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Adaptive divergence is the key evolutionary process generating biodiversity by means of 24 
natural selection. Yet, the conditions under which it can arise in the presence of gene 25 
flow remain contentious. To address this question, we subjected 132 sexually 26 
reproducing fission yeast populations sourced from two independent genetic 27 
backgrounds to disruptive ecological selection and manipulated the level of migration 28 
between environments. Contrary to theoretical expectations, adaptive divergence was 29 
most pronounced when migration was either absent (‘allopatry’) or maximal 30 
(‘sympatry’), but was much reduced at intermediate rates (‘parapatry’, ‘local mating’). 31 
This effect was apparent across central life history components (survival, asexual 32 
growth, and mating), but differed in magnitude between ancestral genetic backgrounds. 33 
The evolution of some fitness components was constrained by pervasive negative 34 
correlations (trade-off between asexual growth and mating), while others changed 35 
direction under the influence of migration (e.g. survival and mating). In allopatry, 36 
adaptive divergence was mainly conferred by standing genetic variation and resulted in 37 
ecological specialization. In sympatry, divergence was mainly mediated by novel 38 
mutations enriched in a subset of genes and was characterized by the repeated 39 
emergence of two strategies: an ecological generalist and an asexual growth specialist. 40 
Multiple loci showed consistent evidence for antagonistic pleiotropy across migration 41 
treatments and provide a conceptual link between adaptation and divergence. This 42 
evolve-and-resequence experiment demonstrates that rapid ecological differentiation 43 
can arise even under high rates of gene flow. It further highlights that adaptive 44 
trajectories are governed by complex interactions of gene flow, ancestral variation and 45 
genetic correlations.  46 

 47 Main 48 
Adaptive divergence describes the emergence of new forms from a shared common ancestor 49 

by adaptation to different environmental conditions. As such, it is key to the formation of new 50 

species by means of natural selection 1,2. In geographic isolation, divergent selection readily 51 

promotes ecological specialisation which over time can result in reproductive barriers 52 

between populations 3–6. In the presence of gene flow, however, the conditions enabling 53 

adaptive divergence are difficult to predict 7–9. Homogenizing gene flow may impede adaptive 54 

divergence and promote generalist phenotypes exploiting a broader ecological spectrum 10,11. 55 

Alternatively, gene flow may promote divergence by supplying adaptive genetic variation or 56 

by modifying genetic correlations which can alter evolutionary constraints and open new 57 

evolutionary trajectories 12,13. In general, the relationship between gene flow and adaptive 58 

divergence is expected to decline monotonically (i.e. less divergence with higher gene flow) 59 
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14. Depending on the degree of gene flow, the strength of selection, and the genetic 60 

architecture of adaptive traits evolutionary outcomes are ,however, hard to predict: divergence 61 

may be precluded, stalled at an intermediate level or progress towards the origin of new 62 

species 15–17,14. Adaptive divergence thus constitutes a necessary, but not sufficient component 63 

for ecological speciation. Understanding the conditions under which it arises is of central 64 

importance to our understanding of how populations can exploit divergent ecological niches 65 

and differentiate into distinct ecotypes that may – or may not – seed novel species 18,19. 66 

Genome-wide characterization of genetic variation has spurred progress in the study of 67 

ecological divergence with gene flow in the wild 20–22. However, the idiosyncratic nature and 68 

complex evolutionary histories of natural populations impair inference of causal relationships 69 

and make it difficult to pinpoint the mechanisms promoting or impeding divergence 8. 70 

Controlled experiments elucidating the genetic basis of adaptive divergence and evaluating 71 

the role of gene flow are thus needed 23,20,24. Replicated experimental manipulation of 72 

migration between controlled ecological contrasts in evolving populations are a promising, 73 

although hitherto largely unexplored way forward 23. 74 

Here, we present the results from a long-term experimental evolution study addressing this 75 

question in the haploid fission yeast Schizosaccharomyces pombe, in which we tested the 76 

effect of gene flow and standing variation on genetic and phenotypic adaptation to disruptive 77 

selection. A total of 132 populations were maintained for 53 complete reproductive cycles 78 

each encompassing ~13 asexual cell divisions. Each cycle comprised asexual growth, 79 

followed by ecologically disruptive selection and subsequent sexual reproduction (Figure 80 

1a). Sets of 22 populations were distributed among four treatment groups varying in the 81 

amount of migration after disruptive selection (ranging from complete isolation to full 82 

mixing; hereafter referred to as ‘allopatry’, ‘parapatry’, ‘local mating’, and ‘sympatry’, 83 

Figure 1b & Supplementary Figure 1). As an ecological parameter we used disruptive 84 
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viability selection on settling speed by collecting cells from the bottom (bottom selection - B) 85 

or the top (top selection - T) in a liquid column after a predefined period of time. Population 86 

sizes were in the order of ~3·107 individuals precluding a dominant role of genetic drift. All 87 

experimental populations were derived from two ancestral populations (referred as ‘α’ and 88 

‘β’) that had experienced the same selection regime in the past but differed in standing genetic 89 

variation (see Methods). For ease of presentation, we will focus on the results for the α 90 

genetic background which in general showed a stronger response to selection. We refer to the 91 

β background where it deviates from the α. After 53 cycles of sexual reproduction, we 92 

measured fitness relative to the respective ancestral population for four fitness components 93 

reflecting major life history traits: asexual growth rate (g), reproductive success (r) and 94 

survival during top or bottom selection (top: WT; or bottom: WB).  95 

This experiment tests the role of strong divergent ecological selection at four levels of 96 

migration. Despite the apparent simplicity of the setup, the experimental life cycle involves a 97 

variety of fitness components each of which can be subject to selection, and hence can evolve 98 

(e.g. alternation between liquid and solid media, asexual growth, sexual reproduction, survival 99 

during ecological selection). Interdependence between fitness components is expected to elicit 100 

a correlated response which can promote or constrain adaptive divergence 25,12. For instance, 101 

increased performance during (asexual) growth can result in reduced output during sexual 102 

reproduction 26–29. In addition, ecological adaptation may not result even if a given trait value 103 

increases survival, but has negative consequences on a correlated life history trait. 104 

Importantly, these correlations need not be static as evolution of one life history trait may 105 

alter the strength and direction of selection on another (e.g. differences in asexual growth rate 106 

bears on population density and thus nutrient availability). Genetically encoded variance-107 

covariance relationships between life history traits (as represented by the G-matrix 30,31), and 108 

the ability of these relationships to evolve in themselves constitutes an essential component 109 
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determining the evolutionary trajectory of each population 13. We anticipate that the influence 110 

and stability of these correlations may be contingent on the level of gene flow and play a 111 

central role in constraining or facilitating divergence 12.  112 

We report the results of this experiment as follows. We first consider the influence of 113 

migration and standing genetic variation on adaptive divergence of each fitness component in 114 

isolation. In brief, we found that the degree of adaptive divergence overall depended on 115 

standing genetic variation, and was strongest at the extreme ends of the gene flow gradient 116 

(allopatry and sympatry). We then expand on these results considering the intrinsic 117 

correlations between fitness components (G-matrix) which evolved relative to the ancestral 118 

populations in response to gene flow and played a central role in facilitating adaptive 119 

divergence. Finally, we assess the genetic architecture of divergence by means of whole 120 

genome sequencing data for all ancestral and evolved populations (Pool-Seq). Standing 121 

genetic variation with evidence for antagonistic pleiotropy was the main driver for ecological 122 

specialization in the absence of gene flow. In contrast, divergence in sympatry was 123 

characterized by population-specific independent mutations. 124 Results and discussion 125 

Migration affects adaptive divergence 126 

After 53 cycles of disruptive ecological selection populations showed evidence for evolution 127 

across different fitness components (relative fitness difference from ancestral value of 1, see 128 

Figure 2a). In line with theoretical predictions that isolated populations will readily respond 129 

to directional selection11, allopatric populations of the α background showed evidence for 130 

adaptive divergence in three of the four fitness components (g, r and WT) resulting in 131 

specialized top and bottom ecotypes (Figure 2a,  Supplementary Table 1 & 2). Populations 132 

that had exclusively been selected for the top environment (shown in blue across figures) 133 
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grew faster and survived significantly better during further ecological top selection than 134 

populations that had only experienced the bottom environment (shown in red). However, their 135 

sexual reproductive success was reduced in comparison to bottom populations. These 136 

differences were consistent between populations demonstrating that the disruptive ecological 137 

selection regime predictably induced the evolution of specialized strategies for the top and 138 

bottom environment (for statistical model see Supplementary Tables 1 & 2). Similar 139 

divergence across fitness components was observed for the β background, although they 140 

showed an overall weaker response and evolved differences in survival after bottom selection 141 

rather than for asexual growth. This difference may be related to a diminishing-return 142 

relationship for the already higher growth rate of the β ancestor reducing the potential for 143 

adaptation in this trait 32  (Supplementary Fig. 2). 144 

Populations that experienced intermediate levels of migration (‘parapatry’ and ‘local mating’) 145 

showed a different response. Even though these populations showed changes relative to the 146 

ancestor, no divergence between selection regimes was observed for any of the four fitness 147 

components (Figure 2a). Moreover, in these two treatments, fitness values for the populations 148 

evolving as pairs were strongly correlated and highly similar (Extended Data Fig. 1, 149 

Supplementary Table 1 & 2). These results support the prediction that intermediate levels of 150 

gene flow tend to homogenize population pairs and constrain divergence 10,33,9.  151 

In contrast to expectations that higher migration reduces diversification, sympatric 152 

populations, which experienced the highest level of migration, showed evidence for 153 

divergence when separating each population into two fractions (top and bottom) followed by 154 

two continued cycles of disruptive selection without gene flow (see methods and discussion 155 

below). Similar to divergence between populations under allopatry (i.e. no gene flow), 156 

divergence was evident between sympatric top and bottom fractions for three of the fitness 157 

components (g, WT, WB). In contrast to allopatry and expected for a high gene flow regime34,  158 
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the bottom fraction had evolved a generalist survival strategy outperforming the top fraction 159 

in both the top and bottom environment (Figure 2a). Importantly, however, the top selected 160 

fraction showed increased fitness only during asexual growth, suggesting the emergence of a 161 

polymorphism between an ecological generalist and a growth specialist (see below). The local 162 

mating treatment expected to foster divergence 35,36 did not result in similar ecotypic sub-163 

functionalisation. Results from the β background were comparable, showing most divergence 164 

in allopatry and sympatry, followed by parapatry and least in the local mating treatment 165 

(Figure 2a & Extended Data Fig. 1). In summary, adaptive divergence evolved more readily 166 

in the α genetic background and was most pronounced at the extreme end of the migration 167 

gradient. In allopatry, it resulted in the emergence of top and bottom specialists, whereas in 168 

sympatry we observed a polymorphism between an ecological generalist and a growth 169 

specialist. 170 

 171 

Genetic correlations and G-matrix evolution 172 

Consistent with expectations 25,12, evolutionary responses of the various fitness components 173 

were governed by intrinsic correlations. To investigate the direction, strength and 174 

evolutionary stability of these correlations, we constructed standardized variance-covariance 175 

matrices (G-matrices) for all four fitness components: asexual growth rate (g), reproductive 176 

success (r) and survival to top (WT) or bottom selection (WB) (Figure 2b). Positive parameter 177 

values for a given pair of components indicate consistent evolutionary responses across all 178 

evolved populations for both fitness components. Negative parameter values indicate an 179 

increase in one component accompanied by a decrease in the other component, suggesting a 180 

classical trade-off. We observed a pervasive negative relationship between growth rate and 181 

sexual reproductive success across all migration treatments and genetic backgrounds (Figure 182 
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2b) despite large differences in growth rate between ancestral populations (Supplementary 183 

Figure 2). Other relationships, such as a negative correlation between survival during top 184 

selection and growth, or a positive correlation between survival during bottom selection and 185 

sexual reproduction were dependent on the amount of migration (Figure 2b). Additionally, 186 

correlations between fitness components were contingent on the genetic background. 187 

Correlations were more consistent for different migration treatments in the β background 188 

possibly due to the lower degree of adaptive divergence observed for these populations. 189 

Analysing the covariance in fitness components using Principal Component Analysis with 190 

normalized fitness values confirmed these findings (Extended Data Fig. 2). In summary, 191 

phenotypic evolution was strongly governed by intrinsic correlation and potential trade-offs, 192 

but correlations between fitness components varied in their stability and were influenced by 193 

the level of gene flow and genetic background.  194 

 195 

Genetic correlations and adaptive divergence 196 

Above, we have shown that adaptive divergence was most pronounced in allopatry and 197 

sympatry, particularly in the α genetic background. In allopatry, directional ecological 198 

selection in a given environment elicited a correlated response in sexual reproduction (α & β 199 

background) and growth (α background). The direction of the response defined top or bottom 200 

specialists (top: high fitness for growth, low for sexual reproduction; bottom: low for growth, 201 

high for sexual reproduction; Figure 2a). In contrast, populations exposed to maximal levels 202 

of migration (sympatry) experienced both top and bottom selection environments during each 203 

cycle and developed a generalist ecological strategy.  This generalist strategy showed high 204 

performance in both environments as well as in sexual reproduction (Figure 2a). However, 205 

due to the pervasive trade-off of these components with asexual growth (Figure 2b), 206 

populations could not increase fitness for all life-history components simultaneously. In 207 
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populations of the α background, this trade-off was consistently resolved by an intra-208 

population polymorphism: a bottom generalist performing well in both environments and 209 

sexual reproduction, and a top specialist with high performance for speed during asexual 210 

growth (Figure 2a). Overall, these analyses highlight the importance of gene flow on the 211 

evolution of genetic correlations and their impact on adaptive divergence. 212 

 213 

Migration and the partitioning of genetic variation 214 

To investigate the genetic basis of adaptive evolutionary change, we inferred population allele 215 

frequencies for all 132 evolved populations. At the beginning of the experiment, we identified 216 

107 and 114 genetic variants (SNPs and small indels) representing standing genetic variation 217 

in the α and β ancestral genetic background, respectively (Extended Data Fig. 3a). After 53 218 

sexual generations, we counted a total of 1,472 (α background) and 1,318 variants (β 219 

background) ranging from 71 to 183 variants per population. Most variants were present at 220 

low frequencies (~80% with maximum frequency < 0.2), and/or limited to single populations 221 

(~62% of all variants) (Extended Data Fig. 3b).  222 

 223 

To test for genetic differentiation between top and bottom environments, we first performed 224 

Principal Component Analyses (PCA) using allele frequencies of allopatric populations. We 225 

observed that genetic variation of allopatric populations was partitioned according to selection 226 

regime.  Top and bottom populations diverged from the ancestor in opposite directions along 227 

the main axis of variation (Figure 3a, Extended Data Fig. 4; linear model on PCA1 by 228 

ecological selection regime, p<1.0 x 10-3 for both genetic backgrounds). The clustering by 229 

selection regime is best explained by parallel allele frequency shifts of standing genetic 230 

variation due to ecological selection. Separation of populations into top and bottom clusters 231 

thus provides evidence for allelic separation of shared, ancestral genetic variants by top and 232 
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bottom ecotypes (further discussed in ‘Genetic architecture of genetic variation’). Consistent 233 

with this interpretation measures of genetic divergence, Dxy and Fst , were highest between top 234 

and bottom ecotypes only when considering standing genetic variation (Extended Data Fig. 235 

5 & 6).  236 

In contrast, parapatric populations showed no consistent genetic differentiation between 237 

connected top and bottom population pairs neither for standing variation nor genome-wide 238 

(Extended Data Fig. 5 & 6). Instead, pairs of parapatric populations were genetically more 239 

similar to each other than to populations from the same selection regime suggesting 240 

homogenization by gene flow. Yet, while gene flow inhibited genetic divergence, it did not 241 

exclude evolution per se. Genetic variation across independent population pairs was 242 

comparable to the genotypic space (PC1 and PC2) of allopatric top and bottom specialists 243 

(Figure 3a, Extended Data Fig. 5 & 6). Local mating populations also spanned a broad 244 

range of genetic variation, though clustered primarily with allopatric bottom populations 245 

(Figure 3a). Populations evolving in sympatry exclusively carried a signature of genetic 246 

variation characteristic for allopatric bottom populations (Figure 3a, Sym_Allo_B vs. 247 

Sym_Allo_T in Extended Data Fig. 5 & 6).  248 

These findings suggest that a moderate amount of gene flow (parapatry) still allows 249 

populations to accumulate genetic variation that is beneficial to both ends of the disruptive 250 

selection regime, but precludes adaptive divergence between connected population pairs. 251 

With increasing levels of gene flow, however, one ecological condition (here bottom selection 252 

regime) appears to dominate the component of standing genetic variation responding to 253 

selection. While this pattern is consistent with the observed increase in fitness for bottom 254 

selection in the sympatric bottom ecotype, it fails to explain the simultaneous increase for 255 

fitness components responding to top selection (sympatry) or the shift in the G-matrix (local 256 

mating, sympatry).  In sympatry, where phenotypic data suggest coexistence of an ecological 257 
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generalist bottom ecotype and a growth specialist (Figure 2a) this implies an additional role 258 

of population-specific novel mutations allowing divergence of these strategies.   259 

In order to test for genetic divergence between ecotypes, we additionally sequenced 260 

subpopulations after two rounds of top and bottom selection from sympatric and local mating 261 

populations. In the α background, net sequence divergence (Da, 
37) was positive for all 262 

populations indicating genetic differentiation between top and bottom ecotypes. Genetic 263 

divergence was higher in sympatry compared to local mating mirroring patterns of phenotypic 264 

divergence (Extended Data Fig. 7). Sympatric divergence was further characterized by 265 

genetic variants increasing in frequency during both top and bottom selection, with a 266 

significant skew towards top selected variants which was not observed in local mating 267 

populations (Extended Data Fig. 8). Moreover, selection-induced changes in allele 268 

frequencies were less pronounced after top selection suggesting that the pool population may 269 

be dominated by variants beneficial to the top ecotype (Extended Data Fig. 8). Assuming no 270 

systematic bias in effect sizes between variants, these results are consistent with the idea of 271 

co-existing strategies in α sympatric populations rather than exclusive dominance of a bottom 272 

generalist ecotype. In contrast, for sympatric ecotypes of the β background, net divergence 273 

was similarly low as for local mating populations, and allele frequency shifts showed no 274 

major contribution of top selected variants (Extended Data Fig. 7 & 8). In conjunction with 275 

the phenotypic data, these results may indicate that these populations are mainly dominated 276 

by a bottom generalist ecotype lacking evidence for polymorphism with a growth specialist 277 

(Figure 2a). Interestingly, these data suggest that local mating also contains genetically 278 

differentiated subpopulations despite clear divergence for the life history traits we measured. 279 

In summary, the genetic data suggests different modes of adaptation depending on the degree 280 

of gene flow. In allopatry, ecological specialization resulted from parallel allele frequency 281 
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shifts of standing genetic variation, whereas in sympatry (α background) independent, novel 282 

mutations appear to repeatedly induce a polymorphism of strategies.  283 

 284 

Genetic architecture of adaptive variation 285 

As expected from the large experimental population sizes, the genetic composition of evolved 286 

populations was found to be governed by ecological selection, and not genetic drift. In 287 

allopatric populations, the importance of selection for driving the correlation between traits 288 

was illustrated by the fact that the major axes of genetic variation (Figure 3a) and variation in 289 

fitness components (Extended Data Fig. 2) were strongly correlated (Figure 3b, PC1: 290 

Radj.
2 = 0.69, p < 0.0001, PC2: Radj.

2 = 0.16, p = 0.021). In the presence of gene flow 291 

(parapatry), the correlation was reduced and only significant for the main axis of variation 292 

(PC1: Radj.
2 = 0.15, p = 0.037; PC2: Radj.

2 = 0.04, p = 0.31). In β populations, where the 293 

divergence between allopatric top and bottom populations was weaker, the correlation was 294 

not statistically supported (PC1: p = 0.1, Radj.
2 = 0.07; PC2: p = 0.7, Radj.

2 = 0.04). Individual 295 

based simulations mirroring the allopatric experimental setup further supported that the 296 

observed increase in allele frequency of novel mutations was the result of ecological selection 297 

rather than drift (Supplementary Figures 5 & 6). Moreover, mutations with low predicted 298 

functional effects (synonymous sites, non-coding regions) segregated at low frequencies, 299 

whereas mutations with moderate (missense variant, codon loss/gain) and strong predicted 300 

effects (frame shift, stop gain, start loss) increased to significantly higher frequencies in all 301 

populations (Extended Data Fig. 9). This disproportionately strong increase in frequency of 302 

mutations with strong predicted effects was pervasive across all levels of migration 303 

(Supplementary Figure 7).  304 
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Next, we quantified the degree of parallelism in allele frequency shifts. 34 and 50 genetic 305 

variants corresponding to 32 % and 44% of all standing genetic variation from the α and β 306 

background, respectively, showed consistent differences in the direction of allele frequency 307 

changes between allopatric top and bottom populations (Extended Data Fig. 10). However, 308 

only five (α) and three (β) genetic variants reached frequencies above 0.9 for at least two 309 

populations in one ecological regime while going extinct in the opposite regime for most 310 

populations. These same variants contributed the main loadings on Principal Component 1 of 311 

the overall genetic variation across treatments suggesting a major role in the evolutionary 312 

response irrespective of the amount of migration (Supplementary Figure 8). Evolutionary 313 

parallelism was not restricted to single sites of standing genetic variation, but was also 314 

observed for novel mutations at the gene level. 140 genes significantly enriched in GO-terms 315 

for cell-cell adhesion (flocculation and agglutination), polysaccharide catabolic process and 316 

cell cycle regulation were hit by multiple novel mutations (up to 187 variants per gene, 317 

Supplementary Figure 9 and Supplementary Table 3). Cell adhesion traits can increase 318 

cluster formation, which might increase settling speed 38 or improve sexual reproduction. 319 

Most of the genetic variants, however, did not reach fixation, which may be attributed to 320 

genetic redundancy, size effect distribution, negative epistasis, antagonistic pleiotropy or 321 

balancing selection 39,40. 322 

A single genetic variant that is beneficial in one environment can be beneficial, neutral 323 

(conditional neutrality) 41,23,42 or deleterious (antagonistic pleiotropy) 43,44 in another 324 

environment. Under conditions of gene flow, allele frequency differences between 325 

populations are more likely to be maintained under antagonistic pleiotropy 45. Additionally, if 326 

several loci are subject to antagonistic pleiotropy, linkage disequilibrium can arise even in the 327 

absence of epistasis and form the basis for reproductive isolation 46,47. Even though our pool-328 

seq data does not provide haplotype information, we found evidence for multilocus 329 
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antagonistic pleiotropy of closely linked loci (Extended Data Fig. 10), which appears to 330 

commonly arise under divergent selection 6,42,44. The strongest and most consistent allelic 331 

differentiation caused by the ecological selection regime was found for a neighbouring pair of 332 

mutations on chromosome II (22kb distance) in the genes rep2 (variant II:1718756_A; early 333 

stop C178*) and byr2 (variant II:1741521_T; amino acid substitution I259N) in the α genetic 334 

background. Both genes are involved in cell cycle regulation, either during mitotic (rep2) or 335 

meiotic (byr2) reproduction. The derived allele for rep2 had consistently elevated frequencies 336 

in allopatric bottom populations relative to the ancestral α population (prep2=0.5), but reduced 337 

frequencies in top populations (pbyr2=0.2). The derived byr2 allele showed the opposite 338 

pattern. Not a single replicate population showed simultaneous positive selection of both 339 

derived alleles (grey area in Figure 4a). With the exception of two local mating populations 340 

this held true across migration treatments (Supplementary Figure 10). Moreover, we 341 

observed no incidence where the sum of the derived allele frequencies of both loci would 342 

exceed a value of 1, which would provide unequivocal evidence for coupling of derived 343 

mutations in one haplotype (diagonal line in Figure 4). Deterministic simulations further 344 

supported opposite directional selection of both loci, as opposed to a scenario of selection on 345 

one locus and hitchhiking of a neutral linked variant (see Methods and Supplementary 346 

Figures 11). Overall, these results provide evidence for multilocus antagonistic pleiotropy of 347 

two derived mutations being favoured in opposite environments (Figures 4b and 4c).  348 

In the β background, a pair of loci with comparable dynamics was found within a single gene, 349 

msa1, with the variants I:2319886_T (W106*; high frequency in bottom populations;) and 350 

I:2319922_T (W118*; high frequency in top populations) each introducing an early stop 351 

codon (Supplementary Figures 12 & 13). Similar to byr2, wild type msa1 suppresses 352 

sporulation. Evidence of antagonistic pleiotropy is rare in natural populations, but is expected 353 

to favour local adaptation and reproductive isolation 45. The occurrence of several tightly 354 
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linked loci showing antagonistic pleiotropy (e.g. locked in an inversion 48) is of particular 355 

interest in the context of speciation, as the joint effects of multiple loci increase the potential 356 

for coupling of these effects, inducing reproductive isolation 47,49.  357 Summary and Conclusion 358 
This study provides experimentally controlled, empirical insight into the effect of migration 359 

on adaptive divergence. Parallel divergence was readily achieved in isolation as expected 360 

under opposing directional selection 11, mostly from standing genetic variation. Intermediate 361 

levels of homogenizing gene flow reduced divergence, but the occupied trait space and 362 

genetic variation between population pairs encompassed the full range of locally adapted 363 

allopatric populations 10,50. Contrary to theoretical expectations and previous empirical 364 

findings 19,51,52, this included the local mating treatment where sexual reproduction was 365 

matched by environment expected to act as a source of premating isolation. Moreover, in 366 

contrast to many studies in natural systems, we also did not observe intermediate divergence 367 

at intermediate levels of migration (isolation-by-distance and isolation-by-ecology 368 

relationships) 8,17,22,53,54. This is likely owing to the combination of short divergence time and 369 

rather high levels of migration (even in parapatry) and the near-absence of genetic drift in our 370 

experimental setup. Complementary experiments23 or sampling of natural populations across 371 

a finer-scale of intermediate migration levels 18,55,56 are thus highly encouraged.  372 

Contrary to the parapatric and local mating treatment, adaptive divergence was apparent under 373 

maximal levels of migration. This is a puzzling observation running counter to the general 374 

expectation of an inverse relationship between gene flow and divergence 14. Under conditions 375 

of high gene flow adaptive divergence implies emergence of (quasi-)stable co-existence of 376 

distinct strategies allowing exploitation of different niche space 23. Independent accumulation 377 

of mutations promoting further divergence then constitutes the basis, though no guarantee, for 378 

ecological speciation19.  The general expectation, however, is that  high levels of gene flow 379 
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may promote the evolution of an ecological generalist gradually taking over the population 380 

without promoting population divergence 57–59,34,60. Under the latter scenario, the 381 

polymorphism observed in the sympatric treatment might be the result of directional selection 382 

for a generalist strategy which has not yet reached fixation during the course of 53 sexual 383 

generations. Results from several replicates of β sympatric populations are possibly consistent 384 

with this scenario. In the vast majority of replicate populations from the α background, 385 

however, several lines of evidence support the evolution of true adaptive divergence in 386 

sympatry where the pervasive negative correlation and the evolvability of genetic correlations 387 

appear to be key. In addition to the evolution of an ecological generalist with high survival in 388 

both environments, the strong trade-off with asexual growth additionally promoted the 389 

emergence of a second strategy specializing on performance during asexual growth (Figure 390 

2). As a consequence, multivariate phenotypic divergence integrating across life history 391 

components reached levels comparable to allopatric populations and exceeded those of 392 

parapatry and local mating. At the genetic level, a consistent increase of functional genetic 393 

variation (Da) between ecotypes across nearly all α sympatric populations, but few of the local 394 

mating populations sharing the same ancestor, lends further support to the parallel existence 395 

of distinct adaptive types independently accumulating mutations. At the current stage, we are 396 

ignorant about the long-term stability of these types. However, the fact that they repeatedly 397 

evolved and could be observed in nearly all sympatric populations (including several 398 

populations of the β background) speaks against a transitory sweep pushing a single, 399 

generalist strategy to dominate. Moreover, the relatively large shift in allele frequencies 400 

observed in sympatric populations after two rounds of directional selection (Extended Data 401 

Fig. 8) is difficult to reconcile with a transitory sweep and rather suggests maintenance of 402 

polymorphism by divergent selection. 403 
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Stable co-existence of both strategies may be achieved by two non-exclusive mechanisms: (i) 404 

by assortative mating facilitated by the evolution of self-compatibility (observed in our 405 

experimental setup 61) or temporal asynchrony in sporulation as anecdotally observed for a 406 

subset of populations; (ii) by antagonistic pleiotropy of large effect genes or strong negative 407 

epistasis of alleles coding for different life history components 62–65. Regardless of the precise 408 

mechanism, this result overall exemplifies the importance of genetic correlations for 409 

inhibiting or enabling adaptive divergence with gene flow, an aspect that may deserve more 410 

attention both from a theoretical viewpoint 12,13, as well as in empirical studies of natural 411 

systems 20,25. 412 

Consistent with contributions of several fitness components to adaptive divergence the 413 

underlying genetic basis was polygenic 25. In line with theoretical predictions 66,67 and existing 414 

empirical studies 39, effect sizes from standing genetic variation were skewed with only a 415 

small, repeated fraction of genes showing large effects on population differentiation. This was 416 

most pronounced in allopatry, where parallel allele frequency shifts of standing genetic 417 

variation governed adaptation. In sympatry, populations were near-exclusively characterized 418 

by standing genetic variation of allopatric bottom populations. We speculate that this 419 

similarity may help explain why diversification more readily occurred in the sympatric 420 

migration treatment. Assuming initially stronger selection in the bottom environment the high 421 

degree of gene flow might have moved much of the population towards a single (bottom) 422 

strategy increasing local competition and opening the opportunity for a top specialist to 423 

invade 16. In the intermediate treatments, a generalist strategy might have been maintained 424 

inhibiting the evolution of a specialist strategy. Divergence in sympatry requires the 425 

emergence of novel mutations conferring the necessary variation promoting concurrent 426 

evolution of an ecological generalist and a growth specialist. This is consistent with our 427 

observation of a multitude of unique, novel mutations which were, however, concentrated in 428 



Page 23 of 50 
 

specific genes and functional pathways. As a consequence, evolutionary trajectories may be 429 

partly predictable, not only at the phenotypic level, but also at the level of the underlying 430 

genes 68,69. Future work unravelling the genotype-fitness map will be necessary to understand 431 

the genetic architecture of the opposing adaptive strategies and their trade-offs.  432 

Concluding, this evolve-and-resequence experiment demonstrates that divergent selection 433 

readily promotes adaptive divergence of ecological specialists in the absence of migration and 434 

facilitates the evolution of ecological generalists under conditions of gene flow. Importantly, 435 

it further provides evidence that adaptive divergence is also possible, if not favoured, under 436 

maximal levels of migration, whereby the evolution of genetic correlations of fitness 437 

components appears to play a vital role. The genetic basis of divergence was conferred by a 438 

large number of genes exploiting both standing genetic variation in major effect genes with 439 

evidence for antagonistic pleiotropy and novel mutations enriched in certain genes and 440 

metabolic pathways. These findings contribute to our understanding of the fundamental 441 

processes governing adaptation and have potential implications for speciation research, 442 

pathogen evolution, pest control or conservation biology. 443 

Methods 444 

Ancestral populations 445 

The preparation of the α and β ancestral populations started with four isogenic strains 446 

(parental strains: P1, P2, P5, P6) derived from the Leupold’s 968 accession 70. These four 447 

parental strains differed in 14-22 genetic variants (Supplementary figure 14) including 448 

mutations in the ade6 gene used as colour marker (ade6-M216 allele in P1 and P5, and the 449 

ade6-M210 allele in P2 and P6), and the homothallic mating locus with configuration h-S 450 

(in P2 and P5) or h+S ((in P1 and P6 71). These strains are obligatory outcrossing 451 

(heterothallic), although along the experiment we observed the emergence of homothallic 452 
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phenotypes (mating type switching), 61. In general, unless specified, asexual growth was 453 

performed in standard liquid Edinburgh Minimal Medium (EMM; Per liter: Potassium 454 

Hydrogen Phthalate 3.0 g, Na HPO4⋅2H2O 2.76 g, NH4Cl 5.0 g, D-glucose 20 g, MgCl2⋅6H2O 455 

1.05 g, CaCl2⋅2H2O 14.7 mg, KCl 1 g, Na2SO4 40 mg, Vitamin Stock ×1000 1.0 ml, Mineral 456 

Stock ×10,000 0.1 ml 72). Sexual reproduction took place on 2% agar solid Pombe Minimal 457 

Glutamate medium (PMG corresponding to EMM medium substituting ammonium chloride 458 

by 5 g l−1 glutamic acid). Ecological selection was conducted in Selection Medium (SM; as 459 

PMG with glutamic acid reduced to 0.8 g l-1). In all cases, media was supplemented with 460 

100 mg l−1 adenine. 461 

Preparing the ancestral populations for the experiment involved two phases. In the first phase 462 

(phase I), settling speed at stationary phase was used as ecological contrast resulting in 463 

disruptive selection on a complex trait involving growth rate, cell size and cell morphology 38 464 

(Supplementary Figure 15). The aim of phase I was to induce genetic variation relevant to 465 

ecological specialization for fast or slow settling rate (bottom and top selection regime, 466 

respectively) in independent, asexually reproducing populations. In total, we maintained 24 467 

populations (6 populations per parental strain), 12 for fast settling (bottom selection) and 12 468 

for slow settling (top selection). The experiment was performed in cycles of asexual growth in 469 

5 ml of EMM at 32°C shaking at 250 rpm for two days, followed by a selection step where 470 

1% of the cells were transferred to fresh medium (around 5 million cells were transferred). 471 

For bottom selection, 1 ml of saturated media were placed on the top of a column with 10 ml 472 

of SM. The column was centrifuged for 45 seconds at 100 g, and 300µl from the bottom 473 

fraction of the column were collected. For top selection, the saturated medium was diluted to 474 

a final volume of 15ml with water, and centrifuged for 2 minutes and 45 sec at 100 g, after 475 

which 500 µl of the surface liquid was collected. Collected bottom and top fractions were then 476 

placed in 5 ml of fresh EMM media for each population to start a new cycle. In total, we 477 
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conducted 50 and 62 selection cycles for bottom and top selection, respectively, 478 

corresponding to approximately 430 and 530 asexual generations. At the end of this phase, 479 

each of the 24 evolved populations was diluted and plated in solid EMM with 2% agar. Plates 480 

were grown for three days and one single colony was isolated from each population (one 481 

isogenic strain per evolved population) to initiate the second phase (phase II).  482 

Since the phase I was run only using asexual cycles, during phase II, the aim was to add 483 

sexual reproduction to the cycles and increase reproductive efficiency, while maintaining 484 

variability in the ecological selection regime (top and bottom selection) produced in phase I. 485 

Phase II was started in duplicate maintaining the identity of the colour marker using the 486 

strains derived from evolved populations from phase I with parental P2 and P6 ancestry 487 

(ade6-M210 allele, or α genetic background) or from parent P1 and P5 (ade6-M216 allele, or 488 

β genetic background). Each of the 24 evolved strains were grown to saturation in EMM, and 489 

within the α and β genetic background the six Plus mating types were each mixed in equal 490 

proportion to each of the six Minus mating types for all possible combinations, and thereafter 491 

transferred to mating plates. After three days of mating on solid PMG, 1% of the cells were 492 

harvested from each cross, sexually produced offspring (ascospores) were isolated by killing 493 

all non-mated cells using Glusulase (0.5% v/v overnight; PerkinElmer) followed by a 30% 494 

ethanol treatment for 30 minutes. Spores were recovered and incubated in 5ml of EMM at 495 

32°C for two days. A second round of mating was performed, now mixing all offspring per 496 

genetic background from the first round resulting in two population pools (α and β). For each 497 

pool ten independent replicate populations were propagated for 20 cycles of disruptive 498 

selection described above with the addition of sexual reproduction after the selection step 499 

(Supplementary Figure 16). Sexual reproduction was introduced in two ways: in half of the 500 

populations (five each α and β) cells were mixed prior to sexual reproduction, and in the 501 

remaining populations mating was performed independently in each of the selection fractions 502 
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(bottom or top) where after spores were mixed in equal proportions. In both treatments spores 503 

were harvested to remove un-mated cells by glusulase and ethanol treatment as described 504 

above and were used to start the new cycle. Phase II was run for 20 cycles, each lasting six 505 

days. After 20 sexual generations, the 10 evolved populations from each ancestral α or β 506 

population were mixed to produce two independent populations with different genetic 507 

background and different composition of standing variation. These populations were used to 508 

start the experiment forming the basis of this study. They are referred to (α and β) ancestral 509 

populations. 510 

 511 

Experimental evolution: divergent selection with migration  512 

The evolutionary experiment was run in duplicate using both ancestral population (α or β 513 

populations from end of phase II). For each background, we ran 66 replicate populations 514 

corresponding to four treatments varying in the level of migration (see below). All steps of the 515 

experiment were performed in 96-well plates, either 1.2ml deep-well plates for asexual 516 

growth and ecological selection, or flat bottom 360 μl microtiter plates for sexual 517 

reproduction. Similar to preparation phase II the experiment was run in six day cycles, each 518 

including growth, ecological selection and sexual reproduction. Experimental conditions were 519 

modified to accommodate larger numbers of replicates and introduce four levels of migration. 520 

Populations were grown asexually for two days in 300 µl of EMM per population followed by 521 

ecological selection. For bottom selection, 50 µl of cells were placed on the top of a column 522 

with 750 µl of SM in a 96 deep-well plate. After 9 minutes, 25 µl of the bottom fraction was 523 

collected (corresponding to 0.5 % of cells, or around 150,000 cells). For top selection, 100 µl 524 

of cells were placed on the top of a column with 550 µl of SM in a 96-well plate. This plate 525 

was centrifuged at 100 rcf (705 rpm) for two minutes and 45 seconds, and 25 µl were 526 
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collected from the surface (again corresponding to 0.5 % of cells, or around 150,000 cells). 527 

The subsequent step of sexual reproduction was performed in microtiter plates with 150 µl of 528 

PMG per well. After three days, 25% of the sexually produced offspring (ascospores) were 529 

harvested by killing all non-mated cells using Glusulase (digestive enzyme mixture) in the 530 

incubator at 27.5 oC overnight, followed by 30% ethanol treatment for 30 minutes. These 531 

spores were used to start the next cycle. 532 

For each background, we modified the amount of migration between ecologically selected 533 

populations (top and bottom fraction after selection) in four treatments (Figure 1 and 534 

Supplementary Figure 1). i) In the allopatric treatment, half of the populations were 535 

subjected to bottom selection, and half to top selection.  Sexual reproduction was restricted to 536 

within each population. ii) In the parapatric treatment, replicates were divided into non-537 

independent population pairs experiencing opposite ecological selection (top or bottom 538 

selection). After selection, 5% of the selected cells were reciprocally transferred between 539 

populations of each pair. Sexual reproduction occurred independently in each population. iii) 540 

In the local mating treatment, independent populations were grown asexually and experienced 541 

disruptive selection for both, top and bottom selection. Sexual reproduction occurred in each 542 

resulting fraction independently. The spores produced from top and bottom mating plates 543 

were then mixed and transferred together for asexual growth. iv) In the sympatric treatment, 544 

independent populations were grown asexually and experienced disruptive selection for top 545 

and bottom selection. Prior to sexual reproduction the two fractions were fully mixed, 546 

transferred to a mating plate and the resulting spores were used again for asexual growth.  547 

Each treatment contained 22 replicates of evolving populations (sympatry and local mating 548 

treatment) or pairs of populations (allopatry and parapatry) giving a total of 66 replicate 549 

populations for each ancestral background, or 132 altogether. In order to maintain the same 550 

population mutation rate (Neµ) in all treatments, population size was matched during asexual 551 
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growth performed in two independent wells per population for the sympatric and local mating 552 

treatments, which were then mixed after growth before selection. Additionally, the sexual 553 

reproduction step for the sympatric treatment was performed in two wells per population. In 554 

order to control for cross contamination between populations, we included two empty wells 555 

per treatment, with media, but without cells. The experiment was run in total for 53 cycles (53 556 

cycles of sexual reproduction and around 700 asexual generations).  557 

During the entire experiment, populations were stored every three cycles after asexual growth 558 

in YES medium with 15 % glycerol, and were cryopreserved at -80°C. 559 

 560 

Fitness measurements 561 

We measured fitness of the evolved populations relative to the ancestral populations (α and β 562 

ancestral populations after the two preparation phases) for four fitness components: asexual 563 

growth, sexual reproduction and survival of ecological selection for top or bottom. 564 

Additionally, in order to identify the potential for differentiation within populations 565 

(subpopulations - population structure), each population was subjected to two experimental 566 

cycles removing migration (as in allopatric treatment). This resulted in a top and bottom 567 

subpopulation. To ensure comparability across treatments the two additional cycles were 568 

performed prior to fitness measurement in all four treatments. To quantify relative fitness, we 569 

performed a competition assay between all evolved populations and ancestral populations 570 

(test populations) using a fluorescent isogenic strain as intermediary reference. The reference 571 

fluorescent strain was derived from the lab strain Leupold’s 968 h90 70 containing an 572 

introduced mCherry-marker (strain EBC47 described in61). Each test population and reference 573 

fluorescent strain was first grown independently to saturation for two days. Subsequently, 250 574 

µl of the test population were mixed with 100 µl of the reference (mix before growth - BG). 575 
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10 µl of the mix were then diluted with 100 µl of water and the frequency of fluorescent 576 

(reference strain) vs. no-fluorescent cells (from the test population) were measured using a 577 

flow cytometer (BD LSR Fortessa, at the Core Facility Flow Cytometry, LMU) (baseline 578 

frequency before growth – fBG). A fraction of 5 µl (BG) was then mixed with 500 µl of SM 579 

(selection media) of which 30 µl were transferred to 100 µl of EMM. After 24 h of asexual 580 

growth, the change in frequency was measured using the flow cytometer (frequency after 581 

growth – fAG) providing an estimate of growth rate differences between the test population 582 

and the reference. Another fraction of 50 µl (BG) was subjected to one cycle of bottom 583 

selection. Given the reduced number of cells for measurements after selection, the selected 584 

fraction was mixed with 100 µl of EMM and grown for 24 hours. After growth, the change in 585 

frequency was measured using the flow cytometer (frequency after bottom selection plus 586 

growth – fBSG). A third fraction of 100 µl (BG) was placed on the top of a top selection 587 

column, and a cycle of top selection was performed. The selected fraction was grown and 588 

measured as for bottom selection described above (frequency after top selection and growth – 589 

fTSG). To measure sexual reproductive success, 20 µl of the reference strain and 80 µl of the 590 

test population were mixed, and the fluorescent and non-fluorescent proportion of this mix 591 

was measured in the flow cytometer (frequency before mating - fBM). To reproduce the 592 

evolutionary environment, 10 µl of the mix was diluted to 1,000 µl of SM of which 25 µl was 593 

transferred to a PMG mating plate. After three days of sexual reproduction, spores were 594 

harvested as in the experiment and transferred to 100 µl of EMM for asexual growth. After 24 595 

hours, samples were measured in the flow cytometer (frequency after mating and growth – 596 

fAMG). Eight technical replicates were performed for each fitness component measurement and 597 

population. Raw data was converted using flowCore 1.11.20 (Ellis et al. 2009) and analysed 598 

in R. Debris was filtered by gating in FSC width and height and a cut-off in the mCherry 599 
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signal was used to define reference and focal populations (see Supplementary Figure 17 for 600 

representative example). 601 

All fitness components were measured relative to the reference fluorescent strain. Due to 602 

technical limitations, measurements required a growth step after selection and after sexual 603 

reproduction. To compensate for these steps, we used the calculations described below, to 604 

obtain fitness estimates of the evolved populations relative to the (α or β) ancestral population 605 

of the experiment (adaptation). First, we estimated the number of asexual generations for the 606 

reference fluorescent strain in 24 hours to be around 6. Given an initial frequency of cells 607 

before growth (fBG) for both evolved population and reference strain, as well as the frequency 608 

after growth (fAG), we inferred the number of reference cells after 24 hours of growth as:  609 

ܰீ = ܰீ ∗ ݁௧∗ெೝ 

Where ݐ = 6 and ܯ = 1 (Malthusian parameter of the reference strain was set to 1). The 610 

number of cells of the evolved populations is: 611 

ܰ௩ீ = ݂ீ ∗ ܰீ1 − ݂ீ  

Then the number of evolved cells before and after growth were used to calculate a Malthusian 612 

growth parameter for the evolved population as:  613 

௩ܯ = )݈݃ ܰ௩ீ/ ܰ௩ீ)ݐ  

The same calculation was used to estimate a Malthusian parameter per cell division for the 614 

ancestral populations (Mancestral). The relative fitness for growth (g) then is: 615 

ܰ௩ܰ௦௧ = ݁௧ெೡ݁௧ெೌೞೝೌ 
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The relative fitness after ecological selection (top or bottoms selection), was calculated in the 616 

same way in both cases. We used the calculated Mevol parameter to differentiate the change in 617 

frequency by selection (frequency after top or bottom selection – fTS or fBS) from the change 618 

from selection plus growth (fTSG and fBSG described above). For that, we calculated the number 619 

of reference cells remaining after top and bottom selection alone from saturated medium 620 

(Expected_pSref), and used it to calculate the number of reference cells after selection in the 621 

mix:  622 

ܰௌ = ܰܵܽ݊݅ݐܽݎݑݐ ∗ ݔ݅ܯݎݐܿܽܨ݊݅ݐݑ݈݅ܦ ∗  Expected_pܵ 

As the fraction after selection was measured after a step of asexual growth of 24 hours, NrefBS 623 

was used to calculate the number of reference cells after selection and growth (NrefBSG and 624 

NrefTSG) with ܯ = 1 as:  625 

ܰௌீ = ܰௌ ∗ ݁∗ெೝ 

As before, using initial densities and the frequency before selection we calculated the number 626 

of evolved cells before selection (NevolBG) as: 627 

ܰ௩ீ = ܩܤ ∗ ܰீ1 − ܩܤ  

And the number of cells after selection without growth as: 628 

ܰ௩ௌ = ݂ௌீ ∗ ܰௌீ(1 − ݂ௌீ) ∗ ݁∗ெೡ 
The relative fitness for ecological selection (W) was then calculated as: 629 

ܹ݁ݒ݅ݐ݈ܴܽ݁ = ܰ௩ௌ/ ܰ௩ீܰௌ/ ܰீ  
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The fitness relative to the reference was calculated for evolved and ancestral populations, and 630 

the final relative fitness with respect to ancestral populations was calculated as the ratio 631 

between them.  632 

Relative fitness of sexual reproduction was estimated similarly. As the measurements of 633 

sexual reproduction efficiency were inferred after a period of 24 hours of asexual growth 634 

(AMG), frequencies after mating were corrected using Mevol (frequency after mating without 635 

growth – fAM). Then values of sexual reproduction efficiency of the test population relative to 636 

the reference was calculated as: 637 

ݎ_݁ݒ݅ݐ݈ܴܽ݁ = ݂ெ ∗ ܰெܰ௩ெ ∗ (1 − ݂ெ) 

Note that the measure r is an aggregate of mating, sporulation and germination efficiency. We 638 

assume that the fluorescent marker in the reference strain follows Mendelian inheritance and 639 

that the effect of mating between evolved and reference cells is on average equal for the 640 

offspring with and without the fluorescent marker. 641 

Estimates of relative growth rate (g), response to selection for top or bottom (WT or WB, 642 

respectively), and the efficiency of sexual reproduction (r) constitute fitness components that 643 

were compared between migration treatments and selection regimes. For each fitness 644 

component (ratio data) a log transformation was performed to obtain a normal distribution to 645 

which a generalised linear model was fitted using treatment and selection regime as fixed 646 

variables and population and technical replicate as random factors. To correct for occasional 647 

outliers due to experimental error, for each population, the replicate that deviated most from 648 

the median was discarded. In this model, treatments were contrasted to allopatric populations 649 

(Supplementary Table 1 & 2). In addition, we performed Principal Component Analyses 650 

(PCA): i) including all treatments and ii) separately per treatment, using z-score normalized 651 



Page 33 of 50 
 

values for the log transformed fitness values per fitness component and visualised using the R 652 

package factoextra v3.4.4 73; PCAs were conducted for each ancestral genetic background 653 

separately, using all variants (Fig. 3) or only ancestral variation (Extended Data Fig. 4). We 654 

further calculated correlation matrices of all four fitness components for each treatment and 655 

genetic background using standardized z-transformed fitness values. Calculations included all 656 

22 populations (allopatry, parapatry) or subpopulations (local mating, sympatry). 657 

Supplementary Figure 18 shows the correlation for allopatry and sympatry in the α 658 

background. The sign of the slope of the lines between points – connecting the pairs of 659 

subpopulations in sympatry derived from the same population – indicate if the correlation 660 

observed among populations is maintained within populations.  661 

 662 

Genomic data generation and pre-processing 663 

Genetic analyses were performed in all populations obtained during the preparation of the 664 

ancestral populations (phase I and II), the two ancestral populations (α, β), all evolved 665 

populations, and subtractions from the local mating and sympatry treatments after two cycles 666 

of selection without migration. Specifically, genomic DNA was extracted from the following 667 

populations/strains: the four parental strains (P1, P2, P5 and P6), the 24 evolved strains of 668 

phase I, the two ancestral populations starting phase II, the two ancestral populations starting 669 

the experiment (α and β ancestors), the 132 evolved populations at the end of the experiment, 670 

and 44 samples corresponding to top and bottom fractions from local mating and sympatric 671 

populations. Genomic DNA was extracted using Zymo Research Quick-DNA™ 672 

Fungal/Bacterial 96 Kits according to the manufacturers’ instructions. Library preparation and 673 

Illumina HiSeqX, paired-end 150 bp read length, v2.5 sequencing chemistry, was performed 674 

at the SNP&SEQ platform of the SciLifeLab at Uppsala University. Libraries were prepared 675 
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from 1 μg DNA using the TruSeq PCRfree DNA sample preparation kit, targeting an insert 676 

size of 350 bp. For sequencing, 48 libraries with barcodes were pooled per lane randomized 677 

across treatments. Samples were sequenced to sequence coverage over above 200 x 678 

(Supplementary Figure 19). Raw sequencing data is available at the National Center for 679 

Biotechnology Information (NCBI) under Bioproject ID PRJNA604890. 680 

Adaptors were removed from raw reads using cutadapt 1.3 74, read-pairs were filtered and 681 

trimmed by quality using trimmomatic 0.32 75 and FastQC 0.11.5. Filtered reads were then 682 

mapped to the reference genome (ASM294v2 76) using BWA 0.7.1577. Local realignment was 683 

performed using GATK 3.3.0 78 and the Picard toolkit picard 1.92 684 

(https://broadinstitute.github.io/picard/). Genetic variants and frequencies (both SNPs and 685 

small indels) were inferred using the package VarScan 2.3.7 79, with minimum mapping 686 

quality of 30 and a threshold p-value of 1x10-4. Variants were filtered to exclude 1) variants 687 

with more than 90% of the reads supported by a single strand; 2) variants with coverage lower 688 

than 10% of genome-wide average or higher than 1.3 times the estimated maximum coverage 689 

as suggested by Heng80; 3) variants falling into repetitive regions identified using 690 

RepeatMasker 4.0.7 (http://repeatmasker.org). Genetic variants were annotated relative to the 691 

reference genome using SnpEff 4.381. Based on the annotation for effect on the closest 692 

genomic region, genetic variants were classified according to the predicted size effect into 693 

four, mutually exclusive categories as defined in SnpEff 4.3: i) modifier, including non-coding 694 

transcript exon variant, intragenic region, intron variant, 5’ UTR variants and 3’ UTR 695 

variants; ii) low, including synonymous, splice region variants, splice region variant and 5’ 696 

UTR premature start codon gain variant; iii) moderate, including missense variants, disruptive 697 

in-frame deletion and insertion, and conservative in-frame insertion; and iv) high, including 698 

stop-gain, start-loss and frame-shift variant. Coverage values per base were calculated using 699 

SAMtools 1.9 77. Gene function and phenotype effect for variants that showed strong 700 
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divergent selection or were hit multiple times independently were checked at pombase.org 82. 701 

Gene ontology analysis for enrichment was performed using Fisher’s exact test for the 702 

annotations of biological process from pombase.org, using false discovery rate as correction. 703 

 704 

Decomposition of genetic and fitness variation  705 

Allele frequencies were used to calculate population genetic parameters including average 706 

number of pairwise differences between populations (Dxy
83) and the expected genetic variance 707 

within populations relative to the total expected genetic variance (Fst
84) using custom scripts. 708 

Population allele frequencies were further used to perform PCAs, which were visualised using 709 

the R package factoextra v3.4.4. Analyses were conducted for all populations per genetic 710 

background (α or β; Extended Data Fig. 4) and by treatment always including the allopatric 711 

populations as point of reference (Figure 3). This analysis was performed for all mutations 712 

(Figure 3 and Extended Data Fig. 4a), or only for variants present in the α or β ancestral 713 

populations (standing variation; Extended Data Fig. 4b).  714 

We then explored the relationship between genetic variation and variation in fitness 715 

components. We extracted the two major axes of variation (PC1 and PC2) for genetic 716 

variation (Figure 3 and Extended Data Fig. 4) and for variation in the log normalized 717 

relative fitness values across all four fitness components (Extended Data Fig. 2) and 718 

investigated the association using a linear model using the stats v3.6.0 package. The analysis 719 

was done independently for each genetic background and treatment excluding sympatry and 720 

the local mating treatments due to the lack of correspondence between sequencing data (from 721 

population pools) and fitness estimates (from selected fractions within population – 722 

subpopulations). In the case of parapatric populations, the fitted model additionally included 723 

ecological selection regime as fixed variable (top and bottom selection regime). 724 
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We then evaluated the potential for genetic divergence within populations with high migration 725 

(local mating and sympatry). First, allele frequencies were used to calculate ancestral 726 

divergence (Da: difference between Dxy and mean π) between the top and bottom fraction per 727 

population (Extended Data Fig. 7) using custom scripts. Then we compared allele frequency 728 

changes between whole pool samples and their respective top and bottom fractions (see 729 

examples in Supplementary Figure 3). For each population we counted the proportion and 730 

number of genetic variants with allele frequency change higher than 0.2 in the comparisons: 731 

top – bottom fraction, pool – top, and pool – bottom (Supplementary Figure 4). The change 732 

of frequency of 0.2 since allele frequency changes higher than 0.15 are not expected for 733 

neutral genetic variation (see individual based simulation below), but a lower threshold of 0.1 734 

gave similar qualitative results. Dominant fractions were compared between treatments (local 735 

mating and sympatry) and genetic backgrounds (Extended Data Fig. 8). Significance of the 736 

difference between groups were tested using a quasibinomial model in a nested generalised 737 

lineal model with treatment and fraction as fixed variables and population as random factors. 738 

 739 

Individual based forward simulations 740 

In order to identify the expected allele frequency distribution of neutral genetic variants and 741 

the effect of physical linkage we performed individual based forward simulations using SLiM 742 

3.2.1 85. We contrasted simulations including only neutral variants to simulations including 743 

both neutral and selected variants  We parameterized the simulations with estimates from the 744 

literature including a mutation rate of 2⋅10-10 site-1 generation-1 86, an average recombination 745 

rate of 1⋅106 site-1 generation-1 87, and a cloning rate of 0.90 generation-1 (equivalent to around 746 

1 sexual cycle every 18 asexual generations). We simulated genetic variation for one 747 

chromosome of 1 Mb in size for allopatric populations in cycles following the setup of the 748 
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experiment (Figure 1). 3⋅105 haploid individuals (cells) grew asexually to a saturation point 749 

of 3⋅107 individuals. Growth was followed by a selection step reducing population size to 750 

3⋅105, subsequently undergoing a cycle of sexual reproduction with an outcrossing rate of 751 

0.90 generation-1. The resulting offspring re-started the cycle. Simulations were run for 800 752 

asexual generations (corresponding approximately to 700 asexual generations during 53 753 

experimental cycles), 1,000 generations (mimicking phase II + experiment) and 2,000 754 

generations to explore longer-term evolutionary dynamics. In order to reduce the 755 

computational effort, all parameters were scaled relative to an effective population size Ne of 756 

3⋅103 as suggested in the SLiM manual. Simulations were run first including only neutral 757 

variants (Supplementary Figure 5) and then adding selected variants (Supplementary 758 

Figure 6). For selected variants, we included a range of parameters specifying: 1) the 759 

proportion of emerging selected variants relative to neutral variants (from 100 to 10000 760 

neutral variants per selected variant) and 2) selection coefficients which were sampled from 761 

an exponential distribution with varying mean (from 0.01 to 0.1). For each parameter 762 

combination, we ran 100 replicate simulations and report the mean tabulated number of 763 

genetic variants per allele frequency across simulations. Neutral variants alone did not reach 764 

allele frequencies higher than around 0.3 after 2000 generations, and only reached 0.12 in 800 765 

generations (Supplementary Figure 5). In the presence of linked selected variants, mean 766 

allele frequencies of neutral variants increased, but only under conditions of high selection 767 

coefficients and a low occurrence of selected relative to neutral variants (Supplementary 768 

Figure 6).  769 

 770 
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Allelic differentiation by ecological contrast 771 

To test for the difference in allele frequency per variant between ecologically contrasting 772 

conditions (allopatric top and bottom regime) we used a logistic regression with binomial and 773 

quasibinomial error structure taking over-dispersion into account. In general, the 774 

quasibinomial model is not appropriate for cases when variants were only found in some 775 

populations (new mutations in the last phase of the experiment), even when derived allele 776 

frequencies clearly differed between top and bottom selected populations where present. For 777 

example, variants found in high frequency in ~5 populations, but not present in all bottom 778 

populations, where not found to be significantly different in the quasibinomial model. For 779 

variants present in all population (standing genetic variation), the quasibinomial model 780 

appeared more appropriate.  781 

 782 

Forward simulations for linkage disequilibrium between potentially adaptive 783 

loci 784 

This analysis was performed for pairs of genetic variants showing signatures of antagonistic 785 

pleiotropy for disruptive adaptation to ecological selection for top or bottom in allopatric 786 

populations. This included variants II:1718756 (with the derived allele A in high frequency in 787 

bottom populations relative to the reference allele present in high frequency in top 788 

populations) and II:1741521 (derived allele T in high frequency in top populations relative to 789 

reference allele in high frequency in bottom populations). These two loci were identified in 790 

populations with the α genetic background, located 22,765 bp apart. For populations derived 791 

from the β genetic background, we performed the same analysis on variants I:2319886 (with 792 

the derived allele T in high frequency in bottom populations relative to the reference allele 793 

present in high frequency in top populations) and I:2319922 (derived allele T in high 794 



Page 39 of 50 
 

frequency in top populations relative to reference allele in high frequency in bottom 795 

populations). This second pair of loci was 36 bp a part. 796 

Given the close physical proximity between these pairs of variants, the strong correlation in 797 

allele frequency of variants could be due to ecologically mediated selection acting 1) on both 798 

variants either in the opposite or same direction generating linkage disequilibrium (hypothesis 799 

1), or 2) on only one of the two variants dragging along a physically linked neutral locus 800 

(hypothesis 2).  801 

Sequencing of population pools did not allow haplotype inference. Yet, the initial allele 802 

frequencies of both loci in the ancestral populations restrict the range of possible initial 803 

haplotype frequencies. In the ancestral α population, we observed an allele frequency of 0.5 804 

and 0.2 for the derived alleles II:1718756_A and II:1741521_T, respectively (or 0.5 and 0.8 805 

for the reference alleles). We ran deterministic simulations under hypothesis 2 where only one 806 

of the locus was under selection. In the first case, the variant II:1718756 was under selection 807 

(A allele being beneficial under bottom selection) and the other locus II:1741521 was neutral. 808 

The initial frequencies of haplotypes A1B1, A1B2, A2B1, and A2B2 were denoted as X1, 809 

X2, X3 and X4. A1 represents the allele under selection (II:1718756_A in this case) with an 810 

alternative reference allele A2; B1 and B2 were assumed to be neutral. This translated into a 811 

fitness matrix such as ωA1B1 = ωA1B2 = 1 and ωA2B1 = ωA2B2 = 1 - s, where s is the 812 

selection coefficient. From the fitness matrix, marginal fitness for haplotype (i) over other 813 

haplotypes (j) and mean fitness were calculated for the population as: ഥ߱݅ = ∑ ݆ܺ߱݅ସୀଵ  and 814 ഥ߱ = ∑ ܺ ഥ߱݅ସୀଵ . Initial haplotype frequencies were estimated considering the possible range 815 

of values such as: ܺ1 +  ܺ2 = ( 1ܣ)݂ =  0.5, ܺ1 +  ܺ3 = (1ܤ)݂  =  0.8, and ܺ1 +  ܺ2 +816 ܺ3 + ܺ4 = 1. After one cycle of sexual reproduction the change in haplotype follows as: 817 
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1ܺ߂ = ܺ1( ഥ߱1 − ഥ߱) − ഥ߱ܦଵସ߱ݎ , 2ܺ߂ = ܺ2( ഥ߱2 − ഥ߱) − ഥ߱ܦଵସ߱ݎ , 3ܺ߂
= ܺ3( ഥ߱3 − ഥ߱) − ഥ߱ܦଵସ߱ݎ , 4ܺ߂ = ܺ4( ഥ߱4 − ഥ߱) − ഥ߱ܦଵସ߱ݎ  

where r is the recombination rate (from 0 to 0.5) between the selected and the neutral loci, 818 

used also as a measurement of genetic distance, and D is linkage disequilibrium given by: 819 ܦ = ܺ1ܺ4 − ܺ2ܺ3. Decrease of D was modelled as a function of r over time: ܦᇱ = (1  821 .ܦ(ݎ 820−

This model was used to run simulations with different parameters for X1, r and s. Final allele 822 

frequencies for the neutral locus were reported once the selected locus reached fixation (X1 + 823 

X2 > 0.999). This was done for both selective regimes, one in which A1 was positively 824 

selected (allopatric bottom populations) and another one in which A2 was under positive 825 

selection (allopatric top populations).  We then considered the opposite case, when the variant 826 

conferring a selective advantage was under ecological top selection (allele II:1741521_T 827 

positively selected in top populations) and the second locus was neutral (II:1718756). We 828 

compared the predicted range of allele frequencies when variants were assumed to be neutral 829 

with observed allele frequencies in the experiment. The prediction is that under physical 830 

linkage between a selective and a neutral variant (hypothesis 2), the range of observed allele 831 

frequencies should be within the simulated intervals. In the case of disruptive selection of 832 

both loci, the range of observed allele frequencies should be larger than in the simulations, 833 

since the second selected variant would increase in frequency even after the first one fixed. 834 

The same analysis was repeated using the pair of loci from the β populations I:2319886 and 835 

I:2319922.  836 

 837 
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Figure captions 1046 
Figure 1. Schematic illustration of the experiment.  1047 

a. Schematic of a 6-day experimental cycle including asexual population growth, ecological 1048 

selection (top and bottom selection regime) and sexual reproduction (allopatry treatment 1049 

shown as example).  b. Representation of the four treatments differing in the amount of 1050 

migration between fractions after ecological selection: i) allopatry: no gene flow, ii) 1051 

parapatry: symmetric migration of 5% of cells (red and blue dashed lines), and full mixing 1052 

(orange arrows) either iii) after sexual reproduction (‘local mating’) or iv) before sexual 1053 

reproduction (sympatry). The number of populations per treatment for the α or β ancestral 1054 

background is given at the bottom.  1055 

 1056 

Figure 2. Fitness as a function of ecological selection and gene flow.  1057 

a. Fitness values of each population relative to the ancestral population for different fitness 1058 

components (growth, sexual reproduction, performance after top or bottom selection) 1059 

separated by ecological selection regime (top in blue and bottom in red; cf. Figure 1b), 1060 

migration treatment (allopatric, parapatric, local mating, sympatric) and genetic background 1061 

(α or β). Values > 1 provide evidence for adaptation. Each point represents the median value 1062 

of 8 technical replicates per population. Note that for local mating and sympatry the entire 1063 

population experiences top and bottom selection. Blue and red here refers to fitness values of 1064 

the resulting top and bottom fractions (ecotypes) that experienced two additional cycles of 1065 

selection in isolation. Statistical significance of Generalized Linear Model is indicated by 1066 

asterisks (for statistical results see Supplementary Table 1; *p < 0.05, **p < 0.01, ***p < 1067 

0.001). Boxplots description: center line, median; box limits, upper and lower quartiles; 1068 

whiskers, 1.5x interquartile range; points, outliers. b. Matrix of correlation coefficients of 1069 

relative fitness values between fitness components per treatment and genetic background 1070 

(Pearson’s correlation across all 22 evolved populations (allopatry, parapatry) or 1071 

subpopulations (local mating, sympatry); *p<0.05). The direction and strength of the 1072 

relationship is indicated by colour (violet: negative; orange: positive) and the height of the 1073 

bar, respectively.  1074 

 1075 
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 1076 

Figure 3. Partitioning of genetic variation and its relationship to fitness  1077 

a. Genetic variation and population structure relative to the ecological selection regime shown 1078 

for the α genetic background. Each sub-plot shows the two main axes of variation across 1079 

populations per treatment always including allopatric top and bottom as well as the ancestral 1080 

population as reference (blue, red and black, respectively). PCA was performed on all genetic 1081 

variants. For PCA across all populations combined for each ancestral background see 1082 

Extended Data Fig. 4. b. Correlation between the two major PCA axes of genotypic 1083 

variation (from Figure 3a) and variation in fitness (Extended Data Fig. 2) shown for 1084 

allopatric α populations. Each dot represents one population.  1085 

 1086 

Figure 4. Candidate genetic variants under disruptive selection in α populations. 1087 

 a. Example of a pair of variants with evidence for antagonistic pleiotropy. Each point shows 1088 

the final allele frequency for the two loci in top or bottom populations from the allopatric 1089 

treatment (frequencies for other treatments are shown in Supplementary Figure 10). 1090 

Ancestral allele frequencies are shown in orange. Genetic variants are labelled with 1091 

chromosome number, base position and alternative allele relative to the reference genome. 1092 

The grey area indicates allele frequency combinations that would arise under a scenario of 1093 

positive selection for both derived alleles; allele frequency combinations above the diagonal 1094 

line provide unequivocal evidence for coupling of both derived mutations on a single 1095 

haplotype.  b. Predicted allele distribution for a pair of genetic variants under antagonistic 1096 

pleiotropy. The derived allele for locus 1 (L1) is beneficial under environment 1 (top selection 1097 

environment) but deleterious in environment 2 (bottom selection environment). The opposite 1098 

occurs for locus 2 (L2). c. Representation of a fitness landscape where a population (orange 1099 

circle) can adapt to the top or bottom environment (blue or red arrow, respectively) by 1100 

increasing the frequency of the derived allele at locus 1 while decreasing the frequency for the 1101 

derived allele at locus 2.  1102 
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