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Abstract

Part I: Mutation is the most important biological force as it generates the
variation that drives evolution and may play an important role in maintaining
social structure in the social amoeba Dictyostelium discoideum. Using
mutation accumulation lines of the social amoeba, I estimated the rate and
degree of mutational effects on the social ability to form spores in chimeras
by mixing equal proportions of cells of the ancestral clone with a mutated
line and determining if the resultant spore proportion differs. Through the
use of assays measuring growth, migration ability, and rates of spore
germination, I assessed the fitness effects of mutation. In agreement with
evidence that the majority of mutations are deleterious, I have found that the
ability to get into the reproductive spores is diminished following mutation
accumulation. Measuring growth rates on the selective medium revealed that
approximately half of the lines showing a significant deviation from the
ancestor have increased growth rates, possibly indicating the presence of
beneficial mutations, while growth in a non-selective medium resulted in a
loss of fitness. Additionally, spore germination decreased in lines with an
abundance of mutations.
Part II: Restriction Enzyme Mediated Integration (REMI) is a method of
transformation that generates tagged mutations. We employed the REMI

mutants to select for cheaters by competing pools of mutants over many
generations, allowing the lines to fruit each time. We plated out high
densities of spores in order to facilitate the lines bypassing the vegetative
cycle but still allowing the social cycle. This process was repeated 20 times.
At the end of this process, the frequency of each line was assessed and each
line was sequenced to identify the genes that were affected by REMI
mutagenesis. Once we had obligate cheaters, we assessed fitness in a variety
of ways: axenic growth and growth on bacteria, rate of spore germination,
and distance traveled by migrating slugs. We then looked for a correlation
between cheating and fitness. We expect to see a tradeoff between the ability
to preferentially produce spores in chimeric mixtures and other aspects of
fitness.
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Chapter 1: The effect of mutation on fitness and life-history traits

Abstract
The study of mutation is undergoing a transformation, as the
availability of molecular tools allows researchers the ability to examine the
impacts of mutations at the genetic level. We are at a crossroads where
exploring how mutations affect fitness traits can be considered concurrently
with the molecular changes that cause the variation we see. Here we
integrate data that exists for numerous organisms in order to explore the
traditional methods that have been used to study how mutations impact
fitness traits, as well as the generalities of those findings.
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Introduction
Evolutionary biology has had great success with comparative studies
of living organisms, complemented by information from the fossil record
when available, to understand and answer questions involved in the
dynamics of evolutionary change. The rapid emergence of molecular data
used to resolve phylogenies has strengthened these comparative studies
considerably. However, biologists have long been interested in observing the
fluctuations of evolutionary change directly. Darwin himself remarked in
1859 that "in looking for the gradations by which an organ in any species
has been perfected, we ought to look exclusively to its lineal ancestors; but
this is scarcely ever possible, and we are forced in each case to look to
species of the same group, that is to the collateral descendants from the same
original parent-form" (1). By necessity, Darwin used a comparative
approach but bemoaned the fact that direct observation of evolutionary
change was not possible and recognized this as a major drawback when
studying evolutionary change.
Adaptive evolutionary change occurs due to the selection on the
variation between individuals over time. Variation exists due to
recombination, lateral gene transfer, hybridization, and mutations. However,
recombination only occurs in sexual species, and is only a means of
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rearranging the variation that already exists in a population. Hybridization
and horizontal gene transfer only occur in some organisms, and while they
do introduce new genetic material (2-4), the genetic material is not being
created de novo. In contrast, mutations occur in all individuals and are the
only mechanism by which to create novel material. Mutation has been
invoked to explain such diverse biological phenomena as the evolution of
sexual reproduction (5), senescence (6,7), the maintenance of genetic
variation in natural populations (8,9) as well as the maintenance or
extinction of small populations (10-12), species range (13), and may pose a
potential threat to our own genetic health (14,15).
There are only a few ways to study mutations (Table 1). Mutagenesis
is a process by which the genetic material of an organism is altered through
the use of an external stress-inducing agent. Mutagenesis can be induced
through the use of chemicals or ultraviolet or ionizing radiation. In
microorganisms, additional stressors that can result in mutations include
starvation, temperature, changing pH, and lack of oxygen (16,17). The
primary benefit of mutagenesis is the rate at which mutations arise.
However, it is usually difficult to locate the mutations and this method is
likely to cause multiple mutations per individual. Further, there is no easy
way to identify the genes that have been mutated. The process of genetic
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transformation avoids both these problems by using an insertion-based
mutation that carries an antibiotic resistance cassette, so the mutated clones
can be separated from the background. Restriction Enzyme-Mediated
Insertion (REMI) is a process of mutagenesis that works by randomly
inserting a piece of tagged DNA into the genome (18). This creates a single
mutation which can be located due to the specific sequence of the tag. The
specificity of this process, however, makes it difficult to compare the
mutations generated through this process to those that occur in nature.
Therefore, the results of studies using this method are not easily applied to
natural populations.
A second way to study mutations is by comparing molecular data of
different individuals or species, which allows for the comparison of naturally
occurring mutations (19). This method is useful because of the amount of
information that is generated: in addition to seeing the phenotypic
differences between species, we also have molecular data. However, this is
not always a feasible technique because the genomic data of the species we
wish to compare may not be available.
Finally, mutations can be studied through mutation accumulation
experiments, where selection is relaxed and mutations are allowed to
accumulate through genetic drift. This is probably the closest we can come
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to studying natural mutational processes through time. Clonal lines derived
from the same ancestor are repeatedly put through bottlenecks, preventing
natural selection from either eliminating or fixing mutations, except for
those with lethal effects (Fig. 1). This process is repeated for many
generations and the mutation lines are then assayed for changes in fitness.
Any evolution (change in gene frequency) that may occur is mostly random,
as genetic drift is the operating force. MA studies can be very time
consuming, requiring months and even years of work before the mutations
can even be studied because it is essential to put the organism through many
generations. Further, not all organisms are amenable to this type of study.
Organisms used for MA studies require a short generation time, the ability to
keep large populations in small spaces, and the ability to create a bottleneck
that will allow mutations to accumulate by relaxing selective pressure that
usually eliminates mildly deleterious mutations (Box 1). The primary
disadvantage to this method is that we do not know which genes have been
affected by the mutations, and we are dependent on phenotypic traits to
determine the mutations rates and effects. With the ever-increasing genomic
tools, however, this is changing because we can obtain a molecular view of
the organism. Although the scale at which we can view mutations is
changing, the setback of not knowing exactly where those mutations are
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located continues. In this review, I am choosing to focus on how mutation
accumulation experiments impact fitness and life-history traits of various
organisms, as experimental evolution is a rapidly expanding area of study.
As the amount of available genomic information increases, there has
been a gradual shift in focus from how mutations affect fitness traits to the
exact nucleotide changes that produce those fitness traits (20-22). Like so
many other areas of evolutionary biology, we are at a crossroads where the
previous methods of extracting information are intersecting with the new
molecular knowledge—where we once had to rely solely on the phenotypic
effects of mutations to extrapolate the mutation rates and effects of
mutations, we are now able to directly sequence the areas of interest and
determine exactly how many and which bases changed due to mutations.
This review summarizes how mutation accumulation (MA) has been used to
study the effects of mutation on fitness traits in a variety of organisms.

Methods of Mutation Accumulation in Different Organisms
There are inherent challenges involved in studying mutations. These
primarily consist of determining the effects of the mutations and ensuring
that the effects are actually being caused by mutation and not some other
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biological force (23,24). In addition to the general requirements listed above
of organisms used for MA experiments, methods to create and maintain the
bottleneck required must be devised for every organism used for this type of
study, as there is no one universal method (25-28).
The first species in which the primary problems of measuring rates
and effects of mutations were tackled was Drosophila melanogaster. This
species is especially well-suited for mutation research, because in meiosis
recombination based on crossing-over between paired chromosomes occurs
only in females, not males. This has many advantages for studying
recombination.
To study mutations in Drosophila, special lines are created that have
balancer chromosomes, in which mutations can accumulate on a single
chromosome that does not undergo recombination. Mating males with a wild
type chromosome with females who have a balancer chromosome, designed
to suppress recombination, creating a bottleneck. Mutations can then
accumulate on the wild type chromosome that is present in the males (2932). Although this is a brilliant design to look at mutations in such a
complex organism, it is far from how spontaneous mutations would
accumulate in the wild. Thus, the results seen may not be a completely
accurate representation of how Drosophila accumulates mutations and the
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effects of those mutations. However, it may be advantageous to have a
simplified view of the effects of mutations, in order to better understand the
boundaries of those effects.
The majority of other organisms used for MA experiments require less
intensive methods of preparation. Microorganisms, such as Escherichia coli
and Dictyostelium discoideum, are ideal for this type of experiment, due to
rapid rates of reproduction, asexual reproduction, the ability to maintain
large populations in small spaces, and the ability to freeze and later revive
both the ancestor and individuals from various time points during the
experiment (33). With microorganisms, it is possible to select a single
colony or plaque, founded by a single individual, and transfer to a new Petri
plate (34, Middlemist et al. in prep). Although the colony or plaque is
founded by a single individual, some growth occurs between transfers,
allowing for the potential for selection to operate during this period of
growth.
The problem is avoided in Caenorhabditis elegans due to its
hermaphroditic nature. An individual worm can give rise to new individuals,
creating an extreme bottleneck, and any possible effects of selection can
further be minimized by randomly choosing a single worm to propagate
across generations (35). Like microorganisms, it is possible to freeze the
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ancestral populations and use for later comparisons between the derived
lines and the ancestral state.
Very few plant species have been used for MA experiments, as most
plant species do not easily conform to the requirements of a MA experiment
(see Box 1). Arabidosis thaliana is an exception. It has a short life cycle (10
weeks), is highly fecund (over 500 seeds per plant), and self-pollinates (36).
Lines are established from the seeds of a single self-pollinated individual,
with each seed representing one line. The lines are propagated each
generation from a single individual randomly selected from 5 seeds that are
sown. The remaining seeds are retained, as A. thaliana produces seeds that
remain viable for long periods of time.
The majority of MA experiments are conducted with model
organisms, as they easily lend themselves to the kinds of manipulations
necessary to study mutations. However, this has resulted in the need to
extrapolate results to natural populations, a practice that is not always
appropriate as model organisms may have special adaptations that lend them
to laboratory work.
Two experiments ventured away from model organisms with the
explicit purpose of gaining an understanding of how mutations impact
natural populations. Downie (37) conducted a short-term MA experiment on
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Daktulosphaira vitifoliae, or grape phylloxera, a gall forming herbivore and
grape pest. In this experiment, they prepared Petri plates with pieces of Vitis
vinifera vine and inoculated individual eggs from three separate clones onto
the vines. After individuals had matured, they collected eggs from a single
parthenogenetic individual and were propagated to form the next generation.
This was done for two generations with the three clones to form the
founding population. For each of the three clones, they created MA lines by
placing three eggs onto prepared Petri plates. Lines were propagated by
collecting eggs from a single randomly chosen individual and propagating
10 eggs to the next generation. The experiment continued for 24 generations.
The other experiment that examined a natural population was done by
Lynch et al. (38) on Daphnia pulex, a freshwater cladoceran. Lines were
established from 10 distinct genetic clones. From a single clutch from each
of the 10 founding mothers, 10 individuals were isolated in beakers with a
food and water suspension. These 100 individuals comprised the founding
population. In the laboratory, D. pulex is only able to reproduce
parthenogenetically. Each generation, a single individual was selected from
the second clutch, with several individuals being retained for use as backups, if necessary. The experiment was maintained for 2.5 years, comprising
approximately 35 generations.
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Although the range of organisms used to study mutations is varied,
they all share certain characteristics, particularly the ability to create very
small effective population sizes. A short generation time is also important,
but in these organisms varied from a few hours to 10 weeks, illustrating the
range in that attribute. Finally, ease of manipulation and lab adaptability are
both crucial features, as even when studying natural populations, these
experiments must be conducted under controlled conditions.
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Types of Mutations
The vast majority of all mutations have no effect, that is, they are
neutral (39,40). Of the mutations with a phenotypic effect, deleterious
mutations are clearly the majority (8,14). Indeed, a population that has
evolved for a long time in a consistent environment is likely to have evolved
genotypes that are optimal or near-optimal for the biotic and abiotic
conditions, such that if a random mutation were to be introduced, the
likelihood of that mutation disrupting the system is far greater than the
chances of improving it. Beneficial mutations do occur, as they must in
order for natural selection to be able to operate, but at a much lower
frequency than deleterious mutations (41). Further, it has typically been
thought that beneficial mutations occur with such rarity during a MA
experiment that they are inconsequential (24, 5). The majority of MA
experiments have shown that mutations have a deleterious effect (Table 1).
Indeed, all experiments to date on Drosophila have shown that spontaneous
mutations cause a reduction in fitness (42-45, 25).
Mutations with mildly deleterious effects has emerged as a unifying
explanation behind a wide range of biological phenomena, such as those
listed above, due in large part to the classic experiments done by Mukai and
colleagues (29,46,47). In these experiments, they fixed the second
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chromosome of Drosophila melanogaster in order to allow extended
propagation of a single non-recombinant chromosome. This bottleneck
reduces the effects of natural selection and allows genetic drift to fix
mutations that may normally be lost. Mukai and colleagues discovered that
after only a few dozen generations, the mean viability of the lines had
declined significantly while the variance between lines increased
considerably. These were the first mutation accumulation experiments, and
laid the foundation for many experiments that followed. The study of how
mutations accumulate has emerged as one of the primary ways by which
researchers can directly study evolutionary change.
Houle et al. (48, 49) repeated the experiments performed by Mukai
and obtained similar results—a diploid genomic deleterious mutation rate of
0.6 per generation or larger. However, most recent experiments in organisms
ranging from Escherichia coli to Caenhorabditis elegans to Dictyostelium
discoideum have found mutation rates much lower than seen in those classic
Drosophila experiments (50, 34, 35), which suggests that the results
obtained in the Drosophila experiments may not be generalizable across
species.
As in the Drosophila experiments, spontaneous MA experiments on
Caenorhabditis elegans revealed a unilateral decline in fitness. The
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estimates from these experiments reveal that for life-history traits the
average mutation rate is approximately ~0.004 mutations/generation/haploid
genome (Table 2; 50, 51, 35).
The results from A. thaliana are not as unified as in the previously
described organisms. Schultz et al. (52) found a small fitness decline in both
overall fitness and in the individual fitness traits measured, while among line
variance increased. The results suggest a downwardly biased overall
mutation rate of 0.1 mutations/generation/haploid genome. While Shaw et
al. (28) obtained similar rates of mutation, they did not agree that the only
mutations in A. thaliana are deleterious, but instead suggested that mutations
in this species follow a symmetrical Gamma distribution, with
approximately half of all occurring mutations having beneficial effects. This
experiment was the first to suggest the importance of considering beneficial
mutations, and was initially met with some skepticism (53). However, in
recent years, it has been accepted that the possibility of beneficial mutations
must at least be considered.
Although the majority of new mutations are deleterious, advantageous
mutations must play a substantial role in shaping evolutionary effects.
Mutation is the only source of new material available for natural selection,
so it must be important for organisms at some point of their evolutionary
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history. In addition to the results obtained by Shaw et al. (28), Joseph and
Hall (54) found that approximately 5.75% of all mutations had a beneficial
effect when exploring spontaneous mutations in Saccharomyces cerevisiae.
This estimate is probably much more accurate than the estimate obtained by
Shaw et al. (28), based on the ratio of beneficial to deleterious mutations (5).
However, these results have since triggered a rethinking of the traditional
means of calculating mutation rates and thinking about how mutations affect
organisms.
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Calculating Mutation Rates
The ability to estimate mutation rate is an important feature of
mutation accumulation studies. Like all other aspects of studying mutations,
the methods used to derive mutation rates are diverse and often complicated.
The original means of determining mutation rates was derived by Bateman
(55) and Mukai (29, 47). The Bateman-Mukai (BM) method has the
advantage of simplicity, which resulted in widespread popularity in its use
until only recently. The measure estimates a lower bound for the rate of
mutation affecting a fitness trait per generation per haploid genome and an
upper bound for the effects of the mutations. BM compares the rate of
increase in among-MA line variance per generation (Vm) with the rate of
change of the fitness component (AM). This measure assumes that all
mutations are deleterious, and that the variance between lines is also zero.
The BM method assumes that all mutations have equal effects, which is
unlikely to be true. For these reasons, more accurate statistical methods have
been developed to calculate mutation rates.
The approach that is most often used involves maximum-likelihood
(ML) methods, which requires some assumptions about the distributions of
deleterious effects. This method was originally employed by Keightley (26),
using a gamma-distribution of mutational effects. The gamma distribution is
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most widely employed because it can take a variety of shapes; it employs
two parameters, a and (3, which specify scale and shape of the distribution,
respectively. Although the gamma distribution is defined only for positive
values, this is not an issue for modeling mutations as the sign is reversed.
The aim of ML estimation is to find the parameter values that most
accurately model the observed data. Although this method has traditionally
assumed all deleterious mutations, employing a reflected gamma distribution
allows for the presence of beneficial mutations (56, 57, 54).
An extension of the ML method was created by Shaw et al. (28),
utilizing a "displaced gamma" distribution. Rather than using a reflected
gamma distribution, which creates a discontinuity at zero, the displaced
gamma allows for both positive and negative mutations that eliminates the
potential discontinuity at zero. However, the displaced gamma distribution
has the objectionable effect of truncating the distribution of mutations below
a certain limit specified by the distribution.
Using the BM method, Kibota and Lynch (34) found that E. coli have
a deleterious mutation rate in excess of 0.0002 mutations per genome per
generation. The experimental design of transferring colonies founded by a
single cell did allow for some growth between transfers, creating the
potential for selection against deleterious mutations, which may cause their
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estimate to be low. Additionally, their model assumed that all mutations
were deleterious, which would lead to an underestimation of the true
mutation rate if beneficial mutations occurred at considerable rates. Lenski
and Travisano (58) used the ancestral strains of the mutation lines for similar
experiments that examined the dynamics of adaptation and observed high
rates of adaptation in a selective medium, followed by stabilizing selection.
As Lenski and Travisano explored adaptation in a selective environment, it
is hard to discern whether the adaptation seen is a result of niche
specialization or the result of a high rate of beneficial mutations. Studies in
other organisms have shown a non-trivial amount of beneficial mutations,
which may indicate that it is nearly always necessary to account for the
possibility of beneficial mutations.
The final method that is currently employed to calculate mutation
rates is the minimum distance (MD) method, created by Garcia-Dorado (56).
This method is similar to ML in that it requires an assumption of the shape
of the distribution of the data, and employs either a reflected gamma or a
mixed normal-gamma distribution of the data. The primary difference
between the two methods is that ML generates the parameters that best
match the given data, while MD generates parameters that create the
minimum distance between the observed data and the expected data. The
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primary issue with this method is that there is some expectation as to how
the mutation data will look, and even a cursory view of the experimental
literature on MA reveals that there is no universal distribution of the effects
of mutations (60, 61).
Ultimately, the question of how to analyze mutation data should be
considered before embarking on the tedious process of accumulating
mutations, as each method has its benefits and drawbacks. While ML is
considerably more prevalent than the other methods, it may not be
appropriate for every data set and for all questions explored with mutation
data.
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Fitness Traits Commonly Assayed by MA Data
Studying mutations began with examining the phenotypic effects
mutations had on traits and extrapolating that data to the rates and effects of
mutations and has progressed to identifying the exact base changes that
underlie specific mutations. While the explosion of genetic tools and data
has changed the face of how we study mutations, observing the phenotypic
effects of mutations will remain important because of the direct impacts
phenotypes have on fitness.
The traits that are most commonly studied are those traits that directly
relate to fitness, such as viability, reproduction rates, and growth rates.
Morphological measures are also frequently assayed, as well, because of
ease of measurement and because body size and clutch size, to name only
two, can be essential fitness traits, as well (Table 2). In A. thaliana,
responses to light and nutrients have been measured, as well as reproductive
traits (62, 44, 36).
Competitive and noncompetitive viability have been measured in D.
melanogaster and display overall fitness declines (44, 63, 25). Competitive
viability measures the ability of a male to obtain a mate in a competitive
setting, while noncompetitive viability measures egg-adult viability.

20

In Caenorhabditis elegans, life-history traits that have been studied
include productivity of offspring, survival to reproductive maturity,
longevity, reproductive output, and body size. Interest in the genomic
parameters of mutations have largely driven the mutational research in C.
elegans, making it the contemporary model organism for mutation
accumulation and other methods of investigating mutational parameters.
Denver et al. (64) reported that the direct estimate, obtained through
sequencing large amounts of the C. elegans genome following MA, of the
mutation rate in C. elegans is 1.6xl0"7 mutations per site per generation, a
rate that is far lower than the best estimates for those observed in the lifehistory traits. This analysis revealed that the majority of spontaneous
mutations are caused by insertions, and we also now know how mutation
affects transcription and DNA mismatch repair mechanisms in this organism
(20, 65, 66).
Although most MA experiments have only examined mutational
effects on an individual species, in an effort to characterize taxonomic
variation in the mutational process, Baer et al. (67) initiated a MA
experiment with both C. elegans and C. briggsae. The results of the study
demonstrate that the two strains of C. briggsae declined in fitness
significantly faster than did the two strains of C. elegans under identical
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conditions. Baer and colleagues also examined fitness in a stressful
environment (high temperature) as well as in a benign environment, which
allowed them to examine the effects of genotype and environment
simultaneously. Over the range of temperatures assayed, fitness did not vary
significantly, implying that for this taxonomic group, genetic differences are
more important than environmental differences. This seems to corroborate
the evidence that suggests that mutational parameters are more similar
across broad groups of species than within species (68-70).
The majority of MA experiments examine traits that are clear fitness
traits—traits such as viability and reproduction. Very few MA experiments
have examined the impact that mutations may have on behavioral traits that
impact fitness. Huey et al. (71) marks the first attempt to examine behavior
following MA. They measured the Get-A-Grip index in D. melanogaster,
which measures the ability of a fly to catch itself on baffles of a column
when falling. Additionally, performance traits such as larval feeding rate,
egg viability, larval crawling rate, and adult feeding rate were measured.
This study found reduced performance in most, but not all, of the traits
measured. The traits that declined included Get-A-Grip, larval feeding rate,
and egg viability, while the traits that did not experience a decline in fitness
included larval crawling rate and adult walking speed. The reduction in
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performance in the Get-A-Grip index was remarkable—on average, only
82% of the adult flies were able to catch themselves when dropped into a
Weber column following MA, while 100% of the flies in the control lines
were able to catch themselves on the baffles.
C. elegans is the only other organism, prior to D. discoideum, that has
been used to study how mutations impact behavior. Similar to the results
obtained by Huey et al. (71), Aije et al. (72) found a universal decline in the
fitness of three behavior traits related to chemotaxis in C. elegans following
MA. Although these two studies found that behaviors degraded following
MA, our study with Dictyostelium discoideum found that while there was an
overall decline in the mean of the behavior measured—cheating ability—
there were some lines that gained the ability to cheat following MA
(Middlemist et al. in prep). As techniques to explore the molecular
foundation of mutational changes are improving exponentially, using
mutations to study behavior may allow us to understand the genetic bases
that underlie behavior.
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Discussion
Although we know the most about the mutational parameters of a few
model organisms, it is useful and valid to expand the range of organisms that
are studied. The constraints of the designs of a MA study, however, confine
the number of organisms that can be studied to those few that are easy to
maintain in large populations and amenable to bottlenecks.
Downie (37) performed a short-term (20 generations) MA experiment
on Daktulosphaira vitifoliae, a gall forming herbivore and pest of grapes.
They assayed life-history traits at generations 3 and 20 and found that mean
fitness universally declined but the results were only significant for
survivorship and fecundity. They found an overall mutation rate of
approximately 0.023 mutations per genome per generation. Although there
was a dearth of significant effects, the evidence supports the assumption that
mutation rates in D. vitifoliae are high enough to produce heritable genetic
variation over only a few generations. This is especially important given the
ecological and economic impacts of this organism. D. vitifoliae is an
introduced and invasive species that is a pest of grapes. It has been managed
primarily through the use of host plant resistance, implying that adaptive
evolution is potentially very economically important.
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As important as understanding how mutation affects those organisms
with a significant ecological or economic impact is understanding the role of
mutations in natural populations. While studying model organisms is
generally easier than studying natural populations, or individuals from
natural populations that are maintained in the lab, the questions that are
answered often have limited applicability. In an attempt to obtain a better
understanding of the role mutations play in maintaining genetic variation in
natural populations, Lynch et al. (38) performed a MA experiment on
Daphnia pulex, a freshwater plaktonic cladoceran. Life-history traits, such as
size at maturity, age of reproduction, and number of offspring, were
measured at generations 7, 16, and 32. They found a fairly high mutation
rate at 0.6 mutations per trait per generation, and concluded that this high
mutation rate may result in the potential for natural populations to
experience mutations with an advantageous effect in specific ecological
environments. As the basic theory of mutational effects expands, it is critical
that more work occurs that explores the effects of mutation on natural
populations.
In nature, we are unlikely to see the same level of deleterious
mutation as we do in the laboratory as these mutations would likely be
eliminated through natural selection because their bearers would die.
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Sturtevant (73) noted this and questioned why the mutation rate had not
evolved to zero and concluded that "the nature of genes [must] not permit
such a reduction." Of course, this reasoning is incomplete as mutations are
the primary source of new genetic material, and must convey some
advantage at some point of a species' evolutionary history. What is truly
amazing is the amount of variation in the effects of mutation. Although there
is a clear general pattern caused by spontaneous mutation by which the
fitness of a trait declines while the variance increases, the extent of the
changes, the magnitude of individual mutational effects, and the responses to
a given mutation load are unique to each individual species.
One recurring issue when measuring the rates and effects of mutation
is determining the proportion of effects that come from the number of
mutations as opposed to the average effect of each mutation. Avila and
Garcia-Dorado (42) showed that deleterious mutations responsible for
fitness declines in competitive viability in D. melanogaster were efficiently
selected against in relatively small populations, demonstrating that
mutational effects were larger than a few percent. This is because selection
against most mildly deleterious mutations is inefficient due to the mild
effects on fitness. The same results were found in egg-to-adult viability
following 210 generations of MA (43).
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All of the experiments in Drosophila show a small, but significant,
decline in the mean of a trait, and a much larger between-line increase in the
variance of the trait. Although the same pattern is seen in recent MA
experiments on D. melanogaster and the classic experiments by Mukai and
Ohnishi, there is a striking difference in the magnitude of decline of mean
fitness. The classical experiments found large declines in the means of
assayed traits, but these results have not been repeatable. This may be
partially due to the methods used in these experiments. Mukai and Ohnishi
both used the Bateman method of estimating mutation rate, where the
change in mean is squared and divided by the change in the among-line
variance (55). However, the Bateman formula relies on the assumption that
all mutations have an equal effect, and when this assumption is violated, the
formula underestimates the rate of mutations and overestimates the average
mutational effect. As the experiments that followed those done by both
Mukai and Ohnishi obtain mutation rates that are far smaller than Mukai's
original mutation rates, the methods may not be the only reason for the
discrepancy. Some of the fitness decline observed in the experimental lines
in Mukai and Ohnishi's experiments may have a nonmutational basis (74,
56), as the relatively large decline seen in the fitness of the experimental
lines was not accompanied by a corresponding increase in variance; further,

27

a recent MA experiment that replicated Mukai's classic experiment showed
a decline in viability that was not nearly as dramatic as the original results
(75). At any rate, the more recent experiments on Drosophila have mutation
rates comparable to those of other organisms. These differences may be due
to more advanced statistical techniques, such as maximum likelihood, or it
may be that the more data is collected and analyzed, the closer we get to
mutational parameters that are universal.
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Conclusions
These varied results reveal the complexities of studying mutational
parameters. When we study mutations, we are really attempting to classify
evolutionary processes in real time. Although this feat may not be
impossible, as feared by Darwin, it is not simple. The nature of the
experiments done to classify mutations make attaining results that are not
confounded with some other unwanted effect nearly impossible. Even the
validity of the interpretations made by Mukai and Houle have been
questioned, as there is some doubt that the genomic deleterious mutation rate
is as high as reported and that the average fitness effects are as low as
reported (59, 26).
Since Mukai first published his results about how mutations affect D.
melanogaster, our knowledge of mutational parameters has vastly increased.
With the recent advances in genomics it is increasingly possible to
understand how mutations impact an organism at the level of the gene and
base pair (20, 67, 75). These methods allow us to understand mutations with
small effects, something that is not generally possible when measuring
changes in relative fitness following a mutation accumulation experiment.
While this information is certainly valid and useful, it tends to move us
further away from what happens in naturally occurring populations. As we
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are generally unable to perform these types of experiments on the
populations that would most benefit from these data, it is important to
balance the desire to understand mutational phenomena at the level which it
is occurring—the genome—with the need to understand the general
mechanisms by which mutations affect populations.
Interpreting the results of these experiments is complicated by the fact
that mutation rates are coupled with the average effects of mutations,
because the strength of selection on the mutation rate depends on the
average effect of a mutation (15). For example, two groups with the same
mutation rates but different average effects could experience different
degrees of selection and thus evolve at different rates. Further, mutational
effects often vary depending on the environment; Shabalina et al. (76) found
that the effects of deleterious mutations are magnified in hostile
environments. As the range of effects can be so expansive and diverse, it is
important to have a full understanding of the fitness impacts of mutation.
Ultimately, no matter how we obtain these data, if we will most likely be
extrapolating results obtained in the laboratory to natural populations, then it
is essential that we have as much data at our disposal as possible.
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REMI

Drawbacks
Best Used to Study
Benefits
How mutations affect individual
Tagged mutations allow for easy Dissimilar to how mutations are
tracking
generated in nature; results may not genes or traits
be comparable to wild populations

Ease of comparing genomic and Lack of data for species of interest
phenotypic data; Can be used
Comparative Genomics
for naturally occuring mutations
Simulates naturally occuring
Mutation Accumulation mutations

Difficult to locate mutations

Making comparisons between
organisms or species

Mutation rates and effects of
mutations

Table 1.1 Methods of Studying Mutations
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lOrqanism
Deleterious mutations
Caenorhabditis elegans

Caenorhabditis briggsae
Escherichia coli
Amsinckia gloriosa
Amsinckia douglasiana
Arabidopsis thaliana
Drosophila melanogaster

|u

|E(a)

I Fitness Assay

0.0025
0.0035
~0.005
N/A
~0.03
0.00017
0.42
0.48
N/A
0.1
0.35
0.47
0.14
0.02
0.052
0.004
0.03
0.01
~0.023
~0.6

0.2
0.1
0.1
N/A
0.1-0.3
0.012
0.03
0.05
N/A
0.2
0.027
0.023
0.03
0.1
0.11
~0.2
0.1
0.08
0.12
0.2-2

Body Size
Azevedo et al. 2002
Keightley and Caballero 1997
Reproductive Output; Lifespan
Survival to maturity; Longevity
Vassilieva and Lynch 1999
Chemotactic Behaviors
Aije et al. 2005
Reproduction in environments with varying t< Baer et al. 2006
Growth Rate
Kibota and Lynch 1996
Flower Number
Schoen 2005
Flower Number
Schoen 2005
Kavanaugh and Shaw 2005
Growth Rate; Phenotypic Traits
Schultz et al. 1999
Germination; seeds per fruit
Competitive viability
Mukai 1964
Competitive viability
Mukai et al. 1972
Competitive viability
Ohnishi 1977a,b
Garcia-Dorado et al. 1999
Noncompetitive viability
Competitive viability
Fry et al. 1999
Egg-to-adult viability
Caballero et al. 2002
competitive fitness
Avila and Garcia-Dorado 2002
Viability
Chavarrias et al. 2001
Life History traits
Downie 2003
Life History traits
Lynch et al. 1998

Daktulosphaira vitifoliae
Daphnia pulex
Beneficial mutations
Arabidopsis thaliana
0.1-0.2
Saccharomysces cerevisiae 0.0001

0.1
0.061

Fruit Number; Number of Seeds per Fruit
Growth Rate

I Reference

I

Shaw et al. 2002
Joseph and Hall 2004

Table 1.2. Mutation rates and average effects of mutation for fitness
traits calculated in mutation accumulation experiments. Mutation rates
(u) are measured as the rate of mutations per generation per haploid genome.
Average effects of mutations (E(a)) are measured as the percent change in a
trait per generation.
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The organisms that have been used to study mutation through mutation
accumulation experiments have all shared certain key characteristics:
• They reproduce rapidly, which allows experiments to continue for
many generations.
• They are easy to propagate.
• They allow for large populations in small spaces, which makes
experimental replication possible.
• They are amenable to the process of bottlenecking, by which one or
very few individuals contribute to the next generation.

Box 1.3 Necessary features of organisms used to conduct mutation
accumulation experiments
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Figure 1. Methods of propagating lines through a mutation
accumulation experiment. Populations are established from a single clone,
then propagated in a controlled and reproducible environment for many
generations. A sample of the ancestral population is stored indefinitely, as
are population samples from various time points during the experiment.

34

References
1. Darwin, C. 1859. On the origins of species by means of natural selection.
Murray: London.
2. Bowen, B.W. and S.A. Karl. 2007. Population genetics and
phylogeography of sea turtles. Molecular Ecology 16: 4886-4907.
3. Suarez, A.V. and N.D. Tsutsui. 2008. The evolutionary consequences of
biological invasions. Molecular Ecology 17: 351-360.
4. Sirand-Pugnet, P., C. Lartigue, M. Marenda, D. Jacob, A. Barre, V. Barbe,
C. Schenowitz, S. Mangenot, A. Couloux, B. Segurens, A. de
Daruvar, A. Blanchard, and C. Citti. 2007. Being pathogenic, plastic,
and sexual while living with a nearly minimal bacterial genome. PLoS
Genetics 3: 744-758.
5. Lynch, M., J. Blanchard, D. Houle, T. Kibota, S. Schultz, L. Vassilieva,
and J. Willis. 1999. Perspective: Spontaneous deleterious mutation.
Evolution 53: 645-663.
6. Hamilton, W.D. 1966. The moulding of senescence by natural selection.
J. Theor. Biol. 12: 12-45.
7. Charlesworth, B. and K.A. Hughes. 1996. Age-specific inbreeding
depression and components of genetic variance in relation to the
evolution of senescence. Proc. Natl. Acad. Sci USA 93: 6140-6145.
8. Haldane, J.B.S. 1937. The effect of variation on fitness. Am. Nat. 71: 337349.
9. Houle, D., K.A. Hughes, S. Assimacopoulos, and B. Charlesworth. 1997.
The effects of spontaneous mutation on quantitative traits. II.
Dominance of mutations with effects on life-history traits. Genet. Res.
70: 27-34.
10. Lande, R. 1994. Risk of population extinction from new deleterious
mutations. Evolution 48: 1460-1469.

35

11. Lynch, M , J. Conery, and R. Burger, 1995. Mutational meltdowns in
sexual populations. Evolution 49: 1067-1080.
12. Zeyl, C , M. Mizesko, and J.A.G.M. deVisser. 2001. Mutational
meltdown in laboratory yeast populations. Evolution 55: 909-917.
13. Kawecki, T.J. 1995. Demography of source-sink populations and the
evolution of ecological niches. Am. Nat. 144: 833-838.
14. Muller, H.J. 1950. Our load of mutations. Am. J. Hum. Gen. 2: 111-176.
15. Kondrashov, A.S. 1995. Contamination of the genome by very slightly
deleterious mutations: Why have we not died 100 times over? J.
Theor. Biol. 175: 583-594.
16. Tenaillon, O., E. Denamur, and I. Matic. 2004. Evolutionary significance
of stress-induced mutagenesis in bacteria. Trends in Microbiology 12:
264-270.
17. Kivisaar, M. 2003. Stationary phase mutagenesis: Mechanisms that
accelerate adaptation of microbial populations under environmental
stress. Environmental Microbiology 5: 814-827.
18. Kuspa, A. 2006. Restriction enzyme-mediated integration (REMI)
mutagenesis. Methods in Molecular Biology 346: 201-209.
19. Lynch, M. 1991. Methods for the analysis of comparative data in
evolutionary biology. Evolution 45: 1065-1080.
20. Denver, D.R., K. Morris, M. Lynch, and W.K. Thomas. 2004. High
mutation rate and predominance of insertions in the Caenorhabditis
elegans nuclear genome. Nature 430: 679-682.
21. McConnell, R., S. Middlemist, C. Scala, J.E. Strassmann, and D.C.
Queller. 2007. An unusually low microsatellite mutation rate in
Dictyostelium discoideum, an organism with unusually abundant
microsatellites. Genetics 111'. 1499-1507.

36

22. Papaceit, M., V. Avila, M. Aguade, and A. Garcfa-Dorado. 2007. The
dynamics of the roo transposable element in mutation-accumulation
lines and segregating populations of Drosophila melanogaster.
Genetics 177:511-522.
23. Bataillon, T. 2000. Estimation of spontaneous genome-wide mutation
rate parameters: whither beneficial mutations? Heredity 84: 497-501.
24. Keightley, P.D. and A. Eyre-Walker. 1999. Terumi Mukai and the riddle
of deleterious mutation rates. Genetics 153: 515-523.
25. Garcfa-Dorado, A., C. Lopez-Fanjul, and A. Caballero. 1999. Properties
of spontaneous mutations affecting quantitative traits. Genet. Res. 74:
341-350.
26. Keightley, P.D. 1994. The distribution of mutations effects on viability
in Drosophila melanogaster. Genetics: 138: 1315-1322.
27. Keightley, P. D., 1998. Inference of genome-wide mutation rates and
distributions of mutation effects for fitness traits: A simulation study.
Genetics 150: 1283-1293.
28. Shaw, F.H., C.J. Geyer, and R.G. Shaw, 2002. A comprehensive model
of mutations affecting fitness and inferences for Arabidopsis thaliana.
Evolution 56(3): 453-463.
29. Mukai, T. 1964. The genetic structure of natural populations of
Drosophila melanogaster. I. Spontaneous mutation rate of polygenes
controlling viability. Genetics 50: 1-19.
30. Mukai, T., and T. Yamakazi. 1968. The genetic structure of natural
populations of Drosophila melanogaster. I. Spontaneous mutation rate
of polygenes controlling viability. Genetics 50: 1-19.
31. Ohnishi, O. 1977. Spontaneous and ethyl methanesulfonate induced
polygenic mutations controlling viability in Drosophila melanogaster.
II. Homozygous effect of polygenic mutations. Genetics 87: 529-545.

37

32. Ohnishi, O. 1977. Spontaneous and ethyl methanesulfonate induced
polygenic mutations controlling viability in Drosophila melanogaster.
III. Heterozygous effect of polygenic mutation. Genetics 87: 547-556.
33. Elena, S.F. and R.E. Lenski. 2003. Evolution experiments with
microorganisms: The dynamics and genetic bases of adaptation.
Nature Reviews Genetics 4: 457-469.
34. Kibota, T.T. and M. Lynch. 1996. Estimate of the genomic mutation rate
deleterious to overall fitness in E. coli. Nature 381: 694-696.
35. Vassilieva, L.L. and M. Lynch. 1999. The rate of spontaneous mutation
for life-history traits in Caenhorabditis elegans. Genetics 151: 119129.
36. Shaw, R.G., D.L. Byers, and E. Darmo. 2000. Spontaneous mutation
effects on reproductive traits of Arabidopsis thaliana. Genetics 155:
369-378.
37. Downie, D.A. 2003. Effects of short-term spontaneous mutation
accumulation for life-history traits in grape phylloxera,
Daktulosphaira vitifoliae. Genetica 119: 237-251.
38. Lynch, M., L. Latta, J. Hicks, and M. Giorgianni. 1998. Mutation,
selection, and the maintenance of life-history variation in a natural
population. Evolution 52: 727-733.
39. Kimura, M. 1983. The neutral theory of molecular evolution.
Cambridge, UK: Cambridge University Press.
40. Nielsen, R. and D.M. Weinreich. 1999. The age of nonsynonymous and
synonymous mutations in animal mtDNA and implications for the
mildly deleterious theory. Genetics 153: 497-506.
41. Elena, S.F., V.S. Cooper, and R.E. Lenski. 1996. Punctuated evolution
caused by selection of rare beneficial mutations. Science 272: 18021804.

38

42. Avila, V. and A. Garcia-Dorado. 2002. The effects of spontaneous
mutation of competitive fitness in Drosophila melanogaster. J. Evol.
Biol. 15: 561-566.
43. Caballero, A., E. Cusi, C. Garcia, and A. Garcia-Dorado. 2002.
Accumulation of deleterious mutations: Additional Drosophila
melanogaster estimates and a simulation of the effects of selection.
Evolution 56: 1150-1159.
44. Chavanias, D., C. Lopez-Fanjul, and A. Garcia-Dorado. 2001. The rate
of mutation and the homozygous and heterozygous mutational effects
for competitive viability: A long-term experiment with Drosophila
melanogaster. Genetics 158: 681-693.
45. Fry, J.D., P.D. Keightley, S.L. Heinsohn, and S.V. Nuzhdin. 1999. New
estimates of the rates and effects of mildly deleterious mutation in
Drosophila melanogaster. Proc. Natl. Acad. Sci. USA 96: 574-579.
46. Mukai, T. 1979. Polygenic mutation. Pp. 177-196 in J.N. Thompson, Jr.
and J.M. Thoday, eds. Quantitative genetic variation. Academic Press,
New York.
47. Mukai, T., S.L Chigusa, L.E. Mettler, and J.F. Crow. 1972. Mutation rate
and dominance of genes affecting viability in Drosophila
melanogaster. Genetics 72: 335-355.
48. Houle, D. 1992. Comparing evolvability and variability of quantitative
traits. Genetics 130: 195-204.
49. Houle, D., K.A. Hughes, D.K. Hoffmaster, J. Ihara, S. Assimacopoulos,
and B. Charles worth. 1994. The effects of spontaneous mutation on
quantitative traits. I. Variance and covariance of life history traits.
Genetics 138: 773-785.
50. Keightley. P.D. and A. Caballero. 1997. Genomic mutations rates for
lifetime reproductive output and lifespan in Caenorhabditis elegans.
Proceedings of the National Academy of Sciences USA 94: 38233827.

39

51. Azevedo, R.B.R., P.D. Keightley, C. Lauren-Maatta, L.L. Vassilieva, M.
Lynch, and A.M. Leroi. 2002. Spontaneous mutational variation for
body size in Caenorhabditis elegans. Genetics 162: 755-765.
52. Schultz, S.T., M. Lynch, and J.H. Willis. 1999. Spntaneous deleterious
mutation in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 96:
11393-11398.
53. Keightley, P.D. and M. Lynch. 2003. Toward a realistic model of
mutations affecting fitness. Evolution 57: 683-685.
54. Joseph, S.B. and D.W. Hall. 2004. Spontaneous mutations in diploid
Saccharomyces cerevisiae: More beneficial than expected. Genetics
168: 1817-1825.
55. Bateman, A.J. 1959. The viability of near-normal irridated
chromosomes. Int. J. Radiat. Biol. 1: 170-180.
56. Garcia-Dorado, A. 1997. The rate and effects distribution of viability
mutation in Drosophila: Minimum distance estimation. Evolution 51:
1130-1139.
57. Keightley, P.D. and O. Ohnishi. 1998. EMS-induced polygenic mutation
rates for nine quantitative characters in Drosophila melanogaster.
Genetics 148: 753-766.
58. Lenski, M.E. and M. Travisano. 1994. Dynamics of adaptation and
diversification: A 10,000-generation experiment with bacterial
populations. Proc. Natl. Acad. Sci USA 91: 6808-6814.
59. Eyre-Walker, A., and P.D. Keightley. 2007. The distribution of fitness
effects of new mutations. Nature Reviews Genetics 8: 610-618.
60. Keightley, P.D. 2004. Comparing analysis methods for mutationaccumulation data. Genetics 167: 551-553.
61. Chang, S.M. and R.G. Shaw. 2003. The contribution of spontaneous
mutation to variation in environmental response in Arabidosis
thaliana: Responses to nutrients. Evolution 57: 984-994.

40

62. Kavanaugh, CM. and R.G. Shaw. 2005. The contribution of
spontaneous mutation to variation in environmental responses of
Arabidopsis thaliana: Responses to light. Evolution 59: 266-275.
63. Fernandez, J., and C. Lopez-Fanjul.1996. Spontaneous mutational
variances and covariances for fitness-related traits in Drosophila
melanogaster. Genetics 143: 829-837.
64. Denver, D.R., K. Morris, M. Lynch, L.L. Vassilieva, and W.K. Thomas.
2000. High irect estimate of the mutation rate in the mitochondrial
genome of Caenorhabditis elegans. Science 289: 2342-2344.
65. Denver, D.R., K. Morris. J.T. Streelman, S.K. Kim, M. Lynch, and W.K.
Thomas. 2005. The transcriptional consequences of mutation and
natural selection in Caenorhabditis elegans. Nature Genetics 37: 544548.
66. Denver, D.R., S. Feinberg, S. Estes, W.K. Thomas, and M. Lynch. 2005.
Mutation rates, spectra, and hotspots in mismatch repair-deficient
Caenorhabditis elegans. Genetics 170: 107-113.
67. Baer, C.F., N. Phillips, D. Ostrow, A. Avalos, D. Blanton, A. Boggs, T.
Keller, L. Levy, and E. Mezerhane. 2006. Cumulative effects of
spontaneous mutations for fitness in Caenorhabditis: Role of
genotype, environment, and stress. Genetics 174: 1387-1395.
68. Demerec, M. 1937. Frequency of spontaneous mutation in certain stocks
of Drosophila melanogaster. Genetics 22: 469-478.
69. Drake, J.W., B. Charlesworth, D. Charlesworth, and J.F. Crow. 1998.
Rates of spontaneous mutation. Genetics 148: 1667-1686.
70. McVean, G.A.T., and J. Vieira. 2001. Inferring parameters of mutation,
selection, and demography from patterns of synonymous site
evolution in Drosophila. Genetics 157: 245-257.
71. Huey, R. B., G.W. Gilchrist, K. Ward, L. Maves, D. Pepin, and D.Houle,
2003. Mutation accumulation, performance, and fitness. Integr. Comp.
Biol. 43: 387-395.

41

72. Aije, B.C., S. Estes, M. Lynch, and P.C. Phillips, 2005. Behavioral
degradation under mutation accumulation in Caenorhabditis elegans.
Genetics 170: 655-660.
73. Sturtevant, A.H. 1937. Essays on evolution. I. On the effects of selection
on the mutation rate. Q. Rev. Biol. 12: 464-476.
74. Keightley, P.D. 1996. Nature of deleterious mutational load in
Drosophila. Genetics 144: 1993-1999.
75. Eyre-Walker, A., P.D. Keightley, N.G.C. Smith, and D. Gaffney. 2002.
Quantifying the slightly deleterious model of molecular evolution.
Mol. Biol. Evol. 19: 2142-2149.
76. Shabalina, S.A., L.Y. Yampolsky, and A.S. Kondrashov. 1997. Rapid
decline of fitness in panmictic populations of Drosophila
melanogaster maintained under relaxed natural selection. Proc. Natl.
Acad. Sci. USA 94: 13034-13039.
77. Schoen, D.J. 2005. Deleterious mutation in related species of the plant
genus Amsinckia with contrasting mating systems. Evolution 59:
2370-2377.
78. Witherspoon, D.J. and H.M. Robertson. 2003. Neutral evolution often
types of mariner transposons in the genomes of Caenorhabditis elegans
and Caenorhabditis briggsae. J. Mol. Evol. 56: 751-769.

42

Chapter 2: Cheating as a fitness component in the social amoeba:
Evidence from a mutation accumulation study
Abstract
Microorganisms are rapidly becoming model organisms when
studying social interactions and evolution, as they are easily amenable to
laboratory conditions and results can be obtained rapidly. However, we
know very little of the types of social interactions that are likely to be
important in nature. Through the use of a mutation accumulation experiment
on the social amoeba, Dictyostelium discoideum, we explored how
spontaneous mutation may affect an individual's ability to compete for spore
production in chimeric mixtures. We began with a single isolate whose
descendents were put through 70 single cell bottlenecks and 1000
generations. We predicted that, if competition in chimeras is a fitness
component, these experimental lines would do less well in competition with
the ancestor compared to the controls that were not put through bottlenecks,
and this prediction was supported. This decline could not be explained as a
correlated response to declines in other fitness components, suggestion that
competition in chimeras is itself a fitness component.
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Introduction
Cooperative interactions are common in nature. Consider the
interactions between lions, ants, meerkats, scrub jays, and honeybees and
other social insects (1-6). Advantages to cooperation include defense,
increased efficiency of foraging, and cooperative care of offspring (7-8).
While it is easy to conceptualize cooperation at such a large scale, many
examples exist of cooperation at other, finer levels of biological
organization, such as major transitions in complexity, from molecules to
genes and genes to chromosomes, but also among the cells in multicellular
organisms, and the varied cooperative actions carried out by groups of
microorganisms, such as biofilms (9-12).
While the cooperative behavior of microorganisms is not directly
comparable to that of more complex organisms, these simple systems share
an essential property of a cooperative group: the use of shared resources
(10). Many microorganisms share molecules that are secreted into a shared
space, such as siderophores, enzymes used for various functions, and the
polysaccharide coating that is a key characteristic of biofilms (13-14). In
addition to this rudimentary form of cooperation, some groups have evolved
a sophisticated social structure. In both the Dictyostelids (15) and the
Myxobacteria (16) cells differentiate and die so that others can contribute to
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the next generation. This trait creates the potential for cheaters, where some
clones gain a selfish advantage by using the resources of others without
paying the full costs.
Individuals have evolved a variety of mechanisms to deter
manipulation by cheaters. The most common mechanism is kin selection, by
which individuals selectively help only those to whom they are most closely
related (17). This is typically accomplished through spatial grouping,
resulting in groups of high relatedness co-occurring. High relatedness means
that cooperators and cheaters will tend to occur in different groups (18-19).
Another mechanism used to deter cheating is through the association of a
trait or a behavior with a fitness cost. The most famous examples of this are
the plumage badges found in various species of sparrows (20-21). Other
examples that are more relevant to the realm of social behaviors include the
GASP (growth at stationary phase) phenotype in Escherichia coli, which is
able to continue rapid cell division even in nutrient-limited conditions, but
cannot tolerate an acidic environment (22), and the csaA and dimA mutants
found in the social amoeba Dictyostelium discoideum (23-24).
In D. discoideum, thousands of separate starved cells come together to
form a multicellular fruiting body, with most forming spores, but with 20%
of the cells altruistically dying to form a supporting stalk. csaA' cells are
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able to cheat, producing more of their fair share of spores, when plated with
wild-type cells on an agar substrate in the lab. However, when csaA cells are
plated with wild-type cells on a soil substrate, which more closely mimics
their natural habitat, the mutant cheater cells lose because they are unable to
aggregate (23). Similarly, dimA mutants in the same species show a
phenotype that should cheat, but instead lose because of an associated defect
in spore production (24).
D. discoideum is rapidly emerging as the genetic model system for
cooperation and cheating (24-26) in part because genetically different clones
mix and form chimeras in nature (15, 27). However, we do not know how
important competition between clones is in the wild partly because we do
not know how often D. discoideum enters the social stage, and partly
because many fruiting bodies may not involve cheating because they are
clonal. Gilbert et al. (25) reported that 92% of fruiting bodies collected in
the field were clonal. Mehdiabadi et al. (29) showed that D. purpurpeum
exhibits kin preference, resulting in 86% clonal fruiting bodies produced
from genetically diverse cell mixes, and partial sorting can occur in D.
discoideum (unpublished data).
The primary impetus behind this study was to determine whether
cheating in the wild is important in Dictyostelium discoideum. We adopted
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the novel approach of testing whether competition in chimeras behaves like
a fitness component in a mutation accumulation experiment. Mutation
accumulation lines are passaged through numerous single-cell bottlenecks
over a series of generations to minimize selection and maximize genetic drift
(30). This procedure allows mutations that would normally be selected
against to rise to fixation by drift and consequently leads to a degradation of
traits normally maintained by selection. If cheating behavior in D.
discoideum is maintained by selection in the wild, we predict that the ability
to cheat will decline under mutation accumulation.
This scarcity of information about behaviors of microorganisms in the
wild is not limited to D. discoideum. Microorganisms like D. discoideum are
attractive because of the availability of fully sequenced genomes, as well as
the ease of manipulation in the laboratory environment. Further, the
simplicity of the behaviors assists in obtaining a clear understanding of the
mechanisms that cause that behavior. However, the natural significance of
the behaviors has been more difficult to determine. As interest in exploring
sociobiological questions with microbiological systems grows, the necessity
of understanding natural behavior grows, as well.
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Results
We hypothesized that, following mutation accumulation (MA), the
mean proportion of spores gained in chimeric competition would decrease
and that the variance of this trait would increase. An increase in variance
indicates the presence of mutations in the lines, while a decline in the mean
represents a loss in fitness. As expected, MA caused an increase in the
variance of this trait and a decrease in the overall mean in cheating behavior
(Fig. 1). We calculated the ratio of the among-line variances and the
difference of means (Table 1). The ratio of variances between the MA lines
and the ancestor was 138.86 and was highly significant (resampling test,
p<0.0001). The high level of significance as well as the large amount of
variation in spore allocation between each MA line when mixed with the
ancestor indicates that mutations have indeed accumulated and have resulted
in the MA lines following different evolutionary trajectories.
The difference in means between the MA lines and the ancestor was 5.93, indicating an overall loss of fitness (resampling test, p<0.0001). The
difference in means between the MA and control lines was nearly as large, 4.71, but this was not quite significant (resampling test, p=0.06). Fig. 2
shows that while most MA lines either did not experience cheating or were
cheated by the ancestor, there are some lines that were able to cheat the
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ancestor following mutation accumulation. In the cases where the MA line
cheated the ancestor, the amount of cheating was substantial but the overall
decline in the mean indicates that most mutations affecting this trait are
deleterious.
As these experiments were very time consuming, we wanted to
determine whether complete replication was absolutely necessary. We
looked for a correlation between the reciprocal mixes to determine the
amount of measurement error within an experiment and found that the two
measures are highly correlated (Spearman's rank correlation, rho=0.8,
p<2.2xl0"16). We also replicated 27 of the mixes of the MA line and the
ancestor at 50:50 and found that the replicates are also highly correlated
(Spearman's rank correlation, rho=0.78, p=5.72xl0"5). Based on these
correlations, we determined that experimental variation was low enough for
our intital replicates to be informative, so we chose not to replicate the
remaining mixes between the MA lines and the ancestor.
Using the within-line variance calculated from the 27 replicated MA
lines, and assuming that the other lines would have the same variance, we
estimated that 46 of the 90 MA lines differed significantly from the
expectation that their proportion in cells minus proportion in spores is zero.
Of the 46 lines that differed significantly (t-test, p<0.05 after sequential
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Bonferroni correction for multiple tests, df 26, 2-tails,) 36 of these were
negative (cheated by the AX4 ancestor) and 10 were positive (cheated the
AX4 ancestor).
The decline in cheating with MA suggests that cheating is a fitness
component. However, it is possible that the loss of the ability to compete in
chimeras could arise from correlations between other declining fitness
components. Therefore, we also measured other components of fitness: rates
of spore germination, doubling times in two different environments, distance
traveled by slugs, total number of fruiting bodies produced from a set
number of spores, and number of spores per fruiting body. Although there
was an overall decline in the traits we measured (Middlemist et al. in prep.),
there was no correlation between cheating and any other fitness component
(Fig. 3). Apparently, competitiveness in the social arena is an important
fitness trait in its own right.
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Discussion
Microorganisms have received much recent attention for displaying
social traits and for cheating (12-14, 31-33), and have also been lauded as
the paramount system for experimental evolution (34). However, there has
been little intersection between the two (but see 35-36). Here we applied one
particular kind of experimental evolution, a mutation accumulation
experiment, to understand cheating behavior in D. discoideum. The results of
our study indicate that behavior can be impacted by spontaneous mutation,
and the effects of those mutations may have important consequences to the
overall fitness of that organism. Further, the results of our study suggest that
cheating is indeed important to the fitness of D. discoideum in nature.
If cheating is a fitness component, and cheating is an adaptation
maintained by selection, then random mutations ought to degrade it. If, on
the other hand, there has been no past history of adaptation and fixation of
mutants for cheating, then we would expect mutants to be unbiased and
unidirectional. The observed decline in ability to get into spores could
actually come either from a decline in cheating or from a decline in the
ability to resist cheating, but either one supports the importance of a past
history of cheating in nature.
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An alternative explanation is that cheating is not itself a fitness
component but is genetically correlated with some other fitness component.
However, our tests failed to find any such correlations. We cannot definitely
exclude the possibility of correlation with some untested fitness component,
but this seems unlikely. Cheating is affected by many genes, apparently in
may different pathways (26). A single correlated factor affecting all these
pathways would likely be quite a general one that would also affect general
fitness as reflected in growth, but we saw no correlation with growth. And if
the changes are due to many different correlated factors, each
idiosyncratically affecting a different cheating pathway, we would expect an
equal balance between positive and negative correlated effects rather than
the net negative effect observed.
The number of beneficial mutations observed—those that resulted in
the MA lines gaining an ability to cheat the ancestor—must be addressed. Of
the 90 MA lines, 27 had positive cheating scores against the ancestor and 10
of these were statistically significant. For strong fitness components, we
don't expect many beneficial mutations. This is a dramatic
overrepresentation of beneficial mutations, with approximately 19% of
mutations having a beneficial effect. Our results suggest that though
cheating does behave like a fitness component (i.e. it declines under the
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pressures of MA), it perhaps is not a very strong one; otherwise all
beneficial mutations would likely already have gone to fixation. Only
recently have beneficial mutations been acknowledged as playing any sort of
considerable role in the process of mutation accumulation, and the data
supporting this idea are still controversial (37-39).
One explanation for beneficial mutations, adaptation to the lab
environment, is unlikely in our study because there could be no selection for
cheating during our experiment as we did not allow fruiting. Selection on
correlated traits could also cause changes that give the false appearance of
beneficial cheating mutations, but this seems unlikely because control lines
experienced more selection, but did not change their cheating behavior.
Another possible explanation for the beneficial is specific to traits
involved in conflict. Although we normally expect beneficial mutants to
have been previously fixed by selection, this may not be true for social genes
whose effects are partner dependent or frequency dependent. Some cheating
genes, or cheating defense genes, may work only at low frequencies because
as a cheater rises in frequency it meets itself more often, or because others
are then selected to resist them. In general, conflict may be expected to
generate complex interactions between genotypes. Therefore, many
mutations that are beneficial in the context we studied, 50% frequency
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against one partner, may not be universally beneficial and so may not have
been fixed by prior selection. In other words, social conflict may generate a
bias in favor of seeing "beneficial" mutations.
In spite of a growing body of work reporting the presence of
beneficial mutations following MA, discovering this unusual abundance of
beneficial mutations is not only counter to the findings of most MA studies
(see 40-41), but it is also contrary to the findings by Aije et al (35). This MA
study found behavioral degradation in chemotactic traits in Caenorhabditis
elegans following MA. Aije et al. found that directness and velocity
decreased while turn rate increased, indicating that C. elegans is less able to
effectively avoid noxious chemicals following mutation accumulation.
Although we found that mutations affecting cheating behavior were likely to
have detrimental effects, on average, we did not find a unilateral decline in
the ability to deter cheating in this trait, as measured by mixing with the
ancestor.
This study marks the first use of a mutation accumulation study to
explore the applicability of results obtained in the laboratory to the field. As
interest in using microorganisms to study social behaviors grows, this
method may be a viable option to investigate the importance and
mechanisms of behavior in the wild.
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Materials and Methods
Ancestral Mutation-Accumulation Lines: The origin and maintenance of
the lines, as well as the methods used for the MA experiment have been
described previously (see 42). Briefly, 90 asexual lines were initiated from
the same cell of the lab clone AX4. Each was carried through about 1000
generations, with 70 single-cell bottlenecks achieved by picking and
transferring single isolated colonies. 10 additional lines serving as controls
went through the same treatment without the single-cell bottlenecks.

Cheating Assay: The methods used to test the effect of the accumulated
mutations on the ability to produce spores when mixed with lines without
those mutations have already been described (supplementary material of 29).
We made 1:1 mixtures of starved cells from MA lines and the ancestral AX4
line, one of them labeled with Cell Tracker™ Green CMFDA dye, and
measured the proportion that each line contributed to the spores.
We counted 500 cells from each mix and 250 cells from each unmixed
control on a hemocytometer using a Nikon™ El000 fluorescent microscope
and MetaMorph® imaging software to confirm that each mix was equal and
that no labeled or unlabeled cells had contaminated the controls. Once all
plates had completed fruiting, we collected all fruiting bodies from each
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plate in 200 jul KK2+10 mM EDTA. We determined the density of the
spores by counting two 10-pi aliquots on a hemocytometer and ascertained
the final proportion of glowing spores to non-glowing spores by counting a
minimum of 500 spores for each mix, and a minimum of 250 spores for each
control. As we are comparing the fates of labeled and unlabeled cells, it is
critical that the labeled cells retain a high fidelity of labeling. In labeled
control treatments 99% of spores retained the Cell Tracker dye on average
(99.2 ±s.d. 0.31, n=182).
We measured cheating using the difference between the percentage of
MA spores from the percentage of MA cells when we originally plated them,
that is, the increase in proportion of MA cells. For each experiment, we did
reciprocal mixes between the ancestor and the MA line, one with the
ancestor labeled and one with the MA line labeled, and we averaged the
resulting in two cheating values.

Data Analysis and Statistics: The data for the cheating assay were not
normally distributed and we were unable to normalize the data through
transformations. Therefore, we used Resampling Stats in Excel version 2
(Resampling Stats, Inc.) to create non-parametric resampling tests to assess
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whether changes occurred in the means and variances of the fitness traits we
assayed.
We first calculated 95% confidence intervals (CI) for all three
treatments (ancestor, control lines, and MA lines) by bootstrapping the data
from the cheating assay over lines. We created 10,000 bootstrapped datasets
and determined the 95% CI by excluding the 2.5% highest and lowest
values.
In order to determine whether means had changed significantly in
fitness assays, we calculated the differences of means between two
treatments and then determined the probability of generating a difference
larger than the observed difference of means using 10,000 random shuffles
of the line means between treatments. We performed a similar test to
discover whether the among-line variances in the fitness assays had
significantly deviated from the control variances by calculating the F-ratios:
(variance between MA lines)/(variance between control lines) or (variance
between MA lines)/(variance between ancestral line replicate). We then
determined the probability that a variance ratio as high as the observed ratio
could be seen by chance by performing 10,000 random shuffles between
treatments.
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To determine whether individual MA lines changed, and what fraction
were beneficial, we used the within-line variance estimated from the 27
replicated tests. Unlike the raw data, the deviations from the line means
appeared normally distributed (Shapiro-Wilks W = 0.9766, p = 0.503), so
we calculated significance using the t-statistic (;c,-oW.s2/27with 26 degrees
of freedom and 2 tails. Here s2 is the within-line variance and x< is the mean
cheating score for the ith MA line (proportion MA in cells minus the
proportion MA in spores (for 27 lines the mean is over two replicates; for
the rest over one).
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Fig. 2.1. Mutation Accumulation lines have increased variance and
reduced fitness when compared with ancestral and control lines. MA
lines have reduced spore allocations when mixed in pairwise competitions
with the ancestor. The MA lines experienced a reduction in the mean of this
trait (diff. of means: -5.93%; Kruskal-Wallis, p=0.02) as well as an increase
in the among-line variances (ratio of variance: 138.86; Kruskal-Wallis,
rxO.0001), suggesting that mutations have occurred that negatively affected
the ability of diverged lines to compete against the ancestor.
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Fig. 2.2. Ancestor, Control, and MA lines. Decline in the mean allocation
of spores and increase in the average variance in MA lines when competed
50:50 with the ancestor. The average degree of change in the mean was 5.93. The average increase in the variance was 96.75. The bars indicate the
95% Confidence Intervals for those lines that were replicated.

Mean or
Variance or
Ratio of variances
Difference of means
Ancestor
0.13
0.70
0.14
0.91
Control
-4.58
97.18
MA
Control, ancestor
0.002
1.30***
MA, ancestor
138.86***
-5.93***
MA, control
-4.71
106.73***
Table 2.1. Means and variances for cheating assay. We calculated the
difference of means and the ratio of the among-line variances between the
three treatments. Through Resampling Stats, we generated a distribution of
values to determine the probability of obtaining the observed results by
chance alone. Levels of significance: *=0.05, **=0.01, ***=<0.0001.
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Chapter 3: The Effects of Spontaneous Mutation on Fitness Traits in the
Social Amoeba, Dictyostelium discoideum

Abstract
Spontaneous mutations are an important source of variation but are
generally thought to have primarily deleterious effects. We performed a
mutation accumulation (MA) experiment on the social amoeba,
Dictyostelium discoideum, in order to examine the impact of spontaneous
mutation of fitness traits, as well as to determine whether competition during
the social stage is a fitness component. We found that the majority of
mutations had deleterious effects on fitness, although we did see some
beneficial mutations in the traits affecting fruiting body formation, possibly
indicating that the formation of fruiting bodies is not highly adapted in the
wild. We also found that competition during the social stage was negatively
impacted following MA, suggesting that is indeed a component of fitness in
D. discoideum. Overall, the rapid rise of deleterious mutations may mean
that D. discoideum in the wild experiences high selective pressure.
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Introduction
Mutations are the principal source of novel variation upon which
natural selection can act. Spontaneous mutations play an important role in
providing genetic variation to natural populations, the evolution of sexual
reproduction and mate choice, and the maintenance or decline of small
populations (1-4). Knowledge of mutational variation is important for
predicting response rates of artificial selection (5, 6). Additionally, mutation
often plays a role in human diseases such as HIV, inherited genetic disorders
and human cancers (7-9). Because mutation is a random process and can
arise from errors during DNA replication or external forces such as UV and
mutagenizing chemicals, mutations have the ability to affect the fitness of
organisms in completely different manners (10-12). Studying how mutation
affects reproductive traits, the viability of an organism, and fitness, as well
as behaviors and competitive ability can provide us with insights into
mutational mechanisms and effects.
Obtaining this information is most commonly done through the use of
mutation accumulation experiments (13-15). In these experiments, replicate
lines are created from a single isolated line, and these lines are allowed to
diverge genetically owing to the relaxation of selection that allows mutations
to accumulate due to drift. Relaxing selection usually occurs by putting the
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lines through a repeated bottleneck, which reduces the effective population
size. Observing the rate of genetic divergence in the form of increased
between-line variance, leads to the estimation of the impact of mutations.
These types of experiments have been done on many organisms, beginning
with Drosophila melanogaster (14, 16, 17), but also Escherichia coli (18,
19), Caenorhabditis elegans (20, 21) and Arabidopsis thaliana (22). Much
attention has been focused on the relationship between mutations and fitness
traits such as growth, viability, and reproductive success (23-25). Work has
also been done to classify the mutation rates of fitness traits, transcriptomes,
microsatellites, and in some cases, the whole genome (26-28).
The work on these organisms is wide and varied, but has primarily
looked at traits that affect viability or reproduction, and rarely have
behavioral traits been examined, with the exception of chemotactic behavior
in C. elegans (29, 30) and the Get-A-Grip (GAG) index in D. melanogaster
(31). This is because mutation accumulation experiments are difficult and
the outcome is usually aimed at understanding how mutations affect traits
that directly impact fitness. To date, there has been no work done to classify
how mutations affect social traits, which can be critically important to
fitness. Social traits are those traits that affect how an organism interacts
with other organisms, either of the same species or a different species, in its
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environment. In our study, we chose to examine the impact mutations have
on both fitness and social traits in the social amoeba, Dictyostelium
discoideum.
Dictyostelium discoideum is a eukaryotic single-celled amoeba that
lives in the soil and is a predator of bacteria. When food becomes scarce, D.
discoideum send out a chemical signal, cAMP, that causes all cells in the
vicinity to respond by migrating towards the source of the signal. These cells
form a multicellular structure that becomes a slug able to migrate towards
heat and light (32, 33). When the multicellular slug finds a suitable location,
it differentiates into a fruiting body in which roughly 20% of the cells form a
vacuolated stalk that holds up the remaining 80% in a ball of reproductive
spores. The stalk functions to raise the reproductive spores away from the
forest floor, facilitating their dispersal by passing organisms (34, 35).
As D. discoideum amoeba can form multicellular structures by
combining with other genetically distinct amoebae, there may be potential
for conflict over spore production (36). Multicellular development in
Dictyostelium is potentially different than most other organisms because
aggregation can bring together different clones. Clones may have evolved
exploitative mechanisms in an attempt to increase the odds that they will end
up as spores, rather than in the reproductive dead-end of the stalk (36, 37).
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Genetically different clones readily mix and form chimeras in nature
(36, 38). However, we do not know exactly how important competition
between clones is in the wild, as Gilbert et al. (39) reported that most,
though not all, fruiting bodies collected in the field were clonal. The primary
impetus behind this study was to further understand how D. discoideum
interacts when forced to produce chimeric fruiting bodies composed of
multiple genotypes. Further, we wanted to answer the question of the
importance of competition in the wild by testing whether competition to
produce spores behaves like a fitness component.
We sought to study the general effects of mutation on Dictyostelium
discoideum by comparing them against their ancestor, as well as against a set
of control lines that had not been bottlenecked. Our goals were to determine
whether or not MA had impacted spore producing ability and other fitness
traits, such as growth rates in different media and rates of spore germination.
We also hypothesized that if spore competition was indeed a fitness
component, mutation would reduce competitive abilities to become spore
and not stalk in chimeras. We created mutation accumulation (hereafter,
MA) lines that were put through a single-celled bottleneck to test this
hypothesis. To establish that mutations occurred, we looked for an increase
in the variance of a trait within the mutation accumulation lines relative to
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both the ancestor and the control lines. Then, if most mutations are
deleterious, then we expect to see a decline in the mean fitness of a trait.
Although D. discoideum has long been a model system for developmental
biology, little is known about the mutational processes in this organism.
Through this study, we intend to begin the process of understanding how
mutations affect this organism.
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Materials and Methods
Ancestral Mutation-Accumulation Lines: We initiated the MA experiment
by creating a clonal isolate, AX4, of the laboratory-generated strain of
Dictyostelium discoideum provided by Gad Shaulsky at Baylor College of
Medicine. We froze an aliquot of the clonal isolate at -80°C. AX4 is an
axenic strain that is normally grown in a liquid medium that contains all
essential nutrients. This isolate served as the ancestral line for all mutation
and control lines. To obtain our MA lines, we plated the ancestor clonally
and selected 10 single plaques (perfectly circular and isolated clearings in
the bacterial lawn that are derived from a single cell). We repeated this
process to obtain ten plaques from each of the original ten plaques. From the
resulting 100 lines, we used 90 as MA lines and 10 as control lines. We kept
all strains at 22°C on standard Petri dishes (100 x 15 mm) containing SM
agar (10 g glucose, 10 g bactopeptone, 1 g yeast extract, 1 g MgS0 4 , 1.9 g
KH 2 P0 4 , 0.6 g K2HP04, 20 g agar, 1 L H 2 0 (40, p. 399)) and Klebsiella
aerogenes, which was used as a bacterial food source for the amoeba.
We put each MA line through a series of seventy single-cell
bottlenecks each following 48 hours of growth. We collected cells from
randomly selected plaques and later transferred them to a new plate by
streaking them out clonally. In order to maintain randomness during the
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selection process, we randomly marked the Petri dish with a dot before the
transfer and then selected the individual plaque closest to the dot for transfer.
To prevent accidental losses of any of the lines, we kept Petri plates of each
line from the two previous transfers at 4°C as backups. The method of
transferring a single plaque ensures that the process of natural selection is
reduced and that mutations can accumulate in a comparatively benign
environment. Every ten transfers, we made two plates every line in order to
have one plate that would be allowed to produce fruiting bodies and then we
froze the spores at -80°C for subsequent comparisons. This did not affect
the transfer process, and all transfers were done from plaques. Freezing
spores allowed us to return to the frozen stocks if a line did not grow,
although we did not need to do this during this experiment. This also
provided us with the option of later performing experiments at various time
points of the experiment and ensured that each line retained the ability to
produce fruiting bodies. The control lines were handled identically to the
MA lines, without relaxing selection to the same extent. We did this by
collecting cells from a variety of spots on the plate.
We estimated the effect of the mutations accumulated in the MA lines
by assessing the changes in five different possible fitness components of the
life cycle of Dictyostelium discoideum in the MA lines and in the controls.
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All assays were done relative to the ancestor: (1) We tested the ability of a
line to produce spores when in competition with the ancestral lines during
the aggregation phase, allowing us to examine the within-group variance,
and (2) during the formation of fruiting bodies, allowing us to examine the
between-group variance. We also tested (3) growth rates in the experimental
medium and (4) in a different medium, (5) distance traveled as slugs, as slug
migration is one major benefit of the aggregation of multiple genotypes (41)
and (6) germination rates.

Within-Group Competition Assay: To test the effect of the accumulated
mutations on the ability to produce spores when mixed with lines without
those mutations, we made pairwise mixtures of MA lines and the ancestral
AX4 line and measured the proportion that each line contributed to the
spores. We grew ancestral AX4 and MA line cells for 40 hours at a density
of 3xl0 5 cells/plate on SM plates with Klebsiella aerogenes. After 40 hours
of growth, the cells had grown to a high density but had not yet begun to
starve, which would begin the process of cellular differentiation. We then
collected the cells in a 50 ml Falcon tube and suspended them in a buffered
solution (16.5 mM KH2P04, 3.8 mM K2HP04), henceforth called KK2.
Next, we centrifuged the tubes three times in a Centra GP8R Thermo IEC
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centrifuge at 1000 rpm for 3 minutes. After each spin, we removed the
supernatant and re-suspended the cells in KK2. After the third spin, we
assessed the density of each cell solution and then diluted each solution to a
concentration of 107 cells/ml. We prepared the cells for fluorescent labeling
with Cell Tracker™ (Molecular Probes, Inc.), a fluorescent dye that binds
inside the cell membrane and remains bound through sporulation. We
followed the protocol outlined in Mehdiabadi et al (42). Each pairwise
mixture consisted of 8 treatments: 2 reciprocal experimental mixtures of
50:50 mixes of labeled cells of one line and unlabeled cells of the other line;
2 control mixtures of 50:50 mixes of labeled and unlabeled cells of each line
by itself, to confirm that the results we were seeing were not a result of the
labeling; and each line alone, labeled and unlabeled, to confirm the health of
the cells and to confirm that the labeling process was complete. If control
lines appeared to have not labeled well, or were not mixed in equal
proportions, we would repeat the experiment. We did not have reason to
repeat an experiment due to faulty labeling. We did replicate 20 of the
mutation accumulation lines and there were no significant differences among
replications (Kruskal-Wallis, chi-square=39, df=39, p=0.47).
In control treatments 99% of spores retained the Cell Tracker dye on
average (99.2 ± s.d. 0.31, n=182). As we are comparing the fates of labeled

74

and unlabeled cells, it is critical that the labeled cells retain a high fidelity of
labeling. We counted 500 cells from each mix and 250 cells from each
control on a hemocytometer using a Nikon™ El000 fluorescent microscope
and MetaMorph® imaging software to confirm that each mix was equal and
that no labeled or unlabeled cells had contaminated the controls. For each
treatment, we put approximately 2xl0 6 cells/ml in PDF (20.1 mM KCL, 5.3
mM MgCl2»6H20, 9.2 mM K2HP04, 13.2 mM KH 2 P0 4 , 0.5 g/L
streptomycin sulfate, pH to 6.4) on a nitrocellulose filter, which was placed
on top of a filter pad already soaked with 1 mL of PDF, inside of a Petri dish
(60x15 mm). We kept the dishes in a plastic box (35cm x 14cm x 13.3cm) in
the dark at 22°C, and allowed the cells to starve, aggregate, then produce
fruiting bodies. Once all plates had completed fruiting, we collected all
fruiting bodies from each plate in 200 ml KK2+10 mM EDTA. We
determined the density of the spores by counting two 10 ul aliquots on a
hemocytometer and ascertained the final proportion of glowing spores to
non-glowing spores by counting a minimum of 500 spores for each mix, and
a minimum of 250 spores for each control.
In order to examine how mutation may affect the ability of lines to
produce spores when mixed in pairwise competitions with a line of
presumably greater fitness, we created a measure called the degree of
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cheating, a value we defined as the average difference between the
proportion of glowing spores from the proportion of glowing cells when we
originally plated them. For each experiment, we did reciprocal mixes
between the ancestor and the MA line. By taking the average of the two
reciprocal mixes, this measure takes into account the experimental design of
the competition assay that requires reciprocal labeling of both the ancestral
and MA line.

Growth assay in the experimental environment: We tested the growth
rate of all MA lines in the experimental environment by plating the lines on
the medium used throughout the mutation accumulation process. We
determined the average growth rate by allowing each line to develop into
plaques—the stage when the cells are just beginning to starve but have not
yet begun to aggregate—then collecting these plaques and calculating the
total number of cells per plaque. Recall that a single cell of the AX4 strain of
Dictyostelium will develop into a circular plaque, which lets us visually
confirm that a single cell founded the plaque.
We plated out the MA line of interest on SM plates with Klebsiella
aerogenes. We then marked a dot on each plate in order to be able to select a
plaque randomly. When plaques appeared, we completely transferred the
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single plaque closest to the randomly placed dot to a new SM plate with
Klebsiella aerogenes and repeated the procedure in order to avoid any
detrimental effects of freezing. Following the second round of growth, we
transferred the plaque to a SM plate marked with 5 randomly placed dots.
After allowing the cells to grow for 48 hours, we selected the plaque closest
to each of the 5 dots. Each plaque was suspended in 50 uL KK2 and we
determined the density of the cell solution using a hemocytometer
(cells/^iL). We determined the average number of cell divisions by taking the
base 2 logarithm of the total number of cells in the plaque. As each plaque
began as a single cell, this measures the rate of doubling over the 48-hour
period. Because of the number of lines used in the experiment, the assay
could not be done as a complete block, so we tested different subsets of
strains over a number of days. In order to control for possible discrepancies
in laboratory conditions across days, the ancestral line, AX4, was assayed in
parallel to the MA lines each time. We detected no significant difference
among the ancestral strains across days, so we pooled all of the data for our
analyses (Kruskal-Wallis chi-squared=3.44, df=2, p=0.18).

Growth assay in a different medium: We assessed growth in a different
medium by allowing a known density of cells to grow overnight in a shaken
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liquid culture. Although AX4 is a lab strain that has been developed to be
able to grow in a liquid medium that contains all necessary nutrients, known
as axenic medium (43), during the course of mutation accumulation we grew
all lines on Petri plates and gave them K. aerogenes as a food source. The
pure effects of mutations are more likely to manifest in a different
environment than in the experimental environment because compensatory
mutations could have occurred or there may have been possible selection for
growth on the selective medium (44, 45). Compensatory mutations are
defined as mutations that are deleterious alone but have a neutral effect
when combined with another mutation or as mutations that have the ability
to mask the deleterious effects of another mutation (46). Although we
attempt to diminish the effects of selection, it is virtually impossible to
completely eliminate its effects. Such selection may improve growth on the
selective medium. By testing fitness in an environment in which the mutated
lines are not selected, we increase our chances of observing the effects of the
randomly accumulated mutations, rather than those favored by selection.
We prepared plates of growing cells to use in axenic medium by
spreading a new SM plate with Klebsiella aerogenes and plating out the MA
line from frozen stock on one side of the plate in order to get a continuous
line of developing cells that are moving across the plate. We transferred
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actively growing cells into a Petri plate containing 10 mL of HL5 (10 g
glucose, 10 g peptic peptone, 5 g yeast extract, 0.35 g NajHPC^ •! H20, 0.35
g KH2P04, 1 mL of lOOx trace minerals and salts, 1 L H 2 0, pH to 6.4-6.6,
and after autoclaving we added 10 mL vitamin and antibiotic solution
containing Folic acid, vitamin B12, penicillin and streptomycin (47)). After
five days of growth, we transferred the cells to a flask with a total volume of
25 mL HL5 and allowed them to grow in a shaker at 22°C for approximately
24 hours, after which we counted an aliquot of the cells and diluted the
solution to a density of 106 cells/50 mL HL5. We assessed the cell density of
the solution after another 24 hours. We determined the number of doublings
using this formula:
log(density after 24 hours)

i^g(2J
and doubling time was determined as:
# of hours
# of doublings

As with the growth assay in selective medium, it was necessary to perform
this assay by testing only half of the MA lines at one time. In order to
control for the possible variation of laboratory and shaker conditions across
two blocks, we assayed the ancestral AX4 line—multiple replicates—and
half of the control lines with each round of MA lines and then tested for a
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block effect. We did not detect any significant difference between the two
blocks (Kruskal-Wallis chi-squared=2.26, df=l, p=0.13) and so we were
confident that there was no block effect and we pooled the data for analysis.

Slug Migration Assay: In this assay, we assessed slug migration from MA
lines and from ancestral AX4. If mutations reduce fitness, we expect to see a
reduction in distance traveled in lines that have mutations compared to the
control lines. We raised lines from frozen spores on SM plates with
Klebsiella aerogenes as a food source. We prepared a bacterial slurry of
Klebsiella aerogenes by growing the bacteria overnight in 1 L of SM broth
and then centrifuging at 10,000 rpm for 10 min. We then recovered the pellet
and added SM broth to a volume of 15 mL in order to reach a pipettable
consistency. We added 50 uL of the slurry to a 2 cm strip on one side of a
standard Petri plate (100 x 15 mm) with water medium (20 g agar, 1 L HzO)
to serve as a starting line for the spores. We used water agar, a medium
made only with agar and no salts, in order to increase migration distance
(48). We added 5xl0 6 spores to the starting area of the plate. We wrapped
each plate in aluminum foil with a pin-hole at the opposite end of the plate
from the bacteria in order to allow light to enter. D. discoideum slugs are
phototropic and will migrate towards a light source, presumably in search of
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more favorable conditions in which to produce fruiting bodies. We placed all
plates in a Percival Intellus Environmental Controller incubator set at 22°C
facing away from the door to try to minimize differences in light intensities.
We collected data after 5 and 13 days, but only analyzed the 5-day data, as
D. discoideum began to desiccate after 13 days. Due to both time and space
constraints, it was necessary to divide the entire group into two blocks. In
order to control for the possible variations in laboratory conditions, we
included both the ancestral line—multiple replicates—and half of the control
lines with each block. We then tested for block effects and found no
significant effects (Kruskal-Wallis chi-squared=3.64, df=l, p=0.41) and so
we pooled the data for analysis.

Spore Germination Assay: We determined the germination rate of the
mutation accumulation lines by plating out 100 spores and counting the
number of resultant plaques. We started lines from spores kept in the freezer
on SM plates with Klebsiella aerogenes. In order to offset the potential
effects of freezing, when the lines produced fruiting bodies we transferred
the fruiting bodies to new SM plates and allowed them to produce fruiting
bodies once again. After the second round of fruiting, we collected spores
and diluted them to a density of 103 spores/mL. We plated out 50 spores
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onto two SM plates with Klebsiella aerogenes for a total of 100 spores. Each
line had two independent replicates for a total of 200 spores, with the
exception of AX4, which had 3 independent replicates. We checked the
plates each day for five days and counted new plaques as they appeared.
Most plates had completed germination after two days. We continued to
watch each plate, and if no new plaques appeared over three days, we
discarded the plate. We also discarded a plate if no germination occurred at
all over the five-day period. We did not see any new plaques past five days.

Data Analysis and Statistics: Generally, the data for fitness traits were not
normally distributed and so we used Resampling Stats in Excel version 2
(Resampling Stats, Inc.) to create non-parametric resampling analogs to the
F-test to test whether changes occurred in the means and variances of the
fitness traits we assayed.
We first calculated 95% Confidence Intervals for all three treatments
(ancestor, control lines, and MA lines) by bootstrapping the data from each
fitness measure over the lines or over replicates in the case of the ancestor.
For each fitness measure and treatment we created 10,000 bootstrapped
datasets and determined the 95% Confidence Interval (CI) by excluding the
2.5% highest and lowest values.
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In order to determine whether means had changed significantly in all
fitness assays, we calculated the differences of means between the three
treatments and then determined the probability of generating a difference
larger than the observed difference of means using 10,000 random shuffles
of the data points between shuffles. Such shuffles will generate a mean
difference of near zero between treatments. If the actual difference falls
outside of the 95% CI of the shuffled differences then it is considered
significant.
We performed a similar test to discover whether the among-line
variances in the fitness assays had significantly deviated from the control
variances by calculating the F-ratio:

Variance(Experimental)
Variance(Control)

Variance(Experimental)
Variance(Ancestor)

This is the ratio of the average variance between the MA lines over the
average variance between the control (or ancestral) lines. We then
determined the probability that a variance ratio as high as the observed ratio
could be seen by chance by performing 10,000 random shuffles over lines of
the data.
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We performed a one-way t-test to test for significance on all tests
between the MA lines and the ancestral or control lines, because we had an a
priori assumption about how the means and variances would differ between
treatments—the mean should decrease while the variance increases.
However, when we tested for significance between the control and ancestral
lines we used a two-way t-test, as we had no a priori assumption that the
means or variances would differ between these treatments.
To test for differences between treatment blocks, we used the nonparametric Kruskal-Wallis test (R, R 2.4.1 GUI 1.18, 2006). Following the
growth assays, we used a least significant means test to determine whether
any of the individual lines had differed significantly from the ancestor.
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Results
Variance: We hypothesized that, following MA, the variance of traits
affected by mutations would increase, relative to both the ancestor and the
control lines. This is because an increase in the variance of a trait following
MA indicates the presence of mutations, as the MA lines have diverged from
the ancestor and control lines. We saw a significant increase in the variance
of the MA lines, relative to the ancestor, in every fitness assay except for
growth on the experimental medium (Table 1). We saw a significant
increase in the variance of the MA lines, relative to the control lines, in
every fitness assay.
When we measured growth in a different medium, we found a
significant difference between all three treatment groups, including between
the ancestor and the controls. This was an unexpected finding, as we would
not expect the control lines have diverged significantly from the ancestor.
The result seen may be due to one of the control lines, CIO, which had an
exceptionally slow doubling time. This can probably be attributed to
experimental error, as this effect disappeared upon replication of the entire
dataset and the corrected value was repeatable.
As stated above, growth on the experimental medium was the only
assay where we did not find a significant difference between the variances of
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the ancestor and the MA lines. However, we did see a significant increase in
the variance of the MA lines in relation to the control lines (p<0.0001). We
also did not find a significant difference between the means of any of the
three treatment groups (see below), but when we looked for differences
between individual MA lines and the ancestor, we did see that some lines
changed significantly with respect to the ancestor. This, combined with the
significant difference between the variances of the control and MA lines,
suggests that mutations did accumulate that affect the growth rate on
selective media, but there may have been selection for an overall increased
growth rate during the MA process, which will be further explored in the
discussion.
When we measured rates of spore germination, we replicated this
assay on the ancestor 18 times, and although the majority displayed a 99100% germination rate, we did have one AX4 line that only had an 18%
germination rate. Although this was probably due to an error made while
performing the dilutions, we cannot rule out the possibility that this AX4
replicate simply had a low germination rate. Unhealthy cells or an
unfavorable environment may have caused this. Consequently, the variance
of the ancestor is much larger than would otherwise be expected.
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Means: Following MA, we expected to see an overall decline in fitness.
This is evidenced by a decline in trait means compared to the ancestor and
control lines, as the majority of mutations have deleterious effects. The
exception is growth in a different medium. We measured doubling time, and
as fitness declines we expect to see an increase in doubling time following
MA. For most of the traits we assayed, we did see this decline in fitness, but
not in all (Table 2).
We found that mutation accumulation significantly decreases the
ability of cells to compete with their ancestor in mixtures and causes the
mutated lines to produce fewer spores than the ancestor (Resampling Stats,
p<0.0001, Fig. 1 and 2a). This is reflected as a decrease in the mean of the
trait. When mutated lines were mixed in equal proportions with the ancestral
line the majority of the mutation accumulation (MA) lines were consistently
significantly underrepresented in the spores. However, the difference
between the MA lines and the control lines was not significant. This could
indicate that some selection occurred in the control lines that resulted in
similar competitive abilities between the two groups, though the mixes
between the ancestor and the controls indicates that this is not the case.
It may also be possible that some selection occurred during the MA
process as we found no significant differences in the mean growth rate on
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experimental medium between any of the treatment groups (Resampling
Stats, Fig. 2b). Although we did not see a difference between the mean
growth rates of the three treatments as a whole, some of the individual lines
differed from the growth rate of the ancestor. An LSMeans test on the
individual lines compared with the ancestor showed that 21 of the 90 MA
lines and 10 control lines—a mix of MA lines and control lines—had
decreased growth rates compared to the ancestor, while 24 lines had
increased growth rates compared to the ancestor. A Bonferroni correction to
the significance thresholds reduced those numbers to 11 lines with decreased
growth rates—one control line and 10 MA lines—and 12 lines with
increased growth rates—one control line and 11 MA lines.
We also measured growth rates in a different medium, axenic
medium. We found that mutation accumulation caused a significant increase
in the doubling time of cells in this non-selective liquid medium. We found
significant differences between the MA lines and both the controls and AX4
(Fig. 2c). In order to determine which individual lines had significantly
different doubling times than the ancestor, we performed a Least Significant
Means test between each line and the ancestor. We found that one control
line and 64 MA lines had significantly increased doubling times compared to
the ancestor. After correcting for multiple comparisons using the Bonferroni
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correction (Rice 1989), 50 of the lines were still significantly different from
the ancestor—49 MA lines and 1 control line.
We found a slight significant difference between treatments for the
difference of means for total distance traveled (Fig. 2d). The ancestral slugs
traveled, on average, 1.76 cm. The MA slugs traveled 1.57 cm and the
control slugs traveled just 1.53 cm. The MA lines and the control lines both
migrated significantly less far than did the ancestor, but did not differ from
each other (Table 1, Fig. 2d). While we were expecting to observe a decline
in slug migration in the MA lines, we did not expect to see a similar decline
in the control lines, and we do not see this pattern in any other fitness assay
performed.
Besides calculating slug migratory distance, we also measured the
total number of spores per fruiting body. We found significant differences
between the means of the MA and control lines for this trait (p=0.03, Table
2, Fig. 2e). The differences of means between the ancestor and the MA and
control lines showed no significant differences (p=0.06 and 0.32,
respectively). The difference of means between the MA lines and ancestor
are only slightly not significant at p=0.06. This result led us to separately
examine the total number of fruiting bodies and spores produced.
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From the same number of spores, the ancestor produced an average of
620 fruiting bodies, while the controls produced 558 fruiting bodies and the
MA lines produced 600 fruiting bodies (Fig. 2f). We found that the total
number of fruiting bodies produced between the ancestor and the MA lines
are not significantly different from one another (p=0.19), but there is a
significant difference between total numbers of spores produced (p<0.002).
This shows that the MA lines are producing fewer spores per individual
fruiting body than the ancestor, but are producing equal numbers of total
fruiting bodies. The MA lines produce equal numbers of fruiting bodies
compared to the ancestor, possibly indicating that the MA lines are
designating more cells to stalk than to spores.
The final fitness component measured was the percentage of spore
germination. We found a significant reduction in the rate of spore
germination following mutation accumulation (Fig. 2g). The mean
germination rate of the MA lines was 51.81%, compared to a 95.39%
germination rate in the ancestor and a 98.55% germination rate in the control
lines. We found significant differences between the MA lines and both the
ancestor and control lines (p<0.0001 for both comparisons), but no
significant difference between the means of the ancestor and control lines
(p=0.59).
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Discussion
The overall pattern we observed when we examined fitness traits—a
decline in the mean of a trait combined with an increase in the variance—is
similar to results obtained for life-history, as well as morphological, traits in
a variety of organisms, including Caenorhabditis elegans, Drosophila
melanogaster, Daphnia pulex, Mus musculus, and Tribolium castaneum (30,
50,51).
We found that the presence of spontaneous mutations negatively
affects traits that directly influence fitness in D. discoideum. Mutations
negatively affect a social trait, the ability to produce reproductive spores
when mixed with different genotypes (Fig. 1). Mutation also significantly
reduces spore germination rates. Further, mutations negatively affected
growth in liquid medium but not did impact growth when D. discoideum
were grown with bacteria, indicating that the MA lines were able to at least
partially adapt to the experimental environment.
A concern that arises in all MA experiments is the extent to which the
results are influenced by the experimental and assay environment. With the
exception of mutagenesis, most experiments make use of benign conditions
and allow drift to be the prominent factor affecting the lines. However, there
have been experiments done with D. melanogaster that have shown strong
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genetic by environment interactions, illustrating that the fitness effects of
spontaneous mutation can be strongly environmentally influenced (52-54).
By examining fitness in multiple environments, we were able to demonstrate
that environment does matter when determining fitness effects of mutation.
The results of the slug migration fitness assay were not as clear as
when we looked at growth rates in different media. We found that while the
MA lines do experience a decline in migratory distance when compared with
the ancestor, the control lines experience this same decline. Further, the
variance of the control lines for this trait is nearly identical to that of the
ancestor. This is further evidence that environmental effects are important
when interpreting the results of a MA experiment. During the MA
experiment, neither the MA nor control lines were given the opportunity to
produce slugs, as we always transferred cells. The fact that the control lines
experienced a decline in migratory behavior indicates that migration is
adaptive and under circumstances in which migration becomes unimportant,
this behavior can be diminished or even lost.

Competition to produce spores: We observed a decline in almost every
fitness component measured in D. discoideum following MA. We can
therefore use MA to assess whether a trait is a fitness component. This is
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especially interesting when considering chimeric competition in D.
discoideum because we do not yet fully understand exactly how important
this trait is in the wild. Social behaviors, such as competition to produce
spores in a chimera, can be essential components of survival. If clones in the
wild never mix, there would be no selection for outcompeting other clones to
produce spores in fruiting bodies. If this is the case, then the argument that
most mutations will be deleterious to fitness for that trait is no longer valid,
as there will have been no selection on that trait. Unless there are genetic
correlations with other traits that are related to fitness, you would predict
that mutations would be equally likely to increase the ability to produce
spores in chimeric mixtures as to decrease it. If there is an evolutionary
history of different clones competing in the wild, then that ability should be
a fitness component and should decline following MA. By determining
whether competition to produce spores behaves as a fitness component, we
can make inferences about the relative importance of competition in the
wild.
Our results indicate that the ability of lines to produce spores when in
chimeric mixtures does behave as a fitness component. The accumulation of
mutations in Dictyostelium discoideum led to a reduced ability to produce
spores when mixed in pairwise competitions with the ancestor (Fig. 2a). The
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unique life cycle of Dictyostelium, specifically the ready formation of
chimeras in the lab, led to the idea that competition for representation in
spores is a principal component of the social interaction in this genera.
Experiments have examined the social hierarchy of Dictyostelium, as well as
the costs involved with chimera formation (41, 55, 56). This work was built
on the hypothesis that the ability to produce spores in chimeras was an
inherent fitness component. The observed decline in competitive ability
following MA validates this hypothesis.
Mutations that accumulate in a setting of relaxed selection have
effects on fitness that are usually neutral to mildly deleterious. While the
majority of mutations seen had a deleterious effect on the ability to produce
spores when mixed with the ancestor, we did observe several lines that were
able to outcompete the ancestor and produce the majority of spores in a
chimeric fruiting body (Fig. 1). This was an unexpected finding and
indicates the presence of beneficial mutations within the MA lines. This may
also indicate that competition to produce spores in chimeric mixtures is not a
major fitness component. However, as the majority of lines that were
affected by mutations experienced a decline in fitness with regards to this
trait, this is probably not the case.
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The presence of mutations that appear beneficial prompted us to
examine the log likelihood parameter space that include not only the shape
and the size of the gamma distribution, but also the proportion of positive
mutations, to calculate the mutation rate for this trait. We obtained a
mutation rate of 1.94 mutations/generation, a rather high estimate. This
estimate is approximately 4 times higher than the highest trait mutation rate
reported, u=0.48 mutations/generation in Amsinckia douglasiana (57).
However, as seen in Figure 1, this trait exhibited quite a bit of variation
following MA, indicating that numerous mutations have accumulated.
We looked for a genetic correlation between this social trait and the
other fitness components assayed (Fig. 3). However, we did not find any
correlations and all we can say from these tests is that the same mutations
that cause a line to reduce the production of spores in competition are not the
same mutations that cause a reduction in life-history traits. Huey et al. (31)
found that except for one performance trait, there was a weak correlation at
best between MA-induced variation in performance and competitive fitness.
This suggests that in many instances mutations do not reduce performance
traits via a generalized mechanism.
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Growth rates: We did not find a significant change in mean growth rate in
the MA lines compared to the ancestor when grown selective medium with a
bacterial food source, which was the medium used to evolve the MA lines.
We did discover that 23 lines had significantly different rates of growth
when compared to the ancestor. Of those 23 lines, 11 had an increased
growth rate while 12 had a decreased growth rate compared to the ancestor.
The primary dilemma of every mutation accumulation experimental
design is preventing unintentional selection. In our experiment, to ensure
that the cells passed through a bottleneck we needed to transfer them to a
new plate at 48 hours, a point at which the majority of cells had formed
plaques in the bacterial lawn but were still small enough that the plaques had
not merged into one another. However, any very slow growing mutants
would not be seen by 48 hours and would not be able to be transferred. Thus,
unintentional selection may have occurred. This may have resulted in
selection biased against slow-growing mutants and prevented us from
observing a loss of fitness on a medium with a bacterial food source. It is
important to note that even though we took care to pick plaques at random,
there appears to have been selection for growth mutants within each plaque.
We did examine the plates for plaques that appeared after 48 hours and
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found very few new plaques, so it appears that the majority of plaque
formation occurs between 40-48 hours.
The individual MA lines provide us with a more complete picture of
the consequence of mutation on growth rate. The presence of equal numbers
of lines with increased and decreased growth rates suggests that there is a
mix of positive selection and negative mutations.
When we tested growth rates in axenic medium, we found a
significant increase in the doubling time of the MA lines compared to both
the ancestor and the control lines. On average, it took a little over 13 hours
for the ancestral population to double the numbers of cells. Following
mutation accumulation, the MA lines doubled in just over 21 hours.
When we looked at individual lines, we found that 49 of our MA lines
had significantly different growth rates from the ancestor and that every one
of those lines experienced a significant decline in growth.
It is interesting to note that in the non-selective axenic environment,
all lines that were significant had a reduction in fitness. However, when
growth rates were tested in the experimental environment with a bacterial
food source, approximately half of the lines that displayed a significant
difference had actually experienced a fitness advantage, indicating
adaptation to experimental medium.
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Compared with the growth rates on selective medium where we did
not see a significant change in the MA lines, this pattern suggests that
tradeoffs between different environments have evolved. Tradeoffs among
relative fitness across environments are commonly seen among sets of
related genotypes or populations (58). Propagating the MA lines in just one
environment for the length of the MA experiment may have promoted the
evolution of specialists who prefer a bacterial food source.
Although it is common to observe tradeoffs in nature (59) we rarely
understand the underlying mechanisms, as the net effect of tradeoffs—
regardless of mechanism—is a set of differing genotypes, populations, or
species that achieve maximum fitness in various environments. Through
experimental evolution, we can explore the mechanisms that underlie
tradeoffs. The two most common mechanisms that create tradeoffs are
mutation accumulation and antagonistic pleiotropy.
Antagonistic pleiotropy (AP) asserts that mutations that create a
specialist are the same mutations that provide a cost to specialization (6062). The costs of these mutations are then seen in other environments, which
is the cost of specialization. Simply, a particular mutation that is beneficial
in one environment has costs in another environment.
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In contrast, MA occurs when the mutations that occur by drift are
neutral in one environment but detrimental in another environment. In
nature, it is often difficult, if not impossible, to make the subtle distinction
between AP and MA. In a laboratory setting, however, we have the means to
determine growth rates in many different environments, allowing us to
determine which mechanisms appear to be prevalent. We saw a decline in
the growth rate when tested in non-selective medium, but an overall neutral
growth rate when tested on selective medium. This implies that MA is the
primary mechanism behind the changes in growth rate in non-selective
medium.

Slug Migration: Mutations have occurred that affect the ability of slugs to
migrate towards a light source and that primarily have a detrimental effect
upon this trait. This is the expected result following MA, as slug migration is
an important component of fitness in D. discoideum (41). Slug migration
allows D. discoideum to move away from areas of patchy resources into
regions of more abundant resources (63). It also assists in long-range spore
dispersal and may assist in predator protection (33, 35, 64). However, we
also found that the control lines migrated significantly less far than the
ancestor, which was an unexpected finding.
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While the intent of this assay was to determine whether mutation had
affected ability to migrate, we had collected data that allowed us to analyze
total numbers of spores, fruiting bodies, and spores per fruiting body. There
are several pathways that would lead to a significant reduction in spores per
fruiting body. This may be a result of different germination rates, or this may
be due to similar numbers of fruiting bodies with fewer spores per fruiting
body. MA lines have a spore germination rate, on average, of about 50%,
while the ancestor has a near 100% hatch rate (Fig. 2g). Although we started
the experiment with equal numbers of spores, because the hatch rate was so
different between the MA lines and the ancestor and control lines, this may
have resulted in fewer cells available to form fruiting bodies. We found that
the MA lines do produce fewer spores than the ancestor, but a similar
number of total fruiting bodies. This may mean that the MA lines designate
a larger number than would be expected to the dead-end fate of the stalk cell,
rather than to reproductive spore cells. If this is indeed the case, it may mean
that the mutations we have observed have altered cell-differentiation
pathways. Alternatively, this may mean that more MA cells die when
starved, or are unable to aggregate properly.
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Spore Germination: Spore germination appears to be highly susceptible to
mutation. Germination rates declined by nearly 50% following MA. As
sporulation is an especially important part of the life cycle, it is possible that
there are numerous mechanisms to ensure that it continues to occur.
However, if sporulation in the wild is infrequent, it may be possible to
accumulate large numbers of mutations in these various genes and still not
obtain a lethal phenotype. Efficient spore germination is an important
measure of fitness, but it is unclear how often D. discoideum have an
opportunity to hatch from spores in the wild. Conditions in the wild can be
unpredictable and sometimes harsh, and it is feasible that once a clone has
produced a fruiting body and made spores, the opportunities for those spores
to hatch into amoebas are limited. This would cause the genes that control
spore germination to be particularly susceptible to the accumulation of
mutations, as they would appear to be of neutral effect until conditions were
favorable to hatching. The design of this experiment kept the lines in the
vegetative growth phase much of the time—fruiting bodies were only
allowed to form every 10 transfers in order to ensure that formation could
still occur and to freeze spores for future analysis—but cells and not spores
were always used for the bottleneck. This design completely eliminated
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selection on spore hatching ability so that any mutations that did occur in
these genes would be virtually certain to remain undetected.
Reduced spore germination has important implications for fitness,
especially to an organism like D. discoideum, who commonly encounter and
mix with other distinct genotypes (38). When mixing with other genotypes,
having a disadvantage at the spore germination stage can be a disadvantage
in competing for available food and may cause the cells to experience
nutritional deprivation, which is known to decrease the likelihood of being
represented in the spores (65-67).

Microsatellite Mutations: One possible mechanism that contributed to the
mutations observed in D. discoideum is microsatellite mutation. D.
discoideum has the highest density of microsatellite repeats of any
sequenced organism, with a considerable number of these found in coding
regions (68). In humans, triplet repeats near or inside of coding regions are
sometimes subject to expansions, which can directly cause genetic diseases
(69, 70). It is unknown whether D. discoideum suffers deleterious effects
from these exonic coding regions, but as unpublished work (C. Scala, N.
Mehdiabadi, J. Strassmann, D. Queller, unpublished) suggests that these
microsatellites are highly variable, it is possible that the relaxation of
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selection during mutation accumulation caused an increase in mutations in
microsatellites. We found that the microsatellite mutation rate for this
species is the lowest reported, at 6.37 x 10"6, indicating that mutation is not
responsible for the exceptional abundance of microsatellites (28). In nature,
D. discoideum is faced with high rates of exposure to mutagenizing agents in
the soil, with the result that this organism may have been selected to have
low mutation rates (71).
Social interactions create the potential for both conflict and
cooperation. Theories of social evolution now affect the way we examine
biological questions at all levels of life and have a wide range of
applicability, including an understanding of how microorganisms use social
interactions to affect humans, genomic imprinting, and evolutionary
transitions (72-75).
Social selection, in the form of conflict and cooperation, can provide a
theoretical means for social traits and genes to evolve rapidly (76, 77). An
example of this is the Red-Queen hypothesis, in which there is a constant
arms race between a parasite and its host, or between males and females, due
to the different reproductive and life aims of the two organisms (78, 79).
Additionally, sexual selection drives much conflict both within and between
the sexes, as in the carrion fly (Prochyliza xanthostoma) where the females
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prefer elongated heads in males, but this trait is a disadvantage in male-male
combat, and female water boatmen (Sigara falleni) have a preference for
large foreleg pala, which is costly in male competition (80, 81). An extreme
example is provided by the male cuttlefish {Sepia pharaonis), who place
themselves between the female being courted and a rival male and display
different visual patterns on either side of their body to signal to each receiver
(82). There is evidence that conflict drives rapid molecular evolution,
especially in genes that are involved in pathogen attack or host defense (83,
84). The interaction between mutations and traits that affect social behaviors
has not been examined, up till now.
We had anticipated finding a correlation between the ability to
produce spores when mixed with different genotypes and overall fitness. We
did not find this correlation in the MA lines, and so are examining fitness
traits in a group of insertion mutants that outcompete their parental strain
(AX4) in production of reproductive spores when mixed together. These
lines, selected from pools of REMI (restriction enzyme-mediated insertion)
mutants (85), have been characterized as cheaters and therefore provide a
robust group to examine the relationship between competition and fitness.
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Conclusions: We saw a decline in fitness among lines that experienced
mutation accumulation and particularly a decline in the ability to produce
spores when mixed with different genotypes. The outcome of this
experiment indicates that mutational processes can impact social traits. In
addition, we found that mutation decreases fitness almost unilaterally in the
fitness traits assayed. This may mean that D. discoideum in the wild
experiences high selective pressure, as relaxing selection allowed mutations
to accumulate rapidly. In general, there is a dearth of information about how
mutations affect behavior and not just fitness traits. In order to fully
understand how mutation affects social and behavioral traits, there is a great
need for empirical work on the spectrum of effects mutations can have on
behavior, as well as the effect of environmental context on these effects.
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MA variance
Control variance
Ancestor variance
MA(var)/Ancestor(var)
Control(var)/Ancestor(var)
MA(var)/Control(var)

Growth Rate Distance
Total
Spores Per
Spore
on
Traveled as Fruiting
Fruiting Body Germination
Experimental Slugs
Bodies
Medium
4284.04
6129636.44
712.72
0.51
0.08

Competition to
produce spores
in chimeric
mixes
97.18

Doubling
Time in
Axenic
Medium
117.47

0.91

9.59

0.23

0.01

703.11

1869633.85

3.08

0.7

0.19

0.3

0.01

527.00

350808.27

373.19

138.86***

631.8***

1.72

14.8***

8.13**

17.47***

3877.22***

1.3

51.56***

0.78

1.86

1.33

5.33*

0.01

106.73***

12.25**

2.21***

7.96**

6.09**

3.28*

231.36***

Table 3.1. Variances of all treatments for all fitness assays. The ratios of
variances have been calculated for all traits. Through Resampling Stats, we
generated a distribution of values to determine the probability of obtaining
the observed results by chance alone. Levels of significance: *=0.05,
**=0.01, ***=<0.0001.

Growth Rate Distance
Total
Spores Per
Spore
on
Traveled as Fruiting
Fruiting Body Germination
Experimental Slugs
Bodies
Medium
14.22
1.57
599.91
13369.19
51.81

Competition to
produce spores
in chimeric
mixes
-4.58

Doubling
Time in
Axenic
Medium
21.44

Control mean

0.14

14.54

14.09

1.53

558.00

14961.28

98.55

Ancestor mean

0.13

13.14

14.22

1.76

619.67

14542.31

95.39

-5.93***

8 29***

-0.003

-0.2**

19.76

-1173.11

-43.58***

Control(mean) - Ancestor(mean)

0.002

1.39

-0.13

-0.24***

61.67**

418.97

3.16

MA (mean) - Control (mean)

-4.71

6.9**

0.13 0.03967791

-41.91*

-1592.09*

-46.74***

MA mean

MA(mean) - Ancestor(mean)

Table 3.2. Means of all treatments for all fitness assays. The differences
of means have been calculated for all traits. Through Resampling Stats, we
generated a distribution of values to determine the probability of obtaining
the observed results by chance alone. Levels of significance: *=0.05,
**=0.01, ***=<0.0001.
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Figure 3.1. Deviation from initial proportion. We observed an overall
decline in the mean allocation of spores compared to the initial proportion of
cells as well as an increase in the average variance in the spore allocation of
MA lines when these lines were competed 50:50 with the ancestor. The
average degree of change in the mean was -5.93, resulting in a slight shift of
the mean to the left. The average increase in the variance was 96.75. The
bars indicate the 95% Confidence Intervals for those lines that were
replicated.
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Figure 3.2. Effects of Mutation Accumulation on fitness. (Figure on
previous page)
The numbers and letters above the barplots indicate whether the difference
of means and ratio of variances are significant, respectively. The same
number or letter above two different treatments means that there is a
significant difference between those two groups.
a. MA lines have reduced fitness when compared with the ancestral and
control lines. MA lines have reduced spore allocations when mixed in
pairwise competitions with the ancestor. The MA lines experienced a
reduction in the mean of this trait as well as an increase in the variance
(Kruskal-Wallis, p=0.02 and p<0.0001, respectively), suggesting that
mutations have occurred that negatively affected the ability of diverged lines
to compete against the ancestor.
b. Cell generation time on selective medium with bacteria after
995 generations of mutation accumulation. There were no
significant differences between the ancestor and the controls or
the mutation lines.
c. Doubling time in non-selective medium after 995 generations of
mutation accumulation. The MA lines diverged significantly from
the ancestor in the non-selective medium. The mean doubling
time of the MA lines is 21.44 hours, compared with a doubling
time of 13.14 hours for the ancestor.
d. The total distance traveled by the MA lines is significantly less
than the distance traveled by the ancestor (p = 0.0008). The distance
traveled by the control lines was also significantly less than the
ancestor (p = 0.0004). There were no significant differences between
the control lines and the MA lines.
e. The mean number of spores per fruiting body in the MA lines is
not significantly different from the ancestor (p=0.06) but is
significantly different from the controls (p=0.03). The variance of
the MA lines is significantly different from both the ancestor and the
control lines (p<0.0001 and p=0.05, respectively).
f. The hatch rate of spores in the MA lines was significantly less
than both the control lines and the ancestor. There were no
significant differences between the control lines and the ancestor.
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Chapter 4: Cheating and correlated traits in social amoeba genetic
knockouts

Abstract
Although cooperation has been essential in the development of everincreasing complexity, it is difficult to explain how it is maintained.
Pleiotropic effects, or the effects of a single gene on multiple traits, have
been invoked as a mechanism to preserve cooperation (1-2). Using the social
amoeba, Dictyostelium discoideum, we examined the effects of cheating
behavior on fitness traits and looked for a correlation. We found that no
correlation exists between cheating behavior in single-gene knockouts and
various measures of fitness. This lack of correlation provides further
evidence that cheating in the social amoeba is a real phenomenon, rather
than a by-product created by reduced fitness.
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Introduction
The presence of only a few cheaters can topple a cooperative society
(3-5). How, then, does cooperation persist in the face of cheating? As
cooperation has been essential to all the major evolutionary transitions in
history (3, 6-7), it is apparent that mechanisms must exist to quench the
spread of cheaters. One of the most common ways to prevent cheating is by
associating those traits that confer a cooperative benefit with fitness traits (810). In this manner, a cheater may be able to exploit the group by abstaining
from cooperation, but would ultimately pay the price via a reduction in
fitness.
Dictyostelium discoideum is a social amoeba with a complex life
cycle. It spends much of its life as solitary amoebae, preying upon bacteria
(11-13). When food becomes scarce, cells send out a chemical signal that
acts as a beacon to other cells in the vicinity. Those neighboring cells
migrate towards the source of the signal, and then form a multicellular
aggregate that differentiates into a mobile slug, able to move towards more
favorable conditions, ultimately creating a fruiting body, where dead stalk
cells support the reproductive spores. The multicellular organism may be
composed of varying genotypes and some cells must die in order to hold
aloft the spore cells. The potential for cheating exists because the cells that
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compose the stalk may not be related to those cells in the sorus. Cheating is
usually typified by one clone contributing more than its fair share to the
spores, while the other clone produces more than its share of stalk cells.
Santorelli etal. (14) recently explored the genetic roots of cheating
through the use of pools of single gene knockouts. Using Restriction
Enzyme-Mediated Insertion (REMI), a process of mutagenesis that works by
randomly inserting a piece of tagged DNA into the genome, they selected for
D. discoideum cheaters from pools of single gene mutants and then grew
mixed populations of mutants over many rounds of growth, from cells to
fruiting bodies. REMI mutagenesis creates a single mutation in a gene that
can be located due to the specific sequence of the tag (15). By selecting for
cheaters, they were able to find genes that aid in cooperation, as this process
produces lines with little to no function in the gene with the insertion.
Following REMI mutagenesis, they selected individual lines and tested them
for cheating behavior. If a line exhibited cheating behavior, that line was
sequenced and the mutations were cataloged.
They discovered that the mechanisms that cause cheating are quite
diverse in this organism, with cheater mutations in more than 100 genes with
diverse functions. Further, these mutants were largely facultative and would
cheat when mixed in a chimera but were indistinguishable from wild-type
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when grown clonally. This method of generating cheaters results in clones
with a single mutation due to the loss of gene function, and as loss of
function is not uncommon, we may expect pleiotropic effects between
cheating behavior and fitness.
We expect there to be some cost of cheating, primarily as a
mechanism to prevent the rampant spread of cheaters. However, as we strive
to uncover the mechanisms that allow for cheating, as well as those that
prevent its spread, we experience challenges in attempting to categorize
what we observe. Are the cheating phenotypes that we observe simply the
correlates of other fitness traits? Or are they true cheaters, unaffected by
changes in other traits? In order to more fully explore the relationship
between cheating and other aspects of fitness, we assayed fitness on this set
of known cheater mutants. We then looked for a correlation between
cheating behavior in chimeric mixes and fitness in these varied traits. A
negative correlation between cheating and a fitness trait may explain how
selection prevents cheaters from spreading.
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Materials and Methods
Strains, Mutagenesis, and Cheater Selection. We used the laboratory
wild-type strain AX4 for mutagenesis and as a control. Santorelli et al.
mutated AX4 cells using REMI mutagenesis and selected for cheaters as
described in detail in ref. 12. Briefly, Restriction Enzyme Mediated
Integration (REMI) is a method of transformation that generates tagged
mutations by randomly inserting tagged DNA into the genome. We used the
dataset of REMI mutants to select for cheaters by competing pools of
mutants over many generations, allowing all lines to fruit each round. They
plated out high densities of spores in order to facilitate the lines bypassing
the vegetative cycle but still allowing the social cycle. This process was
repeated 20 times. At the end of this process, the frequency of each line was
assessed and each line was sequenced to identify the genes that were
affected by REMI mutagenesis.

Fitness Assays
Growth assay on a bacterial food source: We tested the growth rate of all
REMI mutants on a bacterial food source by plating the lines on Petri dishes
with SM agar (10 g glucose, 10 g bactopeptone, 1 g yeast extract, 1 g
MgS0 4 , 1.9 g KH 2 P0 4 , 0.6 g K2HP04, 20 g agar, 1 L H 2 0 (16)) and
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Klebsiella aerogenes, which was used as a bacterial food source for the
amoeba. We determined the average growth rate by allowing each line to
develop into clear plaques, characterized by a hole in the bacterial lawn, then
we collected those plaques and calculated the total number of cells per
plaque. A single cell of the AX4 wild-type strain, or a line descended from
that strain, will develop into a circular plaque, which allows us visually
confirm that a single cell founded the plaque.
After plating out the REMI lines, we randomly marked a dot on each
plate. When plaques appeared, we completely transferred the single plaque
closest to the randomly placed dot to a new SM plate with Klebsiella
aerogenes and repeated the procedure in order to avoid any detrimental
effects of freezing. Following the second round of growth, we transferred the
plaque to a SM plate marked with 5 randomly placed dots. After allowing
the cells to grow for 48 hours, we selected the plaque closest to each of the 5
dots. Each plaque was suspended in 50 p,L of a buffered solution (16.5 mM
KH 2 P0 4 , 3.8 mM K2HP04)—hereafter called KK2-and we determined the
density of the cell solution using a hemocytometer (cells/^iL). We
determined the average number of cell divisions by taking the base 2
logarithm of the total number of cells in the plaque. As each plaque began as
a single cell, this measures the rate of doubling over the 48-hour period.
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Growth assay in axenic medium: We assessed growth in axenic medium
by allowing a known density of cells to grow overnight in a shaken liquid
culture. We prepared plates of growing cells to use in axenic medium by
spreading a new SM plate with Klebsiella aerogenes and plating out a REMI
line from frozen stock on one side of the plate in order to get a continuous
line of developing cells that are moving across the plate. We transferred
actively growing cells into a Petri plate containing 10 mL of HL5 (10 g
glucose, 10 g peptic peptone, 5 g yeast extract, 0.35 g NajHPC^ •! H20, 0.35
g KH2P04, 1 mL of lOOx trace minerals and salts, 1 L H 2 0, pH to 6.4-6.6,
and after autoclaving we added 10 mL vitamin and antibiotic solution
containing Folic acid, vitamin B12, penicillin and streptomycin (17)). After
five days of growth, we transferred the cells to a flask with a total volume of
25 mL HL5 and allowed them to grow in a shaker at 22°C for approximately
24 hours, after which we counted an aliquot of the cells and diluted the
solution to a density of 106 cells/50 mL HL5. We assessed the cell density of
the solution after another 24 hours. We determined the number of doublings
using this formula:
log(density after 24 hours)

tog(2)
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and doubling time was determined as:
# of hours
# of doublings

Slug Migration Assay: We measured distance traveled by slugs from REMI
lines and the wild-type AX4. We raised lines from frozen spores on SM
plates with Klebsiella aerogenes as a food source. We replated these lines
twice on new SM plates to standardize initial conditions. We prepared a
bacterial slurry of Klebsiella aerogenes by growing the bacteria on three SM
plates until the plate was covered with a lawn of bacteria. We then scraped
the plates into 15 mL of KK2 buffer. We added 50 \xL of the slurry to a 2 cm
strip on one side of a standard Petri plate (100 x 15 mm) with water medium
(20 g agar, 1 L H 2 0) to serve as a starting line for the spores. We used water
agar, a medium made only with agar and no salts, in order to increase
migration distance (18). We added 5xl0 6 spores to the starting area of the
plate. We wrapped each plate in aluminum foil with a pin-hole at the
opposite end of the plate from the bacteria in order to allow light to enter. D.
discoideum slugs are phototropic and will migrate towards a light source,
presumably in search of more favorable conditions in which to produce
fruiting bodies. We placed all plates in a Percival Intellus Environmental
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Controller incubator set at 22°C facing away from the door to try to
minimize differences in light intensities. We collected data after 5 days.

Spore Germination Assay: We determined the germination rate of the
REMI mutants by plating out 100 spores on two plates—50 spores per
plate—and counting the number of resultant plaques. We started lines from
spores kept in the freezer on SM plates with Klebsiella aerogenes. In order
to offset the potential effects of freezing, when the lines produced fruiting
bodies we transferred the fruiting bodies to new SM plates and allowed them
to produce fruiting bodies once again. After the second round of fruiting, we
collected spores and diluted them to a density of 103 spores/mL. We plated
out 50 spores onto two SM plates with Klebsiella aerogenes for a total of
100 spores. Each line had two independent replicates for a total of 200
spores, with the exception of AX4, which had 3 independent replicates. We
checked the plates each day for five days and counted new plaques as they
appeared. Most plates had completed germination after two days. We
continued to watch each plate, and if no new plaques appeared over three
days, we discarded the plate.
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Data Analysis: Our data were not normally distributed, and so we used the
non-parametric Kruskal-Wallis test (R, R 2.4.1 GUI 1.18, 2006) to look for
differences between the average fitness effects seen in the REMI mutants
and AX4. We then used the non-parametric Spearman's Rank Correlation to
test for a correlation between cheating behavior and fitness (R, R 2.4.1 GUI
1.18,2006).
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Results/Discussion
To determine whether a correlation exists between cheating ability
and other components of fitness, we measured growth rates on a bacterial
food source and in axenic medium, distance traveled as slugs, total number
of fruiting bodies produced from a set number of spores, total spores per
fruiting body, and rates of spore germination (Fig. 1). These traits were
chosen because they are all essential to the fitness of this organism,
especially rates of growth. We measured growth rates in two different
environments because the ancestral strain, AX4, was developed to grow in
axenic medium, but the experiment was conducted on a medium using a
bacterial food source. We tested all lines against AX4, the wild-type strain
that the mutants were derived from. We found a significant difference
between the variance of the REMI mutants and the wild type, but the only
traits that displayed a significant difference between means were rates of
spore germination and growth rates in axenic medium (Table 1, Resampling
Stats). Although growth rate in axenic medium resulted in significantly
faster growth by the REMI mutants, spore germination was significantly
lower in the REMI lines compared to AX4.
We did not find any correlations between cheating ability and any
other fitness component (Table 2, Fig. 2, Spearman's Rank Correlation).
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This means that genes that affect cheating do not appear to have pleiotropic
effects on other life history traits. This evident lack of pleiotropy may help
to explain why we see so many different individual mutations that result in
an increase in cheating behavior.
Although there is some evidence that clones in the wild may spend the
majority of their life as clonal amoeba (16), we speculated that wild clones
retain cheating ability due to a correlation between cheating behavior and
some fitness trait. Wild clones should lose the capacity to cheat if an
increase in fitness is derived from the loss of cheating ability. However, it is
exceptionally easy to find wild clones that resort to cheating behavior in the
laboratory (19, 20). Foster et al. proposed a similar idea—cooperation is
maintained through pleiotropic effects (21). They examined the role of
pleiotropy as a mechanism to stabilize cooperation and found that D.
discoideum that lack the gene dimA preferentially develop into spores but are
competitively excluded from the sorus during late development. The
pleiotropic effects of dimA result in an efficient mechanism that promotes
cooperative behavior.
However, the mere existence of cooperative behavior leads to the
evolution of cheaters, and as mechanisms evolve to promote cooperation,
counter-mechanisms evolve that will promote cheating behavior. Although
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we did not find a correlation between cheating behavior and various
measures of fitness that are essential in the laboratory, there are numerous
fitness traits that may be essential in the wild that are not utilized in the
laboratory. A possibility for the maintenance of cheating behavior in wild
clones is differences in gene expression. Following a mutation accumulation
experiment, we found vast differences in the mutation rates of the various
fitness traits tested, indicating that some genes are silent during periods of
vegetative growth and that many fitness traits are highly polygenic
(Middlemist et al., in prep).
In light of these results, we wonder how D. discoideum has managed
to preserve diversity in the wild? While we know that in nature, genetically
distinct clones co-occur and are close enough to theoretically form chimeras
(22), we have also discovered that the majority of wild fruiting bodies are
uni-clonal, suggesting that high relatedness plays a large part in maintaining
cooperation (19). There appear to be pleiotropic mechanisms that assist with
maintaining cooperative behavior, but is that enough? Are cheaters, so
prevalent in the laboratory environment, really so easily deterred? Finally,
we do not yet fully understand the varied conditions that exist in the wild. It
is possible that different genotypes have different temporal preferences,
preferences for the amount of light needed, or differing crawling abilities, to
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name only a few of the many circumstances that may prevent the formation
of chimeras.

Mean Value of
AX4
Growth on bacteria
(doubling time, hours)
Axenic Medium
(doubling time, hours)
Spore Germination

(%)
Distance Traveled
(Slugs, cm)
Spores/Fruiting Body
Total Fruiting Bodies

Mean Value of
Difference in
46 REMI Mutants Means (REMI-AX4) p-value

Variance of Variance of Ratio of Variances
AX4
REMI Mutant (REMI/AX4)
p-value

3.43

3.41

-0.0006

0.51

0.001

0.11

22.57

0.002

13.1

8.85

-4.25

<0.0001

1.19

7.04

5.9

0.004

97.94

68.8

-29.14

<0.0001

8.86

907.76

102.43

0.0002

1.76
15517.17
610.67

1.77
16210.65
630.94

0.01
693.47
20.27

0.52
0.26
0.27

0.001
323437.65
537.47

0.26
6658814.28
5891.35

180.79
20.59
10.96

0.0002
0.002
0.02

Table 4.1. All fitness traits were significantly different from wild-type AX4.
As the data were not normally distributed, we used Resampling Stats to
analyze both the difference in means and the ratio of variances.

Rho
Growth on bacteria
Axenic Medium
Spore Germination
Distance Traveled (Slugs)
Spores/Fruiting Body
Total Fruiting Bodies

p-value
0.003
0.006
-0.02
-0.07
0.05
0.06

0.99
0.98
0.92
0.71
0.78
0.78

Table 4.2. Correlation data between fitness assays and cheating behavior.
We used a Spearman's rank correlation.
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Figure 4.1. Average fitness effects in wild-type AX4 and REMI mutants.
We used 46 REMI mutants from a total population of 250 mutants. The box
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growth rates in axenic medium and on Petri plates with a bacterial food
source, respectively. The REMI mutants grew faster than the wild-type AX4
on both types of media. C shows the percent of spores that successfully
germinated. The REMI mutants are significantly worse at germinating than
the wild-type. Figure D illustrates that while the mean distance traveled by
REMI mutant slugs appears comparable to the wild-type, the increase in the
variance results in a significant difference in distance traveled by REMI
mutant slugs, with half of the REMI mutants traveling farther than the wild
type AX4 and the other half traveling less far. Figures E and F show this
same pattern: the mean of the trait is similar to that of the wild-type, but the
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