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ABSTRACT  20 

Experimental evolution is an approach that allows researchers to study organisms as they evolve in 21 

controlled environments. Despite the growing popularity of this approach, there are conceptual gaps 22 

among projects that use different experimental designs. One such gap concerns the contributions to 23 

adaptation of genetic variation present at the start of an experiment and that of new mutations that 24 

arise during an experiment. The primary source of genetic variation has historically depended largely 25 

on the study organisms. In the long-term evolution experiment (LTEE) using Escherichia coli, for 26 

example, each population started from a single haploid cell, and therefore adaptation depended 27 

entirely on new mutations. Most other microbial evolution experiments have followed the same 28 

strategy. By contrast, evolution experiments using multicellular, sexually-reproducing organisms 29 

typically start with pre-existing variation that fuels the response to selection. New mutations may 30 

also come into play in later generations of these experiments, but it is generally difficult to quantify 31 

their contribution in these studies. Here, we performed an experiment using E. coli to compare the 32 

contributions of initial genetic variation and new mutations to adaptation in a new environment. Our 33 

experiment had four treatments that varied in their starting diversity, with 18 populations in each 34 

treatment. One treatment depended entirely on new mutations, while the other three began with 35 

mixtures of clones, whole-population samples, or mixtures of whole-population samples from the 36 

LTEE. We tracked a genetic marker associated with different founders in two treatments. These data 37 

revealed significant variation in fitness among the founders, and that variation impacted evolution in 38 

the early generations of our experiment. However, there were no differences in fitness among the 39 
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treatments after 500 or 2000 generations in the new environment, despite the variation in fitness 40 

among the founders. These results indicate that new mutations quickly overcame, and eventually 41 

contributed more to adaptation, than did the initial variation. Our study thus shows that pre-existing 42 

genetic variation can have a strong impact on early evolution in a new environment, but new 43 

beneficial mutations may contribute more to later evolution and can even drive some initially 44 

beneficial variants to extinction. 45 

 46 

INTRODUCTION 47 

Some basic evolutionary issues can lead to misunderstandings and confusion, even among experts. 48 

One such issue concerns the contributions of standing genetic variation and new mutations to the 49 

process of adaptation by natural selection in a new environment. In this context, standing genetic 50 

variation includes those alleles that existed in a population before it encountered selection in the new 51 

environment, whereas new mutations are those alleles that arose after that selection began. It is a 52 

vexing problem because all genetic variation starts as new mutations and later can become standing 53 

variation, but the timing is important for understanding both the dynamics of evolutionary change 54 

within any single lineage and the repeatability of evolutionary outcomes across multiple lineages. 55 

With respect to the repeatability of evolution, Stern (2013) proposed the new term “collateral 56 

evolution” in juxtaposition with the more familiar idea of “parallel evolution” to emphasize how 57 

these different sources of genetic variation could lead to repeatable outcomes. Collateral evolution 58 

occurs when repeatable phenotypic changes evolve from standing variation in a common ancestral 59 

gene pool (i.e., variation that is identical by descent), whereas parallel evolution occurs when the 60 

similar phenotypes originate from independent mutational events (i.e., new mutations).  61 

There is no single “right” answer in terms of the relative importance of standing variation and new 62 

mutations because both can contribute sequentially, simultaneously, and even synergistically to the 63 

process of adaptation by natural selection. But the ways that we do science—both conceptually and 64 

empirically—often lead us to emphasize one or the other source of genetic variation. In the long-term 65 

evolution experiment (LTEE) using E. coli, for example, new mutations are emphasized because 66 

each replicate population was founded from a single haploid cell of the ancestral strain in order to 67 

ensure that any repeatable outcomes result from independent mutations and hence parallel, rather 68 

than collateral, evolution (Lenski et al., 1991; Tenaillon et al., 2016; Lenski, 2017a). Hence, there 69 

was no standing variation at the start of the LTEE, and all of the genetic variation was produced by 70 

new mutations after the experiment began. Much of the work in the field of experimental evolution 71 

now follows the same mutation-dependent strategy, including most studies that use microorganisms 72 

(Tenaillon et al., 2012; González et al., 2015; Johnson et al., 2021). However, that approach is 73 

generally not followed in evolution experiments that use multicellular, sexually-reproducing plants 74 

and animals (Scarcelli and Kover, 2009; Burke et al., 2010; Schulte et al., 2010), for two largely 75 

practical reasons. First, quantitative genetics theory, which was developed for sexual plants and 76 

animals, presumes within-population genetic variation (Roff, 1997). That theory has guided artificial 77 

selection experiments to produce organisms with beneficial phenotypes for agricultural and other 78 

human applications (Hill and Caballero, 1992; Wright et al., 2005; Akey et al., 2010). By starting 79 

experiments with large, outbred populations that harbor abundant standing genetic variation, plant 80 

and animal breeders can improve traits more quickly than with small, inbred populations that lack 81 

diversity. Thus, most quantitative-genetic theories and applications presume that adaptation relies on 82 

standing variation, whereas the input from new mutations is typically ignored or abstracted (Roff, 83 

1997). Second, the long generation times and small population sizes of larger organisms make 84 
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evolution experiments that depend on new mutations (e.g., using near-isogenic inbred lines) 85 

impractical in most cases. Some studies using isogenic Drosophila populations failed to observe 86 

repeatable evolutionary changes (Harshman and Hoffmann, 2000), and relying on new mutations for 87 

adaptation in populations with long generation times requires experiments that are longer than most 88 

researchers are willing to perform (Izutsu et al., 2012). Therefore, researchers studying animals and 89 

plants usually start with outbred populations that harbor abundant genetic variation, and thus they 90 

have largely observed collateral evolution with respect to the repeatability of changes across replicate 91 

populations (Rose, 1984; Hoffmann et al., 2003; Mery and Kawecki, 2002; Barrett et al., 2008; 92 

Scarcelli and Kover, 2009; Burke et al., 2010; Schulte et al., 2010; Zhou et al., 2011; Graves et al., 93 

2017).  94 

In this study, we directly compare the rates of adaptation based on standing genetic variation versus 95 

new mutations, in order to fill the gap among studies using different model systems. To that end, we 96 

used various sets of bacteria from the LTEE as founders, and we then propagated them in a novel 97 

environment in which D-serine replaced glucose as the limiting resource. We chose D-serine for 98 

several reasons. First, as an amino acid, D-serine provides a rather different source of carbon and 99 

energy from glucose, which should offer substantial opportunity for adaptation. Second, the LTEE-100 

derived bacteria can grow at a sufficient rate on D-serine to sustain populations under the 100-fold 101 

daily dilution regime used in the LTEE. Third, previous work showed that the LTEE-derived lines 102 

diverged from one another in their growth on D-serine (Leiby and Marx, 2014), and that variation 103 

could fuel a response to selection in the new environment. 104 

We had 18 populations in each of four treatments (Figure 1). In the Single-Clone (SC) treatment, 105 

each population started from a single clone sampled from one of six LTEE populations. In the 106 

Single-Population (SP) treatment, each population started from an entire LTEE population and all of 107 

the genetic variation present in that population. In the Mixed-Clones (MC) treatment, each 108 

population started as an admixture of the six SC founding clones. Finally, in the Mixed-Populations 109 

(MP) treatment, each population started as an admixture of the six SP founding populations. Thus, 110 

the SC populations did not have any initial within-population genetic variation, and therefore they 111 

relied entirely on new mutations for their evolution. The SP populations began with both the common 112 

and rare alleles present at a moment in time in one of the LTEE populations. The MC populations 113 

began with six clones with approximately equal initial frequencies. The MP populations started with 114 

the most diversity, harboring essentially all of the genetic variation present in the other three 115 

treatments at the beginning of the evolution experiment. All 72 populations evolved for 2,000 116 

generations (300 days) in the novel environment, with D-serine as their source of carbon and energy. 117 

Using stocks that we froze during the evolution experiment, we subsequently performed competition 118 

assays to measure the fitness of the evolved bacteria relative to common competitors, which allowed 119 

us to compare the extent of fitness gains among the four treatments. We also tracked a genetic marker 120 

embedded in our experiment, which allowed us to observe important dynamics especially during the 121 

first 100 generations or so of our experiment.   122 

 123 

MATERIALS AND METHODS 124 

Evolution Experiment in the D-Serine Environment  125 

We used six whole-population samples and six clones from generation 50,000 of the LTEE as the 126 

founders for our new evolution experiment (Supplementary File 1). The populations are those named 127 

Ara–1, Ara–4, Ara–5, Ara–6, Ara+2, and Ara+5, and from those same populations we used the 128 
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designated “A” clones that were previously isolated. The whole-population samples and clones were 129 

stored at –80°C, where they have remained viable and available for future studies. Two of the six 130 

populations (Ara–1 and Ara–4) evolved hypermutability, while the other four retained the low 131 

ancestral mutation rate. Before starting our evolution experiment, we re-isolated clones from the 132 

freezer stocks for the six A clones on Davis minimal (DM) agar plates supplemented with 4 mg/mL 133 

glucose to ensure the genetic homogeneity of the clonal ancestors. Both the re-isolated clones and 134 

120 μL of each whole-population sample were inoculated into 50-mL Erlenmeyer flasks containing 135 

9.9 mL of DM medium supplemented with 1000 μg/mL glucose. These cultures were incubated for 136 

24 h in a shaking incubator at 37°C and 120 rpm. They were then frozen at –80ºC with glycerol as a 137 

cryoprotectant, in order to generate and preserve samples of the precise ancestral stocks we used for 138 

our evolution experiment.  139 

The new evolution experiment itself was begun as follows. On day –2, we inoculated 0.1 mL of each 140 

ancestral stock into 9.9 mL of DM medium supplemented with 2000 μg/mL glucose. We incubated 141 

these cultures for 24 h in the same conditions as described above. On day –1, we diluted a portion of 142 

each culture 100-fold into isotonic saline solution (8 g/L sodium chloride), and then transferred 0.1 143 

mL of the diluted culture into 9.9 mL of DM medium supplemented with 25 μg/mL glucose (the 144 

same medium as used in the LTEE), and then incubated the cultures for 24 h. On day 0, we took 2 145 

mL from each of the 6 clonal cultures, mixed them well in a flask, and made a starter mix for the MC 146 

treatment. We made a similar mix for the MP treatment. We then transferred 0.1 mL of each culture 147 

into 9.9 mL of DM medium with 150 μg/mL D-serine (DS150) in an 18 x 150 mm test-tube, 148 

vortexed the culture, and then incubated the cultures for 24 h in a standing incubator at 37°C.  We 149 

prepared 3 biological replicates from each of the 6 clonal and population cultures, making a total of 150 

18 evolving populations in the SC and SP treatments (Figure 1). In those treatments, six sets of three 151 

populations shared the same initial genetic background (SC treatment) or the same initial genetic 152 

diversity (SP treatment). We also started 18 populations from the clonal starter-mix for the MC 153 

treatment, and 18 populations from the population starter-mix for the MP treatment (Figure 1). The 154 

18 populations in the MC treatment share the same set of initial genetic backgrounds, and the 155 

populations in the MP treatment share their initial genetic diversity, although very rare alleles might 156 

have been distributed unevenly, by chance, among the replicates of these treatments at the start of the 157 

evolution experiment.  158 

Each SC population was derived from a single colony and hence from one haploid cell. When we say 159 

the SC populations had no initial variation, that was precisely true at the moment the colony began to 160 

grow. Of course, as a colony grows, some mutations invariably occur. Consider a large colony of 161 

~109 cells. Excluding the lineages that became hypermutable, the E. coli in the LTEE have a point-162 

mutation rate of ~10–10 per bp (Wielgoss et al., 2011) and a genome length of ~5  106 bp (Jeong et 163 

al., 2009). Thus, one expects ~5  105 mutations to occur during the growth of that colony. Although 164 

this number is large, several points should be kept in mind. (i) The first point mutation will typically 165 

occur only when the colony reaches ~103 cells, most mutations happen in the last few cell divisions 166 

in a growing colony, and at the end the great majority (~99.9%) of cells still have no mutations. (ii) 167 

Metagenomic analyses of the LTEE reveal substantial genetic diversity within evolving populations 168 

(Barrick and Lenski, 2009; Good et al., 2017), whereas no meaningful variation is seen when clones 169 

are sequenced with comparable coverage (Barrick and Lenski, 2009). (iii) Clones from different 170 

LTEE populations at 50,000 generations differ in all cases by more than 100 mutations (Tenaillon et 171 

al., 2016). (iv) Useful measures of genetic variation reflect not only the number of genotypes but also 172 

their relative abundance. This point is critical for understanding adaptive evolution, because a 173 

population’s rate of improvement depends on its genetic variation in fitness, which is higher when 174 

competing genotypes are equally abundant than when one type dominates and others are rare (Fisher, 175 
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1930; Lenski et al., 1991). By mixing several clones or populations equally, as we do in the MC and 176 

MP treatments, the resulting variation is maximal. Thus, we can say unequivocally that populations 177 

in the MP treatment have the most initial variation, those in the SC treatment have the least variation, 178 

and populations in the MC and SP treatments have intermediate levels of initial variation. It is 179 

immaterial to our results whether some mutations in SC populations occurred during the growth of a 180 

colony just prior to the start of our evolution experiment or during the experiment proper.  181 

We transferred the 72 populations (18 populations × 4 treatments) in 9.9 mL of fresh DS150 medium 182 

in test-tubes daily, following the same 100-fold dilution protocol for 300 days. In this environment, 183 

the populations reach a stationary-phase density of ~5 × 107 cells/mL and total size of ~5 × 108 cells. 184 

The bottleneck population size after the 100-fold dilutions is thus ~5 × 106 cells. These values are 185 

essentially the same as those for the glucose-limited LTEE populations. We froze samples of each 186 

population at –80ºC with glycerol as a cryoprotectant every 15 days through day 165, and then every 187 

15 or 30 days through day 300. We also froze the remaining volume of each culture from day 0. 188 

During the evolution experiment, we diluted and spread cells from each population on tetrazolium 189 

arabinose (TA) indicator agar plates every 15 days to check for possible cross-contamination among 190 

the populations in the SC and SP treatments, where each population derived from either an Ara– or 191 

Ara+ lineage. We did not find any evidence of contamination during the 300 days of our evolution 192 

experiment. The populations in the MC and MP treatments had lineages with both marker states at 193 

the start, and we tracked the marker ratio in those populations for evidence of changing ratios, which 194 

would indicate fitness differences among the heterogenous founders and their descendants in these 195 

populations. To that end, we plated samples from the populations in the MC and MP treatments every 196 

other day until day 15, then every three days until day 45, and finally every five days until day 300. 197 

There was one interruption in the experiment at day 75. When we restarted the populations from the 198 

frozen samples, we plated all of them for the first three days to check whether freezing and reviving 199 

the samples altered the relative abundance of the marker states in the MC and MP populations with 200 

mixed ancestry. We did not see any substantial changes in the marker ratios, indicating that these 201 

steps did not substantially perturb the evolution experiment. Moreover, these procedures were 202 

applied to the populations in all four treatments, and thus they would not systematically bias the 203 

outcome.  204 

Fitness Measurements 205 

We isolated clones from each population at generations 500 and 2000 (i.e., days 75 and 300, 206 

Supplementary File 1) on DM agar plates with 900 μg/mL D-serine, and we re-streaked the clones on 207 

TA plates to confirm their Ara marker state. The clones were chosen at random, except that each 208 

clone had the numerically dominant marker state for its source population at these time points for the 209 

MC and MP treatments. We then isolated Ara+ mutants of several Ara– clones from generation 500 to 210 

identify potential common competitors with intermediate fitness relative to other clones from 211 

generations 0 to 2000. Using a single pair of common competitors (isogenic except for the Ara 212 

marker state) for the fitness assays simplifies procedures and inferences, and having intermediate 213 

fitness allows accurate estimates across a wide range of fitness values. We chose MI2228 and an 214 

Ara+ revertant MI2339 as the common competitors for the main set of fitness assays (Supplementary 215 

File 1). MI2228 and MI2339 have equal fitness in DS150 medium, which indicates that the Ara+ 216 

mutation is selectively neutral in that environment. 217 

On day –2 of the assays, we transferred 0.1 mL from each competitor’s freezer stock into 9.9 mL of 218 

Lysogeny Broth (LB) in a 50-mL Erlenmeyer flask, and we incubated the cultures overnight at 37°C 219 
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and 120 rpm. At day –1, we diluted each culture 100-fold in saline solution, transferred 0.1 mL into 220 

9.9 mL of DS150 medium in a test-tube, vortexed it, and then incubated the cultures for 24 h in a 221 

standing incubator at 37°C. This day served as the conditioning step to ensure that competitors were 222 

acclimated to the environment where they would compete, and where the experimental populations 223 

had evolved. The rest of the procedure is the same as described elsewhere for the LTEE (Lenski et 224 

al., 1991; Wiser et al., 2013), except for the medium and culture vessel. In brief, we always competed 225 

the common competitor with the opposite marker state from the clone of interest. We transferred 0.05 226 

mL of each competitor’s acclimated culture into 9.9 mL of DS150, and vortexed the new culture to 227 

mix the two competitors. We immediately took a sample, diluted it in saline solution, and plated cells 228 

on TA agar. The cultures were incubated for 24 h, at which time we again sampled the cultures and 229 

plated cells on TA agar. The resulting red (Ara–) and white (Ara+) colonies were counted after the 230 

plates were incubated for a day at 37°C. We calculated each competitor’s realized growth rate as the 231 

log-transformed ratio of its final and initial densities. We then computed the fitness of the clone of 232 

interest relative to the common competitor as the ratio of their growth rates during the competition. 233 

We used the generation 0 stocks multiple times for estimating initial fitness levels. We have only 12 234 

generation 0 stocks because we used the same six clones for the three replicates of each clone in the 235 

SC treatment, and the same six whole-population samples for the three replicates of each population 236 

in the SP treatment. The populations in the MC and MP treatments were derived from their 237 

respective starter mixes. We cannot measure the fitness of samples that contain both Ara– and Ara+ 238 

cells using our method, which relies on a common competitor with the opposite marker state. 239 

Therefore, we used the same six clonal stocks at generation 0 for both the SC and MC treatments, 240 

and the same six population stocks at generation 0 for both the SP and MP treatments, and for all 241 

three replicates. 242 

We also ran a second set of competition assays using the LTEE ancestors, REL606 and REL607, as 243 

common competitors. For these assays only, we used a 1:4 starting ratio at day 0, instead of the 1:1 244 

starting ratio described above, because of the substantially lower fitness of the LTEE ancestors in 245 

comparison to the common competitors used above. Specifically, we began each competition assay 246 

by mixing 0.08 mL of REL606 or REL607 and 0.02 mL of the strain of interest in the test-tube 247 

containing the DS150 medium. The assay conditions and the calculations of relative fitness were 248 

otherwise the same. 249 

Statistical Analyses  250 

All of our statistical analyses were performed using the referenced tests in R version 4.2.0. The 251 

analysis scripts and underlying data will be deposited in the Dryad Repository upon acceptance of 252 

this paper.  253 

 254 

RESULTS 255 

Effect of Initial Variation on Fitness Improvement 256 

To assess the effect of the initial within-population diversity on adaptation to the new environment, 257 

we measured the relative fitness of the evolved bacteria by competing them against the common 258 

competitor strains. We cannot measure fitness of the entire evolved populations using our method, 259 

however, because that method requires mixing the evolved bacteria with the common competitor 260 

strain bearing the alternative Ara marker, and some populations in the MC and MP treatments had 261 
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descendants of lineages with both marker states. Therefore, we isolated random clones at generations 262 

500 and 2000 as representatives of each population, and we measured their fitness. For generation 0, 263 

we used the stocks of the founder clones and populations that we froze immediately after the start of 264 

the evolution experiment. We used the six clone stocks that we had used to found populations in the 265 

SC and MC treatments as the generation 0 samples for those treatments, and we used the six whole-266 

population stocks used to found populations in the SP and MP treatments as the generation 0 samples 267 

for those treatments. As a consequence, the generation 0 samples for the SC and MC treatments are 268 

technically identical, as are those for the SP and MP treatment.  269 

Figure 2 shows the trajectories of the ln-transformed relative fitness values for the four treatments. 270 

As a reminder, the replicate populations in the SC and SP treatments had six different founding 271 

backgrounds. In contrast, the replicate populations in the MC and MP treatments originated from the 272 

same starter mix of six clones or six whole populations, respectively, and thus the replicates in those 273 

treatments shared the same founding backgrounds and diversity. The rate of increase in relative 274 

fitness clearly slowed over time in the D-serine environment (Figure 2). That deceleration is similar 275 

to what was seen during the first 2,000 generations in the glucose-limited environment of the LTEE 276 

(Lenski et al., 1991), and it is indicative of diminishing-returns epistasis (Wiser et al., 2013).  277 

Most importantly for our aims and questions, we found no significant difference in fitness among the 278 

four treatments at either generation 500 or 2000 (p = 0.2300 and p = 0.7213, respectively; one-way 279 

ANOVA, Table S1). The absence of meaningful differences among the treatments in the rate and 280 

extent of their adaptation was surprising to us, given the different levels of within-population genetic 281 

diversity at the beginning of the experiment. One possible explanation for the negative results with 282 

respect to differences in the final fitness values is that the initial variation present in treatments SP, 283 

MC, and MP did not include alleles that were sufficiently beneficial in the novel environment relative 284 

to new mutations. In other words, the populations in all four treatments ultimately depended on new 285 

mutations for adaptation to the novel D-serine medium, regardless of the different levels of initial 286 

genetic diversity. In the sections that follow, we present and examine additional data that helps to 287 

explain this result.  288 

Marker Trajectories During the Evolution Experiment 289 

We tracked the relative abundance of the two Ara marker states in all treatments during the evolution 290 

experiment (Figures 3 and S2). The populations in the SC and SP treatments began with a single 291 

marker state; in these populations, checking the marker states allowed us to check for cross-292 

contamination, which we did not see. The populations in the MC and MP treatments began with a 293 

mix of the two marker states. By tracking the relative abundance of the two states in those 294 

populations, we could observe the effects of both initial fitness variation linked to the markers and 295 

later beneficial mutations that gave rise to selective sweeps. The MC and MP treatments started with 296 

equal culture volumes of four Ara– lineages and two Ara+ lineages; therefore, the log-transformed 297 

ratios of Ara– to Ara+ cells were initially > 0 for all of the populations in those treatments (Figures 3 298 

and S2). 299 

We observed strikingly similar marker trajectories among the 18 replicate populations in the MC and 300 

MP treatments, especially during the first ~100 generations (Figures 3 and S2). Despite the initially 301 

greater number of Ara– lineages, cells derived from one or more Ara+ lineages increased in relative 302 

abundance in all 36 populations. By 30-50 generations, the Ara+ cells were numerically dominant in 303 

all 18 MP populations and in most MC populations as well (Figure 3). These initial “bursts” imply 304 

that one or more of the Ara+ clones and populations initially present in the MC and MP treatments 305 
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were substantially more fit than the Ara– clones and populations. We will return to this point in the 306 

next section. 307 

By generation 100, all 18 populations in the MC treatment, and most of the MP populations, had 308 

reversed course, with descendants of one or more Ara– lineages rising sharply in abundance relative 309 

to the Ara+ descendants (Figure 3). The Ara– descendants remained numerically dominant through 310 

the first 500 generations in all 18 MC populations (Figure 3, top), and they evidently fixed in all 18 311 

cases by 2,000 generations (Figure S2, top). By contrast, the later marker-ratio trajectories of the MP 312 

populations were much more variable. Descendants of Ara– founders were usually more abundant 313 

through the first 500 generations, but with tremendous dispersion between the trajectories (Figure 3, 314 

bottom). By 2,000 generations, most MP populations had also evidently fixed one of the marker 315 

states, but with several fixations in each direction (Figure S2, bottom).      316 

The marker-ratio trajectories also show that bursts leading to the early rise of cells derived from one 317 

or more Ara+ lineages were much steeper for the populations in the MP treatment than for those in 318 

the MC treatment. While the initial ratios were virtually identical, at generation 47 (day 7) the mean 319 

log2 ratios were –0.825 and –7.004 for the MC and MP treatments, respectively, even excluding two 320 

MP populations without any Ara– cells among the hundreds sampled. In fact, all 18 MP populations 321 

had a much lower ratio than any of the 18 MC populations, a difference that is highly significant (p 322 

<< 0.0001; two-tailed Welch’s t-test). We chose day 7 for this comparison because that is when the 323 

MC treatment showed the lowest average log ratio, although several adjacent days show a similarly 324 

stark difference between these two treatments.  325 

In summary, we observed strikingly similar marker trajectories among the replicate populations in 326 

the MC and MP treatments in the early generations of our evolution experiment. Given the inevitable 327 

genetic linkage in asexual populations, this pattern implies that the metagenomes of the populations 328 

also evolved in parallel during this early phase. Moreover, this parallelism indicates that selection 329 

acted on shared genetic variation present in these populations at the start of experiment (i.e., identical 330 

by descent). It is reminiscent of the repeatability observed in previous evolution experiments with 331 

other organisms that were also founded by populations with shared initial variation (Burke et al., 332 

2014).  333 

Fitness Differences Among the Founder Clones and Populations 334 

We examined the relative fitness values of the six founding populations and the six founding clones 335 

to better understand the similar early marker trajectories seen among the replicate populations in the 336 

MP and MC treatments, as well the difference between those treatments in the slope of those early 337 

trajectories (Figure 3). For these analyses, we use the same data as the generation 0 data that 338 

underlies the grand means for each treatment in the fitness trajectories (Figure 2). 339 

Given the consistent marker-ratio trajectories towards the Ara+ marker state, we expect to see that 340 

one or both of the Ara+ founders had the highest fitness. Also, given that the early trend toward the 341 

Ara+ state was much faster in the MP treatment than in the MC treatment, we expect that fitness 342 

differential to be greater among the whole-population founders than among the clonal founders. 343 

Figure 4 shows the relative fitness of the founding populations (panel A) and clones (panel B). In 344 

each panel, note that we have arranged the founders from the lowest to highest relative fitness.  345 

Focusing first on the whole-population data (Figure 4A), we see that both of the Ara+ founders have 346 

higher mean fitness than any of the Ara– founders in the DS150 environment. An ANOVA confirms 347 

that there is significant variation in fitness among the founders (p < 0.0001, Table S2, top), and 348 
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Tukey’s test confirms that the Ara+5 whole-population founders are significantly more fit than any of 349 

the Ara– founders. These results thus support our expectation from the marker trajectories that one or 350 

both of the Ara+ founders had the highest fitness. 351 

When we look at the corresponding data for the clonal founders, we see a more ambiguous pattern 352 

(Figure 4B). The relative fitness levels of the clones are more similar; four clones (two Ara+ and Ara–353 

) are virtually identical to one another and slightly higher than two others (both Ara–). An ANOVA 354 

confirms that there is significant difference in fitness among the clone founders (p = 0.0004, Table 355 

S2, bottom), while Tukey’s test finds no significant difference in fitness among the several most fit 356 

founder clones. 357 

Based on the ANOVAs, we estimated the among-founder variance components, VA, for fitness in 358 

these two treatments (Sokal and Rohlf, 1995). That founding variation is what would fuel the earliest 359 

response to selection in the evolution experiment before new mutations have had enough time to 360 

become relevant. As expected, the estimated variance in fitness among the whole-population 361 

founders (VA = 0.0052, 95% CI 0.0019 to 0.0329) is much greater than among the clonal founders (VA 362 

= 0.0009, 95% CI 0.0002 to 0.0068). 363 

We also performed an additional set of competition assays to estimate the fitness of the founders of 364 

our evolution experiment relative to a different pair of common competitors. In this case, we 365 

competed the six founders of whole-populations and clones against the marked ancestors of the 366 

LTEE (Figure S3). The founders generally had higher fitness relative to the LTEE ancestors than 367 

relative to the common competitors used in our other assays. Therefore, we used a 1:4 starting ratio 368 

of the founders relative to the LTEE ancestors, instead of the 1:1 starting ratio used in the other 369 

competitions (Materials and Methods). Otherwise, the assay conditions and calculations of relative 370 

fitness as the ratio of realized growth rates were the same. We also arranged and analyzed these data 371 

as before.  372 

These additional data also support one of our two expectations based on the marker trajectories, 373 

namely, that one Ara+ founder had higher fitness than any of the Ara– founders. In this case, we see 374 

that Ara+5 has the highest mean fitness among both the whole-population (Figure S3A) and clonal 375 

(Figure S3B) founders. The results of the Tukey tests confirm that Ara+5 had significantly higher 376 

fitness than all other whole-population founders and higher fitness than all but one clonal founder. 377 

The ANOVAs indicate significant variation in fitness among both the whole-population (Table S3, 378 

top) and clonal (Table S3, bottom) founders. However, the variation in fitness is not greater among 379 

the whole-population founders than among the clonal founders. The estimated among-founder 380 

variance component for fitness for the whole-population founders (VA = 0.0274, 95% CI 0.0084 to 381 

0.1795) is essentially identical to the variance among the clonal founders (VA = 0.0269, 95% CI 382 

0.0090 to 0.1718).  383 

Across the four sets of competitions (founder clones and whole populations, against two pairs of 384 

common competitors), we find that the founders derived from LTEE population Ara+5 had the 385 

highest fitness in three of these sets (Figures 4A, S3A, and S3B), while they were tied for the highest 386 

fitness in one set (Figure 4B). These results clearly imply that the early trends toward the Ara+ state 387 

in the marker-ratio trajectories in the MC (Figure 3, top) and especially the MP (Figure 3, bottom) 388 

treatments were caused by the initial fitness advantage that the Ara+5 founders had in the new DS150 389 

environment. By contrast, the subsequent reversals in most trajectories are presumably associated 390 

with new mutations that arose during our evolution experiment. (In theory, very gradual and uniform 391 

reversals could occur even without new mutations if the single most fit founder had a different 392 
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marker state than the maker state with the higher average fitness across its constituent lineages. 393 

However, this hypothetical scenario is clearly not the case for the MP treatment, nor can it explain 394 

the variation in the time and strength of the reversals in the MP and MC treatments shown in Figure 395 

3.) A deeper understanding of the reversals will require future genomic analyses, as we explain in the 396 

Discussion.  397 

 398 

DISCUSSION  399 

It is generally difficult to disentangle the role of standing genetic variation and new mutations in the 400 

process of adaptation by natural selection. Even with experiments, different study systems tend to 401 

emphasize one source or the other. Selection experiments that use sexually reproducing plants and 402 

animals have typically started from base populations that harbor substantial standing variation, and 403 

they rarely run for more than a few tens of generations owing to the long generation time of these 404 

organisms. As a consequence, these experiments rely largely on variation that was present at the start 405 

of the experiment to fuel the response to selection. The field of experimental evolution with bacteria 406 

and other microorganisms has expanded greatly in recent years (Barrick and Lenski, 2013; Lenski, 407 

2017b; Van den Bergh et al., 2018). These study organisms have rapid generations, and most of them 408 

reproduce asexually during the experiments, even those that may undergo parasexual recombination 409 

(e.g., horizontal gene transfer) in nature. Our experiment was designed to compare the contributions 410 

of initial genetic variation and new mutations during adaptation of strictly asexual populations to a 411 

new environment.  412 

To that end, we constructed four treatments with different initial levels of genetic diversity. Each 413 

treatment had 18 populations. In all cases, the founders came from the LTEE, in which E. coli have 414 

evolved in and adapted to a glucose-limited medium for 50,000 generations. At one extreme, each 415 

new population was founded by a single genotype, and thus there was no initial within-population 416 

diversity. We call this the Single-Clone (SC) treatment; six different clones, each derived from a 417 

different LTEE lineage, were used to found three replicate populations. At the other extreme, 18 418 

populations derived from an admixture of six whole-population samples that included both common 419 

and rare genotypes from the source populations. We call this the Mixed-Populations (MP) treatment. 420 

We also had two treatments that started with intermediate levels of genetic variation, which we call 421 

the Single-Population (SP) and Mixed-Clones (MC) treatments (Figure 1).  422 

We propagated all 72 populations for 2000 generations in a new environment, one in which D-serine 423 

replaced glucose as the source of carbon and energy. We then measured the fitness of evolved strains 424 

from each population at both 500 and 2000 generations. We observed rapid early adaptation to the D-425 

serine environment in all of the populations, but the rate of further fitness improvement declined over 426 

time, similar to what has been seen in the glucose environment of the LTEE (Wiser et al., 2013) as 427 

well as seen in other microbial evolution experiments (e.g., Johnson et al., 2021; Marad et al., 2018). 428 

We also documented significant variation in fitness in D-serine among the founders in the MC and 429 

MP treatments. By tracking a genetic marker associated with the different founders, we showed that 430 

the initial variation in those treatments impacted their short-term evolution. 431 

Most importantly, however, we found no significant differences among the four treatments in their 432 

mean fitness at generations 500 and 2000 (Figure 2), despite their different levels of genetic diversity 433 

at the beginning of the experiment. Thus, the populations in the SC treatment, each of which had no 434 

genetic diversity at the start, achieved the same fitness as the populations in the MP treatment, which 435 
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started with all the diversity found in six LTEE populations combined. One possible explanation for 436 

this negative result would be that there were simply no differences in fitness in the D-serine medium 437 

among the founders in the treatments that began the experiment with genetic variation. In that case, 438 

all the populations in all four treatments would have had to depend entirely on new mutations to fuel 439 

adaptation to the new medium. But as we discovered, there was significant initial within-population 440 

variation for fitness in the new environment, at least in the MC and MP treatments.    441 

Our first evidence of that initial fitness variation came from tracking the ratio of a neutral genetic 442 

marker that differed among the LTEE-derived founders, and which was therefore polymorphic in 443 

each of the populations in the MC and MP treatments. If there was no initial fitness variation in the 444 

new environment, then that ratio should have remained constant (within sampling error) until such 445 

time as a beneficial mutation occurred and began to sweep through one or the other marked 446 

backgrounds, thereby perturbing that ratio (Barrick et al., 2010; Izutsu et al., 2021). Alternatively, if 447 

the different founding genotypes had unequal fitness, then the marker ratio would systematically and 448 

immediately deviate from its initial value as a result of the inevitable linkage in asexual genomes 449 

between the marker and the alleles responsible for the fitness differences. This alternative outcome is 450 

precisely what we saw. We observed strikingly similar directional shifts in the marker-ratio 451 

trajectories among populations in the MC and MP treatments, especially during the first ~100 452 

generations (Figure 3). These parallel directional trajectories imply the presence of at least one 453 

“preadapted” genotype among the founders in those treatments.  454 

We also compared the relative fitness of the founding clones and founding populations used in the 455 

MC and MP treatments, respectively. These comparisons showed that the founders derived from 456 

LTEE Ara+5 lineage had fitness as high as or higher than the other founders in the new D-serine 457 

environment (Figure 4 and S3), consistent with the early and systematic shifts in the marker-ratio 458 

trajectories to the Ara+ marker state. Also, the early marker-ratio trajectories in the MP treatment 459 

were much steeper than in the MC treatment (Figure 3), consistent with greater fitness differentials 460 

favoring the Ara+5 founders in the MP treatment (Figure 4). Thus, the genetic variation initially 461 

present in the MC and MP populations drove adaptation to the new environment during the first 100 462 

generations of our experiment. However, new beneficial mutations soon arose that perturbed and 463 

often reversed those early trends in the marker ratios (Figure 3). By generation 500, the beneficial 464 

effects of these new mutations were sufficiently large that the initial variation no longer mattered, 465 

and all four treatments—including even the SC treatment, in which each population started from a 466 

single clone—had achieved similar average fitness (Figure 2). 467 

One might have expected that new beneficial mutations would have arisen randomly with respect to 468 

the marker state of the founders in the MC and MP treatments. Four of the six founders came from 469 

LTEE lineages with the Ara– marker state, and two from lineages with the Ara+ marker state. If the 470 

mutations that were beneficial in the D-serine environment arose very early in the new experiment, 471 

then we might expect about two-thirds of the marker trajectories to reverse course and trend toward 472 

the Ara– state, after those mutations reached high frequency within the Ara– subpopulation. The 473 

expected fraction might be lower than two-thirds, however, because the Ara+ subpopulation was 474 

increasing in frequency, and would be expected to generate an increasing proportion of the beneficial 475 

mutations, all else being equal. Contrary to this naïve expectation, however, all 18 populations in the 476 

MC treatment and 15 of the 18 populations in the MP treatment ended the experiment with 477 

descendants of the Ara– founders being numerically dominant (Figure S2). 478 

This bias implies that one or more of the Ara– founders had greater potential for future adaptation 479 

than other founders. Of the six LTEE lineages that provided the founders used in our study, two of 480 
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them—both with the Ara– state—evolved hypermutability during the LTEE (Tenaillon et al., 2016). 481 

The Ara–4 lineage became defective in mismatch repair (Sniegowski et al., 1997), while the Ara–1 482 

lineage acquired mutations in two enzymes that would normally prevent the misincorporation of 483 

oxidized nucleotides into DNA (Wielgoss et al., 2013). It is also possible that epistasis between new 484 

mutations and the various genetic backgrounds has led to differences in evolvability among the 485 

various founders. Background-dependent epistasis leading to differences in evolvability has been 486 

observed in the LTEE using replay experiments (Woods et al., 2011; Blount et al., 2012; Wünsche et 487 

al., 2017). In any case, the populations in the MC and MP treatments had reached similar fitness 488 

levels to those in the SC and SP treatments by generations 500 and 2000. Thus, the effects of both the 489 

initial standing variation and differences among the founders in their genetic potential for adaptation 490 

impacted only the earliest phases of evolution in the new D-serine environment. 491 

Genetic variation is essential for populations to adapt to a new environment. We observed that pre-492 

existing variation was important during the first ~50 generations in the D-serine medium, leading to 493 

substantial changes in the relative abundance of the different founders in the MC and MP treatments 494 

(Figure 3). Those changes depended on the initial genetic variation, which was identical by descent 495 

across the replicate populations in those treatments, and thus they indicate collateral evolution (Stern, 496 

2013; Lenski, 2017a). By contrast, the subsequent reversals in the relative abundance of descendants 497 

of those founders, and the fact that populations in all four treatments eventually achieved similar 498 

fitness levels (Figure 2), resulted from new mutations that arose independently in those populations, 499 

indicating parallel evolution (Stern, 2013; Lenski, 2017a). Thus, we observed both collateral and 500 

parallel evolution in our experiment with bacteria.  501 

Two long-term experiments using Drosophila also reported collateral evolution, but they were not 502 

followed by parallel evolution (Burke et al., 2010; Graves et al., 2017). The longer generations and 503 

smaller populations of fruit flies probably limited the supply of new beneficial mutations, while 504 

sexual reproduction and the resulting segregation of pre-existing variation may have continued to fuel 505 

the ongoing response to selection. The importance of sexual reproduction with respect to the 506 

contributions of collateral versus parallel evolution was also evident in an evolution experiment 507 

performed using yeast (Burke et al., 2014). That experiment ran for 540 generations with large 508 

populations (106 cells during the transfer bottlenecks), and the populations were founded by a diverse 509 

set of diploids obtained by crossing wild strains. Although yeast can reproduce asexually, they 510 

underwent periodic mating and recombination in their experiment. As a consequence, segregating 511 

variation derived from the founders evidently fueled adaptation for the duration of the experiment, 512 

with little or no input from new beneficial mutations (Burke et al., 2014). 513 

In any case, our study has shown that strictly asexual populations can also benefit from pre-existing 514 

variation, but the effect is likely to be smaller than in sexual populations. Moreover, any benefit of 515 

pre-existing variation in asexual populations may often be short-lived, as we saw in our experiment, 516 

because that variation will be purged when new beneficial mutations sweep to fixation. In particular, 517 

it appears that the pre-existing alleles provided by the founders in our study were not sufficiently 518 

beneficial in the D-serine environment, such that the populations readily produced new mutations 519 

that provided greater benefits and displaced the initial variants. Even the populations in the SC 520 

treatment, which had no genetic diversity at the start of the experiment, achieved fitness levels 521 

comparable to the other treatments (Figure 2).  522 

In this study, we used fixed ratios of the evolved bacteria and common competitors when estimating 523 

relative fitness. It is possible that spatial structure (Rainey and Travisano, 1998) or cross-feeding 524 

interactions (Rozen and Lenski, 2000) could give rise to frequency-dependent selection. The scale of 525 
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our work has prevented us from exploring this possibility to date. However, the largely consistent 526 

results in the fitness assays at 500 and 2000 generations, and against different competitors, suggest 527 

that frequency-dependent effects are small in comparison to the trends in mean fitness. We also note 528 

that the design of our experiment limits the potential for frequency-dependent selection. Like the 529 

LTEE, our experiment used a defined medium with one limiting resource; the concentration of that 530 

resource is so low that the bacteria reach a final density that is barely turbid to the eye (~5  107 531 

cells/mL), reducing the opportunity for cross-feeding and physical interactions; and the cells are 532 

diluted 100-fold each day, which further reduces their density and the potential for these interactions. 533 

Nonetheless, frequency-dependent selection can occur in the LTEE, although its effects are typically 534 

quite small in comparison to the overall gains in fitness (Elena and Lenski, 1997; Rozen and Lenski, 535 

2000; Wiser et al., 2013; Maddamsetti et al., 2015). 536 

In future work, we will sequence the genomes of the founders and evolved samples from several 537 

timepoints. These data should shed light on the genetic basis of adaptation to growth on D-serine by 538 

identifying potential functional changes and revealing whether the genetic changes are functionally 539 

similar across populations and treatments (e.g., Card et al., 2021). In addition, genomic data will 540 

enable us to test and refine our inferences based on the fitness measurements and marker-ratio 541 

trajectories. In particular, we make several predictions that can be tested using genomic data. First, 542 

we expect to find an increased frequency of diagnostic alleles from the Ara+5 founders in the early 543 

(~50 generations) metagenomic samples from all of the populations in the MC and MP treatments. 544 

Second, we expect to see the alleles from Ara+5 subsequently disappear in all MC and most MP 545 

populations. Third, we predict that diagnostic alleles from one or more of the Ara– founders will 546 

achieve numerical dominance in all of the MC and many MP populations by generation 500 and 547 

remain dominant through generation 2000. In addition, genomic data should clarify whether one or 548 

both of the hypermutable founders (Ara–1 and Ara–4) in the MC and MP treatments dominated over 549 

time in a manner consistent with their having greater evolvability, in the sense of being able to adapt 550 

to the new environment. If so, that raises the interesting question of how the populations derived 551 

from the non-mutator founders in the SC and SP treatments achieved similarly high fitness. Perhaps, 552 

for example, the populations founded by mutators and non-mutators had similar beneficial mutations, 553 

but the hypermutators acquired them slightly earlier in the experiment. 554 

In closing, our study contributes to filling the gap between the different experimental designs that are 555 

typically used with different model systems, and to understanding how these differences impact the 556 

dynamics and repeatability of evolution. While it remains difficult to observe adaptation driven by 557 

new mutations using long-standing model systems like Drosophila, we demonstrate that one can 558 

disentangle and estimate the contributions of standing variation and new mutations to adaptation in 559 

microbial systems. We also show that these contributions may depend on the particular history of the 560 

founders, and that the relative contributions of pre-existing variation and new mutations are highly 561 

sensitive to when they are measured after the evolving populations encounter a new environment. 562 
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FIGURE 2 | Relative fitness of the four treatments at generations 0, 500, and 2000 in the D-serine 709 

environment. Each symbol is the mean of 18 ln-transformed fitness estimates, and error bars show 710 

95% confidence intervals. See Figure S1 for each replicate population.  711 
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FIGURE 3 | Marker trajectories in the Mixed-Clones (MC) and Mixed-Populations (MP) treatments 716 

during the first 500 generations. The marker ratio indicates the number of cells derived from the Ara– 717 

founder lineages divided by the number of cells derived from the Ara+ founder lineages.  718 
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FIGURE 4 | Relative fitness of founder whole populations (A) and founder clones (B). The founders 723 

in each panel are arranged from lowest to highest fitness. The filled circles show the mean value of 724 

the ln-transformed fitness, based on 18 replicates for each founder. The error bars show 95% 725 

confidence limits, based on the t-distribution with 17 degrees of freedom and using the pooled 726 

standard deviation estimated from the corresponding ANOVAs (Table S2). Letters above the error 727 

bars identify sets of founders with values that are not significantly different, based on Tukey’s test 728 

for multiple comparisons (p > 0.05). For this analysis, we combined data for the SC and MC 729 

treatments, and similarly we combined data for the SP and MP treatments, because we used the same 730 

6 clonal or whole-population samples at generation 0 for those pairs of treatments (see Materials and 731 

Methods). 732 
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SUPPLEMENTARY TABLES AND FIGURES 735 

 736 

 737 

 738 

SUPPLEMENTARY TABLES 739 

 740 

 741 

TABLE S1 | One-way ANOVAs of ln fitness at generations 0, 500, and 2000 742 

 743 

Generation 0 744 

Source DF SS MS F p 

Treatment 3 0.0013 0.0004 0.1087 0.9547 

Error 68 0.2690 0.0040   

Total 71 0.2703       

 745 

Generation 500 746 

Source DF SS MS F p 

Treatment 3 0.0059 0.0020 1.4716 0.2300 

Error 68 0.0915 0.0013   

Total 71 0.0975       

 747 

Generation 2000 748 

Source DF SS MS F p 

Treatment 3 0.0032 0.0011 0.4454 0.7213 

Error 68 0.1612 0.0024   

Total 71 0.1644       

 749 
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TABLE S2 | ANOVAs of founders’ fitness relative to the common competitors 751 

 752 

Whole-population founders 753 

Source DF SS MS F p 

Strain 5 0.4967 0.0993 20.0850 < 0.0001 

Error 102 0.5045 0.0049   

Total 107 1.0012       

 754 

Clone founders 755 

Source DF SS MS F p 

Strain 5 0.1049 0.0210 5.0032 0.0004 

Error 102 0.4276 0.0042   

Total 107 0.5325       

 756 

 757 

 758 

TABLE S3 | ANOVAs of founders’ fitness relative to another pair of common competitors 759 

 760 

Whole-population founders 761 

Source DF SS MS F p 

Strain 5 0.4547 0.0909 10.4428 0.0005 

Error 12 0.1045 0.0087   

Total 17 0.5592       

 762 

Clone founders 763 

Source DF SS MS F p 

Strain 5 0.4332 0.0866 14.6447 < 0.0001 

Error 12 0.0710 0.0059   

Total 17 0.5042       

 764 

  765 
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SUPPLEMENTARY FIGURES 766 

 767 

 768 

FIGURE S1 | Mean fitness for each experimental population in the four treatments. Each point 769 

shows the mean of three replicate assays. Figure 2 shows the grand mean of the 18 means shown here 770 

for each timepoint and treatment. The colors indicate the founder LTEE strains for the Single-Clone 771 

(SC) and Single-Population (SP) treatments. Although there is no difference in the founders used for 772 

the 18 populations in the Mixed-Clones (MC) and Mixed-Populations (MP) treatments, we use the 773 

same color scheme for those treatments in order to distinguish the populations at later generations. 774 

Recall that fitness values for generation 0 of the MC treatment, and similarly for the MP treatment, 775 

were measured using the same samples as those for the SC and SP treatments, respectively (see 776 

Materials and Methods). The 18 populations in those treatments derived from the same starter mixes, 777 

and thus all 18 had the same fitness at generation 0, which we calculated as the grand mean. 778 
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 780 

FIGURE S2 | Marker trajectories in the Mixed-Clones (MC) and Mixed-Populations (MP) 781 

treatments during the 2000 generations of the evolution experiment. The marker ratio indicates the 782 

number of cells derived from the Ara– founder lineages divided by the number of cells derived from 783 

the Ara+ founder lineages. 784 
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 786 

FIGURE S3 | Relative fitness values of founder whole populations (A) and founder clones (B) 787 

relative to the ancestors of the LTEE. The founders in each panel are arranged from lowest to highest 788 

fitness. The filled circles show the mean value of the ln-transformed fitness, based on 3 replicates for 789 

each founder. Error bars show 95% confidence limits, based on the t-distribution with 2 degrees of 790 

freedom and using the pooled standard deviation estimated from the corresponding ANOVAs (Table 791 

S3). Letters above the error bars identify sets of founders with values that are not significantly 792 

different, based on Tukey’s test for multiple comparisons (p > 0.05).  793 
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