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ABSTRACT

The loss of phenotypes, a phenomenon capable of leading to ecological specialization,
has been observed to occur readily during evolution and is an important contributor to the
phenotypic variation observed in nature. While the loss of phenotypes is often observed,
the population genetic processes responsible for phenotypic loss are not well understood.
This lack of understanding is due to the complexity of evolutionary process and the
intricacy of how information from the genotype develops into the phenotype. The work
presented in this dissertation is a first attempt to disentangle the complexity of the
population genetics of trait loss in experimental populations of Bacillus subtilis, a
bacterium of the low G+C Gram positive group. The experiments described in this
dissertation showed that the deletion of two complex phenotypes occurred throughout
evolutionary time. While there is evidence suggesting that this phenotypic loss may be
due to trade-offs between traits that were lost and those important for fitness, i.e.
selection, the contribution of neutral mutation accumulation cannot be ruled out.
Genomic studies identified candidate expression changes potentially able to explain the
observed phenotypic loss, paving the way for future work linking the observed
phenotypic changes with their underlying genetic and developmental cause(s). The
results from this dissertation work speak to the complexity of trait loss and the difficulty
of explicitly determining whether selective or neutral processes are responsible for trait
loss in nature.
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INTRODUCTION

Explanation of the problem and its context.

The loss of phenotypes during evolution has occurred in lineages throughout the tree of
life, as noted by Darwin in 1859:

“Rudimentary, atrophied, or aborted organs. Organs or parts in this strange
condition, bearing the stamp of inutility, are extremely common throughout
nature.”

Well known examples of phenotypic loss include digit and limb loss in tetrapods (Lande
1978; Bejder and Hall 2002), wing loss in insects and birds (Roff 1990; 1994; Fong et al.
1995), losses of vision and pigmentation in animals inhabiting subterranean environments
(reviewed in Culver 1982; Fong et al. 1995), the loss of sexually selected traits (Wiens
2001) and loss of sexual reproduction in many eukaryotic species (Bell 1982; Richards
1986; Judson and Normark 1996). These observations beg the question: why is there so
much loss? And, is loss the result of adaptive or neutral processes?

Determining the relative contributions of natural selection and genetic drift to the loss of
phenotypes in particular is important for our understanding of phenotypic variation in
general. Despite the ubiquity of trait loss, the evolutionary processes responsible for loss
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are not fully understood. Phenotypes can only be completely lost if selection for the
function they provide is relaxed or eliminated. Under this relaxed selection scenario, two
hypotheses can account for the loss of traits. The mutation accumulation hypothesis
posits that mutations, which are deleterious to trait function but neutral in the relaxed
selection environment, accumulate throughout time, gradually eroding the trait. This
argument relies only on the mutation rate and genetic drift. Alternatively, the second
hypothesis posits that natural selection favors trait loss. The mechanism by which
selection can favor loss is dependent upon the existence of trade-offs between the trait
under relaxed selection and a trait(s) important for fitness. Trade-offs at the phenotypic
level result from pleiotropy at the genetic level (Wright 1929, 1964), such that mutations
in a gene affecting multiple phenotypes are more likely to be deleterious than mutations
in a gene affecting only one phenotype.

The work presented herein describes phenotypic loss in Bacillus subtilis populations
evolved under controlled conditions in the laboratory. Two complex traits, prototrophy
and sporulation, were lost log-linearly throughout time. This log-linear pattern of trait
loss can be explained both by mutation accumulation and selection hypotheses.
Therefore, for the loss of both traits we attempted to distinguish between these two
hypotheses using statistical analyses. In addition, for the loss of sporulation, we
performed simulation studies to determine if mutation accumulation alone could explain
trait loss. While the statistical tests and simulations give some support to the selection
hypothesis, mutation accumulation also contributes to the decline of prototrophy and
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sporulation. The complexity underlying the process of trait loss is highlighted by the
inability of this work, done in a model system with many known population parameters,
to completely resolve whether selection plays a major role in trait loss.

A review of the literature.

Trait loss has been observed in many species, from single-celled bacteria to
morphologically complex eukaryotes. One of the most pervasive forms of trait loss is the
loss of sexual reproduction, which has occurred independently in many eukaryotic
lineages (Bell 1982; Richards 1986; Judson and Normark 1996). Sexual reproduction is
easily lost and replaced by asexual reproduction in animals and plants. Asexual mutants
may have as much as a two-fold selective advantage over their sexual congeners; this
corresponds to a selection coefficient of 0.5, which will virtually ensure fixation of
asexuals in the population. This suggests that the loss of sex is, at least initially,
advantageous, although this remains controversial. While the loss of sexual reproduction
is common, it not known whether its loss is due to selection or the accumulation of
mutations. Two systems in which the population genetics of trait loss are better
understood are reviewed below with one representing loss due to genetic drift and
another representing loss due to selection.

The best-studied example of trait loss, for which there is strong evidence for mutation
accumulation, is in endosymbiotic bacteria. When bacteria form obligate associations
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with eukaryotic hosts their genomes become smaller (reviewed in Andersson and
Kurland 1998; Moran 2003), their base composition becomes biased, and they become
effectively isolated from genetic exchange (Tamas et al. 2002; Moran and Plague 2004).
This trend is consistent both for mutualistic and pathogenic associations (Ochman and
Moran 2001). These intracellular bacteria have reduced selection on many of their genes
because they can rely on nutrients provided by the host. This ultimately results in the
inactivation of genes involved in macromolecular biosynthesis and other cellular
pathways (Moran 2003). These genes are eventually deleted from the genome, due to the
deletional bias present in bacterial genomes (Andersson and Andersson 1999; Mira et al.
2001). Therefore, in endosymbiotic bacteria, genes are lost first by inactivation under
relaxed selection and then by deletion of genomic regions.

The evidence for genetic drift, i.e., mutation accumulation, comes from the population
bottlenecks in these intracellular bacteria which occur as they are passed from one host to
another, either via reproduction (Mira and Moran 2002) or infection. These population
bottlenecks reduce the effective size of the population, thereby reducing the efficacy of
natural selection. Consequently, genes in endosymbionts accumulate mutations at a rapid
rate (Moran 1996; Wernegreen and Moran 1999; Dale et al. 2003).

The best-studied example of trait loss, where there is strong evidence for selection, is in
the Mexican cavefish, Astyanax mexicanus, where pigmentation and vision have been
lost. The loss of these traits is thought to enable the elaboration of other traits important
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for cave life (reviewed in Culver 1982; Jeffery 2005) although the identity of these traits
is not clear. Even after decades of research on A. mexicanus the population genetic cause
of trait loss is not completely clear, although there is considerable support for selection.
Cave and non-cave populations of A. mexicanus are easily crossed in the lab and produce
viable and fertile F1 offspring with intermediate eye phenotypes (Sadoglu 1957).
Coefficients of genetic similarity show that cave and surface populations are the same
species and suggest that the cave environment was probably colonized more recently than
had been previously suspected (Avise and Selander 1972). This recent colonization
argument lends support to the selection hypothesis because loss through mutation
accumulation alone would have required more time and the amount of time since A.
mexicanus entered the cave is critical to the mutation accumulation hypothesis (Culver
1982).

Recent work dissecting the molecular mechanism of eye degeneration during
development supports the selection hypothesis of trait loss by providing evidence for
pleiotropy. Yamamoto et al. (2004) found that spatial expansion of the expression of two
Hedgehog proteins is associated with eye loss. Because Hedgehog proteins are required
for a number of cellular processes, the authors suggest that the loss of eyes in cavefish
was due to selection because the pleiotropic constraints imposed on Hedgehog for eye
formation were released, enabling the adaptation of a correlated trait (Yamamoto et al.
2004; Jeffery 2005). Quantitative trait locus mapping experiments support the selection
hypothesis for the loss of pigmentation in A. mexicanus. Protas et al. (2006) have shown
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that deletions in Oca2, a gene involved in pigmentation, have occurred in parallel in
different cave fish populations, suggesting that selection has favored the loss of eyes in A.
mexicanus (Protas et al. 2006). Therefore, because of their recent colonization of caves,
the parallel mechanism of trait loss, and the discovery of the differential expression of a
gene with many pleiotropic interactions in cave fish, it seems likely that selection has
acted to reduce eyes and pigmentation in the cave populations of A. mexicanus (Jeffery
2005).

The case for selection in the loss of vision and pigmentation in A. mexicanus is not
conclusive. This is because it is not clear what fitness benefits are associated with the
loss of pigmentation and vision (Culver 1982). Furthermore, data on genetic variation
suggests that the effective population size of the cave populations is likely to be rather
small (Avise and Selander 1972), reducing the efficacy of selection. In addition, work by
Sadoglu (1967) found that there was no difference between eyed and eyeless fish in their
ability to feed and survive for three to six months in various environmental settings,
which suggests that eye loss may be selectively neutral.

The A. mexicanus system highlights the difficulty in determining whether natural
selection is important for trait loss. Mutations are always accumulating and, if given
enough time under relaxed selection, would eventually erode a trait. Therefore, the
challenge is not to determine whether mutation accumulation OR selection governs the
loss of traits, but whether selection must be invoked to explain trait loss. In the case of
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genome reduction in endosymbiotic bacteria, selection need not be invoked to explain
trait loss. However, in the case of eye and pigmentation loss in A. mexicanus, trait loss is
hard to explain without a selection argument.

In addition to the complex genetic studies in endosymbiotic bacteria and cavefish, other
approaches have been used to resolve whether selection is important for trait loss. One
approach involves correlating the loss of a trait with increases in fitness, as has been done
in asexual plant populations (Dorken et al. 2004) and virulence in Shigella and
Escherichia coli species (Maurelli et al. 1998). These studies show that estimating fitness
changes associated with loss can be critical for determining whether selection is
important for trait loss.

Correlating increases in fitness with trait loss can be a powerful method to determine
whether trait loss is due to selection but, in addition, it would be useful to observe the
decline of a trait under relaxed selection in real time. Both mutation accumulation and
selection hypotheses of trait loss predict a linear decline in the trait during evolutionary
time. However, under the selection hypothesis this decline is predicted to have a steeper
slope because if loss-of-function mutations are selectively advantageous they will be
fixed much faster than if they are neutral. Therefore, trait loss will occur more quickly
with selection.
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Due to their short generation times, evolution can be observed in real time using
laboratory populations of bacteria, which have proven to be useful in experimentally
addressing important evolutionary genetic questions (reviewed in Kassen 2002; Elena
and Lenski 2003). Population genetic parameters, including mutation rates, effective
population size, fitness trajectories, and quantitative measures of specific traits are
relatively easy to measure in bacterial populations. In combination, these measurements
can be used to identify the evolutionary forces that are responsible for the loss of a trait
from the phenotypic repertoire of an organism.

Trait loss has been examined, to some extent, in experimental populations of bacteria. In
several studies, bacteria have been propagated with extremely small effective population
sizes (Funchain et al. 2000; Giraud et al. 2001; Nilsson et al. 2004). Several different
strains, which differed in their mutation rate, were examined and the results showed that
trait loss occurred more quickly in strains with high mutation rates (Funchain et al. 2000;
Giraud et al. 2001; Nilsson et al. 2004). This work suggests that functional decay is due
to the neutral accumulation of mutations, at least in populations of small effective size.
Other studies have used bacterial populations of large effective size and found that
increases in mutation rate do not account for the decline of metabolic breadth (Cooper
and Lenski 2000) and thermal specialization (Cooper et al. 2001), suggesting that
selection was responsible for these phenotypic losses. Therefore, the effective population
size is critical to trait loss and the accumulation of mutations. All of these studies were
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done using E. coli, or its close relative Salmonella typhimurium and it would be
interesting to explore the population genetics of trait loss in a distantly-related species.

Bacterial genomes encode many traits that vary both within and between species. For
example, strains of the species Haemophilus influenzae vary in the characteristics of their
cell wall (Musser et al. 1986), their ability to develop complex traits (Hood et al.,
personal communication), and their resistance to antibiotics (Needham 1988; Foweraker
et al. 1993). It is certain that a large portion of this phenotypic variation in bacteria exists
due to the introduction of genetic material via lateral gene transfer from distantly related
organisms, such as other bacteria or bacteriophage (Ochman et al. 2000; Daubin and
Ochman 2004). However, trait loss is also very important in bacteria, as described above
for endosymbionts.

Some of the best examples of traits that vary between bacterial species are those that are
important for survival. Many bacterial genomes encode an arsenal of survival strategies,
ranging from the production of toxins and antibiotics to the development of
morphologically differentiated cells and fruiting body structures. Therefore, bacteria
represent excellent organisms in which to address phenotypic loss, both due to the
observed variability in their phenotypes, as well as their tractability for the study of
evolutionary processes (reviewed in Elena and Lenski 2003).
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One of the most striking survival strategies in bacteria is the ability to differentiate into a
dormant morphological structure known as a spore. Several genera of bacteria are
capable of spore formation, and the details concerning the development of a spore vary
between distantly related bacteria. Sporulation that occurs by forming spores inside
another cell, or endospore formation, is a trait found in genera throughout the Low G+C
Gram positive bacteria. These genera include Bacillus, Clostridium, Sporosarcina,
Sporohalobacter, Sporolactobacillus, Anaerobacter, Desulfotomaculum, and
Heliobacterium, although the best studied of these are the Bacillus and Clostridium
genera. Other genera within the Low G+C Gram positive group, including
Streptococcus, Listeria, and Mycoplasma, are unable to form spores.

Although little is known about sporulation in most genera, it is thought that the precise
details of spore formation vary between these genera but that the overall process is
remarkably conserved. In the best-studied spore-forming species, B. subtilis, endospore
formation proceeds initially by an asymmetrical cell division, followed by engulfment of
the smaller cell (to become the forespore) by the larger cell (to become the mother cell).
Differential gene expression between the two compartments ultimately results in the
formation of a very hardy structure which, when released after mother cell lysis, is
completely metabolically dormant and is able to withstand extreme environmental
conditions such as radiation and heat (Nicholson et al. 2000). Although the spore is
metabolically dormant, it is able to sense nutrients and respond by germinating. Spores
are able to survive in a dormant state for at least decades, if not centuries, and their ability
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to survive interplanetary transfer is currently being tested (Nicholson et al. 2000;
Nicholson and Schuerger 2005).

The process of sporulation takes several hours and is certainly metabolically costly,
suggesting that it confers a compensating selective advantage to bacteria that are able to
sporulate when times are tough. The variation in sporulation ability within the low G+C
Gram positive bacteria also suggests that sporulation has been lost several times, as many
species retain some sporulation genes but are unable to sporulate (Onyenwoke et al.
2004).

It is unclear whether the variation in the distribution of sporulation is due to its
differential loss under relaxed selection conditions. Certainly many survival traits, such
as the production of antibiotics and toxins, are capable of being transferred horizontally
as they are often encoded by one or two genes that can be transferred together. In
contrast, traits that require many genes, such as sporulation and motility, are they are less
likely to be retained because many loci would have to be transferred for the trait to
develop. Therefore, it is likely that the sporadic distribution of these complex traits is due
to their loss, rather than their gain. Whether the loss of these survival strategies confers a
selective advantage remains unclear and would rely on the existence of a trade-off
between the survival strategies and another trait important for fitness. It has been
suggested that a trade-off between fecundity and viability exists in bacteria (Nyström
2004). If this trade-off between growth and survival indeed exists, it is entirely possible
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that a large portion of the variation in survival strategies among bacteria could be due to
balancing the appropriate amount of growth and reproduction during times of feast with
the ability to withstand stress during times of famine.

It is plausible that sporulation is a survival strategy that imparts a significant cost on
growth and reproduction. In support of this notion, it has been found that the flux of
metabolites in Bacillus subtilis is not optimal and, in fact, improves in strains that have
had sporulation genes deleted (Fischer and Sauer 2005). Specific studies explicitly
addressing whether a trade-off between growth and survival exists in bacteria are few and
far between. It has been argued that Escherichia coli populations which are able to
reproduce more, or at a faster rate, pay a cost in their ability to survive stressful
conditions (Ferenci 2005). In batch cultures of E. coli it has also been shown that
mutations in a gene encoding in a key regulator of stationary phase, rpoS, rise in
frequency due to their ability to promote growth while their inability to survive stationary
phase eventually results in a lower overall population mean fitness (Zambrano et al.
1993; Vulic and Kolter 2001). It is thought that this trade-off between growth and
survival is mediated by the stringent response (Nyström 2004), by which physiological
signals indicate to the cell that it is time to stop growing and start surviving. The exact
signal(s) that modulate this physiological response surely varies between species and the
precise response to the signal(s) may be due to the optimization of the balance between
reproduction and survival for the particular niche of the species.
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To study phenotypic deterioration throughout evolutionary time, and to address whether
selection is involved in trait loss, I initiated a project in which I examined the ability of
populations to adapt to a new environment when they have strong, or weak, selection for
sporulation. Furthermore, the ability to synthesize all required nutrients (prototrophy)
was under relaxed selection in these populations. The loss of two traits, sporulation and
prototrophy was examined to identify the relative roles of mutation accumulation and
selection, via pleiotropy, in trait loss. Because the selection hypothesis relies on
pleiotropy, several experiments were first conducted to determine whether pleiotropy
exists between sporulation and other cellular processes.

Explanation of dissertation format.

This dissertation consists of five appendices, three of which have been published in peerreviewed journals. The conceptual organization is such that the first appendix describes a
set of experiments for which results are suggestive of a trade-off between growth rate and
sporulation ability in B. subtilis. This paper was published in the Journal of Bacteriology
and my co-authors are Belinda Galeano and Wayne L. Nicholson. In the second
appendix, the evolution experiment and the evolution of phenotypes such as fitness,
mutation rate, growth rate, and lag time are described. This appendix also describes the
loss of prototrophy, a trait important for niche colonization in bacteria. A version of this
paper, slightly modified from Appendix B in the dissertation, was published in Evolution.
My co-authors on this paper are Victoria Callicotte, Adam Hancock, C. William Birky,
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Jr., Wayne L. Nicholson, and Joanna Masel. The loss of sporulation is described in the
third appendix where simulations and statistical analyses suggest that, in addition to
mutation accumulation, selection is likely to play at least some role in trait loss. My coauthors on the third appendix were Joanna Masel, C. William Birky, Jr. and Wayne L.
Nicholson. The fourth appendix describes the evolutionary trajectory of sporulation when
selection for its maintenance is strong. This appendix was published in the Journal of
Bacteriology with Wayne L. Nicholson as a co-author. The fifth appendix describes gene
expression profiling experiments that uncovered candidate molecular changes responsible
for the observed phenotypic variation in the evolved populations. My co-authors for the
fifth appendix were Wayne L. Nicholson and C. William Birky, Jr. Although these
appendices have co-authors, my contribution to the work in these appendices has been a
major one, and, in every case, I have designed and performed the experiments, analyzed
the data, and written the papers.
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PRESENT STUDY

Dissertation Summary

The methods, results, and conclusions of this study are presented in the papers appended
to this dissertation. The following is a summary of the most significant findings from the
appendices.

The deletion of phenotypes is a common contributor to variation in the phenotypic
repertoire both within and between species. Determining whether selection plays an
important role in trait loss requires demonstrating the existence of trade-offs between
traits under relaxed selection and traits important for fitness. These trade-offs are caused
by pleiotropy at the genetic level. Much of the work included in this dissertation
attempted to test whether a trade-off exists between sporulation and other cellular
processes.

Appendix A, published in the Journal of Bacteriology (H. Maughan, B. Galeano, and
W.L. Nicholson. 2004. J. Bacteriol. 186:2481-2486), describes work examining
spontaneous mutations in the rpoB gene (encoding the β-subunit of RNA polymerase),
which conferred resistance to the antibiotic rifampicin. These mutations had pleiotropic
effects on growth rate and the ability to become competent, sporulate and germinate.
Mutants that were still able to sporulate at appreciable levels had the slowest growth rates
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compared to the wild type. Although not conclusive, this result was suggestive of a
trade-off between growth rate and sporulation ability in B. subtilis.

To observe trait loss in real time and to address whether selection or drift was responsible
for loss, I designed an evolution experiment in which ten populations of Bacillus subtilis
were subject to one of two selection regimes. In one experimental setting, populations,
referred to as the S populations, had strong selection for sporulation. In the other setting,
selection for sporulation was completely relaxed, and these populations are referred to as
the NS populations. These populations were examined through 6,000 generations of
evolution in their experimental environment. Population parameters, such as effective
population size, mutation rate, and fitness, in addition to trait values for prototrophy and
sporulation, were measured at 1,000-generation intervals.

In Appendix B, the loss of prototrophy, or the ability to synthesize macromolecular
building blocks such as nucleotides, amino acids, etc., is described. Prototrophy was lost
log-linearly during evolution in the NS and S populations. Statistical modeling was
performed to determine whether positive selection, negative selection, or mutation
accumulation was able to explain the most variation in prototrophy. The results from
these analyses show that, for the S populations, positive and negative selection can
explain 80% of the variation in prototrophy. While this result supports the selection
hypothesis for the S populations, due to an assumption concerning the relationship
between the point mutation rate and the functional mutation rate, a role for mutation
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accumulation cannot be ruled out. Unfortunately, when modeling trait loss in the NS
populations, the population genetic cause of the loss of prototrophy could not be
identified. This was due to the inequality in the variance of errors across time points, i.e.,
heteroscedasticity. Appendix B also describes experiments in which it was shown that,
although both the NS and S populations adapted to their environment, the NS populations
evolved a higher growth rate and shorter lag time, while the S populations evolved only a
shorter lag time. This finding is consistent with the earlier suggestion of a trade-off
between sporulation (a survival strategy) and growth rate.

Appendix C describes the loss of sporulation in the NS populations. This trait was also
lost log-linearly throughout evolutionary time. Statistical modeling was also performed
on the loss of sporulation and the results support an effect of mutation accumulation and
negative selection. The loss of sporulation was also simulated using experimentally
measured parameters. The simulations were done with a selection coefficient associated
with the loss of sporulation being equal to zero, i.e., a mutation accumulation scenario.
The simulated loss (and its 95% confidence interval) was compared to the observed data
for trait loss. If the observed loss occurred earlier (later) than the simulated loss, then this
would provide evidence for positive (negative) selection. In three of five replicate
populations there was evidence for positive selection having an influence on trait loss, as
suggested by the simulation studies. In one replicate population, the trajectory of
sporulation loss is completely compatible with the mutation accumulation scenario.
Finally, the fifth replicate population was not severely reduced in its sporulation ability
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and, therefore, it was not possible to identify the cause of loss in this population.
Statistical modeling and simulations both suggest a role for mutation accumulation and
selection. However, the statistical analyses suggest a role for negative selection while the
simulation studies suggest a role for positive selection. Neither of these analyses rejects
the alternative form of selection, but they have been unable to detect it. This lack of
agreement between the two analysis methods likely results from the complex genetic
process underlying the loss of sporulation. The subtle difference between phenotypic
decline under selection for loss versus neutral loss is precisely the reason that it is
difficult to distinguish between the selection and mutation accumulation hypotheses in
the simulation analyses. Future work improving the simulation studies will be required to
explicitly address the role of selection, and whether it is positive or negative, in trait loss.

It may seem as though, in these experimental populations of large effective size, that trait
loss could not occur by the accumulation of mutations alone. This is because the time to
fixation for a neutral mutation would be longer than 6,000 generations (Kimura and Ohta
1969). However, it is not necessary that mutations causing the loss of function actually
become fixed. Sporulation and prototrophy are polygenic traits and many loss of function
mutations could be segregating in a population without any of them becoming fixed.
With mutation rates as high as those observed in these populations (described in
Appendix B), this is almost certainly the case.
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Appendix C also describes an attempt to determine how many sporulation genes are
involved in other cellular processes. Publicly available microarray gene expression data
were analyzed to determine if “sporulation genes” were transcribed at times when
sporulation was not likely to be induced. This analysis showed that 22% of sporulation
genes were transcribed under non-sporulation-inducing conditions, a finding that is
consistent with the existence of pleiotropic interactions between sporulation and other
phenotypes. This finding lends support to the selection hypothesis by demonstrating
pleiotropy, although these data cannot address whether pleiotropy is positive or negative.

While the NS populations lost the ability to sporulate, the S populations did not. This
was not surprising because of the strong selection imposed for it experimentally.
Appendix D, published in the Journal of Bacteriology (H. Maughan and W.L. Nicholson.
2004. J. Bacteriol. 186:2212-2214), describes the unexpected observation that the
frequency of sporulation did not increase in the S populations. In the ancestral B. subtilis
strain used to initiate the S populations, only about 58 % of the cells in a clonal
population would initiate sporulation under inducing conditions. This average proportion
of sporulation did not change in the S populations after 6,000 generations of evolution
with selection for sporulation. This finding was originally thought to be due to the
stochasticity in the stationary phase decision-making process, where random fluctuations
in key regulators of survival strategies resulted in no response to the selective
environment. However, negative pleiotropy could also explain the observed evolutionary
inertia. The possibility of negative (antagonistic) pleiotropy was originally discounted
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because it was thought that sporulation genes were not transcribed at times other than
sporulation. However, the results in Appendix C, described above, clearly show that
many sporulation genes are transcribed at times when sporulation is not induced. Thus,
pleiotropy may also be responsible for the lack of a response to selection for sporulation
in the S populations. Another hypothesis able to explain this result is that, instead of
selection being imposed for change, the experimental set-up imposed strong stabilizing
selection for sporulation frequencies similar to that of the ancestor. The results at present
cannot distinguish between these two hypotheses.

It would be ideal to find the genetic change(s) responsible for phenotypic loss in the
experimental populations. These types of experiments take a lot of time and energy and
hopefully can be done in the future. As a first attempt to identify candidate genomic
changes responsible for the observed trait loss, microarray experiments were performed
where RNA, isolated at the onset of stationary phase, was hybridized to microarray slides
containing over 4,000 ORFs from B. subtilis. Appendix E describes the results of these
experiments.

Results from the RNA hybridizations show that, in an NS population, expression profiles
evolved to be quite different from those of the ancestor. The expression profiles suggest
that growth phase lasted for a longer period of time in the NS population than in the
ancestor, which had already begun to transition into stationary phase. Furthermore, when
the NS population is switched from sporulation-repressing medium to sporulation-
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inducing medium, the expression profile does not change as much as it does when the
ancestor is switched from sporulation-inducing to sporulation-repressing medium. This
suggests that the NS isolate has lost phenotypic plasticity. This loss of phenotypic
plasticity is also supported by the down-regulation of genes involved in sensing
environmental cues for the initiation of sporulation in the NS isolate. Therefore, the loss
of the sporulation phenotype may be due to sporulation genes never being “turned on”.

In the S populations, gene expression profiles have not diverged as much from the
ancestor as they had in the NS populations. It could be argued that, because there was
selection for sporulation in the ancestral strain, these populations were already adapted to
the experimental environment, and thus, gene expression would not be expected to
diverge as much. However, adaptation clearly occurred in the S populations, suggesting
that phenotypes expressed at times other than the onset of stationary phase, when RNA
was extracted, contributed to fitness increases. This is supported by the finding that lag
times decreased in the S populations (as described in Appendix B). However, there were
several changes in gene expression in the S populations, and these could be important
contributors to increased fitness.

In conclusion, the work from this dissertation describes the loss of two traits during
evolution in bacteria. There is some suggestion that phenotypic loss in these populations
was due to the combined effects of mutation accumulation and negative and positive
selection. This potential role of pleiotropy supports the existence of a trade-off between
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sporulation, i.e., viability, and growth rate, i.e., fecundity, in bacteria. However, the
accumulation of mutations is also an important contributor to trait loss in these
populations. The inability of this work to completely distinguish whether mutation
accumulation or selection was the major contributor to trait loss illustrates the complexity
of trait loss and the evolutionary forces behind it. Future work improving simulation
studies and performing detailed experiments, in which the cost(s) and benefit(s)
associated with trait loss are explicitly addressed, are needed.
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APPENDIX A: NOVEL rpoB MUTATIONS CONFERRING RIFAMPICIN
RESISTANCE ON BACILLUS SUBTILIS: GLOBAL EFFECTS ON GROWTH,
COMPETENCE, SPORULATION, AND GERMINATION
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APPENDIX B: THE POPULATION GENETICS OF PHENOTYPIC
DETERIORATION IN EXPERIMENTAL POPULATIONS OF BACILLUS SUBTILIS

Heather Maughan, Victoria Callicotte, Adam Hancock, C. William Birky, Jr., Wayne L.
Nicholson, and Joanna Masel.

ABSTRACT

Although many examples of trait loss exist in nature, the underlying population genetic
mechanism responsible for the loss is usually unknown. Selective or neutral processes
can result in the deterioration of a trait and often one of these is inferred based on indirect
evidence. Furthermore, selective pressures that are unique to particular environments and
the effect these might have on the population genetic cause of trait loss are not well
understood. Here we describe an experimental evolution system where two different
environments were used for addressing the population genetic cause of trait loss
throughout evolutionary time. We found that growth in minimal medium, i.e.,
prototrophy, was lost in all populations regardless of the experimental environment.
While there is some evidence for selection influencing the pattern of trait loss in one
environment, a role for mutation accumulation cannot be ruled out.
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INTRODUCTION

The deterioration of traits during evolution, commonly referred to as regressive
evolution, often occurs when selection for function is relaxed. This phenotypic
deterioration plays an important role in the evolution of ecological specialization
(Futuyma and Moreno 1988), ultimately having profound effects on the fundamental
niche of the organism (Futuyma and Moreno 1988; Cooper 2002; Kassen 2002).
Regressive evolution has been well documented in many taxa (reviewed in Fong et al.
1995) with well-known examples including the loss of flight in birds and insects (Roff
1994) and the loss of pigmentation and eyes in cave dwelling organisms (Culver 1982). It
is estimated that approximately 1% of bird species and 5% of insect species are flightless
(Roff 1994) although many of these species did not lose flight themselves but evolved
from flightless ancestors (Roff 1994). Additionally, a diverse array of obligate cavedwelling organisms, including characin fish, amphipods, crayfish, and carabid beetles
have lost pigmentation and eye structures to various degrees (Culver 1982).

The observation that traits are lost under relaxed selection pressures is no longer
surprising but the specific population genetic mechanism(s) responsible for the loss
remains more elusive. Traits may be lost due to the accumulation of neutral mutations
over time. Such mutations are normally deleterious when the trait is under selection but
once selection is relaxed these mutations become neutral (or nearly so) and can rise in
frequency due to genetic drift. Alternatively, traits may be lost because of selection. The
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trait may be costly to maintain when selection is no longer influential, making its loss
advantageous for physiological reasons relating to resource allocation (Regal 1977).
Otherwise the trait may be encoded by genes that are involved in the production of one or
more other traits and its loss may reduce adaptive constraints imposed by antagonistic
pleiotropy (Wright 1929, 1964), where positive changes in one trait result in negative
changes in another. Thus, the loss of one trait can facilitate the adaptive evolution of
another. Clearly, understanding whether selection or drift underlies the loss of complex
traits has important implications for understanding the genetics of complex trait
evolution.

The mutation accumulation and selection hypotheses each make explicit predictions
regarding the relationship of trait loss to fitness. In particular, if neutral mutations
accumulate over time, the loss of the trait would not be directly related to fitness gains.
On the other hand, if selection is responsible for the loss, trait loss should be
accompanied by fitness gains.

While the predictions of mutation accumulation versus selection hypotheses are
straightforward, measuring fitness, trait values, and mutation rates over an appreciable
span of evolutionary time is rather difficult in most systems. Moreover, knowing exactly
when selection was relaxed in the history of a population is nearly impossible for most
organisms. The complexity of discerning between selection and drift is especially evident
in the Mexican cave characin fish, Astyanax mexicanus, where even after decades of
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research the population genetic cause of eye loss remains unclear (Sadoglu 1957, 1967;
Avise and Selander 1972; Yamamoto et al. 2004; Jeffery 2005).

Bacteria are useful in experimentally addressing important evolutionary genetic questions
(reviewed in Elena and Lenski 2003) because, due to their short generation times,
evolution can be observed in real time using laboratory populations. Furthermore,
population genetic parameters, including mutation rates, effective population size, fitness
trajectories, and quantitative measures of specific traits are relatively easy to measure in
bacterial populations where laboratory environments are easily manipulated. In
combination, these measurements can be used to identify the evolutionary forces that are
responsible for the loss of a trait from the phenotypic repertoire of an organism.

Several studies using populations of Escherichia coli or Salmonella typhimurium have
shown that strains with a defective mismatch repair pathway have a faster rate of
functional decay than strains with a functional mismatch repair pathway (Funchain et al.
2000; Giraud et al. 2001; Nilsson et al. 2004), suggesting that functional decay is due to
high mutation rates and thus the accumulation of mutations, i.e., a neutral process.
However, many of these conclusions are confounded by increases in fitness that were
more pronounced in mutator lines, making it unclear whether mutator lines accumulated
more neutral mutations that ultimately resulted in functional decay or had more selective
sweep events in which neutral mutations hitchhiked to fixation.
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In contrast, studies in E. coli failed to detect an effect of mutation rate on the decline of
metabolic breadth (Cooper and Lenski 2000) and thermal specialization (Cooper et al.
2001), suggesting that selection was responsible for these phenotypic losses. Therefore,
there is support for both population genetic causes of trait loss, mutation accumulation
(Funchain et al. 2000; Giraud et al. 2001; Nilsson et al. 2004) and antagonistic pleiotropy
(Cooper and Lenski 2000; Cooper et al. 2001). However, the majority of the research
addressing this question in bacteria has used E. coli or its close relatives (Cooper and
Lenski 2000; Funchain et al. 2000; Giraud et al. 2001; Nilsson et al. 2004) and it would
be interesting to address this question in a distantly related bacterial species.

We studied the loss of prototrophy, the ability to synthesize macromolecular building
blocks such as nucleotides and amino acids from carbon and nitrogen precursors, in
experimental populations of Bacillus subtilis, a low G+C Gram-positive (Firmicute)
bacterium very distantly related to E. coli. Preservation of an intact suite of biosynthetic
pathways has important implications for the ecology of bacterial populations and may be
important in niche colonization and occupancy. Bacillus spp. are able to differentiate
from vegetative cells into dormant spores (sporulation) and back again from dormant
spores into a vegetative cells (germination). In our B. subtilis laboratory evolution
system, we evolved 10 lines for 6,000 generations, with five lines having strong selection
for sporulation imposed every ~7 generations (“S” populations) and five lines with
relaxed selection for sporulation (“NS” populations). The outcome of the evolution
experiment with respect to the sporulation phenotype is still being evaluated and will be
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published at another time. Because of the two selective regimes there were two different
environments used for the evolution experiments, allowing comparison of the population
genetics of trait loss between the NS and S environments.

Because all ten lines were cultivated in rich media that contained preformed
macromolecular building blocks, several biosynthetic pathways were under relaxed
selection. Early work in B. subtilis showed that mutations to auxotrophy have a shortterm selective advantage (Zamenhof and Eichhorn 1967), which suggests that the loss of
prototrophy may be selectively advantageous. However, the advantage conferred by
auxotrophy does not seem to be due to conservation of energy (Dykhuizen 1978).
Throughout evolutionary time we measured the proportion of each population able to
grow on defined glucose-minimal medium lacking preformed macromolecular building
blocks. In addition to measuring trait values for prototrophy, we also measured mutation
rates and fitness values.
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MATERIALS AND METHODS

Bacterial Strains, Media, and Culture Conditions

Isogenic B. subtilis strains WN624 (trpC2, spc::amyE) and WN628 (trpC2, cat::amyE)
were constructed by transformation of laboratory strain 168 (trpC2) with chromosomal
DNA from strain WN513 (Riesenman and Nicholson 2000) and plasmid pDG364
(Cutting and Vander Horn 1990), respectively; consequently these strains are resistant to
spectinomycin and chloramphenicol, respectively. Strain WN628 was cultivated under
conditions promoting sporulation in liquid S (“sporulation”) medium. S medium is
Shaeffer’s sporulation medium (Schaeffer et al. 1965) containing (final concentration):
Difco Nutrient Broth (0.8%); KCl (0.1% ); MgCl2 (0.025%); the “sporulation salts”
CaCl2 (0.5 mM), MnCl2 (0.01 mM), FeSO4 (0.001 mM); and chloramphenicol (3µg / ml).
Strain WN624 was cultivated under conditions repressing sporulation in R (“repressing”)
medium, which consists of S medium lacking the chloramphenicol and “sporulation
salts”, but containing glucose (1.0%) and spectinomycin (25 µg / ml). Both S and R
media were also used as plating media by addition of agar to 1.7 % final concentration.
Routine cultivation and plating of WN624 and WN628 cells was on R and S medium
respectively. Plating of cells for determination of auxotrophic (i.e., loss of prototrophic)
phenotypes was on Spizizen’s glucose minimal medium (Spizizen 1958), which contains
0.5% glucose as the carbon source and various salts in addition to auxotrophic
requirements (50 µg / ml) added as appropriate. Cells were cultivated in liquid media on
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a rotary shaker with vigorous aeration (300 rpm) at 37˚C. Viable counts were performed
by plating on solid R or S medium as appropriate serial tenfold dilutions of cultures made
in phosphate-buffered saline (PBS) (10 mM potassium phosphate, 150 mM NaCl, pH
7.4) (Nicholson and Setlow 1990).

Continuous Cultivation Conditions

Five replicate cultures of strain WN628, designated 628A through 628E, were initiated
in liquid S medium (10 ml in 125-ml flasks), as were five replicate cultures of strain
WN624 in liquid R medium, designated replicates 624A through 624E. At 24-hour
intervals, replicate cultures 624A-E were diluted 1:100 into fresh R medium and
incubation continued. At 24-hour intervals, 1-ml aliquots were removed from replicate
cultures 628A-E, heat shocked (80˚C, 10 min) to select for spores, then diluted 1:100 into
fresh S medium and incubation continued. A heat shock of 80˚C for 10 minutes, a
common pasteurization process, is sufficient to ensure that only spores survive. At
weekly (ca. 50-generation) intervals, an aliquot of each replicate culture was mixed with
an equal volume of 50% (v/v) glycerol and stored at –70˚C for use in further experiments
and for the preservation of each population at various times throughout its evolution.

Effective Population Size Estimates
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Effective population sizes were estimated using data from viable counts taken throughout
the 6,000-generation experiment. Each week one population was chosen, on a rotating
basis, for the enumeration of viable cells each day for two days. This provided two
important measurements: the number of cells in a population after overnight growth and
the number of elapsed generations in each 24-hour period, which was computed by: ln
(N24/N0)/ ln (2), where N24 and N0were the viable cell counts at 24 and 0 hours,
respectively. Overnight growth densities, dilution ratios (during daily inoculation which
imposes a bottleneck), and number of generations were used to solve for effective
population size using equation 15 in Wahl and Gerrish (2001).

Fitness Measurements

Fitness was measured in the evolved populations by testing their competitive ability when
grown with the ancestor in their particular experimental environment and by testing
growth parameters such as lag time and doubling time.

Competitive fitness.--- Evolved strains were competed against the ancestor with a
differing antibiotic resistance cassette. These antibiotic resistance cassettes were shown
to be selectively neutral by competing ancestors with differing antibiotic resistance
cassettes against each other where the resulting fitness was not significantly different
from 1 (data not shown). Equal volumes (0.05 ml) of each competitor were inoculated
into 9.9 ml of either R or S medium without antibiotic, from seed cultures grown

56
overnight in the same medium. For the S populations, spores from evolved and ancestral
strains were inoculated. At zero time and 24 hours, an aliquot of culture was withdrawn
and used for serial dilutions and plating on Cm- or Spc-containing plates to enumerate the
relative numbers of competitors.

To calculate fitness from the viable counts at 0 and 24 hours, we used the selection rate
constant (Lenski et al. 1991; Travisano and Lenski 1996), i.e. the difference in the
number of generations completed by the ancestral and evolved strains in a 24-hour
period. This number was then corrected by the carrying capacity of the flask, i.e. the
average number of generations in a 24-hour period. When both competitors increase in
number throughout the 24 hours, the selection rate constant gives a result similar to
relative fitness calculations (the ratio of the number of generations completed by each
strain). However, we chose to use the selection rate constant instead of relative fitness,
because in many cases the ancestral titer actually decreased between 0 and 24 hours,
which produces negative relative fitness estimates.

Growth parameters.--- Fitness measurements made using growth curves were
broken down into components: (i) the lag time, (i.e., the time it took each population of
spores or cells, upon re-inoculation, to germinate (spores only) and commence
exponential growth) and (ii) the doubling time. For the NS populations approximately 107
cells of an overnight culture were inoculated into fresh R medium and growth was
measured by optical density. In order to obtain an accurate measure of lag time in the S
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populations, spores of WN628 ancestor and 628A-E evolved strains were first purified
and cellular debris removed using the water washing method described by Nicholson and
Setlow (1990). Approximately 108 spores were inoculated into 10 ml of fresh S medium
and optical density was measured. The larger inoculum of 108 spores was used to observe
the initial decline in optical density that is characteristic of germination (Nicholson and
Setlow 1990). Using the complete growth curve, lag periods were defined as the time
between inoculation and the beginning of exponential growth and doubling times were
calculated by measuring the time it takes the population to double in optical density. Lag
and doubling times were measured in duplicate for all populations.

Measuring Mutation Rates

Mutation rates were measured using fluctuation tests (Luria and Delbrück 1943; Rosche
and Foster 2000). Overnight cultures were inoculated from frozen stocks of evolved
bacteria at 1,000-generation intervals. These overnight cultures of ancestral or evolved
cultures were then diluted 1:100 into 10ml of fresh R or S medium as appropriate, mixed
thoroughly, and 1-ml aliquots were distributed into ten test tubes. This inoculum size was
chosen both to minimize the variation between replicates in final density after overnight
growth (Rosche and Foster 2000) and because this was the inoculum size used
throughout the evolution experiment. After overnight incubation, samples were removed
and plated for total viable counts on R or S medium and for rifampicin-resistant mutants
on R or S medium containing rifampicin (50 µg/ml). The total and rifampicin-resistant
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cell counts obtained were entered into a computer program, kindly provided by Phil
Gerrish, to calculate the maximum likelihood estimator of the mutation rate. Likelihood
distributions were also visually inspected to ensure accuracy.

Mutation rates are given per base pair rather than per locus for the following reason. The
initial estimates given by maximum likelihood are per locus per generation but because
there are two nucleotide changes within the rpoB gene that most commonly confer
resistance to rifampicin in vegetative B. subtilis (Nicholson and Maughan 2002) we
divided all of the initial maximum likelihood estimates by two, giving mutation rate per
base pair per generation. Several additional experiments were performed using selection
for resistance to streptomycin and qualitatively similar results were obtained (data not
shown).

Measuring Growth on Glucose Minimal Medium

WN624 and WN628 cultures were inoculated from frozen stocks into R and S medium
respectively. 24 hours later, after acclimation to culture conditions, the cultures were
serially diluted and plated on both glucose minimal medium and R or S medium. After
one day of incubation on R or S medium and two days of incubation on glucose minimal
medium, colonies were counted. The percentage of cells in the population that were able
to grow on minimal medium was determined by dividing the titer on minimal medium by
the titer on R or S medium. By definition, cells able to grow on R or S medium but
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unable to grow on minimal medium are auxotrophs. A decrease in plating efficiency does
not explain the lack of growth on minimal medium as plate counts taken from R or S
medium did not decline and in addition, several direct counts compared with viable
counts verified that plating efficiencies did not change over the course of the experiment
(data not shown).

Data Analysis

Log-linear decreases in the ability to grow in minimal medium were fitted using bivariate plots in JMP software version 5.0.1.2 (SAS Institute Inc). Students’ t-tests were
performed in JMP software version 5.0.1.2 to determine whether doubling or lag times
measured in the experimental populations were significantly different from ancestral
values.

To determine which measured variables (mutation rate, cumulative mutation, elapsed
generations, and fitness (competitive fitness and fitness components)) were best at
explaining the loss of prototrophy, linear models were constructed to predict the
logarithm of the proportion of prototrophy in each environment using R version 2.0.1 (R
Core Development Team 2004) or JMP. Linear models were first constructed by adding
the potential explanatory variables in isolation and then in combination. After fitting the
models, residual variation was examined for non-normality and heteroscedasticity. The
residuals from the S populations were normally distributed and homoscedastic. Thus for
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the S populations, R-squared values from separate but nested models were compared
using equation 16.14 in Sokal and Rohlf (1995) and the best model, with large R-squared
but fewer parameters, was chosen. For the NS populations, significant heteroscedasticity
was found. An attempt was made to account for heteroscedasticity by propagating
predicted dilution errors (as the number of serial dilutions separating rich media and
minimal media cultures) and sampling errors (as 1/#cells counted) in cell counts, using
PROC QLIM in SAS (version 9.1, SAS Institute Inc.) with a linear link function.
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RESULTS

Loss of Growth on Minimal Medium

The ability of each population to grow in glucose minimal medium was monitored by
plating overnight cultures on both rich and minimal medium as described in Materials
and Methods. For both NS and S populations, the ability to grow on minimal medium
was lost in a log linear fashion (see Fig. 1; NS: r2 = 0.37, p = 0.0003; S: r2 = 0.70, p <
0.0001). The population genetic cause of this loss was further addressed by measuring
adaptation to the experimental environment and mutation rates.

Adaptation to the Experimental Environment.---Competitive fitness was measured
by performing competition experiments between the evolved strains and the ancestor in
the appropriate experimental environment as described in Materials and Methods. As
shown in Figure 2, all ten populations exhibited an increase in competitive fitness, with
this increase being more pronounced in S populations in the first 1,000 generations, while
the NS populations’ fitness gradually increased over the course of the experiment. That
the largest increase in fitness occurred early in evolution has also been noted in other
experimental evolution systems (reviewed in Elena and Lenski 2003) and is probably due
to beneficial mutations of large effect being fixed early followed by mutations with
smaller effects being fixed later on in evolution.
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Two fitness components, i.e., growth parameters (doubling time and lag time), of each
population were tested in duplicate from four time points as described in Materials and
Methods. We tested these growth parameters to determine the mechanism responsible for
increases in competitive fitness, which could potentially identify trade-offs associated
with the loss of prototrophy. We found that in the NS populations the doubling times
were significantly shorter than the ancestor (t-test, p = 0.003; Fig. 3). There were also
significant changes in lag time at the 1,000, 4,000 and 6,000 generation time points in the
NS populations (see Fig. 3), but the significance of the trend (t-test, p = 0.053; Fig. 3)
was not as strong as changes in doubling time. These results suggest that the increased
competitive fitness of the NS populations was at least partially due to a faster growth rate
(see Fig. 3) and a shorter lag time. In contrast, the S populations did not evolve faster
doubling times but exhibited significantly shorter lag periods (t-test, p = 0.014) compared
to the ancestor (see Fig. 3). Thus, it is likely that a mechanism of increased competitive
fitness in the S populations is a result of their ability to either germinate or initiate growth
more quickly than the ancestor, or both.

Increase in Mutation Rates.---Mutation rates of the evolved populations were
measured at 1,000-generation intervals by performing fluctuation tests as described in the
Materials and Methods. It is clear from the curves in Figure 4 that mutation rates
increased during evolution. In fact for most populations, mutation rates increased an
order of magnitude by generation 3,000 and remained high throughout the evolution
experiment.
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Predicting the loss of prototrophy

There are three possible explanations for the time course of the loss of prototrophy (see
Fig.1); mutation accumulation, positive selection and negative selection. Each of these
will be discussed in turn.

Mutation accumulation.---Mutations resulting in the loss of prototrophy could be
selectively neutral in the experimental environment. Because prototrophy is a complex
trait, with over 500 genes contributing in B. subtilis (Sonenshein 2002), mutations are
biased towards the loss of prototrophy rather than its restoration due to back mutation.
Let the functional mutation rate per replication be u and the proportion of prototrophs at a
given time be x. Under the mutation accumulation scenario, the rate of decrease in
prototrophy is equal to the number of new mutations in a population, Neux, multiplied by
the proportion of mutations not lost due to drift, 1/Ne. This gives dx/dt=-ux and hence x
equal to exp(-ut). Since mutations accumulate over time, we integrate over t and predict
that ln(x) will be proportional to the integral of u over t. We calculated this integral by
linearly interpolating the logarithm of the mutation rate between measured time points,
and refer to it here as the cumulative mutation variable.

Positive selection.---Auxotrophy could increase due to selection. Selection
coefficients and mutation rates have almost identical effects on the time course of trait
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loss (Masel and Maughan submitted). This corresponds to a change in prototrophy due to
selection given approximately by dx/dt=sx, where s is the selection coefficient associated
with mutation to auxotrophy. Statistically, using reasoning as in the section above, this
would result in the logarithm of the proportion of prototrophs being significantly
predicted by the integral of the selection coefficients over the time course of the
experiment. We assume that these selection coefficients are approximately constant, and
so we integrate a constant over time to obtain the number of elapsed generations. We
therefore tested the predictive effect of the number of generations of evolution.

Negative selection.---Auxotrophy could increase despite selection against it. Even
though these populations were propagated in rich medium, with all pre-formed
macromolecular building blocks available, thereby reducing negative selection against
auxotrophic mutants, some genes involved in prototrophy may have positive pleiotropic
effects in the cell making their maintenance important for fitness. The evolution of high
mutation rates in the experimental populations would cause a constant influx of
deleterious mutations affecting these genes. Under mutation-selection balance, the
proportion of auxotrophs is given by the functional mutation rate divided by the selection
coefficient (u/s), making the logarithm of the frequency of prototrophy equal to ln(1-u/s).
If mutation rates are low, then it may take some time for re-equilibration when mutation
rates rise. However, mutation-selection balance is most relevant in the late stages of the
experiment, when mutation rates are fairly constant, particularly in the S populations (see
Fig. 4).
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Using a Taylor series expansion, the frequency of prototrophy is given by u/s+O(u/s)2.
Since it is likely that u/s << 1, we neglect higher power terms and approximate the
logarithm of prototrophy as equal to –u/s. Assuming again that the selection coefficient
(associated with mutation to auxotrophy) is constant over time, statistically, this would
result in the proportion of auxotrophs being significantly predicted by the experimentally
measured mutation rate.

We are using the point mutation rate to estimate the cumulative mutation variable and the
contribution of mutations in mutation-selection balance. However, the decline in
prototrophy is dependent upon the functional mutation rate. We are assuming that the
relationship between the functional mutation rate and the point mutation rate does not
change during evolution. This assumption may not be valid if the mutational target size
for the loss of prototrophy changes throughout time. The mutational target size could get
smaller throughout time, as mutations accumulate in genes and render them nonfunctional. The mutational target size could also increase throughout time if the
prototrophy network is robust, such that early mutations eliminate robustness and
increase the mutational target size. It is unclear whether the mutational target for loss of
prototrophy decreases or increases throughout evolutionary time. This would influence
our ability to detect an effect of the cumulative mutation variable and mutation-selection
balance on trait loss.
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In the NS populations, we found that a model with mutation rate (r2 = 0.35, P = 0.001;
Pgen< 0.001) was significantly better at explaining of the loss of prototrophy than any
model including elapsed generations or cumulative mutation. However, this result is not
conclusive due to the heteroscedasticity of the residuals from the model. Attempts were
made to resolve this heteroscedasticity by propagating predicted dilution errors and
sampling errors in cell counts. Unfortunately, predictors of error were closely correlated
to the dependent variable. Most likely as a consequence of this, the analysis was
inconclusive, yielding very little improvement in log-likelihood, equivalent to an Rsquared value substantially worse than the 0.35 obtained using a linear model. Therefore,
the cause of the loss of prototrophy in the NS populations remains inconclusive.

In the S populations, we found that a model including elapsed generations and mutation
rate (r2 = 0.80, P < 0.0001; Pgen < 0.0001; Pmut = 0.0005) was significantly better at
explaining of the loss of prototrophy than any model including cumulative mutation or
fitness. This result shows that both mutations with positive effects on prototrophy and
with negative effects on prototrophy were contributing to the proportion of auxotrophs in
the population, suggesting that selection has some influence on trait loss. The remarkably
high r2 value lends considerable confidence to this conclusion.
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DISCUSSION

Adaptation to the experimental environment

Surprisingly, four of the five S populations showed a drastic decrease in competitive
fitness at the 2,000-generation time point, relative to the 1,000-generation time point,
followed by a recovery of competitive fitness at the 3,000-generation time point (see Fig.
2). There were also decreases in fitness in the NS populations, most notably at generation
4,000, but the reduction is not as severe as in the S populations. Decreases in fitness seem
unlikely and could possibly be due to high-density interactions, such as those seen in
experimental populations of yeast (Paquin & Adams 1983) and bacteriophage (Wichman
et al. 2005), where individuals are adapting in order to out-compete other genotypes
within the population rather than adapting to abiotic culture conditions (which is
measured in our competition experiments). These interactions result in non-transitive
(epistatic) genetic changes within individuals which when competed against the ancestor
appear to have lower fitness.

A direct experimental test for non-transitive interactions would be to compete the 3,000generation S populations against the 2,000-generation S populations to compare their
fitnesses instead of competing against the ancestral reference strain. These competition
experiments require differentially marking the populations with antibiotic resistant
mutations. Unfortunately, when we attempted to do this, spontaneous mutants resistant to
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either rifampicin or spectinomycin had strong pleiotropic effects on sporulation and
germination, two processes key to the competitive fitness measurement (see Maughan et
al. 2004 for rifampicin examples).

Therefore, to test the possibility of high-density interactions indirectly we compared the
pattern of change in the growth parameters to that of competitive fitness to determine
whether the growth parameters also show a transient decrease in fitness during evolution.
Because these growth parameters are components of fitness, if fitness truly decreased
then the adaptation detected from the growth parameters may also show this decrease in
fitness. We found no evidence for a decrease in fitness as measured using growth
parameters in either the NS or S populations (see Fig. 3) suggesting that non-transitive
interactions could be responsible for the apparent decrease in competitive fitness
observed for the S populations. Further experiments would be needed to determine the
nature of these interactions and to explain why they are more pronounced in the S
populations.

In the first few thousand generations (except for the 2,000 generation time point) the S
populations evolved a higher fitness relative to the ancestor than did the NS populations
(see Fig. 2). This is probably due to differences in effective population size. The average
effective population size (Ne) in the NS populations was Ne = 1 × 107 cells and in S
populations Ne = 3 × 107 cells. This is likely because the medium used to evolve the NS
populations contained glucose, which when metabolized reduced the pH of the medium,
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ultimately hindering growth. Differences in fitness values could also be due to
differences in mutation rates as increased mutation rates are likely to produce more
mutations, and thus more beneficial mutations, which can influence the rate of fitness
increase. Therefore, to correct fitness estimates for differences in effective population
size and mutation rate, they were divided by the product of the effective population size
and mutation rate. When these corrected fitness values are used to plot fitness changes
over time, there were no significant differences between the S and NS populations at any
generation time point.

Mutation Rate Evolution and Functional Decay

It is known that the loss of DNA repair functions causes mutator phenotypes. Mutator
alleles have been hypothesized to have a selective advantage in bacteria because they
produce beneficial mutations more quickly than wild type alleles and thus become linked
to these beneficial mutations and rise in frequency (Taddei et al. 1997; Giraud et al.
2001). This does not seem to be the case in our populations because populations that
evolved high mutation rates early did not adapt more quickly than those populations that
evolved high mutation rates later on (see Figs. 2,4).

When comparing these results to another experimental evolution system, it was surprising
that all ten experimental populations evolved higher mutation rates. Three of twelve
experimental populations of E. coli propagated for 20,000 generations evolved high
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mutation rates (Sniegowski et al. 1997). There is no known mechanism to explain the
greater prevalence of mutator lineages in the B. subtilis populations and this presents a
fertile field for future investigation.

The population genetics of phenotypic loss and ecological specialization

Ecological specialization in a novel environment is commonly associated with a cost, i.e.,
adaptation to one (set of) environment(s) results in reduced fitness in others. This cost is
exemplified in the experimental B. subtilis populations where functional decay of one or
several biosynthetic pathways would surely result in a reduction in niche breadth.

In the NS populations, it was inconclusive whether selection was important for trait loss.
In the S populations, selection explains 80% of the variation in prototrophy suggesting
that it was an important force acting on the loss of prototrophy. We did not find an effect
of the cumulative mutation variable on trait loss. Our ability to detect an effect of the
cumulative mutation variable on the loss of prototropy may have been weakened due to a
change in the relationship between the point mutation rate and the functional mutation
rate. We assumed that this relationship did not change. Therefore, mutation
accumulation may have had an important influence on the loss of prototrophy and we
were unable to detect it. The variation in the trajectory of trait loss between the replicate
populations supports the notion that genetic drift was influencing trait loss.
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That the opposing forces of positive and negative selection were important for the loss of
prototrophy in the S populations seems counterintuitive. However, considering that there
are likely 500 genes contributing to prototrophy (Sonenshein 2002), it seems entirely
possible that a fraction of these genes, when mutated, would have positive effects on
fitness, and that another fraction, when mutated, would have negative effects on fitness.
Those alleles that have positive effects on fitness would increase due to positive selection
while alleles that have negative effects on fitness would be purged from the population
until more were produced due to high mutation rates. This suggests that genes involved in
prototrophy have important pleiotropic effects in the cell, some of which have the
potential to constrain adaptive evolution in other traits.

The results from the S populations are consistent with the work of Zamenhof and
Eichhorn (1967), which showed that auxotrophic mutations have a selective advantage
over wild type alleles. Similarly our results are consistent with work in laboratoryevolved populations of E. coli where metabolic breadth was lost and populations become
thermal specialists in a fashion that was indicative of antagonistic pleiotropy (Cooper and
Lenski 2000; Cooper et al. 2001). Antagonistic pleiotropy has been recently used to
explain the trade-off between natural and sexual selection in experimental populations of
yeast (Zeyl et al. 2005).

Fitness (competitive fitness and fitness components) was not a significant predictor of the
loss of prototrophy, which seems inconsistent with selection being responsible for trait
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loss. However, because fitness may be due to non-transitive interactions, rather than
adaptation to the abiotic environment, our measurements of competitive fitness and
growth parameters may not completely capture the benefit associated with loss of
prototrophy due to antagonistic pleiotropy. Furthermore, in the S populations, there is
very little variance in fitness after 3,000 generations, making this a poor predictor in a
regression. Future work investigating the contribution of non-transitive interactions to
fitness and direct measurements of fitness values associated with mutation to auxotrophy
in these experimental populations would be ideal in resolving this issue.

Despite the fact that B. subtilis is naturally competent and displays considerable levels of
linkage equilibrium in nature (Istock et al. 1992), there is no evidence for recombination
in any of these populations propagated under our experimental conditions. We tested for
transformation by adding DNA with a selectable antibiotic resistance marker to growing
and stationary phase populations at 1,000-generation intervals and did not find the
number of resultant antibiotic resistance cells to be above the background mutation rate
(data not shown). This is not too surprising because B. subtilis only becomes competent
in the laboratory under very restricted conditions (Dubnau 1991).

While three E. coli populations did evolve mutation rates that were one to two orders of
magnitude higher than the ancestor (Sniegowski et al. 1997), the B. subtilis populations
all became mutators early in the evolution experiment. These increases in mutation rate
suggest that the B. subtilis populations may have been more prone to functional decay by

73
the accumulation of deleterious mutations, thereby supporting the mutation-selection
balance hypothesis for trait decline. Experimental tests of functional decay in mutator
cells (Funchain et al. 2000; Giraud et al. 2001; Nilsson et al. 2004) involved smaller
effective population sizes, which would work to amplify the effects of drift (i.e., mutation
accumulation).

The deterioration of traits during evolution is commonly attributed to selection for
another function related to fitness, either by antagonistic pleiotropy or another unknown
selected mechanism. In the S populations, even though selection was able to explain 80%
of the variation in prototrophy, the effects of mutation accumulation cannot be ruled out.
Therefore, it is likely that both forces, mutation accumulation and selection, were
contributing to the loss of prototrophy.
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FIGURE LEGENDS

Figure 1. Trajectory of the loss of the ability to grow on minimal medium in the NS (A)
and S populations (B). Note that the y-axis is on a log scale.

Figure 2. Competitive fitness values at 1,000-generation intervals in the replicate NS
populations (white bars) and S populations (grey bars). Error bars represent 95%
confidence intervals. Replicate populations A-E are shown left to right within each
generation interval. The inset graph represents the mean and 95% confidence intervals of
all five replicate populations.

Figure 3. Doubling times (A) and lag times (B) for the S (white bars) and NS (grey bars)
populations as a function of generation of evolution. Error bars represent the 95%
confidence intervals. NS and S populations were sampled at generation intervals that
differed because we chose to measure growth rates and lag times when changes in
competitive fitness were most dynamic. Letters indicate significantly different statistical
classes with lowercase and capitol letters referring to statistical tests within the NS and S
populations, respectively.
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Figure 4. Mutation rates (per base pair per generation) in the NS (A) and S (B)
populations. Error bars represent 95% confidence intervals. Note that mutation rates are
on a log scale.
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APPENDIX C: THE ROLE OF PLEIOTROPY IN THE LOSS OF SPORULATION
ABILITY IN BACILLUS SUBTILIS

Heather Maughan, Joanna Masel, C. William Birky, Jr., and Wayne L. Nicholson

ABSTRACT

Negative pleiotropy is predicted to result in the indirect selection for trait loss under
relaxed selection conditions. We evolved five populations of Bacillus subtilis for 6,000
generations with relaxed selection for sporulation, a complex developmental process
whose initiation pathway is known to share genes with other phenotypes. Here we show
that in an environment where selection for sporulation was relaxed, sporulation ability
declined and, in some populations, was lost. Simulations of trait loss, under a mutation
accumulation scenario, suggest that, in addition to mutation accumulation, some of the
decline in sporulation ability was selectively advantageous. Statistical analyses support
the effects of mutation accumulation and suggest a role for selection against sporulation
loss. This ambiguity concerning the role of selection in sporulation loss highlights the
genetic complexity of trait loss, where, in experimental populations where most
population parameters are known, we were unable to determine whether selection played
a role in trait loss.
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INTRODUCTION

The evolvability of phenotypes throughout evolutionary time depends critically on their
underlying genetic structure. When different traits are caused by the same gene, i.e.,
pleiotropy, their evolutionary trajectories will be correlated. These correlations can be
positive or negative depending on whether beneficial changes in one trait have beneficial
(positively pleiotropic) or deleterious (negatively pleiotropic) effects on other trait(s).
Therefore, negative (or antagonistic) pleiotropy is often thought to constrain phenotypic
evolution due to multiple opposing selective pressures acting in unison. In contrast,
modularity, the genetically independent expression of traits, is thought to promote
evolutionary change due to the lack of genetic constraints imposed by pleiotropy
(WAGNER and ALTENBERG 1996). The prediction that pleiotropy retards (and modularity
enables) evolutionary change depends not only on the pervasiveness of pleiotropy
relative to modularity, but also on whether pleiotropic effects are most often negative or
positive in nature.

This pleiotropy argument is central to hypotheses concerning the loss of traits during
evolution (Culver 1982; Fong et al. 1995; Wright 1929, 1964). Functionality of traits
important for organismal fitness is constantly being maintained by mutation-selection
balance, where mutations that have deleterious effects on the expression of a trait are
removed from the population by purifying selection. Once purifying selection for a
particular trait has been relaxed, perhaps due to the colonization of a new niche,
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mutations that result in a loss of function may increase in frequency due to the
accumulation of mutations or due to natural selection. If two traits are correlated then it
may be indirectly selectively advantageous (or deleterious) to lose one trait, if pleiotropy
underlying the traits is negative (or positive). It is also possible that natural selection
favors trait loss in order to save energy (REGAL 1977); however, there is evidence from
bacteria suggesting that sometimes this is unlikely (DYKHUIZEN 1978). Alternatively, if
there is little or no pleiotropy then functional degradation will occur due to the
accumulation of mutations alone because trait loss is not important to the fitness of the
organism. Thus, compared to the neutral degradation of a trait under relaxed selection
(via mutation accumulation and genetic drift), negative pleiotropy would result in faster
loss of the trait (selection for trait loss) while positive pleiotropy would result in a slower
loss of the trait (selection against trait loss).

Sporulation in low G+C Gram positive (Firmicute) bacteria is a model pathway for
studying the underlying genetic structure and evolution of phenotypes. Sporulation, a
complex developmental process involving both genetic and environmental input, has
been studied for decades as a model of cellular differentiation. The formation of spores is
critical to the ecology of many Firmicute bacteria by conferring resistance to extreme
environmental conditions (NICHOLSON et al. 2000). Sporulation begins with one cell
dividing asymmetrically and subsequent steps include engulfment of the forespore by the
mother cell, differential gene expression between the two cell types to construct the spore
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and, finally, lysis of the mother cell to release the mature, metabolically dormant spore
(reviewed recently in PIGGOT and HILBERT 2004).

Genes involved in the initiation of the sporulation pathway are pleiotropic, i.e., they have
other important roles in the cell. During times of stress, B. subtilis populations must
employ one of their many survival strategies, including sporulation, competence for DNA
uptake (DUBNAU and LOVETT 2002), motility (AIZAWA et al. 2002), and fruiting body
formation (BRANDA et al. 2001). In each individual, only one particular strategy is
expressed at any given time and there are mechanisms enabling pathways to “talk” to
each other. For example, SinR represses sporulation initiation but promotes competence
development (GROSSMAN 1995). There is also evidence for a trade-off between optimal
metabolic flux performance and pathways that promote starvation survival, such as
sporulation (FISCHER and SAUER 2005). Therefore, functional information suggests that a
considerable amount of pleiotropy between the initiation of sporulation and other
phenotypes. However, it has not been explicitly shown whether pleiotropy between
sporulation and other phenotypes is primarily negative or positive. Furthermore, the
extent to which pleiotropy influences the evolution of sporulation is unclear.

The specific environmental-sensing mechanism of sporulation initiation is not conserved
among spore-forming bacteria. For example, the phosphorelay responsible for the
initiation of sporulation in Bacillus species (BURBULYS et al. 1991) is completely lacking
in spore-forming species in the genus Clostridium (PAREDES et al. 2005). Furthermore,
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unique sporulation phenotypes in symbiotic Firmicutes (ANGERT and LOSICK 1998;
FLINT et al. 2005) suggest a distinctive mechanism of sporulation initiation. Even within
the genus Bacillus, the conditions in which sporulation is initiated are tailored to the
particular ecology of each species. Sensor kinases, a family of proteins responsible for
sensing environmental cues for sporulation initiation, vary in copy number between
different Bacillus species (STEPHENSON and LEWIS 2005), and, moreover, the protein
domain responsible for environmental sensing is the most divergent region of the protein
between B. subtilis and B. anthracis (BRUNSING et al. 2005).

To estimate the number of genes involved in both sporulation and another phenotype, we
analyzed publicly available microarray data from expression studies of B. subtilis to
determine whether sporulation genes (as listed in Table 1 in PIGGOT AND LOSICK, 2002)
are expressed at times when sporulation is not induced. To explicitly address whether
pleiotropic effects play a dominant role in the evolution of sporulation initiation, and
whether these effects would result in the indirect selection for sporulation loss under
relaxed selection, we evolved five populations of Bacillus subtilis for 6,000 generations
(MAUGHAN et al. 2006) with relaxed selection for sporulation (non-sporulators, NS
populations). An additional five populations had strong selection for sporulation
(sporulators, S populations) and were used as a control. In the NS populations, the
initiation of sporulation was repressed by the addition of glucose to the medium and
therefore, the only sporulation genes that would be expressed in the NS populations
would be those that are involved in other cellular processes.
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Using population genetic parameters measured directly in the experimental populations
(MAUGHAN et al. 2006), we simulated the evolution of sporulation ability under a model
where the selection coefficient (s) associated with sporulation mutants was equal to zero.
We then compared the observed trajectory of trait loss to the one simulated without
selection. Our results show that mutation accumulation is an important contributor to the
loss of sporulation. Furthermore, statistical analyses and simulation studies suggest a role
for selection in trait loss, however, this role must be verified through future work.
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MATERIALS AND METHODS

Experimental evolution of B. subtilis populations

The design and details of the experimental evolution system were previously described
(MAUGHAN et al., 2006). Briefly, five populations with a neutral genetic marker
conferring resistance to chloramphenicol, designated 628A through 628E, were cultivated
at 37˚ for 24 hr. in liquid Difco sporulation medium (DSM) (SCHAEFFER et al., 1965)
containing 3 µg chloramphenicol per ml. Strong selection for sporulation (S populations)
was imposed by heat shocking (80°, 10 min) the culture each day to select for spores
before diluting it 1:100 into fresh sporulation medium. A parallel set of five populations
with a neutral genetic marker conferring resistance to spectinomycin, designated 624A
through 624E, were evolved with relaxed selection for sporulation imposed by cultivating
in sporulation medium with the following modifications: 25 µg spectinomycin per ml
replaced the chloramphenicol; glucose, a potent repressor of sporulation (SCHAEFFER et
al., 1965) was added to 1% final concentration, and the “sporulation salts" CaCl2, MnCl2
and FeSO4 (SCHAEFFER et al., 1965) were omitted. These NS populations were diluted
1:100 into fresh medium each day without heat shock.

Measuring fitness
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Changes in fitness throughout the evolution experiment were estimated by measuring
competitive fitness and growth parameters as previously described (MAUGHAN et al.,
2006). Competitive fitness was measured by competing population samples taken at
1,000-generation intervals with the ancestor carrying the differing antibiotic resistance
marker (e.g., 624 evolved populations were competed with the 628 ancestral strain) in the
medium in which were evolved. Immediately after inoculation for competition, and after
24 hours of growth, culture aliquots were diluted and plated onto solid medium to count
the numbers of each competitor at time 0 and time 24, respectively. These numbers were
used to calculate the selection-rate constant (LENSKI et al. 1991; TRAVISANO and LENSKI
1996; MAUGHAN et al. 2006).

Two growth parameters, lag time and doubling time, were also measured in the
experimental populations during times when changes in competitive fitness were the
most dynamic. The results showed that the NS populations evolved a significantly faster
doubling time and the S populations evolved a significantly shorter lag time (MAUGHAN
et al. 2006) when compared with the ancestor.

Estimation of mutation rate to Spo-

Spores from a 6,000-generation S population were diluted and plated on sporulation
inducing medium (SCHAEFFER et al., 1965). 7,244 colonies were counted after
approximately 16 hours of growth. To determine the number of sporulation mutants the
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7,244 colonies were examined under a dissecting microscope approximately 3-4 days
after plating (which allows ample time for sporulation to be completed) to look for
complete lack of pigment production throughout the colony indicating that the mutation
to Spo- occurred in the first one or two generation of growth. 44 colonies were lacking
the pigment and were examined under the light microscope to determine the proportion
of spores within the colony. Of the 44 colonies that were lacking pigment, 12 were
reduced (less than 50% spores) and 10 were severely reduced (less than 1-2% spores) in
the number of spores produced within the colony when compared to a wild type colony
(approximately 70-80% spores). These two classes of mutant were treated separately in
the simulations, and were represented by reductions in sporulation efficiency by factors
of 2 and 26, respectively. Note that the population used to estimate the functional
mutation rate was assayed to have a relatively high point mutation rate according to the
fluctuation test (MAUGHAN et al., 2006), and so the functional mutation rate in a more
typical, non-mutator population would be expected to be one order of magnitude smaller.

Point mutation rates were measured at 1,000-generation intervals as previously described
(MAUGHAN et al. 2006) using fluctuation tests (LURIA and DELBRÜCK 1943; ROSCHE and
FOSTER 2000). These point mutation rates were used to extrapolate the functional
mutation rate to all populations at all time points.

Measuring Sporulation Frequencies
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Sporulation frequencies of the S populations were determined as described in MAUGHAN
and NICHOLSON (2004). Briefly, during the 6,000-generation evolution experiment one of
the five replicate populations was chosen on a rotating basis every 1-4 weeks for dilution
and plating before and after heat shocking the culture. The number of colony forming
units (cfu) before heat shock represents the total number of viable cells plus spores while
the number of cfu after heat shock represents the number of spores.

Sporulation frequencies of the NS populations (WN624 derivatives) were determined as
follows. Cultures were inoculated from frozen stocks into R medium and allowed to
acclimate for 24 hours. These overnight cultures were then diluted 1:100 into 10 ml of S
medium (lacking chloramphenicol) for the induction of sporulation. After 24 hours of
cultivation in S medium, cultures were diluted and plated before and after heat shocking
the culture (80º, 10 min.). The sporulation frequency was determined by dividing the titer
after heat shock (spores, S) by the titer before heat shock (viable cells and spores, V). The
time to loss of sporulation was determined as the number of generations until spores were
undetectable with our limit of detection being <2 x 10-5 % spores. Each determination
was performed in duplicate.

The distribution of sporulation frequencies between clonal populations (barring any
mutations that had occurred during the several generations of overnight growth) was
measured experimentally by inoculating 10 cultures, from one seed culture of the
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ancestor, into sporulation-inducing medium. Each of the 10 cultures were grown under
identical conditions for 24 hours and colonies were counted before and after heat shock to
determine the total number of cells and spores, and number of spores, respectively. This
experiment was repeated once.

Spo+/Spo- Competition Experiments

During the development of spores, wild type (Spo+) cells produce a brown pigment, and
most mutants defective in sporulation (Spo- mutants) do not, resulting in a relatively
simple visual screen to distinguish between Spo+ (brown) and Spo- (opaque) colonies
(PIGGOT and COOTE 1976). Spo- mutants were isolated from the evolved non-sporulating
populations by the following method. An aliquot of frozen stocks from the 1,000generation stock of 624A-E populations was spread on a plate of S medium lacking
chloramphenicol. After incubation at 37° for one day and at room temperature for 2-3
additional days, pigmented and non-pigmented colonies were chosen at random for restreaking on a fresh plate for the isolation of single colonies. After another 3-4 day
incubation period the pigmentation level was checked for its heritability and only those
colonies whose pigmentation level was constant upon re-streaking events were chosen for
further analysis. Subsequent visualization of colonies under the microscope and growth
under sporulation-inducing conditions, followed by heat shock treatment to determine
sporulation ability, was performed to verify the sporulation phenotype of the isolates.
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Competition experiments were performed as described above except sporulation
phenotypes (i.e., colony pigment phenotypes), rather than antibiotic resistance
phenotypes were scored. Equal volumes (0.05 ml) of overnight culture from Spo+ and
Spo- strains were inoculated into 9.9 ml of R medium. Immediately upon inoculation, and
then again after 24 hours, dilution plating on S medium (lacking chloramphenicol) was
performed to determine the relative number of Spo+ and Spo- cells within a culture. After
overnight incubation at 37˚, colonies were counted to determine the total number of
colonies present. After incubation at room temperature for 3-4 days, Spo+ and Spocolonies were distinguished using pigmentation as a marker for the sporulation
phenotype. The selection-rate constant (LENSKI et al. 1991; TRAVISANO and LENSKI
1996) was calculated to determine the fitness of the Spo- mutants relative to the Spo+
strains.

Downloading and analyzing publicly available microarray data

57 B. subtilis microarray data sets were downloaded from the KEGG Expression
Database (http://www.genome.ad.jp/dbget-bin/get_htext?Exp_DB+-n+B). Each file
contained the expression signal for the control, control background, target, and target
background (target and control samples usually refer to a mutant and wild type genotype,
respectively). The experimental conditions (media used, temperature of growth, genotype
of the strain, and when in the life cycle cells were harvested for RNA) for the control and
target for each file were also available from the KEGG Expression Database. We
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excluded those experiments where cells were grown in sporulation inducing medium,
thus retaining 39 of the 57 datasets.

Control and target samples, hybridized to one slide, represent two separate experimental
measures of gene expression within the particular strain, resulting in 78 total measures of
gene expression per gene. To obtain an estimate of absolute expression values, the
foreground intensity for each experiment was divided by the background intensity for the
experiment (rather than subtracting background), and only genes that had a median
foreground intensity, across all 78 measurements, that was 5-fold above background
intensity were considered to be expressed in non-sporulation-inducing environments.
While large fluctuations in background signal could produce spurious measures of
absolute expression, this seems unlikely for the following reasons. For most experiments,
background intensities did not vary by more than one order of magnitude and the median,
rather than the mean, absolute expression level over the 39 experiments was used to
remove the effects of extreme values.

Statistical analysis

Linear models were constructed to predict the logarithm of sporulation frequency.
Variables used for the prediction were the point mutation rate, generations of evolution,
and cumulative mutation. A more detailed description of these variables and their
derivation is given in MAUGHAN et al. (2006).
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Mutation accumulation. The accumulation of mutations over time, resulting in the loss of
sporulation, can be represented by the cumulative mutation variable. Let the proportion of
non-sporulators in a population be given by x. Neutral mutations accumulate at a rate
given by their appearance, Neux, multiplied by the probability that they are not rapidly
lost due to drift, 1/Ne. Thus, sporulation frequency is predicted to decline, due to the
accumulation of neutral mutations, at rate ux: i.e. according to the exponential rate u. This
means that the logarithm of the sporulation frequency resulting from mutation
accumulation over time will be predicted by the integral of the mutation rate. This
integral is referred to as the cumulative mutation variable, and was calculated throughout
the evolution experiment by linearly interpolating the logarithm of the mutation rate
between measured time points. The cumulative mutation variable represents the
cumulative effects of mutations resulting in functional degradation under a scenario
where the loss of sporulation is neutral.

Positive selection. Under a positive selection scenario, sporulation mutants may increase
in frequency due to indirect selection for a mutation causing the loss of sporulation.
Mutation rates and selection coefficients have similar effects on the trajectory of trait loss
(MASEL and MAUGHAN, submitted). By symmetry, this results in the logarithm of the
proportion of the population able to sporulate being significantly predicted by the integral
of the selection coefficients (s) (associated with mutations reducing sporulation
efficiency) over the duration of the evolution experiment. Assuming that these selection
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coefficients are approximately constant, and taking the integral of a constant over time,
we obtain the number of elapsed generations as a variable to determine the significance
of positive selection in explaining variation in sporulation ability.

Negative selection. The strength of purifying (negative) selection can be approximated by
mutation-selection equilibrium, equal to u/s, making the logarithm of sporulation
frequency equal to ln(1-u/s). When u/s << 1, this can be approximated by –u/s. If we
assume that the selection coefficient is constant over time, then the mutation rate can be
used as a variable to determine the importance of negative selection in explaining
variation in the logarithm of sporulation ability.

Because the point mutation rate was used to estimate the cumulative mutation variable
and mutation-selection balance, and the decline in sporulation is dependent upon the
functional mutation rate, we assumed that the relationship between the functional
mutation rate and the point mutation rate does not change during the evolutionary
trajectory. This assumption would be violated if changes in mutational target size for loss
of sporulation ability occurred over the course the evolution experiment. For example, as
evolution proceeds, mutations will render some genes non-functional, thereby reducing
the mutational target and ultimately reducing the functional mutation rate through time.
Alternatively, if the sporulation network is sufficiently robust, one mutation may render a
gene non-functional but not affect sporulation ability. These mutations would cause
robustness of the network to decline and thereby increase the mutational target through
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time. Thus, a change in the size of the mutational target over evolutionary time is a
possibility, but is not taken into account in the present study.

Simulations

Each of the 892 days of the experiment were simulated by breaking the day into 7
generations and tracking the number of Spo- mutants present during each generation.
During each generation, no individuals died while the population increased in size by
93% through reproduction, leading to a total increase in population size from 107 to
approximately 109 over the 7 generations, replicating estimated numbers during the
evolution experiment.

Individuals with different genotypes specifying their sporulation efficiencies were
tracked over time. Wild-type individuals are denoted Spo0, and individuals of genotype
Spoi have sporulation efficiencies reduced by a factor of 2i relative to the wild-type. The
ancestral population is assumed to be 100% Spo0. Genotypes with i > 23 have sporulation
efficiencies below the detection threshold, and are grouped together in a single class of
genotypes Spo∞. The probability that a newly produced individual was Spoi due to
descent from a Spoi parent was given according to a selection coefficient s by

( (
( (

))
))

Spoi 1 + s 1 " 2 " i
.
! Spoi 1 + s 1 " 2 "i
i
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The number of such Spoi individuals was sampled from a binomial distribution using the
bnldev algorithm (PRESS et al. 1992). The sum of these binomial samples is not
necessarily equal to the expectation of the sum, and so this process led to a low level of
stochasticity in total population size over the course of each day of the experiment.

Following reproduction, mutation was allowed to occur according to the two observed
mutational classes (a reduction in sporulation by a factor of 2 or 26). According to the
first class, each individual mutated from genotype Spoi to genotype Spoi-1 with
probability m1=12/7244. According the second class, each individual mutated from
genotype Spoi to genotype Spoi-6 with probability m2=10/7244. Measurement error in
these probabilities is also simulated, as described in the section below. The numbers of
individuals of each genotype undergoing mutation were also sampled from a binomial
distribution. Values for m1 and m2 were calculated by assuming that these functional
mutation rates were proportional to the point mutation rate at any point in time. Linear
interpolation of the logarithm of measured point mutation rates was used to make
mutation rates available for each day of the experiment. At the end of the 7 generations, a
hypergeometric distribution was used to simulate sampling without replacement
(KACHITVICHYANUKUL and SCHMEISER 1988) to determine the number of Spoindividuals included in the sample of 107 individuals used to inoculate the next day’s
experiments.
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It is important to note that a decrease in mutational target size, as described above, would
result in a trajectory of trait loss that is slower than that predicted under a constant
functional mutation rate. Alternatively, an increase in the mutational target size would
result in a trajectory of trait loss that is faster than that predicted under a constant
functional mutation rate. The sporulation network is complex and there is no evidence
concerning the change in mutational target size with increasing mutation. Therefore, the
change in the mutational target over evolutionary time remains a possibility and would be
a useful addition to the simulation work. However, at this point the incorporation of
changes in mutational target size would vastly increase computation time.

Variance in observed and simulated data

Several sources of variation contribute to standard errors. The first is of course inherent
stochasticity associated with simulated genetic drift according to the process described
above. The second is the large environmental component governing the induced
frequency of sporulation. The Spo0 ancestral genotype that was estimated to sporulate
with mean frequency 0.581 and standard deviation 0.165. The simulated data therefore
includes a randomly distributed sporulation frequency at each time point, sampled from a
beta distribution with the estimated mean and variance (Figure 1).

A third source of error is in our estimation of the mutation rates. To simulate this, for
each experiment we replaced our estimation of m1 = 12/7,244 and m2 = 10/7,244 by
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resampling the numbers 12 and 10 from binomial distributions with probabilities 12/7244
and 10/7244 respectively. Resampled raw data from the fluctuation test were used to
derive resampled point mutation rates for each simulated experiment.

One thousand simulated experiments were run, and the mean and standard error of the
simulated experiments was found. To reduce the high level of environmental
stochasticity, these curves were smoothed using an exponential weighting function. The
95% confidence intervals shown in Figure 2 were obtained by direct reference to the
randomized results for the 1000 simulations.
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RESULTS

Loss of sporulation in the non-sporulating populations

As shown as observed data in Figure 2, sporulation ability was completely lost in three
populations (624B, 624C, 624E), severely reduced in 624A, and reduced by an order of
magnitude in 624C. The sojourn times that were determined experimentally in the three
populations that became completely mutant for the process, 624B, 624D, and 624E were
6,000, 5,800, and 4,200 generations, respectively.

Fitness of Spo+ versus Spo- Strains

To experimentally determine if an increase or a decrease in fitness was associated with
Spo- mutations, we isolated three strains that had lost the ability to sporulate at
appreciable levels (Spo-) and competed them against three strains, from the same
population at the same time point, able to sporulate at wild type levels (Spo+). The results
show a distribution of fitness effects associated with the Spo- phenotype (Table 1). While
two of the Spo- mutants have average fitnesses lower than the Spo+ isolate, one of the
Spo- mutants has an average fitness higher than the Spo+ isolate. This result shows that
Spo- mutations vary in their fitness compared to Spo+ strains.
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Expression of sporulation genes

Using 39 publicly available microarray data sets, the transcription of sporulation genes
(as listed in Table 1 in PIGGOT and LOSICK, 2002) was examined to determine whether
sporulation genes are transcribed when sporulation is not induced, suggesting these genes
are involved in other cellular processes, i.e., are pleiotropic. There are 210 genes that
have been experimentally verified to be involved in sporulation (PIGGOT and LOSICK,
2002). Of these 210 sporulation genes, 46 show a median transcription level, across 39
experiments, that is 5-fold above the background signal. Thus, 22% of sporulation genes
can be considered to be transcribed when sporulation is not induced, under a conservative
criterion. Many of these genes are known to be involved in other cellular processes, such
as cell division and transcription of housekeeping genes.

The stages of the life cycle at which transcript levels were monitored include exponential
growth, stationary phase, and the transition from growth to stationary phase. When these
phases are analyzed separately, the majority of genes show median transcript levels 5fold above background in all three life cycle stages (data not shown). An important
caveat following these results is that transcript level may not have a linear relationship
with expression level due to regulation at the level of translation or post-translational
protein modifications, which could result in 22% being an overestimate. However,
because we used a very conservative definition of transcription (median of 5-fold above
background signal across all 78 experimental measurements), which is likely to
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underestimate the number of genes transcribed, our result is likely to be representative of
the proportion of sporulation genes that are involved in other cellular processes.

Statistical analyses

Linear models were used to determine which experimentally measured variables were
able to predict the logarithm of sporulation frequency. We found that a model
incorporating mutation rate and cumulative mutation was best able to explain variation in
sporulation ability (r2 = 0.73, P < 0.0001; Pmut = 0.0176; Pcum = 0.0008). These results
suggest that, during the timepoints considered (beyond 1000 generations), neutral
mutation accumulation and negative selection were significant predictors of the variation
in sporulation ability, but positive selection was not. Of course, this does not rule out a
role for positive selection, it only means that our statistical models and data were unable
to detect a role.

Simulation of sporulation loss under mutation accumulation

Simulations were done to track the proportion of Spo- genotypes, as described in
Materials and Methods. Simulations for s = 0 (no selection advantage associated with
sporulation loss), and the observed data, are shown in Figure 2. The results show that
three of the five populations (624B, 624D, and 624E) completely lost the ability to
sporulate and that a selection coefficient equal to zero was not a good fit to the data for
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the entire evolutionary trajectory. Thus, it is possible that positive selection plays an
important role in the loss of sporulation during some time points, however, simulations
with s > 0 are required to definitively determine this. The case of s = 0 is a good fit to
one of the five populations (624A), suggesting that mutation accumulation had an
influence on trait loss. In agreement with this, the regression analysis described above
supports a role for mutation accumulation.
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DISCUSSION

Pleiotropy and sporulation genes.

Our analyses of publicly available microarray data show that at least 22% of genes
involved in sporulation are expressed under conditions where sporulation is not initiated.
It is possible that in some microarray experiments, where cells were cultured in nonsporulation inducing medium, sporulation was induced in some cells due to lack of
nutrients. However, media other than DSM are notorious for poor efficiency of spore
formation in most laboratory B. subtilis strains and the contribution of transcripts to the
measured transcriptome by the few cells that may have initiated sporulation is unlikely to
influence these results. Furthermore, Spo0A, the key regulator responsible for full
induction of sporulation (FUJITA and LOSICK 2005) did not show significantly increased
expression in any of the experiments suggesting that the sporulation pathway had not
been induced.

The loss of sporulation

It is a priori likely that neutral mutations occur and accumulate in the absence of
selection. Given the well-known complexity of interactions between genes, it is also
likely that sporulation genes are pleiotropic, and our analysis of microarray data and Spomutants supports this. Whether the net effect of pleiotropy is positive or negative is hard
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to predict for any specific case; indeed the net effect of different gene interactions with
different kinds of selection may be zero selection, i.e., neutrality. In this situation,
statistically significant evidence that a phenomenon is occurring seems to be more
compelling than the failure to detect a significant effect. Overall, then, our work points
toward roles for neutral mutations and both positive and negative selection in the loss of
sporulation. Further studies are necessary to confirm this and measure the relative
contributions of these processes to trait loss.

The change in mutational target size over time could have an influence on the results
presented here. If the mutational target decreases over time, a constant functional
mutation rate would be an overestimate during later generations resulting in the observed
trajectory of trait loss occurring more slowly than that simulated under a constant
functional mutation rate. In the statistical analyses, where the functional mutation rate is
considered to be proportional to the point mutation rate, this proportionality would
decrease over time, reducing the predictive power of the point mutation rate. The
assumption of a constant mutational target throughout time will need to be thoroughly
addressed in the future in order to explicitly address the role of selection and mutation
accumulation in the loss of sporulation.

While it is clear that mutation accumulation is important for trait loss, it is unclear
whether positive or negative selection is more important and both of these are supported
by pleiotropy data, where 22% are transcribed during times other than sporulation. Thus,
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a subset of sporulation genes are involved in other cellular processes and the loss of their
sporulation function may enable them to “fine-tune” their functionality in other pathways
that were under selection in the NS populations. While this loss of function in relation to
sporulation may be advantageous, maintaining other functions may still allow residual
sporulation ability. Because the complete loss of these functions may be deleterious,
some ability to sporulate is maintained and the complete loss of sporulation presumably
occurs when mutations accumulate in genes whose products act later in the sporulation
pathway and presumably have fewer pleiotropic interactions.

If selection was involved in the loss of sporulation, the phenotype that benefited from
sporulation loss in the NS populations, through the release of constraint imposed by
pleiotropy, is unclear. There is evidence from metabolic flux analyses of sub-optimal flux
performance in B. subtilis that performance improves when certain early sporulation
genes are deleted (FISCHER and SAUER 2005). It has been shown that the NS populations
evolved a growth rate that was significantly higher than the ancestor (MAUGHAN et al.
2006), which presumably could be due to increased metabolic flux performance
associated with the loss of sporulation. This is supported by the observation that in the S
populations, where selection for sporulation was strong, the growth rate did not improve
compared to the ancestor (MAUGHAN et al. 2006). However, it is also possible that there
were phenotypes important for stationary phase survival in the NS populations whose
improvement resulted in the loss of sporulation. Subsequent phenotypic analyses of the
NS populations will be needed to explicitly address this.
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Relation to maintenance of sporulation in S populations

Sporulation ability in the S populations was maintained but did not increase above
ancestral levels, even after 6,000 generations of selection for sporulation ability
(MAUGHAN and NICHOLSON, 2004; personal observations). This has been reported to be
due to a stochastic element in stationary phase decisions (MAUGHAN and NICHOLSON,
2004). However, the results presented here, which show that pleiotropy plays in
important role in the sporulation trait, suggest that perhaps the lack of increase in
sporulation ability in the S populations is due to constraints imposed by pleiotropy.
However, there is also evidence suggesting that non-transitive interactions have evolved
in the S populations (MAUGHAN et al., 2006), and thus, the lack of increase in sporulation
ability in the S populations is likely to have a complex genetic underpinning and will
require further investigation.

The population genetics of trait loss

The work presented here highlights the difficulty in distinguishing the population genetic
cause of trait loss. Mutations are constantly accumulating, and thus neutral forces are
always influencing trait loss. However, whether selection plays an important role in trait
loss is more difficult to determine. The simulation results hint towards an effect of
positive selection for loss while the statistical analyses support an effect of negative
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selection. Subsequent work improving simulations and experimentally addressing these
possibilities will be needed to explicitly determine whether selection plays a role in the
loss of sporulation. Trait loss is a complex process and even in experimental populations,
where most population parameters are known, we are unable to definitively determine
whether selection was involved in trait loss.
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TABLES

Table 1. Fitness of Spo- versus Spo+ isolates from generation 1,000. Equal fitness gives a value of 1.

Fitness

Fitness

Average fitness

Ratio of Spo/Spo+

measurement #1

measurement #2

(variance)

sporulation
frequencies

Spo- (624A)

1.0

0.82

0.91 (0.01)

0.00017

Spo- (624B)

0.93

0.99

0.96 (0.001)

0.02

Spo- (624E)

1.21

0.99

1.1 (0.02)

0
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FIGURE LEGENDS

Figure 1. The cumulative frequency distribution of sporulation frequencies taken from
separate, but clonal, populations (observed line). This distribution represents the
environmental variance and its influence on sporulation frequency and is best fit by a beta
distribution (fitted line).

Figure 2. The observed and simulated loss of sporulation. The simulations used a
selection coefficient equal to zero, i.e., there was no selective advantage to losing
sporulation. The five graphs represent each of the five replicate populations. Day of the
experiment is on the x-axis and the log10 sporulation frequency is on the y-axis (note
difference in range of y-axis between replicate populations). The observed data is the
dark grey line. The mean and 95% confidence interval of the simulated loss is shown
with the red line and the two blue lines, respectively.

125
Figure 1.

126
Figure 2.

127
APPENDIX D: STOCHASTIC PROCESSES INFLUENCE STATIONARY PHASE
DECISIONS IN BACILLUS SUBTILIS

128

129

130

131

132
APPENDIX E: TRANSCRIPTOME DIVERGENCE AND THE LOSS OF
PHENOTYPIC PLASTICITY IN BACILLUS SUBTILIS AFTER 6,000 GENERATIONS
OF EVOLUTION

Heather Maughan, Wayne L. Nicholson, and C. W. Birky, Jr.

ABSTRACT

Gene expression profiling is a powerful method for the quantification and description of
phenotypic divergence between closely related organisms. Here we describe the
divergence of gene expression in experimental populations of B. subtilis evolved for
6,000 generations with either strong selection for sporulation (“S” populations) or relaxed
selection for sporulation (“NS” populations). The expression profile from the NS
population shows greater divergence in gene expression than does the S population, when
cultivated in the experimental environment. While there were several convergent
changes in gene expression, for the most part, the particular genes that diverged in
expression are quite different between the two populations. When the NS population is
cultivated in the S environment, comparisons between its expression profiles in the NS
versus S environment suggest that during the 6,000 generations of evolution, it has lost
the ability to respond to the S environment, i.e., has lost phenotypic plasticity.
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INTRODUCTION

Measuring the degree of genetic divergence within or between species is straightforward
and is commonly done by comparing aligned DNA sequences and applying one of many
models of nucleotide substitution. The ease with which genetic divergence is measured
contrasts with the difficulty of measuring phenotypic divergence because a consistent
metric for phenotypic change has not existed. This is partially due to the difficulty of
dividing phenotypes into units as is done with genetic data, where individual nucleotides
can be considered units of evolution. Gene expression divergence, where the units of
phenotypic change are the expression levels of individual genes, has been used more
recently as a metric for measuring and describing phenotypic divergence. Although gene
expression is not a perfect metric for phenotypic divergence, it has proven to be powerful
in its ability to characterize phenotypic variation both within and between species. For
example, gene expression differences within species of Drosophila melanogaster were
found to correlate with variation in male reproductive success (Drnevich et al. 2004), and
descriptions of gene expression profiles during development illustrate the dynamic
changes in gene expression that accompany insect metamorphosis (Arbeitman et al. 2002;
Goodisman et al. 2005).

Studies of gene expression divergence in microbial populations, especially in the context
of adaptation, have shown that adaptation to particular lifestyles can be partially
explained by changes in gene expression. In one study, Cooper et al. (2003) showed that
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after 20,000 generations of evolution in Escherichia coli, the divergence in gene
expression between evolved and ancestral strains could mostly be traced to the
differential expression of one key regulator, which may have had the effect of prolonging
growth (Nyström 2004). It has been reported that convergent changes in gene expression
between E. coli and Shigella strains accompany adaptation to similar lifestyles (Le Gall et
al. 2005). Furthermore, in the yeast Saccharomyces cerevisiae, parallel changes in gene
expression in experimental populations altered central metabolism, providing a fitness
advantage in their glucose-limited environment (Ferea et al. 1999), and variation in gene
expression in natural isolates of S. cerevisiae does correlate, to some extent, with
phenotypic variation (Fay et al. 2004). Taken together, these studies show that by
documenting gene expression changes, the proximate cause of phenotypic divergence,
and ultimately adaptation, can begin to be elucidated.

Here we describe phenotypic divergence by quantifying changes in gene expression in 10
populations of Bacillus subtilis that were propagated under either strong selection for
sporulation (“S” populations), a complex cellular differentiation process, or relaxed
selection for sporulation (“NS” populations). Even under strong sporulation-inducing
conditions, not all cells will sporulate, with ancestral levels averaging approximately 58
% (+/- 33%). While there was strong selection for sporulation in the S populations, it
was observed that the percentage of the population able to sporulate did not improve
during the evolution experiment (Maughan and Nicholson 2004). The reason for this
lack of a response to selection is unclear.
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It was also shown that in the NS populations, sporulation was lost (Maughan et al. in
preparation), and in both the NS and S populations, prototrophy was lost (Maughan et al.
2006). Adaptation to the experimental environment was apparent in both the NS and S
populations, and was due, at least in part, to a faster growth rate and shorter lag time in
the NS populations and a shorter lag time in the S populations (Maughan et al. 2006).
Thus, divergence in phenotypes such as shorter lag time, increased auxotrophy, increased
fitness, and increased mutation rates was similar between the NS and S populations
whereas the NS populations also evolved faster growth rates and lost the ability to
sporulate. We attempted to identify changes in gene expression potentially able to explain
the observed phenotypic divergence.

We find that the magnitude of gene expression divergence differs between the NS and S
populations, where the NS populations have undergone more genomic change than the S
populations, consistent with their more extensive phenotypic divergence. Moreover,
functional implications of specific expression changes in the NS population suggest that
sporulation was lost by changes that prevent the sensing of environmental signals. These
results support the existence of a trade-off between growth and sporulation and show that
the NS population has lost phenotypic plasticity during the 6,000 generations of
evolution. Many specific expression changes that are candidates for adaptive change in
phenotypes were identified.
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MATERIALS AND METHODS

Bacterial strains and continuous culture

Bacteria were evolved as previously described (Maughan et al., 2006; Maughan et al., in
preparation). Briefly, the cultures were initiated from two ancestors, strains WN628 and
WN624, which are isogenic except for the identity of a neutral antibiotic resistance
marker, which was inserted at a neutral locus. Five populations (WN628A-E), started
from the WN628 ancestor, were evolved with strong selection for sporulation (“S”
populations) by culturing in sporulation inducing medium (Schaeffer et al. 1965),
referred as S medium, and heat shocking the inoculum at 80º C for 10 minutes each day
before transfer to ensure that only spores were propagated.

In contrast, five populations (WN624A-E), started from the WN624 ancestor, were
evolved with relaxed selection for sporulation (“NS” populations), imposed by altering
the sporulation inducing medium by adding 1% glucose (final volume), a potent
sporulation inhibitor, and omitting the “sporulation salts” (Schaeffer et al. 1965). This
medium is referred to as “R” (for “repressing”). In addition to being cultured in R
medium, the NS populations were not subject to heat shock before inoculation.

Each day, for 892 days, a 125-ml Erlenmeyer flask containing 9.9 ml of fresh medium
was inoculated with 0.1 ml of the previous days’ culture. This experimental set up
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allowed both the S and NS populations to go through approximately 6-7 generations of
growth before entering stationary phase, where sporulation was initiated and completed
in the S populations, but not in the NS populations, before re-inoculation. During the
evolution experiment, cultures were incubated at 37º C in a rotary shaker set to shake at
250 rpm. Periodically, culture samples were mixed 1:1 with 50% glycerol for storage at 80º C.

Isolation of nucleic acid

For each of the 10 populations, frozen samples from the 892nd day of the experiment
(approximately 6,000 generations) were streaked onto solid R or S medium and incubated
overnight at 37ºC. The following day, single colonies were chosen randomly and restreaked onto the same solid medium. Following overnight incubation at 37ºC, single
colonies were chosen to inoculate liquid cultures. After overnight incubation in a 37ºC
shaker, an aliquot from each of these liquid cultures was stored as a glycerol stock at 80ºC and the remainder of the liquid culture was used for DNA isolation.

DNA was isolated using phenol-chloroform extractions (Cutting and van der Horn,
1990). The purity and quality of DNA was determined by agarose gel electrophoresis
and spectrophotometry. Prior to labeling the DNA for microarray hybridization, DNA
was partially digested by adding 0.015 U DNase I enzyme for each ug of DNA in the
appropriate volume of buffer and water. Digests were incubated at 37º C for 10 minutes
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to allow enzyme activity, followed by 95ºC for 15 minutes for enzyme inactivation.
DNA from one of the evolved isolates was hybridized with DNA from the cognizant
ancestor, for each of 10 microarray slides.

One population was chosen from the S (referred to as “8B6”) and NS (referred to as
“4E6”) populations for gene expression profiling. The environmental:strain
combinations are depicted in Figure 1. Overnight cultures of evolved isolates and
ancestral strains were inoculated from frozen stocks and spore stocks, respectively. The
following day, a 0.1 ml aliquot of the overnight culture was then in inoculated into 9.9 ml
of the appropriate medium. Optical density readings were taken, using a KlettSummerson photometer fitted with the number 66 (red) filter, at 10-15 minute intervals
until the entrance into stationary phase. When 4E6 was grown in sporulation-inducing
medium, it was inoculated into 9 ml at a 1:10 density, due to its inability to grow well in
S medium. Once exponential growth had ceased, the culture was pelleted and pellets
were flash frozen in a -80ºC ethanol bath and subsequently stored at -80ºC until RNA
extraction.

Pellets were generated from three separate growth curve experiments and two
experiments were chosen for RNA extraction based upon the similarity of the growth
curve for each strain. These two experiments represent biological replicates. RNA was
extracted from frozen pellets with a RiboPure-Bacteria kit (Ambion) following the
manufacturer’s instructions. From each pellet, enough RNA was isolated for two
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hybridizations, allowing for dye swap experiments. RNA was run on a Bioanalyzer 2100
(Agilent) and analyzed in a spectrophotometer to ensure quality and calculate the
concentration. Because the WN628 ancestor was used for twice as many experiments as
the other strains, two cultures of WN628 were monitored throughout growth. These
cultures were pelleted in separate tubes and subject to separate RNA extractions but the
RNA from the two extractions was mixed after isolation. Because each biological
replicate was hybridized to two slides (using the dye swap described above), each sample
was hybridized to 4 slides, except for the WN628 ancestor, which was hybridized to 8
slides.

Nucleic acid labeling and microarray hybridization

Genomic DNA was labeled using the RadPrime kit (Invitrogen). dNTP’s (8 mM)
containing amino-allyl dUTP were used in the Klenow reaction in these ratios: dATP,
5:dCTP, 5; dGTP, 5; dTTP, 3; dUTP, 2. DNA was denatured at 99º C for 5 minutes and
snap frozen in liquid nitrogen or a -80º C ethanol bath. After an immediate thaw, the tube
was placed in 37º C thermalcycler for 30 minutes, then frozen at -20º C until purification
with a Qiagen kit.

RNA was labeled by adding water and B. subtilis gene specific primers (Eurogentec) to
the RNA samples and incubating at 70º C for 10 minutes, after which the sample was
pelleted and snap frozen in liquid nitrogen. To each thawed sample, 400 U Superscript II
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Reverse Transcriptase (Invitrogen), 0.6 µM DTT, and the appropriate volume of 50X
Amino allyl-dNTP mix (Sigma) and 5X Superscript II Buffer (Invitrogen) was added.
This mixture was incubated at 42°C for between 3 hours and overnight, and was stopped
by adding 10 µM NaOH and 5 µM EDTA and incubating at 65°C for 15 minutes,
followed by the addition of 10 µM HCl.

For both labeled DNA and RNA, samples were cleaned of all excess primer, enzymes,
and dNTP’s using QIAquick purification columns (Qiagen) and speed dried before
coupling of Cy3 or Cy5 dye. Dye coupling was done by re-suspending the DNA (or
cDNA) in 0.45 µM Na2CO3 and adding the appropriate dye, followed by a dark
incubation for one hour at room temperature. Dye clean-up was performed using
QIAquick purification columns (Qiagen) and the samples were speed dried.

Microarray slides were purchased from Eurogentec and were glass slides spotted in
duplicate with 4,096 PCR products, representing each annotated ORF. For hybridization
of samples to each slide, both Cy3 and Cy5 labeled samples were re-suspended in 50 µM
EDTA and denatured at 98°C for 10 minutes. 140 µl of Hybridization Buffer #3
(Ambion) was added to each sample and loaded onto the slides. Hybridization was
performed for 16 hours at 42º C, followed by washes at 50º C for 2 minutes each in
medium stringency wash buffer, high stringency wash buffer, and post-wash buffer in a
GENE TAC hybridization station (all buffers are GENE TAC). Scanning of slides on an
Applied Precision Array Worx scanner was immediately done following hybridization.
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Spot finding and general image analyses were done in Scanalyze v. 2.35 (Eisen 1997).
Raw data have been submitted to the Gene Expression Omnibus (GEO) database at NCBI
(GSE4469).

Statistical analysis

Background subtracted raw intensity values were imported into R/MAANOVA (Kerr et
al. 2000) for mixed model analysis of variance. Data were checked for quality by using
the “RIPLOT” and “GRIDCHECK” functions. Lowess and log2 transformations were
applied to the data for local scaling and to normalize its distribution, respectively.

For the RNA hybridizations, mixed models were constructed where Dye, Array,
Environment (R or S medium), Sample, Biological replicate, and Spot (duplicate spots on
the slide) were fixed effects and Array, Spot, and Biological replicate were random
effects. P-values, obtained through 1,000 permutation tests, were adjusted using the
False Discovery Rate. A significance threshold of 0.05 was used to identify genes with
variable gene expression.

For the DNA hybridizations, mixed models were constructed with Dye, Array, Sample,
and Spot as fixed effects and Array and Spot as random effects. P-values obtained
through permutation tests did not return any significant changes in genome content. It
was apparent from the microarray images that at least one gene deletion had occurred,
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suggesting that the lack of significant changes was not correct. Therefore, the stringency
of our analysis was relaxed by calculating P-values using standard methods, rather than
permutation tests. These P-values were then adjusted using the False Discovery Rate.
Because P-values were not obtained using permutation tests, the significance threshold
was increased from 0.05 to 1 x 10-7 to reduce the occurrence of false positives. We did
not detect any changes in genome content in the two populations used for the RNA
hybridizations, suggesting that changes in gene expression were not due to changes in the
copy number of genes.

Two criteria were used to identify genes that were significantly differentially expressed
(RNA hybridizations) or differed in copy number (DNA hybridizations) between evolved
and ancestral samples: (1) they must have been determined to be significant using the
mixed model analyses described above, and (2) they must have a difference of at least 4fold.

Divergence in gene expression was calculated as done in Cooper et al. (2003). Withinslide variation was normalized by dividing the average intensity of each gene (averaged
from duplicate spots) by the total intensity on the slide and then log10 transforming this
value. These values were then averaged across dye swap experiments and biological
replicates for each strain. One minus the correlation between two strains is considered to
be the divergence. Averaging across dye swap experiments was done to calculate the
difference between biological replicates. It is important to note that these divergence
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estimates will likely be overestimates of the actual number of mutations directly affecting
gene expression due to the mutations affecting the expression of trans acting factors.
Nevertheless, these divergence values provide a powerful metric for gene expression
change comparison.

Expression profiles were generated from the environmental:strain combinations shown in
Figure 1. For each combination, two biological replicates were used and the similarity in
growth curves between the biological replicates is depicted in Figure 2. The correlation
coefficient between expression profiles of biological replicates ranged from 0.74 to 0.88
with 8B6_S having the lowest and 4E6_R having the highest correlation coefficient.

Quantitative PCR

Five genes were chosen for quantitative PCR (qPCR) verification of microarray results.
Two genes, relA and topA, were used as controls as their microarray expression did not
differ between strains. Three genes, frr, sigE, and vpr were used to determine whether
microarray results could be verified using qPCR. Primers were designed to amplify
fragments less than 200 bp in size and to have similar melting temperatures for all five
genes.

RNA was extracted as described above and DNased using RQ1 RNase-free DNase
(Promega) according to the manufacturer’s instructions. These DNased RNA samples
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were then reverse transcribed with SuperScript II Reverse Transcriptase (Invitrogen)
using a protocol similar to that used above for the microarrays but omitting the
fluorescent dyes.

qPCR was performed using a LightCycler FastStart DNA MasterPLUS SYBR Green I kit
(Roche) and reactions were run in a Lightcycler 3 (Roche) with a touchdown protocol.
Two duplicate runs were done for each gene with each of the five environment:strain
combinations (Figure 1). A relative curve was made by serially diluting cDNA from the
sample with the lowest crossing point for each gene.
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RESULTS AND DISCUSSION

Divergence in gene expression after 6,000 generations of evolution

We found that the magnitude of change in gene expression in the 4E6_R population was
higher than in the 8B6_S population. Pairwise correlations between gene expression
profiles are shown in Figure 3. It is clear that the least amount of divergence from the
ancestor has occurred in the 8B6_S isolate as its expression profile is highly correlated
with that of the ancestor (Figure 3). Compared to the ancestor, 4E6_R exhibited upregulation of 110 genes and down-regulation of 100 genes while 8B6_S exhibited upregulation of 7 genes and down-regulation of 3 genes. Because several sigma factors
exhibited differential expression in both populations, it is likely that many of the
observed changes did not result from mutations affecting their expression directly (cis
acting factors), but mutations affecting their expression indirectly (trans acting factors)
by increasing or decreasing expression of sigma factors.

Convergent changes in gene expression

There were 2 genes, yocH and yoeB, whose expression changed in both 4E6_R and
8B6_S, where yocH had increased expression in 4E6_R and had decreased expression in
8B6_S while yoeB had decreased expression in 4E6_R and increased expression in
8B6_S, when compared to the ancestor. While the functions of yocH and yoeB are
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unknown, it is unlikely that these expression changes underlie the convergent changes in
phenotype between the NS and S populations because of their opposing sign of change.
Future work involving functional studies would be needed to determine whether the
expression changes in these genes were functionally important.

Gene expression divergence in the NS population

Class III heat-shock proteins, clpC, clpE, and clpP, were highly up-regulated in the NS
population isolate along with many genes whose up-regulation suggests that the sigBdependent stress response was induced. The gene expression profile of 4E6_R, which
showed up-regulation of ribosomal proteins and abrB, a transcription factor which
represses stationary phase responses in favor of growth, suggests that growth was still
occurring in the evolved isolate when the ancestor was transitioning into stationary phase.
Moreover, many genes, such as oligopeptide transporters and chemotaxis proteins that
sense environmental signals for starvation responses, were down-regulated.

One of the most striking changes in gene expression between 4A6_R and the ancestor
was the down-regulation of operons involved in flagella biosynthesis. This downregulation of flagella biosynthesis genes has also been seen in E. coli populations that
were evolved in minimal medium for 20,000 generations (Cooper et al., 2003). Although
in E. coli changes in expression of flagella biosynthesis genes were linked to catabolite
repression, there is no evidence in B. subtilis that changes in catabolite repression affect
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flagella biosynthesis (Aizawa et al., 2002). The production of flagella is likely a costly
venture, suggesting that perhaps it is advantageous to down-regulate these genes.
However, this cost has not been explicitly shown in B. subtilis and addressing this cost
would require further experimentation.

The picture being presented from these expression changes in 4E6_R is one in which
growth phase is prolonged beyond that of the ancestor. When examining the growth
curve in Figure 2, the evolved isolate does indeed cease growth and enter stationary
phase but does so after reaching a higher cell density than the ancestor. Thus, growth is
continuing for a longer period of time in 4E6_R, consistent with the expression profile
and its faster doubling time (Maughan et al. 2006). There is some evidence for a trade-off
between metabolic optimization and survival strategies in B. subtilis (Fischer and Sauer,
2005). It is possible that the loss of sporulation ability has released this constraint on
growth and allowed 4E6 to grow for a longer period of time, and at a faster rate
(Maughan et al., 2006).

Bacterial populations enter into stationary phase when nutrients are low and population
densities are high, and therefore this represents a stressful time. It seems counterintuitive
then that 4E6_R exhibits more growth during this period. The microarray results suggest
that this strain has evolved to combat this stress by up-regulating the stress response in
order to continue growth. Future experiments addressing the up-regulation of the sigB
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mediated stress response and its potential for adaptation and prolonged growth would be
key to resolving this issue.

Gene expression divergence in the S population

As mentioned earlier, the magnitude of gene expression change between ancestor and
evolved isolate was much lower in 8B6_S when compared to 4E6_R. Of the three genes
(out of 10 with differential expression) with known function, two genes are part of the srf
operon and were down-regulated in 8B6_S when compared to the ancestor. The srf
operon encodes four genes that are involved in the production of the lipopeptide,
surfactin. In addition, a gene critical for the induction of competence, comS, is found
embedded within the srf operon. Although the other two genes of the srf operon, and
comS, did not pass our 4-fold change threshold, they were identified as differentially
expressed by ANOVA. Therefore, it seems likely that 8B6_S has evolved to downregulate the competence response (or the surfactant), perhaps in favor of sporulation, as
the two pathways are mutually exclusive (Grossman, 1995). This is particularly
interesting because it is thought that S medium is inefficient at inducing competence, and
thus, the expression in the WN628 ancestor may be due to a small subpopulation of cells
which 8B6_S lacks.

The third gene of known function, tnrA, is involved in the regulation of catabolite
repression of sporulation (Shin et al., 20000). It is unclear whether changes in tnrA
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expression is adaptive in the S populations, especially since the environment does not
repress sporulation, but induces it.

It was previously found that even in spite of the 6,000 generations of selection for the
decision to sporulate, the S populations did not increase their frequency of sporulation
(Maughan and Nicholson 2004). This result, taken with that from expression profiling
above, suggests that instead of sporulation being under selection to be improved, it is
likely that there was strong stabilizing selection for sporulation to occur at ancestral
levels. To effectively address this hypothesis, further experimental work is needed.

Loss of sporulation and phenotypic plasticity in the NS population

When 4E6 is grown under sporulation-inducing conditions only 1.16 x 10-4% of cells will
sporulate, indicating that this isolate is either not able to efficiently induce or complete
the sporulation process. When compared to the WN628 ancestor, the expression profile
of 4E6_S shows the most change of all experiments with 241 genes showing increased
and 375 genes showing decreased expression. Gene expression changes associated with
sporulation genes in 4E6_S suggest that sporulation initiation is repressed at a point very
early in the pathway, before the developmental switch is “flipped”. Several of the genes
involved in sporulation initiation by sensing environmental signals (spo0F, spo0B, and
spo0A), are down-regulated. Furthermore, genes involved in growth and the sigBmediated stress response were up-regulated, as in 4E6_R, suggesting that the trade-off
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between growth and survival, by sporulating, has been irreversibly altered in the 4E6
isolate.

The design of our experiments was such that we had expression profiles from the
ancestor and one evolved isolate (4E6) in two different environments, enabling us to
determine how 4E6 responds to environmental change when compared to the ancestor.
Because 4E6 has lost the ability to sporulate, and the microarray results suggest that it is
due to the inability to integrate environmental signals, we predicted a loss of phenotypic
plasticity. Phenotypic plasticity is when a phenotype, in this case expression profile, is
able to respond to different environments. Therefore, if the expression profile of the 4E6
is less divergent between the two environments than the ancestor, we can conclude that
its expression phenotype has lost plasticity.

To measure plasticity in expression, gene expression profiles were plotted against each
other after normalization as described in Materials and Methods and shown in Figure 3.
(Although these measures are not properly gene expression divergence, because they are
induced by the environment, we use this term to indicate the method of analysis used.)
The divergence in gene expression between Anc_R and Anc_S was 0.508. In contrast,
the divergence in gene expression between 4E6_R and 4E6_S was 0.250, half that of the
ancestor.
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These results show that the NS isolate has become specialized in R medium and, when
placed in S medium for the induction of sporulation, it is unable to sense and/or respond
to the environmental signal to induce sporulation, effectively resulting in a loss of
plasticity. This is especially apparent when examining the growth curves of 4E6 in both
media, compared to the ancestral strain in both media (Figure 4). The ancestral strain
grows more slowly in S medium, but to a higher density, whereas the growth curve of
4E6 is practically identical in both media, supporting the notion that 4E6 has lost
phenotypic plasticity. The degree to which plasticity has been lost is not thoroughly
addressed here, as these experiments were only done in one alternative environment, the
sporulation-inducing environment. It would be of great interest to monitor the ability of
4E6, and 8B6, to sense and respond to other environmental signals in order to determine
the magnitude of loss of plasticity.

Agreement between microarray and qPCR results

The results from the microarray experiments were not always consistent with results from
qPCR (Table 1). For example, the expression of frr in 4E6_R is only increased 2.54-fold
over the ancestor, according to the microarray results, while qPCR shows an increase of
between 60.82- and 76.82-fold, depending on which control gene is used for comparison.
It is unclear what caused this discrepancy. It has been noted in another study that, due to
their double-stranded nature, cDNA probes often result in a lower signal due to crosshybridization and non-specific hybridization (Kothapalli et al. 2002; Kuo et al. 2002;
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Petersen et al. 2005). Because the probes on the B. subtilis slides are double-stranded, the
magnitude of the signal intensity is probably reduced. Therefore, it is likely that we are
unable to detect many changes in gene expression but those changes that were detected
are reliable. Furthermore, the exact fold-change in expression suggested by the
microarray analysis is probably an underestimate. The qPCR results were also used to set
our threshold to 4-fold change, rather than 2-fold change, because results from the qPCR
showed that genes differing in expression by only 2-fold (as determined by microarray
analysis) were not always in agreement with qPCR results (Table 1) as was reported
previously (Rajeevan et al. 2001).

Changes in gene dosage causing changes in gene expression

Abundant variation in genome content exists in bacteria and genes can be duplicated and
deleted throughout time in experimental populations (Zhong et al. 2004; Nilsson et al.
2005). To ensure that changes in gene expression were not due to changes in the copy
number of genes, we hybridized genomic DNA from each of the 10 populations to
microarray slides. While the DNA hybridizations performed here were able to detect
several duplications and one deletion in several of the experimental populations, we did
not detect any changes in genome content in the two populations used for RNA
expression profiling. However, detecting differences in copy number relies on detecting
only a 2-fold change in intensity. The qPCR results show that changes less than 4-fold are
not reliable for the RNA hybridizations, and while the DNA hybridizations have less
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variation in general, we cannot firmly conclude that the copy number of genes has not
changed in the populations used for expression profiling.

Gene expression and phenotypic evolution in the experimental populations

Previous work has shown that the NS populations have had more phenotypic change than
the S populations (Maughan et al. 2006; Maughan et al., in preparation). While both NS
and S populations have lost prototrophy, evolved higher fitness, higher mutation rates,
and shorter lag times (Maughan et al. 2006), only the NS populations have lost the ability
to sporulate and also evolved an increased growth rate. This difference in phenotypic
divergence is mirrored in the genome, where more changes in gene expression were
found to have occurred in the NS population. However, whether (and the way in which)
these expression changes develop into phenotypic change(s) remains to be determined.

There is some evidence suggesting that trade-offs exist between growth and sporulation.
This evidence comes from metabolic optimization studies (Fischer and Sauer, 2005) and
the evolution of increased growth rates in the NS populations but not the S populations
(Maughan et al. 2006). Therefore, it is possible that the loss of sporulation may have
released the constraints on the adaptation of growth phenotypes in the NS populations.
These microarray results provided several candidate genes for future work addressing this
possibility.
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TABLES
Table 1. Results of qPCR. Numbers represent the fold change over ancestor, and for qPCR, are the
averages of two replicate runs.

GENE

STRAIN

relA CONTROL

topA CONTROL

MICROARRAY

frr

4E6_R

76.82

60.34

2.54

8B6_S

0.97

0.92

0.42

4E6_S

30.91

26.58

6.13

4E6_R

26.45

20.66

0.50

8B6_S

0.86

0.81

0.43

4E6_S

0.15

0.13

0.20

4E6_R

1.7

1.35

0.47

8B6_S

0.19

0.18

2.21

4E6_S

0.007

0.006

0.05

sigE

vpr
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FIGURE LEGENDS
Figure 1. Experimental design for RNA hybridizations. a) depicts the environmental
strain combinations used and b) shows the dye-swapping and hybridization design.

Figure 2. Growth curves of the strains used for RNA hybridizations (biological replicates
are shown). Panel a shows the ancestral (Anc_R) and evolved NS isolate (4E6_R)
growing in R medium. Panel b shows the ancestral (Anc_S), evolved S isolate (8B6_S),
and evolved NS isolate (4E6_S) growing in S medium. RNA was isolated at the last time
point, during the onset of stationary phase. Note the y-axis is log scale and the y and x
axes have different scale ranges in panel a and b. Klett units are a measure of optical
density.

Figure 3. Gene expression plots between pairwise combinations of strains. The x and y
axis are log10 normalized intensities, obtained as described in Materials and Methods.
The correlation coefficient of each pairwise comparison is shown.

Figure 4. Differences in growth curve phenotype due to the environment. The
environment where growth occurs, R or S medium, changes the growth dynamics
considerably in the ancestor, but not in the NS isolate. Klett units are a measure of
optical density.
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