, with each 24-h day beginning at noon.  For

each sampling day I calculated 12 summary statistics: mean temp, max. temp, min.

temp, 0600h temp, 1200h temp, percentage of measurements with temp<dew

point, percentage of measurements with RH>90%, RH>95% and RH>100%, and

the duration of the longest interval over which RH measurements were continuously
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>90%, >95%, and >100%. I performed Principle Components Analysis (PCA) on the

correlation matrix for the 12 summary statistics using all sensor/day/year

combinations and determined the number of unique factors (eigenvalue>1.0

criteria).  I then ran PCA separately on 2003 and 2004 data, rotated by the number

of factors identified in the initial PCA, and averaged factor scores within sites and

years.

C. Combined Analysis of Infection Dynamics: To maximize analytical power I

used data from all survey plot/year combinations rather than mean values for entire

host populations. As the model was intended to investigate disease dynamics, I

excluded data from four host populations (13, 14, 15, and 16) where disease was

never observed.  This left 132 cases.  I used histograms to visually examine the

distribution of data for each parameter and select transformations when deviations

from normality occurred.  I used linear regression to test for covariance between all

pairwise combinations of independent variables.  When strong covariance occurred I

substituted residuals from the regression plot for original values of one of the

correlated parameters.  Ultimately, the nine factors included in the analysis were: (1)

latitude, (2) altitude, (3) log10-transformed soil calcium concentration, (4) soil

magnesium concentration, (5) arcsine 4th-root of prevalence the previous year, (6)

square root of mean plant density per quadrat in the current and (7) previous year,

and (8) residuals of 4th-root number of plants estimated in survey plot in current and

(9) previous year (from regression of 4th-root number of plants estimated in survey

plot on square-root mean plant density per quadrat, run separately for current and
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previous year).  The response variable of the analysis was arcsine 4th-root

prevalence.  I assessed the contribution of factors that contributed significantly to

the analytical output using partial residual plot regressions.  I generated data for

these regressions by running the analysis without the factor of interest and plotting

the residuals against corresponding values of the omitted factor.

3. Fitness Consequences of Infection

I quantified the effects of rust infection on H. californicum seedling survival and

adult fecundity in two populations (5 and 6) near the latitudinal center of the

species’ range (Figure 1).  I selected these populations because their large spatial

area and demographic size allowed me to compare plants presenting the full range

of infection severity in relatively close proximity to one another.

A. Seedling Survival: In 2002 I established three 0.25-m2 permanent census

quadrats in each of three survey plots in population five and one plot in population

six.  In each of the 12 quadrats I used visual diagrams to track mortality and

infection status of every plant between March 21, when plants were recently

germinated (0.5-3 cm tall) and uredial infections were first observed, and May 16,

when plants had begun to flower. I counted the number of live plants (n=881

plants) and used a modified James scale (James 1971) to categorized infection of

sick individuals as being either light (<30% leaf/stem tissue covered with rust

pustules), moderate (30%-70% of leaf/stem tissue covered with pustules), or heavy

(>70% of leaf/stem tissue covered with pustules).
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Analysis: I employed two analytical approaches to test for effects of rust infection on

seedling survival.  First, I used Kaplan-Meyer survival analysis (Lee and Wang 2003)

to examine the effect of category of infection severity at the initial census on the

probability of seedling survival.  Second, I used logistic regression to test for effects

of infection severity and host age on the probability of a seedling surviving between

consecutive census dates.  I determined the best-fit model by first running a model

containing all single-factor effects (here, infection severity and age) to verify that

each contributed significantly at the P<0.05 level, and then running the full model

which contained these single-factor effects and all possible interaction terms.  This

full model was reduced by sequentially dropping the non-significant effect of the

highest order and rerunning the reduced models until all remaining terms were

significant at the P<0.05 level (Kleinbaum 1994).

B. Adult Fecundity: In 2001 I quantified the effect of infection status (infected vs.

uninfected) on host flower production.  I haphazardly selected multiple locations in

plots where infection had been observed during epidemiological surveys and

recorded the infection status and number of flower buds produced by each plant

falling within a haphazardly-placed 0.25-m2 quadrat (n=250 plants total).  In 2002 I

measured the effect of infection severity on host seed capsule production.  During

epidemiological surveys I marked a haphazard subsample of plants that collectively

spanned the range of infection severity categories (n=222 plants total).  Once plants

had produced seed capsules I recorded their height, longest branch length, and the
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number of viable seed capsules produced. I measured height by folding branches

into a vertical orientation and measuring the distance from the soil to the tip of the

highest branch.  Branch length was measured from the main stem to the tip of the

longest branch. Viable capsules, which consistently contain 5 or 6 seeds (Springer,

unpublished data) and thus are an excellent proxy for seed production, have a

characteristically swollen appearance and are firm to the touch.

Analysis: Flower bud and seed capsule date were transformed using log10(x+1) to

meet assumptions of normality. Because t-test results indicated that the two study

populations did not differ significantly in production of flower buds (P=0.1313, t=-

1.12, df=248) or seed capsules (P=0.3641, t=-0.34799, df=220) I pooled results

across sites for analyses. I used a t-test to compare flower bud production of

diseased and healthy plants. I used ANOVA to quantify the relative contribution of

plant height, longest branch length, and infection severity to seed capsule

production. Plant height and length of longest branch were log10 transformed to

induce normality and because these two parameters covaried (r2
adj=0.60, MS=28.56,

F1,221=332.21, P<0.0001) the residuals of the regression of log10 branch length on

log10 height were used in place of log10 branch length.  Infection severity was treated

as a continuous variable.  The best-fit model was determined using the approach

described for analysis of seedling mortality.
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C. Realized Host Population Dynamics: Finally, I used epidemiological and host

demographic data collected during epidemiological surveys to examine the

correlation between infection and interannual changes in host abundance.

Analysis: I used linear regression to compare interannual differences in mean host

density per plot (yearT+1 - yearT) with prevalence in that plot in yearT.  Data from all

consecutive survey years in every survey plot were used (n=105 plot/year

combinations).

RESULTS

1. Epidemiological Surveys

When averaged across survey years there was a dramatic latitudinal cline in

rust prevalence, with northern host populations experiencing significantly higher

infection rates than those in the south (Figure 2).   This pattern was consistent

among years but less pronounced in 2004, when prevalence at the five

northernmost sites was lower than expected.  This was coincident with host

population crashes following a dramatic rust epidemic in 2002.  Massive infection at

those sites (mean prevalence=82%, mean severity=52%) reduced mean host

density from 13.1 plants/m2 in 2002 to 0.37 plants/m2 in 2003.  Disease killed the

majority of plants prior to seed set and depending on population recovery rates, very

few plants were present at these sites for one or two subsequent years.  The lower

number and density of hosts during these years likely reduced the ability of the
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fungus to colonize and spread in 2004.  There was no similar latitudinal trend in

either measure of host abundance.  While there were no significant altitudinal

patterns of host or pathogen abundance, there was a trend for rust prevalence to

increase with host population elevation.

Measures of mean abundance of both host and pathogen, when compared

across years, showed pronounced interannual fluctuations (Figure 3).  Host density,

which average 7.6+5.7 plants/m2 (mean+stdev), ranged from 13.0+5.8 in 2002 to

3.1+4.1 in 2003.  The average size of host populations, calculated as the product of

density and survey plot area, varied from 28,521+44,240 in 2002 to 4,326+8,068 in

2003.   Mean fungal prevalence and infection severity, calculated using all

populations where disease was ever observed (n=42 population/year combinations),

were 26.0+33.0% and 12.8+22.8%, respectively. Of the survey plot/year

combinations involving host patches where disease was observed at least once

during the study (n=119), 25% had prevalence values greater than 50% and ~19%

had values exceeding 70%.  Among the subset of these 119 combinations for which

rust was actually documented in any given year (n=85) mean prevalence was

39.0+34.6% and mean infection severity was 29.2+24.6%.  Thirty-five percent of

these cases had prevalence values greater than 50%.  Analysis of data from all

survey plot/year combinations where disease was ever recorded indicated that

infection prevalence and severity were strongly correlated (Spearman’s rank

correlation rs=0.978, n=119, P<0.0001).  As a result, prevalence was considered a
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good proxy for severity and was the only epidemiological parameter considered in

the analysis of infection dynamics.

2. Infection Dynamics

A. Edaphic Conditions:  The NMDS solution showed study populations distributed

along a linear edaphic gradient (Figure 4A). SIMPER analysis indicated that of the 17

focal analytes the two with the largest influence on this solution were calcium

(mean+stdev percent contribution to solution=39.42+9.39%) and magnesium

(magnesium=39.76+6.4%). This was visualized using bubble plots in which the

diameter of bubbles represents the concentration of calcium (Figure 4B) or

magnesium (Figure 4C).  Analyses using all soil samples (n=121) and using values

for soil samples averaged within populations (n=16) produced qualitatively similar

patterns and had similar 2D stress values (0.03 in 499 of the 500 runs, 0.01 in 496

of the 500 runs, respectively) so only the former are presented. Based on these

results concentrations of calcium (log10 transformed for normality) and magnesium

were the only edaphic data used in combined analysis of infection dynamics.

B. Meteorological Conditions: Aside from higher availability of free water at high

elevation sites (Figure 5) there were no significant latitudinal or altitudinal trends in

meteorological data.  Results of an ANOVA indicated that population 14 was

significantly warmer than the other sites (F=30.09, df=2490, P<0.0001). PCA on the

12 meteorological parameters using all sensor/day/year combinations (n=2,491)

yielded 3 rotated factors that together represented 91.7% of variation present in the
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full dataset. Factor 1, a composite positively correlated with the two RH>90% and

two RH>95% parameters, is a proxy for relative humidity.  Factor 2, a composite

negatively correlated with the five temperature parameters, is a proxy for

temperature.  Factor 3, a composite negatively correlated with the dew point and

RH>100% parameters, is a proxy for the availability of free water on plant leaves

and stems.  For each PCA factor the magnitude of loading scores for correlated

meteorological parameters was high relative to loadings of parameters associated

with one of the other two factors. Because mean site scores for each factor were

strongly correlated between years (mean Spearman’s rank correlation rs=0.77, mean

P=0.03) I averaged factor scores across years for each site.  As this reduced an

already small sample size (n=9) I opted to exclude weather data from combined

analysis of infection dynamics to avoid loss of power.  I tested for spatial and

epidemiological correlations with climate using linear regression, which identified the

two aforementioned spatial patterns but did not reveal significant relationships

between prevalence and any of the three PCA factors.

C. Combined Analysis of Infection Dynamics: The model produced by standard

least squares analysis was highly significant and explained patterns of disease well

(Table 1).  Prevalence was significantly greater among hosts growing at higher

latitudes (Figure 6A) and altitudes (Figure 6B).  Hosts growing in soils with higher

calcium concentrations experienced significantly lower infection rates (Figure 6C).

Infection was significantly greater in host patches with more host plants (Figure 6D)
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and with higher host plant density in both the current (Figure 6E) and previous year

(Figure 6F).

3. Fitness Consequences of Infection

A. Seedling Survival: Seedlings that were heavily infected early in the growing

season had a greatly reduced probability of reaching reproductive age compared to

conspecifics with lighter or no rust infection (Kaplan Meyer Survival analysis, L-R

2=186, df=3, P<0.0001).  Furthermore, probability of seedling survival between

census events was dramatically reduced under conditions of moderate and severe

infection (Figure 7).  The fully reduced, best-fit logistic regression model of seedling

survival included infection severity and plant age, but not their interaction (Table 2).

Concordance of the model was 86.7% (2,357 of 2,720 observations correctly

predicted).

B. Adult Fecundity: Diseased plants produced significantly fewer flowers than

healthy plants (t=-8.66, df=248, P<0.0001). Additionally, host plants that

experienced severe infection produced significantly fewer seed capsules than those

with more mild symptoms (Figure 8).  The fully reduced, best-fit model of seed

capsule production generated by ANOVA included effects of infection severity, plant

height, the residuals of longest branch length, and the interaction between infection

severity and plant height (Table 3).
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C. Realized Host Population Dynamics: Across all survey years there was a

significant tendency for host density to decrease when infection prevalence in the

previous year was high (Figure 9).

DISCUSSION

Despite considerable temporal variation in the abundance of both host and

pathogen, a striking latitudinal cline in infection was documented over the four years

that epidemiological data were collected.  H. californicum populations in the northern

part of the species’ range were associated with significantly higher levels of mean

rust prevalence than populations to the south, where infection was less frequent or

never observed.  This clinal pattern in disease prevalence is particularly compelling in

light of the high frequency and pronounced fitness consequences of fungal attack.

In areas where disease occurs, infection by M. lini seems to be a regular feature of

the life history of H. californicum.  On average, one quarter of the host patches in

this range had prevalence values exceeding 50%, and almost one fifth had values

greater than 70%.  When the fungus was present two out of every five plants were

infected, and these diseased individuals lost on average ~30% of their

photosynthetic tissue to symptom-associated damage.  This led to dramatic impacts

on parameters associated with host fitness.  H. californicum seedlings infected by M.

lini experienced significantly greater mortality rates, and this effect was magnified as

the severity of infection increased.  Among hosts that survived to sexual maturity,

reproductive output was significantly reduced by rust infection.  This was true for the
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production of both flowers and seed capsules.  While no data were collected on

viability of seeds or success of seedlings produced by healthy vs. infected maternal

plants, the fact that host density (a proxy for abundance) was significantly reduced

in populations where rust infection had been severe in the previous year supports

the conjecture that infection by M. lini has measurable demographic consequences

for H. californicum populations.

Patterns of infection by M. lini could be well predicted by a combination of

geographic, edaphic, and meteorological factors.  Results of analysis of infection

dynamics indicate that rust prevalence was significantly greater in host patches at

higher latitudes and elevations.  Spatial variation in climatic conditions likely

contributed to these patterns.  Conditions associated with the presence of free water

on stems and leaves, a condition critical for the germination of rust spores and

successful penetration of host tissue (Hart 1926), occurred with significantly greater

frequency at higher altitudes.  While no latitudinal trends in meteorological

conditions were detected, population 14, the location of the southernmost weather

sensor and a site where infection was never observed, was significantly warmer than

the other eight monitoring locations.  This relationship suggests the possibility that

temperatures in the southern part of H. californicum’s range may be prohibitive for

rust establishment there.  Alternatively, geographic variation in disease prevalence

could be due to delivery of rust inoculum.  Northern host populations occur in a

region other species of Hesperolinon are also found in relatively high abundance.

Eleven of these 12 congeners are known to be susceptible to M. lini (Appendix 2),
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and since it is unclear whether host-specific strains of the pathogen have evolved it

is possible that H. californicum populations in the northern part of the species’ range

receive greater pathogen inoculum than their southern counterparts due to sympatry

with infected congeneric hosts.  That this mechanism could give rise to the observed

infection cline, however, seems unlikely given the relatively small distance over

which the cline is manifest (~180 km) and the extraordinary fecundity (up to

~35,000 spores/pustule in M. lini infections of L. marginale (Thrall and Burdon

2003)) and dispersal potential (Brown and Hovmoller 2002) of fungal rusts.  Finally,

geographic patterns of prevalence could have been shaped by the distribution of

host resistance genes.  Observed patterns of infection would predict that resistance

structure in H. californicum exhibits a gradual decrease in the frequency of rust

resistance genes from north to south and from high to low elevations across the

host’s biogeographic range.

Analyses of infection dynamics further revealed that H. californicum plants

growing in higher calcium soils experience significantly lower rates of rust infection.

This finding is consistent with results of a greenhouse experiment that documented

the same effect under controlled conditions (Chapter 1), and with findings from

agricultural systems identifying calcium as a critical cellular messenger in the

initiation of plant defense responses (Lamb et al. 1989; Blumwald et al. 1998; Grant

and Mansfield 1999).  While the addition of calcium to soils has been shown to

suppress diseases of crops (Engelhard 1989) this study provides the first evidence

for a similar effect arising from natural variation in the calcium content of serpentine
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soils.  Interestingly, the negative soil calcium/disease relationship was only apparent

when edaphic effects were evaluated within the context of the multi-parameter

infection rate model.  When the influence of soil calcium on disease prevalence was

assessed directly with linear regression, a significant positive relationship was

produced.  This result demonstrates the potential interactions between biotic and

abiotic mechanisms in determining infection dynamics, and the need to consider as

comprehensive a suite of causal mechanisms when attempting to explain

epidemiological patterns.  The increased rate of infection associated with low calcium

serpentine soils suggests the potential for some intriguing effects of pathogens on

the ecological and evolutionary dynamics of serpentine plant communities.  As with

H. californicum, the diminutive size and short lifespan of many herbaceous

serpentine plants make them particularly vulnerable to infection-related fitness

reductions.  This may explain the low levels of abundance and density frequently

associated with serpentine herbs, particularly those that grow on soils with a strong

serpentine influence.  Alternatively, these life history traits could represent an

evolutionary response to disease pressure that allow hosts to quickly take advantage

of periods when conditions are unfavorable for pathogens.  Spatial variation in soil

calcium levels, associated infection rates, and resulting selection pressure for genetic

disease resistance could generate geographic mosaics of host resistance structure.

These mosaics could manifest among multiple populations of a single serpentine

generalist like H. californicum, or among multiple species of related hosts that vary

in their serpentine affinity.  It is difficult to make conjectures about any these
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propositions because aside from host species that are heavy metal

hyperaccumulators (Brooks 1998; Boyd 2004), essentially nothing is known about

the diseases of serpentine flora.  Because exposure to low soil calcium

concentrations is a condition experienced by all serpentine plants, effects of calcium

availability on interactions with pathogens should be pervasive among serpentine

flora and merit further study.

In addition to these abiotic influences, analysis of infection dynamics revealed

important effects of host demography.  Fundamentally, infection prevalence in a

given host patch is a function of the probability and timing of initial fungal

colonization and the rate of subsequent spread.  Colonization of wind dispersed rust

spores is contingent on host encounter rates, which should be positively correlated

with host patch size (Burdon et al. 1989).  Post-colonization spread is largely a

function of transmission rates, which are elevated under conditions of high host

density (Burdon and Chilvers 1982). Significant effects of estimated number of host

plant per patch, and especially of host density in the current year, support these

predictions.  Curiously, while the influence of host density in the previous year on

prevalence was highly significant, there were no similar historical effects of host

abundance or prevalence.  It may be that successful over-wintering survival of

fungal resting spores is tied more to conditions associated with high host density

than to the number of resting spores produced, which is presumably correlated to

prevalence the previous year.  Higher resting spore survival would favor higher

prevalence the following year by creating more primary infection foci earlier in the
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season.   Absolute prevalence levels, however, may be driven largely by conditions

that exhibit less interannual consistency (e.g., temperature, rainfall).

Results of this study can be contrasted with those involving three other

plant/pathogen interactions with similar biological properties (reviewed in (Burdon

and Thrall 1999)): Valeriana salina/Uromyces valerianae (Ericson et al. 2002),

Filipendula ulmaria/Triphragmium ulmariae (Ericson et al. 2002), and Linum

marginale/M.lini (Burdon and Jarosz 1991; Jarosz and Burdon 1991; Jarosz and

Burdon 1992).  In each of these systems hosts are perennials and their pathogens

are wind-dispersed fungal rusts.  Comparisons with the H. californicum/M. lini

interaction suggest some intriguing differences.  First, while spatial patterns of

prevalence are correlated to similar factors in all of the interactions (e.g., host

abundance, density, disease status of nearby populations), each of the perennial

systems are characterized by multiple disease foci with a patchy spatial distribution

of disease at the regional scale.  In contrast, H. californicum exhibits unidirectional,

clinal changes in infection prevalence across its range.  While marked differences in

prevalence levels among patches within larger H. californicum population were often

observed, population-level differences were much more gradual, linear, and

continuous.  Second, infection dynamics of the perennial systems are often

characterized as having a metapopulation signature. Dramatic bottleneck of fungal

populations at the end of each host growing season results in frequent local

extinction of pathogens, and passive dispersal of pathogen spores by wind during

the subsequent season leads to random recolonization events.  This seems to
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produce long-term consistency of prevalence on the regional scale but large

temporal fluctuations in prevalence at the scale of local host populations (Burdon

and Thrall 1999).  The reverse appears to be true for the H. californicum/M. lini

interaction.  Over the four year period prevalence levels averaged across all study

sites showed dramatic fluctuations, but the rank order of prevalence rates among

host populations remained relatively constant.  Finally, while deviations from this

rank order did occur, the underlying mechanisms involved appear to differ among

systems.  In the three perennial systems pathogen bottlenecks are associated with

seasonal, climate-driven dieback and dormancy of hosts.  While infection resulting in

high host mortality could produce the same pattern, this appears to occur

infrequently.  In contrast, feedback of disease-induced changes in host population

size seems to be an important cause of pathogen bottlenecks and prevalence

fluctuations in the H. californicum system.  Among the 40 host patches surveyed,

45% experienced local extinction of rust for at least one season.  These extinctions

occurred after mean prevalence of over 60% in these patches in 2002 reduced

average plant density by 94% and average estimated number of plants per patch by

99% in the following year. In half of these cases, prevalence averaged 95% and

both measures of host abundance were reduced by over 99%.  While it is not clear

whether the patterns characterized in this relatively short study are indicative of

longer-term dynamics, the documented strong reciprocal fitness effects and

measurable demographic feedbacks, together with the short lifespan of the host,

suggest that coevolution between H. californicum and M. lini could be much
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stronger, faster, and more tightly linked in this system as compared with the three

perennial systems.

Observations of pronounced fitness costs of infection, coupled with the

latitudinal pattern of disease prevalence, suggest that interactions between H.

californicum and M. lini provide the conditions necessary for the generation of a

spatial cline in one or more coevolved traits.  While clinal mosaics have been

proposed as potential spatial outcomes of antagonistic coevolution (Nuismer et al.

2000; Thompson 2005) few studies have provided empirical evidence for such

patterns (Kraaijeveld and Godfray 1999; Krist et al. 2000; Toju and Sota 2006).

More commonly, researchers explicitly testing for spatial signatures of coevolution

identify discrete patches, akin to Thompson’s “hotspots” and “coldspots,” where the

effects of reciprocal selection are categorically defined as strong or weak (Davies

and Brooke 1989a; Davies and Brooke 1989b; Berenbaum and Zangerl 1998;

Benkman et al. 2001; Brodie and Ridenhour 2002; Thompson and Cunningham

2002; Fischer and Foitzik 2004).  Other research has implicitly described patchy

mosaic patterns in attempts to document local coadaptation between hosts and

parasites (Parker 1985; Thrall et al. 2002; Lively et al. 2004).  While numerous

ecological studies report evidence of latitudinal variation in the strength of

antagonistic species interaction, many utilize sampling designs with limited spatial

replication or that test for differences between tropical and temperate environments,

effectively treating latitude as a categorical variable (Paine 1966; Bertness and

Ewanchuk 2002; Sotka and Hay 2002; Pennings and Silliman 2005; Salgado and
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Pennings 2005 but see Fawcett 1984; Sanford et al. 2003).  Few studies have

documented interaction clines as smooth and continuous as the one characterized

for the H. californicum/M. lini system.

Data on heritable, genetic resistance to infection represents the link between

the ecological dynamics captured by this study and the degree and nature of

coevolution that results. Very few studies have combined investigations of

epidemiology and resistance structure in research on wild plant/pathogen

interactions (Thrall and Burdon 2000; Laine 2004). The fact that the latitudinal cline

in prevalence was relatively stable across years despite pronounced interannual

fluctuations in infection rates at the regional scale suggests that extrinsic conditions

(e.g., climate) control the absolute levels of disease in any given year but that

relative, population-specific infection rates are under more consistent genetic

control. This stability might be enhanced by documented relationship between

infection rates and host edaphic environment.  Given that soil conditions should be

relatively stable through time, H. californium plants growing on high calcium soils

might consistently experience lower infection rates and reduced selection for genetic

resistance relative to conspecifics on low calcium soils irrespective of infection

severity.  This could dampen fluctuations in selection for genetic resistance caused

by climate-driven variation in disease pressure and thereby increase temporal

stability of resistance structure. Greater insight into the spatial distribution of genetic

resistance among H. californicum populations will allow these possibilities to be

explored and the coevolutionary signature of the H. californicum/M. lini system to be
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characterized.  Given the evidence presented it seems likely that further studies of

this interaction will provide numerous interesting and novel insights into the

dynamics of plant/pathogen interactions in the wild, the role and effects of

pathogens in serpentine plant communities, and ultimately to the spatial structure

and dynamics of antagonistic coevolutionary mosaics.
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Figure 1: Map showing locations and identification numbers of the 16 H. californicum study
populations (•) and weather sensors ( ) in northern California, USA.
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Figure 2: Infection prevalence as a function of population latitude.  Mean prevalence values

calculated by averaging data for each study population across years. Latitude taken from

survey plot closest to the geographic center of each population. r2
adj=0.64, MS=3294.6,

F2,15=14.14, P=0.0005
Mean Prevalence=-2456.51+(63.93*Latitude)+51.29*(Latitude-38.66)2

Figure 3: Temporal changes in host and pathogen abundance. Circles represent mean

density of plants in 0.25m2 survey quadrats (error bars denote 1 standard error).  Mean

fungal prevalence and severity are represented by white and grey bars, respectively. Host

means calculated by averaging across all survey populations within each year.  Pathogen

means calculated using only populations where infection was observed at least once.  The

overall pattern was unchanged when means were calculated using only data collected in
populations surveyed in 2001.
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Figure 4: Results of NMDS analysis of all soil samples from the 16 study populations

(indicated symbolically) (panel A) and bubble plots showing the influence of calcium

(panel B) and magnesium (panel C) on NMDS resolution. The diameter of the bubbles is

proportional to the analyte concentration measured in each soil sample.  Results were

qualitatively similar when analysis was performed using analyte concentrations averaged

within populations.
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Figure 5: Mean score for PCA 3, a proxy for and negatively correlated with availability of

free water, as a function of altitude.  Mean values for each of the nine weather stations,

calculated across years, are plotted. r2
adj=0.69, MS=0.722, F1,8=18.44, P=0.0036

Mean Score PCA3 = 0.717–(0.00159*Altitude)

Source df MS       F

Soil calcium concentration (log10) 1 1.60 12.60***

Soil magnesium concentration 1 0.15   1.16

Latitude 1 2.41 18.98****

Altitude 1 1.10   8.69**

Mean plant density per quad (square-root) 1 3.85 30.32****

Mean plant density per quad, previous year (square-root) 1 7.31 57.60****

Prevalence, previous year (arcsine 4th-root) 1  0.0006   0.0044

Residuals of 4th-root mean # plants estimated 1 0.622   4.90*

Residuals of 4th-root mean # plants estimated, previous year 1 0.432   3.40

Error 56 0.127

     **** P<0.0001    *** P<0.001    ** P<0.01    * P<0.05

Table 1: Results of standard least squares analysis of infection dynamics.  Response

variable was arcsine 4th-root of infection prevalence.  Parameter transformations are

indicated parenthetically. r2adj=0.56, MS=1.28, F9,65=10.081, P<0.0001
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Figure 6: Partial residual plots for each significant effect in the standard least squares

analysis of infection dynamics.  Graphs were generated by running the analysis without the

factor of interest, saving the partial residual of arcsine 4th-root prevalence, and plotting those

residuals against values of the excluded factor of interest.

(A) Latitude: Part resid prev=-38.95+1.00*(Latitude), r2
adj=0.11, MS=1.13, F1,65=8.65,

P=0.005

(B) Altitude: Part resid prev=-0.28 0.0006*(Altitude), r2
adj=0.072, MS=0.71, F1,65=6.04,

P=0.017

(C) Log10 soil calcium: Part resid prev=1.87-0.65*(Log10 soil calcium), r2
adj=0.10,

MS=1.02, F1,65=8.46, P=0.005

(D) Residuals of 4th-root mean # plants estimated: Part resid prev=-0.024+

0.034*(Residuals 4th-root mean # plants estimated), r2
adj=0.02, MS=0.27,

F1,65=2.35, P=0.13

(E) Square root mean plant density: Part resid prev=-0.322+0.133*(Sqrt mean plant

density per quad), r2
adj=0.21, MS=2.39, F1,65=17.85, P<0.0001

(F) Square root mean plant density the previous year: Part resid prev=-0.432+

0.1712*(Sqrt mean plant density per quad prev yr), r2
adj=0.30, MS=4.45,

F1,65=28.53, P<0.0001
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Source df L-R ChiSquare

Infection Severity 3 380.81****

Age of Plant in Days 3        13.77**

     **** P<0.0001    ** P<0.01

Table 2: Effects of infection severity and age on the probability of seedling survival as

determined by logistic regression. Infection severity was scored categorically as uninfected or

light, moderate, or severe infection.  r2=0.18, n=2720 difference between full and reduced
model (-loglikelihood)=204.42, df=6, ChiSquare=408.84, P<0.0001.

Figure 7: Predictions of best-fit logistic regression model of seedling survival to next census
interval relative to infection severity and seedling age. Closed circles ( ) represent observed

survival probabilities for each of the four infection severity classes averaged across all census

days. Grey points denote predicted survival probability for plants age 42 days ( ), 28 days

( ), 14 days ( ), and at initial census ( ). Smooth curve, generated from spline fit to model

( =1, r2=0.972) represents average across all census days:

Status at next interval=2.40-0.37*(infection severity [Light-Uninfected])-

1.57*(infection severity [Moderate-Light])-1.15*(infection severity [Severe-
Moderate])+0.31*(age [14-0 days])+0.38*(age [28-14 days])-0.21*(age [42-28
days])
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Figure 8: Linear regression of relationship between number of seed capsules produced and

infection severity. Data collected in 2002 from populations 5 and 6. r2
adj=0.31, MS=8064.84,

F2,221=51.27, P<0.0001

          #viable capsules=19.57–(0.28*Infection severity)+0.0024*(Infection severity-40.04)2

Source df MS F

Infection Severity 1  19.49 198.18****

Plant Height (log10) 1  10.70 108.79****

Residuals of log10 length of longest branch 1   1.31   13.37***

Infection Severity X Plant Height 1   2.32   23.57****

Error 217     0.098

     **** P<0.0001    *** P<0.001

Table 3: Results of ANOVA quantifying effects of infection severity and plant height and

length of longest branch on plant fecundity.  Parameter transformations are indicated

parenthetically.  r2adj=0.70, MS=12.66 F4,221=128.73  P<0.0001
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Figure 9: Change in host density as a function of rust prevalence in the previous year.  All

survey plot/year combinations are shown. Populations where disease was never observed

are plotted as open diamonds.  Density change (plants/0.25m2) calculated as interannual

difference in mean # plants per quadrat in each survey plot. r2
adj=0.15, MS=1870.85,

F1,104=19.84, P<0.0001

Host density change=2.74-0.12*(prevalence previous year)
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CHAPTER 3

Characterizing Host Resistance Structure and Pathogen Local

Adaptation in a Serpentine Flax/Flax Rust Interaction

INTRODUCTION

Although the links between genetic resistance and the prevalence and

severity of plant diseases have long been appreciated in agricultural settings

(Browning and Frey 1969; Wolfe 1985; Garrett and Mundt 1999) comparatively little

is known about host resistance structure and its association with disease dynamics in

natural plant/pathogen interactions (Burdon 1987a).  While a growing body of

evidence suggests that the geographic distribution of resistance genes among

populations of wild plants is often highly heterogeneous (Hunt and Van Sickle 1984;

Parker 1985; Burdon 1987b; Jarosz and Burdon 1991; Bevan et al. 1993; Antonovics

et al. 1994; Espiau et al. 1998; Burdon et al. 1999; Ericson et al. 2002; Laine 2004),

most studies of resistance structure are modest in breadth, considering only a

handful of host populations or confined to a small fraction of the host’s

biogeographic range. Essentially nothing is known about associations between

genetic resistance and spatial patterns of disease in natural systems because only a

handful of studies have coupled investigations of resistance structure and

epidemiology in the same interaction (Alexander et al. 1996; Carlsson-Graner 1997;

Thrall and Burdon 2000; Laine 2004). Such studies are critical for characterizing and

linking the ecological and coevolutionary dynamics of plant/pathogen interactions in

natural ecosystems.
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Because of their often intimate association and strong reciprocal fitness

effects, plants and their pathogens represent model systems in which to study the

process of coevolution and the demographic, genetic, and biogeographic patterns

that result.  The geographic mosaic theory of coevolution posits that variation in the

frequency, intensity, and direction of reciprocal selection across spatially discrete

interacting populations can generate a spatial mosaic of coevolutionary dynamics

and outcomes for a given interaction (Thompson 1994; Thompson 1999b;

Thompson 2005).  This is due to the context dependence of local interactions arising

from spatial variation in traits of the focal species (e.g., demography, life history

properties, genetic diversity, phylogenetic history) and biotic and abiotic features of

the external environment.  Reciprocal selection will be strong in some populations

(“hot spots”) but weak or non-existent in others (“cold spots”), and selection may

favor the evolution of different traits in different locations (Gomulkiewicz et al.

2000).  Trait remixing due to gene flow, genetic drift, and metapopulation dynamics

will further modify local signatures of coevolution.  As a result of this combination of

factors, traits important for coevolutionary interactions are expected to exhibit

significant geographic structure, evolving at different rates and along varied

evolutionary trajectories in different populations.

Determining the spatial distribution of “hot” and “cold” spots and identifying

the processes and mechanisms that differentiate them are fundamental objectives of

research conducted in the geographic mosaic framework.  Because genetic

resistance to infection is a trait central to host/pathogen coevolution, studies of
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resistance structure are implicitly characterizations of coevolutionary mosaics.  Genes

that confer resistance in host plants are often highly specific in terms of the

pathogens that activate them and the defensive benefits that their expression

confers (Staskawicz et al. 1995; Hammond-Kosack and Jones 1997; Ellis et al.

2000).  Aside from selection that may be imposed by costs of resistance (Bergelson

and Purrington 1996; Brown 2002; Tian et al. 2003), the maintenance and

distribution of these genes within and among plant populations should be influenced

primarily by pathogen-imposed selection.  Pairing studies of resistance structure and

epidemiology in the same system provides information on (a) the overall contribution

of pathogen-mediated selection to host resistance, (b) variation in the magnitude

and/or direction of this selective pressure across host populations, (c) the relative

importance of various biotic and abiotic factors in generating this variation.  Such

insights are critical to understanding the role of diseases in generating ecological and

evolutionary patterns in natural plant communities.

Studies of plant/pathogen interactions in multiple, spatially discrete

populations also provide the opportunity to test for signatures of local adaptation of

pathogens.  Theoretical models predict that, on average, pathogens should be more

infective to hosts from the same geographic location relative to conspecific hosts

from allopatric locations (Kaltz and Shykoff 1998; Dybdahl and Storfer 2003).

Variation in the degree of local adaptation should be generated by the time-lagged,

frequency-dependent reciprocal selection between host and pathogen and the

cyclical coevolutionary dynamics that result (Clay and Kover 1996; Lively et al.
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2004).  A number of studies of plant/pathogen interactions in natural ecosystems

have found evidence for local adaptation of pathogens (Parker 1985; Thrall et al.

2002; Laine 2005), but others have failed to detect it (Davelos et al. 1996; Strauss

1997; Mutikainen et al. 2000) or documented evidence for maladaptation (greater

performance on allopatric hosts) (Parker 1989; Kaltz et al. 1999).  Local adaptation

has generally been tested experimentally by comparing performance of sympatric

and allopatric hosts/pathogen pairings or by examining the relationship between

pathogen performance and the geographic distance separating host and pathogen

populations (Gandon and Van Zandt 1998).  Data on local adaptation provide

insights into the spatial scale at which coevolution between plants and pathogens is

occurring and also permit tests of theoretical predictions about the influence of

factors such as parasite generation time (Kaltz and Shykoff 1998), virulence (Lively

1999), dispersal potential (Gandon 2002; Gandon and Michalakis 2002), and host

specificity (Lajeunesse and Forbes 2002) on the dynamics of antagonistic

coevolution.

Below I present the results of a greenhouse cross-inoculation experiment

used to characterize resistance structure in California dwarf flax (Hesperolinon

californicum) attacked by the fungal rust Melampsora lini.  The biogeographically

robust, fully factorial design was based on the results of four years of field surveys,

conducted across the latitudinal range of the host, in which the prevalence, severity,

and fitness effects of rust infection were quantified (Chapter 2).  I challenged plants

from 16 survey populations that collectively span this range with rust spores
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gathered from nearly every host population found to be infected in the field.

Infection data generated by the experiment were used to characterize host

resistance structure, assess the concordance between resistance structure and

spatial patterns of infection in the wild, and test for signals of local adaptation of the

pathogen to individual host populations.

METHODS

Hosts and Pathogen

California dwarf flax, H. californicum Small (Linaceae), is a diminutive annual,

generally 20-40 cm tall at flowering, with thin stems and leaves (McCarten 1993).

The species is endemic to California, growing primarily on serpentine soils in the

Coast Range Mountains but also occurring in scattered populations on the margins of

the eastern Sacramento and western San Joaquin valleys (Sharsmith 1961).

Sharsmith (1961) concluded that H. californicum is primarily selfing based on

pseudocleistogamous flower characteristics, the absence of heterostyly, and the

observed tendency for greater morphological variation among versus within

populations.  Melampsora lini Persoon is macrocyclic, wind dispersed, autecious rust

fungus (Uredinales) that forms urediospores in pustules on the stems and leaves of

infected plants (Flor 1954). It is specific to hosts in the family Linaceae, and infection

of 12 of the 13 species of Hesperolinon has been observed (Springer, pers. obs.). It

is unclear whether species-specific strains of M. lini have evolved within the host

genus. As with most rusts, infections are non-systemic and result in loss of plant
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vigor or death via destruction of photosynthetic tissue and increased desiccation

through damaged cuticle surfaces (Littlefield 1981). Because M. lini is an obligate

biotroph, rust populations experience dramatic seasonal bottlenecks when hosts

dieback at the end of the growing season. The fungus overwinters as resting

teliospores that reinfect their source population or are dispersed by wind to

neighboring host populations in the subsequent growing season.

Results of research on interactions between M. lini and species of flax in the

genus Linum have shown that resistance and virulence properties are governed by a

gene-for-gene mechanism.  This has been demonstrated in both agricultural settings

(L. usitatissimum, (Flor 1955; Flor 1956; Flor 1971)) and wild host populations (L.

marginale, (Burdon and Jarosz 1991; Jarosz and Burdon 1991; Jarosz and Burdon

1992)). In gene-for-gene systems, genes determining resistance in the host interact

with specific, corresponding avirulence genes in the pathogen, and resistant

reactions only occur when host and pathogen strains are genetically matched (Crute

et al. 1997).  In cases of mismatching, the host lacks the resistance gene(s)

necessary to recognize the avirulence gene(s) of the pathogen, and infection results.

Gene-for-gene interactions have been identified in numerous crop species and in a

growing number of interactions between wild plants and their pests in natural

communities (Thompson and Burdon 1992).  Given the close phylogenetic

relationships between H. californicum and flax in the genus Linum (Appendix 1), and

the fact that they share a common pathogen, it seems likely that resistance and

virulence in the H. californicum/M. lini interaction is also governed by a gene-for-
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gene mechanism.  While interpretation of experimental results are premised on this

assumption, methods used to score infection are equally well suited to characterize

resistance and virulence based on monogenic and polygenic systems.

Characterizing Study Populations

I determined the biogeographic range of H. californicum using a monograph

on the genus Hesperolinon (Sharsmith 1961), herbarium records at the University of

California Berkeley Jepson Herbarium (www.calflora.org), and interviews with local

naturalists and plant ecologists. I selected 16 study populations that collectively span

the latitudinal extent of this range as completely as possible (Figure 1).  Populations

are separated from each other by at least 1 km and range in size from approximately

1,000 to more than 20,000 individuals.  As part of a previous study, epidemiological

surveys were conducted in a subset of these populations in 2001, and at all sites in

2002, 2003, and 2004.  Surveys were based on a “fixed-plot” approach using

uniformly spaced transects and 0.25-m2 quadrats.  For each plant examined I

visually estimated infection severity (percent of host leaf and stem tissue covered

with rust pustules) using a modified James scale (James 1971) and assigned the

plant to one of nine infection severity categories: 0% (uninfected), 1%, 5%, 10%,

25%, 50%, 70%, 90%, and 100%.  Using these data I quantified disease

prevalence (percent of hosts infected) and mean infection severity of each survey

population. A more detailed description of the methods involved in the collection of

these data is provided in Chapter 2.
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Sample Collection

I collected seeds in each H. californicum population following annual surveys

in 2002.  To balance sample size at 22 maternal lines per host population, seeds

harvested in 2001 made up part of the sample for populations 1 (5%), 3 (8%), 7

(57%) and 10 (100%).  I collected M. lini spores from eight H. californicum

populations in 2004 and two additional populations in 2003.  For each of these 10

fungal isolates spores were harvested from a handful of diseased plants growing in

close proximity to one another in the field, returned to the lab, pooled, and amplified

on greenhouse grown plants from the same source population. Following

amplification spores from multiple sporulating uredia were collected using a spore

vacuum (G-R Manufacturing Company, Manhattan KS, USA), lyophilized for 6 h (25

millitor), and stored at –80°C.

Greenhouse Experiment

I quantified levels of genetic resistance to rust infection present in the

different study populations using a greenhouse inoculation experiment with a

replicate block design.  I germinated flax seeds from all study populations (352 total

H. californicum maternal lines) using a brief cold shock (4°C for six days) followed by

imbibition on moist filter paper.  I planted each seedling in a separate 66-mL Pine

cell conetainer (Stuewe and Sons, Corvallis OR, USA) filled with Premier Pro Mix HP

soil (Premier Horticulture Ltd., Dorval, Canada).  Plants were grown in the

greenhouse under conditions of 14-h day length and temperatures of 21°C day/13°C

night for 36 days at which point the majority of plants were within the height range



83

of plants in the field when rust infection is first observed (3-6 cm).  I assigned

surviving plants to inoculation blocks, each of which consisted of two 200-cell

capacity conetainer storage racks.  I haphazardly assigned one plant from each

maternal line to each of the 11 inoculation blocks (10 for fungal inoculations and one

control) and to a position within that block.  If fewer than 10 plants were available

for a given maternal line then plants were randomly assigned to inoculation blocks.

On average, each block contained 20.4+0.1 (mean+SE) maternal lines per host

population and 326.1+1.5 maternal lines overall.

I inoculated each block with one of the 10 rust isolates. To insure that there

was no cross contamination of blocks I also performed a control inoculation in which

one block was sprayed with water.  Lyophilized spores were thawed to room

temperature for 1 h, heat shocked at 40°C for 5 min, rehydrated for 4 h in a

Tupperware container filled with moist paper towels, and then added to an 80-mL

solution of autoclaved nanopure water with 0.05% Tween 20 surfactant (Acros

Organics, New Jersey USA).  Due to the very small size and spore yield of the

pustules produced by M. lini on H. californicum, and difficulties involved in keeping

H. californicum plants alive through multiple rounds of rust amplification, it was not

possible to generate experimental inoculum using spores from a single source

pustule as is customary protocol for inoculation experiments of this type.  To

attempt to control for possible genetic heterogeneity in inoculum resulting from the

inclusion of multiple fungal pathotypes I created extremely concentrated and

homogeneously mixed inoculation solutions. In this way I hoped to insure that if
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multiple pathotypes had been amplified, each would be present at a reasonably high

level of abundance, and each host plant would have essentially the same probability

of contacting spores of any given pathotype.  Three 0.1-mL aliquots of each

inoculation solution were used to estimate spore concentrations (using a

hemacytometer) and viability (by scoring presence/absence of fungal germination

tubes on agar-coated microscope coverslips 24 h after solution preparation).  I

sprayed plants in each inoculation block to runoff with the assigned spore solution

using a Preval disposable aerosol sprayer (Precision Valve Corp, New York, USA) and

then sealed blocks in humidity chambers at 100% RH for 24 h.  Following this period

plants were returned to the greenhouse.  Resistance to infection was scored after 13

days using a categorical scale: 0 (fully incompatible reaction with no macroscopic,

visible lesions), 1 (partial incompatible reaction with necrotic flecks and/or very small

pustules on young leaves but no pustules on older leaves), 2 (partial incompatible

reaction with almost full sized pustules on young leaves grading to fewer, smaller

pustules or no pustules and/or necrotic flecks on older leaves), and 3 (fully

compatible reaction characterized by large freely sporulating pustules and no signs

of chlorosis on either young or old leaves).  This scale was described by Burdon

(1994), who showed that partially resistant phenotypes (1,2), like their fully resistant

and susceptible counterparts (0,3) are controlled by single dominant genes in the L.

marginale/M. lini interaction.  The “infection score” recorded here is a proxy for

pathogen “virulence” (defined as the ability of the rust to infect and induce disease

symptoms in hosts) and host “resistance” (the infection score is inversely related to



85

the degree of genetic resistance to rust infection).  The height (mm) of each plant

was recorded using calipers.

Statistical Analyses

1. General patterns of resistance structure: I analyzed greenhouse infection score

data using a mixed model ANOVA in which plant population, fungal population (the

H. californicum population from which each fungal isolate was collected), and the

interaction between plant population and fungal population were the fixed factors,

plant maternal line nested within plant population was a random effect, and plant

height was included as a covariate.  The effects of plant and fungal population were

both significant so I further decomposed these terms by comparing all pair-wise

combinations of least-squares means with t-tests and adjusting p-values for multiple

comparisons using the Tukey HSD procedure. All analyses were performed in JMP v.

5.1.1 (SAS Institute, Cary NC, USA).

2. Tests for local adaptation: Because the plant population X fungal population

interaction term was significant I tested for signatures of local adaptation.  I used

two approaches outlined in Thrall et. al, 2002.

A. Allopatric vs. sympatric contrasts: In the first approach I compared infection

scores associated with allopatric plant/fungal pairings with values for sympatric

combinations. To determine whether H. californicum populations differed in their

resistance to infection by allopatric and sympatric fungal isolates I performed

separate one-way ANOVAs for each plant population and used contrasts to compare

the sympatric pairing to all allopatric pairings.  This analysis included only plant
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populations from which fungal isolates had been collected (n=10).  To assess

whether fungal isolates differed in their ability to infect allopatric versus sympatric

plant populations I used a similar approach involving one-way ANOVA’s for each

fungal population.  This analysis included all plant populations (n=16). Finally, I ran

an ANCOVA on the entire nested dataset (plant population, fungal population, and

plant population X fungal population effects) and used contrasts involving the

interaction term to compare all sympatric plant/fungal combinations to all allopatric

pairings.

B. Coadaptation and geographic distance: In the second approach I assessed the

relationship between the mean infection score of each plant/fungal combination and

the linear distance between the two populations involved in each pairing.

Interpopulation distances, which ranged from 1 to 180 km, were calculated using

ArcGIS 9.0 (ESRI, Redlands CA, USA).  I used an ANCOVA in which mean infection

score of each plant pop/fungal pop combination was the dependent variable and

fungal population, distance between fungal population and plant population, and the

fungal population X distance interaction term were independent variables. Plant

population was also included to control for confounding effects of host resistance

structure on distance, and distance was log10-transformed to meet assumptions of

normality.  I visualized the effect of distance predicted by the analysis using a partial

residuals plot of log10-transformed distance.  In addition to the ANCOVA, I used

linear regression to explore the relationship between infection and distance directly.

Using the full dataset I plotted the mean infection score associated with each plant
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population/fungal population pairing against the linear distance between the two

populations. I fit a regression line to the full dataset and to the two subsets of data

consisting of pairings that involved fungal isolates that were “moved” either north or

south to create a given plant/fungal pairing.

RESULTS

1. General patterns of resistance structure: Results of the inoculation experiment

indicated a dramatic latitudinal cline in genetic resistance across the biogeographic

range of H. californicum (Figure 2).  Resistance was lowest in the north and

increased gradually to the south (Table 1).  This pattern mirrors almost identically

the pattern of M. lini infection documented through epidemiological field surveys

(Figure 3).  Northern host populations that experienced the highest rates of rust

infection in the wild had the lowest levels of genetic resistance.  Moving south, rust

prevalence rates declined and the degree of genetic resistance to infection

increased.  The highest levels of genetic resistance were detected in the

southernmost host populations where rust infection was never observed.  Mean host

resistance, averaged across all 16 populations, was 1.66+0.15 (mean+SE). Although

there was significant variation in mean virulence among the ten fungal populations

there was no associated latitudinal pattern (Table 1, Figure 4). Additionally there

was no relationship between the mean resistance of host populations and the mean

virulence of associated fungal isolates (Figure 5).  Overall, the effects included in the
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mixed model ANOVA explained at least 50% of observed variation in infection score

data (Table 2).

2. Local adaptation:

A. Allopatric vs. sympatric contrasts: Comparisons of allopatric and sympatric

plant/fungal pairings consistently indicated significant effects of local adaptation,

with infection scores higher in sympatric pairings as compared to allopatric

combinations.  All fungal isolates exhibited significant variation in virulence among

host populations (Table 3, Figure 6A) and contrast tests indicated that seven of the

ten fungal isolates showed evidence of local adaptation.  Of these seven, isolates

from fungal populations 1, 2, 3, 4, 5, and 8 were more virulent on sympatric hosts.

The opposite was the case for the isolate from fungal population 11.  Of the 10 plant

populations eight exhibited significant variation in resistance among fungal isolates,

but contrast comparisons identified significant adaptation to local fungal isolates in

only five (Table 4, Figure 6B).  Plant populations 5, 8, 10, 11, and 12 were all more

resistant when challenged with allopatric fungal isolates than with sympatric isolates.

Results produced for fungal isolates are likely due in large part to latitudinal

variation in host resistance structure.  The low resistance levels of northern host

populations increased sympatric infection scores for isolates from northern fungal

populations.  These same isolates were conversely associated with low allopatric

scores because southerly host populations are more resistant.  In contrast, results

obtained for plant populations are more robust because there was less variation in

mean virulence among fungal isolates.  Nevertheless, exclusion of fungal population
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six from the analysis revealed that low virulence of this isolate resulted in lower

allopatric infection scores that produced significant signatures of local adaptation in

plant populations 11 and 12.  Contrast analysis on the entire dataset was used to

factor out main effects of host resistance structure and pathogen virulence structure;

this analysis indicated that overall, hosts were less resistance to attack by sympatric

fungal isolates as compared to allopatric isolates.  Mean infection scores for

sympatric plant/fungal pairings (mean+SE=2.09+0.07) were significantly higher

than mean scores for allopatric pairings (1.64+0.02) (MS=42.29, F1,3101=78.55,

P=1.29-18).

B. Linear distance between plant and fungal populations: Overall, linear regression

revealed that mean infection scores declined significantly with increasing distance

between plant and fungal populations (Table 5, Figure 7).  Because of the latitudinal

cline in host resistance, the direction that a fungal isolate was “moved”

experimentally to create an inoculation pairing had a pronounced effect on infection

scores. There was a positive relationship between distance and mean infection score

when fungal isolates were moved north onto less resistant hosts, and a negative

relationship when isolates were moved south onto more resistant hosts.  The strong

influence of host resistance structure produced a highly significant effect of plant

population in the ANCOVA model.  Results of the model, however, indicated that

there was an additional, significant effect of distance unrelated to spatial patterns of

host resistance (Figure 8).  Comparing adjusted r2 values of the full model with

reduced models in which single effects had been excluded indicated that distance
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explained 2.0% of the variation in infection while plant population explained 84.4%

and fungal population explained 13.5%. There was a significant effect of fungal

population, presumably because of variation in virulence among the different

isolates, but there was no significant interaction between fungal population and

distance.

DISCUSSION

The series of inoculations performed to investigate resistance structure in H.

californicum revealed a striking latitudinal cline in the distribution of rust resistance

genes.  Resistance levels were lowest in northern host populations and increased

gradually and continuously to high levels in the south. The likelihood that the

infection is mediated by a gene-for-gene mechanism means that the host resistance

phenotypes scored in the experiment are tightly linked to genes whose effects are

highly specific and explicitly coevolutionary in nature.  This result provides some of

the clearest and most convincing evidence to date of the existence of coevolutionary

clines in natural ecosystems.  While the existence of such clines have been

theoretically proposed (Thompson 1999a; Nuismer et al. 2000; Thompson 2005),

most investigations of the spatial signatures of antagonistic coevolution have

documented discrete patches, akin to Thompson’s “hotspots” and “coldspots,” where

the effects of reciprocal selection are categorically defined as strong or weak (Davies

and Brooke 1989a; Davies and Brooke 1989b; Berenbaum and Zangerl 1998;

Benkman et al. 2001; Brodie and Ridenhour 2002; Thompson and Cunningham
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2002; Fischer and Foitzik 2004).   Empirical documentation of clinal antagonistic

coevolution is limited to a handful of studies (Ebert 1994; Kraaijeveld and Godfray

1999; Krist et al. 2000; Toju and Sota 2006).  The result is especially robust given

the spatially comprehensive sampling design and sample size of the experiment:

seeds were collected from 16 populations that spanned almost the entire latitudinal

extent of the host’s biogeographic range, and each inoculation block contained on

average 20 maternal lines from each of these populations.  That so smooth and

continuous a pattern of resistance structure is manifest across the biogeographic

range of a host species is truly surprising.  To my knowledge this result is

unprecedented in the terms of the nature and clarity of the observed pattern, and

the biogeographic scale over which it was documented.

In contrast to host resistance, virulence structure of M. lini was much less

polymorphic. The lack of a host differential set consisting of plants with variable and

known resistance genotypes precluded quantification of pathotype diversity and

confirmation that the 10 isolates used in the experiment represented unique fungal

pathotypes (Lawrence 1988). To control for this I collected only one fungal isolate

per population, sampling across the latitudinal range over which rust infection of H.

californicum occurs in the wild.  Results from studies of other wild plant/pathogen

interactions suggest that, because pathogen populations are often dominated by one

or a few pathotypes (Burdon and Jarosz 1992; Antonovics et al. 1994; Espiau et al.

1998), the isolates used most likely represent the locally dominant pathotypes, and a

much larger number of rust isolates might have been necessary to increase the
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number of unique pathotypes included in the inoculations. Observed variation in

mean virulence among the ten isolates used suggests that my sampling design did

result in the inclusion of multiple pathotypes. The fact that each of these isolates

produced qualitatively similar clinal patterns of infection among H. californicum

populations assuages concerns that inoculum amplification using spores from several

pustules may produced experimental isolates containing multiple rust pathotypes.

Interpretation of results would have been confounded had host populations shown

the same levels of infection since this pattern could have been produced by infection

of different host populations by different pathotypes.  Because of the continuous

variation in infection observed in each inoculation, host populations clearly differed

in resistance irrespective of whether fungal isolates contained one or many

pathotypes. That the clinal pattern of infection was consistent among isolates

suggests that the forces that underlie the evolution of resistance are related to one

or more spatially-explicit attributes of host populations.  Further support for this

conjecture comes from the observed temporal stability of the cline in field-measured

prevalence (Chapter 2). The lack of a similar latitudinal cline in virulence indicates

that the effects of these forces on evolution of the pathogen are much less

pronounced.  These observations, coupled with the failure to detect a correlation

between mean resistance and mean virulence of sympatric plant/pathogen pairs,

suggests that either (a) evolution of pathogen virulence is driven by exposure by

heterogeneous, spatially-explicit selection due to spore migration (Thrall and Burdon
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1997; Burdon and Thrall 1999), or (b) time-lagged frequency-dependent selection

has resulted in host resistance and pathogen virulence cycling out of phase.

The cline in resistance levels among H. californicum populations mirrors

almost perfectly the rates of M. lini infection experienced by those populations in the

field, with high disease incidence in populations with low resistance. As part of

related research (Chapter 2), three to four years of annual epidemiological surveys

conducted across the study area documented a latitudinal cline in infection, with rust

prevalence and infection severity high in northern host populations and decreasing

gradually towards the south.  Those surveys found no evidence for latitudinal

patterns in host demography (population size, density) or climate conditions

(temperature, relative humidity, availability of free water) known to be important for

rust development.  This suggests that, at least in the northern part of the host’s

range, the frequency and consequences of H. californicum/M. lini interactions are

determined in large part by genetic resistance.  Towards the southern part of the

host’s range this relationship becomes less clear.  Here, higher resistance levels

among hosts complicates estimation of fungal abundance since rust spores may be

present but go undetected because no infection is observed.  Quantification of rust

spore abundance (e.g., by air sampling) was not performed, but given the dispersal

ability of fungal rusts (Brown and Hovmoller 2002) it seems hard to imagine that

they do not travel this far south from epidemic areas to the north. Evidence from

research in other systems indicates the potential for strong feedback between host

resistance and pathogen demography (Thrall and Jarosz 1994; Alexander et al.
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1996; Thrall and Burdon 2000).  Infection dynamics in the south are likely the

product of such feedback.  Plants experience lower rates of infection due to high

genetic resistance, and the resulting decreases in rust population sizes lead to

reduced local spore production and lower encounter rates with susceptible hosts.

Resistance was highest among host populations where infection was never

observed, a pattern also documented in studies of the interaction between Plantago

lanceolata and the powdery mildew Podosphaera plantaginis (Laine 2004).  The

observed negative relationship between host resistance and disease prevalence runs

counter to theoretical predictions about how the two parameters should be related

(Van Valen 1973; Clay and Kover 1996) and may be evidence for time lagged

frequency-dependent selection resulting in asynchronous cycling of host and

pathogen populations (Jaenike 1978; Hamilton et al. 1990; Chaboudez and Burdon

1995), or for the existence of a resistant threshold beyond which pathogens cannot

invade host populations.

Tests for local adaptation revealed both evidence for the phenomenon as

well as potential biases introduced into the analyses by host resistance structure.

Contrast comparisons that simultaneously removed plant and fungal population main

effects showed that overall, pathogens had a greater ability to infect plants from

sympatric than allopatric populations. When assessed separately for host and

pathogen populations, however, the allopatric/sympatric effect was much more

pervasive in comparisons among fungal populations than among plant populations.

This appears to be the result of host resistance structure.  Due to patterns of
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infection, fungal isolates were collected predominantly from northern host

populations.  The low resistance levels of these host populations elevated sympatric

infection scores relative to pairings with allopatric hosts, which tended to be from

more resistant populations to the south.  The latitudinal cline in host resistance

similarly confounded analyses of the relationship between infection and distance.

While results of linear regression of infection against distance showed a negative

relationship, the nature of the interaction depended on whether fungal isolates were

“moved” north or south to create a given inoculation pairing.  Fungal isolates moved

a given distance north encountered hosts of lower resistance and produced high

infection scores, while isolates moved the same distance south were paired with

more resistant hosts and exhibited lower infection scores.  Overall, the negative

relationship between distance and infection was a result of the fact that infection

was never observed, and rust spores could therefore not be collected, in the

southern third of the host’s biogeographic range.  As a result, the longest distances

“moved” by fungi in the experiment were to the south, onto highly resistant hosts

that exhibited low infection. Results of the ANCOVA that controlled for effects of host

resistance structure on infection rates elucidated a significant interaction between

infection and distance in addition to the artifactual one created by spatial variation in

host resistance.  Comparison of adjusted r2 values of reduced models, however,

indicated that the influence of host resistance structure on infection was over 40

times greater than the effect of local adaptation. This test, like the contrasts

comparisons of sympatric and allopatric pairings that simultaneously factored out
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main effects of both plants and fungi, provide the most robust, unbiased test of local

adaptation (Thrall et al. 2002). Results indicating higher infection scores in sympatric

pairings parallel findings of research on other wild plant/pathogen interactions

(Parker 1985; Thrall et al. 2002; Laine 2005) but argue strongly for consideration of

host resistance structure in analyses of local adaptation.

Because field-collected seeds were used in the inoculation experiments it is

possible that observed patterns of infection were the result of both genetic and non-

heritable maternal effects (Mousseau and Fox 1998).  Eliminating the influence of

the later would require the use of seeds produced by plants grown in the

greenhouse under identical conditions.  This was not done for two reasons. First, the

aforementioned evidence for the presence of a gene-for-gene mechanism in other

flax/flax rust interactions suggests that resistance in H. californicum should be under

strong genetic control.  Second, H. californicum seed capsules require a long period

of exposure to extremely hot and dry conditions to fully ripen, and it is difficult to

artificially maintain such conditions without killing plants.  Because of this I have

been unable to grow plants to seed in the greenhouse. I did attempt to control for

the influence of maternal effects by including measurements of plant height in

analyses of infection scores.  While height can be determined both by genetically-

based traits underpinning growth rates it can also be influenced by maternal effects

manifest through variation in parental investment in seed energy stores (Roach and

Wulff 1987). Previous research indicated that plant height and number of leaves are

strongly correlated in H. californicum (Springer, unpublished data).  The greater
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surface area of taller, more foliose plants might increase the probability of contact

with rust spores. Although there was a significant positive relationship between

height and infection score, comparison of the adjusted r2 values of the full model

with a model excluding height indicated that height represented less than 0.5% of

the full model’s predictive ability.  Further, a linear regression of plant height against

latitude indicated no significant spatial trend.  These results suggest that the

influence of height on infection was relatively minor and unlikely to have produced

the observed latitudinal cline in infection scores.

While this experiment was not designed to test for temporal variation in

resistance structure, the congruence between the cline in resistance structure and

the pattern of field-measured infection prevalence, coupled with evidence of

temporal stability in the prevalence cline and high fitness costs of infection, begs the

question of how northern host populations avoid disease-induced extinction.  Three

general explanations are possible.  First, the virulence structure of pathogen

populations could be temporally variable.  Given the annual bottlenecks and

associated genetic drift characteristic of the lifecycle of M. lini, the relative

abundance and diversity of rust pathotypes might fluctuate across years (Burdon

1993).  Such fluctuations, which have been observed in other plant/rust interactions

(Burdon and Jarosz 1992), could result in northern H. californicum populations being

highly resistant to infection in certain years.  Inoculation results provide mixed

evidence for this mechanism.  On one hand, the majority of seeds used in this

experiment were collected in 2002, a year in which the highest infection rates were
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observed in the field and in which many host populations, particularly those in the

north, were decimated by disease.  Presumably the plants that survived to seed set

that year possessed high levels of genetic resistance to the rust pathotype(s)

present at the time.  These resistance genes proved of little benefit when plants

were inoculated with rust isolates collected in 2003 and 2004, suggesting rapid and

dramatic changes in fungal virulence structure across years.  In contrast, the fact

that virulence patterns of the rust isolates collected in 2003 were qualitatively similar

to those collected in 2004, and that all ten isolates were consistently most virulent

on hosts from northern populations, suggest that fungal pathotype diversity may be

relatively stable.  Second, rapid evolution of novel host resistance through

recombination and mutation could allow host populations to quickly respond to

pathogen attack.  While H. californicum is an annual with a short generation time,

this mechanism seems unlikely given that, in the face of high fitness costs of

infection with measurable demographic consequences, exceptionally high rates of

evolution would be required to produced this rescue effect (but see (Burdon 1994;

Thompson and Burdon 1995)). Finally, spatiotemporal variation in abiotic conditions

could confer environmental-resistance on genetically susceptible host populations in

some years.  Quantification of temperature, relative humidity, and free water

availability over two years across the prevalence cline did not identify latitudinal

patterns in any of the three variables but did document strong interannual

consistency in conditions within sites.  Inoculation experiments and field monitoring

explicitly designed to examine the temporal dynamics of resistance and/or virulence
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structure and the abiotic conditions that might shape them are needed in order to

rigorously assess these hypotheses.

This is one of only a handful of studies that has investigated both

epidemiology and resistance structure in a wild plant/pathogen interaction.  The

coincident clines in infection rates and genetic disease resistance suggest strong

links between pathogen-mediated selection and host evolution and provide dramatic

evidence of a spatial pattern of antagonistic coevolution rarely documented in

natural systems. The extensive biogeographic scale across which this pattern was

characterized makes the results particularly unique among studies of species

interactions in natural ecosystems. By moving beyond a focus on one or a few local

interacting populations, such studies represent a critical step towards understanding

how host/pathogen interactions, and coevolution in general, create and maintain

biodiversity across broad spatial, temporal, and phylogenetic scales.
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Figure 1: Map showing locations and identification numbers of the 16 H. californicum study

populations in northern California.  Populations from which M. lini spores were collected are

indicated symbolically (*).
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Table 2: Variation in infection scores recorded in greenhouse inoculations as a function of

plant and fungal population of origin, plant maternal line, and plant height. r2adj=0.51,

MS=3.694,  F479,3260=8.142, P<0.0001

Source df MS F

Plant Population 15   61.886    56.184****

      Plant Population Error1 336     1.102

Fungal Population 9   18.680    41.175****

Plant Population X Fungal Population 135    0.923      2.035****

Plant Height 1    5.405    11.914****

Plant Maternal Line (Plant Population) 319    1.144      2.521****

Error 2781    0.454
1 From 0.9388*Plant Maternal Line (Plant Population) + (0.0612*Error MS)

**** P<0.0001

Population
Mean Plant

Resistance

Mean Fungal

Virulence

Mean Plant Height

(mm)

1          2.681A        1.314D           72.174A

2          2.646A        1.955A           65.759B

3          2.117B,C,D        1.642C           51.044D,E,F

4          2.415A,B        1.798A,B,C           50.099E,F

5          2.164B,C        1.778B,C           56.675C

6          1.567E,F,G        1.195D           56.256C,D

7          1.879C,D,E           54.125C,D,E

8          1.780D,E,F        1.741B,C           52.527C,D,E

9          1.483F,G,H           57.269C

10          1.177H,I        1.845A,B           53.882C,D,E

11          1.130H,I        1.678B,C           53.323C,D,E

12          1.201H,I        1.704B,C           67.095A,B

13          1.384G,H           46.803F

14          0.946I           71.672A

15          1.030H,I           35.877G

16          0.990I           54.746C,D,E

Table 1: Mean resistance score and plant height for each plant population and mean

virulence score for each fungal population.  Infection score values calculated by pooling

across all fungal isolates and host populations, respectively.  Letters indicate groupings

produced by Tukey HSD analyses (populations not connected by the same letter are
significantly different (P<0.05))
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Figure 2: Mean infection score of greenhouse inoculated plants from each study population

as a function of population latitude.  Infection scores averaged within populations across all

10 greenhouse inoculations.  Error bars denote one standard error. r2adj=0.80, MS=2.19,

F2,15=30.66, P<0.0001

Infection score=-61.68+(1.63*Latitude)+1.16*(Latitude-38.66)2

Figure 3: Mean infection prevalence of each study population in the field as a function of

population latitude.  Prevalence averaged across all field-survey years. r2adj=0.64,

MS=3294.56, F2,15=14.14, P=0.0005

Mean Prevalence=-2456.51+(63.93*Latitude)+51.29*(Latitude-38.66)2
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Figure 4: Mean infection score associated with each of the 10 fungal isolates as a function

of population latitude.  Means calculated across all 16 plant populations.  Error bars denote
one standard error.

Figure 5: Relationship between mean resistance of host populations and mean virulence of

associated fungal isolates.  Error bars denote one standard error.  Subscripts identify source

populations.   Means calculated by pooling across all fungal isolates or host populations,

respectively.
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Figure 6: Variation in infection scores among fungal (A) and plant (B) populations showing

comparisons of sympatric (shaded bars) and mean of allopatric (white bars) H.
californicum/M. lini. inoculation pairings.  (*) indicates that sympatric pairing is significantly
different from average of all allopatric pairs (P<0.05) based on contrast comparisons.
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Main effect of plant population

Contrasts of fungal virulence on

sympatric vs. allopatric plant

populations

Fungal

Pop
MS

Num

df

Den

df
F MS

Num

df

Den

df
F

1S 13.24 15 330 16.25**** 35.97 1 315    44.13****

2S 7.57 15 331 16.53**** 18.27 1 316    39.89****

3S 9.46 15 320 17.40****   6.59 1 305    12.12****

4S 9.75 15 320 19.60**** 13.46 1 305    27.06****

5S 9.96 15 328 16.80**** 14.48 1 313    24.43****

6S 5.97 15 327 14.55****   0.45 1 312      1.10

8S 8.59 15 316 16.80****   7.98 1 301    15.61****

10A 5.28 15 327 10.29****   1.70 1 312      3.31

11A 5.42 15 325 12.94****   1.59 1 310      3.80*

12A 4.60 15 327  7.41****   0.88 1 312      1.42

**** P<0.0001    * P<0.05

Table 3: Variation in the virulence of fungal isolates across host populations.  Contrasts

were used to test whether virulence of sympatric hosts differed significantly from virulence

on allopatric hosts.  Superscripts of fungal populations indicate whether virulence was

greater on sympatric (S) or allopatric (A) hosts. Single factor ANOVA results were significant

across all fungal populations.  MS=38.95, F1,3260=42.42, P<0.0001

Main effect of fungal population
Contrasts of plant resistance against

sympatric vs. allopatric fungal isolates

Plant

Pop
MS

Num

df

Den

df
       F MS

Num

df

Den

df
       F

1A .93 9 209    2.04** 0.28 1 200      0.91

2S 1.01 9 205    2.48* 1.06 1 196      2.60

3S 1.24 9 205    1.68 0.15 1 196      0.20

4S 2.17 9 182    4.13**** 1.17 1 173      2.23

5S 3.66 9 207    6.74**** 4.17 1 198      7.68**

6A 1.06 9 209    1.54 1.27 1 200      1.84

8S 2.71 9 208    3.60*** 7.11 1 199      9.46**

10S 1.34 9 208    1.99* 3.63 1 199      5.38*

11S 1.91 9 215    2.80*** 1.93 1 206      3.84*

12S 2.54 9 208    5.57**** 1.98 1 199      4.34*

**** P<0.0001    *** P<0.001    ** P<0.01    * P<0.05

Table 4: Variation in resistance of plant populations across fungal populations. Contrasts

were used to test whether resistance to sympatric fungal isolates differed significantly from

resistance to allopatric isolates.  Superscripts of plant populations indicate whether resistance

was lower when hosts were challenged with sympatric (S) or allopatric (A) fungal isolates.

Single factor ANOVA results were significant across all plant populations.  MS=10.08,

F1,2065=10.74, P=0.001
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Source df MS F

Plant Population 15 2.547      63.527****

Fungal Population 9 0.682      16.998****

Distance between plant and fungal population (log10+1) 1 0.853      21.260****

Distance (log10+1) X Fungal Population 9 0.036        0.910

Error 125 0.040

**** P<0.0001

Table 5: Results of ANCOVA examining the effects of fungal population, linear distance

between plant population and fungal population, and their, as well as and plant population,

on mean infection score of each plant/fungal pairing.  Data transformations are indicated

parenthetically.  r2adj=0.91, MS=1.846, F34,159=46.04, P<0.0001

Figure 7: Mean infection score for each plant population/fungal population as a function of

the linear distance from the fungal population.  Circles represent northern fungal isolates

moved south (onto southern hosts), crosses represent southern isolates moved north (onto

northern hosts), and filled diamonds represent sympatric pairs. Dashed and dotted lines are

fit only to data for northern and southern moves, respectively.  Solid grey line is regression

fit to all data.  r2adj=0.15  MS=10.38, F1,159=28.56, P<0.0001

Mean Infection Score+1.93-(0.0065*Distance)
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Figure 8: Partial residuals plot illustrating effect of distance (log10 transformed) on mean

infection score as quantified by ANCOVA.  r2adj=0.071  MS=0.48  F1,159=13.13  P=0.0004
Partial Residuals Mean Infection Score = 0.14-(0.1*(Log10 Distance+1))
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Appendix 1

Phylogenetic Analysis of the Genus Hesperolinon

In addition to the detailed epidemiological and edaphic studies conducted

using H. californicum, I also collected infection and soil data for each of the other 12

species of Hesperolinon.  These data are presented in Appendix 2.  In an attempt to

identify genus-level evolutionary patterns in serpentine soil tolerance, and

coevolutionary patterns related to pathogen infection, I constructed a DNA

sequence-based phylogeny for the Hesperolinon group.  For each of the 13 species I

collected tissue samples from between three and five wild populations, and used

these samples to sequence four intergenic spacer regions in the chloroplast genome.

I used four species of Linum as outgroup representatives.  Results indicate that with

the exception of H. drymarioides, which is clearly the most ancestral species of

dwarf flax, all Hesperolinon species are recently diverged and very closely related.

While phylogenetic resolution is low, seven relatively distinct clades were resolved:

(1) H. didymocarpum and northern population of H. bicarpellatum group together

and are associated with populations of H. adenophyllum, (2) southern populations of

H. bicarpellatum group with H. serpentinum, and H. clevelandii is also associated

with this clade, (3) the three large flowered species, H. breweri, H. californicum, and

H. congestum, form a distinct phylogenetic cluster, (4) H. micranthum and H.

spergulinum are closely related, (5) H. tehamense represents a unique cluster, (6)

H. drymarioides represents an unambiguously distinct and ancestral clade, and (7)

one clade, which includes one sample of H. clevelandii, H. serpentinum, and H.
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micranthum, have formed as a result of gene flow along the eastern margin of the

Coast Range mountains. H. disjunctum samples did not group together, but rather

seemed to be associated with other clusters based on geographic proximity of

source populations, suggesting incomplete reproductive isolation and possible

introgression.  These patterns are largely coincident with morphological and

distributional characteristics of the species.  Of the four outgroup species, L.

neomexicanum is by far the most closely related to the genus Hesperolinon.

METHODS

Biogeography and Selection of Study Populations

I determined the biogeographic range of each of the 13 Hesperolinon species

using a monograph on the genus (Sharsmith 1961), herbarium records at the

University of California Berkeley Jepson Herbarium (www.calflora.org), the California

Department of Fish and Game Natural Diversity Database

(http://www.dfg.ca.gov/whdab/html/cnddb.html), and interviews with local

naturalists and plant ecologists.  With two exceptions I selected five study

populations for each species. For H. congestum I included six study populations and

for H. californicum, which was the focus of another study that demanded a higher

degree of spatial resolution, sixteen study populations.  For each species, I selected

study populations that are as geographically distant from one another as possible

and collectively span the species’ biogeographic range as completely as possible.

Only H. micranthum and H. disjunctum, which have relatively broad ranges, could
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not be sampled in this biogeographically robust manner due to the logistic

constraints involved in surveying the entire range.  The distribution of H.

micranthum extends into southern Oregon and northern Baja California, Mexico, and

H. disjunctum is found across western California.  A total of 77 Hesperolinon study

populations were ultimately selected (Appendix 2, Figure 1).  I identified five

populations of the putative outgroup species Linum neomexicanum using records

from a number of herbaria in Arizona and New Mexico, USA.

Molecular Analyses

I collected samples of leaf tissue from all Hesperolinon and L. neomexicanum

populations between 2002 and 2003.  Tissue samples for three more distantly

related outgroup species, Linum perenne, Linum bienne, and Linum usitatissimum,

were collected from greenhouse grown plants germinated from commercially

available seeds in 2003.  I extracted DNA from 5-10 g of dried tissue using Qiagen

DNeasy plant extraction kits (Qiagen Inc., Venlo, Netherlands), following the

manufacturer’s protocol.

A. Sequencing: Between three and five samples of each Hesperolinon species, and

one sample of each outgroup species, were sequenced for phylogenetic analyses.

For each Hesperolinon species, I selected samples that collectively spanned the

latitudinal range of surveyed populations as completely as possible (Figure 1).  I

selected the outgroup sample randomly. I used the polymerase chain reaction to

sequence four chloroplast loci.  All sequencing was performed using an ABI

Geneamp 9700 Thermacycler (Applied Biosystems, Foster City CA, USA).  PCR
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reactions (25 µL) contained 12.6 µL water, 1 µL of sample template (~10 ng DNA),

2.5 µL of 10X reaction buffer (New England Biolabs, Ipswich MA, USA), 1.5 µL MgCl2,

2.5 µL of each primer (10 µM), 2.0 µL of a 2.5 mM dNTP solution containing all 4

oligonucleotides, and 0.4 µL 5,000 U/mL Taq DNA polymerase (New England

Biolabs, Ipswich MA, USA).  I used the primers and PCR conditions provided below

to sequence the specified regions:

1. trnT-trnL spacer (Taberlet et al. 1991): primers trnT “a” (CAT TAC AAA TGC GAT

GCT CT) and trnL “b" (TCT ACC GAT TTC GCC ATA TC).  PCR profile consisted of 35

cycles of 1:00 of denaturation at 92°C, 1:00 of annealing at 53°C, and 1:00 of

extension at 72°C.  Cycles were preceded by denaturation at 94°C for 5:00 and

followed by extension at 72°C for 10:00.

2. trnL-trnF spacer (Taberlet et al. 1991): primers trnL “c” (CGA AAT CGG TAG ACG

CTA CG) and trnF “f” (ATT TGA ACT GGT GAC ACG AG).  PCR profile consisted of 35

cycles of 1:00 of denaturation at 92°C, 1:00 of annealing at 53°C, and 1:00 of

extension at 72°C.  Cycles were preceded by denaturation at 94°C for 5:00 and

followed by extension at 72°C for 10:00.

3. trnK 3’ intron (Steele and Vilgalys 1994; Johnson and Soltis 1995): primers

matK”8F” (CTT CGA CTT TCT TGT GCT) and trnK “2R” (AAC TAG TCG GAT GGA

GTA).  PCR profile consisted of 35 cycles of 1:00 of denaturation at 92°C, 1:00 of
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annealing at 50°C, and 1:30 of extension at 72°C.  Cycles were preceded by

denaturation at 94°C for 5:00 and followed by extension at 72°C for 10:00.

4. rpl16 spacer (Kelchner and Clark 1997): primers rpl16 “F71” (GCT ATG CTT AGT

GTG TGA CTC GTT G) and rpl16 “R1516” (CCC TTC ATT CTT CCT CTA TGT TG).

PCR profile consisted of 25 cycles of 1:00 of denaturation at 95°C, 1:00 of annealing

at 50°C, an increase of 15°C in 1°C increments for :08 each, and concluded with

4:00 of extension at 65°C.  Cycles were preceded by denaturation at 94°C for 5:00

and followed by extension at 65°C for 10:00.

I visualized PCR products on 10% agarose gels, excised bands from gels, and

cleaned PCR products using Zymoclean gel DNA recovery kits (Zymo Research,

Orange CA, USA).  Primer extension reactions and sequencing were performed by

Macrogen (Seoul, Korea).  Forward and reverse sequencing reactions were

performed for all samples.  After blasting results to verify their affiliation with plant

tissue and the region being amplified, I edited sequences using Sequencher (Applied

Biosystems, Foster City CA, USA) and aligned them by eye using Se-Al version 2.0

(Rambaut 2003). Because the chloroplast genome is maternally inherited and not

subject to recombination, and all sequences were derived from the same individuals,

I concatenated the four cpDNA regions sequenced into a single sequence for each

sample.  The concatenated sequences contained numerous indels and

mononucleotide repeats, which I deleted.  A small number of indels that were either
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taxonomically consistent (i.e., present in identical form in all samples from one or

more species) were removed and replaced as coded, individual characters

(A=absent, T=present).  I inserted these codes at the end of each sequence.  I used

PAUP v 4.0b10 (Swofford 2002) to construct phylogenetic trees and identified the

most appropriate evolutionary models (and associated parameter values) for

likelihood analyses using Modeltest 3.7 (Posada and Crandall 1998).  I constructed

trees using both the full dataset (all four Linum outgroups) and a reduced dataset

that contained only L. neomexicanum, the most recent common ancestor.  I

assumed monophyly in all cases.  I constructed three types of trees using the setting

described below:

1. Distance: I built phylograms using the neighbor-joining algorithm (Figures 2

and 3).  DNA/RNA distances were set using the hLRT maximum likelihood

scores produced by Modeltest, and ties were broken randomly.  All other

setting were PAUP defaults.

2. Parsimony: I performed a heuristic search using the branch and bound

option.  One thousand random replicates were performed using stepwise

addition, holding one tree at each step.  TBR and MULTREES branch

swapping options were selected.  I calculated a strict consensus tree and

then ran 1000 bootstrap replicates on that tree using the full heuristic search

option (Figures 4 and 5).

3. Maximum likelihood: Generating starting trees using neighbor-joining, I

constructed trees using heuristic searches with 100 stepwise, random
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additions.  TBR and MULTREES branch swapping options were selected.  I

ran 100 bootstrap replicates on the generated trees using the full heuristic

search option.  I built trees with both hLRT and AIC values produced by

Modeltest and only present results for the reduced dataset since patterns

produced using the full dataset were qualitatively similar (Figures 6 and 7)

RESULTS

        Species Species code

H. adenophyllum 1

H. bicarpellatum 2

H. breweri 3

H. californicum 4

H. clevelandii 5

H. congestum 6

H. didymocarpum 7

H. disjunctum 8

H. drymarioides 9

H. micranthum 10

H. serpentinum 11

H. spergulinum 12

H. tehamense 13

Linum bienne Bien

Linum neomexicanum Neo

Linum perenne Per

Linum usitatissimum Usit

Table 1: List of species codes used in maps and phylogenetic trees.



115

Figure 1: Map showing locations of 45 Hesperolinon populations in California, USA, and 1

Linum neomexicanum population in Arizona, USA where tissue samples were collected.  Map

codes read as “species”p”population”
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Figure 2: Distance phylogram based on the full dataset constructed using neighbor joining
with DNA/RNA distances specified using hLRT maximum likelihood settings from Modeltest.
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Figure 3: Distance phylogram based on the reduced dataset, constructed using neighbor

joining with DNA/RNA distances specified using hLRT maximum likelihood settings from

Modeltest.
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Figure 4: Strict consensus tree based on full dataset, constructed using parsimony.

Heuristic search consisted of 1000 random additions and bootstrap values were generated
with a full heuristic search involving 1000 replicates.
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Figure 5: Strict consensus tree based on reduced dataset, constructed using parsimony.

Heuristic search consisted of 1000 random additions and bootstrap values were generated

with a full heuristic search involving 1000 replicates.
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Figure 6: Maximum likelihood tree based on reduced dataset using hLRT settings from

Modeltest (best-fit model F81+I+G, Base=(0.3576 0.1531 0.1630)  Nst=1  Rates=gamma

Shape=0.8998  Pinvar=0.7497).  Tree built using a heuristic search with 100 stepwise,

random additions.  Bootstrap values generated using a full heuristic search with 100 random
additions.
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Figure 7: Maximum likelihood tree based on reduced dataset using AIC settings from

Modeltest (best-fit model K81uf+I+G, Base=(0.3584 0.1522 0.1619)  Nst=6  Rmat=(1.0000

0.9744 0.5562 0.5562 0.9744)  Rates=gamma  Shape=0.9178  Pinvar=0.7446).  Tree built

using a heuristic search with 100 stepwise, random additions.  Bootstrap values generated
using a full heuristic search with 100 random additions.
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Appendix 2

Edaphic and Epidemiological Characterization of the Genus

Hesperolinon

In an effort to contextualize edaphic and epidemiological properties associated

with H. californicum, I collected soil and infection data from populations of all

thirteen Hesperolinon species.  With a few minor deviations from protocol that are

described below, these data were collected from five population of each species of

dwarf flax in 2002, 2003, and 2004.  Infection data varied widely across the genus,

from the heavily infected H. micranthum, which was associated with mean

prevalence and severity values of over 40% across the three survey years, to H.

breweri, which was never observed to be infected in the field.  Edaphic data, notably

soil concentrations of calcium and magnesium, were highly variable among species,

but multivariate NMDS analyses of data from all study population did not show any

clear phylogenetic associations with particular edaphic niches.

METHODS

Biogeography and Selection of Study Populations

I determined the biogeographic range of each of the 13 Hesperolinon species

using a monograph on the genus (Sharsmith 1961), herbarium records at the

University of California Berkeley Jepson Herbarium (www.calflora.org), the California

Department of Fish and Game Natural Diversity Database
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(http://www.dfg.ca.gov/whdab/html/cnddb.html), and interviews with local

naturalists and plant ecologists.  With two exceptions I selected five study

populations for each species. For H. congestum I included six study populations and

for H. californicum, which was the focus of another study that demanded a higher

degree of spatial resolution, sixteen study populations.  For each species, I selected

study populations that are as geographically distant from one another as possible

and collectively span the species’ biogeographic range as completely as possible.

Only H. micranthum and H. disjunctum, which have relatively broad ranges, could

not be sampled in this biogeographically robust manner due to the logistic

constraints involved in surveying the entire range.  A total of 77 Hesperolinon study

populations were ultimately selected (Figure 1).  I identified five populations of the

putative outgroup species Linum neomexicanum using records from a number of

herbaria in Arizona and New Mexico, USA.  The latitude and altitude of each study

population were obtained with a handheld GPS.

Epidemiological Surveys

I collected epidemiological data in 2002, 2003, and 2004 using two survey

techniques.  Surveys of H. californicum populations are described in Chapter 2.  For

surveys of populations of the other thirteen Hesperolinon species I used a “random

walk” method.  I categorized each population as being either linear (plants occurring

along the boundary of a serpentine outcrop) or non-linear (plants scattered with no

apparent linear pattern of distribution) based on the general pattern of local plant

distribution.  In linear populations I randomly selected a spot to begin surveys and
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recorded infection data while walking along the linear axis of the population.  After

scoring 25 plants I walked at least 5 m before resuming data collection.  In non-

linear populations I scored plants along transects that originated from a randomly

chosen location within the population.  Transect headings, and the distance from the

transect origin where I began data collection, were also randomly determined.  The

frequency with which I counted plants along transects was based on estimates of

plant abundance at the time of surveys.  For populations of fewer than 200 plants, I

scored the first 100 plants and every other plant thereafter.  For populations

containing between 200 and 500 plants, or more than 500 plants, I scored every

fifth or eighth individual encountered, respectively.  For each plant examined I

visually estimated infection severity (percent of host leaf/stem tissue covered with

rust pustules) using a modified James scale (James 1971) and assigned the plant to

one of nine infection severity categories: 0% (uninfected), 1%, 5%, 10%, 25%,

50%, 70%, 90%, and 100%.  Using these data I quantified the prevalence (percent

of hosts infected) and mean infection severity of each survey population.  While no

formal epidemiological surveys were conducted in the L. neomexicanum populations,

rust infection was not observed.

Edaphic Surveys

I collected soil samples in 2002.  Methods used for soil samples collection,

processing, and analyses are described in Chapter 2.  I ran analyses using two

approaches: with analyte concentrations averaged across populations within species

and averaged across samples within populations.
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RESULTS

Species
#

Pops

Mean+SE # plants

counted, 2002

Mean+SE #

plants counted,

2003

Mean+SE # plants

counted, 2004

H. adenophyllum (1)   5    120+20 (600)   316+18 (1579)    267+45 (1333)

H. bicarpellatum (2)   5    100+0 (500)   239+24 (1196)    173+12 (865)

H. breweri (3)   5*      80+20 (400)   241+20 (1206)    161+34 (803)

H. californicum (4) 16   1093+326 (17484)   190+48 (3043)    619+178 (9902)

H. clevelandii (5)   5    100+0 (500)   242+18 (1208)    138+16 (690)

H. congestum (6)   6    117+13 (703)   187+31 (1124)    172+18 (1033)

H. didymocarpum (7)   5*      80+20 (400)   261+20 (1304)    210+6 (1050)

H. disjunctum (8)   5    100+0 (500)   254+32 (1269)    182+14 (909)

H. drymarioides (9)   5    100+0 (500)   285+29 (1423)    151+36 (753)

H. micranthum (10)   5    105+5 (525)   170+11 (852)    152+14 (762)

H. serpentinum (11)   5    100+0 (500)   182+18 (912)    148+14 (739)

H. spergulinum (12)   5    100+0 (500)   204+31 (1020)    188+22 (940)

H. tehamense (13)   5    100+0 (500)   247+27 (1235)    196+22 (979)

Table 1: Sample sizes for epidemiological surveys conducted in the 77 Hesperolinon

populations.  Species codes are indicated parenthetically after species names. The number of

plants counted each year is indicated parenthetically after the corresponding mean value.
(*) indicates species for which only 4 populations were surveyed in 2002.
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Figure 1:  Map showing locations of 77 Hesperolinon study populations in California, USA,

and 5 Linum neomexicanum (Neo) populations in Arizona, USA.  Labels designate both

species and population (e.g., 4-1 indicates H. californicum, population 1).  See Table 1 for

list of species codes.
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Figure 3: Phylogenetic patterns in infection prevalence and severity.  Grand means

calculated by averaging survey population within species across years.  Grey bars

represent prevalence, white bars represent severity.  Error bars denote 1 standard error.

Figure 2: Temporal patterns in infection prevalence and severity.  Grand means

calculated by averaging survey population means across species within years.  Grey bars

represent prevalence, white bars represent severity.  Error bars denote 1 standard error.
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Figure 4: Temporal variation in infection prevalence.  Means calculated by averaging

survey populations for each species within years.  Dark grey bars represent 2002, white
bars represent 2003, light grey bars represent 2004.  Error bars denote 1 standard error.

Figure 5: Temporal variation in infection severity.  Means calculated by averaging survey

populations for each species within years. Dark grey bars represent 2002, white bars

represent 2003, light grey bars represent 2004.  Error bars denote 1 standard error.
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Table 2: Calcium and magnesium concentrations (mg/kg soil), and the ratio of the two,

quantified in soil surveys conducted in 77 Hesperolinon populations and five Linum
neomexicanum populations.  Six soil samples were collected in each population with the

exception of H. californicum populations 3, 5, and 6, in which 18, 15, and 10 samples,

respectively, were collected. Means calculated by averaging across survey populations within

species.

Species
Species

code

#

Pops

Mean+SE

[Ca]

Mean+SE

[Mg]

Mean+SE

Ca:Mg

H. adenophyllum    1   5    628+156    1994+251   0.34+0.110

H. bicarpellatum    2   5    350+73    1827+230   0.20+0.043

H. breweri    3   5   1703+444    1786+383   1.52+0.628

H. californicum    4  16   1198+313    2664+246   1.20+1.131

H. clevelandii    5   5   1385+254      718+493   7.82+2.558

H. congestum    6   6    449+73    2491+353   0.20+0.040

H. didymocarpum    7   5    727+384    1843+210   0.55+0.508

H. disjunctum    8   5    859+284    2492+490   0.41+0.191

H. drymarioides    9   5    536+177    1687+248   0.31+0.081

H. micranthum  10   5   1212+494    2081+416   0.84+0.467

H. serpentinum  11   5    805+192    2158+431   0.45+0.166

H. spergulinum  12   5    632+146    1916+427   0.63+0.357

H. tehamense  13   5   1357+337    2405+312   0.57+0.128

Linum neomexicanum Neo   5   1560+496      261+133   8.75+1.878
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Figure 6: Results of NMDS soil analysis of each of the 13 Hesperolinon species and Linum

neomexicanum (indicated symbolically) comparing species means of each analyte (panel A).

Stress was 0.01 in 499 of the 500 runs. SIMPER analysis indicated that of the 17 focal

analytes, the two with the largest influence on the NMDS solution were calcium

(mean+stdev percent contribution to solution=40.33+9.30%) and magnesium

(magnesium=38.60+11.76%) (n=91 pairwise species comparisons).  Bubble plots show the

influence of calcium (panel B) and magnesium (panel C) on the NMDS solution.  Analytical

methods are described in Chapter 2.
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Figure 7: Results of NMDS soil analyses of each of the 13 Hesperolinon species and Linum

neomexicanum (indicated symbolically) comparing population means of each analyte (panel

A). Stress was 0.03 in 499 of the 500 runs. SIMPER analysis indicated that of the 17

focal analytes, the two with the largest influence on the NMDS solution were calcium

(mean+stdev percent contribution to solution=39.75+4.46%) and magnesium

(magnesium=42.16+4.24%) (n=91 pairwise species comparisons).  Bubble plots

show the influence of calcium (panel B) and magnesium (panel C) on the NMDS solution.
Analytical methods are described in Chapter 2.
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Appendix 3

Greenhouse Inoculations Involving H. breweri

As I am interested in phylogenetic as well as spatial variation in resistance

structure I also included plants from five populations of H. breweri in the inoculation

blocks described in Chapter 3.  I chose this species because while it is clearly the

sister species of H. californicum, the two taxa are associated with dramatically

different epidemiological characteristics.  Three lines of evidence suggest that H.

californicum and H. breweri are closely related.  First, individuals of the two species

are morphologically very similar.  Both are tall and have large flowers relative to

congeners, and they can be distinguished only by flower color: white in H.

californicum and yellow in H. breweri.  Second, phylogenetic analyses suggest that

the two species are almost indistinguishable at the molecular level (Appendix 1).

Sequencing of 3,215 base-pairs from four chloroplast intergenic spacer regions

revealed essentially no variation between species.  Third, at the location where the

two species are sympatric (populations 4-14 and 3-2) I have observed hybrid

individuals with pale orange flowers on a number of occasions.  In contrast to their

apparent phylogenetic similarity, the two species are quite distinct relative to their

interaction with M. lini.  While H. californicum is regularly infected by the rust

(Chapter 2), infection of H. breweri was never observed in the field.  I included H.

breweri individuals in the inoculation experiment to determine whether isolates of M.

lini that infect H. californicum can also infect H. breweri, and if so, to what extent H.

breweri is resistant to fungal attack.  I found that H. breweri is highly susceptible to
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isolates of rust collected from H. californicum, and that on average H. breweri

populations exhibit levels of genetic resistance comparable to those measured in

northern populations of H. californicum.  The one exception to this pattern is

manifest in population 3-2, which has levels of genetic resistance that are

significantly higher and similar to measures associated with sympatric H.

californicum plants from population 4-14.  This observation lends further support to

the assertion that greenhouse-measured resistance is genetically based since

observed morphological intermediates at this location suggest introgression between

the two species at this site.  Presumably this gene flow is responsible for the unique

resistance properties of H. breweri plants growing at this location.

METHODS

Characterizing Study Populations

I determined the biogeographic ranges of H. breweri using a monograph on

the genus Hesperolinon (Sharsmith 1961), herbarium records at the University of

California Berkeley Jepson Herbarium (www.calflora.org), the California Department

of Fish and Game’s Natural Diversity Database

(http://www.dfg.ca.gov/whdab/html/cnddb.html), and interviews with local

naturalists and plant ecologists.  I selected five populations of H. breweri that

collectively span the latitudinal extent of its ranges as completely as possible (Figure

1).  Population size was generally less than 5,000 individuals, and with one
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exception populations are separated by at least 1 km (populations 4-14 and 3-2 are

~200 m apart).

I conducted epidemiological surveys in each study population in 2002, 2003,

and 2004 to collect data on the prevalence and severity of rust infection. Survey

techniques for H. californicum and for its 12 congeners are described in Chapter 2

and Appendix 2, respectively.

Sample Collection

I collected seeds from nine maternal lines in each H. breweri population

following epidemiological surveys in 2003.  Because fungal infection of H. breweri

was never observed I could not collect rust spores from these populations.

Greenhouse experiment

I quantified levels of genetic resistance in H. breweri using the same

experimental and analytical protocols/methods used for H. californicum and

described in Chapter 3.

Analyses:  I compared mean infection score and height between H. californicum and

H. breweri using ANOVA.  To test for geographic structure in host resistance I

constructed a mixed model analyzed using standard least squares. In the models

predicting infection scores the fixed factors were plant population, fungal population

(the H. californicum population from which each fungal isolate was collected), and

the interaction between plant population and fungal isolate.  Plant maternal line

nested within plant population was the only random effect, and plant height was
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included as a covariate.  I decomposed the plant population and fungal populations

effects, which were significant in models for both host species, by comparing all pair-

wise combinations of least-squares means with t-tests and adjusting p-values for

multiple comparisons using the Tukey HSD procedure.  Since no M. lini isolates could

be collected from H. breweri populations no tests of local adaptation were possible.

RESULTS

When compared using values averaged across all ten inoculations and all

study populations, H. breweri was significantly less resistant to M. lini infection

(mean+SE: 2.25+0.017 versus 1.66+0.045, MS=130.83, F1,3699=141.20, P<0.0001).

but significantly taller (mm) than H. californicum (68.37+1.00 versus 56.09+0.32,

MS=58398.7, F1,3699=165.12, P<0.0001). On average (mean+stdev), each

inoculation block contained 8.79+0.46 H. breweri maternal lines per host population

and 43.9+1.29 maternal lines overall.
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Figure 1: Map showing locations and identification numbers of the 16 H. californicum study

populations (grey circles, “4-population ID#”) and 5 H. breweri study populations (grey

squares, “3-population ID#”) in northern California.  Populations from which M. lini spores
were collected are indicated symbolically (*).
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Figure 2: Mean infection score of greenhouse inoculated plants from each study population

as a function of population latitude.  Infection scores for each population averaged across all

10 greenhouse inoculations. Latitude taken from survey plot closest to the geographic center

of each population. Error bars denote one standard error.  Curve is fit to points for H.
californicum (filled circles) and not H. breweri (open circles). r2adj=0.80   MS=2.19 df=15

F2,15=30.66  P<0.0001

Infection score=-61.68+(1.63*Latitude)+1.16*(Latitude-38.66)2

Figure 3: Mean infection prevalence of each study population in the field as a function

of population latitude.  Means calculated by averaging data for each study population

across years. Latitude taken from survey plot closest to the geographic center of each

population. Curve is fit to points for H. californicum (filled circles) and not H. breweri

(open circles).  r2
adj=0.64, MS=3,294.6, F2,15=14.14, P=0.0005

Mean Prevalence=-2456.51+(63.93*Latitude)+51.29*(Latitude-38.66)2
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Population Mean Plant Resistance Mean Plant Height (mm)

3-1                2.628A              58.065A

3-2                0.811B              81.868B

3-3                2.600A              56.917A

3-4                2.729A              63.611A

3-5                2.511A              80.963B

Table 1: Mean resistance score and plant height recorded for each H. breweri population in

the greenhouse.  Resistance (infection) score averages calculated by pooling across all ten

fungal inoculations.  Letters indicate groupings produced by Tukey HSD analyses
(populations not connected by the same letter are significantly different (P<0.05))

Fungal Population Mean Fungal Virulence

4-1                              2.311A

4-2                              2.244A

4-3                              2.386A

4-4                              2.419A

4-5                              2.409A

4-6                              1.667B

4-8                              2.366A

4-10                              2.267A

4-11                              2.209A

4-12                              2.205A

Table 2: Mean virulence scores recorded for the ten fungal isolates in the greenhouse.

Virulence (infection) score averages calculated by pooling across all H. breweri populations.

Letters indicate groupings produced by Tukey HSD analyses (populations not connected by
the same letter are significantly different (P<0.05))
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Table 3: Variation in greenhouse infection scores among H. breweri populations as a

function of plant and fungal population of origin, plant maternal line, and plant height.

r2adj=0.70, MS=3.36, F90,438=12.57, P<0.0001

Source df MS F

Plant Population 4   45.481 61.512****

      Plant Population Error1 44    0.739

Fungal Population 9    2.074  7.759****

Plant Population X Fungal Population 36    0.413  1.545*

Plant Height 1    0.012  0.046

Plant Maternal Line (Plant Population) 40    0.804  3.009****

Error 348    0.267
1 From 0.8794*Plant Maternal Line (Plant Population) + (0.1206*Error MS)

**** P<0.0001    * P<0.05

Figure 4: Mean virulence score associated with each of the ten fungal isolates.  Virulence

(infection) score averages calculated using all H. californicum (filled circles) or all H. breweri
(open circles) populations.
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