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Abstract: 
 
We present preliminary results from the pilot phase of a study that examines the role 

standing genetic variation plays in E. coli adaptation to novel environments. We 

constructed a microsatellite marker derived from a (GA)37 repeat found in the 

Arabidopsis genome. We cloned this marker into the XL-1 Blue strain of E. coli. We 

propagated eight lineages stemming from the same clonal ancestor. Three different 

environments were used: LB, DM + glucose and DM + succinate. We used two different 

population bottleneck sizes in the LB lines but only one population bottleneck size in the 

DM lines. Two replicate lines were grown in each set of conditions. We found that DM + 

succinate lines quickly go extinct in our experiment due to slow growth rates and we 

found conflicting data on DM + glucose line extinction. We successfully evolved our LB 

lines for 25 days, and we found evidence for both the accumulation of neutral variation 

and the fixation of beneficial mutations. In the future, this experimental system will be 

used to investigate the role that environments play in determining fitness and how this 

might affect adaptation from pre-existing genetic variation. Specifically, we hope to find 

alleles that are neutral or deleterious in one environment, but beneficial in another due to 

strong GxE interactions. 
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Introduction: 
 
Background and Motivations 

There is much variation in natural populations. Notwithstanding balancing 

selection, much of this variation is neutral: genetic adaptation necessarily depletes 

variation. Genetic adaptation driven by novel mutations has been well-studied both 

theoretically and experimentally, but the role of standing genetic variation in adaptation 

has yet to be clarified. How might pre-existing variation affect adaptive evolution? Given 

a change in the environment, some previously neutral alleles might become beneficial. 

Others might become deleterious, or remain neutral. Understanding how genetic variation 

affects adaptation is critical for understanding how populations respond to changing 

environments, and it might also provide a great deal of insight into the factors that 

maintain genetic variation in natural populations. 

Compared to de novo adaptation, theory predicts that adaptation from standing 

genetic variation is likely to lead to faster evolution as well as the fixation of more alleles 

of small effect (18). The probability of fixation is higher for pre-existing alleles simply 

because the presence of multiple copies of an allele reduces the odds of loss due to drift. 

Therefore, over short timescales, alleles from standing variation in a genetically diverse 

population should dominate adaptation. There are two reasons why adaptation from 

standing genetic variation is likely to be faster compared to de novo adaptation. First, 

beneficial mutations are immediately available, decreasing the time spent waiting for new 

beneficial alleles to arise. Second, the higher frequency of standing alleles compared to 

new alleles decreases overall fixation time (18). Intuitively, when a diverse population 



  Maddamsetti 2008 

 4 

colonizes a new environment or experiences a new selection pressure, adaptation should 

occur mainly from standing genetic variation, rather than new mutations. 

 In the literature, this is called the genotype-by-environment interaction (GxE). In 

a statistical context, GxE interaction refers to any nonadditive effect of an organism’s 

genotype and its environment. There are various forms of GxE interactions. For example, 

the genotypic rank order with respect to the trait might change across environments such 

that there is no single best genotype. Another case might be that the rank order with 

respect to the trait is preserved, but the extent of variation is much greater in the second 

environment than the other. Clearly, the form of the GxE interaction, its underlying 

genetic architecture, and how it affects traits such as fitness over different environments 

makes it a major influence on both the population’s evolution and the eventual fate of its 

genetic variants (17). 

Little is known about the empirical importance of this phenomenon. Remold and 

Lenski measured the fitness in maltose and glucose environments of 26 genotypes of E. 

coli, each containing a single random insertion mutation. Fitness was measured relative to 

an ancestor that had been previously evolved for 10,000 generations in glucose-limited 

media. In this study, a highly significant link between mutations and the resources of the 

environment was found—at least 11 different mutations (42 percent) involved GxE 

interactions through their differential fitness effects across resources. Surprisingly, at 

least three of these mutations (12 percent of all mutants) significantly improved fitness in 

the new maltose environment, even though beneficial mutations are generally thought to 

be rare. In all, these findings show that GxE interactions can be very common, even for 
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genotypes that differ by only one mutation and in environments differing by only a single 

factor (17). 

 Adaptation is based on how the organism sees and responds to the environment. 

Environmental factors that bacteria in particular are sensitive to include nutrients and 

other metabolites, spatial and temporal structure in the environment, cell density, and the 

presence of other species or genotypes in the environment. Presumably, genetic factors 

that influence how the organism deals with these variables will be loci for adaptation, 

while those insensitive to these variables will undergo neutral change over time. This 

question has been addressed in the literature, although not strictly in these terms. 

Fong et al. investigated the reproducibility of growth phenotypes and global gene 

expression states during adaptive evolution by doing experimental evolution studies in 

lactate and glycerol minimal media. They did not measure genotypes, per se. Instead, 

they determined “cellular phenotypes” by measuring growth rates (as fitness analogs), 

substrate intake rates and oxygen uptake rates. They also measured growth rates on 

different substrates that the lines were not adapted to, such as α-ketoglutarate, glucose, 

pyruvate, succinate, malate, and acetate in addition to lactate and glycerol. They also 

measured changes in global gene expression over time. Fong et al. found that growth 

phenotypes relevant to adaptation converged and were reproducible between lines, but 

that these lines had different underlying gene expression states. As might be expected, 

growth phenotypes on non-adaptive substrates diverged, showing how selective 

deconstraint can lead to variation between lines which is neutral in one environment but 

not in other environments (14). 
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Temporal structure is another environmental factor that can influence adaptation. 

Gene regulation is often assumed to have evolved in response to environmental 

variability. Suiter et al. determined the course of adaptation in seasonal environments and 

measured the fitness consequences of two contrasting evolutionary strategies. 

Transcriptional control of arginine biosynthesis is tightly regulated in E. coli strain K12, 

but is deregulated in E. coli strain B. There is a fitness tradeoff associated with this 

regulation between environments that do and do not contain arginine. The K12 repressor 

is selectively favored in the presence of arginine and disfavored in its absence. In 

environments that cycle between high and low arginine, short seasons favor the K12 

allele while long season favor the B allele (13). On a laboratory evolutionary time scale, 

the bacteria “see” the average environment, and adapt to that. The kinds of environments 

that bacteria, or more generally organisms, face in nature put different loci under 

selective pressure while allowing other loci to change neutrally. As environments and 

selective pressure on the genome changes over time, the patterns of neutral variation in 

the population should also change, which might be later used for adaptation to novel 

environments. 

The Experimental System 

 To empirically study the effects of standing genetic variation on adaptation to 

novel environments, our system needed three elements: a way to study adaptation over 

evolutionary timescales, a way to quantify genetic variation, and a way to measure 

changes in genetic variation during adaptation. We used experimental evolution as the 

solution to the first methodological problem, and an engineered microsatellite marker to 

solve the other two issues. 
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There are several important advantages to taking an experimental evolution 

approach. In such a system, the physical and chemical environment in which bacteria 

grow can be so rigidly controlled that the variability of conditions is practically excluded, 

and by virtue of short generation times, a rapid successive transference of cultures to 

fresh media can secure the effect of an experiment covering an immense number of 

generations within a limited timeframe (9). Still, the most important advantage for this 

system is that there is a large precedent in the literature. With advances in the culture and 

genetic manipulation of microbes, scientists in the 1980s began to let microbes compete 

and evolve under laboratory conditions and timescales. Later experiments, using long-

term laboratory evolution of parallel lines were aimed at the key evolutionary question of 

how much variability would be expected if Stephen Gould’s “tape of life” was replayed. 

The most famous long-term parallel experiment was begun in 1988 by R.E. Lenski with 

12 replicate populations of E. coli, and has been running continuously for 20 years and 

more than 40,000 generations in glucose-limited media (9). After following evolutionary 

change for 10,000 generations, Lenski found that cell size and fitness relative to ancestor 

evolved rapidly for the first 2,000 generations after the populations were introduced into 

the experimental environment, but that both traits were nearly static for the last 5,000 

generations. Replicate populations diverged significantly in both morphology and mean 

fitness. The divergence in mean fitness was sustained, and implied that the populations 

approached different fitness peaks of unequal height in the adaptive landscape (6). 

 Lenski draws a long metaphor about the advantages of adapting bacteria lineages 

in the laboratory. It is like having a perfect fossil record, where the genetics and 

phenotype of every 20 generations or so are preserved, descendants can be directly 
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compared and competed with their ancestors, and replicates of lineages can be done to 

compare different evolutionary runs (1). The organism can be directly isolated, and the 

effects of the environment on fitness and evolution can be directly controlled. All genetic 

variation is generated de novo, so the process is conducive to study evolutionary novelty: 

each population explores millions of genetic changes, and several of these eventually go 

to fixation or near fixation. In this study, standing variation can be generated easily, and 

in the case that variation crashes due to the fixation of a beneficial mutation, the pre-crash 

population can be reconstituted for adaptation in the new environment. It has also been 

pointed out that in natural populations, since neutral variation is older than new 

mutations, they might have passed through a “selective filter;” in other words, the 

variation might have been pre-tested by selection in past environments or different parts 

of the species’ range (18). In our study, this selective filter has been controlled for, since 

standing variation has not been subject to prior selection, being generated from a clonal 

ancestral population. 

 Still, there are a number of disadvantages to using experimental evolution. First of 

all, the timescale of laboratory evolution is of necessity much shorter than the 

evolutionary timescales of millions of years. The homogeneous environment in the 37°C 

incubator ignores the complexity and changeability of environments in nature. In the 

fairly constant laboratory environment, the space of available neutral mutations might be 

larger than that usually available in nature. 
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In our system, we use a microsatellite marker cloned from Arabidopsis thaliana to 

trace mutations and genetic diversity in our bacteria lineages. This usage of a 

microsatellite marker was pioneered by Imhof and Schlötterer, who used an Arabidopsis 

microsatellite from locus pnga 255 to trace adaptive events in an evolving E. coli culture 

and to determine the selective advantage of the beneficial mutations found (12). Their 

methodology was adapted for our experiment. Microsatellite loci are hypermutable as 

they increase and decrease in length due to polymerase slippage during DNA replication. 

This is a consequence of being a series of identical tandemly repeated units (2). Symonds 

et al. have shown that high-diversity loci tend to possess long stretches of contiguous 

repeats, while low-diversity loci either are uninterrupted with few total repeats or contain 

repeat interruptions that result in few contiguous repeats (2). Microsatellite length is a 

useful polymorphism to track diversity because they can be used to estimate allele 

frequency in the population. Substitution of beneficial alleles presumably results in the 

hitchhiking of the associated microsatellite polymorphism, which subsequently increases 

in frequency. These different polymorphisms can be easily distinguished by gel 

electrophoresis and either fluorescence or radiography. 

 We also used two different effective population sizes in our experiments per 

Perfeito et al. This group used different effective population sizes to control for clonal 

interference and drift effects while studying the genomic mutation rate in bacteria (10). 

Using these two population sizes allows us to compare differences in clonal interference 

effects and fitness changes due to differences in population size. 
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Materials and Methods: 

Primer Design: 
 

Primer3 and NetPrimer tools were used to design PCR Primers for a (GA)28 and a 

(GA)37 microsatellite found in the Arabidopsis thaliana genome. These primers were 

designed to include both satellites and adjacent non-repeat regions approximately 100bp 

in length. The non-repeat regions were included to allow for Southern Blotting in case 

direct staining of the microsatellite fragment is not sensitive enough. 

The (GA)28 microsatellite used was locus Nga1107, GenBank accession number 

AY294000. Its genomic context was found in a sequence whose accession number is 

AL161594. The forward primer sequence is aaaaaaaa-aagctt-cgaggtcggtgagaagagag, and 

the reverse primer sequence is aaaaaaaa-aagctt-gtctc-tccaaaaagctccaatttca. HindIII cut 

sites were introduced for use in cloning, while a BsmAI site was introduced to one side of 

the insert, as a native BsmAI site is present between the repeat region and the non-repeat 

region. This allows us to isolate the repeat region itself for use in later assays. It should 

be noted that when BsmAI digests PBR322, fragments of length 2274bp, 1311bp, and 

776 bp are generated. 

The sequence of the insert (sequence complementary to primers is underlined) is as 
follows:  
 
cgaggtcggtgagaagagagtcaaacggatcccaccagagcgacgaatcgacagaattagggttcgccattgaaagaa
gttagtgagacagacaccagtgagagagagagagagagagagagagagagagagagagagagagagagagagag
agatgaaattggagctttttgga 
 

For the (GA)37 microsatellite, the accession number of its genomic context is 

AL161596.2. The forward primer sequence is aaaaaaaa-aagctt-gaagac-

tgacggcagattcagagaga, and the reverse primer sequence is aaaaaaaa-aagctt-
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agggaggacgaagaatgagg. HindIII cut sites were introduced for use in cloning, while a BbsI 

site was introduced to one side of the insert. A BbsI site is present between the repeat 

region and the non-repeat region. This allows us to isolate the repeat region itself for use 

in later assays. It should be noted that when BbsI digests PBR322, fragments of length 

2751bp, 863bp, and 747bp are generated. 

The sequence of the insert (sequence complementary to primers is underlined) is as 
follows: 
 
tgacggcagattcagagagaaagtgaagaagaagaagtaaaaagagagagagagagagagagagagagagagagaga
gagagagagagagagagagagagagagagagagagagagatgaggaagacgctctcttctcctgtgatggcttctcctt
catctgattgcgacatcaattcacgggataacgacaaatcctcattcttcgtcctccctt 

 
 
Cloning into cell line: 
 
The GA(37) microsatellite insert was successfully cloned into a pBR322 vector at its 

HindIII site. This vector was chemically transformed into XL-1 Blue E. coli. This line is 

a recA mutant, meaning that homologous recombination cannot occur in this strain. The 

presence of the insert in the vector was confirmed by colony PCR, HindIII digests of 

miniprepped vector, and finally by DNA sequencing. 

 
Evolution Protocol: 
 
The parameters of the laboratory evolution regime govern the population dynamics of the 

experiment. Two different effective population sizes were chosen to control for different 

effects of genetic drift and clonal interference. This was calculated by taking the product 

of the number of generations between transfers and the population bottleneck created by 

each of the serial transfers (10). Three different media were used: LB broth, Davis 

Minimal media supplemented with 0.025 g/L glucose (DM + glucose), and Davis 

Minimal media supplemented with 0.025 g/L succinate (DM + succinate). DM + glucose 
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was chosen because Lenski used Davis Minimal media supplemented with 0.025 g/L 

glucose in his famous long-term evolution experiment. We originally planned on using 

Davis Minimal media supplemented with 0.025g/L acetate as another environment, but as 

our cells grew extremely poorly in acetate, succinate was used as a substitute. Our plan 

was to evolve two replicates in each media until significant standing genetic variation 

accumulated, and then to adapt each line to the other two media, such that the dynamics 

of de novo adaptation of each evolved line would act as a comparison for adaptations 

with standing genetic variation from the other two media types. By examining the 

changes in allele frequencies between environments, we could demonstrate that a fixed or 

nearly fixed allele in a new environment previously existed as standing variation in the 

old environment (18). 

XL-1 Blue cells containing the (GA)37 microsatellite were streaked onto an LB-

Amp plate, and grown overnight at 37°C. The next day, a single colony was picked, and 

grown in 5ml of LB broth in a shaking flask at 37°C. The next day, 1ml of this culture 

was frozen with 80 percent glycerol (in LB) at -80°C. This is the ancestral line of the 

evolution experiment. 

To begin the experiment, the Ancestor was grown from freezer stock in a 5ml LB 

shaking flask. The next day, 3 glycerol stocks were made (1ml culture + 1ml 80 percent 

glycerol.) The first stock is archival, and the others were frozen at -80°C for one hour, 

and then thawed at room temperature. The thawed stocks were centrifuged for 5 minutes 

at 8000rpm to pellet bacterial cells. Media and excess glycerol were removed and wicked 

off the tubes, and the cells were re-suspended in 1 mL of LB. The cells were then diluted 

serially in LB, DM + 0.025g/L glucose and DM + 0.025g/L succinate. Two population 
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sizes, large and small were used for LB lines, while a small population size was used for 

the DM lines (Tables 2,3). A 10-1 dilution was used to start the LB Large lines, a 10-5 

dilution was used for the LB Small lines, and a 10-3 dilution was used for the DM lines. 

Two replicates of each line were started. The serial dilutions were all done in 2ml of 

media in tubes. 500μl of the correct dilutions were added to 4500μl of media in wells for 

a total volume of 5ml in the 6-well plates used. Cultures were grown overnight without 

shaking at 37 °C. After 22-26 hours of growth, cultures from the LB lines were put under 

the freeze-thaw treatment for one hour as described above, and transferred with the DM 

lines into fresh media in new plates as described above. 

 
Titer measurements: 
 
Carrying capacity was measured each day to maintain proper effective population sizes. 

Serial Dilutions from each line were plated onto LB-Amp plates and colonies were 

counted. 

 

Growth Rate and Carrying capacity measurements: 

A 5ml shaking culture of the ancestor was grown overnight at 37°C. The next day, a 

serial dilution of this culture was plated to estimate cell density. A new overnight culture 

of the ancestor was started from freezer stock. This was done in order to use titer data 

from the previous ancestral culture to estimate titer for the new ancestral culture. The 

next day, colonies were counted to estimate cell density in the new shaking ancestral 

culture, and using this calculation, 1000 cells were diluted into a total volume of 5ml of 

LB, Davis Minimal Media + 0.025g/L glucose, and Davis Minimal Media + 0.025g/L 

succinate. Two wells of each type of media were used for a total of 6 wells. On two LB-
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Amp plates, 100μl from each well was plated to measure the initial titer. After 24 hours, a 

serial dilution of each culture was plated to measure titer after 24 hours. 

 

Polyacrylamide gel and analysis: 

A 6% polyacrylamide gel was made as follows: 1995μl of 30% bis:acrylamide, 1000μl 

10X TBE, 3475μl water, and 4.2g urea were combined for a total volume of 10ml 

(Molecular Cloning Protocol 12.78). The mixture was heated in a water bath to 

solubilize. The solution was cooled and degassed, and 52.8μl 10% ammonium persulfate 

(APS) was added. 50μl of TEMED was added to begin the polymerization, and the 

solution was pipetted into a gel mold held horizontally to minimize gel drips. The gel was 

0.4mm thick, 82mm high and 83mm wide. 

DNA samples were mixed in 5:1 ratios with a 6X formamide loading buffer made 

as follows: 274μl water, 706μl formamide, 1mg bromophenol blue, and 20μl 0.5M EDTA 

for a 1ml total volume. Wells were washed with 100μl of loading buffer before loading. 

In case of loading problems, wells were washed further and 2μl of 10% glycerol were 

added to each sample. Once loaded, the gel was run at a constant 10W for 1:45 hours. 

The gel was stained on a shaking pipette box lid containing 100ml of 1X TBE and 5μl 

Ethidium Bromide at ~34 rpm for 1:30hr. 

To image the gel, excess buffer was wicked off with paper towels and a wet metal 

spatula was used to pry the gel off the pipette box lid onto a UV gel imager, using gravity 

to release the gel from its surface tension with the lid. Extreme caution should be used, as 

the gel is extremely fragile.  
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Results: 

 
Microsatellite Design and Construction 
 
 We cloned two candidate microsatellites from the Arabidopsis thaliana genome, a 

(GA)28 repeat and a (GA)37 repeat, into the PBR322 vector. We did not find any 

successful (GA)28 transformants, but we found two candidate (GA)37 clones. Sequencing 

showed that one of these preserved the repeat, but the other had a GG insertion inside the 

repeat. Microsatellite loci with interrupted repeats have been shown to have lower 

diversity than microsatellites with uninterrupted repeats due to lower mutation rates (2). 

Therefore, we continued with the candidate microsatellite with the uninterrupted repeat 

for our later experiments. 

 
Carrying Capacity Experiment I 
 
 We measured the carrying capacity of the ancestral E. coli strain in LB, Davis 

Minimal media supplemented with 0.025g/L glucose (DM + glucose), Davis Minimal 

media supplemented with 0.25g/L glucose, Davis Minimal media supplemented with 

0.025g/L succinate (DM + succinate), and Davis Minimal media supplemented with 

0.25g/L succinate. These five treatments were each grown at 37°C in 2ml and 5ml of 

standing media in a 6-well plate, as well as in a 5ml shaking flask. However, these 

estimates of titer in colony-forming units per milliliter (cfu/ml) were lower than expected 

(unpublished data). These data showed no significant differences in titer between static 

plates and shaking flasks. These data also showed no significant differences in carrying 

capacity between higher (0.25g/L) and lower (0.025g/L) concentrations of glucose- or 

succinate-supplemented Davis Minimal Media: we used the lower concentrations in our 
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experiment per Lenski’s long-term evolution protocol (1). We also used these data to 

estimate carrying capacity and calculate dilutions for bottleneck population size, and used 

these data to estimate generations per dilution and effective population size (Tables 

1,2,4,6). 

 
Serial Transfer 
 
 As part of our original protocol, every day all lines were frozen as 2ml glycerol 

stocks for one hour and thawed before the next daily transfer into fresh media. After one 

week of transfers, we discovered that the DM lines had gone extinct. Freeze-thaw is 

known to exert a strong selective pressure on lines, so we restarted the DM lines without 

the freeze thaw process (19). After a second week of serial transfers on the DM lines, we 

found that these lines had gone extinct once again. We found that during this round of 

transfers, the DM + succinate lines had failed to grow to the expected carrying capacity 

after the first day, and that the DM + glucose populations had crashed on the third day. 

To solve these problems we restarted the DM lines, and checked titer every day in the 

hopes that if titer dropped dramatically over a 24 hour period of time, we could go back 

to the previous day’s transfer. After four days, our DM + succinate lines went extinct 

once again. We originally chose succinate as a nutrient substitute for acetate since 

previous data had shown that our strain could not grow in DM supplemented with 

acetate. Looking back to that data, we in fact found they showed succinate was a poor 

replacement for acetate. Our DM + glucose lines grew successfully for ten days, but they 

later went extinct. 

As we began checking titer daily, we noticed that the titer of the LB lines were 

suspiciously high. We discovered that our serial dilution methodology was flawed in 
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measuring titer: by reusing pipette tips between serial dilutions, more cells were carried 

between dilutions than was expected. This was anticipated to have thrown off our original 

carrying capacity measurements.  

 
Carrying Capacity Experiment II and III 
 
 We inoculated two replicates each of LB, DM+0.025g/L succinate and 

DM+0.25g/L succinate with 1μl of a shaking culture of the ancestor, containing 

approximately 6.58*105 cells, and re-estimated generations and effective population sizes 

as well as carrying capacity (Tables 1,5,7). We found that the DM+0.025g/L succinate 

lines doubled three times over 24 hours, while the DM+0.25g/L succinate lines doubled 

five times over 24 hours. Our calculations for LB were consistent with our previous 

estimates, although notably, our estimates for the titer of the ancestor grown in a 5ml 

shaking flask was ten times higher than our estimate of titer in the static 5ml well. 

 We did a second experiment in which we inoculated two replicates each of 

DM+0.025g/L glucose, DM+0.025g/L succinate and DM+0.25g/L succinate with 1000 

cells from an ancestral culture, and estimated generations, carrying capacity and effective 

population size (Tables). Our estimates for DM + glucose were consistent with our 

previous estimates. No DM + succinate colonies were seen after the 24 hour culture was 

plated at a 10-4 dilution. Taking our former results into consideration, we surmise that the 

DM + succinate lines never reached carrying capacity over 24 hours due to low growth 

rates, meaning that each day we diluted the DM + succinate lines into extinction. Our 

estimates for the titer of the ancestral shaking 5ml culture were also consistent with our 

former results. Based on this, we decided that our old result that titer was invariant 

between 5ml shaking flasks and 5ml static wells was false. Unfortunately, the results 
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from the final carrying capacity experiment do not provide much insight into why the 

DM + glucose lines finally went extinct, since they seem to show that the lines reach the 

expected carrying capacity from the 1000 cell bottleneck over 24 hours. 

Microsatellite Diversity Assay 
 

We grew cultures from freezer stocks, then prepped and concentrated plasmid 

DNA from them. We digested the plasmid DNA with HindIII and electrophoresed 

samples on 0.4mm polyacrylamide gels to compare microsatellite length between 

samples. Agarose gels failed to give the necessary resolution to distinguish single 

nucleotide differences. We found that by the 22nd day of the serial transfer experiment, 

an additional polymorphism had attained a significant frequency in the LB Large 

population in replicate A, but no comparable polymorphisms were seen in the LB Large 

population replicate B (Figure 1). We ran a second gel to compare diversity in the LB 

Small lines and to find at what point the polymorphism appeared in LB Large A. We 

found no significant polymorphism in LB Small A, a new fixed polymorphism in LB 

Small B, and that the polymorphism in the LB Large A line was detectable by the 5th day 

of passaging (Figure 2). This shows that our assay is sensitive enough to detect very 

small changes in microsatellite length. DNA sequencing will be used to confirm that 

electrophoresis can pick up 1-2bp changes in microsatellite length. It still remains to be 

shown that we can accurately detect allele frequency changes.  
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Discussion: 
 
 We completed the pilot phase of a study on the effects of standing genetic 

variation on E. coli adaptation to a novel environment. Nonetheless, there are a number 

of issues to be cleared up before the final long-term experiment, which will probably last 

for at least 1,000 bacterial generations. The foremost of these issues is the recurrent 

problem of extinctions in the Davis minimal media environments supplemented with 

glucose and succinate. Often, there are interesting cases where a seemingly 

straightforward growth medium poses a great challenge to a bacterium (7). Our data show 

that our E. coli strain, XL-1 Blue, does not reach carrying capacity in DM + succinate 

media within 24 hours. However, our current data on the DM + glucose lines are 

contradictory. Our best measurements of the growth rate and carrying capacity of the DM 

+ glucose lines show that it is able to reach carrying capacity within 24 hours. When this 

aspect of the experiment is restarted, it will be necessary to check initial and final titer 

during the first few rounds of the serial transfer to examine how growth and carrying 

capacity change over the beginning of the evolution experiment. 

 An interesting experiment would be to adapt XL-1 Blue cells to meet our 

requirements to reach carrying capacity in DM + succinate over 24 hours. By using larger 

population sizes in a larger volume of media and by using larger population bottlenecks, 

this evolution could take place fairly rapidly in the laboratory. The microsatellite marker 

might also show interesting dynamics in the adaptation of the bacterial strain to the 

media. Since the length of the polymorphism is immaterial for this study, a succinate-

adapted clone could be used to restart the study in both LB and in DM + glucose. It has 

been noted in the literature that the rate of adaptation slows over long-term evolution 
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experiments (6). Nonetheless, we expect that levels of neutral mutation should 

accumulate at a similar pace as in the DM + glucose and LB lines. It will be interesting to 

see how the rate of beneficial mutations and selective sweeps differs between 

environments using an ancestor pre-adapted to grow in DM + succinate. 

 There are several other experimental questions that we hope to pose in the future 

about standing genetic variation. How dependent is the growth of standing genetic 

variation on population size? According to theory, the expected rate of substitution of 

strictly neutral mutations depends on the mutation rate, but not population size (20). How 

dependent is the growth of standing genetic variation on the environment? The pools of 

neutral mutations accessible to the populations in each environment are probably 

different. If the size of these pools are substantially different between say, DM + 

succinate and LB, then genetic variation should accumulate faster in the less-constraining 

environment. The time it takes to build up genetic variation in each lineage should be a 

function of the neutral mutation rate, and the rate that it is depleted should be a function 

of how often selective sweeps of beneficial mutations occur. 

 Mutation rates might vary between culture conditions. It has been shown that 

stress in aging colonies can induce higher mutation rates; however, this effect is strongly 

related to bacterial genotype (4). If the nutrient-poor DM + succinate media is close to 

starvation conditions for the bacteria, mutation rate might increase. This might mean that 

polymorphisms might accumulate more rapidly in nutrient-poor lines, and it might mean 

that the proportion of the population that does well in the second environment is related 

to the stress-level of the first environment. Mutation rates between environments can be 
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measured by using an antibiotic resistance assay to measure the number of spontaneous 

resistant mutants (4). 

 One of the main questions motivating this study is whether standing genetic 

variation allows adaptation to occur faster compared to populations that use de novo 

mutation for adaptation. In our system, we can easily differentiate between adaptation 

and drift, by seeing whether one standing allele is preferentially fixed in the new 

environment, or whether alleles are fixed at random in the new environment. The worst-

case possibility is that the evolved line goes extinct in the new environment. This would 

suggest that no existing polymorphisms from the old environment are viable in the new 

environment. If this is the case, we might be able to adjust effective population size to 

increase the probability of sampling viable polymorphism. We will also compare relative 

fitness between ancestral and evolved lines in different environments to measure rates of 

adaptation between lineages. This will involve competition experiments as described by 

Lenski et al. (1). Our experimental design involved growing each lineage at 37°C in static 

cell-culture plates. The idea is to do high-throughput growth-rate assays by using a plate-

reader inside of an incubator to measure the growth rates of 96 samples at a time: 

although we grew our cultures in 6-well plates, we hope that smaller wells with the same 

depth will replicate the same growing conditions in terms of cell density; we 

conceptualize the smaller wells as “pond” slices out of the larger “lake.” 

To examine how allele frequencies change over time in bacterial populations, 

Perfeito et al. used southern blotting and radiography (10). Our approach uses high-

resolution polyacrylamide gels and staining with ethidium chloride instead: we hope to 

obtain similar data as Perfeito et al., but without the complications and risks associated 
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with radioactivity. We are considering two methods for this assay: one, sample 100 

random colonies and count alleles, and two, compare relative band strength of alleles 

taken from a culture sample. The first method has a smaller sample size and is more time-

intensive, while the second may be less sensitive to alleles at low frequencies. 

Accordingly, we plan to accurately characterize our assay’s sensitivity. To do this, we 

will prepare DNA from the current endpoints of the LB Small lines (as the 

polymorphisms differ in length), and run known concentration standards in ratios of 

1:100 to 1:1. Using band densitometry image processing software, we will be able to 

determine the sensitivity of our current methods. 

 As currently designed, the experiment is symmetrical over the different 

environments: DM-evolved lines are transferred into LB environments, and vice-versa. 

This leads to an interesting question: do parallel mutations occur, or are most mutations 

compensatory? S. J. Gould has argued for the great importance of historical contingency. 

His thought experiment, “relaying life’s tape,” is aimed at testing the repeatability of 

evolution and the roles of adaptation, chance and history (11). The two replicates in my 

experiment thus offer a limited medium to explore the role of history in the adaptation to 

the novel environment. Looking for parallel or compensatory mutations will probably 

require genome resequencing, or the sequencing of particular loci to find changes in 

genes of interest. Whole genome resequencing has previously been used to track the 

acquisition and fixation of de novo beneficial mutations during E. coli adaptation to 

glycerol-based media (7). Although expensive, it offers a look at the genetic machinery 

that underlies fitness in different environments.  
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 This system also provides an opportunity to probe GxE interactions. It has been 

previously shown that significant GxE interactions occur between mutations and nutrient 

resources (17). Some of the neutral variation in the old environments will become 

beneficial, other mutations will become deleterious, and others will remain neutral. We 

will be able to see how the ranking and variability of fitness of different mutants in the 

old environment change when placed in the new environment. Is the most common 

genotype in the old environment still the most common after adaptation to the new 

environment? 

      Changing environments might also affect the ruggedness of the fitness landscape and 

thus the mutational paths taken by the population. Fitness landscapes have been shown to 

be rugged in fixed environments in bacteriophage, with fitness valleys between local 

fitness maxima on the landscape (15). Past work has examined the evolution of mutants 

with trade-offs in fitness in different environments (13), but we are not aware of previous 

work examining the evolution of mutants with identical fitness in one environment, and 

differential fitness in a second environment. Conceptually, genotypes and the 

environment together map to phenotypes. In this sense, the landscape that one measures 

in a single, fixed environment is a cross-section of this f(genotype, environment) fitness 

surface. If GxE changes the rank ordering of fit genotypes between environments, it 

might stall or reverse the trajectory a population would be predicted to take in a constant 

environment. If GxE changes the variability in fitness between genotypes while 

preserving the rank ordering, it might change the speed at which mutations fix in the 

population (17). These are two possibilities for how changing environments may have 
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important effects on the ruggedness of the fitness landscape and the mutational paths 

taken by populations. 

 Another way of asking the question of how mutational paths change between 

environments in a population with standing genetic variation is the following: how do the 

sets of available beneficial mutations and neutral mutations change in different 

environments? This question is very difficult to answer since our sampling is 

undoubtedly much smaller than these sets of mutations. But given our comparison to our 

control lines, which have been steadying evolving in the media, we can examine which 

mutations fix in the transferred line, and as previously noted, we can see whether these 

mutations have arisen de novo or have been part of the standing genetic variation. Still, 

extrapolating this information to describe the existing sets of beneficial and neutral 

mutations is undeniably challenging.  

 Breaking down natural environments into the constitutive elements that affect 

organisms is a Sisyphean task. Still, understanding the GxE interactions that occur 

between simple homogeneous environments and populations of microbes may have 

interesting applications to synthetic biology. It has been noted that one of the major 

problems with synthetic biological circuits is how quickly they degrade due to both 

mutation and selection. Loss of function has been linked to adaptation in minimal media 

environments (20). Mutation may knock out the function of a synthetic circuit, and 

assuming that a functional circuit places a metabolic load on the cell, a genotype with a 

nonfunctional copy of the circuit will quickly fix in the population (21). Understanding 

how genotypes interact with the environment is crucial to solving this problem. The 
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solution lies in designing the environment alongside the genotype, making sure that the 

synthetic circuit provides a fitness advantage for the organism. 

 Understanding GxE interactions is also important in studying niche partitioning 

and speciation. Cooper and Lenski showed that antagonistic pleiotropy may be an 

important force leading to ecological specialization in microbial populations living in 

minimal media, antagonistic pleiotropy referring to mutations that are beneficial in one 

environment but deleterious in another (20). In rich environments, a genotype might 

specialize on a rich energy source and excrete another, perhaps leading to the selection of 

cross-feeding genotypes in the population. Imhof and Schlötterer claim to have visualized 

clonal interference in their allele frequency histograms, but they do not address the 

number of low frequency alleles that are not affected by this sweep. Can this result be 

explained by the incidence of cross-feeding genotypes?  

We can disentangle many of these different effects in our experiment. By 

comparing evolution in nutrient-rich media (LB) to evolution in nutrient-poor media (DM 

+ succinate), we hope to resolve this cross-feeding question. DM + succinate cannot be 

oxidized much further, eliminating the possibility of cross-feeding on by-products. If 

cross-feeding does occur in LB, we expect to see selective sweeps in DM + succinate that 

destroy variation more completely than in the sweeps we observe in LB. We can also 

compare the relative effects of antagonistic pleiotropy in our nutrient-rich and our 

nutrient-poor media. Lines adapted in poor media will probably have a difficult time 

adapting to other poor media, while this should not be a problem for lines adapted in rich 

media. This sort of result would support the hypothesis that trade-offs in competitive 

ability drive adaptive radiation (5). 
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Figures and Tables: 

 
 
Figure 1: 
 

 
 
 
From left to right: 
Lane 1: LB Large B 22 
Lane 2: LB Large A 22 
Lane 3: LB Large B 22 
Lane 4: LB Large A 22 
Lane 5: Ancestor 
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Figure 2: 
 

 
 
 
From left to right: 
Lane 1: LB Small B 25 
Lane 2: LB Small A 25 
Lane 3: LB Large A 20 
Lane 4: LB Large A 15 
Lane 5: LB Large A 10 
Lane 6: LB Large A 10 (problems with loading) 
Lane 7: LB Large A 5 
Lane 8: Ancestor 
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Tables: 
 
 
Table 1: Carrying capacity measurements 
 

 LB: 5ml 
shaking 
flask 

LB: 5ml 
static 
plate 

DM+0.025g/L 
glucose 

DM+0.025g/L 
succinate 

DM+0.25g/L 
glucose 

DM+0.25g/L 
succinate 

Original 
Carrying 
Capacity 

1.01*108 1.01*108 7.53*105 1.01*106 6.21*105 8.07*105 

Revised 
Carrying 
Capacity 

2.84*109 2.93*108 2.85*105 4.30*106 N/A 1.78*107 

 
 
 
 
 
Table 2: Original Dilution Measurements 

 
 
 
 
 
Table 3: Revised Dilution Measurements 

 
 
 
 
 
 
 
 
 
 
 

 LB DM+0.025g/L 
glucose 

DM+0.025g/L 
succinate 

DM+0.25g/L 
glucose 

DM+0.25g/L 
succinate 

Nbottleneck = 106 9.90*10-3 1.33 9.90*10-1 1.61 1.24 
Nbottleneck = 103 9.90*10-6 1.33*10-3 9.90*10-4 1.61*10-3 1.24*10-3 

 LB DM+0.025g/L 
glucose 

DM+0.025g/L 
succinate 

DM+0.25g/L 
glucose 

DM+0.25g/L 
succinate 

Nbottleneck = 106 3.41*10-3 3.51 2.33*10-1 N/A 5.62*10-2 

Nbottleneck = 103 3.41*10-6
 3.51*10-3 2.33*10-4 N/A 5.62*10-5 
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Table 4: Original Measurements of Generations per Dilution 

 
 
 
 
 
Table 5: Revised Measurements of Generations per Dilution 

 
 
 
 
 
Table 6: Original Measurements of Effective Population Size 
 

 
 
 
 
 
Table 7: Revised Measurements of Effective Population Size 

 
 
 
 
 
 
 
 

 LB DM+0.025g/L 
glucose 

DM+0.025g/L 
succinate 

DM+0.25g/L 
glucose 

DM+0.25g/L 
succinate 

Nbottleneck = 106 6.6 N/A N/A N/A N/A 
Nbottleneck = 103 16.6 10.3 10.0 10.6 10.3 

 LB DM+0.025g/L 
glucose 

DM+0.025g/L 
succinate 

DM+0.25g/L 
glucose 

DM+0.25g/L 
succinate 

Nbottleneck = 106 8.2 N/A N/A N/A N/A 
Nbottleneck = 103 18.2 7.8 2.7 N/A 4.7 

 LB DM+0.025g/L 
glucose 

DM+0.025g/L 
succinate 

DM+0.25g/L 
glucose 

DM+0.25g/L 
succinate 

Nbottleneck = 106 6.64*106 N/A N/A N/A N/A 
Nbottleneck = 103 1.66*104 1.03*104 1.00*104 1.06*104 1.03*104 

 LB DM+0.025g/L 
glucose 

DM+0.025g/L 
succinate 

DM+0.25g/L 
glucose 

DM+0.25g/L 
succinate 

Nbottleneck = 106 8.20*106 N/A N/A N/A N/A 
Nbottleneck = 103 1.82*104 7.81*103 1.21*104 N/A 1.41*104 
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