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ABSTRACT

NOVEL STUDIES OF SPONTANEOUS MUTATION: MEASUREMENTS OF

FITNESS IN THE FIELD AND GENE EXPRESSION IN THE LAB

By

Angela Jennifer Roles

Spontaneous mutation provides the raw material for the evolutionary process.

Understanding the rate at which mutations occur and the distribution of their effects on

fitness is thus of fundamental importance. However, these parameters remain uncertain

A and characterized in only a few model organisms. In addition, all published studies of

spontaneous mutation have been performed under laboratory conditions. The application

ofthese results to field conditions is unknown. While we are most interested in

mutations with phenotypic effects that are visible to natural selection, mutation occurs at

the molecular level. Recently developed molecular tools may allow us to better

understand the linkage between spontaneous mutations in the DNA and resulting changes

in fitness.

In my dissertation research, I used mutation accumulation in Raphanus raphanistrum

(wild radish) and Arabidopsis thaliana (mouse-ear cress) to explore the effects of

mutations under field conditions in comparison to laboratory results. I asked whether

mutations have similar effects on fitness in the field versus the laboratory and whether

mutations have similar effects on fitness in different field environments. In addition, I

used A. thaliana mutation-accumulation lines to assay the effects of spontaneous

mutations on gene expression. I asked, what is the distribution of mutational effects on

gene expression? Is there an average bias in effect (up- versus down-regulation)? Are

there any parallel changes in gene expression across mutation-accumulation lines?

I found that mutations have similar effects between field and greenhouse for both R.

raphanistrum and A. thaliana. In R. raphanistrum, fitness was reduced in mutation-



accumulation lines relative to the ancestor, proportionally more reduced in the field than

in the greenhouse. In A. thaliana, average fitness was higher in the mutation-

accumulation lines (though not significantly). For A. thaliana, I found that there are

substantial differences in genotypic fitness between environments (genotype by

environment interaction, GEI), highlighting the importance of context for new

spontaneous mutations. In the gene expression studies, I found that there is a slight bias

in mutational effects toward up-regulation though most ofthe genes which were

expressed significantly differently were down-regulated. I found little evidence of

parallel change in gene expression (a single gene), supporting the existence ofmany

avenues by which mutations can affect fitness.
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CHAPTER 1

INTRODUCTION

As the ultimate source of new genetic variation in natural populations, the

importance ofthe spontaneous mutational process to evolutionary biology is undisputed.

In spite of this, our knowledge ofthe process is limited to a few species studied under

laboratory conditions. In fact, the rate of spontaneous mutation and the fraction ofthose

mutations that are deleterious may have important implications for human health (Crow

2000). The studies to date mostly imply that mutations are either neutral or deleterious

with respect to fitness. The mutations which are deleterious are those that are of interest

in understanding the impact of spontaneous mutation influencing evolution (Lynch et a1.

1999). For example, the rate of genomic spontaneous deleterious mutation (U) is of

central importance in the mutation-selection balance hypothesis for the maintenance of

genetic variation (Houle et al. 1996). Hypotheses explaining the evolution of mating

systems also may hinge on U (i.e., a high enough rate of deleterious mutation mitigates

the two-fold cost of sex; Keightley & Eyre-Walker 2000).

Most studies of spontaneous mutation have involved animal species, primarily

Drosophila melanogaster. While this is an excellent model species, there are limitations

to the system. It is nearly impossible to study the fitness of individual flies under natural

or partially-controlled field conditions. The use of a plant system makes this a far more

tractable problem. In addition, no studies of spontaneous mutations under field

conditions have been reported though the importance ‘of understanding mutations in

natural populations and natural settings is acknowledged (Bataillon 2003). Testing for

the effects of spontaneous mutations in a field setting was a main goal ofmy dissertation.



Furthermore, spontaneous mutation studies have focused strongly on the effects of

mutations on fitness components such as lifetime fecundity or survival. Until recently,

no studies had examined spontaneous mutation at a lower-level phenotype, such as gene

expression. The new technology of microarrays, which allows one to assay the

expression of most or all known genes of an organism, presents the opportunity to

measure the effects of spontaneous mutations much earlier in the phenotypic path to

fitness. Gene expression is the first phenotype of a gene while total fitness is the ultimate

phenotype. Examining the effects of mutations at the level of gene expression was the

second main goal ofmy dissertation.

Dissertation overview:

Chapter 2 Ofmy thesis asks: how do spontaneous mutations affect fitness

measured in the field versus the greenhouse for wild radish? To date, all published

studies of spontaneous mutation have been performed in the laboratory. Thus, I decided

to test for the effects of spontaneous mutation under field conditions. Several laboratory

studies have found that the deleterious effects of mutations on fitness are only visible

under stressful conditions. This has led to the belief that mutations may be more strongly

deleterious under natural or field conditions, which are likely to be harsher than

laboratory environments. By assaying lifetime fitness of wild radish families (with and

without accumulated mutations) under field conditions and in the greenhouse, I was able

to directly address this question. I found that fitness is indeed lower in the field than in

the greenhouse, thus more stressful in the field. In addition, fitness was lower in the

mutation accumulation populations than in the ancestor in both the field and greenhouse



(only significant in the greenhouse due to larger sample size). The decline in fitness was

proportionally larger in the field than in the greenhouse. This study supported the

contention that mutations are harsher under field conditions and suggests that laboratory

studies of spontaneous mutation are underestimating the effects of mutation in nature.

In Chapter 3, I pursued a similar question with a twist: is there genotype-

environment interaction for new mutations in Arabidopsis thaliana measured in two field

sites? In collaboration with Charles Fenster and Matthew Rutter, I assayed the effects of

accumulated mutations on fitness in the field in Michigan and in Virginia. Laboratory

studies of genotype-environment interaction (GEI) for new mutations have reported

mixed results. Most studies that do not find GEI do detect an effect of environment but

no crossing of reaction norms. In this study, we planted the seeds ofA. thaliana MA

lines and the Ancestor into two field sites in the fall of 2004, allowing germination to

occur under field conditions. In the spring of 2005, we measured fitness components of

the surviving plants (survival to flower, biomass, fruit number, and total fitness). We

found that there is a strong environmental effect (Michigan is a much harsher

environment for these plants) and also extensive GEI. This implies that the effects of

mutation are not uniform thus, the assumption of uniform mutational effects may lead to

under- or over-estimates of mutational impact.

Finally, in Chapter 4, I asked: can we detect the effects of accumulated

spontaneous mutations on gene expression in A. thaliana? In this study, I chose mutation

accumulation lines ofA. thaliana (provided by Ruth Shaw) which exhibited very low

fitness for fruit number relative to the ancestor. The phenotypic difference is underlain

by mutations which may affect gene expression, as the first, lowest-level phenotype of a



gene. 1 assayed the expression of these lines for all known (or hypothesized) A. thaliana

genes alongside the expression of the Parent (with no accumulated mutations). I found

significantly different expression for a number of genes in each MA line relative to the

Parent. These genes are candidate genes for the pathway from DNA to fitness and will

serve as a starting point for future studies. However, mutations impacting gene

expression do not necessarily impact fitness. 1 also found that the distribution of

mutational effects in each line is slightly biased toward up-regulation, while the majority

of genes showing differential expression are down-regulated relative to the Parent.

Overall, I have found that measurement of spontaneous mutation under field

conditions is important and differs from measurements in the laboratory. The field

environment used is also very important, perhaps ideally representing the natural habitat

of the organism, as mutations have different effects under different environmental

conditions. In addition, the study of multiple genotypes and the impact of genetic

variation on the spontaneous mutation process are also important factors which should be

considered in future studies. Mutational effects on gene expression are detectable but

difficult to link to phenotypic change. On average, spontaneous mutations in the

measured MA lines up-regulate gene expression, though the overall distribution is fairly

symmetric.



CHAPTER 2

FITNESS EFFECTS OF MUTATION ACCUMULATION IN A NATURAL

OUTBRED POPULATION OF WILD RADISH (RAPHANUS RAPHANISTRUM):

COMPARISON OF FIELD AND GREENHOUSE ENVIRONMENTS

with Jeffrey K. Conner

Abstract

Spontaneous deleterious mutation has been measured in a handful of organisms,

always under laboratory conditions and usually employing inbred species or genotypes.

We report the results of a mutation accumulation experiment with an outbred annual

plant, Raphanus raphanistrum, with lifetime fitness measured in both the field and the

greenhouse. This is the first study to report the effects of spontaneous mutation measured

under field conditions. Two large replicate populations (N, z 600) were maintained with

random mating in the greenhouse under relaxed selection for nine generations before the

field assay was performed and ten generations before the greenhouse assay. Each

generation, every individual was mated twice, once as a pollen donor and once as a

pollen recipient, and a single seed from each plant was chosen randomly to create the

next generation. The ancestral pOpulation was maintained as seeds at 4°C. Declines in

lifetime fitness were observed in both the field (1.7% per generation; P = 0.27) and the

greenhouse (0.6% per generation; P = 0.07). Significant increases in additive genetic

variance for fitness were found for stems per day, flowers per stem, fruits per flower and

seeds per fi'uit in the field as well as for fruits per flower in the greenhouse. Lack of

significance ofthe fitness decline may be due to the short period of mutation



accumulation, the use of outbred populations, or both. The percent declines in fitness are

at the high end ofthe range observed in other mutation accumulation experiments and

give some support to the idea that mutational effects may be magnified under harsher

field conditions, although the harsher conditions are also novel, as they are in many

similar mutation accumulation experiments. Thus, measurement of mutational

parameters under laboratory conditions may underestimate the effects of mutations in

natural populations.

Introduction

As the source of all new genetic variation, spontaneous mutation is one of the

most fundamental processes in evolution. Theoretical predictions concerning the

maintenance of genetic variation (Houle et a1. 1996), the evolution of sex (Keightley &

Eyre-Walker 2000), the evolution of aging (Rose 1991) and the persistence of small

populations (Lande 1994; Lynch et a1. 1995) depend on the rate and fitness effects of

spontaneous mutation in nature. Spontaneous mutation is, however, very difficult to

study empirically because mutations are rare and most are thought to have small effects

on the phenotype.

Most spontaneous mutations are assumed to be deleterious, for two reasons. First,

there are many more ways to dismantle an existing adaptation than there are ways to

improve it. Second, data from molecular studies comparing the observed per-site rate of

nonsynonymous amino acid substitutions (Kn; mutations which change the amino acid) to

the per-site rate of synonymous amino acid substitutions (K,; mutations which do not

change the amino acid) indicate that the majority of nonsynonymous substitutions are

deleterious (Keightley & Lynch 2003). The ratio of K,/ K, averages 0.3 or less in all taxa



for which estimates are available (Ohta 1995; Eyre-Walker et al. 2002), suggesting that at

least 70% of all nonsynonymous mutations are eliminated by selection.

Mutation accumulation (MA) is the most common method used to study the rate

and effects of spontaneous deleterious mutation on fitness. In this technique selection is

reduced and often drift is maximized so that deleterious mutations are more likely to be

fixed. This regime of reduced selection is repeated over multiple generations in

independent lines to allow mutations to accumulate. After multiple generations ofMA,

fitness is estimated simultaneously in the MA lines and a control (ideally the ancestral

state ofno new mutations accumulated). The expectation is that fitness will be decreased

in the MA lines relative to the ancestor due to the accumulation of spontaneous

deleterious mutations.

Using MA experiments, the genomic spontaneous deleterious mutation rate for

fitness has been estimated in a handful of model organisms including Escherichia coli

(Kibota & Lynch 1996), yeast (Wloch et al. 2001; Zeyl & DeVisser 2001),

Caenorhabditis elegans (e.g., Keightley & Caballero 1997; Vassilieva & Lynch 1999),

Drosophila melanogaster (e.g., Shabalina et al. 1997; Fry et al. 1999), and Arabidopsis

thaliana (Schultz et al. 1999; Shaw et al. 2000). Most ofthese studies have found

decreased mean fitness after mutation accumulation but a few have not. Shaw et al.

(2000) and Keightley & Caballero (1997) did not report decreased mean fitness, although

they did detect an increase in fitness variance, indicating that mutations had in fact

accumulated. In yeast, Zeyl and DeVisser (2001) detected a significant decline in growth

rate in DNA repair-deficient yeast but not in DNA repair-competent yeast.



A potential explanation for the finding of no decrease in mean fitness in some MA

studies may be the environments in which fitness is estimated (Kondrashov 1998). Most

studies ofMA have utilized laboratory populations and all have assayed fitness in the lab

or greenhouse, usually under benign conditions. Several studies ofD. melanogaster that

compared the effects ofMA under stressful and benign environments have found greater

declines under stress for some fitness components (e. g., Shabalina et al. 1997) and/or

increases in among-line variance ofMA lines (e.g., Fry & Heinsohn 2002). In these

studies ofMA in multiple environments the harsh or stressful environments are also oflen

novel, that is, different from the environment under which mutations were accumulated.

During accumulation, those mutations having particularly large deleterious effects in the

environment of accumulation may be removed by selection. This will reduce the

observed magnitude of fitness reduction due to new mutation when measured in the

“benign” mutation accumulation environment. This downward bias of estimates of

mutational rates fiom MA experiments is expected (Lynch et al. 1999) due to the

inability to completely remove selection, though the extent of the bias remains unknown.

However, when MA lines or populations are assayed under other, novel, conditions,

mutations that have a small effect in the accumulation environment may express larger

deleterious effects in the novel environment, thus making it appear that the novel

environment is “harsh” relative to the accumulation environment. Xu (2004) found

support for this hypothesis in a MA study of the fungus Cryptococcus neoformans in

which performance was better under the conditions experienced during MA than under

novel conditions (altered temperature and growth medium). This suggests that mutations

with large deleterious effects are removed during MA and some mutations that were



neutral (or nearly so) in the MA environment were deleterious in a novel environment.

Thus, both the environment experienced during MA and the environment of the fitness

assay are important considerations in interpreting MA experiment results.

We have assayed the effects ofMA on fitness in two novel and harsh

environments: in the field and under stress in the. greenhouse in wild radish (Raphanus

raphanistrum). Two replicate populations of 300 individuals collected from the same

natural population were propagated under relaxed selection for nine (field assay) or ten

(greenhouse assay) generations to allow mutations to accumulate. To our knowledge,

this is the first study to examine the effects of spontaneous mutations on fitness under

field conditions.

Methods

Study species

Wild radish, R. raphanistrum (Brassicaceae) is a self-incompatible annual weed

that grows in highly disturbed habitats such as agricultural fields. R. raphanistrum is a

model system in ecology and evolution, including many studies on plant-insect

interactions (e.g., Agrawal 1998; Strauss et al. 2001), natural selection and genetic

correlations (e.g., Stanton et al. 1986; Mazer 1987; Conner 2002) and adaptation to

global climate change (e. g., Tevini et al. 1983; Kostkarick & Manning 1993; Case et al.

1998)

Generation andpropagation ofmutation accumulation populations

Seeds for the experimental populations were collected from a natural population

of wild radish in an alfalfa field near Binghamton, NY in 1988 as described in Conner &

Via (1993) and stored as seeds at 5°C. Two populations (designated MA] and MA2) of



300 individuals each were created in 1991 and maintained in the greenhouse for nine

generations under relaxed selection, using a middle-class neighborhood (MCN) crossing

design modified for use in hermaphrodites. In this design, each individual is mated

twice, once as a male and once as a female (Figure 2.1), that is, each individual

contributed two offspring to the next generation, one through seed and the other through

pollen. This design maintained a large effective population size (N, z 600) because there

was no variation in family size (Crow & Kirnura 1970). A single seed produced by each

individual was chosen randomly to be planted for the next generation. An MCN design

minimizes the opportunity for selection and thus allows mutations to accumulate. This

also minimizes adaptation to the greenhouse environment. The large effective population

size used in this study also minimizes the effects of genetic drift. There may have been

some selection on germination, as about 3% of mothers had no offspring germinate in the

next generation, but this was likely mainly due to pests and diseases in the greenhouse

rather than genetic differences (Conner 2002). Still, mutations that affected germination

success may have experienced some selection. In addition, while most wild radish plants

in this population germinate quickly and flower within 4-6 weeks, much more time was

taken to eliminate selection for early germination and flowering, so that the nine

generations took about nine years to complete. Ancestral populations were maintained as

seeds at 4°C. For further details see (Conner 2002).

Field assay ofMA

Experimental Design.— All three populations (Ancestor, MAI, MA2) were germinated,

grown and crossed in the greenhouse for one generation prior to planting in the field

(common garden generation ten). The field generation corresponds to nine

10
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generations of mutation accumulation, because the common garden generation included

the ancestor and therefore the MA populations did not accumulate additional mutations

relative to the ancestor in this generation. Populations were regularly interspersed on the

greenhouse benches to eliminate average maternal environmental differences among

populations. Families were created using a nested half-sib mating design with 75 sires

and three dams per sire creating 225 full-sib families. Due to failed germination and

crosses the final numbers were 75 ancestral sires (207 dams), 70 MAI sires (201 dams)

and 68 MA2 sires (193 dams). Two MAI sires were only crossed with two dams but all

others were crossed with three. One offspring fiom each full-sib family was grown in the

field trial.

Seeds from the common garden generation were germinated in the greenhouse to

ensure high germination success; germination was recorded daily. All seeds were

weighed prior to planting. Initially one haphazardly chosen seed per dam was planted. If

the first seed did not germinate within one week, a second seed was planted. If the

second seed did not germinate, two more were planted and this was continued until a seed

germinated or no more seeds were available. A maximum of seven seeds were planted

for a single dam, and 25 dams failed to have any offspring germinate, leaving germinated

offspring from 201 ancestral, 193 MAI, and 182 MA2 dams (576 total). The first seed

planted germinated for 90% of the dams and more than four seeds were planted for only

2.5% of dams.

Seedlings were planted in May 2001 at Kellogg Biological Station (KBS) in

southwestern Michigan. Planting took place before seedlings had their first true leaves,

within five days of germination. Individuals from each population were randomly

12



assigned to one of seven blocks in the field with 90 individuals per block (30 from each

population). The populations were regularly interspersed in the field within blocks, in ten

rows by nine columns, with one-meter spacing. Mortality and date of first flowering

were recorded. A large number of plants (227 out of 576) were lost early in the

experiment to rabbit herbivory due to a hole in the fence surrounding the field. Once the

hole was repaired, mortality was low until the end ofthe season (90% survived to

flowering). All stems, flowers and fruits were collected and counted for each plant. The

number of seeds in each fruit was also counted on all fruits allowing the calculation of

seeds per fruit and total number of seeds (lifetime female fitness) for each plant.

Study site.— The field used in this study is located at the Plant Ecology Field Lab

ofKBS. This site was an agricultural field before its addition to the field station, thus it

represents the type of habitat in which wild radish might be found naturally. In order to

further simulate the natural agricultural habitat we tilled the field before planting.

Analysis.—- The measured traits were divided into parental and offspring groups.

Each group was analyzed first with a MANOVA and then with individual ANOVAs for

each trait using SAS (SAS Institute 2001). Parental traits were average seed weight,

germination success (proportion of seeds germinated), and average days from planting to

germination. The parental traits, including germination success, represent averages of all

of the multiple seeds planted per dam; therefore, they represent traits of the parents not

traits of any single offspring. Traits of individual offspring were partitioned into

multiplicative fitness components (survival to flowering, reproductive lifespan (number

of days in flower), flowering stems produced per day, flowers produced per stem, the

proportion of flowers that set fruit, and the average number of seeds per fruit); their

13



product is total lifetime female fitness (number of seeds). The plants that died before

flowering (those eaten by rabbits plus 34 that died for unknown reasons) were not

included in the last four fitness components but were included in total fitness. The

multiplicative fitness components are largely independent (r S 0.19), while the raw

variables are highly correlated. Population was a fixed effect in the model. Block and

sire (nested within population) were modeled as random effects. A planned contrast

comparing the mean of the two MA populations to the ancestral mean was performed for

each trait. Residual plots showed no signs of serious heteroscedasticity.

This portion ofthe study was designed to test for a change in mean, but the

inclusion of multiple offspring per sire allows us to test for significant additive genetic

variance as well. Additive genetic variance within each population was estimated as four

times the sire variance component in a model estimating separate variances for each

population. The presence of significant sire variance was tested by performing a one-

tailed Chi-square test comparing the two-tirnes log likelihood of the model including sire

to that of the model without sire (Littell et al 1996). The hypothesis of greater variance in

the MA populations was tested by comparing a model estimating one sire variance across

all three populations (equal variance model) to one estimating separate (unequal)

variances for each population. Significance was tested by performing a one-tailed Chi-

square test comparing the two-times log likelihood ofthe full model (unequal variance)

to that ofthe reduced model (equal variance). This test has two degrees of freedom

because the models differ by two parameters (the equal model estimates one variance and

the unequal model estimates three variances). Significance of this test indicates different

14



 

variances among the three groups but does not specifically indicate significantly greater

variance in the MA groups relative to the Ancestor.

Greenhouse assay ofMA

Experimental design.— The fitness assay was repeated in the greenhouse using a

larger half-sibling mating design to more powerfully test for increases in additive genetic

variance (VA) as well as declines in mean fitness due to mutation accumulation. Stored

seeds were planted to create the ancestor half-sibling families. For the MA populations,

seeds from the common garden generation ten (prior to the field assay) were planted to

create the half-sibling families for the greenhouse assay. This planting represents ten

generations of mutation accumulation for the MA populations because new ancestral

seeds were chosen; thus, the common garden generation was an additional generation of

mutation accumulation for the MA populations relative to the ancestor. In each

population, fifty plants were chosen randomly to be sires and three unique dams were

assigned randomly to each sire to generate 150 full-sibling families nested within 50

paternal half-sibling families. Due to space constraints, the 50 half-sibling families were

split into two blocks of 25 that were grown and crossed at different times. Due to failure

to set seed, six full-sibling families were lost resulting in 148 ancestral full-sibling

families, 149 MA] full-sibling families and 147 MA2 full-sibling families.

Seeds from these families were grown in the greenhouse under water and nutrient

stress. For the ancestor, four seedlings per dam were grown (592 seedlings; 577 survived

to produce fruit). Two seedlings per dam were grown for each MA population (298

MA] , 297 survived to fruiting; 294 MA2, 290 survived to fruiting). This design uses the

same number of ancestral plants as MA plants, increasing the power to detect differences
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in mean and variance between the ancestor and the MA populations. Two offspring per

dam provided reasonable power to detect changes in additive genetic variance for two

reasons. First, the number of sires is the primary determinant ofthe power to detect

additive variance. Second, environmental variance was minimized by periodically

rotating plant location in the greenhouse (see below).

Seeds were planted in 3-inch pots (to produce water stress) with Metro-mix 360

and fertilized with a total of 5 g Osmocote Plus 15-9-12 (NPK) controlled release pellets

(nutrient stress). Fertilizer was applied gradually, 1.25 g was applied just after planting,

1.25 g applied just before flowering and 2.5 g applied during peak flowering. A regular

dose is 5 g of Osmocote pellets applied at planting rather than gradually over the life of

the plant. To compensate for failures in germination, six seeds were planted for each

ancestral dam and four seeds for each MA] and MA2 dam. Extra seedlings were thinned

or transplanted to pots from the same dam that did not have seedlings. When necessary,

additional seeds were planted until the desired numbers of offspring were achieved.

During germination, pots from the three populations were regularly interspersed in flats

of 33 plants (11 from each population) to eliminate average environmental differences

between populations.

Once plants had germinated they were transferred to new flats containing

individuals from one population only, with one offspring from each ofthe 25 sires in a

time block (25 plants from different families per flat). There were 24 ancestor flats, 12

MAI flats and 12 MA2 flats. Flats were spaced at least 29 cm apart to minimize

accidental cross-pollination between groups. Flat order on the greenhouse bench was

randomly assigned within each population and each flat bordered two other flats, one

16



from each of the other two populations. Flat position was re-randomized twice a week

prior to flowering to minimize environmental differences among flats. Within-flat pot

position was randomized initially. Two greenhouse rooms were used and assignment of

flats to rooms was random. Germination and first day of flowering were recorded daily.

Once flowering began, mass pollination was performed within each population (primarily

within a flat) two to three times per week until flowering ceased. Flowers were

pollinated by sweeping a paintbrush haphazardly across the tops of all open flowers in a

flat for five to seven minutes per flat.

Pollen viability was assayed on one newly opened flower of two haphazardly

chosen offspring per sire for the ancestral population (n = 100) and on one offspring per

sire for MAI (n = 50) and MA2 (n = 50). Viability was assessed by the Heslop—Harrison

fluorochromatic reaction (FCR) test (modified fi'om Kearns & Inouye 1993 and Thomson

et al. 1994) as follows. A single newly opened flower was collected from the focal plant

and the cut pedicel placed into 10% sucrose for a maximum of three hours. A sample of

pollen (about 100 grains) was removed from one anther with a pin and placed in a single

drop of Fluoroscein diacetate (FDA) solution on a glass slide. The sample was incubated

for 5-10 minutes at room temperature in the dark before a cover slip was added. All

strongly fluorescent (viable) grains were counted under epifluorescent illumination. A

count of all grains was then performed under visible-light illumination.

Ovule number was counted for one newly opened flower from two offspring for

each ancestral dam (n = 296) and one offspring for each MAI dam (n = 149) and MA2

dam (n = 144, 3 not collected). Fruits were collected as they ripened and all seeds were
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counted. Once plants senesced all shoots were collected and all flowers and fruits were

counted.

Analysis.— Results for pollen viability, ovules per flower, flowers produced,

fruits per flower, seeds per fruit and total seeds produced were analyzed using the

MIXED procedure in SAS (SAS Institute 2004). Population and block were fixed effects

and sire (nested within population and block) and dam (nested within sire, population,

and block) were random effects. A priori contrasts were constructed comparing the

ancestor mean to the mean of the two MA lines to test for decreased fitness ofthe MA

lines. The multiplicative fitness components, pollen viability and ovules per flower were

log(Y+l) transformed to reduce differences in scale between variables and analyzed with

MANOVA. The untransformed data, including total seeds produced, were also analyzed

with univariate ANOVAs. Residual plots showed no signs of serious heteroscedasticity.

Additive genetic variance was estimated from untransformed data as previously described

for the field study.

Results

FieldAssay ofMutation Accumulation

The means did not differ significantly between populations for any trait (Figure

2.2; MANOVA parental traits F2300 = 0.38, P = 0.7; MANOVA offspring traits F232.” =

1.83, P = 0.16), and while lifetime fitness (number of seeds produced) declined in the

MA populations relative to the ancestor, this decline was not statistically significant

(Figure 2.2J). The estimated fitness difference between the Ancestor and the MA lines

was 7.4 seeds (s.e. = 5.7), which represents a 17.9 percent fitness decline due to the nine

generations of mutation accumulation. The fitness component that declined the most was

18



 

survival to flowering (Figure 2.2C). Germination success was high and similar across

populations (Figure 2.2B), suggesting that little or no inadvertent selection on this trait

occurred.

There was evidence for increases in VA in the MA populations. Significant sire

variance was found for survival to flowering, stems per day, and fruits per flower in

population MAl, for flowers per stem and seeds per fruit in population MA2, but not for

any trait in the Ancestor (Figure 2.3). All traits with significant sire variance also showed

evidence of significant differences in sire variance among populations (Figure 2.3).

Greenhouse Assay ofMutation Accumulation

The MANOVA was significant (172,141 = 3.49, P = 0.03), indicating differences in fitness

between the populations. The planned contrast was also significant (171,115 = 3.78, P =

0.05), demonstrating that the significance of the MANOVA is due to a decrease in mean

fitness of the MA populations relative to the ancestor. The estimate of difference of the

MA lines from the Ancestor was 5.1 (s.e. = 2.9), that is, fitness of the MA lines is 6.6

percent lower than that of the Ancestor. Univariate ANOVAs showed that the

significance of the MANOVA contrast was likely due to two individual traits: fruits per

flower showed a significant decrease in the MA populations relative to the ancestor

(Figure 2.4D), and the decrease in pollen viability approached significance (Figure 2.4A).

The univariate ANOVA for number of seeds produced showed a nearly significant

decrease (Figure 2.4F) in the MA populations relative to the ancestor.

There was evidence for increased VA due to mutation accumulation for fruits per

flower in population MA2 (Figure 2.5B). There were no statistically significant

differences in additive variance among populations for any other trait. However,

19



Figure 2.2. Field assay least-square (LS) means (+/- two standard errors) of fitness

components from individual ANOVAs. (A) seed weight, (B) germination success, (C)

days from planting to germination, (D) survival to flowering, (E) reproductive lifespan

(number of days in flower), (F) flowering stems produced per day, (G) flowers per stem,

(H) proportion of flowers setting fruit, (1) average number of seeds per fruit, (.0 total

lifetime seed production. P values are from planned contrasts of the ancestor to the mean

of the two MA populations.
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Figure 2.3. Field assay additive genetic variances (VA; +/- one standard error) for fitness

characters. Traits as in Figure 2.2. Note that some Y-axes do not start at zero. P values

are from the test for differences in VA among the three groups (see Methods). Asterisks

indicate individual variances that are significantly greater than zero (P < 0.05).
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Figure 2.4. Greenhouse assay least-square (LS) means (+/- two standard errors) of fitness

characters. (A) pollen viability, (B) ovule number, (C) flower number, (D) fruits per

flower, (E) seeds per fruit, (F) seed number. Note that the Y-axes do not start at zero. P

values are from contrasts of the ancestor to the mean of the MA populations.
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Figure 2.5. Greenhouse assay additive genetic variances (VA; +/- one standard error) for

fitness characters. Traits as in Figure 4.2.4. Note that some Y-axes do not start at zero. P

values are from the test for differences in VA among the three groups (see Methods).

Asterisks indicate individual variances that are significantly greater than zero (P < 0.05).
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there were non-significant trends for at least one MA population to have a larger estimate

ofVA than the ancestor for all traits except seeds per fruit. Significant VA was found for

only three traits: flowers and fruits per flower in MA2 (Figure 2.5A, D) and number of

seeds in the ancestor (Figure 2.5F). All other populations and traits had estimates ofVA

that were not significantly different from zero.

Discussion

No mean differences in fitness were detected in the field, although a trend for

decreased fitness in the MA populations relative to the ancestor was present for four of

ten traits (seed weight, survival to flowering, flowers per stem and lifetime fitness). The

greenhouse assay did reveal significant decreases due to MA in the overall MANOVA,

for fruits per floWer, and a marginally significant decline in lifetime female fitness,

number of seeds. However, the percent decline in fitness was almost three times greater

in the field than in the greenhouse (1.99% versus 0.66% per generation); the higher

statistical significance in the greenhouse results from lower variance in the fitness

estimates due to larger sample sizes and lower environmental variance. These estimates

of fitness decline are for heterozygous mutations and are similar to the highest

heterozygous estimates of2% per generation in Drosophila (Lynch et al. 1999).

Assuming h ~ 0.15 — 0.3 for mildly deleterious mutations (Lynch & Walsh 1998), our

estimates correspond to a homozygous decline of ~6-11% per generation in the field and

~2-4% per generation in the greenhouse. Declines such as these could present a

substantial challenge to a small population in nature. Alternatively, they could be biased

upward by selection or recombination (see below).
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One possible explanation for not observing stronger statistical support for a

decline in fitness is an inherently low rate of mutation combined with a relatively short

period of mutation accumulation (nine or ten generations). Ofthe MA studies that

assayed fitness at or near ten generations, three found a decline in mean under some

conditions (Shabalina et al. 1997; Schultz et al. 1999; Schoen 2005) while two found no

difference from the control (Vassilieva & Lynch 1999; Shaw et al. 2000). These latter

two studies continued and were assayed at later times — Shaw et al. (2000) still reported

no significant decrease in fitness in A. thaliana after 17 generations, but Vassilieva &

Lynch (1999) found a significant decrease for some traits in C. elegans after 50

generations. These studies demonstrate that it is possible to statistically detect the effects

of mutation accumulation after ten generations, though it is not guaranteed.

Potentialproblems with MCN designs

Shabalina et al. (1997) used a breeding design similar to ours with two large

populations (N, =1 400 per population, smaller than ours) ofDrosophila melanogaster and

detected a significant decrease in fitness after ten generations. Several concerns that were

raised by Keightley et al. (1998) about the interpretation of the MCN experiment of

Shabalina et al. (1997) could potentially apply to our experiment. First, adaptation in the

MA lines to the greenhouse environment is possible. Within-family selection, due to

inviable seeds, would result in adaptation to the greenhouse during mutation

accumulation. We minimized this source of selection by randomly choosing a single

seed per individual for the next generation, thus allowing genetic drift to dominate

within-farnily selection. Adaptation to the MA environment could have operated in

Shabalina et al.’s (1997) experiment, where 20% mortality was experienced each
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generation in the MA populations. In contrast, our populations experienced much lower

mortality, only losing three percent of dams per generation. There was a large decline in

fitness per generation in the greenhouse, and no significant difference between Ancestor

and MA lines in germination success in the greenhouse, which argue against a major

effect of selection during MA, because adaptation to the greenhouse should make the

decline in fitness in the MA lines relative to the ancestor smaller. Thus, the greenhouse

comparisons are conservative in the event of selection during MA.

Second, if selection occurs in the seeds ofthe Ancestor population during storage,

then lower fitness ofMA populations relative to the Ancestor could be due to increased

Ancestor fitness rather than decreased MA fitness. However, in our study germination

success was high (93-96%) and not significantly different between Ancestor and MA

lines. This is in contrast to the low recovery from cryopreservation ofthe controls (8-

18%) in Shabalina et al. (1997). Thus, adaptation ofthe control is unlikely to be a

problem in this study due to low opportunity for selection in the Ancestor.

Finally, Keightley et al. (1998) suggest that inbreeding depression could cause a

decrease in fitness similar in magnitude to that observed by Shabalina et al. (1997).

Shabalina et al. (1997) maintained populations ofNc z 400, leading to an increase in the

inbreeding coefficient of U800 per generation or 4% by the end of the experiment (Crow

& Kimura 1970). Our populations were maintained with Nc z 600 resulting in an

increase in the inbreeding coefficient of 1/1200 per generation or 0.8% by the end ofthe

experiment. A previous study of inbreeding depression in the closely related R. sativus

found no reduction in total fitness after inbreeding at F = 0.0315 (3.15%) in a natural
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population (Nason & Ellstrand 1995). These data suggest that our level of inbreeding

would not produce effects on fitness similar to those we have observed.

Comparison OfMCNDesigns To Single-Ofifspring Descent

The inability to reproduce by selfing ofmany sexual organisms presents a

challenge for mutation accumulation experiments. The time (20 generations or more)

required to create genetic homogeneity through inbreeding before the start of an MA

experiment is impractical in most cases, and would require strong selection against

deleterious recessives in an obligate outcrosser like Raphanus, so that the lines would no

longer be representative of natural populations. One method used in Drosophila (but not

available in Raphanus) is balancer chromosomes (where crossing-over is reduced), which

protects one chromosome from selection (Mukai 1964; Mukai et al. 1972). Another

approach is the MCN design, which was used by Shabalina et al. (1997) and in this

experiment. The main difference between the single-offspring descent selfing method

and MCN is the probability of fixation of a new mutation. In selfmg lines, 75% of the

offspring will carry a new mutation, with one-quarter homozygous for it. So there is a

25% probability of fixation and a 25% probability of loss of a new mutation each

generation due to chance. In our MCN design, each individual has two offspring so the

genetic contribution is the same as in a selfing experiment (two genomic complements).

Half of the offspring will carry the new mutation but never in a homozygous form.

However, there is a 25% probability that both offspring will carry a copy of the mutation

and thus two copies will be passed on to the next generation. Similarly, there is a 25%

probability that neither offspring will carry the mutation (it will be lost from the

population). While fixation of a new deleterious mutant is unlikely in a MCN design, the
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probabilities of loss and transmittal of new mutations are the same in inbred lines and

MCN designs. An advantage of outbred MCN designs is that they allow the

accumulation ofmore deleterious recessive mutations, such as homozygous lethals.

These mutations will be eliminated from an inbred design but are much more likely to

accumulate in heterozygotes in a MCN design.

Thus, the main difference between inbred and MCN mutation accumulation

experiments is in the expression of new recessive mutants. If most new mutations are

partially recessive, their effects will be more difficult to observe in MCN populations,

where nearly all mutations will be heterozygous. Partially recessive mutations are likely

— the dominance of deleterious alleles has been estimated as h ~ 0.1 overall and h ~ 0.15

to 0.3 for mildly deleterious alleles excluding lethal alleles (h = 1 is completely dominant

and h = 0 completely recessive; Lynch & Walsh 1998). Note that partially recessive

mutations will have an effect on fitness in a heterozygous form, so while new mutations

will have stronger phenotypic effects in an inbred design they will still affect fitness in a

MCN design.

There are two additional disadvantages ofthe MCN design compared to inbred

line studies. First, declines in fitness could be due to recombination breaking up adaptive

gene complexes rather than the accumulation of mutations; this problem is difficult to

deal with. Second, declines in fitness could be due to rare deleterious mutations that

were present in the natural population and that increase in frequency due to reduced

natural selection in the lab. This is not a problem in the inbred line studies that are

initiated with isogenic base populations. However, using large, outcrossed populations as

in our experiment will minimize the effects of genetic drift and inbreeding in increasing
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the frequency ofthese pre-existing mutations when selection is relaxed. Thus, we

assume that the frequency of pre-existing deleterious mutations in the Ancestor

approximated their frequency in the MA populations at the end of our experiment.

Measurements OfMA In Multiple Environments

Dependence of mutational effects on the assay environment has been studied for

several systems. Studies in Drosophila illustrate the variety of results of such studies.

Fry & Heinsohn (2002) found no interaction of mutations and environment on viability in

Drosophila measured under high and low densities, normal and low temperatures, and

presence/absence of ethanol. Two other studies have found an effect of environment on

mean decline in fitness. Shabalina et al. (1997) measured competitive ability (primarily

survival), motility, and longevity under benign and harsh competitive conditions (low and

high density), and found little to no decline in mean under benign conditions but did find

a decline in mean viability under competitive conditions. Kondrashov & Houle (1994)

studied genotype-environment interactions for accumulated mutations in Drosophila with

three factors: parental density, dilution of the growth medium, and temperature (crossed

with medium dilution), and found a larger decline in mean fitness (productivity) under

harsh conditions. Our results are similar to the latter study since we found a trend toward

decreased fitness that was proportionally larger under harsher field conditions compared

to more benign greenhouse conditions (overall seed production was greater in the

greenhouse: compare Figures 2.2J and 2.3F). Thus, our study does provide some support

for the magnification of mutational effects under stress. However, some of this

magnification could be due to the fact that the field was not the environment under which

mutations accumulated (but it is the recent natural environment of this species).
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Conclusions

The low rate of mutation and small average mutational effect on fitness require large

sample sizes and controlledconditions for the estimation of mutational parameters,

making studies of fitness effects of spontaneous mutations challenging. While it is more

difficult, we have shown that the effects of mutation can be detected with outbred

populations (also demonstrated by Shabalina et al. 1997 and Schoen 2005) and, for the

first time, under field conditions. We found a trend for decreased fitness and evidence of

increased additive genetic variance after nine or ten generations ofMA. In addition, we

found support for the idea that harsher environments exacerbate the deleterious effects of

mutations, resulting in a decline in fitness in the field that is nearly three times the decline

found in the less stressful greenhouse environment.
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CHAPTER 3

FIELD MEASUREMENTS OF GENOTYPE BY ENVIRONMENT INTERACTION

FOR FITNESS CAUSED BY SPONTANEOUS MUTATIONS IN ARABIDOPSIS

THALIANA

with Jeffrey K. Conner, Charles Fenster, and Matthew Rutter

Introduction

Spontaneous mutation is one of the most fundamental processes in evolution,

important in maintaining genetic variation for quantitative traits (Houle et al. 1996). The

genetic load caused by slightly deleterious mutations may favor the evolution of sexual

reproduction (Keightley & Eyre-Walker 2000) or threaten the persistence of small

populations (Lande 1994; Lynch et al. 1995). Mutational pressure may also be involved

in the evolution of senesence (Partridge & Barton 1993). Many recent laboratory studies

have addressed the rate of mutation (e.g. Fry 2004), the distribution of mutational effects

on fitness (e.g. Shaw et al. 2000) as well as the extent of environmental dependence of

the fitness effects of new mutations (e.g. Fry & Heinsohn 2002; Chang & Shaw 2003;

Kavanaugh & Shaw 2005). However, nothing is known about these parameters in field

environments. A

Two approaches are often used in estimating mutation rates and effects. The first

relies on either estimates of inbreeding depression in natural populations (Charlesworth et

al. 1990; Johnston & Schoen 1995) or on pattems of base substitution across species

(Ohta 1995; Eyre-Walker et a1. 2002; Wright et al. 2002). The second, and more

common, method is mutation accumulation (MA), which can estimate both the rate of

genomic spontaneous deleterious mutation (U) and the distribution of effects on fitness.
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MA studies are conducted by relaxing selection for many generations thus

allowing mutations to accumulate, using either isogenic lines or large random mating

populations. Selection may be reduced by minimizing population size to a single

individual and allowing genetic drift to dominate (in isogenic lines; e.g. Shaw et al. 2000)

or by equalizing fitness among individuals in large random mating populations (e.g.

Shabalina et al. 1997). The fitness ofthe advanced generation MA lines is then assayed

alongside the ancestor, which has no new mutations. Under the expectation that most

mutations are deleterious, mean fitness is expected to decrease in MA lines or

populations relative to the ancestor. The addition of new mutations is also expected to

increase genetic variance among the MA lines or within the MA populations relative to

that of the ancestor. From these two quantities, change in mean and variance, the whole

genome spontaneous deleterious mutation rate (U) can be estimated in isogenic designs

(Bateman-Mukai method; Lynch et al. 1999).

Published studies to date have only estimated the rate and effects ofnew

spontaneous mutations under laboratory conditions so that the effects ofMA on fitness

under field conditions remain unknown. Stress may increase the negative fitness impacts

of mutations (Kondrashov 1998); thus, we might expect that mutations which increase

fitness in the lab or greenhouse may not do so under the harsher conditions ofthe field.

A number of studies have shown that the magnitude and direction of mutational effects

on fitness may vary with environmental conditions (Kondrashov & Houle 1994; Fry et al.

1996; Shabalina et al. 1997; Vassilieva et al. 2000; Szafraniec et al. 2001; Xu 2004).

When the relative fitness ofMA lines changes across environments, there is genotype by

environment interaction (GEI) for the new mutations. If GEI is common for new
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mutations then it is important to measure mutational effects under multiple environments.

Ofparticular interest would be mutations that are deleterious in one environment and

beneficial or neutral in another (Lynch et al. 1999). In addition, understanding the

pervasiveness of GEI is important in applying the results of laboratory studies to

evolutionary processes in natural populations.

While it is not practical to conduct MA fitness assays of many model organisms

(e.g. Drosophila or C. elegans) under natural conditions, it is feasible to conduct studies

in a field setting with plant species such as Arabidopsis thaliana. We measured the

effects ofMA on the lines initiated by Shaw et al. (2000) under field conditions. Only

two studies that we are aware ofhave attempted to measure MA under field conditions

(Conner & Roles, in prep; Rutter & Fenster, in prep). We expand upon this work here,

with two field sites, in Michigan and Virginia, studying germination through fruit

production ofA. thaliana MA lines. The use oftwo field sites allows us to study GEI for

new mutations. GEI for new mutations has been examined in two laboratory studies of

these A. thaliana MA lines (Chang & Shaw 2003; Kavanaugh & Shaw 2005). Each

study analyzed the effects of a single manipulated environmental variable (nutrients and

light) and neither found evidence of GEI; however, field habitats will rarely vary in only

a single aspect. The use oftwo field sites, which will differ in many environmental

variables as do natural habitats, should better reflect the differences that might be found

between two natural populations.

Materials 8: Methods

Overview. A. thaliana fills many of the ideal requirements for an organism in

which to study spontaneous mutation: short life cycle, high fecundity, and reproduction
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by selfing. In addition, it is possible to maintain viable seeds for long periods, allowing

us to directly compare fitness with and without newly accumulated mutations. Native to

Europe, A. thaliana is widely distributed across the continent (Ratcliffe 1965) and has

now invaded many other habitats, including North America.

In this study, we planted seeds derived from the Columbia type in the field during

fall 2004 and measured germination, biomass and reproduction through the spring 2005

season. Here we estimate the effects of mutations on overall fitness in the field. One of

the field sites used (MI, see below) has natural populations ofA. thaliana while the other

site (VA, see below) does not normally contain A. thaliana.

The Columbia type ofA. thaliana is derived from the original collection of F.

Laibach’s Landsberg seed which originated in northwestern Poland (Landsberg/Warthe;

Robbelen 1965) and was sent to G. Redei in Columbia, Missouri where a single plant was

chosen to found the Columbia ecotype. It should be noted that a subset of Laibach’s

Landsberg seeds, whiCh founded the Landsberg erecta type, were irradiated but the seeds

used to found the Columbia type were not irradiated (NASC;

http://seeds.nottingham.ac.uk/Nasc/detail/2005/bglines.lasso). Neither of our field sites is

the collection site of the original A. thaliana Columbia type and thus does not reflect

precisely the environment to which this genotype is expected to be adapted. However, A.

thaliana is widely distributed and these sites do represent environments commonly

experienced by this species.

Mutation accumulation. The mutation accumulation lines were developed and

maintained in the lab of R. Shaw at the University of Minnesota as described in Shaw et

a1 (2000). The 120 MA lines are derived from the seeds of a single individual of the
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Columbia type. The founder was highly homozygous, so any average differences

between MA lines is due only to new mutational variance. The lines were maintained in

the greenhouse by single-seed descent (N. = 1), which reduces selection and maximizes

genetic drift. The founder genotype was maintained as seed stored at 4°C. Due to the

expected large environmental variance in the field, we randomly chose a subset of 50

generation 17 MA lines for the field study. Prior to the field trial, five replicate sublines

were created of each of the 50 MA lines and each of 6 Ancestor lines to generate seed

(common garden generation). Ancestor lines were created from the generation zero seed

and six such plants were chosen to represent Ancestor lines in the common garden

generation. Offspring of the common garden generation were planted in the field for this

experiment. The entire design was replicated at two sites, Kellogg Biological Station in

Hickory Corners, Michigan (MI) and Blandy Experimental Farm in Boyce, Virginia

(VA). At each site, we planted 140 replicates of each MA line (28 seeds from each of five

sublines X 50 lines = 7000 MA individuals). The Ancestor genotype was represented by

84 (VA) or 90 (MI) replicates of each of six Ancestor lines with (18 seeds from each of

five sublines X six lines = 540 Ancestor individuals at MI; 14 seeds from each of six

sublines X six lines = 504 Ancestor individuals at VA). Individuals were planted in the

field as seeds and germination was recorded in the fall. In the spring, survival, flowering

and fruit production were recorded; entire plants were harvested upon cessation of

flowering. Methods and layout for each site are detailed below.

Kellogg Biological Station, Michigan. The field site was a fenced enclosure on

the site of an old agricultural field. Single seeds were planted in peat pots (size 4.45 cm

by 5.08 cm deep) using topsoil originally from the site. This soil was used to line an
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artificial pond for ten years before being used in this experiment, which greatly reduced

the viable seed bank. Blank pots containing no seeds (N = 650) were planted to control

for natural recruitment ofA. thaliana in the field at MI. Of blank pots, 2.3% germinated

a seedling and 0.9% produced flowers, while 26.4% percent of experimental pots

germinated seedlings and 8.9% percent produced flowers. Of experimental pots that

germinated seedlings, 4.7% produced more than one seedling. Germination oftwo

seedlings could be due to accidental planting oftwo seeds while germination of more

than two seedlings is most likely due to recruitment from the natural population. Thus,

we are confident that the vast majority of our data is from experimental plants.

Pots were planted in 70 blocks in the field, each containing 117 pots. Each block

consisted oftwo seeds from each MA line, seven or eight Ancestor seeds, and nine or ten

blank pots. Sublines were randomly assigned to blocks. Pot identity (MA seed, Ancestor

seed, or blank) was assigned randomly. Blocks were spaced 0.75 m apart on the north-

south axis and 1.0 m apart on the east-west axis to allow observation of each pot fi'om

above. Within blocks, pots were spaced 10 cm apart. Pots were filled with top soil to

about 1 cm from the top of the pot, seeds were placed into filled pots and all pots were

thoroughly bottom-watered and then misted from above just before planting in the field.

Blocks were planted over three consecutive days starting October 25, 2004: Blocks 1-20

on day one, Blocks 21-40 on day two and Blocks 41-70 on day three. Pots were not

watered after planting in the field. The first rain fell two days after planting was

completed. Germination was recorded weekly until November 22nd. Twice-weekly

checks of flowering and mortality began in the spring on April 5th. Above-ground
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biomass including fruits were collected for plants that flowered (N = 621) when they

ceased flowering or died.

Blandy Experimental Farm, Virginia. Seeds were planted in the same size peat

pots as those at MI (4.45 cm by 5.08 cm deep) using Sunshine # 3 as the soil mix. One

seed was planted per pot. A. thaliana does not occur naturally in the experimental plot

thus no blank control pots were necessary at VA. Pots were planted in 14 blocks, each

containing 536 pots. Each block consisted of 10 seeds per MA line (two plants per

subline by five sublines) and 36 Ancestor seeds (six seeds per subline by six sublines).

Blocks were spaced to allow for observation from above. Pots within blocks were spaced

10 cm apart. Pots were filled with soil mix to about 1 cm from the top of the pot. Blocks

were planted over two days (October 30-31, 2004). Germination was recorded weekly

until December 16th. Weekly flowering and mortality checks began in the spring on

March lst. Above-ground biomass including fruits were collected for plants that

flowered (N = 1602) when they ceased flowering or died.

Data preparation. Four response variables were calculated for analysis.

Germination and survival to flowering were coded as presence/absence. Germination

included all individuals while survival to flowering included only individuals that

germinated. Fruit number only included individuals that survived to flowering. Total

fitness was calculated as the product of germination, survival to flowering and Mt

number. Groups of five adjacent blocks at M1 were combined for analysis to form blocks

of a similar size to that of VA, resulting in 14 blocks at each site.

The distribution of raw line means for fruit number and total fitness was normal

for the entire dataset but when separated by site, the distribution was normal for VA and
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not normal for M1. In addition, the variance of line means was much smaller due to the

means being much smaller at MI than at VA for these three traits, thus violating the

assumption of equal variances. Log transformations were performed to address these

issues, but results were similar so only analyses of untransformed variables are presented

here. Germination and survival to flowering were normally distributed and not log-

transformed. For presentation purposes, variables were relativized by site to reduce

issues of scale. Relative values were calculated by dividing raw values by the site mean

value. Except for the estimates of site means, the results of analyses of relative values

was identical to that for raw values.

Evidence for accumulated mutations comes from both a change in mean fitness

between the Ancestor (generation 0) and the MA lines (generation 17) as well as by the

presence of significant among-line (genetic) variance ofMA lines due to new mutations

(V1,). The Ancestor is expected to have no genetic variance because it was derived from a

single highly homozygous individual. Screening of molecular variation also failed to

find genetic variation (Shaw et al. 2000).

To test whether there is significant V1, in the MA lines, among-line variance of

MA lines was analyzed using the MIXED procedure in SAS (SAS Institute 2004). All

traits were modeled individually as the sum of random effects of the ith line nested in the

gth linetype (li(tg)) and thejth maternal subline nested within each line and linetype (ml-(l,-

tg)) in the kth block (bk), as well as the fixed effects of linetype (tg; MA or Ancestor) and

of the site at which the plant grew (Sf), the random effect of the interaction between site

and line (sf*1i(tg)), and error (e). This represents the equal variance model including the

test for GEI (sf*l.(tg)). An unequal variances model, estimating separate variances for
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each site, was also run for each variable. The separate variances estimated for each site

replaces the site by line interaction in the equal variance model. Parallel models fitting

separate variances for each linetype (MA vs. ancestor) were also fit.

The components of the model were estimated by restricted maximum likelihood

(REML) and significance of each factor was tested with a likelihood-ratio test. The

difference in the two-times log-likelihood ofthe firll model minus the model with each

effect removed was compared to a one-tailed Chi-squared distribution (one-tailed because

variance components cannot theoretically be negative; Littell et a1 1996). The fit of the

unequal variance model was also tested with a likelihood-ratio test. The unequal variance

model was compared to an identical model which was constrained to equal line variances

for the two sites and included the site"‘line interaction (as above). The unequal variance

model was a better fit for all variables (P < 0.02; one-tailed Chi-square) except survival

to flowering, thus this model was used in subsequent analyses. Survival to flowering was

analyzed with the equal variances model. Estimating equal variances for the line effect

was a better fit for all variables, overall and at each site.

For each trait overall and at each site, the per-generation increase in genetic

variance due to mutation (VM) was calculated as VM = L /2t , where t is the number of

generations of divergence (Lynch & Walsh 1998). Mutational heritability (hf, ), which is

the rate of increase in heritability due to new mutations, was calculated as hi, 2 M /VE .

The mutational coefficient of variation (CVM ), which standardizes VM by the trait mean,

was estimated as CVM = 100 x fi/X (Houle et al 1996).

Results
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No significant decreases in mean fitness of the MA lines relative to the Ancestor

were found for any trait (Table 3.1). In fact, the MA lines had significantly greater

survival to flowering and a trend toward increased fruit number compared to the ancestor.

For nearly all traits, the REML estimate of among-line variance for the Ancestor was

zero as expected, and was not significantly greater than zero for any trait (Table 3.2).

There was significant VL for total fitness overall (Figure 3.1, Table 3.2), which is

evidence that mutations affecting fitness did indeed accumulate. This increased variance

was due mostly to the germination and survival to flowering fitness components.

However, because estimates of V1, have large standard errors, we did not detect

significantly more variance in the MA lines relative to the Ancestor for any trait. Values

for mutational variance, mutational heritability and the mutational coefficent ofvariation

(Table 3.2) fall within the range observed in other species (Lynch 1988; Houle et a1

1996).

Mean trait values were significantly different between MI and VA for all traits

(Table 3.1). Significant GEI was found in the MA lines for all response variables. Plots

of all traits in the two sites show substantial crossing of reaction norms (Figure 3.2). In

contrast, there was no evidence of GEI among the Ancestor lines for any trait, as

expected. Correlations ofMA line means between the two sites are not different from

zero (Figure 3.2), indicating that the trait value in one environment does not predict the

trait value in the alternative environment. Thus, a mutation which decreases fitness in

VA may be neutral in MI. There was no significant site by linetype interaction,

indicating that though fitness is lower overall in M1 the proportional change in fitness due

to new mutation is similar in MI and VA.
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Figure 3.1. Among-line variation in mean total fitness by site. Gray distribution = MA

lines. Black distribution = Ancestor. Values were averaged by line. NM = 50 families.

NAM = 6 families. (A) VA, (B) MI.
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Figure 3.1
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Figure 3.2. Genotype by environment interaction for all traits. Reaction norms of

relative trait values were calculated by dividing by the mean within each environment.

Each point represents a line mean. (A) germination rate, MA, (B) germination rate,

Ancestor, (C) survival to flowering, MA, (D) survival to flowering, Ancestor, (E) fruit

number, MA, (F) fruit number, Ancestor, (G) total fitness, MA, (H) total fitness,

Ancestor. Chi-square and P values for significance of GEI are shown. Correlation

coefficients and P values for the significance test for a non-zero correlation are given for

all MA plots.
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Figure 3.2 (cont’d).
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Discussion

Effects ofmutation on mean and variance

In agreement with earlier laboratory studies of these lines, we found no evidence of

decreased mean fitness of the MA lines relative to the Ancestor (Table 3.1; Figure 3.1)

but we did detect significant genetic variance due to new mutations (V1) for total fitness

overall (Table 3.1), confirming that spontaneous mutations accumulated in these lines.

The presence of significant GEI for all of the fitness components in the MA lines is

further evidence that mutations have accumulated. Prior studies of these MA lines have

also failed to find a mean decrease in fitness in various laboratory environments (Shaw et

a1 2000; Chang & Shaw 2003; Kavanaugh & Shaw 2005). Additionally, an independent

experiment using the same A. thaliana ancestor and single-seed descent to accumulation

mutations found no change in trait mean after 11 generations ofMA, even with one set of

MA lines subject to UV-B treatment (MacKenzie et a1 2005).

These findings ofno decline in fitness ofMA lines relative to the Ancestor stand

in contrast to many published MA studies that detect decreased fitness, including an

independent study of 1000 MA lines ofA. thaliana Landsberg erecta (Schultz et a1 1999).

After ten generations of single-seed descent mutation accumulation, Schultz et a1 (1999)

detected a small decrease in fitness relative to the Ancestor for two fitness components

(seed set and total fitness) and significant among-line variance for one (seed set).

However, they failed to find any change in mean or variance for two other traits

(germination success and fruit set). It is important to note, however, that Schultz et al

(1999) used the Landsberg erecta type ofA. thaliana and it is known that Reidy

mutagenized Columbia seeds to create Landsberg erecta. Thus, Schultz et a1 (1999) have
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a different starting genotype. Keightley & Lynch (2003) suggest that the length ofMA

and relatively small number of lines employed by Shaw et al. (2000) may explain the

difference between these two studies. Indirect molecular evidence supports the idea that

mutation should decrease fitness in A. thaliana -- Wright et al. (2002) estimated that

88% of mutations are expected to be deleterious in this species, based on tests for

selective constraint on protein-coding genes. However, failure to detect a decline in

mean fitness due to MA, at least under some assay conditions, is not an uncommon result

(Keightley & Caballero 1997; Shabalina et al. 1997; Vassilieva & Lynch 1999; Shaw et

al. 2000; Zeyl & DeVisser 2001; Azevedo et al. 2002). As suggested above, the length of

the period of mutation accumulation may have been too short to accumulate a substantial

number of mutations affecting fitness. A longer period ofmutation accumulation may

eventually result in a mean decline in fitness for these A. thaliana MA lines.

Challenges to MA studies

Mutation accumulation studies are, in theory, an excellent method of observing the

distribution of mutational effects, estimating the average effect ofmutations on fitness

and estimating the rate of genomic spontaneous deleterious mutations for fitness.

However, these studies are difficult for a number of reasons. They are time-consuming

and frequently fail to detect significant changes in means and variances. Ideally, MA

studies would meet the following criteria: (1) No genetic variance at generation zero.

This would ensure that all observed genetic variance is due to new mutations. (2) Perfect

storage and maintenance of the ancestral genotype (i.e., no opportunity for selection on

the ancestor) so that observed decreases in fitness could not be due to increased fitness of

the ancestor. (3) Multiple independent lines initiated from multiple homozygous
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genotypes; this would give us a better idea of an “average” mutational effect than the use

of a single genotype given that mutational effects are not completely independent of

genetic background. (4) Rapid fixation of mutations and no loss due to drift. (5) Perfect

reduction of selection to zero so that all mutations are maintained (impossible due to

lethal mutations); the latter two qualities would give us the full, unbiased spectrum of

mutations that occurred rather than just a sample. (6) A long period of accumulation, at

least fifty generations for diploids; a long period of accumulation allows a sufficient

number ofmutations to accumulate such that we can unambiguously detect a change in

mean fitness. (7) Accumulation performed under multiple environmental conditions (as

in Xu 2004); use of multiple accumulation conditions allows us to estimate the bias in our

results due to highly deleterious mutations being removed regardless of our attempts to

reduce selection. (8) Fitness assayed under multiple environmental conditions, including

environments representing the natural habitat of the organism as well as the environment

under which mutations accumulated; use of multiple assay environments helps us to

understand the effect of mutations, averaged across many environments (similar to

averaging across genetic backgrounds). Many ofthese characteristics are not achievable;

no experiment can perfectly reduce selection to zero or rapidly fix mutations while

minimizing genetic drift. MA experiments performed with organisms with short

generation times and selfing or asexual reproduction come the closest to meeting these

criteria. However, selection cannot be reduced completely to zero and as a result the

estimates ofmutation rate and effect are biased (due to the removal of mutations that are

highly deleterious). In addition, few MA experiments have utilized multiple genotypes

(but see Baer et a1 2006) or accumulated mutations under multiple conditions (but see Xu
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2004). The use ofmultiple environments and genotypes is one approach to reduce or

estimate the bias in mutation rates and effects. Given these conditions, it is not surprising

that a number ofMA studies fail to detect a decline in mean.

The A. thaliana MA lines employed here meet many of the criteria outlined

above: they are selfing, started from a highly homozygous base and maintained by single-

seed descent. Though it is possible that more generations ofMA would lead to a

significant decline in the mean, other alternatives may also explain these results. Shaw et

al (2002) modeled the distribution of mutational effects for the MA lines employed by

Shaw et al (2000) and concluded that the presence of new beneficial mutations might

explain the observed phenotypic distribution, with perhaps up to half of mutations being

considered beneficial. This has been a controversial interpretation. Keightley & Lynch

(2003) suggested several alternative explanations (1) The traits measured are under

stabilizing selection, (2) the length ofthe mutation accumulation and replication of lines

was insufficient, and (3) the analysis does not compare alternative models. Shaw et al.

(2003) support the interpretation of seeds per fruit and fruits per plant as appropriate

measures of fitness in their study. They concede that with a longer period ofmutation

accumulation, a decline in fitness may be apparent. Finally, regarding the analysis, Shaw

et a1 (2003) defend their use of a distribution of mutational effects continuous through

zero but allow that their model continues to undergo revision.

The issue of statistical power is also relevant to our study. Perhaps with greater

replication a significant decline in mean would be apparent. However, it is interesting to

compare the lack of decline in mean found by Shaw et al (2000) to the significant decline

in mean observed in Raphanus raphanistrum for total fitness in the greenhouse (Roles &
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Conner, Chapter 2). Roles & Conner (Chapter 2) assayed fitness (total seeds) in the

greenhouse after ten generations ofMA, using a middle-class neighborhood (MCN)

crossing design. Roles & Conner (Chapter 2) maintained two independent populations,

each with N, ~ 300. This crossing design reduces selection by equalizing reproductive

output while drift is minimized by the maintenance of a large population. Theoretically,

many mutations are becoming fixed in A. thaliana while none are fixed in R.

raphanistrum (where they are maintained in heterozygotes). Thus, with relatively low

statistical power (few generations, outbred design) Roles & Conner (Chapter 2) detected

decreased fitness while Shaw et a1 (2000) were unable to detect a change in mean. This

comparison suggests that alternative explanations for the results ofMA in A. thaliana

should be sought. For example, fungal endophytes are ubiquitous and may protect plants

from pathogens, leading to increased fitness (Herre et al. 2005). If some of the MA lines

acquired fungal endophytes during the MA process, they might display higher fitness

than those without the endophytes and the signal of mutational decay would be masked.

Mutational variability

Though we did not detect a decline in mean fitness, we did observe significant arnong-

line variance in the MA lines for several traits (Table 3.2). Mutational heritability ([7124)

describes the per generation increase in heritability due to new mutations for a population

with a homozygous base (Houle et a1 1996). Our values (~1 x 10“) are an order of

magnitude lower than the average (1 x 10'3; Houle et a1 1996) and on the low end of the

observed range for various fitness components in other studies and species (e.g.,

Fernandez & Lopez-Fanjul 1997; Lynch et al 1999; Schultz et a1 1999; Vassilieva et a1

2000; Downie 2003; Xu 2004; Kavanaugh & Shaw 2005; Baer et a1 2006). In
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comparison to laboratory studies using the same MA lines, our estimates of mutational

heritability are much lower than those found by Shaw et a1 (2000) and by Chang & Shaw

(2003) (~1 x 103) but similar to those reported by Kavanaugh & Shaw (2005).

One possible explanation for the low mutational heritability estimated here is high

environmental variance. Prior studies have been performed under controlled conditions

in the greenhouse and are expected to have lower environmental variance than the

uncontrolled field environment. The direct comparison of V5 = 1131.3 for fruit number,

as reported by Shaw et a1 (2000), is substantially lower than our field estimate of V5 =

4516.94 for total fitness overall and V5 = 8959.53 for total fitness in VA. On average, V5

is about 103 VM (Houle et a1 1996) while in our study V5 is on the order of 104 VM; this

difference entirely explains our lower than average values for mutational heritability.

An alternative measure of mutational variability that. does not depend on V5 but

instead scales the variance by the mean is the mutational coefficient of variation (CVM).

In a review of mutational variability, Houle et a1 (1996) found that CVM varies

substantially among traits and organisms with a range of~ 013-2922. Our estimates of

CVM (0.55 - 4.2) are within the range observed for life history characters in Houle et a1

(1996) and similar to the estimates for similar traits in Arabidopsis (Shaw et a1 2000).

These parameters suggest that while mutational variance is expressed similarly in the

field and laboratory, the greater environmental variance in the field may decrease the

efficiency of selection on new mutations relative to the laboratory environment.

GEIfor new mutations

Contrary to prior studies of these A. thaliana MA lines (Chang & Shaw 2003; Kavanaugh

& Shaw 2005), we detected significant GEI for all four fitness components (Figure 3.2).
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Crossing of reaction norms is evident for these traits and all show a cross-environment

correlation that is nearly zero. With no GEI for new mutations we would expect a

correlation not different from one, whereas a cross-environment correlation significantly

less than one is evidence for GEI. These results indicate that the mutations are not

consistent across environments in their effects; lines with the highest fitness in MI often

did not have high fitness in VA.

Prior experiments testing for GEI in these A. thaliana MA lines have failed to

detect any interaction when altering nutrient conditions (Chang & Shaw 2003) and light

conditions (Kavanaugh & Shaw 2005). In contrast, we found substantial GEI in our two

field experiments. One possible explanation for this lack of agreement is the assay

environments. Our two field environments are likely to differ from each other in many

unquantified ways while the two prior laboratory studies each differed in a single

variable. Sample size, and thus power, may also have been a factor. Chang & Shaw

(2003) and Kavanaugh & Shaw (2005) each assayed just 20 MA lines, with 20 replicates

each, while we assayed 50 MA lines, with 140 replicates each. Of course, the greater

environmental variance of the field may balance the larger number of replicates.

Manipulative experiments of single variables in the field may help to elucidate the

relationship between field and laboratory assays.

Mixed results are common among MA studies of GEI for new mutations. In D.

melanogaster, four studies have found evidence of GEI (Kondrashov & Houle 1994; Fry

et a1 1996; Fernandez & Lopez-Fanjul 1997; Shabalina et a1 1997) while one study found

no evidence of GEI (Fry & Heinsohn 2002). It is notable that Fry & Heinsohn used MA

lines that accumulated mutations for only about 30 generations versus over 60
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generations for the other four studies. Perhaps the effects of GEI after 30 generations

were too subtle to be detected but would become apparent after more accumulation.

Studies in C. elegans have failed to find evidence of GEI for new mutations (Vassilieva

et a1 2000; Baer et a1 2006). Both studies accumulated mutations for approximately 200

generations, far longer than the studies in Drosophila or Arabidopsis. However, the

mutation rate may be lower in C. elegans, thus a longer period of accumulation may be

necessary to observe evidence of GEI for new mutations (Baer et a1 2006). Finally, a

single study in Saccharomyces cerevisiae found evidence of GEI for new mutations

(Szafraniec et a1 2001). These studies encompass a broad range oftaxa and life history

strategies. Taken together, the available evidence suggests that GEI for new mutations is

common but may not be ubiquitous. Where GEI is present, it is likely that U for fitness is

underestimated in the laboratory with respect to its value in field environments, as

stressful environments often display lower fitness than benign environments.

In summary, we have found no significant changes in mean fitness, in agreement

with previous studies of these MA lines. However, we did find evidence of substantial

GEI for new mutations in two field environments, contrary to prior work in these lines.

These results suggest that the distribution of mutational effects may be similar between

laboratory and field environments but that single-variable manipulation in the laboratory

may not reflect GEI in a field environment. Further study of genotype-environment

interaction in the field is needed to understand this discrepancy.
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CHAPTER 4

LINKING GENE EXPRESSION AND SPONTANEOUS MUTATIONS:

MICROARRAY STUDIES OF ARABIDOPSIS THALIANA MUTATION ‘

ACCUMULATION LINES

Introduction

The generation of variation through spontaneous mutation is a crucial part of the

evolutionary process. The rate and distribution of fitness effects of spontaneous

mutations are important determinants of predictions of the maintenance of genetic

variation (Houle, Morikawa, and Lynch 1996), the evolution of sex (Keightley and Eyre-

Walker 2000), the evolution of aging (Rose 1991) and the persistence of small

populations (Lande 1994; Lynch, Conery, and Burger 1995). Most studies of

spontaneous mutation have used a phenotypic approach known as mutation

accumulation.

In mutation accumulation (MA), selection is reduced for many generations,

allowing deleterious mutations to accumulate. The cumulative effects of those mutations

are visible in their effects on fitness when compared to a control that has not experienced

MA. Mutation accumulation is usually performed with selfing or highly inbred species

and proceeds by initiating all replicate lines from a single highly homozygous parent

individual (e.g. Schultz et al. 1999; Vassilieva & Lynch 1999; Shaw et al. 2000).

Selection is reduced and the effects of genetic drift maximized. This is achieved by

maintaining a very small population size (often one randomly chosen individual each

generation), with the result that selection must be quite strong to remove a new mutation

(s > 0.5; Lynch et al. 1999). After MA, the fitness of the MA lines is assayed with a
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control line. The whole-genome rate of deleterious mutations impacting fitness (U) can

then be estimated from the change in mean fitness and the increase in additive genetic

variance of the MA lines relative to the control lines (Lynch et al. 1999).

While MA does directly examine the effects ofnew mutations on fitness, it cannot

reveal information about the nature of individual mutations (i.e. which genes are affected;

what kinds of mutations are common). Mutation accumulation studies focus on the

highest-level phenotype, fitness, and typically ignore mutational effects on lower-level

phenotypic traits. This method also underestimates U due to the likelihood of failing to

detect mutations of small effect in the laboratory (Lynch et a1. 1999).

Alternatively, direct sequencing ofMA lines has been employed recently to

estimate the mutation rate per nucleotide site per generation (u; Haag-Liautard et a1.

2007; Denver et al. 2004). One can then use u to estimate U by multiplying by estimates

of the size of the organism’s diploid genome (number of bases, ZG) and the fraction of

mutations removed by selection (C; Kimura 1983). This method directly examines new

mutations but is reliant on good estimates of selective constraint, C. This is usually

estimated from between-species comparisons of substitution rates (I-Ialligan & Keightley

2006). While providing information on the rate, U, of genomic deleterious spontaneous

mutation, it provides no information on the effects of those mutations on fitness (aside

from the assumption of decreasing fitness). In addition, estimates ofC are devoid of

genetic or environmental context on which mutational parameters may depend thus their

general applicability is unclear (Shaw et al. 2003).

A relatively new approach employs MA in conjunction with estimates of gene

expression to infer the properties of spontaneous mutation and its c0ntribution to the
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evolution of gene expression. The degree to which a gene is expressed is measured by

the amount ofmRNA produced by that gene. Gene expression is the first phenotype

produced by a DNA sequence and the effects of changes in gene expression may cascade

through to affect the fitness of the whole organism. Currently, we know very little about

how changes in gene expression result in differences in visible phenotypes; thus, the

study of gene expression is a very active area of research (Gibson 2002). However, the

study of gene expression holds promise to address the question ofhow so few sequences

differences can produce such dramatic phenotypic differences between organisms (e.g.

the 1.5% sequence difference between chimps and humans). Assays of gene expression

generally do not detect differences in the sequence of the loci whose expression is

assayed but rather differences in regulation ofthose sequences. The idea that regulatory

differences may be more important in evolution than structural change in proteins is an

old one, first proposed by King & Wilson (1975) and more recently championed by

Carroll (2005). Thus, microarrays now allow us to address the importance of regulatory

changes to phenotypic evolution.

There have been several recent studies that address the selective importance of

variation in gene expression. Derome et al. (2006) found evidence of adaptive changes in

gene expression in sympatric lake Whitefish and Matzkin et a1. (2006) identified changes

in gene expression associated with host shifts in Drosophila mojavensis. However, the

overall selective importance of variation in gene expression is contested. Khaitovich

(2004) has suggested that most variation in gene expression may be neutral or nearly-

neutral, thus contributing little of adaptive significance.
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While several studies have found evidence for adaptive changes in gene

expression, those studies do not tell us whether most variation in gene expression evolves

neutrally or selectively. To date, two studies have addressed this question, using MA

lines. Denver et al. (2005) studied divergence in gene expression between MA lines in

Caenorhabditis elegans (353 generations of single-progeny descent) and contrasted this

to expression profiles for natural isolates. They compared genetic variance (V3) in the

natural isolates to mutational variance (Vm) in the MA lines. Under neutral models, the

ratio of V8/ V,,, is expected to be equal to 4Ne, for primarily selfing diploid organisms

(Lynch & Hill 1986). If purifying selection is important, this ratio will be less than the

neutral expectation. Denver et al. (2005) found that the ratio was much less than the I

neutral expectation for all genes, suggesting strong stabilizing selection on gene

expression. Rifkin & Houle (2005) also estimated V", for gene expression, in MA lines of

Drosophila melanogaster after 200 generations of relaxed selection. Similar to the

comparison of Denver et al. (2005), they used the estimates of V", to compare the

expected difference in expression between Drosophila species under. mutation-drift

equilibrium to the observed difference. For almost all genes for which they could

estimate V”, the differences between species were less than expected, again indicative of

the impact of stabilizing selection. The importance of stabilizing selection also suggests

that most mutations affecting gene expression are likely to be deleterious (Gilad 2006).

Neither of the above studies addressed the distribution of mutational effects (i.e.,

the mean and variance of effect size ofnew mutations) on gene expression. Thus far, the

distribution of mutational effects has been studied from the phenotypic perspective of
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fitness components (e.g. Shaw et a1. 2000; Vassilieva et al. 2000; Baer et al. 2006) but

not using molecular data.

In this chapter I report assays of gene expression in MA lines ofArabidopsis

thaliana, which were generated in the Shaw lab at the University of Minnesota and

maintained by selfmg with single-seed descent for 17 generations (Shaw et al. 2000). I

chose three MA lines that exhibited the greatest reduced fitness relative to the ancestor.

Assuming that differences in gene expression translate into differences in fitness, the

greater the difference in fitness, the more likely that changes in gene expression will be

visible with microarrays. I ask the following questions about mutation using these data:

1) What is the distribution of mutational effects on gene expression? 2) On average, do

new mutations increase or decrease levels of gene expression or is there no bias? 3) Do

independent MA lines show any parallel changes in gene expression? Parallel changes

would be indicative of different mutations affecting the same pathway or expression of

the same gene rather than an identical mutation. 4) What is the degree of pleiotropy in

new mutations affecting gene expression? The presence of clusters of genes which

display similar changes in expression gives an indication of the pleiotropy ofnew

mutations.

Methods

Selection ofArabidopsis MA lines. Lines were chosen based on the results of Shaw et al.

(2000). Given that we expect most mutations to be deleterious, we chose lines with low

fitness relative to the Parent. However, the mutations causing low fitness in the assay

environment of Shaw et a1 (2000) may not be detrimental under all environments. As we

found in Chapter 3, genotype-by-environment interaction does exist in these lines, thus
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we do not know whether the mutations in these three lines are detrimental under these

growth conditions. Two ofthe chosen MA lines were also included in the field assay

(Chapter 3), L40 and L5. Neither ofthem had lower than average MA fitness in the

Virginia field site but both ofthem had lower than average MA fitness in the Michigan

field site. Thus, we cannot be sure that these mutations would cause the same phenotype

under these growth conditions as was seen in the greenhouse by Shaw et a1 (2000).

Ideally, we would have included three lines of high relative fitness (as defined in the

Shaw et a1 [2000] assay) but resource limitations prevented the expansion of this project

to six MA lines.

Three lines that exhibited reduced fitness relative to the ancestor were chosen for

analysis (L-39, L-40, L-5). Within each MA line, seeds are produced by selfing and are

identical except for new mutations in that individual. Three ancestral lines were also

selected to represent the baseline expression profile (P-61, P-26, and P-98). The Parental

lines are one generation removed from generation zero and were created to generate seed.

These three Parental lines were treated as a single line (P) in the analysis of gene

expression described below. Four biological replicates of the mRNA of each line were

generated and hybridized to arrays in pairs, one Parental line with one MA line per slide

(Table 4.1). In each pair of samples, the MA line was labeled with one fluorescent dye

and the Parental line with another. A dye-swap was performed for each pair of samples

to account for different labeling efficiencies of the two dyes. The dye-swap design was

repeated once resulting in four pairings of each MA line and a Parental line. The

experiment was designed to compare each MA line profile against the control profile of

the Parent (Steel et al. 1997).
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Table 4.1. Dye-swap array design. All pairings include one MA line (L-5, L-39, L-40)

and one Parent line (P-26, P-61, P-98). Each line was labeled twice with each dye for

four total biological replicates.

 

 

Array Cy-3 labeled sample Cy-5 labeled sample

1 P-26 L5

2 L-5 P-26

3 L-5 P-61

4 P-98 L-5

5 P-26 L-40

6 P-61, L-40

7 L-40 P-98

8 L-40 P-61

9 P-98 L-39

10 _ P-61 L-39

11 L-39 P-26

12 L-39 P-98

 

Growth ofseeds. Seeds from each line were sterilized with a solution of 50% bleach,

0.1% Tween-20 and washed with sterile water before planting on sterile MS agar plates

(4.33 g/L Murashige-Skoog 1X salts, 10 g/L sucrose, 7 g/L bacto agar, pH 5.7). Several

hundred seeds were suspended in 2-mL of sterile 0.1% agarose and spread on each MS

plate. Plates were placed at 4°C for two days then moved to a growth chamber

maintained at 21°C with a 12-hr light, 12-hr dark cycle. Shoot biomass was harvested ten

days after moving plates to the growth chamber. Each plate was flash-frozen with liquid
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nitrogen and the frozen shoot biomass was aliquoted into 1.5-mL labeled microcentrifuge

tubes and stored immediately at -80°C.

RNA isolation. RNA was isolated from frozen tissue ground in liquid nitrogen

using a Qiagen RNeasy Plant Mini Kit (Qiagen, USA) yielding between 50 and 100 pg

total RNA. The quantity ofRNA was assessed using the A260/A280 ratio as measured

on a spectrophotometer. The quality ofRNA was assessed with a Bioanalyzer 2100

(Agilent Technologies, Palo Alto, CA) using the Total RNA. Pico assay. RNA was

extracted from each line four times for 24 total isolations (four isolations X six lines). All

four tissue samples for a line were derived from a single MS plate, thus minimizing

environmental differences between replicates. There were four biological replicates for

each line. Isolated RNA was stored in water at -80°C.

RNA labeling, purification and dye coupling. Samples were reverse transcribed

into cDNA with aminoallyl-labeled dNTPs. The samples were purified using a Qiagen

PCR Purification kit (Qiagen, USA) and vacuum-dried (10 uL 95% ethanol was added to

ensure rapid drying). The purified aminoallyl-labeled cDNA was coupled to a NHS-ester

Cy dye (either Cy3 or Cy5). A second purification was performed with the Qiagen PCR

Purification kit to remove uncoupled dye and the sample was again vacuum-dried. A

small sample (2.5 uL) was reserved to check for proper coupling of the dye to the cDNA

on an agarose gel. After drying, visual inspection of the pellet confirmed coupling (a

colored pellet indicates proper incorporation ofthe dye) before proceeding with slide

hybridization.

Slide preparation. Arabidopsis oligonucleotide microarrays were obtained from

the University of Arizona (http://ag.arizona.edu/microarray). Glass-slide arrays were
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printed with the 29,000 element Qiagen-Operon Arabidopsis Genome Array Ready Oligo

Set (AROS) Version 3.0. The AROS contains 29,110 oligonucleotide probes selected

fiom the TIGR A. thaliana genome annotation database (release 5.0; www.tigr.org).

Each oligo is 70 oligonucleotides long and chosen to show less than 70% identity to all

other transcripts (A. thaliana Genome 3.0 Datasheet; www.0peron.com). Arrays were re-

hydrated before cross-linking with exposure to 180 mJ UV in a Stratalinker. Just before

hybridization, the cross-linked arrays were washed sequentially with 1% SDS, sterile

water and 95% ethanol then spun dry.

Hybridization & Array Scanning. Samples were paired as in Table 4.1, one Cy3

with one Cy5, resuspended in EDTA and combined. Yeast tRNA was added (1 uL) to

reduce background hybridization. The cDNA was denatured by heating to 95°C for 10

minutes. The denatured samples were mixed with 60 uL hybridization buffer and

pipetted onto the array underneath a clean lifter-slip. The array was sealed in a

hybridization chamber and incubated at 48°C for 14 to 24 hours. After hybridization was

complete, the array was washed and dried before scanning with an Affymetrix 428

scanner.

Analysis & Results

The analysis was performed in collaboration with L. McIntyre and J. Pienaar at the

University of Florida, Gainesville. Array images were quantified using ImaGene

software version 6.0 (BioDiscovery; www.biodiscovery.com). Images were aligned and

spots quantified using a moat. Each spot in an array image consists of multiple pixels

and the boundary between pixels representing spots and those representing background

must be determined. By default the boundary is defined sharply but in fact there is a
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transitional zone between background and spot (where signal intensity is intermediate

between background and spot). A moat defines this transitional zone, thus clearly

delineating spot signal from background signal. Once the moat was defined, mean

intensity of pixels in each spot (mean spot intensity) and mean intensity of local

background pixels (mean background signal) were calculated for each spot. Intensity

was quantified separately for each dye on an array resulting in 24 intensities for each spot

(12 slides x 2 dyes). The median local background intensity was subtracted from each

mean spot intensity to correct for variation in background intensity across the slide.

Centering of the data was performed to give each array an average spot intensity of zero,

increasing comparability across arrays. To center the data for each array and dye, we

subtracted the median background-subtracted spot intensity for an array/dye combination

from the background-subtracted intensity for each spot.

Each slide contains 31,200 total spots. Of these, 1,946 represent blank or control

oligonucleotide sequences. An additional eleven oligonucleotide sequences were not

unique and are considered positive control sequences excluded from this analysis (N =

155 spots). Control spots were used only for data preparation and not in the ANOVA

analysis, leaving 29,099 spots representing unique oligonucleotide sequences. Negative

control spots allow us to estimate the random, non-specific hybridization ofcDNA in the

absence of a match between the spotted oligonucleotide and the sample cDNA. Negative

control spots consisted of spots containing a buffer (3xSSC; N = 462) or random

oligonucleotides (Alien spots; N = 92). The null distribution of intensity values in the

absence of hybridization for each slide and dye combination was estimated from these

controls. Hybridization was considered successful if a spot had an intensity greater than
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that of95% of the negative controls for that slide and dye combination. Spots were

included in the analysis if this intensity threshold was met in any two replicates of a

treatment. This excluded 5,846 spots, 20% ofthe total unique oligonucleotides. In

addition, some genes were represented by multiple probes on the array (N = 1,681 genes

represented by 4,529 spots) and these were removed for consideration in a later analysis.

Some of the probes for these genes represent splice variants that are present in only a

subset of gene transcripts while others represent sequences that are present in all

transcripts. Thus, the multiple probes are not replicates and need to be accounted for

separately in the model. Only genes that were detected and represented by a single spot

were analyzed here. There are 24,570 genes represented by a single spot and 59% of

these genes were considered detected (N = 14,450) and analyzed for differential

expression.

Intensity of each spot (gene) was analyzed in a univariate ANOVA using SAS

v.9.1 (SAS Institute 2004) in the model,.

Y0, =p+d, +11. +81”,

Where Yuk is the transcript abundance for dye i, linej, and replicate k. Each transcript

abundance is modeled with the overall mean for that transcript ()u), the fixed effect of dye

(d), the fixed effect of line (I) and error (a). Contrasts were constructed to compare the

mean intensity for each MA line against the mean intensity of the parental lines (i.e. L39

versus Parent). Nominal P-values are reported here (P < 0.005). A False Discovery Rate

(FDR) correction was performed to account for multiple comparisons resulting in all

genes having P = 0.9. FDR controls the proportion of false positives expected in the list

of tests rejecting the null hypothesis. Thus, with an FDR set to 0.05 and 100 tests that
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reject the null hypothesis, we expect five of those to be false positives. This correction is

common in microarray studies and is less conservative than a Bonferroni correction

(Verhoeven et al. 2005). Here, nominal significance is used to identify candidate genes

for further analysis.

Genes which have differential expression for each contrast are reported in Tables

4.2-4.4. Many genes were detected as having differential expression for each comparison

of a MA line to the Parent. Four loci in L05, seven loci in L39 and 28 loci in L40 were

found to have significantly different expression fi'om the Parent (P < 0.005). The

distributions of difference from the Parent for each MA line are shown in Figures 4.1-4.3

for all genes analyzed. Further analysis will cluster nominally significant genes by

function (e.g., reproduction, physiology, photosynthesis) to study over-representation of

functional clusters. For example, we might expect genes involved in reproduction to be

over-represented in the set of significantly differentially expressed genes.

Discussion

Significant differences in gene expression between MA lines and the Parent have

been detected for each of three low fitness phenotypes. While these genes are nominally

significant and differential expression has not been confirmed, they make a good starting

point for future exploration of the data. The genes in Tables 4.2-4.4 can be considered a

list of candidate genes whose expression is changed as a result of mutation. The

mutations affecting gene expression are most likely present in regulatory elements rather

than in the gene whose expression is altered. In addition, these genes are candidates for

the path from genotype to fitness. Mutations which alter gene expression may not alter

fitness; thus, further study is needed to establish a causal link between gene expression
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Table 4.2. Least-square mean estimates of centered background-subtracted mean

intensity for 4 nominally significant genes in the contrast L05 minus Parent. Direction of

change in expression relative to the Parent is indicated in the last column: (+) increased

expression in L05, (-) decreased expression in L05.

 

 

Locus L05 Parent

At3g02555 0.45 (0.07) 0.24 (0.04) 0.0017

At4g00810 -2.67 (0.83 0.95 (0.29) 0.0020

At4g20690 1.70 (0.09) 1.36 (0.05) 0.0027

At3g02230 2.41 (0.51) 1.14 (0.30) 0.0029

 

Table 4.3. Least-square mean estimates of centered background subtracted mean

intensity (s.e.) for 7 nominally significant genes in the contrast L39 minus Parent .

Direction of change in expression relative to the Parent is indicated in the last column:

(+) increased expression in L39, (-) decreased expression in L39.

 

 

Locus L39 Parent P

At3g61250 -0.62 (0.13) 0.02 (0.08) 0.0004

At1g62300 -0.64 (0.30) 0.21 (0.19) 0.0035

At2g23810 -1.10 (0.31) 0.12 (0.19) 0.0036

At2g40420 -1.16 (0.35) 0.48 (0.18) 0.0039

At4g23210 -0.56 (0.22) -0.08 (0.12) 0.0043

At5g44980 -0.68 (0.21) -0.25 (0.12) 0.0047

Atlg11300 -0.32 (0.10) -0.11 (0.06) 0.0049
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Table 4.4. Least-square mean estimates of centered background-subtracted mean

intensity (s.e.) for 28 nominally significant genes in the contrast L40 minus Parent .

Direction of change in expression relative to the Parent is indicated in the last column:

(+) increased expression in L40, (-) decreased expression in L40.

 

 

Locus L40 Parent P

At1g69770 1.19 (0.14) 0.38 (0.08) 0.0001 +

At1g17710 1.20 (0.08) 0.63 (0.05) 0.0011 +

At5g60550 0.85 (14) 0.53 (0.08) 0.0014 +

At3g08940 2.51 (0.23) 2.01 (0.13) 0.0014 +

At5g19580 0.54 (0.11) 0.26 (0.06) 0.0015 +

Atlg42970 2.38 (0.16) 2.09 (0.10) 0.0019 +

At1g77650 -1.51 (0.20) -0.49 (0.13) 0.0021 - .

At2g46505 1.43 (0.13) 1.11 (0.08) 0.0022 +

At3g23580 0.47 (0.15) -0.05 (0.09) 0.0027 +

At1g74370 0.74 (0.11) 0.42 (0.06) 0.0027 +

At2g38220 -1.47 (0.21) -0.36 (0.14) 0.0028 -

At3g59780 1.38 (0.08) 1.10 (0.04) 0.0035 +

At5g21105 1.42 (0.11) 1.07 (0.06) 0.0042 +

At1g26440 0.84 (0.11) 0.47 (0.06) 0.0042 +

At5g51890 0.45 (0.14) -0.00 (0.08) 0.0042 +

At31000022 -1.57 (0.29) -0.49 (0.18) 0.0043 -

At3g23590 0.72 (0.12) 0.26 (0.07) 0.0043 +

At4g35165 0.71 (0.15) 0.31 (0.09) 0.0044 +

At1g53345 1.22 (0.18) 0.72 (0.10) 0.0045 +

At1g76050 1.02 (0.17) 0.55 (0.10) 0.0046 +

At5g09570 0.23 (0.07) -0.07 (0.04) 0.0046 +

At4g39300 0.66 (0.08) 0.39 (0.05) 0.0046 +

At4g20440 0.80 (0.13) 0.60 (0.08) 0.0047 +

At5g13400 0.54 (0.17) 0.09 (0.10) 0.0047 +

At1g21270 0.97 (0.14) 0.61 (0.08) 0.0047 +

At4g2l870 1.71 (0.14) 1.32 (0.08) 0.0049 +

At3g62460 0.19 (0.10) -0.16 (0.06) 0.0049 +

At3g21330 0.60 (0.11) 0.21 (0.06) 0.0049 +
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and fitness. Initial exploration would utilize The Arabidopsis Information Resource

(TAIR; www.tair.org) to determine what is already known of the function of the

candidate gene. Differential expression should also be confirmed before further studies

proceed. Quantitative real-time PCR (QRT-PCR) is a follow-up to microarrays that

determines the quantity of nucleic acid present in a sample by measuring the amount of

nucleic acid present after each cycle ofPCR using fluorescent markers. Once differential

expression is confirmed, expression of the candidate genes could be assayed in the

offspring of mutation line by wild type crosses. Another possibility for assessing the

contribution of a locus to fitness would be RNA interference (RNAi) ofthe candidate

gene expression. This technique works by inserting a sequence complementary to the

gene’s normal mRNA which binds to and prevents translation ofthe mRNA, thus

suppressing the expression ofthe gene. If RNAi results in reduced fitness, similar to the

phenotype seen in the MA line, that would be evidence ofthe gene’s importance to

fitness. While spontaneous mutations are likely to affect the alter the degree of

expression, RNAi will silence expression of the targeted gene, resulting in more

pronounced effects.

Based on the estimate of Uz 0.1 in A. thaliana and 17 generations ofMA, we

expect few mutations in each line that affect fitness relative to the number of nominally

significant genes that we detected. Thus, either some of these changes in expression are

neutral with respect to fitness or there is a large amount of pleiotropy for new mutations

affecting fitness. At the molecular level, pleiotropy results from the networked nature of

regulation of gene expression. A mutation may affect a regulatory element that changes

expression of only a single gene, immediately downstream (cis-acting mutation).
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Alternatively, a mutation that affects a transcription factor may affect the expression of

many genes, distant from the mutated gene (trans-acting mutation). Pleiotropy may be

visible in clustering of changes in gene expression in gene families or physiological

pathways and this will be explored in future analyses.

The distribution of mutational effects in these MA lines is roughly symmetric

around zero, with a slight bias in L05 and L40 toward up-regulation relative to the Parent

(Figures 4.1, 4.3) and a slight downward bias in L39 relative to the Parent (Figure 4.2).

This visible bias is reflected in the mean difference, which is slightly positive for L05 and

L40 and slightly negative for L39. Interestingly, of the genes which are nominally

significant in these lines, all but four are up-regulated with respect to the Parent in L05

and L40 but all are down-regulated with respect to the Parent in L39.
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Figure 4.1. Distribution of mean difference L05 minus Parent for 14,424

oligonucleotides. The distribution is truncated at both ends excluding 66 genes

with a difference larger than -1 and 8 genes with a difference larger than +1 .05.

The mean difference is 0.005.
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Figure 4.2. Distribution of mean difference L39 minus Parent for 14,410

oligonucleotides. The distribution is truncated at both ends excluding 28

oligonucleotides with a difference larger than -1 and 29 with a difference larger

than +1.05. The mean difference is -0.032.
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Figure 4.3. Distribution of mean difference L40 minus Parent for 14,426

oligonucleotides. The distribution is truncated at both ends excluding 25

oligonucleotides with a difference larger than -1 and 4 with a difference larger

than +1 .05. The mean difference is 0.079.
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There is no overlap in the nominally significant genes across the three

comparisons to the Parent, indicating that different mutations in the MA lines are not

affecting expression of the same genes. As mutations are accumulated independently, it

is unlikely mutations will be shared between lines. Several ofthe nominally significant

loci are transcription factors or involved in DNA repair and thus are good candidates for

further study. In Line 39, loci At3g61250 and At1g62300 are both transcription factors.

The former locus is important in the determination of meristem identity during

development and the latter is important in senescence and defense responses. Both are

upregulated in floral tissues during development (AVT; AtGenExpress Visualization

Tool; http://jsp.weigelworld.org/expviz/expviz.j sp; Schmid et al. 2005). In Line 40,

Atlg69770 is very interesting; it is a metlrylase that preferentially methylates transposon-

related sequences, thus reducing their mobility. This gene is up-regulated in the apex and

flowers of the developing plant relative to other plant tissues (AVT; Schmid et al. 2005)

and is up-reglated in L40 relative to the Parent. Due to the mutagenic nature of

transposons, this gene is a good candidate for further study. Locus At3g23580 is also

involved in controlling damage to the DNA strand. This locus is a ribonucleotide

reductase critical for progression through the cell cycle and for DNA repair. Like the

previous locus, At3g23580 is up-regulated in L40 relative to the Parent. A third locus,

At4g21870, is a heat shock protein, functioning in repair and maintenance in the cell,

similar to the latter two loci. Finally, there is a transcription factor with DNA-binding

activity, locus At3g21330, that is also differentially expressed in L40 relative to the

Parent. I have chosen to highlight genes which may be important in reproductive

function or control of mutation rate in the cell as loci that have a greater chance of being
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linked to the observed phenotypic differences (decreased fruit number). Thus, these

genes are good candidates for knockout studies to compare the resulting phenotype with

the observed phenotype ofthe MA line. However, this does not exclude other genes

from contributing to the observed phenotype. Many ofthe additional nominally

significant loci are involved in metabolism and transport in the cell and thus disruption of

function could lead to decreased overall fitness of the organism. The function of several

of the genes in Tables 2-4 are completely unknown and some genes which do contribute

to the phenotypic change may not have displayed differential gene expression.

This study examined the contribution ofnew mutations that alter fitness to

changes in gene expression. We found that changes in expression between MA lines and

the Parent are detectable. On average the effects of mutations are to slightly up-regulate

gene expression, though many of the genes which displayed significant changes in

expression were down-regulated relative to the Parent. Future work with this data set

will include more extensive analysis and will guide future studies of mutation and gene

expression. Genes which were represented by multiple probes were not included here

and will be analyzed with a model allowing for splice variants, as done by McIntyre et al.

(2006). Other approaches may include clustering and representation analysis.

Representation analysis will allow us to determine whether functional categories of genes

(e.g., reproduction, growth, root development) tend to have similar changes in

expression. In representation analysis, genes are clustered by function (e.g., involved in

reproduction, growth, root development), co-regulation (i.e. the expression of multiple

genes controlled by the same regulatory elements), or physical distance (regulatory

elements may control multiple downstream coding regions). Categories which contain
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more genes that are differentially expressed than expected are identified as over-

represented. The presence of over-represented co-regulated groups implies trans-acting

mutations with cascading downstream effects, as was found in C. elegans by Denver et

al. (2005). Conversely, over-representation of differentially expressed genes at close

physical distances (chromosomal locations) implies cis-acting mutations. Once over-

represented pathways are identified, knockout mutants from those pathways can be

phenotyped and compared to the existing MA lines.

Future studies may also incorporate additional MA lines, including MA lines

exhibiting high relative fitness. Given the pervasiVe nature of genotype by environment

interaction in these MA lines (Chapter 3), it would be useful to characterize gene

expression under alternative environments. In addition, the point at which specific

changes in expression occurred could be determined by examining expression of plants

across generations. This could be done over the entire genome using microarrays or be

explored in detail for specific loci which exhibit altered expression, such as those

candidates identifiedlhere.
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CHAPTER 5

CONCLUSIONS

The research presented here addressed two main areas of study of spontaneous

mutation: fitness in the field and gene expression in the lab. These are the first studies to

address the affects of spontaneous mutations on fitness in the field, thus providing

valuable insight into the applicability of laboratory studies to field populations. There are

also few studies of the impact of accumulated spontaneous mutations on gene expression

and neither ofthe two published studies addressed the distribution of effects (Denver et

al. 2005; Rifkin & Houle 2005).

In my studies of wild radish, I found that fitness was decreased in mutation-

accumulation lines relative to the parent both in the greenhouse and in the field (Chapter

2). However, the proportional decrease in fitness was larger in the field than in the

greenhouse. This suggests that application of laboratory results to field conditions

underestimates the effects of mutations in nature. I

My research on fitness in the field in A. thaliana revealed extensive genotype by

environment interaction (GEI) for new mutations in two field assays (Chapter 3). The

two environments (Michigan and Virginia) differed significantly in their average fitness,

with Michigan characterized as the more stressful of the two environments. This is in

contrast to prior studies of GEI in these mutation-accumulation lines which failed to find

any GEI for two levels of nutrients (Chang & Shaw 2003) or two levels of light

(Kavanaugh & Shaw 2005). This discrepancy provides an interesting avenue for further

study (see Future directions, below).
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The study of mutational effects on gene expression uncovered a number of genes

that have significantly different expression in the mutation-accumulation lines relative to

the parent (Chapter 4). I found that the distribution of mutational effects appears to be

slightly shifted toward up-regulation, though most genes with significantly different

expression were down-regulated. There was little evidence of parallel changes in gene

expression. Only a single gene was significantly differently expressed in two lines and in

opposite directions in the two lines. This study provided many candidate genes for future

research. In addition, there are other questions about mutation and gene expression that

can be explored with this data (see Future directions, below).

Future directions

The discrepancy between my finding of substantial GEI in the field for A.

thaliana and the lack of GEI found in the greenhouse studies (Chang & Shaw 2003;

Kavanaugh & Shaw 2005) demands explanation. Studies ofGEI for new mutations

suggest that GEI is common but not ubiquitous and there are no apparent patterns in

those studies detect that GEI and those that do not. This particular case is intriguing,

because-the same mutation accumulation lines are assayed in the field and greenhouse.

The field environments are likely to differ from each other in many unquantified ways

while the greenhouse studies each varied just a single environmental factor with two

levels. A first approach to understand the differing results is to change single variables in

the field. In particular, both light and nutrient levels are amenable to manipulation in the

field. This study would take a step toward understanding the source of GEI in the field

for these mutation-accumulation lines.
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The gene expression study also opens up avenues of research. The degree of

pleiotropic effects that new mutations have on gene expression remains largely unknown.

Denver et a1. (2005) examined this question in mutation-accumulation lines of C.

elegans. They found over-representation of differentially expressed genes in functional

clusters with half of differentially expressed genes placed into a single cluster enriched

for sperm genes. Similar functional clusters can be defined for A. thaliana using existing

resources (i.e. Gene Ontology (GO) codes; Ashburner et al. 2000). This representation

analysis gives an indication of the prevalence of trans-acting mutations. Trans-acting

' mutations are those that act distant from the mutation site, such as mutations affecting the

structure of a transcription factor. Such mutations do not show up as differential

expression of the transcription factor but rather are seen indirectly through their effects

on the genes they regulate. The alternative, cis-acting, mutations affect expression of loci

immediately downstream from the mutation site, which may be in a regulatory region.

Denver et al. (2005) detected the action of this type of mutation by analyzing the pattern

of clustering by physical distance. The over-representation of differentially expressed

genes spaced close together (less than 10kb in Denver et al. 2005) indicates locally active

mutations.

A second avenue of pursuit for the gene expression dataset is the analysis of genes

with multiple transcripts. A subset of genes on the Arizona array are represented by more

than one oligonucleotide. These multiple oligonucleotides correspond to alternative

splice variants of the locus. Initially these genes were removed from my analysis but a

model can be constructed to analyze them by including a probe effect (McIntyre et al.

2006). Differential expression of splice variants in the mutation-accumulation lines
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relative to the parent would indicate a mutation affecting only a subset of the transcripts

of that gene.

A third prospect for further study is the link between spontaneous mutations and

fitness. As there are many more mutations expected to occur than are expected to affect

fitness, simply the finding of differential expression does not imply differential fitness.

The first step in the process is to confirm differential expression of candidate genes. This

can be done using quantitative PCR and those genes that are confirmed can be further

analyzed. One possible mechanism to determine whether a gene is linked to fitness

would be to silence that gene. This can be done using RNA interference, a technique in

which an RNA strand complementary to the mRNA of interest is synthesized and

injected into the organism. This complementary strand will anneal to the mRNA,

creating double-stranded RNA, which cannot then be translated thus preventing

expression of the gene product. Observation of the resulting fitness phenotype will

illuminate whether this candidate gene is likely to have a direct role in fitness. Of course,

the networked nature of the genome means that many genes are pleiotropic so it is

possible that this method would disrupt many other functions of the candidate'gene

leading to a less-informative phenotype.
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