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Abstract

My dissertation examines several aspects of quantitative trait evolution in Mimulus
guttatus. In Chapter 2, I use M. guttatus plants to investigate how response to artificial
selection on a trait index differs among replicate populations that differ only in mating
system. The results show a divergence in response to selection among mating system
types, despite an equivalent selection regime and no direct effect of mating system on
fitness. In Chapter 3, I use plants derived from several natural populations to look at
geographic differences in genetic and environmental variation in a quantitative trait,
trichome density. Constitutive production of trichomes is variable both within and among
populations of M. guttatus and there is genetic variation for it both within and among
geographically distinct natural populations. Damage on early leaves can induce increased
trichome production on later leaves, a plastic response that is likely adaptive. In addition,
I show in this chapter that trichome induction can be maternally transmitted by a yet
undescribed epigenetic mechanism. There is genetic variation among plants in the
capacity for both within and between plant generation induction. In Chapter 4, I examine
how trichome density affects plant-insect interactions with an herbivore common to some
M. guttatus populations, the meadow spittlebug. While trichomes confer resistance to
some forms of herbivory, these experiments show that they do not deter meadow

spittlebugs, either in their ability to feed or in their feeding preferences.
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Introduction

My dissertation examines several aspects of quantitative trait evolution in Mimulus
guttatus. A quantitative trait is one that is influenced by two or more genes, and may be
influenced by the environment. Quantitative trait phenotypes are often continuous, but
may also be discrete, as in threshold traits. In general, the field of quantitative genetics
attempts to link phenotypic variation to its underlying genetic basis (Lynch and Walsh
1998). Many traits are quantitative rather than Mendelian, and the study of the evolution
of quantitative traits has widespread applications including studies of natural populations,

crop species and animal breeding, and human genetic disorders and disease.

The Mimulus species complex has been a model system for studies of plant evolution
since the 1940’s (Clausen 1940). The complex as well as the M. guttatus species
encompass a large range of morphological variation. M. guttatus is relatively easy to
propagate in the greenhouse, has a short time from germination to seed production, and
can be outcrossed or self-fertilized with readily manipulated breeding. All of these
factors make it an ideal species for studies of evolutionary ecology and genetics. Studies
of M. guttatus cover a wide range of topics, including life history and morphology
(Campbell 1950; Vickery 1978), systematics (Beardsley and Olmstead 2002), rates and
causes of self-fertilization and degree of inbreeding depression (Willis 1993 a, b; Willis
1996; Sweigart 1998; Sweigart et al. 1999; Willis 1999a, b, c; Arathi et al. 2002; Kelly
and Willis 2002; Arathi and Kelly 2004), mating system evolution (Fenster and

Ritland1994a, b), hybridization and hybrid incompatibility (Fishman and Willis 2001;



Fishman and Willis 2006; Martin and Willis 2007; Sweigart et al. 2007), genetic
architecture of floral traits (Fishman et al. 2002), corolla morphology and pollination
(Arathi and Kelly 2004; Martin 2004), epistasis (Kelly 2005), and interactions between
inbreeding and biotic environmental factors (Carr and Eubanks 2002; Carr et al. 2003;

Eubanks et al. 2005a, b; Carr et al. 2006)

In Chapter 2, [ use M. guttatus plants to investigate how response to artificial selection on
a trait index differs among replicate populations that differ only in mating system. The
mating system of a population profoundly influences its evolution. Inbreeding alters the
balance of evolutionary forces that determine the amount and distribution of genetic
variation within a population, potentially altering response to selection. In this chapter, I
address the question: If populations differing only in mating system are exposed to the
same selection pressures, will they respond in qualitatively different ways? 1do this by
by imposing selection on an index of two negatively correlated traits (flower size and
development rate) within experimental populations that reproduce (a) entirely by
outcrossing, (b) entirely by self-fertilizing, or (c) by a mixture of outcrossing and selfing.
The results show a divergence in response to selection among mating system types,
despite an equivalent selection regime and no direct effect of mating system on fitness.
This study thus provides an experimental demonstration of how the interaction of
selection, genetic drift, and mating system can produce dramatic short-term changes in

trait means, variances, and covariances.



In Chapter 3, I use plants derived from several natural populations to look at geographic
differences in genetic and environmental variation in a quantitative trait, trichome
density. Mimulus guttatus (yellow monkeyflower) frequently produce glandular
trichomes, a trait that may resist herbivory. Constitutive production of trichomes is
variable both within and among populations of M. guttatus and there is genetic variation
for it both within and among geographically distinct natural populations. Damage on
early leaves can induce increased trichome production on later leaves, a plastic response
that is likely adaptive. In addition, I show in this chapter that trichome induction can be
maternally transmitted by a yet undescribed epigenetic mechanism. There is genetic
variation among plants in the capacity for both within and between plant generation
induction. Despite the clear evolutionary importance of variation in constitutive and
induced herbivory-resistance traits, few other studies have noted genetic variation in both

within a plant species

In Chapter 4, I examine how trichome density affects plant-insect interactions with an
herbivore common to some M. guttatus populations, the meadow spittlebug. No-choice
and choice experiments using the generalist herbivore, meadow spittlebug (Philaenus
spumarius) are used to examine how variation in trichome density affects herbivory by
meadow spittlebugs and how this herbivory subsequently affects plant fitness. While
trichomes confer resistance to some forms of herbivory, these experiments show that they
do not deter meadow spittlebugs, either in their ability to feed or in their feeding

preferences. This is notable because (1) spittlebug herbivory did significantly reduce



plant fitness, and (2) trichomes have been shown to deter spittlebugs from feeding on

other plant species.

Finally, in Chapter 5, I discuss how the experiments in Chapters 2-4 relate to future
research directions, in particular a QTL (quantitative trait loci) mapping project and an
experiment designed to investigate the mechanistic basis of trangenerational trichome

induction.
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Chapter 1. Mating system and the evolution of quantitative traits: An experimental
study of Mimulus guttatus.
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Abstract

The mating system of a population profoundly influences its evolution. Inbreeding alters
the balance of evolutionary forces that determine the amount of genetic variation within a
population. It redistributes that variation among individuals, altering heritabilities and
genetic correlations. Inbreeding even changes the basic relationships between these
genetic statistics and response to selection. If populations differing only in mating
system are exposed to the same selection pressures, will they respond in qualitatively
different ways? Here, we address this question by imposing selection on an index of two
negatively correlated traits (flower size and development rate) within experimental
populations that reproduce (a) entirely by outcrossing, (b) entirely by self-fertilizing, or
(c) by a mixture of outcrossing and selfing. Entirely selfing populations responded
mainly by evolving larger flowers while outcrossing populations also evolved more rapid
development. Divergence occurred despite an equivalent selection regime and no direct
effect of mating system on fitness. The study provides an experimental demonstration of
how the interaction of selection, genetic drift, and mating system can produce dramatic

short-term changes in trait means, variances, and covariances.
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Introduction

For centuries, biologists have been captivated by the diversity of plant mating systems
(Darwin 1876; Sprengel 1973; Barrett 2003). Most studies have focused on the evolution
of mating systems, on how the balance of evolutionary advantages and costs determines
the tendency for plants to self-fertilize versus outcross (Uyenoyama et al. 1993). An
important question that has received less empirical study is how differences in mating
system impact the evolution of quantitative traits. In fact, the characters that determine
mating system, e.g. floral morphology and developmental timing, are usually
quantitative. Through their effects on mating system, these traits subsequently influence
inbreeding depression and the distribution of genetic diversity within and between
populations (Charlesworth and Charlesworth 1987, 1995; Hamrick and Godt 1996;

Charlesworth and Wright 2001).

Inbreeding reduces the frequency of heterozygotes relative to homozygotes at
polymorphic loci within a population. It thus alters the ‘presentation’ of genetic variation
at the phenotypic level and hence the balance between natural selection and other
evolutionary forces (Robertson 1952; Mitchell-Olds and Rutledge 1986; Kelly 1999a).
This is most obvious for loci exhibiting genetic dominance, where inbreeding exposes
recessive alleles more directly to selection. Deleterious alleles may be more rapidly
‘purged’ and advantageous alleles more rapidly fixed with partial or complete self

fertilization (Caballero and Hill 1992b; Charlesworth 1992; Byers and Waller 1999).
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The experiment described here evaluates the most immediate effects of mating system on
quantitative trait evolution, i.e. short-term response to selection. The simplest genetic
model, a single locus with alleles that act additively, predicts that inbreeding should
accelerate response to directional selection. The genetic variance contributed by an
additive locus is directly proportional to the inbreeding coefficient of the population
(Wright 1951; Falconer and Mackay 1996). If this locus is entirely responsible for trait
variation, inbreeding should accelerate response because the segregation of alternative
alleles into homozygotes increases the efficiency of selection in changing allele
frequencies. With dominance, the genetic variance contributed by a locus will usually
increase with inbreeding, but there are cases in which it can decline (Robertson 1952).
Also, only a fraction of the genetic variance is available to selection with dominance.
This fraction is itself dependent on the mating system, with dominance components
becoming increasingly important as the level of inbreeding increases (Harris 1964;

Pederson 1969; Jacquard 1974; Cockerham and Matzinger 1985).

When genetic variation is caused by multiple loci, two different kinds of inter-locus
associations influence response to selection, linkage disequilibrium and identity
disequilibrium. Most forms of selection will generate linkage disequilibria among QTL
(quantitative trait loci). Recombination effectively diminishes linkage disequilibrium in
randomly mating populations (Bulmer 1980; Turelli and Barton 1994). With inbreeding
however, the frequency of doubly heterozygous genotypes is reduced and thus so is the
rate that crossing-over generates recombinant gametes. This allows disequilibria to

persist and selection can substantially alter the genetic variance, Vg, in the short term
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even when allele frequency changes are insubstantial (Hayashi and Ukai 1994; Kelly
1999a). The magnitude and direction of the changes in Vg depend on (1) how selection
affects the phenotypic variance, and (2) how different QTL combine to determine the
phenotype, i.e. the presence and nature of epistasis. Stabilizing selection, as well as most
forms of directional selection, will tend to reduce the phenotypic variance. If QTL
combine additively (there is no epistasis), associations among loci will tend to be
negative and Vg will be reduced. The magnitude of the reduction depends on the trait
heritability, the strength of selection, and the mating system (see Bulmer 1980, pp 155-
160 for estimates under random mating; Kelly (1999a), Kelly and Williamson (2000),
and Nomura (2005) provide estimates with different levels of selfing). It is more difficult
to predict changes in Vg with epistatic interactions among QTL. However, a number of
authors have argued that inbreeding allows selection to act more directly on gene
combinations, facilitating the evolution of co-adapted gene complexes (Clegg et al. 1972;

Allard 1975).

A second kind of inter-locus association, identity disequilibrium, is likely to be important
when individuals vary in the extent to which they are inbred (Haldane 1949; Bennett and
Binet 1956). Variation among individuals in their respective inbreeding coefficients is
inevitable in a mixed mating population (Wright and Cockerham 1985; Kelly 1999a).

For traits that exhibit directional dominance, e.g. inbreeding depression, much of the
phenotypic variation present in such a population may be due to differences in inbreeding
coefficients rather than in the allelic composition of genotypes, as it would be in a

randomly mating population (Willis 1996). Under directional selection, allele frequency
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evolution is determined primarily by the relationship between phenotype and fitness
among individuals with the same inbreeding coefficient (Kelly 1999a). Thus, genetic
variation due to identity disequilibrium in a mixed mating population is largely
‘unavailable’ to selection, analogous to how non-additive variation is inaccessible in a

randomly mating population.

The preceding discussion focuses on the presentation of genetic variation to selection, but
mating system also affects genetic drift, and the interaction between selection and drift.
In the absence of selection, inbreeding will tend to reduce the effective population size
(Ne) and thus increase the impact of genetic drift. The magnitude of this effect depends
on the amount and kind of inbreeding, as well as the variance in family sizes (Caballero
and Hill 1992a, and references therein). Selection can further magnify the effect of
inbreeding on genetic drift. Caballero and Santiago (1995) show that high selfing rates
combined with intense truncation selection can reduce N, to a tenth of the actual
population size. Much of this theory concerns the effect of mating system on the fixation
probability of new mutations (e.g. Caballero et al. 1991; Charlesworth 1992; Pollak and
Sabran 1992; Caballero and Santiago 1995) and is thus not directly applicable to the
results of this study. Here, the immediate response to selection (4 generations in
duration) is due to the recruitment of standing variation. However, it is reasonable to
hypothesize that the same basic processes will affect selection on standing variation and
that inbreeding might accelerate the stochastic divergence of replicate populations. We

directly evaluate this hypothesis by comparing the variation in response to selection
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among populations within mating system categories: outcrossing, mixed-mating, and

selfing.

Evolution of the multi-variate phenotype—In this experiment, we impose selection on an
index of two genetically correlated traits, flower size and development rate. Each is a
quantitative character and we expect the various factors discussed above to influence the
genetic variance in each. However, selection on multiple traits introduces the additional
complexity of correlated responses to selection (Lande and Arnold 1983; Kelly 1999b).
Like variances, genetic covariances among traits are affected by associations among QTL
(linkage and/or identity disequilibria). With multiple traits, inbreeding can alter not only
the rate of evolution (whether trait means change more or less rapidly than a comparable
randomly mating population), but also the nature of response (which characters evolve

and in what direction).

Consider the standard model of multi-trait selection in a randomly mating population

(Lande and Arnold 1983): Az = G, where Az is the vector of predicted changes in the

mean of each trait, G is the additive genetic variance-covariance matrix, and £ is the
vector of selection gradients on each trait. Inbreeding clearly alters the elements of G and
even the appropriate definition of these elements (Kelly 1999b and see below). However,
it can also affect selection parameters in several distinct ways. For example, the
combination of mixed-mating and inbreeding depression in fitness can generate false
selection gradients on traits with no effect on fitness (Willis 1996a). Inbred individuals

may have lower fitness due to the exposure of deleterious alleles in homozygous form,
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but also consistently different trait values (for any character that exhibits directional
dominance) than outbred individuals. This will yield an apparent association between
trait values and fitness, independent of any effect the trait has on fitness. The same basic
mechanism can produce genetic correlations between traits even when there is no

pleiotropy or linkage disequilibrium (Kelly 1999b).

More generally, the vector of selection gradients is contingent on both the selection
regime and the distribution of phenotypic variation: 8 = P~'S , where P is the inverse of

the phenotypic variance/covariance matrix and S is the vector of selection differentials on
each trait (Lande and Arnold 1983). If inbreeding alters the means, variances, and
covariances of traits, it will shift the location of the phenotypic distribution relative to
fitness surface. Gradients reflect the (linear) relationship between trait values and
relative fitness in the vicinity of the current multi-variate mean (Phillips and Arnold
1989). Gradients will thus change as means change if the fitness function is non-linear,

as must usually be the case in nature.

We imposed selection on an index combining flower size and rate of development for
several reasons. The first is simply that natural selection typically acts on suites of traits
rather than individual characters in isolation. Second, the index allows us to address the
question of how mating system might alter response to an ‘evolutionary constraint’. The
trade-offs that organisms confront, e.g. investment in growth vs. reproduction, manifest
themselves at the population level as negative genetic correlations among characters

(Arnold 1992). In our study population and growth conditions, corolla width and rate of
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development exhibit a negative genetic correlation (Kelly, unpublished results; Appendix
A). Rapidly developing plants tend to flower when small. Delayed development allows
plants to flower after they have accumulated substantially greater above-ground biomass.
In short, larger plants produce larger flowers. It is noteworthy that flower size and
development rate also exhibit a negative relationship among populations and species
within the Mimulus guttatus species complex. Annual populations of M. guttatus tend to
have more rapidly developing plants with smaller flowers than perennial populations
(Holeski, unpublished results). Primarily self-fertilizing species within the complex, such
as Mimulus nasutus and M. micranthus, have greatly reduced flowers and tend to develop

more rapidly than M. guttatus (Fenster et al. 1995).

Predicting changes in mean phenotypes—Inbreeding can directly change trait means
(without selection) by increasing homozygosity within the population. Consider a
quantitative character, z, determined by the summed contributions of an arbitrary number
of QTL. The mean of z in the population, z , has two components:

Z =pot+ [ =) (1
where Lo is the “outbred mean” and p; is the “inbred mean” (Wright 1951; Kempthorne
1957; Kelly and Williamson 2000). The statistics po and p; are functions of genotypic
effects and allele frequencies at QTL, and each will evolve under selection. The relative
contribution of each component is determined by £, the average inbreeding coefficient
within the population. The value of f can change both in the short term, due to the
varying reproductive successive of individuals that are inbred to different levels, and also

in the long term, with the evolution of traits that affect the selfing rate (Wright and
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Cockerham 1985). As a consequence, Az is a complex mixture of changes in different
quantities unless o = 1y, i.€. the trait exhibits no directional dominance. Changes in po
and p; cannot be distinguished without controlled matings/self-fertilizations, generating
collections of individuals with different but known values for . We employ this

approach here to monitor the evolution of both ppand p; under different mating systems.

The partitioning of the mean phenotype (eq 1) can also be used to predict response to
multi-variate selection with inbreeding. Each trait is associated with a specific value for
po and py and the population is described by the two vectors of means (Kelly and
Williamson 2000). A distinct matrix of genetic quantities is used to predict changes in
the values of po and p; for each trait (Kelly 1999b). Like G of the random mating model,

the elements of these matrices can be estimated from comparisons among relatives.

The diversity of potential evolutionary consequences associated with inbreeding is
impressive. However, the empirical importance of these myriad factors has yet to be
determined. To evaluate the most immediate effects of mating system, experimental
populations of Mimulus guttatus were established from a common source and subjected
to the same phenotypic selection regime. We imposed artificial selection on replicate
populations of three different mating systems, fully outcrossing, mixed mating, and fully
selfing (Figure 2-1). We documented evolution of six quantities within each
experimental populations, Lo and p; for each of three traits. These data address two basic
questions: Does mating system affect the rate and pattern of quantitative evolution? Does

mating system affect the rate that replicate populations diverge?
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Figure 2-1. A schematic of the experimental design: evolutionary change was measured
within four fully outcrossing populations (O1-0O4), ten mixed-mating populations (M1-
M10), and six fully selfing populations (I1-16).

Materials and Methods

Study species and source population—Mimulus guttatus (2n = 28; Phrymaceae) is a self-
compatible wildflower that occupies a variety of moist, open habitats throughout western
North America. The species is mixed mating and the estimated selfing rate varies from 0
to 0.75 among populations and it may be annual, winter annual, or perennial (Ritland and
Ganders 1987; Willis 1993¢c; Awadalla and Ritland 1997; Sweigart et al. 1999). Previous
genetic studies have demonstrated substantial genetic variation in floral traits (Carr and
Fenster 1994; Robertson et al. 1994) and inbreeding depression in fitness components
(Dole and Ritland 1993; Willis 1993c; Latta and Ritland 1994; Carr and Dudash 1996;

Dudash and Carr 1998; Willis 1999c¢, d). There have also been a number of studies
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examining the genetic basis of differences in floral morphology and mating system
between M. guttatus and closely related species (Vickery 1978; Fenster and Ritland 1994;

Fishman et al. 2002b).

Experimental populations were initiated from the same source population, a large
collection of randomly extracted, highly inbred lines. John H. Willis initiated
approximately 1200 independent lines from ‘Iron Mountain’ in August of 1995. The Iron
Mountain population is located in Oregon’s Western Cascades and contains several
hundred thousand individuals continuously distributed over an area of approximately 400
square meters (see Willis 1996, 1999a,b). Each line was founded from the seed set of a
separate field-collected plant and subsequently maintained by single seed descent (self-
fertilization) for 7-9 generations. The lines have an inbreeding coefficient of greater than
0.99 (f= 1), and as expected, are almost completely homozygous at highly polymorphic
microsatellite loci with different lines fixed for different alleles (Willis 1999c; Holeski,

unpublished results).

We established a total of 20 experimental populations, six within the fully selfing
category (I1, 12, ... I6), ten within the mixed-mating category (M1-M10), and four within
the fully outcrossing category (O1-O4). The 20 populations were established by
sampling progeny from a breeding design (based on the inbred lines) in a way that
maximized the genetic variance within populations and minimized allele frequency
differences among populations. One hundred and ninety four inbred lines, were

randomly selected from our collection, self-fertilized, and then randomly paired and
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crossed to produce F1 individuals. The F1 plants were then selfed to produce F2 families
and backcrossed to each parental line (see Kelly 2005a for a detailed description of the
breeding design). Selfed progeny of each line were sampled to initiate populations 11-16
with each line contributing at most one plant to each population. The fully outcrossing
populations (O1-O4) were founded by F1 plants with each line pair contributing at most
two plants to each population. The mixed-mating populations were founded by F2 and
backcross individuals (both of which have f'= 0.5 relative to the ancestral population),

again maximally dispersing lines across populations.

Populations were founded by different line-cross types (e.g. F1, F2, backcross...) to
replicate the distribution of genetic variation generated by their respective mating
systems. In a randomly mating population, we expect alleles to be distributed into
genotypes according to Hardy-Weinberg proportions. These proportions obtain within
the population of F1 families of the breeding design. With complete selfing, variation
should be aggregated into fully homozygous inbred lines and our fully selfing
populations were founded from such lines. In a mixed-mating species with a constant
selfing rate S, the mean inbreeding coefficient (f) is S / (2 - S) (Hartl and Clark 1989 p.
262). In contrast to the other categories, plants within the mixed-mating populations will
vary in the extent to which they are inbred. The initial mean inbreeding coefficient of
plants initiating our mixed mating populations is slightly greater than the predicted
equilibrium (f" = 0.5 instead of 0.33), but variation in individual inbreeding coefficients is
established after the first generation of selection and reproduction. While the differing

initial f'values of populations within different mating system types imply differences in
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genotype frequencies, the expected allele frequencies do not differ among populations.
Of course, there was stochastic variation due to sampling, but such differences would not
be associated with mating system category. The implication is that the expected values
for po and p; (which are functions of allele frequencies and genotypic effects) of each

trait are initially the same in each population.

Each population consisted of approximately 120 individuals prior to selection, all of
which were measured for number of days to first flower (from day of seeding) and
corolla width. These measurements were then used to calculate 7, the trait index:

1= (corolla width / Gcorolla widin) - (number of days to first flower / Ggay) 2)
where the o terms are the estimated trait standard deviations within the original base
population: Georolla widih = 2.34 mm and G4ay = 3.05 days. We imposed truncation selection
on / values (the top 25% selected to reproduce) within each population subsequent to the
completion of flowering. Several ‘alternates’, plants just below the cut-line, were also
preserved from each population and included only if plants in the top 30 failed to produce

seed.

Within the outcrossing and mixed-mating populations, selected plants were randomly
paired and crossed via hand pollination. The cross was unidirectional with pollen
transferred from the randomly assigned sire to dam. In the mixed-mating populations,
each plant (both sires and dams) was also self-fertilized by hand, as were all selected
plants in the fully selfing populations. In the mixed-mating populations, the progeny

generation was founded by an equal number of outcrossed and selfed offspring thus
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yielding a realized selfing rate of 0.5. Each generation, seed from the selected parents of
the previous generation were seeded into 2-inch pots in the University of Kansas
greenhouse (18 hours day lengths). 11 days after seeding, the appropriate number of
individuals from each family were randomly selected from each 2-inch pot, transferred to
98-well trays, and placed in a growth room (18 day length). Seedling mortality was

generally low.

Selection was imposed on four successive generations, indexed as generations 0, 1, 2, and
3. The selected plants of generation 3 were randomly paired (within all 20 populations)
and crossed. The resulting progeny, 20 outbred populations, were grown to maturity
without selection in generation 4. Within each population, plants were randomly paired
and crossed, and each was also self-fertilized. This produced a collection of outbred and
inbred progeny for each experimental population. The latter were all inbred to the same
extent (f= 0.5 for selfed progeny of outbred plants) and are thus comparable across
populations. Selfed and outbred progeny were grown to maturity and measured in
generation 5 and these measurements were used to estimate ppand p; of each

experimental population.

To produce sufficient sample sizes for accurate estimates, generation 5 consisted of two
successive grow-ups from the same seed sets, each involving about 2150 individuals.
The first grow-up (G-1) consisted of 617 individuals from the inbreeding populations,
1100 individuals from the mixed-mating populations, and 463 individuals from the

outcrossing populations. The second grow-up (G-2) consisted of 628 individuals from
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the inbreeding populations, 1043 and 446 individuals from the mixed-mating and
outcrossing populations, respectively). A total of 941 plants from the base population,
436 F1 individuals and 505 F2 individuals, were grown simultaneously with plants from
the experimental populations in G-1 and G-2 of generation 5. The mean of F1 plants

estimates the original value for po and the mean of F2 plants estimates p;.

Statistical analyses—We separately analyze data from outbred and inbred plants of each
population because they estimate responses of distinct genetic quantities (Lo and py of eq
1). The General Linear Model (GLM) was fit to each response variable (Index, corolla
width, and days to flower) using maximum likelihood. Let Yjjm denote the m’th
measurement within population & of mating system j in grow-up i:

Y,

= MO0 ta, + P+,

3)
where 4 is the grand mean, &, is the (fixed) effect of grow-up (i =1, 2), «, is the (fixed)
effect of mating system (j = S, M, O), Pj; is the (random) effect of population (nested

within mating system), and &,

m

is a normally distributed error. This is a mixed model

and the log-likelihood, /, is
1 1 T1--1
I = C - EIH|V| - E(J’—Xﬂ) V-(y—Xn)

(4)

where V is the variance-covariance matrix of individual measurements,

V| is the
determinant of V, y is the vector of values for the response variable, X is an incidence

matrix for fixed effects, 1 is the vector of fixed effects, and C is a constant determined by
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the total sample size (Searle et al. 1992, pg 234). We ignore C in subsequent calculations
given that it has no effect on the difference between log-likelihoods of comparable

models.

Our primary aims are to determine if the average responses differ among mating systems
(can we reject « ;=0 for all j?) and does the divergence among populations differ among
mating systems (is the variance of Pj; heterogeneous across mating systems?). We
address these hypotheses by comparing the ‘full model’ to a set of restricted models. The

full model has eight estimated parameters, four fixed effects (the means associated with

each mating system plus the effect of grow-up) and four variance parameters for random
effects (the error variance, o, and inter-population variances o, s, o7, , and o, ).
Reduced Model 1 stipulates that mating system has no effect on the mean phenotypes of
populations («,= 0 for all j) and thus has six parameters: 2 fixed effects (the grand mean
and the effect of grow-up) and 4 variance components. Reduced Model 2 stipulates that
mating system has no effect on the stochastic divergence of populations. It also has six
parameters: the 4 fixed effects and 2 variance components (o”and o). Reduced Model

3 stipulates that mating system has no effect on either means or inter-population

variances and thus has only 4 parameters (2 fixed effects and 2 variance components).

We compare models using two standard approaches, the Akaike Information Criterion
(AIC) and likelihood ratio tests. The AIC value for a model is

AIC= =21 + 2K

)
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where K is the number of parameters (Burnham and Anderson 2002, pg 61). The
‘selected model’ has the lowest AIC. The likelihood ratio statistic is equal to twice the
difference between the log-likelihood of the ‘alternative model’ and the log-likelihood of
the ‘null model’. Here the null model is derived from the alternative model by
eliminating a particular effect. The effect of mating system on the means of populations
can be evaluated with two different model comparisons: the Full Model vs. Reduced
Model 1 or Reduced Model 2 vs. Reduced Model 3. Likewise, the other null hypothesis,
that mating system has no effect on the inter-population variance, can be evaluated with
either of two different contrasts: the Full Model vs. Reduced Model 2 or Reduced Model
1 vs. Reduced Model 3. For each trait and type of plant (outbred and inbred), we
calculate both likelihood ratio test statistics for each null hypothesis. We reject the null if
the statistic is greater than 5.99 (the critical value from the chi-square distribution with
two degrees of freedom) because the alternative and null models differ by two parameters

in each case.

We analyzed the measurements from generation 5 using maximum likelihood instead of
Analysis of Variance (ANOVA) for two reasons. First, the standard nested ANOVA
assumes that the variance among sub-groups (populations) within groups (mating
systems) is homogeneous. It thus does not allow us to address one of our primary
questions. The ANOVA test for the effect of group (mating system) is essentially a
contrast between Reduced Models 2 and 3 described above. Second, even with
homogeneous inter-population variance, maximum likelihood is a preferable approach for

the analysis of mixed models when the design is unbalanced (Searle et al. 1992, pg 254).
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The present design is unbalanced at both levels: the number of populations varies among

mating system categories, as does the number of measurements per population.

We used ANOVA to test for differences in selection parameters and in the realized
heritability of the Index among mating systems. For each of the 20 experimental
populations in each of the four generations of selection, we calculated the selection
differential from the difference in mean phenotype between selected individuals and the
entire population. Using estimates for the phenotypic variances and covariances within
each population, we subsequently calculated the selection gradients on corolla width and
days to flower according to the formula # = P~'S . [The selection gradient for / is S
divided by the phenotypic variance in /.] Cumulative selection differentials and gradients
for each trait were then obtained by summing across generations within each population.
Two realized heritability estimates were obtained from each population by dividing the
cumulative responses, Ao and Apy, for the trait index by the cumulative selection
differential. In each of these analyses, all measurements from a population distill into a

single value per analysis, e.g. the cumulative selection gradient on corolla width.

Results

Figure 2-2 illustrates the change in the mean index value of populations in each mating
system category over the first three generations of selection. The differences in
generation 0 (prior to any selection) reflect the direct effect of inbreeding on trait mean
values. While there is clearly a response to selection, this response involves a mixture of

changes in o, W, and f'(although fis only changing in the mixed-mating populations).
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The controlled crosses and self-fertilizations of adult plants in generations 3 and 4 serve
to disentangle these changes. The direct evaluation of mating system effects on the
evolution of pp and y; is given in Table 2-1, the parameter estimates from the full model

in Table 2-2.
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Figure 2-2. The mean index values (/) of populations within each mating system
category are given for Generations 0, 1, 2, and 3 (error bars denote +/- one SE).
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Corolla Width Days to Flower Index

Outbred plants: Log- Log- Log-

Auo likelihood AIC likelihood AIC likelihood AIC
Full Model

-1003.56 2015.12 -1004.79 2017.58 -1038.00 2084.00
Reduced 1: MS
has no
effect on mean
divergence -1006.14 2018.28 -1011.61 2029.22 -1038.88 2083.76
Reduced 2: MS
has no effect
on variance in
divergence -1007.60 2021.20 -1010.78 2027.56 -1042.51 2091.02
Reduced 3: MS
has no effect on
mean or variance
in divergence -1010.68 2025.36 -1016.12 2036.24 -1042.79 2089.58

Inbred plants:

AMI
Full Model

-951.93 1911.86 -969.43 1946.86 -1002.20 2012.40
Reduced 1: MS
has no
effect on mean
divergence -954.17 1914.34 -975.96 1957.92 -1004.14 2014.28
Reduced 2: MS
has no effect
on variance in
divergence -954.15 1914.30 -970.60 1947.20 -1005.31 2016.62
Reduced 3: MS
has no effect on
mean or variance
in divergence -956.51 1917.02 -983.36 1970.72 -1008.46 2020.92

Table 2-1: The log-likelihood and AIC values are given for each model predicting
variation in corolla width, days to flower and the trait index. The upper panel gives
model fits for outbred plants grown in generation 5 (Apo), the lower panel for inbred
plants (Apy). Bold type indicates the lowest AIC value, i.e. the selected model.
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Outbred plants

Corolla width
(mm) Days to flower Index
Fixed Effects  Estimate  SE Estimate  SE Estimate  SE
Grow-up 0.70 0.11 0.53 0.12 0.12 0.06
Selfing mean 18.64 0.41 25.43 0.48 -0.36 0.21
Mixed mating
mean 17.82 0.20 24.49 0.17 -0.40 0.11
Outcrossing mean 17.59 0.13 23.68 0.15 -0.24 0.07
Var.
components
2
° 6.64 0.14 8.18 0.18 1.74 0.04
2
Ors 0.91 0.40 1.30 0.56 0.24 0.10
2
Opum 0.32 0.12 0.17 0.08 0.10 0.04
2
Oro 0.00 0.03 0.00 0.04 0.00 0.01
Inbred plants
Corolla width
(mm) Days to flower Index
Fixed Effects  Estimate  SE Estimate  SE Estimate ~ SE
Grow-up 1.29 0.13 0.31 0.16 0.46 0.07
Selfing mean 17.26 0.40 27.47 0.33 -1.63 0.16
Mixed mating
mean 16.62 0.20 25.44 0.19 -1.24 0.09
Outcrossing mean 16.29 0.19 25.24 0.20 -1.31 0.08
Var.
components
2
< 8.52 0.19 12.54 0.28 2.35 0.05
2
Op.s 0.82 0.37 0.49 0.25 0.12 0.06
2
Opum 0.28 0.12 0.18 0.09 0.05 0.02
2
Oro 0.05 0.06 0.03 0.07 0.00 0.01

Table 2-2. Parameter estimates from the Full Model with standard errors extracted from
the asymptotic dispersion matrix (Searle et al. 1992). Estimates for fixed effects are
given as the following functions of the terms in equation 3: Effect of grow-up = 6, -9,

mean of selfing populations = x + a, mean of mixed mating populations = u+«,, ,
mean of outcrossing populations = x + «,,.
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The Full Model produces the lowest AIC value in five of six cases, the exception being
Lo for the trait index where Reduced Model 1 is selected. In all cases, the selected model
allows the variance among replicate populations to differ between mating system

categories. Inbreeding increases variability, o, ¢ > o}, >and o, (Table 2). Mating

system affected the mean values of o for corolla width and days to flower, but not for
the trait index. Mating system means differed for all three response variables of p; (Table
2-1, lower panel). Likelihood ratio tests are consistent with AIC selections. Focusing
first on the effect of mating system effects on inter-population variation in po, the
likelihood ratio statistic for all six of the possible comparisons is significant (Full Model
vs. Reduced Model 2 and Reduced Model 1 vs. Reduced Model 3 for each trait). The
corresponding tests for inbred plants are significant for ‘days’ and the index, but not for
corolla width. Likelihood ratio tests of mating system effects on the means are more
variable in outcome. For outbred plants, three of six comparisons are significant:
Reduced Model 2 vs. Reduced Model 3 for both corolla with and ‘days’ and Full Model
vs. Reduced Model 1 for ‘days’. For inbred plants, three of six are also significant:
Reduced Model 2 vs. Reduced Model 3 for both the trait index and ‘days’ and Full Model

vs. Reduced Model 1 for ‘days’.

Variation among populations in App (evolution of the outbred mean) for the trait index is
illustrated in Figure 2-3. The estimated App within each experimental population was
obtained by subtracting the mean of F1 (control) plants from the mean of outbred plants

(for each response variable). Estimates for Ay (evolution of the inbred mean) were
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obtained by calculating the mean phenotype of the inbred progeny within each
experimental population and then subtracting the mean of F2 control plants. The F2
plants of the base population, with /= 0.5, are inbred to the same extent as the selfed
progeny of each experimental population. One technical note: the y; estimates from
generation 5 of our experiment are not equivalent to the variable introduced in eq (1),
because /= 0.5 for generation 5 plants. However, this is sufficient to predict the mean of
fully inbred plants (f= 1) when the relationship between trait means and fis linear (which
is assumed in the derivation of equation 1). Given linearity, one can predict the mean of
fully inbred plants (the p; of eq. 1) simply by doubling the difference between our
reported estimates of pand po. A previous experiment demonstrated that both flower

size and days to flower change in an approximately linear way with /' (Kelly 2005a).
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Figure 2-3. The estimated Apo for the index value (/) of each population (error bars
denote +/- one SE using the pooled within population variance).
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The nature of mating system effects on rates of evolution, Ao and Ay, (averaging across
populations within each mating system category), is demonstrated in Figure 2-4. For the
trait index, Apo did not differ significantly among mating systems, but inbreeding and
outcrossing populations achieved high index values in different ways. The fully
inbreeding populations responded mainly by evolving larger flowers while outcrossing
populations evolved both traits. Development time was substantially reduced in
outcrossing populations. Mixed mating populations were intermediate. The response of
the inbred mean, Ay, for the trait index was greatest for mixed mating populations and
least for fully selfing populations (Figure 2-4, Part B). As with the outbred means, the
fully selfing populations yielded the greatest response in Ay for corolla width. Fully
outcrossing populations evolved the least for corolla width and mixed mating populations
were intermediate. The opposite trend obtained for Ap; of days to flower. In fact, the
inbreeding populations evolved opposite the direction of selection for this character, i.e.
populations I1-16 exhibit significantly delayed flowering (on average) relative to the

controls.

35



Index (i) i Days to flower Corclia width

- ° - S

05
i - ]
15
15
-2
D el

Cuthresding Mixed Inbreeding = Outbreeding Mixed Inbreeding Cutbreeding Mixed Ingreeding
Mating system Mating system Mating system

a Mo

L

Index (1) Days to flower Corolla width

I

0s 5 1 Ly

z 2 i} " . "
Outbreeding Mixed Inbresdng Outbreeding Mied Inbreeding Outbreeding Mixed Ingreeding
Mating system Mating system Mating system

h

ap

Figure 2-4. Mean responses to selection within each mating system category (error bars
denote +/- one SE) for the trait index, days to first flower, and corolla width (in mm).
Part A demonstrates the changes in outbred mean values (Ap,) while Part B demonstrates
the inbred mean values (Ap).

The pattern of selection, as measured by cumulative selection gradients and differentials,
differed significantly among mating system categories (Table 2-3, Figure 2-5). The
cumulative selection differential on / was significantly lower in the fully outcrossing
populations than in the mixed-mating or fully selfing categories. The opposite trend was
obtained for the cumulative selection gradient. This reversal reflects the fact that the
variance in / within populations was substantially elevated by inbreeding. For days to
flower, cumulative differentials did not differ among categories, but the cumulative
gradients for fully outcrossing populations were significantly greater than for mixed-
mating or fully selfing populations. For corolla width, the magnitude of differentials
increases with inbreeding while gradients decline. The realized heritability of the trait

index differed significantly among mating systems when evaluated using inbred plants

but not outbred plants (Table 2-3). The estimated mean heritabilities derived from Apo
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are 0.27, 0.26, and 0.33 for fully selfing, mixed mating, and outcrossing populations,

respectively. The comparable values from Apyare 0.18, 0.25, and 0.27.

Source DF SS MS F p
Section parameters:
Corolla
B width Mating system 2 2180 1.090 30.53 0.000
Error 17 0.607 0.036
day Mating system 2 3.695 1847 13.37 0.000
Error 17 2349 0.138
Index Mating system 2 6.694 3347 1512 0.000
Error 17 3.763 0.221
Corolla
S width Mating system 2 0.698 0.349 2.14 0.15
Error 17 2777 0.163
day Mating system 2 0.210 0.105 3.57 0.05
Error 17 0.501 0.029
Index Mating system 2 0.616 0.308 10.89 0.001
Error 17 0.481 0.028
Realized heritability for Index:
Mating system 2 0.01412 0.00709 1.98 0.17
Apo Error 17 0.06090 0.00358
Mating system 2 0.02385 0.01193 5.73 0.01
Ay Error 17 0.03539 0.00208

Table 2-3. Analysis of variance results with selection parameters (cumulative gradients,
B, or differentials, S) or realized heritabilities as the response variables and mating system
as the factor.
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Figure 2-5. The average cumulative selection gradients (Part A) and differentials (Part
B) are given for each trait for each mating system category (error bars denote +/- one
SE).

Discussion

This experiment demonstrates that populations experiencing the same selection regime
may diverge in their responses due only to differences in mating system. Phenotypic
divergence is notable given that our experimental design excluded many of the
hypothesized influences of mating system. Our populations were founded from the same
source and each had the same initial allele frequencies (approximately). The important
effect of mating system on the amount of genetic variation was thus excluded (Stebbins
1957; Lande and Schemske 1985; Charlesworth 2003). The experiment was short in
duration, and as a consequence, standing variation determined response. Mating system
would likely impact the dynamics of new mutations contributing to long term response

(Caballero and Hill 1992b; Charlesworth 1992; Caballero and Santiago 1995). Finally,
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we experimentally controlled the fitness of both inbred and outbred plants based on their
phenotypic values. In nature however, inbreeding often directly affects fitness via
inbreeding depression, complicating the relationships between genotype, phenotype, and

fitness (Willis 1996a).

The experiment identified mating system effects on both the mean and variance of
evolutionary responses to selection. Average responses in both outbred and inbred
means, i.e. the means for Ao and Apy across replicate populations, differed in both
magnitude and nature among mating system categories (Figure 2-4). In interpreting these
differences, it is useful to distinguish the effects of inbreeding on the initial presentation
of genetic variation (evident in generation 0) and the subsequent interaction of selection
and inbreeding (accruing over generations 0-4). As described below, two sets of genetic
estimates suggest that the immediate effect of inbreeding is to inflate genetic variances.
The initial V¢ for 7 and its component traits was thus greater in the fully selfing
populations (I1-16) than in the outcrossing populations (O1-O4). It is therefore
noteworthy that inbreeding did not generally accelerate response to selection. For the
trait index (/), there was no difference among mating systems in mean Apo, while Ay,

was substantially lower in I1-16 than in O1-O4 (Figure 2-3).

The effect of inbreeding on the genetic variance of a quantitative character can be
predicted using genetic variance components (Weir and Cockerham 1977; Cockerham
1983; Cockerham and Weir 1984; Shaw et al. 1998). Previously, Kelly and Arathi

(2002b) used a breeding design with both inbred and outbred plants from the Iron
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Mountain population to estimate the relevant components for flower size and the rate of
development. These estimates predict that the genetic variance of corolla width should
double as fincreases from 0 to 1 while the variance in days to flower should change little
(see Table 2 of Kelly and Arathi 2003). Importantly, values for both traits were
transformed in that study (using square-root for corolla width and the logarithm for days)
while selection was imposed on an index of untransformed values in the present
experiment. In addition, the plants measured by Kelly and Arathi (2003) were grown in a
greenhouse (with a mixture of natural and artificial light) while those of this study
matured in a growth chamber. The relevant characters, particularly development rate, are

sensitive to growth conditions.

For the growth conditions of this study, we can estimate V¢ for both outbred and fully
inbred genotypes from measurements of plants in generation 0. This generation consisted
of family groups. Each inbred line, as well as the F1 families derived from crosses
between lines, represents a set of genetically identical individuals (or at least nearly
identical, see (Kelly 2005a)). We can thus partition variation within and among families
to estimate genetic and environmental variances (procedure described in Appendix A).
For corolla width, the estimated outbred Vg is 2.54. The variance among fully inbred
lines is 3.11, a 22% increase. For days to flower, the estimated V¢ is 1.83 among outbred
genotypes and 4.44 among fully inbred lines (a 143% increase). For the trait index, the
estimated Vg among inbred genotypes is slightly less than twice the outbred Vg (0.95 vs.
0.53). These estimates are associated with sizable standard errors, and unlike those of

(Kelly and Arathi 2003), they are potentially contaminated by maternal effects.
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However, taken in aggregate, these studies suggest that the immediate effect of

inbreeding is to inflate the genetic variance in both / and its component traits.

Given the initial effect of inbreeding, the observed App and Ay (Figure 2-3) suggests that
the interaction between selection and inbreeding over the course of the experiment
(generations 0-4) must have substantially retarded responses. The realized heritability of
I did not differ among mating systems (for App) or was significantly lower in the fully
selfing populations (for Ay, Table 2-3). This result is fully consistent with theoretical
predictions (see Introduction of this chapter). Linkage disequilibrium among QTL is one
manifestation of the interaction between inbreeding and selection. Truncation selection
reduces the phenotypic variance and generates negative associations among alleles
(Bulmer 1980). This reduces Vg, an effect that is greatly amplified with inbreeding due

to the reduced efficacy of recombination. Reduced Vg limits response to selection.

The most surprising result concerns Ap;: the inbred mean for 7/ evolved least in the fully
selfing populations. ‘Days to flower’ actually evolved in the opposite direction of
selection (Figure 2-4, Part B), i.e. the selfed progeny from experimental populations 11-16
developed more slowly (on average) than selfed progeny from the original control
population. This result is counter-intuitive because i is determined by the effects of
alleles when in homozygous form (Wright 1951). Selection acted most directly on the
homozygous effects of alleles in the fully selfing populations and least directly on these

effects in the fully outcrossing populations.
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This paradoxical result may represent a case of “genetic slippage”, wherein selection
gains are reduced (Ap; is lowered in this case) because recombination eliminates
favorable gene combinations produced by selection (Lynch and Deng 1994; Pfrender and
Lynch 2000). Selected adults within populations 11-16 were randomly paired and mated
at the end of generation 3. These outbred progeny (generation 4) were then both
outcrossed and selfed to produce the plants used to estimate App and Ap; (Figure 2-1).
Because there was no selection, these two meiotic episodes should not have altered allele
frequencies in a deterministic way within populations I1-16. Thus, the same single locus
genotypes present at the end of generation 3 are reproduced in the inbred plants of
generation 5. However, the multi-locus genotypic combinations are not. Recombination
in these two generations might have eliminated, or at least reduced the frequency of,
favorable gene combinations established by selection within populations 11-16.
Inbreeding reduces the effect of recombination and facilitates selection on gene
combinations if there is epistasis (Allard 1975). Despite the fact that corolla width
decreases linearly with f'while days to flower increases linearly with f(consistent with
Equation 1), both traits exhibit considerable epistasis (Kelly 2005a). Experiments are

currently underway to determine if this epistasis is of the proper nature to yield genetic

slippage.

The second prominent effect of mating system was how selection affected the evolution
of the component characters, flower size and rate of development. The regime favored
large-flowered plants that develop rapidly. Fully selfing populations responded almost

entirely by evolving larger flowers, whereas fully outcrossing populations also evolved
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more rapid development. Plants from the mixed mating populations evolved flowers
with intermediate values for both flower size and development rate. We would like to
interpret this differential response in terms of mating system effects on genetic
parameters, i.e. the elements of G or its generalization (Kelly 1999b), and/or on selection
parameters, e.g. f. Mating system did alter selection differentials and gradients (Figure
2-5), but these effects do not explain the differential responses of o and ;. The
cumulative selection differentials for corolla width, days to flower, and the character
index were smaller in magnitude for the outcrossing populations than in either mixed or
fully selfing populations. In contrast, the cumulative selection gradients of outcrossing
populations were consistently the largest in magnitude. These differences are due mainly
to the inflation of the phenotypic variance (in the index and each component character)
caused by inbreeding. Both the genetic and environmental variances of quantitative traits
can change with inbreeding (Lerner 1954; Wright 1977; Whitlock and Fowler 1999;

Kelly and Arathi 2003).

Can inbreeding-induced changes in the genetic variances of, and covariance between,
corolla width and development rate explain their differential responses to selection? As
described above, the immediate effects of inbreeding on genetic variances do not
obviously explain the result. Inbreeding does not simultaneously inflate the variance in
corolla width (accelerating response) and reduce the variance in days to flower (retarding
response). Inbreeding could have altered genetic correlations among traits (e.g. Phillips
et al. 2001) and the extent to which each component trait determines the index. The

immediate effect of inbreeding is to increase the magnitudes of genetic covariances
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between both component traits and the index (see Appendix A). However, just as with
variances, the interaction between selection and inbreeding can dramatically alter genetic
covariances (Kelly 1999b). This interaction is likely responsible for the differential

response.

The third major mating system effect was that inbreeding consistently increased the
variance among replicate populations (Figure 2-3; Table 2-2). This observation is also
consistent with theoretical predictions (see Introduction). Drift is an important factor in
most selection experiments (Robertson 1961) and its effect is magnified by inbreeding of
selected adults (Caballero and Santiago 1995). We expect drift to limit long term
response, but it is unlikely that the inbreeding effect on drift can explain the differences
in mean responses of mating system categories (Figure 2-4). First, the experiment was
short in duration (4 generations) with response based on standing variation. As a
consequence, the pronounced effect of drift on new mutations is not relevant (see
Caballero and Hill 1992b; Merchante et al. 1995). Second, the responses of inbreeding
populations were not uniformly lower than those of fully outcrossing populations. Fully
selfing populations produced the most evolutionary change in corolla width (both Apo
and Ap;), while mixed mating populations exhibited the highest average Ap; for the trait

index (Figure 2-4).

Implications—The experiment demonstrates short term changes in trait means, variances,

and covariances that result from the interaction of selection, genetic drift, and mating

system. These results bear, at least indirectly, on broader examinations of evolutionary
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pattern. Genetic variances and covariances provide a critical linkage between micro-
evolutionary processes and macro-evolutionary patterns (Arnold 1992). Lande (1979)
developed an explicit quantitative method for relating genetic variances and covariances
within species to differences in mean trait values among species. This approach assumes
constancy of the relevant genetic parameters, an assumption that has received substantial
empirical scrutiny (Steppan et al. 2002; Phelan et al. 2003; Begin and Roff 2004; Manuel
Cano et al. 2004). Our results demonstrate that genetic variances and covariances are
likely to change rather dramatically, over short time spans, if the mating system of a

population changes simultaneously with selection.

Consider the evolutionary transition from outcrossing to self-fertilization, one of most
common in the history of Angiosperms (Stebbins 1950; Stebbins 1974; Barrett 2002).
Selfing species are typified by numerous physiological and morphological characteristics
including accelerated floral development, smaller corollas, decreased stigma and anther
separation, and changes in timing of anther dehiscence and stigma receptivity (Wyatt
1983; Karron et al. 1997; van Kleunen and Ritland 2004). These characteristics may
evolve prior to, simultaneous with, or following the transition to a self-fertilizing mating
system. Given that many of these characters will exhibit genetic correlations,
determining the actual targets of selection at different stages in the progression becomes
difficult. Disentangling cause and consequence requires a detailed consideration of the
interaction between mating system and natural selection in determining phenotypic

evolution.
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Abstract

Mimulus guttatus (yellow monkeyflower) frequently produce glandular trichomes, a trait
that may resist herbivory. Constitutive production of trichomes is variable both within
and among populations of M. guttatus and there is genetic variation for it both within and
among geographically distinct natural populations. Damage on early leaves can induce
increased trichome production on later leaves, a plastic response that is likely adaptive.
In addition, it is shown that this induction can be maternally transmitted by a yet
undescribed epigenetic mechanism. There is genetic variation among plants in the
capacity for both within and between plant generation induction. Despite the clear
evolutionary importance of variation in constitutive and induced herbivory-resistance

traits, few other studies have noted genetic variation in both within a plant species.

Introduction

Part 1: Genetic variation in trichome density within and among geographically distinct
natural populations.

Most plant species are consumed by insects and this interaction has been extensively
studied (Berenbaum et al. 1986; Rausher and Simms 1989; Simms and Rausher 1989;
Simms and Fritz 1990; Marquis 1991, 1992; Nunez-Farfan and Dirzo 1994; Hare and
Elle 2002; Fornoni et al. 2003a). Geographical variation in plant-insect herbivore
interactions is a widespread phenomenon, as distributions of particular insect and plant
populations may overlap in only portions of their ranges (Thompson 1994). Differing
severities and types of herbivory are likely to impose differing selection regimes among

populations of a species for resistance and tolerance traits. The evolution of geographical
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trait variation is a precursor to speciation and a critical link between micro- and macro-
evolutionary processes. It is thus surprising that there is relatively little data on the nature
and extent of genetic differentiation among geographical populations of natural plant
species in their responses to herbivory (Mopper et al. 1992; Valverde et al. 2001; Fornoni

et al. 2003b; Valverde et al. 2003; Fornoni et al. 2004).

In response to natural selection imposed by herbivores, plants have evolved a wide range
of defensive traits. ‘Resistance characters’ are mechanical or chemical features that
prevent herbivory or limit its extent. These characters can be further subdivided
depending on whether they affect insect preference (antixenosis) or performance
(antibiosis). Defensive traits can be further classified as constitutive or induced.
Constitutive resistance is always present, while induced resistance is triggered by
herbivory (Morris et al. 2006). An alternative response to herbivory is through the
evolution of ‘tolerance’. Tolerance characters reduce the effect of herbivory on fitness
through mechanisms such as increased photosynthetic rates and/ or compensatory
regrowth (Fineblum and Rausher 1995; Strauss and Agrawal 1999; Weinig et al. 2003;

Leimu and Koricheva 2006).

Plant trichomes are hairlike structures that extend from the plant epidermis and occur in a
variety of types including glandular or non-glandular, hooked or straight. Trichomes may
serve a variety of defensive and physiological functions. Leaf trichomes have been
shown to reduce insect herbivory in a number of plant species (Levin 1973; Marquis

1992; van Dam and Hare 1998; Romeis et al. 1999; Valverde et al. 2001). They interfere
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with insect movement and feeding, and often secrete glandular fluids that may trap,
poison, or repel herbivores (Levin 1973; Elle and Hare 2000). For plants in xeric
habitats, trichomes reflect light and can reduce transpiration (Ehleringer 1984; Larcher
2001). Geographic and genetic variation in trichome density and type has been noted
within a number of other plant species (Grant 1950; Levin 1973; van Dam et al. 1999;

Valverde et al. 2001).

Trichome density is highly variable in Mimulus guttatus (yellow monkeyflower), a
wildflower common throughout western North America. Trichomes in M. guttatus are
straight and occur mostly in the glandular form, often secreting a sticky and potentially
noxious fluid. Trichome density is environmentally sensitive in M. guttatus, and the first
part of this study demonstrates that substantial genetic variation exists in this trait, both
within and among populations. This is accomplished using a common garden experiment

involving six natural populations.

Environmental variation in trichome density in M. guttatus

Phenotypic plasticity is environmentally-dependant phenotypic variation in the growth or
development of an organism (Bradshaw 1965; West-Eberhard 1989; DeWitt and Scheiner
2004). Plasticity is well-documented in plants and is commonly hypothesized to be an
adaptive response of these sessile organisms to environmental heterogeneity (Bradshaw
1965; Dudley 2004). Plasticity is adaptive only if a particular change in
growth/development improves fitness. To determine whether or to what extent

phenotypic plasticity affects the evolutionary trajectory of a population or species, it is
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essential to know not only whether it is adaptive, but whether there is variation for

plasticity and what proportion of this variation is heritable (Schlichting 2004).

Physiological benefits (i.e. to reduce light radiation or transpiration rates) are unlikely to
explain the high trichome densities of plants in a number of the populations, as they are
located in the fog belt of coastal Northern California and should not suffer extreme
drought or intense sunlight. These high trichome density populations are perennial, and
experience heavy herbivory by a number of insect herbivores. This contrasts with
annual, alpine M. guttatus populations where plants only live for 6-10 weeks.
Frequently, plants in these populations have few or no trichomes and experience little
insect herbivory in their short lifetimes. One might thus predict presence of inter-
population genetic variation for trichome density or other putative resistance traits

between the alpine annual and coastal perennial M. guttatus populations.

Several studies have shown that leaf damage can induce increased trichome production.
Both vertebrate herbivore damage and mechanical damage induced higher trichome
densities in stinging nettle (Urtica dioica) (Pullin and Gilbert 1989). They also found
induction to depend on soil nutrient availability. Damage by cabbage butterfly larvae
(Pieris rapae) on the fifth leaf of black mustard plants (Brassica nigra) induced higher
trichome densities on the seventh leaf of these plants (Traw and Dawson 2002). Adult
leaf beetle grazing (Phratora vulgatissima) on willow (Salix cinerea) induced
significantly greater trichome densities on later leaves, which reduced herbivory by the

next generation of beetle larvae of the same species later in the season (Dalin and
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Bjorkman 2003). Mechanical defoliation of a tropical shrub (Cridoscolus aconitifolius)
induced higher trichome density in leaves that developed between 30 days and 3 months
after the defoliation (Abdala-Roberts and Parra-Tabla 2005). Despite the apparent
frequency of the response across plant species, no studies previous to this have

documented genetic variation in within-generation trichome induction.

When there is consistency of environmental conditions across generations, it may be
advantageous to transmit a trait-induction signal to progeny. Transgenerational induction
of a trait differs from typical maternal effects in both mechanism and effect. Maternal
effects often reflect differences in the quality of the maternal environment, resulting in
differential partitioning of resources to the offspring. This, in turn, affects the fitness of
these offspring (Lynch and Walsh 1998). Transgenerational plasticity, in contrast, is
epigenetically based; the expression of genes influencing trait development in the
offspring is maternally activated. Transgenerational induction of a plant trait has been
demonstrated only once before, by Agrawal (1999, 2001) in wild radish (Raphanus
raphanistrum). Transgenerational induction is only to be adaptive if environmental cues
received by the parent are predictive of the fitness environment that will be experienced

by their progeny.

Here, I describe experiments that investigate phenotype plasticity in trichome density in
Mimulus guttatus (yellow monkeyflower). With these experiments, I address the
following questions: 1) Is trichome production in M. guttatus phenotypically plastic; i.e.

can foliar damage on early leaves induce increased trichome densities on later leaves? 2)
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Is there transgenerational plasticity, i.e can induction be transmitted maternally? 3) Is
there genetic variation for either within-generation or transgenerational trichome
induction in M. guttatus? 4) Is constitutive production negatively related to the capacity

for induction?

Materials and Methods

Yellow monkeyflower (Mimulus guttatus; Phrymaceae, (Beardsley and Olmstead 2002))
ranges from Mexico to Alaska in western North America and typically inhabits wet areas
such as stream banks. It is a self-compatible, hermaphroditic plant that reproduces by a
mixture of outcrossing and self-fertilization. Local populations differ extensively in
morphology, life history, and selfing rate (Fenster and Ritland 1994; Kelly and Arathi

2003; Hall et al. 2006; Hall and Willis 2006).

Part1:

The experiment described here uses plant populations established in the greenhouse from
seed collected from seven natural populations (Table 3-1, Figure 3-1). This list includes
both annual and perennial populations that occupy diverse habitats over a range of

altitudes (from 4 to 1372 meters above sea level).
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Population Location Latitude and Elevation Population type
Longitude (meters (annual or
above sea perennial)
level)
A HW 4, E of N 37°57.36 268 Annual
Copperopolis, CA W120°41.024
B HWY 120, E of Don N 37°52.452 310 Annual
Pedro Reservoir W120°30.496
C HW 4, W of N 38°02.786 490 Annual
Copperopolis, CA W120°38.800
D Muir Beach, CA N 37°51.662, 3.5 Perennial
W122°34.525
E Point Reyes National | N 38°02.925, 35 Perennial
Seashore, CA W122°52.185
F Oregon Dunes N 43°57.594, 8 Perennial
National Recreation | W124°07.847
Area, OR
G Metolius River N 44°26.438, 922 Perennial
headwaters, OR W121°38.225
H Cougar Reservoir, N 44°07.250, 519 Annual
OR W122°14.280
1 Dexter Reservoir, N 43°55.032, 301 Annual
OR W 122°45.168
IM Iron Mountain, OR N 44°24, 1372 Annual
W122°09
J Campbell Lake N 48°26.832, 33 Annual
Road, WA W122°37.937
K Pass Lake, WA N 48°25.022, 38 Annual
W122°38.243

Table 3-1. Longitude, latitude, population type, and elevation for each population.
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Figure 3-1. Map of the locations of 12 natural M. guttatus populations from which seed
was collected, June-July 2003.
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Field-collected seed from 20-30 plants from the MB, PR, CR, and DR populations was
germinated in the greenhouse at the University of Kansas under standard greenhouse
conditions (see Arathi and Kelly 2004). Within each population, plants were randomly
paired and cross-fertilized to produce outbred families. Plants from the OD and MR
populations had not yet set seed at the time of collection, so live plants from each of these
populations were shipped back to the University of Kansas greenhouse. There they were
outcrossed within each population to form outbred families. Seed from the IM
population used in Experiment 2 was not collected by the author (See Methods,

Experiment 2 for details) and was omitted from Experiment 1.

Two to three outbred families from each population were grown from seed in the
greenhouse. Trichome counts were completed on a defined measuring area of 1 cm? on
the basal central part of the adaxial side of a leaf from the second leaf pair, immediately
after the leaves in the third leaf pair were fully expanded. Trichome density was right-
skewed with a large number of zero values and was transformed as log (trichome count
+1) prior to analysis of results. Analysis of trichome density was performed as nested
ANOVA with full-sib families (a random factor) nested within population, which was
treated as a fixed factor because populations were selected at least partially because they

differed in trichome density.

Part 2:

The experiments described here used offspring of plants collected from two natural

populations, Iron Mountain (IM) and Point Reyes National Seashore (PR). IM is an
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annual population in the Cascade Mountains of central Oregon. Plants have a short life
span (1-2 months from germination to death) and typically experience little insect
herbivory. PR is a perennial, low elevation population in the fog belt of coastal northern
California. These plants experience heavy herbivory. The IM plants were from a highly
inbred line (IM 767) extracted from the natural population (see Willis 1999 for details).

The PR plants were full siblings from a single outbred family.

I developed recombinant inbred lines (RILs) from a cross between an IM 767 plant
(father) and a PR plant (mother). A single F1 individual from this cross was self-
fertilized to generate 1000 F2 individuals, each of which founded a distinct recombinant
lineage. These lines were propagated through single-seed descent for 4 subsequent
generations. Due to line loss, approximately 450 RILs remained in the F6 generation.
Experiment 1 was conducted (in part) over the course of RIL development while

Experiment 2 used only the F6 generation plants and the parentals.

Experiment 1: Constitutive trichome production and trichome induction.

I'used 3 categories of plants for this experiment: plants from the two parental populations
(PR and IM) and RILs in the F3, F4, and F6 generations. F3 and F4 RILs used had
almost complete overlap, while F3/F4 and F6 RILs used had only partial overlap.
Replicates from each of these plant categories experienced some or all of the following
treatments: (1) constitutive 2™ leaf trichome count, (2) constitutive 5" leaf trichome

count, (3) induced 5™ leaf trichome count.
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All trichome counts were performed on one leaf from the 2"Y/5™ leaf pair on a defined
measuring area of 1 cm” on the basal central part of the adaxial side of the leaf,
immediately after the leaves in the 3"/6™ leaf pair were fully expanded. For the induced
5™ Jeaf trichome counts, I simulated insect-chewing damage (punched two holes of
approximately 6 mm in diameter) on both leaves of the 2" leaf pair as soon as the 3™ leaf
pair was unfurled. Fifth leaf trichome counts were performed on these plants following
the same method as the constitutive 5™ leaf counts. Because simulated damage and all
trichome counts were done on a specific leaf when the leaf pair immediately above it was
unfurled, both damage and response were measured at the same particular development
stage across plants (Orians 2005; Motris et al. 2006). Fifth leaf trichome counts were
used to assess induction because a preliminary experiment showed that induction was

more pronounced in 5" leaves than in later (7") leaves (unpub data).

This experiment involved 25 PR full-siblings, 10 IM 767 plants, 3 replicates from each of
99 F3 RILs, 3 replicates from each of 99 F4 RILs, and 10 replicates from each of 82 F6
RILs. The same RILs were used in the F3 and F4, and there was partial overlap of lines
between the F3/F4 set and the F6 RILs used. I measured these plants as follows:
Constitutive 2" leaf trichome density was measured on 1 replicate from each of the 99 F3
RILs and 1 replicate from each of the F4 RILs. Constitutive 5™ leaf trichome density was
measured on 11 PR plants, 5 IM plants, 1 replicate from each of the 99 F3 RILs, 1
replicate from each of the 99 F4 RILs, and 5 replicates from each of the 82 F6 RILs.

Induced 5™ leaf trichome density was measured on 14 PR plants, 5 IM plants, 1 replicate
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from each of the 99 F3 RILs, 1 replicate from each of the F4 RILs, and 5 replicates from

each of the 82 F6 RILs.

The remaining RILs from the F6 generation were measured for 2™ leaf constitutive and
5™ Jeaf induced trichome density only. 8 replicates were grown for each RIL, in 5
planting rounds in the greenhouse (all replicates from a particular RIL were grown in the
same round) with 2™ leaf counts on 4 replicates and damaged 2™ leaves with induced 5™
leaf counts on the other 4 replicates. In all cases, plants were grown in 2 inch pots.
Plants were randomized within and among categories and were rotated daily on the

greenhouse bench to minimize environmental effects.

Experiment 2: Transgenerational trichome induction.

I germinated two replicates from each of 90 F6 RILs, 12 IM 767 plants, and 12 PR full-
siblings in 2-inch pots in the greenhouse. One replicate from each RIL, 6 of the IM 767
plants, and 6 of the PR plants were in the “No damage” category. For these, I grew, self-
pollinated, and collected seed from each plant. One replicate from each RIL, 6 IM 767
plants, and 6 PR plants were in the “Damaged” category in which I damaged leaves using
the simulated insect-chewing method described in Experiment 1. I began the damage of
each plant on the leaves from the 2" leaf pair as soon as the 3" leaf pair was unfurled and
continued to damage the consecutive leaf pairs in the same manner during the self-
pollination and seed maturation of these plants. I randomized the position of all plants at
the beginning of the experiment on the greenhouse bench and rotated them daily. In the

following generation (F7), I grew 4 offspring from each maternal plant (damaged and
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undamaged parents of each genotypic class) to maturity and counted trichomes on 5" leaf
pair. Preliminary results with a smaller subset of RIL indicated that maternal damage has
no clear impact on the ability of damaged progeny to induce higher trichome densities

when they (the progeny) receive 2™ leaf simulated leaf damage, so this was omitted from

the larger experiment (L. Holeski, unpublished results).

Analysis:
Trichome counts exhibited a right-skew with a large number of zero values. For analysis,
I transformed the counts as log (trichome count +1). All calculations were performed

using Minitab 14.0 (SAS).

Experiment 1

Parental populations

The significance testing for the direct effect of treatment on the parental population was
accomplished via one-way ANOVA. The IM plants had values of zero for transformed
trichome density in all of the control and treatment plants, so an ANOVA was done only
for the PR plants. The interaction effect of population x treatment was tested in a

General Linear Model ANOVA (population and treatment as fixed factors).

RILs
A mean value was calculated for constitutive 2™, constitutive 5", and post-damage 5™
leaf trichome counts for each RIL. Induced 5™ leaf counts were calculated for each RIL

as the difference between the means of 5™ leaf counts between damaged and undamaged
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plants. Significant testing was done via a General Linear Model ANOVA with
generation and treatment as fixed factors, RIL as a random factor, and 5™ leaf trichome
density as the response variable. The direct effect of treatment was used as a test for
trichome induction; the interaction effect of RIL x treatment tests for genetic variation in

induction.

To evaluate the ontological relationship between 2™ leaf constitutive trichome density
and the extent of 5™ leaf trichome induction, I regressed the induced 5™ leaf trichome
counts onto the 2™ leaf counts for all of the RILs. I also coded 2™ leaf trichome counts
and induced 5™ leaf trichome counts into a discrete form to evaluate the relationship
between presence or absence of 2™ leaf trichomes and presence or absence of 5™ leaf
trichome induction through a Chi-square table analysis. Only F3 and F4 RIL data was
used for the regression and table analysis, because 2™ leaf trichome counts were not

available for the F6 plants used for the 5™ leaf constitutive/damaged counts.

Experiment 2

For Experiment 2, I used a General Linear Model ANOVA (maternal treatment, fixed
factor; RIL random factor; 5™ leaf trichome density response variable) to determine
whether offspring of damaged maternal plants had higher constitutive 5™ leaf trichome
densities than do offspring of undamaged maternal plants. As in Experiment 1, the direct
effect of treatment was tests for (maternal) induction, while the treatment x RIL

interaction tests for genetic variation in induction.
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Results

Part 1:

The untransformed mean trichome density (counts per cm’ + 1 standard deviation) for
each population were: MB (641 £472), OD (8.77 £15.3), MR (43.5 £ 56.8), CR (39.5 £
112), DR (149 £+ 268), PR (1817 £ 631). Following transformation, second leaf trichome
counts were significantly different among populations, as well as among families nested
within populations (Table 3-2). This indicates genetic variation among populations and
among individuals within populations. The variance among families (within populations)
estimates the covariance of full siblings. Provisionally neglecting genetic complexities
such as dominance and epistasis and maternal effects, this covariance is equal to one half
the additive genetic variance, Va, of log-trichome number within populations (Lynch and
Walsh 1998, Ch. 7). Estimates from Table 3-2 suggest Va = 0.408 and the corresponding

narrow sense heritability, h% is equal to 0.57.

Source DF AdjSS AdjMS F P
Population 5 132366 26473 12.73 <0.001
Family(Population) 10 21.288 2.129 4.15 <0.001
Error 113 57.973 0.513

Total 128

Table 3-2. Nested ANOVA for trichome counts. Significant p-values are in bold type.
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Part 2:

Experiment 1:

Simulated insect damage on the second leaf pair of plants significantly induced higher 5"
leaf trichome densities in the PR plants (p-value = 0.001) and RILs (Table 3-3), but not in
the IM plants (Figure 3-2). There was a significant population by treatment interaction

and a non-significant RIL by treatment interaction (Table 3-4).

2.0

151 =

1.0

0.51

0.0 -+ £

Control Damaged  Control Damaged  Control Damaged
PR RiLs IM

Log (5" leaf trichome density/cm2 + 1)

Figure 3-2. Mean 5" leaf trichome count per cm? for parental (PR and IM) and RIL
plants in Experiment 1 that did (“Damaged”) or did not (“Control”) receive 2" Jeaf
damage. In this and subsequent figures, error bars represent 1 standard error (SE).
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Source DF MS F P

Podpulation (PR or IM) 1 28.315 257.83 <0.001
2" leaf damage? 1 0.621 5.65 0.024
Population x 2" leaf damage? 1 0.621 5.65 0.024
Error 31 0.110

Total 34

Source DF MS F P
Generation 2 1.423 2.42 0.091

RIL 87 3.724 6.29 <0.001

2" Jeaf damage? 1 6.335 10.73 0.001
RIL x 2" leaf damage? 87 0.592 1.01 0.470
Error 247 0.587

Total 424

Table 3-3. ANOVA table of factors affecting 5" leaf trichome density in the parental
populations (PR and IM) and RILs from Part 2, Experiment 1. Causal variables include
the direct effects of RIL generation, direct effects of population or RIL, direct effects of
treatment (presence or absence of 2" leaf damage), and a population or RIL x treatment
interaction. Significant p-values are in bold type.

Source DF MS F P
Maternal treatment 1 1.052 2.79 0.096
RIL 79 4310 11.42 <0.001
Maternal treatment x RIL 79 0.926 2.45 <0.001
Error 488 0.377

Total 647

Table 3-4. ANOVA table of factors affecting 5™ leaf trichome density in the offspring of
damaged or undamaged maternal plants in Experiment 2. Causal variables include the
direct effects of maternal treatment (damage or no damage), direct effects RIL, and a RIL
x maternal treatment interaction. Significant p-values are in bold type.
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The mean constitutive 2™ leaf trichome density is significantly lower than the mean
constitutive 5™ leaf trichome density in RILs (F, 313 = 35.43, p-value < 0.001; Figure 3-
4A). Constitutive 2" Jeaf and constitutive 5™ leaf trichome densities are non-
significantly positively related (p-value = 0.443; 1’ = 0.4%). There is also no significant
relationship between constitutive trichome density (2nd leaf) and induced 5" leaf trichome
density when data is treated as continuous (p-value = 0.401; r* = 0.6%; Figure 3-4B) or as

discrete (X% = 1.001, p-value = 0.317).
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Figure 3-4: A. Mean 2" leaf and 5" leaf constitutive trichome densities for F3 and F4
RILs. B. 5™ leaf induced trichomes regressed on 2" leaf constitutive trichomes for RILs
in the F3 and F4 generations; 1 = 0.6%. Induced 5™ Jeaf trichomes are calculated as: log
(5" leaf trichome count (treatment) +1) — log (5™ leaf trichome count (control) + 1). All
trichome counts are per cm’.
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Experiment 2:

Within the RILs and within the Point Reyes population, offspring of damaged maternal
plants had significantly higher constitutive 5" leaf trichome densities than did offspring
of undamaged maternal plants (Figure 3-5; RILs: F;_¢47 = 4.13, p-value = 0.043; PR: F;_
35 = 4.48, p-value = 0.042). There was a significant RIL by treatment interaction (Table
3-3). There was no significant difference in constitutive 5" leaf trichome production
between offspring of damaged and undamaged IM 767 maternal plants (Figure 3-5; F 35

=0.31, p-value = 0.58).
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Figure 3-5. 5" leaf trichome density for parental population (PR and IM) and RIL
progeny with damaged versus undamaged mothers. Differences between progeny types
are significant within both the PR and RIL population. It is non-significant within the IM
population. Note differences in y-axis scale between population plots.
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Only 8 RILs were used in both experiments 1 and 2, so I cannot test for a relationship
between induction within and across generations for a particular genotype. For these 8
RILs, 2 had both within and across generation induction, 2 had induction neither within
nor across generations, 2 had within generation induction but not across, and 2 had no

within generation induction but did have induction across generations.

Discussion

Part 1 demonstrates that differences in trichome density among populations of Mimulus
guttatus have a genetic basis. This differentiation may reflect a history of differing
selection pressures from herbivores. The common garden in Part 1 also demonstrated
genetic variation in trichome production within populations. The estimated intra-
population heritability of log-transformed trichome density is 0.57, although this is
almost certainly an average of differing population specific values. An important feature
of the common garden design was the intermediate greenhouse generation between field
collection and growth of progeny. This generation served two purposes. First, growing
the parents under common conditions reduces maternal effects (Lynch and Walsh 1998).
Second, generating the progeny from controlled crosses within the greenhouse insured
that the measured plants were all outbred. Because Mimulus guttatus is mixed-mating
and the selfing rate varies among populations (Sweigart 1998; Sweigart et al. 1999), this

would not likely be true if progeny were grown from field collected fruits.
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In Part 2, Experiment 1 demonstrates that trichome density is inducible in Mimulus
guttatus (within generation plasticity) and that there is genetic variation for the extent of
induction (Figure 3-2, Table 3-2). Experiment 2 shows that trichome induction can be
maternally transmitted, and that there is genetic variation in the capacity for maternal
transmission. While genetic variation for induced chemical defenses has been
demonstrated (Agrawal et al.1999a), previous studies of trichome induction have usually
failed to show genetic variation. However, this may be due to the fact that most of these
experiments were not designed to detect it. Genetic variation is a prerequisite for
evolution of a trait, and therefore should be focus of studies assessing constitutive and

induced defense.

The genetic variance demonstrated in Part 2 is inter-populational. The RILs are derived
from a cross between two divergent populations, the trichome dense PR and trichome
depauperate IM. Not only does the IM genotype produce no trichomes constitutively, it
does not respond to damage either within or between generations (Figures 3-2 and 3-4).
Herbivory levels are low in the natural IM population, and it is hypothesized that they
escape herbivory through rapid development. Rapid development has likely evolved as a
method of drought escape in the IM population (Franks et al. 2007). The absence of
trichomes in the IM population may be due to the fact that they are costly to produce or

simply because selective pressures have not necessitated them.

In contrast, the PR population plants constitutively produce trichomes and greatly

increase production in response to damage (Figures 3-2 and 3-4). Induction of plant
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defenses (chemical or physical) has been shown to reduce subsequent herbivory in a
number of field studies (Denno et al. 1995 and references therein). In the present study,
plants responded to leaf punctures that mimic the effect of chewing insects. Herbivores
can emit chemicals that prevent or delay signaling pathways in the plant responsible for
induction response (Agrawal 1998, 1999, 2000; Schultz and Appel 2004). However,
other studies have found induction in defense traits with insect damage but no induction
with simulated damage (Agrawal 1998). Thus, the induction response to particular forms
of simulated or insect damage seems to often be species/ herbivore specific (Agrawal

1998, 1999, 2000).

Plasticity and defense against herbivory

I found no relationship between the level of constitutive trichome production and the
capacity for induction across Recombinant Inbred Lines (Figure 3-3b). This result is
inconsistent with the prediction of optimal defense theory, but is not incompatible with
models of generalist/specialist herbivory trade-off. Optimal defense theory (Rhoades
1979; Zangerl and Bazzaz 1992; Zangerl and Rutledge 1996) predicts patterns of defense
based on the costs and benefits of defense, as well as the probability of attack. Assuming
that defense carries a cost (due to the allocation of resources to the development of the
trait that would otherwise be used for growth or reproduction), a negative correlation is
expected between plant constitutive and induced levels of defense. To maximize
resource use, plants that frequently and predictably experience herbivory are predicted to
have high constitutive levels of defense and low levels of induction. Populations subject

to infrequent herbivory are predicted to have low constitutive levels of defense and
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higher levels of induction. While data from other studies support these predictions
(Zangerl and Berenbaum 1990; Lewinsohn et al. 1991; Traw 2002), my results do not
(Figures 1 and 3; see also (Brody and Karban 1992; Havill and Raffa 1999; Alpert and

Simms 2002; Agrawal 2005).

The generalist/specialist trade-off model suggests that variation in levels of constitutive
and induced resistance in a particular trait is maintained because of differential effects of
the trait on different herbivores. For example, some specialist herbivores feed with
increased frequency on plants with high levels of induction (Chambliss and Jones 1966;
Da Costa and Jones 1971; van Dam and Hare 1998; Agrawal 1999b). My results indicate
such variation in constitutive and induced trichomes: trichome induction cannot be
predicted by levels of constitutive trichomes (Figure 3-3B). While this is consistent with
the generalist/specialist trade-off model, generalist/specialist herbivores could not be
attributed as a causal factor of the observed pattern without more information. Variation
in levels of constitutive and induced resistance may also be explained in part by complex
interactions between the resistance trait and insect pollinators or other mutualists

(Agrawal and Karban 1999).

In several plant species, resistance to herbivores changes as plants pass develop, although
the direction of this change is variable (Price et al. 1987; Kearsley and Whitham 1989;

Karban and Thaler 1999). Several species have increased chemical or physical resistance
in the juvenile stage relative to the adult (Price et al. 1987; Kearsley and Whitham 1989),

while others have increased adult resistance relative to their juvenile condition (Karban
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and Thaler 1999). Juvenile true leaves and adult true leaves usually have different
patterns of cellular differentiation and are anatomically and biochemically different
(Poethig 1997; Mauricio 2005; Donaldson et al. 2006; Rehill et al. 2006). Here, I show
that constitutive 5™ leaf (adult stage) trichome density is significantly higher than 2" leaf
(juvenile stage) constitutive trichome density, indicating that at least insofar as trichomes
affect herbivory, resistance is higher in adult M. guttatus plants relative to juvenile

(Figure 3-3A).

Experiment 2 demonstrates transgenerational induction of trichomes (Table 3-3). There
is also genetic variation in the capacity for this response. A well-documented example of
this general phenomenon is passive acquired immunity in human infants. During
pregnancy, the mother passes antibodies through the placenta to the infant, so that the
infant has high levels of antibodies at birth (Saji et al. 1999). Although the specific
mechanism differs between the transgenerational induction in plants seen here and human
acquired immunity, the general effect is similar: progeny have increased resistance
against common enemies in a particular environment before they have actually

encountered them.

Transgenerational induction has been shown in only one other plant species (Agrawal
1999a, 2001; Agrawal 2002). Agrawal performed a series of experiments with wild
radish (Raphanus raphanistrum), and demonstrated that both caterpillar (Pieris rapae)
damage, and jasmonic acid treatment to maternal plants increased progeny resistance

relative to control plants. Hydroxylated glucosinulate concentration increased in the

76



progeny of damaged plants, while other classes of glucosinulates declined in concentation
in these progeny. In another experiment with the same plant and herbivore species,
indole glucosinulates were induced significantly by maternal damage (Agrawal 2002). In
these experiments, Agrawal found no genetic variation for transgenerational
glucosinulate induction, but did find genetic variation for transgenerational trichome

induction (Agrawal 2001, 2002).

The mechanism for transgenerational induction is not known for either Raphanus
raphanistrum or Mimulus guttatus. Epigenetic inheritance allows organisms to respond
to a particular environment through changes in gene expression (Jaenisch 2003; Rakyan
2003). Possible mechanisms include post-translational modification of DNA or proteins
through processes such as demethylation and the effects of such processes could persist
across more than one progeny generation (Jaenisch and Bird 2003; Rakyan and Whitlaw
2003). The genomic sequence of M. guttatus, in combination with extensive collection of
candidate genes for trichome development in Arabidopsis and Antirrhinum, may allow

mechanistic studies of transgenerational plasticity in this system.

Ecological implications

In a review of almost 200 phytophagous insect species pair-wise interactions, Denno et
al. (1995) found that host plants mediated competitive interactions more frequently than
did natural enemies, physical factors, or interspecific competition. Which herbivores are
affected by a particular induction response is determined by the lag time between plant

damage and defense induction, the length of time that the defense is expressed in its
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induced/heightened form, and by the life history of the herbivore(s). This combination of
factors creates potentially complex influences of induction on arthropod community
structure (Moran and Whitham 1990; Dalin and Bjorkman 2003; Van Zandt and Agrawal

2004 a, b; Agrawal 2005; McGuire and Johnson 2006).

Transgenerational induction of defense introduces a new consideration to studies of plant
defense and host-mediated competitive interactions. If densities of a particular herbivore
species are consistent across seasons and maternal plants experience heavy damage,
inducing higher constitutive defenses provides offspring with a fitness advantage. If
herbivore communities vary across seasons, transgenerational induction of a defense trait
could provide plant-mediated indirect competition, albeit with a longer time lag than
within-generation defense trait induction. Transgenerational induction could thus alter
herbivore community dynamics and species interactions on a plant genotype across

seasons, in a manner similar to within generation induction.
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Chapter 4. Glandular trichomes do not decrease meadow spittlebug feeding ability or

preference in Mimulus guttatus.
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Abstract

There is genetic variation in trichome density both within and among geographically
distinct natural populations of M. guttatus. Here, no-choice and choice experiments
using the generalist herbivore, meadow spittlebug (Philaenus spumarius) are used to
examine how variation in trichome density affects herbivory by meadow spittlebugs and
how this herbivory subsequently affects plant fitness. While trichomes confer resistance
to some forms of herbivory, these experiments show that they do not deter meadow
spittlebugs, either in their ability to feed or feeding preference. This is notable because
(1) spittlebug herbivory did significantly reduce plant fitness, and (2) trichomes have

been shown to deter spittlebugs from feeding on other plant species.
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Introduction

Most plant species are consumed by insects and this interaction has been extensively
studied (Berenbaum et al. 1986; Simms and Rausher 1989; Rausher and Simms 1989;
Simms and Fritz 1990; Marquis 1991; Marquis 1992; Nunez-Farfan and Dirzo 1994;
Hare and Elle 2002; Fornoni et al. 2003a). Geographical variation in plant-insect
herbivore interactions is a widespread phenomenon, as distributions of particular insect
and plant populations may overlap in only portions of their ranges (Thompson 1994).
Differing severities and types of herbivory are likely to impose differing selection
regimes among populations of a species for resistance and tolerance traits. The evolution
of geographical trait variation is a precursor to speciation and a critical link between
micro- and macro- evolutionary processes. It is thus surprising that there is relatively
little data on the nature and extent of genetic differentiation among geographical
populations of natural plant species in their responses to herbivory (Mopper et al. 1992;

Valverde et al. 2001; Fornoni et al. 2003b; Valverde et al. 2003; Fornoni et al. 2004).

In response to natural selection imposed by herbivores, plants have evolved a wide range
of defensive traits. ‘Resistance characters’ are mechanical or chemical features that
prevent herbivory or limit its extent. These characters can be further subdivided
depending on whether they affect insect preference (antixenosis) or performance
(antibiosis). Defensive traits can be further classified as constitutive or induced.
Constitutive resistance is always present, while induced resistance is triggered by

herbivory (Motris et al. 2006). An alternative response to herbivory is through the
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evolution of ‘tolerance’. Tolerance characters reduce the effect of herbivory on fitness
through mechanisms such as increased photosynthetic rates and/ or compensatory
regrowth (Fineblum and Rausher 1995; Strauss and Agrawal 1999; Weinig et al. 2003a;

Weinig et al. 2003b; Leimu and Koricheva 2006).

This paper describes experiments to determine the capacity of trichomes in the plant
species Mimulus guttatus to resist herbivory by meadow spittlebug (Philaenus
spumarius). Trichomes are hairlike structures that extend from the plant epidermis and
occur in a variety of types including glandular or non-glandular, hooked or straight.
Trichomes may serve a variety of defensive and physiological functions. Leaf trichomes
have been shown to reduce insect herbivory in a number of plant species (Levin 1973;
Marquis 1992; Agren and Schemske 1993; van Dam and Hare 1998; Romeis et al. 1999;
Malakar and Tingey 2000; Valverde et al. 2001; Handley et al. 2005; Medeiros and
Moreira 2005). They interfere with insect movement and feeding, and often secrete
glandular fluids that may trap, poison, or repel herbivores (Levin 1973; Elle and Hare
2000). For plants in xeric habitats, trichomes reflect light and can reduce transpiration
(Ehleringer 1984; Larcher 2001). Geographic and genetic variation in trichome density
and type has been noted within a number of other plant species (Grant 1950; Levin 1973;

van Dam et al. 2001; Valverde et al. 2001).

Trichome density is highly variable in Mimulus guttatus (yellow monkeyflower), a

wildflower common throughout western North America. M. guttatus trichomes are

straight and occur mostly in the glandular form, often secreting a sticky and potentially
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noxious fluid. Substantial genetic variation exists in the trait, both within and among
populations (Chapter 2). Trichome density is also environmentally sensitive in M.
guttatus; higher trichome densities can be induced both within and across generations by

simulated insect chewing damage on earlier leaves (Chapter 3).

In this study, I concentrate on two highly divergent populations to provide a more
detailed analysis of trichome variation and its ecological and evolutionary implications.
The inclusion of F2 or F6 hybrid individuals (in addition to the parentals) distinguishes
the effects of trichome density from other differences between the two parental
populations. Unless genetically correlated, trait differences among the parents will
segregate more or less independently in the F2 and F6 populations. Thus, these
individuals encompass a wide range of trichome densities within more similar genetic

backgrounds than those of the parental plants (Hall and Willis 2006; Wright et al. 2006).

The low trichome density population is located on Iron Mountain in central Oregon
(abbreviated IM) and has been extensively studied, both in terms of genetics and
pollination biology (Willis 1993; Willis 1996; Sweigart et al. 1999; Kelly and Willis
2001; Kelly and Willis 2002). Most IM plants produce no trichomes on early leaves. In
contrast, plants from the Point Reyes National Seashore population in California
(abbreviated PR) have many trichomes: mean density of 1817/cm* (SD = 631/cm?) on the
second leaf pair, as well as high trichome densities on later leaves. In addition, PR plants
produce copious quantities of sticky glandular exudate from these trichomes while IM

plants produce little or none of this fluid. Physiological benefits (i.e. to reduce light
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radiation or transpiration rates) are unlikely to explain the high trichome densities of PR
plants as this population is located in the fog belt of coastal Northern California and
should not suffer extreme drought or intense sunlight. The average amount of total solar
radiation in the central Cascades of Oregon in May through July is higher than that in
coastal Northern California (NOAA website). These observations reinforce the

preliminary hypothesis that M. guttatus trichomes act to deter herbivores.

Meadow spittlebug nymphs feed in high densities within many M. guttatus populations
(Carr and Eubanks 2002). Spittlebug herbivory has been shown to increase anther-stigma
distance, increase rates of self-fertilization and reduce shoot elongation, flower number,
flower size, and aboveground biomass in M. guttatus (Carr and Eubanks 2002; Eubanks
et al. 2005; Ivey and Carr 2005). These results are consistent with studies of other plant
species. In alfalfa, feeding by spittlebug nymphs has also been shown to reduce plant
growth, yield, and rate of maturity (Wilson et al. 1979). Spittlebug herbivory in
goldenrod (Solidago altissima) reduced photosynthetic rates, relative growth rates, total
leaf mass, and root mass and did so more than herbivory by aphids (Uroleucon
caligatum) and beetles (Trirhabda sp.) (Meyer and Whitlow 1992; Meyer 1993). Finally,
spittlebug herbivory in Rudbeckia hirta reduced flower number and pollinator visitation
rate, which reduced the number of viable seeds produced by the plants (Hamback 2001).
Trichomes have been shown to deter feeding by meadow spittlebugs in pearly everlasting

(Anaphalis margaritacea) and alfalfa (Medicago sativa) (Hoffman and McEvoy 1986).
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Spittlebugs are common in the PR population of M. guttatus. Individual plants routinely
host as many as 10 nymphs, in addition to a range of other herbivores (see Discussion). |
have never observed meadow spittlebugs feeding at IM and densities of other insect
herbivores are also low (Appendix D). The question that naturally follows from these
observations is whether trichomes act to resist herbivory by spittlebugs in M. guttatus. 1
address this question using both ‘choice’ and ‘no-choice’ experiments. In a no-choice
experiment, the herbivore is given access to a single plant. It either feeds on this plant or
evacuates without feeding and dies. No-choice experiments are common methods to
estimate absolute resistance (Gerard et al. 2005; Hare 2005; Poykko et al. 2005; Verdon
et al 2007). In a choice experiment, the herbivore is given access to multiple plants and
thus can chose the plant on which it feeds. This provides a measure of resistance for a
particular plant relative to the plants it is grouped with. Choice experiments incorporate
herbivore preference: while herbivores may be able to feed on a particular plant, as
evidenced in a no-choice experiment, they may almost always prefer not to in nature

(Capinera 1993; Siemann and Rogers 2003).

Here, the results of a no-choice and a choice experiment are used to address the following
specific questions: (1) Do trichomes deter spittlebugs from feeding on M. guttatus
plants? (2) What trichome phenotype do spittlebug nymphs prefer? (3) Is trichome
production induced by herbivory of spittlebug nymphs, i.e. does feeding on early leaves
increase higher trichome densities on later leaves?, (4) Are there fitness costs to this
hypothesized resistance trait, i.e. is trichome production detrimental in the absence of

herbivores?, and (5) Does spittlebug feeding affect fitness?

90



Materials and Methods

The plant— Yellow monkeyflower (Mimulus guttatus; Phrymaceae, (Beardsley and
Olmstead 2002)) ranges from Mexico to Alaska in western North America and typically
inhabits wet areas such as stream banks. It is a self-compatible, hermaphroditic plant that
reproduces by a mixture of outcrossing and self-fertilization. Local populations differ
extensively in morphology, life history, and selfing rate (Ritland 1989; Willis 1993;

Fenster and Ritland 1994; Kelly and Arathi 2003; Hall et al. 2006; Hall and Willis 2006).

The herbivore— The meadow spittlebug (Philaenus spumarius,; Cercopidae) ranges
throughout much of North America and Europe and feeds on over 400 plant species. In
the United States, it is found along the Pacific coast and from Louisiana to Minnesota and
eastward (North Carolina State University Agricultural manual). The species is
univoltine, overwintering as eggs and developing through five nymphal instars in the
spring to emerge as adults in the early summer. Mating and oviposition occurs in early
fall, and eggs are deposited on small plant tissue or on soil to overwinter (Weaver and
King 1954; McEvoy 1986). Upon emergence, nymphs move to a nearby plant and
establish a feeding position. Nymphs feed on xylem fluid and mix this fluid with gut
contents to form conspicuous spittle masses that prevent desiccation. The necessity of
forming a spittle mass quickly limits the period of searching for a host plant (Whitaker
1970; McEvoy 1986; Hamback 2001). Once a feeding site is established, host plant
changes are uncommon; nymphs generally complete all five nymphal instars on the same

plant (Eubanks et al. 2005).
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Experiment 1: No-choice experiment

This common garden experiment had a factorial design: plants from the Iron Mountain
and Point Reyes populations, along with F2 individuals, were cross-factored with the
presence or absence of spittlebug. All plants from the PR population were full siblings of
a single outbred family (field-collected seed). IM plants were all members of a highly
inbred line (IM 767) extracted from the natural population (see Willis 1999 for details).
F2 individuals were obtained by crossing of a PR plant (mother) with IM 767 (father). A
single F1 individual from this cross was self-fertilized to generate an array of F2

individuals.

Plants were grown from seed (Day 0) in the greenhouse and on Day 14 were moved to a
growth room (18 hour day length) at the University of Kansas. I collected P. spumarius
nymphs while in their 2™ or 3™ instar from Point Reyes National Seashore, CA, on April
29, 2006. Nymphs were collected from non-Mimulus guttatus plants to minimize
potential bias due to their prior feeding experiences (Egas and Sabelis 2001). They were
transported back to the University of Kansas on the day after collection and refrigerated.
Trichome counts were completed on all plants on one leaf from the 2" leaf pair on a
defined measuring area of 1 cm” on the basal central part of the adaxial side of the leaf,
immediately after the leaves in the 3" Jeaf pair were fully expanded, and prior to
spittlebug treatment. A single spittlebug nymph was subsequently placed on all plants in
the treatment group (2-7 days after nymph field collection; roughly day 24 for the plants).

Because spittlebugs were placed on plants immediately after the 2™ leaf trichome count
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was done, nymph response was measured at the same particular development stage across
plants (Orians 2005; Morris et al. 2006). Nymphs were blotted dry and weighed prior to
placement. After distributing the nymphs, I intermixed treatment and control plants

within flats (each containing 32 pots) and these flats were rotated daily thereafter.

I monitored plants each day after the initiation of the spittlebug treatment; spittlebugs that
failed to establish a feeding site were replaced with another weighed nymph and the plant
ID noted. To minimize variation due to individual spittlebugs, I also noted plants with
nymphs that evacuated after establishing a feeding site and replaced the nymph. All of
the pots containing plants in the treatment category were lined around the edges with
Pestick (Tanglefoot Industries), which prevented nymphs from moving from plant to
plant. I continued second leaf trichome counts and placement of spittlebug nymphs until
the supply of healthy nymphs was depleted, resulting in a total of 293 control plants (46
IM, 124 PR, 123 F2) and 320 treatment plants (81 IM, 108 PR, 131 F2). I also completed
secondary trichome counts on all plants on a leaf from the fifth leaf pair of each plant
immediately following expansion of the 6™ leaf pair. Spittlebugs remained on treatment
plants for a maximum of 17 days. Many plants had spittlebug nymphs for fewer days due
to nymphal emergence to adults or early evacuation. I caught and weighed spittlebugs

emerging as adults in addition to all nymphs remaining at the end of the experiment.
I assayed all plants for pollen number and viability per flower, flower number, and

aboveground biomass at harvest. Pollen was collected from one flower on each plant on

the first day of flowering during the end of the treatment period. The number of viable

93



and inviable grains in this sample was estimated using a Coulter counter Model Z1 (see
Kelly et al. 2002 for details of procedure). I calculated the Estimated Viable Pollen per
flower (EVP) as the product of proportion of viable pollen grains and the total number of
pollen grains from a flower. On Day 17 of treatment, after all nymphs had been removed
from treatment plants, I counted the total number of flowers on each plant. Plants were
then harvested, dried, and weighed. ‘Integrated male fitness’ is (flower number) x EVP.
Aboveground biomass is positively correlated with lifetime seed production in the PR,
IM, and F2 populations of M. guttatus (Appendix B) and I use it as a proxy for lifetime

female fitness.

A procedural control experiment indicated that Pestick lined around the edge of plant
pots decreases plant fitness (Appendix C), so comparisons in reproductive fitness
between control plants (no Pestick and no spittlebug nymph) and treatment plants
(Pestick and spittlebug nymph) are not reported here. Fitness data from only control
plants (none of which had Pestick) was used in the “cost of trichome production?”
analysis. Aboveground biomass measurements in the treatment plants (all of which had

Pestick) were also used as a causal factor in some analyses.

Analysis: Trichome counts, flower numbers, EVP, aboveground biomass, and integrated
male fitness were right-skewed and were log-transformed prior to statistical analysis.
Logistic regression was used to determine the extent to which aboveground biomass
(causal variable), 2™ leaf trichome density (causal variable), and/or population (discrete

causal variable) affect whether a spittlebug nymph stays on a plant to feed or immediately
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evacuates (feeds/evacuates, response variable). Linear regression was used to determine
the extent to which aboveground biomass or 2" leaf trichome density (causal variables)
affect the number of days that a spittlebug remained on a plant (response variable). A
General Linear Model ANOVA was performed to determine the effects of population and
2" Jeaf trichome density on spittlebug weight gain after 17 days of feeding (population,
fixed causal factor; 2" Jeaf trichome density, covariate; final spittlebug mass — initial

spittlebug mass, response variable). All statistics were done using Minitab 14 (SAS).

Experiment 2: Choice experiment

This experiment used plants from 4 ‘trichome phenotypic’ categories: the two ancestral
populations (IM and PR) and recombinant genotypes that exhibit either high or low
trichome densitites. For the latter, I used F6 plants from a collection of recombinant
inbred lines (RILs) from a cross between an IM 767 plant (father) and a PR plant
(mother). These RILs have been characterized for 2" Jeaf constitutive trichome density
(Chapter 3). The ‘low’ group is a mixture of plants from 11 RILs with an average of
fewer than 1 constitutive trichomes per cm” (category 3; referred to as “0”). The high
group is a mixture from 12 RILs with an average constitutive trichome density of 634 per
cm’ (category 4; referred to as “+7). Use of F6 individuals allowed me to isolate the trait
of interest, trichome density, amongst a relatively random background mixture of the PR
and IM genomes. Use of multiple lines in each category allowed me to further randomize
the genomic background of the plants, so that plants in the “0” and “+” categories were

highly divergent in constitutive trichome density but similar in other phenotypic aspects.
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I grew 150 plants from each category from seed (Day 0) in the greenhouse, and on Day
14, transplanted them into 4-inch pots. Each pot contained 2 plants, spaced 2 inches
apart, of one of the following pairings: PR/IM, PR/+, PR/0, IM/+, IM/0, +/0. Each of
these combinations had 50 replicates, resulting in a total of 300 pairs (600 total plants).
After the transplant, the plants were placed in the same growth room as in Experiment 1,
were randomized in position with respect to pair type, and were rotated in bench position
daily. On Day 20, all of the 300 pots were lined with Pestick (Tanglefoot Industries) to

prevent future spittlebug movement among plant pairs.

I collected spittlebug nymphs in their 2™ or 3™ instar from non-M. guttatus plants at Point
Reyes National Seashore on April 18", 2007 and transported them back to the University
of Kansas. Two days after nymph collection (plant Day 24), I placed a single spittlebug
nymph in the center of each pot, equidistant between the two plants of a particular pair. I
monitored each nymph and recorded the plant that it initially selected. After the initial
selection of the nymphs, I monitored plant pairs daily and recorded the plant that each
nymph was feeding on. Plant pairs that had a first nymph evacuate (it was not feeding on
either plant) were given a second nymph that was placed and monitored in the same
manner. [ tracked nymph feeding for 11 days, recording the plant in each pair that was
being fed on in the 2nd, 3rd, Sth, 8th, and 110 day after the spittlebug placement. This
resulted in a set of data for each plant pair that characterized initial spittlebug selection as
well as if/for how long the nymph remained on its initial selection before moving to the

other plant in the pair.
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On the 11" day of spittlebug feeding, I removed the nymphs and harvested the plants for
fitness measurements. I counted the total number of flowers on each plant. Plants were
then harvested, dried, and weighed. Aboveground biomass is strongly positively
correlated with lifetime seed production in the PR, IM, and F2 populations of M. guttatus

(Holeski 2007) and I use it as a proxy for lifetime female fitness.

Analysis: For each plant within each of the 6 categories of plant pairings, I distilled the
data regarding initial nymph plant preference as well as nymph preference on subsequent
days into discrete counts. I used a series of binomials and Chi-square table analyses to
evaluate this data. Flower number and aboveground biomass were right-skewed and 1
log-transformed this data prior to statistical analysis. I grouped plants into control and
treatment categories to determine how spittlebug herbivory affected plant fitness.
Control plants were those fed on by spittlebugs for a maximum of 1 day, while treatment
plants were those fed on for 11 days. IM plants were excluded from the fitness analysis
because only 1 IM plant remained in the treatment category after 11 days. Because
herbivory was not always absolutely absent in the control plants, my results provide a
conservative estimate of the effects of spittlebug herbivory on plant fitness. [ used a

series of ANOV As to evaluate fitness data.

To determine if the plant that a particular focal plant was paired with differentially

affected focal plant fitness across the treatment and control categories, [ performed a
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General Linear Model ANOVA including a treatment x plant pair interaction term. I

calculated all statistics using Minitab 14 (SAS).

Results

Experiment 1: No-choice experiment

Average second leaf trichome density differed significantly among the populations (F2 600
=1879.47; p <0.001). Average trichome counts per cm’ prior to transformation were

(average + 1 standard deviation): PR (1320 £ 406), F2 (70.4 £ 221), IM (0.14 £ 1.57).

Factors affecting spittlebug herbivory

Trichomes did not deter spittlebug nymphs from feeding. In contrast, nymphs were more
likely to initially feed on plants from the population with the highest trichome densities
(PR, Figure 4-1). The differences in initial feeding were not due to differences in plant
size between populations; the effect of aboveground biomass on initial feeding preference
was not significant (constant, Z = 1.12, p-value = 0.262; 2" [eaf trichome count, Z =
2.36, p-value = 0.018; aboveground biomass, Z = -0.96, p-value = 0.336). Population
type also affected initial spittlebug feeding preference and length of feeding (constant, Z
=2.05, p-value = 0.04; F2, Z = -2.73, p-value = 0.006; IM, Z = -2.62, p-value = 0.009;
aboveground biomass, Z =-1.59, p-value =0.111). However, I was not able to
disentangle the effects of 2" Jeaf trichome density from effect of population (constant, Z
= 1.60, p-value = 0.109; 2" Jeaf trichome count, Z = 0.45, p-value = 0.651; F2, Z=-0.97,

p-value = 0.334; IM, Z = -1.02, p-value = 0.306). The effects of 2" Jeaf trichome
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density and aboveground biomass within each population on whether or not a bug fed
were non-significant (logistic regression; p-values range from 0.13 to 0.46). Spittlebug
nymphs were also more likely to remain on plants with higher trichome densities (Figure

4-2).
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Figure 4-1. The proportion of spittlebug nymphs that fail to establish feeding sites on
plants is given for each population in Experiment 1. Here, and in subsequent figures,
error bars represent 1 standard error (SE) from the mean.
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Figure 4-2. Plants in Experiment 1 that have constitutive 2" leaf trichomes have
spittlebugs remaining on plants to feed for longer than plants with no constitutive 2" Jeaf
trichomes.

There was no significant difference in weight gain for nymphs feeding on plants from
different populations or with different 2" Jeaf trichome densities (effect of population:
Fy80=0.18, p-value = 0.837; effect of 2™ Jeaf trichome density as a covariate: Fjgy=

0.58, p-value = 0.447).

Trichome induction?
There was no significant difference in 5" leaf trichome counts between control plants and
those that had been fed upon by spittlebugs. Mean 5" leaf trichome counts/ cm? were

1383 for control vs. 1401 for treatment for the PR population, 167 for control vs. 172 for
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treatment in the F2 population, and 0 for control vs. 0.1 for treatment plants in the IM

population.

Fitness cost of trichome production?

No cost of trichome production was detected: within each population of control plants,
flower number, EVP, plant aboveground biomass, and integrated male fitness. 2" Jeaf
trichome density (causal factor) was regressed separately onto 2" leaf trichome density.
No significant relationship between 2" leaf trichome density and any of these fitness

characters was detected (p-values range from 0.07 to 0.75).

Experiment 2: Choice experiment

Spittlebug feeding preferences:

Initially, spittlebug nymphs significantly preferred PR plants to 0 plants (Table 4-1).
This was the only significant difference among the single pair-wise comparisons. There
was a non-significant trend for + plants to be favored over 0 or IM plant types, and when
plants were grouped into low (IM and or 0) and high trichome density (PR and or +)
categories, plants with high trichome densities were significantly preferred to plants with
low trichome densities (p-value = 0.002; Table 4-1). PR was the only type initially
preferred no matter what plant type it was paired with (Table 4-1). Following the initial
choice, spittlebugs were significantly more likely to stay for at least a day on plants with
high trichome densities (PR or +; Table 4-2; Figure 4-3). However, this trend did not

remain longer than the first 2 days of feeding, after which the PR population was
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consistently the only population where significantly more spittlebugs remained to feed

than evacuated (Figure 4-3, Table 4-3).

Comparison Data p-value
PR vs IM 3OVS 18 0111
PRvs 0 36vs. 14 0.002
PR vs. + 28 vs. 21 0.390
IMvs 0 21 vs. 27 0.470
IM vs + 25vs. 23 0.885
+vs0 30vs. 19 0.152
Low vs. Low 270,21 IM 0.470
High vs. High 21 +,28 PR 0.392
Low vs. High 76 0 or IM, 119 + or PR 0.002
IM VS. Other 64 VS. 80 0.21 1
0 vs. other 60 vs. 87 0.032
+ vs. other 74 vs. 72 0.934

Table 4-1. Initial spittlebug nymph feeding choice in Experiment 2, distilled into several
forms of comparison: pairwise comparisons of all plant types; plant types combined into
“low” and “high” trichome density types; and each plant type compared against all others
combined. Here and in subsequent tables, significant p-values are in bold print.
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Stay Leave
PR 68 26
IM 32 30
0 31 28
47 29

Table 4-2. Number of spittlebug nymphs in Experiment 2 that remained feeding or
evacuated each plant type by Day 2. X?; = 9.186, p-value = 0.027.

Stay Leave
PR 53 44
IM 1 62
0 20 48
21 56

Table 4-3. Number of spittlebug nymphs in Experiment 2 that remained feeding or
evacuated each plant type by Day 11. X% = 51.264, p-value < 0.001.
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Figure 4-3. Proportion of initial spittlebugs feeding on each plant type that remain over
time in Experiment 2.

Fitness effects of herbivory:

Spittlebug herbivory significantly reduced plant fitness relative to control plants. For
aboveground biomass, there was a significant decrease in fitness due to herbivory across
populations (p-value < 0.001, Table 4-4) although herbivory affected aboveground
biomass differentially in each population (p-value = 0.005, Table 4-4). As is shown in
Figure 4, there was a significant decrease in aboveground biomass with herbivory in the
PR and + populations (p-values = 0.001 and 0.013, respectively), but a non-significant
increase in fitness in the 0 population following herbivory (p-value = 0.304). There was
no significant differential effect of the pair type that a particular focal plant was paired
with within any of the populations across the treatment and control categories (Within the
PR, 0, and + populations, the “treatment x pair type interaction” p-values ranged from

0.089 to 0.840).
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Source DF SS MS F P-value

Population 2 11.3257  5.6629  70.99 <0.001
Control/treatment 1 0.4600  0.4600 5.77 0.017
Population*Control/treatment 2 0.8595 0.4298 5.39 0.005
Error 180 14.3593  0.0798

Total 185

Table 4-4. The effects of population and/or treatment on aboveground biomass in
Experiment 2.
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Figure 4-4. Aboveground biomass for control and treatment plants in Experiment 2.

Spittlebug herbivory significantly reduced flower number only in the PR population (p-
value = 0.001; Figure 4-5). The + population and 0 population had a non-significant

reduction (p-value = 0.53) and an increase (p-value = 0.075), respectively, in flower
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number following herbivory (Figure 4-5). There was no significant differential effect of
the pair type that a particular focal plant was paired with within either the PR or +
populations across the treatment and control categories (treatment x pair type interaction
p-values of 0.893 and 0.294). There was a significant differential effect of pair type
within the 0 population: 0 focal plants paired with PR plant types had much lower fitness
in the control group than in the treatment group with respect to flower number (treatment
X pair type interaction p-value = 0.042). This interaction explains, in part, the non-
significant increase in flower number following herbivory in the 0 population as

mentioned above.
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Figure 4-5. Flower number for control and treatment plants in Experiment 2.
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Discussion
While M. guttatus trichomes may serve as a defense against some herbivores, trichomes
do not deter meadow spittlebug nymph feeding ability or feeding preference, as I

demonstrate in choice and no-choice experiments.

Factors affecting spittlebug feeding preference and performance

In Experiment 1, a no-choice experiment, I found that higher trichome densities did not
reduce the likelihood of a spittlebug establishing a feeding position (Figure 4-1), the
number of days it remained on the plant (Figure 4-2), or its weight gain after 17 days of
feeding. I failed to find any cost to trichome production: plants with higher trichome
densities did not suffer reduced fitness when spittlebugs were absent. In Experiment 2, a
choice experiment, I found that spittlebug nymphs showed both an initial and lasting
preference for PR plants, the plant type with the highest average trichome density (Tables
4-1, 4-2, and 4-3, Figure 4-3). In contrast, they were least likely to exhibit either an
initial or a lasting preference for IM plants, the population type with the lowest average
trichome density (Tables 4-1, 4-2, and 4-3; Figure 4-3). Finally, they were initially
slightly more likely to prefer + plants then 0 plants (Table 4-1, Figure 4-3), and showed a
greater lasting preference for + plants in comparison to 0 plants, although this preference

disappeared over time (Table 4-2 and 4-3, Figure 4-3).
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This result suggests that while spittlebug nymphs may initially prefer plants with high
trichome densities, other factors may influence whether the chosen plant is a sufficient
feeding site, i.e. whether the nymph remains on the initial host plant. By the end of
Experiment 2, spittlebugs remained on the “0” and “+” RIL plants with almost equal
numbers, and at a frequency intermediate to the two parental populations (Figure 4-3,
Day 11). The factor(s) influencing spittlebug feeding tendencies by the end of the
experiment thus seem to be closely associated with plant type (PR, RILs, or IM) but not
with trichome density. This is consistent with the prediction that the RILs used in the
experiment have similar genetic backgrounds for traits unlinked to trichome density (see
Introduction). Factors such as stem diameter, stem toughness, and/or plant size could
influence late feeding behavior (McEvoy 1986), although the results regarding
aboveground biomass from Experiment 1 suggest that plant size is not a causal factor

here.

The failure of trichomes to resist spittlebugs in Experiments 1 and 2 contrasts with
previous studies of two other plant species, Anaphalis margaritacea and Medicago sativa
(Hoffman and McEvoy 1986). In both species, trichomes deterred spittlebug nymphs
from establishing feeding sites. Hoffman and McEvoy (1986) also demonstrate that
nymphs in instars 1-3 are much less likely to establish feeding sites than nymphs in their
4™ or 5™ instar, suggesting that smaller insects are less able to overcome trichomes. In
Experiment 1 of this study, smaller nymphs were more likely to establish feeding
positions. Because trichomes did not deter even the smaller nymphs in my experiment,

however, this conclusion may be a result of larger nymphs having a higher tendency to
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roam before establishing a feeding position. Hoffman and McEvoy caged their nymphs
on plants, perhaps giving larger nymphs less opportunity to roam if they initially reject a
plant, whereas larger nymphs that roamed from my plants were captured in the Pest-Stick

lining the pot sides and had no second chance at feeding.

The demonstrated initial preference of plants with high trichome densities by spittlebug
nymphs could be a result of tritropic interactions in natural populations between host
plant, spittlebug nymphs, and nymph predators. Details regarding natural predators of
meadow spittlebugs are scarce but include reports of several species of spiders and nabids
(Harper and Whittaker 1976) and prairie ants (Formica montana; (Henderson et
al.1990)). Three species of ground beetles (Carabidae), and ants of the genera Pheidole,
Mycocepurus, Pachycondyla, and Ectatomma have been documented as predators of two
other spittlebug genera (Nachappa 2006; Sujii 2002). Previous studies have suggested
that trichomes may hinder natural predators and parasitoids of herbivores (Obrycki 1986;
Kauffman and Kennedy 1989; Farrar and Kennedy 1991; van Lenteren et al. 1995;
Lovinger et al. 2000; Fordyce and Agrawal 2001; Mira and Bernays 2002). For example,
trichomes on the vine Dutchman’s pipe (4ristolochia californica) hinder the searching
efficiency of the predacious green lacewing (Chrysopa carnea), and reduce its capture
rate of caterpillar prey (Fordyce and Agrawal 2001). In contrast, Styrsky et al. (2006)
found that the predator, red imported fire ant, actually had increased predation rates in
pubescent soybean plants relative to glabrous plants. This resulted in fire ants more
strongly reducing herbivore plant damage in plants with trichomes relative to those

without (Styrsky et al. 20006).
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The life-history strategy of the IM population, limited vegetative allocation relative to
reproductive allocation and a short generation time, may act here as a method of
herbivory escape. The natural IM population is an annual alpine population that must
flower and reproduce in the short time (6-10 weeks) between snow melt and soil
desiccation. It is thus most likely that this particular life-history evolved as a result of
natural selection to escape drought (Franks et al. 2007). However, increased rate of
development with reduced biomass allocation has previously been demonstrated to
evolve in response to predation in vertebrates (Reznick et al. 1990; Remes 2007). This
particular manner of herbivory escape has not previously been demonstrated in plants,
neither as a direct product of herbivore pressures, nor as a byproduct of other selection

pressurcs.

Trichomes and other insect herbivores or predators

Although trichomes do not apparently confer resistance to spittlebugs, they may deter
other insect herbivores of Mimulus guttatus. The species is attacked by a variety of
insects including Homoptera such as aphids (Aphididae), Lepidoptera larvae
(Geometridae), a number of beetle larvae and adults including leaf beetles
(Chrysomelidae), weevils (Curculionidae), and click beetles (Elateridae), Hemiptera such
as stink bugs (Pentatomidae) and leaf bugs (Miridae), fly larvae (Diptera), thrips
(Thysanoptera: Thripidae) and Orthoptera such as grasshoppers. The species is also
eaten by slugs (Deroceras reticulatum, Gastropoda: Limacidae) and deer (Odocoileus

hemionus, Artiodactyla: Cervidae) (M. Eubanks, D. Lowry, N. Martin, personal
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communication; Carr and Eubanks 2002; Appendix D). Spittlebug nymphs feed on
xylem fluid and usually establish only one feeding position. In contrast, herbivores
causing direct foliar damage to plant leaves or stems rely on more extensive movement
across the plant surface to establish multiple feeding positions. Leaf feeders that are
smaller or less tenacious than spittlebug nymphs might be affected to a greater extent by

the trichomes and glandular exudate.

Trichome induction

If trichomes do function in plant defense, it is natural to ask whether they are inducible.
Inducible physical and/ or chemical defenses, including trichomes, have been
demonstrated in a number of other plant species (Karban and Baldwin 1997). Simulated
foliar insect damage in the 2™ leaves of plants that are full-siblings of the PR plants and
F2 plants used in this experiment did induce significantly higher 5" leaf trichome
densities (Chapter 3). However, in this experiment, feeding by spittlebug nymphs
initiated at the 2" leaf stage did not induce higher trichome densities on later leaves.
This suggests that phenotypic plasticity in trichome number is specific to certain types of
herbivore damage. Specificity in plastic response to an environmental variable has been
noted elsewhere (Stout et al. 1998; Agrawal 2000; Van Zandt and Agrawal 2004;

Agrawal 2005).

Fitness cost of trichome production?

I found no fitness cost of trichome production, either in terms of male or female fitness.
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The PR, IM, and F2 populations exhibit no significant correlation between trichome
production and fitness. Because fitness costs are evaluated in the absence of herbivory,
the failure to find a cost to trichome production in this experiment has more widespread
relevance to the study of M. guttatus trichomes acting as a putative resistance trait to

other herbivores.

Fitness effects of herbivory

Herbivory by meadow spittlebug nymphs significantly reduced plant fitness relative to
control plants (Table 4-4, Figures 4-4 and 4-5). However, plants did not respond to
damage by spittlebug nymphs in a consistent manner across populations. Plants from the
PR population showed the greatest decrease in both flower number and aboveground
biomass following herbivory. This is surprising given that one might expect herbivory to
have a greater proportional effect on the fitness of the smaller RIL population than a
spittlebug removing the same amount of xylem fluid from a large perennial PR plant
might have. Xylem fluid is predominantly water and adaptation to drought stress could
have a positive influence on plant response to spittlebug herbivory. Common plant
responses to drought stress include reduced node lengths in plant stems and decreases in
plant biomass relative to well-watered plants, as well as relative increases in root
allocation (Larcher 2001). Reductions in aboveground biomass were demonstrated
among treatment plants in this experiment, and substantially reduced stem inter-node
lengths were also observed in the treatment plants. Results from a previous experiment
examining plant response to drought stress and involving plants from the PR, IM, and F2

populations demonstrate that PR plants have larger absolute and proportional decreases in
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aboveground biomass than do F2 and IM plants under drought conditions, indicating that
F2 and IM plants are more drought-tolerant (Appendix F). I suggest that drought
tolerance as such may also have lessened the impact of spittlebug herbivory on the RIL

plants relative to the PR plants, although this hypothesis would require more evaluation.

Summary

Trichome density shows extensive, genetically based variation among natural populations
of M. guttatus. Meadow spittlebug nymphs preferred M. guttatus plants with high
trichome densities in both choice and no-choice experiments. This is notable given that
trichomes have been shown to deter feeding herbivores including meadow spittlebugs in
a number of other plant species. Information regarding the interaction of other insect
herbivores with the trait in M. guttatus, as well as more knowledge regarding tritrophic
interactions between M. guttatus plants, spittlebugs, and spittlebug predators would
provide insight upon its function as a putative resistance trait. In addition, more
information regarding the genetic control of the trait would allow insight to the
evolutionary patterns that have led to the observed trait distribution, as well as how the
trait might respond to future selection pressures. Genomic tools allow an in-depth
examination of the genetics of trichome density. We are currently mapping genomic
regions (QTL) that influence both constitutive and inducible trichome density in M.

guttatus using recombinant inbred lines developed from the IM/PR cross.
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Chapter 5: Future directions
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The underlying genetic basis of constitutive and induced trichome density in M.
guttatus

A mapping project of QTL (quantitative trait loci) that influence both constitutive and
induced trichome density is currently underway. To pinpoint QTL which influence

trichome density, I am using a bulk segregant approach (Figure 5-1).

P1 P2

mq fmJ\ /\MQ I MQ

F1

F6

Bulk 1memk 2

mostly qq, enriched for m mostly QQ, enriched for M

Figure 5-1. Schematic of bulk segregant approach, modified from Lynch and Walsh
(1998, p. 402). P1 and P2 represent phenotype distributions from 2 parental populations
with a divergent phenotype of interest (e.g. trichome density). Allele q is associated with
low trichome density and is closely linked with marker allele m in Population P1, and
allele Q is associated with high trichome density and is closely lined with marker allele
M in Population P2.

As in Figure 5-1, individuals from each parental population are crossed to form F1
individuals, one of which is self-fertilized for several generations to form RILs in the F6

generation. These F6 RILs will have a phenotypes ranging from low to high trichome

density. If RILs representing the extreme phenotypic categories (here, low trichome
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density (Bulk 1) and high trichome density (Bulk 2)) are genotyped at a number of
genetic markers, those markers closely linked to loci influencing trichome density should
appear at a directional, non-random frequency. For example, 10 RILs in Bulk 1 and 10
RILs in Bulk 2 are genotyped at markers Mm and Gg. Five of the RILs in both Bulk 1
and Bulk 2 are G at the marker, while 5 of the RILs in each category are g. Since both
alleles are equally represented in each bulk, marker Gg is not likely to be closely linked
with loci controlling trichome density. In contrast, for marker Mm, in Bulk 1, 1 RIL is M
at the marker while 9 RILs are m. In Bulk 2, 2 RILs are m at the marker, while 8 RILs
are M. The asymetic distribution of Mm alleles indicates that this is a “promising initial
screen” for marker Mm; it is likely to be closely linked with loci controlling trichome

density and this marker will be screened against a greater number of RILs.

F6 RILs were phenotyped for the average constitutive 2™ leaf and average induced 5
leaf trichome density for each of the 450 lines using replicates. 154 gene-based markers
(ESTs, or expressed sequence tags) that are polymorphic in the RIL parental populations
(PR and IM) have been screened against the DNA from 46 RILs representing the most
extreme phenotypes in 3 phenotype categories: 1) Many constitutive trichomes, many
induced trichomes (12 RIL representatives), 2) No constitutive trichomes, no induced
trichomes (17 RIL representatives), and 3) No constitutive trichomes, many induced
trichomes (15 RIL representatives). Six of the 154 markers had promising initial screens
among these 46 RILs and were then screened against 188 RILs representing a random

phenotypic subset of the larger RIL group. Three of these 6 markers had non-significant
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effects on trichome density after the larger screen, while 3 of the markers had significant
but small effects explaining 3-5% of the variation in trichome density.

Screening of additional markers is continuing, both to provide better coverage of
chromosomes and to delimit the boundaries of the current QTL with significant effects on
trichome density. The relatively high heritability of trichome density in M. guttatus,
combined with no QTL of major effect found thus far suggests that the trait is influenced
by many loci of small effect. This is in striking contrast to QTL mapping results in
Arabidopsis, where trichomes are influenced by a QTL of major effect (70-80%;

Mauricio 2005).

Transgenerational induction of trichomes in M. guttatus

In collaboration with Lena Hileman, experiments are currently underway to investigate
the mechanism of transgenerational trichome induction described in Chapter 2. In
addition, a number of the tools necessary to examine the genetic basis of
transgenerational trichome induction are already available. The same genetic markers
that have been shown to be polymorphic in the RIL parental plants for QTL mapping of
within-generation trichome influence can be used to map QTL influencing
transgenerational induction, and a substantial subset of the F6 RILs have already been

phenotyped for the trait.
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Appendix A

The plants grown in generation 0 of Chapter 2 were part of a larger experiment
investigating epistasis in Mimulus guttatus. Plants from the same families (F1 and inbred
line) were measured in two additional grow-ups, one before and one after generation 0.
Here, we combine these data to estimate variances within and among families. Inbred
lines and F1 families are considered in separate analyses to estimate the variance among
fully inbred and outbred genotypes, respectively. Across all 3 grow-ups, there were 1156
plants within F1 families and 1841 from inbred lines. A mixed model was fit to data
from each response variable with grow-up (fixed) and family (random) as the factors.
Using the statistical package JMP 5.1, we applied REML for estimation of variance
components and assignment of standard errors. The estimates for genetic and
environmental variances for corolla width (CW), days to flower (Days) and / are given

for each analysis in Table Al.

Trait Ve (SE) VE
Outbred plants

Corolla width 2.54 (0.51) 3.40
Days to flower 1.83 (0.40) 6.08
I 0.53 (0.12) 1.34
CW + Days 5.07 (1.00) 9.09
CW+ 1 5.02 (1.03) 7.77
Days + I 1.51 (0.30) 3.25
Inbred plants

Corolla width 3.11 (0.44) 3.48
Days to flower 4.44 (0.69) 8.68
I 0.95 (0.14) 1.59
CW + Days 8.31 (1.21) 12.02
CW+1 6.52 (0.94) 8.10
Days + I 2.80 (0.42) 4.52

Table A1. The variance among families estimates Vg while the intra-family variance
estimates Vg (see text). Separate model fits were conducted for each trait within each
dataset (outbred vs. inbred plants).
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We also estimated variance components for sums that combine each pair of characters
(Table A1). The variance estimates for sums can be to estimate genetic and
environmental covariances by noting that for two traits (z1 and z2) the following
relationship holds:

Var[ z1 +z2 | =Var[ z1 | + Var[ 22 ] + 2 Cov][ zl, z2 ].

The genetic covariance can be obtained by substituting Vg estimates from Table Al for
the first three terms and solving for the fourth term. These estimates, in addition to the

associated genetic correlation estimates, are given in Table A2.

Genetic Genetic
Trait covariance correlation
Outbred plants
CW / Days 0.35 0.16
CW/ 1 0.98 0.84
Days/ I -0.43 -0.43
Inbred plants
CW / Days 0.38 0.10
CW/ 1 1.23 0.72
Days/ I -1.295 -0.63

Table A2. The genetic covariance and correlation between each pair of measurements
are given for outbred and inbred plants, respectively.
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Appendix B: Aboveground biomass as a predictor of lifetime seed production in the
Point Reyes (PR), Iron Mountain (IM), and F2 populations of Mimulus guttatus.

Point Reyes mother and father

25

= = N
o (5] o
1 1 1

[ ]

log Lifetime Seed Production

(%2}
1

-1.0 -0.5 0.0 0.5 1.0
log Plant Mass

log Lifetime Seed Prodcution = 7.07 + 3.59 log Plant Mass

Predictor Coef SE Coef T P
Constant 7.0678 0.4270 16.55 0.000
log plant mass 3.587 1.310 2.74 0.007
S = 3.69155 R-Sq = 4.9% R-Sg(adj) = 4.3%
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IM mother and father

6.

log Lifetime Seed Production

12 11 -10 -09 -08 07 06 -05 -04 -03
log Plant Mass

log Lifetime Seed Production = 5.10 + 2.38 log Plant Mass

Predictor Coef SE Coef T P
Constant 5.0976 0.5319 9.58 0.000
log plant mass 2.3771 0.7330 3.24 0.003

S =1.00380 R-Sg = 26.0% R-Sg(adj) 23.5%
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F2 mother with IM father
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log Lifetime Seed Production (IM father)
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log Plant Mass
log Lifetime Seed Production (IM father) = 5.06 + 3.49 log Plant Mass
Predictor Coef SE Coef T P
Constant 5.0575 0.2869 17.63 0.000

log plant mass 3.4881 0.9086 3.84 0.000

S = 1.73401 R-Sq = 21.4% R-Sq(adj) = 20.0%

F2 mother with PR father
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log Lifetime Seed Production (PR father) = 5.93 + 3.69 log Plant Mass
Predictor Coef SE Coef T P
Constant 5.9272 0.3125 18.97 0.000

log plant mass 3.6860 0.8634 4.27 0.000

S = 2.07509 R-Sg = 19.8% R-Sg(adj) = 18.7%
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Appendix C: Effect of Pestick on plant fitness

Effects of Pestick on flower number within the PR, IM, and F2 populations

559
1.50+ E % E
1.45+

1.40 E

1.354

1.30+

log flower number

1.25+

1.20

T T T T T T
Control  Pestick Control  Pestick Control  Pestick
F2 ™M PR

GLM ANOVA, Population and Treatment as fixed factors

Source DF SS MS F P
Pop 2 0.83044 0.41522 8.24 0.000
Treatment 1 0.50518 0.50518 10.02 0.002
Pop*Treatment 2 0.33303 0.16651 3.30 0.039
Error 174 8.76894 0.05040

Total 179

One-way ANOVAs for each population:

PR

Source DF SS MS F P
Treatment 1 0.6195 0.6195 13.18 0.001
Error 60 2.8208 0.0470

Total 61 3.4402

F2

Source DF SS MS F P

Treatment 1 0.0011 0.0011 0.03 0.873

Error 56 2.2996 0.0411

Total 57 2.3007

M

Source DF SS MS F P

Treatment 1 0.2405 0.2405 3.82 0.055

Error 58 3.6485 0.0629

Total 59 3.8890

Pestick significantly decreases flower number relative to control plants
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Effects of Pestick on estimated viable pollen (EVP)

4.75+

4.50+

4.25+

log evp

4.00+ E E
3.75+

3.50 E E

T T T T T T
Control  Pestick Control  Pestick Control  Pestick
F2 M PR

GLM ANOVA: Population and treatment as fixed factors

Source DF SS MS F P
Pop 2 45.0858 22.5429 356.70 0.000
Treatment 1 0.0420 0.0420 0.66 0.416
Pop*Treatment 2 0.0223 0.0112 0.18 0.838
Error 176 11.1229 0.0632

Total 181

Pestick does not significantly affect EVP in a comparison of treatment and control plants
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Effects of Pestick on lifetime EVP production (flower number x EVP)

6.251

6.00
%

5.751
5.50 1 E
5.254

5.00+

4.75- 3 E

log(lifetime evp production)

4.501

T T T T T T
Control  Pestick Control  Pestick Control  Pestick
F2 ™ PR

GLM ANOVA: Population and treatment as fixed factors

Source DF SS MS F P
Pop 2 47.0018 23.5009 215.25 0.000
Treatment 1 0.1428 0.1428 1.31 0.254
Pop*Treatment 2 0.5697 0.2848 2.61 0.077
Error 171 18.6699 0.1092

Total 176

Pestick does not significantly affect lifetime EVP in treatment vs. control plants
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Control  Pestick Control  Pestick Control  Pestick
F2 M PR
GLM ANOVA: Population and treatment as fixed factors
Source DF SS MS F P
Population 2 4.3769 12.1885 265.22 0.000
Treatment 1 0.3759 0.3759 8.18 0.005
Population*Treatment 2 0.2678 0.1339 2.91 0.057
Error 178 8.1801 0.0460
Total 183

Pestick significantly reduces aboveground biomass
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Appendix D: Insect herbivores in 6 natural M. guttatus populations

The herbivores listed were feeding on plants during 1-3 hour daytime survey periods in
June 2004. All population locations are given in Figure 1 and Table 1 of Chapter 3
except Population IM 2. This population is approximately 1 mile east of the IM
population along the Cone Peak trail, and is within 100m of the same elevation. No
plants from this population were collected for experimental use. Populations D and F
(Muir Beach and Point Reyes National Seashore, CA) were not surveyed, but a number
of plants hosting multiple meadow spittlebug nymphs (Cercopidae) were observed in

each of these populations in 2003 or 2005.

Population F, Oregon Dunes: Very little foliar damage

No herbivores collected during a 2 hour observation period

Population G, Metolius River: Very little foliar damage

multiple Aphididae (aphids)
single Buprestidae (metallic wood-boring beetle)

Population H, Cougar Reservoir: Foliar and corolla damage easily observed

multiple Cercopidae (adult froghoppers, adult leathoppers, spittlebug nymphs)
multiple Orthoptera (grasshoppers)

multiple Aphididae (aphids)

multiple Thysanoptera (thrips)

single Miridae (leaf bug)

Population I, Dexter Reservoir: Foliar and corolla damage easily observed

multiple Curculionidae (weevils)

multiple Aphididae (aphids)

multiple Homoptera

multiple Cercopidae (froghoppers, leathoppers, spittlebug nymphs)
multiple Chrysomelidae (leaf beetles)

single Orthoptera (grasshopper)

single Elateridae (click beetle)

single Pentatomidae (stink bug)
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Population IM, Iron Mountain: Very little foliar damage

No herbivores collected during a 1 hour observation period

Population IM 2: Foliar and corolla damage easily observed

Multiple Aphididae (aphids)
Multiple Lepidoptera larvae
Multiple Curculionidae (weevils)
Multiple Thysanoptera (thrips)
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Appendix E: Potential pollinators of 8 natural M. guttatus populations

Population | Insect pollinators

A Bombus californicus (Smith)

B Apis mellifera (Linneaus)

C Mordellidae, Melyridae (Coleoptera), Hylaeus sp?, Hoplitis
producta (Cresson)

E Diabrotica (Chrysomelidae, Coleoptera)

F Cercopidae (Homoptera), Lasioglossum s.str sp?, Bombus
vosnesenskii (Rad.),Coccinellidae (Coleoptera), Empididae
(Diptera), Ceratapogonidae (Diptera), Bombus californicus
(Smith)

H Lasioglossum (Evylaeus) sp?, Bombus mixtus (Cresson), Bombus
melanopygus (Nylander), Elateridae (Coleoptera)

J Apis mellifera (Linnaeus)

M Bombus edwardsi (Cresson), Bombus melanopygus (Nylander),

Bombus mixtus (Cresson), Syrphidae
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Appendix F: Effects of drought stress on root:shoot ratios and development time
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PR F2 M PR F2 M
Drought Water
GLM ANOVA
Source DF SS MS F P
Water? 1 1.7400 1.7400 68.60 <0.001
Pop 2 6.8676 3.4338 135.38 <0.001
Water?*Pop 2 0.8133 0.4067 16.03 <0.001
Error 250 6.3411 0.0254
Total 255

Clear direct effects of both population and treatment, plus differential response of
populations to drought.
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Scatterplot of log shoot mass vs log root mass
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-3.5 -3.0 -2.5 -2.0 -1.5 -1.0
log root mass
Source DF SS MS F P
Pop 2 0.2117 0.1058 5.22 0.006
log root mass 1 3.1984 3.1984 157.65 0.000
Pop*log root mass 2 0.1931 0.0965 4.76 0.009
Error 238 4.8284 0.0203
Total 243
S = 0.142434 R-Sq = 72.74% R-Sg(adj) = 72.16%

Root:shoot ratio differs among populations in well-watered conditions
El in legend is PR population
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Source DF SS MS F P
Pop 2 0.5968 0.2984 1.82 0.164
Water? 1 10.8726 10.8726 66.32 0.000
Pop*Water? 2 4.2397 2.1199 12.93 0.000
Error 238 39.0191  0.1639
Total 243

Drought decreases root:shoot ratio, although not significantly within IM population
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Drought  Water Drought Water Drought Water
PR F2 ™M

Source DF SS MS F P
Water? 1 0.024013 0.024013 47.17 0.000
Pop 2 0.046211 0.023106 45.38 0.000
Water?*Pop 2 0.004424 0.002212 4.35 0.014
Error 253 0.128804 0.000509
Total 258
S = 0.0225634 R-Sgq = 34.41% R-Sg(adj) = 33.11%

Drought stress delays shoot growth, and F2 plants demonstrate accelerated shoot
development relative to PR and IM populations in normal and drought conditions
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