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Abstract 23 

Understanding how and why genetic variation is maintained under sustained selection remains a 24 

central question in evolutionary genetics. Experimental evolution shows that adaptation in 25 

sexually reproducing populations is often highly polygenic, proceeding through coordinated, 26 

genome-wide allele frequency shifts from standing variation rather than classic hard sweeps. 27 

Recent explanations emphasize highly polygenic architectures, optimizing-selection, and genetic 28 

redundancy, which can slow fixation by distributing selection across many loci during adaptation. 29 

However, observations from long-term selection experiments reveal a pattern these frameworks 30 

do not fully explain: substantial genetic variation persists after hundreds of generations of intense 31 

directional selection in constant environments. Here, we use long-term experimental evolution in 32 

Drosophila melanogaster to test whether balancing-selection actively maintains genetic variation 33 

under strong life-history selection and preserves evolutionary reversibility. Longstanding 34 

populations selected for accelerated or delayed reproduction were shifted to the opposing regime, 35 

imposing age-structured fitness trade-offs. Notably, selection for early reproduction is associated 36 

with substantial loss of genetic variation, providing a stringent test of whether standing variation 37 

is truly depleted. Following reciprocal shifts, populations showed rapid phenotypic convergence 38 

toward the target regime. At the genomic level, allele-frequency trajectories were strongly 39 

antiparallel and highly repeatable across replicates, revealing coordinated polygenic responses. 40 

Relaxing long-standing early-life selection produced a pronounced rebound in genome-wide 41 

heterozygosity. Deep sequencing uncovered ultra-rare alleles at sites appearing fixed under 42 

standard coverage, indicating low-frequency functional variation persists below detection 43 

thresholds. These results suggest that substantial genetic variation can persist under intense 44 

directional selection and be rapidly redeployed when selection reverses, consistent with 45 

widespread balancing-selection. 46 

 47 



Introduction 48 

Understanding how genetic variation is shaped and maintained in populations has long been a 49 

central question within evolutionary genetics (Lewontin 1974). A major puzzle is why substantial 50 

genetic variation often persists within sexually reproducing populations despite long-term, intense 51 

selection, under which classical models predict rapid fixation and loss of diversity. Evolution 52 

experiments in sexually reproducing organisms have repeatedly shown that responses to 53 

selection are often highly polygenic, fueled by standing genetic variation, and characterized by 54 

modest coordinated shifts in allele frequencies rather than classic hard sweeps in which selected 55 

alleles and linked sites fix (Burke 2012; Barghi and Schlötterer 2020). In mesocosm experiments 56 

mimicking natural conditions, the absence of sweeps and persistence of genetic variation is often 57 

attributed to fluctuating selection and adaptive tracking (Rudman et al. 2022; Bitter et al. 2024). 58 

However, we know that this explanation cannot be applied to laboratory-based experimental 59 

evolution studies where environments and selection pressures are typically constant.  60 

Experimental evolution combined with whole-genome sequencing (“E&R”) is an established 61 

approach for studying the genetic basis of adaptation and complex trait variation (Long et al. 2015; 62 

Schlötterer et al. 2015). Across the Drosophila studies that comprise most of this work, the shift 63 

versus sweep dynamic is widespread (e.g. Burke et al. 2010; Tobler et al. 2014; Graves et al. 64 

2017; Barghi et al. 2019, 2020). It is even observed in outcrossing yeast studies, where large 65 

population sizes and longer selection durations allow for a greater possibility of adaptation from 66 

de novo mutations (Burke et al. 2014; Phillips et al. 2020; Linder et al. 2022). Recent explanations 67 

for the “shifts not sweeps” pattern emphasize highly polygenic architectures, optimizing selection, 68 

and genetic redundancy (Chevin and Hospital 2008; Barghi et al. 2019; Hayward and Sella 2022). 69 

However, while this framework is compelling, it does not resolve a puzzling pattern that emerges 70 

in the case of long-term selection experiments, where populations experience sustained selection 71 

for many hundreds of generations. Although genetic redundancy can slow fixation by distributing 72 

selection across many loci during ongoing adaptation, it does not provide a mechanism for 73 

actively maintaining polymorphisms once populations approach a phenotypic optimum, at which 74 

point drift is expected to erode variation. 75 

Evidence for this phenomenon comes from our own long-term Drosophila experimental evolution 76 

system, in which populations maintained under intense selection for over 1,000 generations retain 77 

substantially more genetic variation than expected under neutral drift and under forward 78 

simulations incorporating both directional and optimizing selection (Phillips et al. 2016). Why so 79 

much genetic variation persists after hundreds of generations of intense selection remains an 80 



open question. Here we propose that pervasive antagonistic pleiotropy may play an important 81 

role in maintaining genetic variation by constraining fixation and slowing the erosion of 82 

polymorphism under sustained selection.  83 

In previous work, we raised the possibility that the long-term persistence of genetic variation in 84 

these populations reflects pervasive balancing selection acting within populations rather than 85 

passive retention (Graves et al. 2017). This idea was motivated by a key result from that study: 86 

despite many generations of selection on reproductive timing, populations recently derived from 87 

the same ancestral stock rapidly converged phenotypically and genotypically with long-standing 88 

selected lines. This repeatability implies that adaptive alleles are retained in the founder 89 

populations far longer than expected, given that hundreds of generations of selection and drift 90 

should otherwise erode standing variation. Antagonistic pleiotropy provides a plausible 91 

mechanism: alleles that enhance fitness through one life-history character may impose costs 92 

upon other characters, constraining fixation, and in some cases, sustaining genetic polymorphism 93 

over time (Rose 1982; Rose 1985; Brud and Guerrero 2026).  94 

Here we aim to empirically test whether widespread balancing selection contributes to the long-95 

term maintenance of genetic variation in Drosophila experimental evolution. We focus on 96 

populations that have been under intense selection for early or late reproduction for hundreds of 97 

generations and assess whether they retain the capacity to evolve back toward ancestral 98 

phenotypic and genomic states when selection is reversed. 99 

The early-reproduction populations, termed the A-types, are maintained on a 10-day generation 100 

cycle, whereas the late-reproductive populations, the C-types, are maintained on a 28-day cycle 101 

(Table S1). Both sets were ultimately descended from the same ancestral Ives base population 102 

(Ives 1970; Rose et al. 2004). A-type selection produces accelerated development, reduced adult 103 

lifespan, reduced stress resistance, increased early-life fecundity, and distinct metabolic profiles 104 

(Burke et al. 2016; Kezos et al. 2023; Hubert et al. 2025). Genomic characterization further 105 

indicates that these phenotypes are underlain by widespread genomic responses to selection, 106 

including the apparent fixation of some polymorphic sites and regions of the genome where 107 

variation is almost entirely purged. (At present, the longest-standing A-type populations have 108 

experienced ~1,200 generations of selection for early reproduction, and the more recently derived 109 

A-types ~650). Given that population sizes are on the order of a thousand, beneficial de novo 110 

mutations are unlikely to be a factor driving adaptation and populations should have reached 111 

mutation-selection-drift equilibrium under their respective selection regimes. Under standard 112 

expectations when antagonistic pleiotropy is absent, most segregating variation should be 113 



selectively neutral or weakly deleterious, slowly drifting toward fixation or loss. Thus, the ability of 114 

A-type populations to move rapidly back toward C-type states when selection is altered would 115 

imply that genetic variation has been actively maintained at equilibrium frequencies, rather than 116 

“passively” retained during incomplete selection. 117 

To assess the possible conclusion described above, we use antiparallel selection shifts between 118 

the A- and C-type regimes and follow two trajectories: A→C (A-types placed under C-type 119 

conditions) and C→A (C-types placed under A-type conditions) illustrated in Figure S1. In doing 120 

so, we both relax the intense early-reproduction selection experienced by A-types and impose 121 

this same regime on C-types. Starting from these contrasting genetic backgrounds, we track 122 

phenotypic and genomic changes over several dozen generations to evaluate how populations 123 

respond to their new life-history cycles. If widespread balancing selection is maintaining functional 124 

variation in this system, we expect that: (1) evolutionary history will not impose strong, persistent 125 

constraints, and populations will converge genomically and phenotypically on long-standing 126 

counterparts, where under our design, this should translate into inverted genomic trajectories for 127 

the A→C and C→A given they are ultimately derived from the same ancestral population; (2) 128 

shifting A-types to C-type conditions will result in a widespread rebound in genetic variation, 129 

revealing low-frequency alleles that persisted despite the apparent loss of polymorphisms in past 130 

work, while the reciprocal C→A shift should produce a reduction in genetic variation;  (3) replicate 131 

populations within each trajectory will show repeatable genomic responses, consistent with 132 

access to shared reservoirs of selectively maintained variation.  133 

 134 



Results 135 

We analyzed two reciprocal selection trajectories, each replicated across 10 independently 136 

maintained populations. The long-established populations from which each trajectory was derived 137 

are referred to as the “founder populations”. We use “repeatability” to describe the consistency of 138 

evolutionary responses across replicate populations exposed to the same selection regime. We 139 

use “parallelism” to describe similar phenotypic or genetic changes arising in independently 140 

evolving populations, reflecting convergence on similar evolutionary outcomes. 141 

 142 

Adult Life-History Evolution: Mortality Trajectories 143 

Founder populations exhibited the expected, long-established divergence in age-specific mortality 144 

between A-type and C-type selection regimes (Figs. S2,3; Tables S2-10), providing internal 145 

baselines for evaluating phenotypic change along reciprocal trajectories. At the time of the first 146 

mortality assay, C→A populations had experienced approximately 33 generations of early-147 

reproduction selection, whereas A→C populations had experienced approximately 12 148 

generations of delayed-reproduction selection. At this stage, both trajectory types differed 149 

significantly from their respective founders but exhibited asymmetric convergence toward the 150 

target selection regime consistent with differences in total number of generations under selection 151 

(Fig. S4A). C→A populations showed strong convergence with A-type founders across much of 152 

the adult lifespan, particularly at early adult ages, whereas A→C populations remained 153 

substantially divergent from C-type founders, showing early phase mortality profiles (Tables S11-154 

14). 155 

At the next timepoint in the evolutionary trajectory, C→A populations had experienced 156 

approximately 143 generations of early-reproduction selection, whereas A→C populations had 157 

experienced approximately 51 generations of delayed-reproduction selection. Here we see both 158 

trajectory types have converged on the adult mortality phenotypes characteristic of long-term 159 

populations maintained under their respective selection regimes (Fig. S4B). Neither A→C nor 160 

C→A populations differed significantly from long-established populations of the same regime 161 

across adult life-history intervals, and both remained distinguishable from their original founders 162 

(Table S15-18). 163 

To visualize systematic changes in adult mortality following reciprocal shifts in selection regime, 164 

we summarized mortality trajectories as the difference in mean instantaneous age-specific 165 



mortality rate between the evolved populations and their target-regime founder counterparts at 166 

each age interval, plotted as a function of age from egg. As selection proceeds, this difference is 167 

expected to approach but not necessarily reach zero, reflecting incomplete but ongoing 168 

evolutionary convergence between genetically distinct populations. In both reciprocal selection 169 

treatments, differences in age-specific mortality relative to the founder populations exhibit a 170 

smooth, wave-like pattern across the adult lifespan (Fig. 1). For A→C populations, there is 171 

convergence on mortality at early ages until a breakpoint day, at which point, mortality differences 172 

begin to increase gradually at successive ages. This breakpoint is pushed towards later ages with 173 

more generations of selection, indicating age-structured convergence toward C-type mortality 174 

profiles rather than uniform shifts across the lifespan. 175 

 176 

Developmental Timing Responses 177 

To determine whether developmental timing responded concordantly to reciprocal life-history 178 

selection, we assayed pupation timing along the same evolutionary trajectories. For the first 179 

assay, A→C populations (~6 generations of delayed-reproduction selection) and C→A 180 

populations (~15 generations of early-reproduction selection) exhibited pupation timing 181 

intermediate relative to their respective founders (Figs. S5, S6; Table S19). At the next timepoint, 182 

A→C (~64 generations), C→A (~182 generations), pupation timing in both trajectory types 183 

converged on the phenotypes characteristic of long-term populations maintained under their 184 

current selection regimes (Fig. 2; Table S20). Thus, developmental timing shows a consistent and 185 

reversible response to reciprocal life-history selection, corroborating patterns observed for adult 186 

mortality. 187 

Antiparallel Genomic Trajectories 188 

To characterize genome-wide shifts associated with reciprocal selection, we performed a principal 189 

component analysis (PCA) on SNP frequencies from samples taken over the course of the 190 

experiment (Fig. 3). The first two components captured most of the variance, with PC1 explaining 191 

48% and PC2 explaining 3.3% of genome-wide variation with no other individual PCs  explaining 192 

more than 3%. 193 

Projection onto PC1 revealed strongly antiparallel genomic trajectories. A→C populations shifted 194 

toward the cluster of long-established C-type populations, whereas C→A populations moved 195 

toward A-type populations along opposing directions. Dispersion among replicates was minimal 196 



at the final timepoints collected, whereas greater spread was observed among A→C populations 197 

at earlier stages relative to C→A populations, consistent with fewer generations having elapsed 198 

under delayed-reproduction selection.  199 

To identify genomic axes that differ in their temporal response to selection, we analyzed the first 200 

ten principal components using linear mixed-effects models with selection treatment (A→C vs. 201 

C→A) and generation as fixed effects and population as a random effect. The treatment × 202 

generation interaction term tests whether PC scores change through time at different rates 203 

between treatments. A significant interaction was detected for PC1 only (Table S21: estimate = 204 

−4.19, Bonferroni-adjusted p = 2.13 × 10⁻⁶), indicating that PC1 scores change over generations 205 

at significantly different rates between the A→C and C→A trajectory groups, consistent with the 206 

opposing directional trajectories visible in Figure 3. No significant effects were detected for PC2 207 

or any higher-order PCs.  208 

To examine locus-specific responses, we quantified allele-frequency dynamics at individual SNPs 209 

using beta-binomial generalized linear mixed models applied independently to 1,389,963 loci, with 210 

treatment, generation, and their interaction as fixed effects and population as a random effect. 211 

Under this framework, significant treatment × generation effects identify SNPs whose allele-212 

frequency trajectory differs between the two regimes. We detected a widespread and highly 213 

polygenic genomic response to reciprocal selection (Fig. 4A), with 599,899 SNPs exhibiting 214 

significant treatment × generation interactions. Significance was determined based on two criteria: 215 

a permutation-based FDR threshold of 0.01 and a minimum effect size of 0.3 following an 216 

approach used by Kawecki et al. (2021). Conversely, no SNPs were significant with respect to the 217 

treatment or generation main effects based on these criteria. Among SNPs significant for the 218 

treatment x generation interaction term, the magnitude and direction of allele frequency change 219 

reveal that these responses are predominantly anti-parallel (Fig. 4B). Notably, the distribution is 220 

asymmetric: C→A populations exhibit larger allele-frequency shifts than A→C populations, 221 

reaching near-fixation at many loci, while A→C populations show more modest changes over their 222 

shorter experimental duration. Along with the PCA results, these findings demonstrate that 223 

reciprocal selection regimes produce extensive, genome-wide, and largely anti-parallel allele 224 

frequency changes.  225 

To highlight candidate loci for future investigation, we identified the most significant marker within 226 

each non-overlapping 10 kb window from the set of SNPs significant for the interaction term and 227 

annotated the 100 markers with the lowest p-values with respect to overlapping or proximal genes 228 

(Supplementary Table S24, a full list of significant sites can be found on the Dryad directory 229 



associated with this project). Several biological themes emerged among the top candidates. A 230 

number of genes are involved in neural function and signaling (e.g., para, Ca-α1D, AstA-R2, 231 

Fmr1, Rim), consistent with the role of neural circuits in regulating reproductive timing and activity. 232 

A second group includes genes implicated in mitochondrial function and energy metabolism (e.g. 233 

TFAM, MICU1). We emphasize that this list is intended as a resource for hypothesis generation 234 

rather than evidence for any specific gene's role. Given the highly polygenic nature of the 235 

response to selection in this experiment, we do not believe we have the data to support strong 236 

mechanistic claims. 237 

Lastly, to assess whether reversed populations had converged on the allele-frequency states of 238 

long-standing counterparts, we compared newly derived populations to the relevant founder 239 

populations (e.g. the final timepoint of the C→A trajectory versus extant A founders)  that were 240 

sequenced at the end of the experiment using quasibinomial generalized linear models at each 241 

SNP (Fig. S7). Applying the same permutation-based FDR and effect size framework used in the 242 

trajectory analysis, we found no SNPs were significantly differentiated between newly derived and 243 

founder populations in either the A→C versus founder C comparison or the C→A versus founder 244 

A comparison. The absence of significant differentiation suggests that by the final timepoint, both 245 

trajectory types had converged on allele-frequency distributions statistically indistinguishable from 246 

those of long-established populations under the same regime. 247 

 248 

Relaxing Early-Life Selection Recovers Hidden Genetic Variation 249 

Expected genome-wide heterozygosity, calculated on a per SNP basis then averaged across the 250 

genome, shifted in opposite directions along the two reciprocal trajectories (Fig. 5). A→C 251 

populations, which originate from low-heterozygosity A-type founders, showed a significant 252 

increase in heterozygosity over evolutionary time, whereas C→A populations, derived from high-253 

heterozygosity C-type founders, exhibited a significant decline. These trends were consistent 254 

across replicate populations (n = 10 per trajectory) and were already evident at earlier 255 

generations. Comparisons between founder and endpoint populations confirmed highly significant 256 

changes in both trajectories (Welch two-sample t-tests with Holm-Bonferroni correction applied 257 

within trajectory, p < 10⁻¹¹). Together, these results demonstrate divergent genome-wide 258 

responses to reciprocal selection, with relaxation of early-life selection permitting recovery of 259 

genetic variation, while renewed early-life selection reduces heterozygosity. 260 



Many sites in the initial generation of the A→C trajectory appeared fixed under standard 261 

sequencing depth (~90x), yet the genome-wide rebound observed following selection reversal 262 

suggested that this apparent fixation might instead reflect alleles present at frequencies too low 263 

to be reliably detected. To test whether these populations harbored hidden variation, we compared 264 

allele frequencies from a single founding population (A-type1, Timepoint 1) sequenced at higher 265 

depth (~767x coverage) against sites appearing fixed in the standard-depth dataset. Specifically, 266 

we focused on sites that were identified as significant for the treatment × generation interaction 267 

term in the permutation-based FDR analysis (FDR < 0.01, effect size ≥ 0.3) and that showed 268 

either zero or full minor-allele counts under standard sequencing depth. Of the 599,899 SNPs 269 

meeting these criteria, 214,247 appeared pseudo-fixed in the A-type1 population. Deep 270 

sequencing data were available for 69,726 of these sites, and subsequent analysis was performed 271 

on this subset. 272 

 273 

To minimize the influence of sequencing error, we applied a minimum minor allele count threshold 274 

of 3 prior to analysis. At a median coverage of ~767x, a conservative Illumina per-base error rate 275 

of 0.001 predicts approximately 0.75 spurious reads per site, and sampling-with-replacement 276 

simulations indicate a minimum detectable allele frequency of ~0.00293 at this depth; the count-277 

3 threshold corresponds to ~0.00391, providing a modest buffer above this detection floor. After 278 

filtering, 24,004 of the 69,726 pseudo-fixed sites (34.4%) retained detectable minor alleles. We 279 

examined the distribution of minor allele frequencies at these sites and compared it to a random 280 

subset of equal size drawn from the same deep-sequencing dataset (Fig. 6). While the random 281 

subset exhibited a broad range of allele frequencies (mean MAF = 0.175), pseudo-fixed sites 282 

were strongly enriched for low-frequency alleles, with a mean MAF of 0.016 and median MAF of 283 

0.011. A permutation test (10,000 iterations) confirmed that the observed mean was significantly 284 

lower than expected under random sampling (Z = -158.59, p < 1 × 10⁻⁴), demonstrating that many 285 

sites appearing fixed under standard coverage in fact harbor rare alleles below standard detection 286 

thresholds. 287 

To assess whether this low-frequency reservoir could be explained by neutral drift alone, we 288 

estimated the effective population size (Ne) of each A-type founder population from empirical 289 

allele frequency changes observed over approximately 219 generations, using the temporal 290 

method of Jorde and Ryman (1995) as implemented in the poolSeq package (Taus et al. 2017). 291 

Ne estimates across the 10 replicate populations ranged from approximately 338 to 1,270, with a 292 

mean of approximately 897 and a median of approximately 988, consistent with the census size 293 



of ~1,000 individuals maintained per population (Table S22). At these effective sizes, alleles 294 

present at frequencies on the order of 0.001 face a high per-generation probability of loss to drift, 295 

confirming that the low-frequency reservoir detected by deep sequencing is unlikely to persist 296 

passively over the ~1,000-generation history of the A-type populations. The consistency of this 297 

reservoir across 10 independent replicate populations subject to equivalent drift dynamics argues 298 

instead for active maintenance through balancing selection. 299 

Of the 599,899 SNPs with significant treatment × generation interactions, 38,227 (6.4%) had zero 300 

minor allele counts across all 10 A-type founder populations under standard sequencing depth, 301 

identifying them as members of the pseudo-fixed hidden reservoir. The remaining 93.6% were 302 

already segregating at detectable frequencies in the A-type founders, with a mean founder MAF 303 

of 0.203, indicating that most of the genomic response to selection reversal drew on variation 304 

already present at appreciable frequencies. The emergence of hidden alleles across replicate 305 

populations was strikingly consistent: all 38,227 pseudo-fixed responders became detectable in 306 

at least 6 of 10 A→C populations by generation 65, 99.2% emerged in 8 or more replicates, and 307 

71.6% emerged in all 10 (mean = 9.65 replicates). This degree of parallelism across 308 

independently evolving populations is inconsistent with stochastic emergence and instead 309 

confirms that these alleles were present at cryptic frequencies in the founders and responded 310 

reproducibly to the reversal of selection (Table S23). 311 

By generation 65, pseudo-fixed responders reached a mean frequency of 0.254 and median 312 

frequency of 0.225 across replicate populations, with even the least responsive sites (10th 313 

percentile) climbing to 0.152. This rapid rise from cryptic frequencies below standard detection 314 

thresholds to population-level frequencies exceeding 0.20 within 65 generations of selection 315 

reversal underscores both the strength of selection acting on these alleles and the biological 316 

reality of the hidden reservoir detected by deep sequencing. The 100 SNPs exhibiting the largest 317 

interaction effect sizes, along with their allele frequency trajectories and cross-replicate 318 

consistency, are provided in Supplementary Table S24.   319 



Discussion 320 

Long term experimental evolution studies have repeatedly shown that adaptation in sexually 321 

reproducing populations is dominated by modest, coordinated allele frequency shifts across many 322 

loci rather than fixation at single large-effect variants (Burke 2012; Barghi et al. 2019; Barghi and 323 

Schlötterer 2020). While this “shifts not sweeps” pattern is now well established, deeper questions 324 

emerge regarding the mechanisms responsible for maintaining such extensive variation, 325 

especially in cases with sustained and intense selection. In the absence of frequent de novo 326 

mutations or environmental fluctuations, classical theories predict that drift and directional 327 

selection should steadily erode standing genetic variation as populations converge on a new 328 

optimum. In this study we demonstrate that genetic variation persists and remains evolutionarily 329 

accessible even after hundreds of generations of intense life-history selection, even from 330 

populations associated with major loss of variation (Graves et al. 2017). These results provide 331 

strong evidence for the active maintenance of polymorphisms through balancing selection. 332 

Reciprocal selection reveals active maintenance of genetic variation 333 

A central result of this study is the rapid phenotypic reversibility of populations with opposing 334 

selection regimes. Adult mortality and developmental timing assays demonstrated clear 335 

responses to selection, with populations evolving toward the characteristic phenotypes of long-336 

established A- and C-type populations. Crucially, this reversibility was observed even in A-type 337 

populations, which are characterized by substantial genome-wide reductions in genetic variation. 338 

These results suggest that alleles contributing to delayed reproduction, extended lifespan, and 339 

slower development were actively maintained at low frequencies in the A-type populations in 340 

some manner.  341 

Importantly, phenotypic reversibility was mirrored at the genomic level. Principal component 342 

analysis reveals a global anti-parallel response with A→C and C→A populations moving in 343 

opposing directions toward their respective selection state. When we examined locus-specific 344 

responses using beta-binomial generalized linear mixed models, the interaction term accounted 345 

for all significant SNPs, identifying loci whose allele frequency trajectories differed between 346 

regimes over time. As shown in Figure 4B, the large majority of these represent antiparallel 347 

responses, confirming that global antiparallel trajectories were not diffuse or idiosyncratic.  Rather, 348 

they appear to be driven by repeatable and parallel shifts in target sites and linked regions. In 349 

total, these results are consistent with widespread balancing selection ensuring populations 350 

consistently had access to the same subsets of standing variation when selection was reversed. 351 



These results build on those of Graves et al. (2017), showing that in this system recent selection 352 

regime is the primary determinant of a population’s genetic state, even when prior selection 353 

regimes involved hundreds of generations of very intense selection.  354 

Relaxation of early-life selection reveals hidden variation 355 

Because A-type populations are characterized by substantial genome-wide depletion of genetic 356 

variation, the wholesale rebound in heterozygosity observed in the A→C populations suggest 357 

these apparent losses are not as complete as they otherwise seem. Deep sequencing of an A-358 

type population reveals that many seemingly "fixed" sites instead harbor minor alleles below 359 

standard detection thresholds, indicating that when selection is relaxed, these alleles are able to 360 

respond and produce a genome-wide rebound in heterozygosity. Although this inference is based 361 

on deep sequencing from a single replicate population, the consistent rebound observed across 362 

independent lines argues that low-frequency reservoirs are a general feature of A-type 363 

populations and help explain their rapid genomic and phenotypic recovery. Whether this persistent 364 

low-frequency variation is introduced or actively maintained warrants careful consideration. 365 

Potential sources of newly introduced variation are limited. Mutation alone is an insufficient 366 

explanation, as census sizes are too small to produce coordinated allele-frequency shifts across 367 

thousands of loci within only a few generations. Accidental migration between independently 368 

maintained stocks is equally implausible given the required rate of exchange. Prior simulation 369 

work in Phillips et al. (2016) demonstrates that unrealistically high and persistent migration rates 370 

would be required to produce the levels of similarity observed between replicate populations in 371 

this system. Such rates are inconsistent with independently maintained laboratory stocks where 372 

migration is accidental by definition. The reproductive windows of the regimes further preclude 373 

systematic gene flow between groups: C-type flies are still in the pupal stage during the A-type 374 

flies reproductive window, and  at the ages when C-types reproduce, A-types are competitively 375 

inferior. Moreover, for migration to generate the highly parallel rebound we observe, identical 376 

alleles would have to enter multiple replicate populations at roughly the same time, persist at low 377 

frequencies despite being disfavored, and then rise in concert when selection shifts.  378 

Having excluded plausible sources of newly introduced variation, the remaining explanation is 379 

that this reservoir is actively maintained. Importantly, the deep sequencing data provide a 380 

conservative view: they capture only alleles that have survived to the point of sampling, whereas 381 

any variants lost to drift during the ~1,000-generation history of the A-type populations are 382 

necessarily invisible. The observed reservoir is therefore not a transient accumulation of rare 383 



alleles, but a filtered subset that has repeatedly persisted through the combined effects of drift 384 

and strong directional selection. Under the estimated effective population sizes for this system, 385 

such persistence is not expected under neutrality. Drift should steadily erode variation across the 386 

low-frequency spectrum, including alleles at the median detected frequency of 0.011, making their 387 

long-term survival across ~1,000 generations unlikely in the absence of opposing forces. Under 388 

a purely deleterious model, alleles disfavored in A-type populations would be expected to reach 389 

mutation-selection balance frequencies far below what standard sequencing could detect, and 390 

their distribution across replicate populations would reflect stochastic mutation input rather than 391 

a shared reservoir. The observed frequencies and cross-replicate consistency are inconsistent 392 

with this expectation and instead point to alleles held above mutation-selection balance by 393 

opposing selective forces. 394 

The pattern of response following selection reversal further strengthens this inference. The same 395 

alleles emerged reproducibly across independent replicate populations, with the vast majority 396 

becoming detectable in 8 or more replicates and over 70% appearing in all 10. Moreover, the 397 

magnitude of this response is striking: pseudo-fixed alleles rose from cryptic frequencies below 398 

standard detection thresholds to a mean of 0.254 across replicate populations within just 65 399 

generations, a trajectory inconsistent with drift at the Ne values estimated for this system and 400 

indicative of strong positive selection following regime reversal. This pattern of coordinated and 401 

rapid re-emergence is difficult to reconcile with stochastic processes alone. Instead, it implies that 402 

these alleles are maintained by consistent selective pressures acting across populations, most 403 

parsimoniously in the form of widespread balancing selection that preserves a reservoir of low-404 

frequency variation available for rapid and repeatable response when the selective regime 405 

changes. 406 

Highly repeatable and parallel genomic responses argue against historical contingency 407 

A striking feature of the reciprocal trajectories is the tight clustering of replicate populations at our 408 

final collection points. Despite originating from similar yet distinct founders and evolving along 409 

opposite trajectories, populations subjected to the same selection regime converge on highly 410 

reproducible genomic states within their respective regimes. The limited number of loci that 411 

remain significantly differentiated between reciprocally selected populations and their 412 

corresponding founders further underscores the repeatability of these evolutionary outcomes. 413 

Importantly, the small asymmetry observed between the A→C and C→A comparisons is readily 414 

explained by differences in the number of generations experienced under selection, rather than 415 

by intrinsic limits on reversibility. These results argue strongly against a dominant role for historical 416 



contingency or idiosyncratic paths in shaping long-term genomic outcomes. Instead, they indicate 417 

that selection repeatedly draws on the same reservoirs of standing variation and drives 418 

populations toward predictable genomic outcomes.  419 

Next, the largely parallel genomic responses within each reciprocal trajectory clarify how selection 420 

acts on standing variation in this system. Even under stringent significance thresholds, a 421 

substantial fraction of the genome shifts in both A→C and C→A trajectories, highlighting the 422 

pervasive impact of altered life-history selection.  423 

Current trajectories support robust inference despite ongoing adaptation 424 

Collectively, our data suggest that the A→C populations are still adapting, and our conclusions 425 

therefore reflect the current direction and consistency of the response rather than a completed 426 

evolutionary endpoint. Nevertheless, the concordance of phenotypic reversibility, genome-wide 427 

antiparallel allele-frequency shifts, rebounds in heterozygosity, and agreement across multiple 428 

genomic analyses indicates that the central features of the response are already well established. 429 

While additional timepoints may refine the magnitude of these changes, they are unlikely to 430 

qualitatively alter the interpretation supported by the patterns already observed. 431 

Antagonistic pleiotropy as a plausible mechanism 432 

Taken together, these results are consistent with the antagonistic pleiotropy models developed 433 

for discrete-generation populations in Rose (1982). Importantly, our interpretations do not require 434 

that individual fitness-components exhibit classical overdominance or frequency-dependent 435 

selection. Rather, antagonistic pleiotropy distributed across many fitness-components can 436 

collectively generate balancing dynamics at the level of net fitness. In such a system, fixation is 437 

constrained because alleles that are favored under one fitness component impose costs on 438 

others, preventing any single genotype from achieving universally superior fitness across the full 439 

age-structured reproductive schedule. This population-level resolution of trade-offs naturally leads 440 

to the maintenance of extensive genetic variation, even under constant environmental conditions. 441 

Because the Rose laboratory’s A and C regimes impose selection directly on reproductive timing, 442 

they inherently act on age-structured fitness, a core context in which antagonistic pleiotropy is 443 

predicted to generate life-history trade-offs (Rose 1985). 444 

It is worth noting, however, that antagonistic pleiotropy may primarily operate by reducing net 445 

selection coefficients rather than generating the kind of stable frequency-dependent equilibria 446 

typically associated with canonical balancing selection. If so, individual allele fates may still be 447 



governed substantially by drift, particularly at the Ne values we estimate for this system. The 448 

classic theoretical consensus, formalized by Hedrick (1999), holds that stable polymorphism 449 

under antagonistic pleiotropy is largely confined to cases where selection coefficients are large 450 

and roughly symmetric, making it a theoretically restricted mechanism. However, this consensus 451 

has recently been challenged by Brud and Guerrero (2026), who conducted a geometric analysis 452 

of the full parameter space across six models of antagonistic selection and found that the region 453 

permitting protected polymorphism is substantially broader than previously appreciated when the 454 

assumption of constant dominance across fitness components is relaxed. Non-reversing 455 

dominance alone contributes at least 25% of the stabilizing parameter space across all models, 456 

and the potential for polymorphism remains substantial even under fairly weak selection and 457 

asymmetric selection coefficients. Density-dependent selection with respect to genotype 458 

represents an additional independently plausible mechanism that could generate negative 459 

frequency dependence and maintain variation, and we cannot exclude its contribution in this 460 

system. Antagonistic pleiotropy therefore remains a working hypothesis, consistent with the 461 

broader theoretical landscape but not yet established as the operative mechanism. 462 

Empirical support for the biological plausibility of this hypothesis comes from Zwoinska et al. 463 

(2026), who conducted an evolve-and-resequence experiment in Callosobruchus maculatus and 464 

found that relaxing sexually antagonistic trade-offs released large, repeatable allele frequency 465 

shifts at loci that also carried signatures of long-term balancing selection in the ancestral 466 

population, while intensifying antagonism produced genomic responses indistinguishable from a 467 

relaxed selection control. This dynamic closely parallels what we observe in our system, where 468 

relaxing early-life selection in A-type populations releases a reservoir of low-frequency variation 469 

in a repeatable and parallel manner across independent replicates. Taken together, the 470 

theoretical breadth identified by Brud and Guerrero (2026) and the empirical parallels from 471 

Zwoinska et al. (2026) suggest that antagonistic pleiotropy, while not the only plausible 472 

mechanism, represents a well-grounded and empirically motivated explanation for the patterns 473 

we report. 474 



Conclusion 475 

Broadly, these findings contribute to a growing body of evidence that adaptive evolution in sexually 476 

reproducing populations frequently proceeds through coordinated, genome-wide shifts in allele 477 

frequencies rather than classic hard sweeps (Burke 2012; Barghi et al. 2019; Barghi and 478 

Schlötterer 2020). In our reciprocal selection framework, the largely antiparallel responses across 479 

replicate populations and chromosome arms, together with the capacity for directional reversal 480 

under altered age-specific selection, indicate that substantial genetic variation is maintained over 481 

long evolutionary timescales. Rather than being exhausted by prolonged selection, this standing 482 

variation remains available to fuel rapid and repeatable responses when the selective regime 483 

changes. Such patterns serve as strong signatures of balancing processes operating across 484 

many loci, maintaining polymorphism through time and enabling predictable yet reversible 485 

genomic trajectories. Viewed in this light, our results contribute to the growing body of literature 486 

on the importance of considering balancing selection in evolutionary genetics, not as a marginal 487 

phenomenon, but as a major driver of observed patterns of genetic variation (Kawecki et al. 2021, 488 

Zwoinska et al. 2026). More specifically, these findings have potential implications for 489 

conservation genomics, where loss of genetic diversity is often interpreted as evidence of 490 

extinction debt (Gargiulo et al. 2025). In systems where selection actively maintains variation, 491 

alleles appearing lost under standard sequencing may persist at cryptic frequencies and respond 492 

when selective conditions change, warranting caution in assuming that apparent diversity loss is 493 

irreversible in all contexts. 494 

 495 



Materials and Methods 496 

Experimental Populations 497 

All Drosophila melanogaster populations used in this study trace to the IV population, mass-498 

sampled in 1975 from the wild South Amherst population described by Ives (1970) and maintained 499 

as a large outbred laboratory strain under standard banana agar media. The B and O selection 500 

treatments were derived from IV in 1980 (Rose 1984; Rose et al. 1992), and from these, multiple 501 

experimental evolution lines have been derived, with five independently replicated populations 502 

subjected to distinct selection regimes. Of these treatments, the laboratory cultured ten early-503 

reproducing A-types and ten late-reproducing C-types, achieving hundreds of generations of 504 

sustained selection (Chippindale et al. 1997), demonstrating strong convergence across life-505 

history characteristics and genomics (Burke et al. 2016; Graves et al. 2017). Given this strong 506 

convergence within each regime, we refer to these two sets of 10 populations as the founder A-507 

types and the founder C-types respectively. 508 

Building upon this work, we derived 20 new populations from the progenitor A-types and C-types. 509 

The founder populations themselves were not subjected to any change in selection regime and 510 

have been maintained continuously under their original A-type and C-type conditions throughout 511 

the duration of this experiment, serving as stable genomic and phenotypic references. The new 512 

populations were created by imposing the reverse selection on offspring collected from the 513 

founders: A-type selection was imposed on 10 populations derived from the progenitor C-types to 514 

create the C→A-types, and C-type selection was imposed on 10 populations derived from the 515 

progenitor A-types to create the A→C-types. 516 

C→A-type populations were created by collecting eggs from the 10 founder C-types, which 517 

continued unaltered on their 28-day C-type regime, and only permitting the first ~20% developing 518 

flies to contribute to the next generation. This was accomplished by rearing eggs from each 519 

generation in carousels, which feature food caps housed in a dome to contain the earliest 520 

developing flies within until enough individual flies have eclosed to create a new outbred 521 

population. The earliest derived flies contained in the carousel were then gassed with CO2 and 522 

pooled into Plexiglass cages to lay eggs for the next generation. Multiple carousels were utilized 523 

per population to yield large cohort sizes to prevent inbreeding depression from the intense 524 

selection regime. With each vial containing 80+ eggs, 80 vials in each carousel, and ~3 carousels 525 

per population, ~19,200 total eggs were obtained each early generation, with approximately 526 

~3,840 young adults constituting the top 20% of early developers permitted to create the next 527 



generation. With each successive generation of directional selection, average development time 528 

decreased, reducing the need for additional carousels and thereby minimizing the risk of large 529 

population bottlenecks as the experiment continued. Once the C→A-type populations were 530 

reliably reproducing on Day 10 without complications, they were maintained like their progenitor 531 

A-type counterparts with only vials and cages, and no carousels. 532 

A→C-type populations were created by collecting eggs from the 10 progenitor A-type populations, 533 

which continued unaltered on their 10-day A-type regime, and allowing only those females still 534 

alive and fecund by day 26 to contribute to the next generation. Because A-type populations have 535 

substantially shorter adult lifespans than C-type populations, additional cohort cages were 536 

required to ensure that a sufficient number of flies survived to day 26 to propagate the next 537 

generation. This involved collecting ~7,500 eggs for each population, transferred on day 14 into 538 

5 separate cages containing ~1,500 individuals. Standard banana media was fed to the cohorts 539 

every other day until day 26, when cages were condensed to ensure enough living and breeding 540 

individuals were pooled to maintain at least ~1,500 individuals to produce the next generation for 541 

a given population. Intense forward selection continued with multiple cohorts collected from 542 

separate cages and pooled within a population cage to elevate census sizes until populations 543 

could reliably be maintained with a single cage. 544 

 545 

Data Collection 546 

At several intervals, phenotypic assays and genomic samples were collected to track the two 547 

opposing trajectories as their constituent populations adapted to their new selection regimes. By 548 

measuring these newly derived populations at multi-generation intervals, we were able to map 549 

the initial trajectories of phenotypic and genotypic change in response to selection. Although 550 

phenotypic assays and genomic sampling were conducted at the same chronological time points, 551 

A→C and C→A trajectories accumulated different numbers of generations due to differences in 552 

generation time and are therefore treated as distinct experiments. 553 

 554 

Adult Mortality  555 

Adult mortality assays followed the protocols described in Burke et al. (2016), with minor 556 

modifications. Progenitor stock populations were sampled on a 14-day culture cycle for two 557 

generations, staggered by one day to align treatments on a shared calendar and minimize 558 



environmental variation. Each population was represented by two cohorts (e.g., A-type1α and A-559 

type1β) of approximately 1,500 flies housed in Plexiglas cages and supplied daily with fresh 560 

banana–molasses medium (Phillips et al. 2018) supplemented with yeast to induce oviposition 561 

after transfer on day 14 from egg. At the same time each day, all dead flies were removed, sexed, 562 

and recorded for each cohort until no individuals remained. Mortality data were pooled across the 563 

two cohorts to obtain daily death counts for each population. 564 

The Burke et al. (2016) protocol was modified to eliminate the use of carbon dioxide for 565 

condensing cohorts when census densities were low. Instead, flies remained in their original 566 

cages for the duration of the assay, with internal cleaning performed as needed to remove waste 567 

accumulation from the cage walls. Adult mortality assays were conducted on founder populations 568 

and on the selected populations at multiple points along the adaptive trajectory, corresponding to 569 

approximately 12 and 51 generations for A→C populations and approximately 33 and 143 570 

generations for C→A populations. 571 

 572 

Larval Development Analysis  573 

Following two generations of standardized rearing, ancestral founder populations (A-type 574 

and C-type) and trajectory populations from the C→A and A→C treatments were assayed for 575 

pupation timing. For each population, eggs were collected on nutrient-free agar plates, and 60 576 

first-instar larvae were individually transferred to food vials, with three vials established per 577 

population. Vials were maintained in a sealed incubator at 25 °C under constant light conditions. 578 

Larval development was monitored every four hours for 14 days, and the time of pupation was 579 

recorded for each individual upon detection of newly formed pupal casings. To minimize temporal 580 

bias and blocking effects among treatments, one replicate population was initiated per day; 581 

however, once established, all replicates were monitored at identical time intervals throughout the 582 

assay. 583 

Pupation data were analyzed using linear mixed-effects models to evaluate the effects of 584 

selection regime on developmental timing. For each vial, the proportion of individuals pupated 585 

was modeled as a function of selection regime, time, and their interaction, with vial nested within 586 

replicate as a random effect to account for non-independence among larvae sharing the same 587 

vial. Replicate identity corresponded to the day of assay initiation and was included to account for 588 

blocking effects. For each vial we have assayed the percentage of developed flies fhijk, from 589 



selection regime (h=1,2,..,8), time (i=4,8,…,T), replicate (j=1,2,…5), and vial (k=1,2,3). The model 590 

can be summarized as: 591 

𝑓𝑓ℎ𝑖𝑖𝑖𝑖𝑖𝑖 = 𝜇𝜇 + 𝛼𝛼ℎ𝛿𝛿ℎ + 𝛽𝛽𝑖𝑖𝛿𝛿𝑖𝑖 + 𝛾𝛾ℎ𝑖𝑖𝛿𝛿ℎ𝛿𝛿𝑖𝑖 + 𝜃𝜃𝑗𝑗𝑗𝑗 + 𝜀𝜀ℎ𝑖𝑖𝑖𝑖𝑖𝑖  592 

where the Kronecker deltas are defined as: 593 

𝛿𝛿ℎ =  �0       𝑖𝑖𝑖𝑖   ℎ = 1

1      𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
         𝛿𝛿𝑖𝑖 =  �0        𝑖𝑖𝑖𝑖  𝑖𝑖 = 4

1     𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
 594 

The random component θjk refers to the random variation of vials nested within replicate. In short, 595 

Percent Developed = μ+Selection Regime*Time+Replicate/Vial+ε. Replicate refers to reps 1, 2, 596 

3, 4, or 5 and corresponds to day of experiment start because of blocking effects.  Pupariation 597 

timing assays were conducted at two points along the adaptive trajectory. The early-phase assay 598 

corresponded to approximately 15 generations of selection for C→A populations and 599 

approximately 6 generations for A→C populations. The late-phase assay corresponded to 600 

approximately 182 and 64 generations of selection for C→A and A→C populations, respectively. 601 

 602 

Genomic Sampling 603 

Samples for genomic analysis were collected following the protocols described in Graves et al. 604 

(2017). For each population, approximately 1,500 adults per population were maintained in 605 

separate Plexiglas cohort-cages with banana–molasses medium. Prior to sampling, populations 606 

underwent two lead-in generations on a standardized 14-day culture cycle, with collections 607 

staggered by one day among cages to minimize environmentally induced variation that could bias 608 

allele frequency estimates. This 14-day common garden interval was chosen to standardize 609 

sampling age between the regimes: it precedes the accelerated mortality of A-type adults while 610 

ensuring that C-type adults have fully eclosed, avoiding bias from incomplete representation of 611 

the cohort. Flies were anesthetized with CO₂ before sampling, and each sample consisted of a 612 

pool of ~200 randomly collected females per population. Each replicate population was sampled 613 

and sequenced independently as a separate pool, preserving the replicated structure of the 614 

experimental design and enabling population as a unit of replication in all downstream analyses. 615 

The ten A-type and ten C-type founder populations were sequenced at time points 1 and 4, and 616 

the ten A→C and ten C→A reciprocal populations were sampled at time points 2, 3, and 4. 617 

 618 



DNA Extraction & Sequencing 619 

Pooled samples of ~200 female flies were immediately flash-frozen in liquid nitrogen and stored 620 

at −80°C prior to genomic extraction. Samples were homogenized in liquid nitrogen prior to 621 

extraction using Qiagen Puregene kits, and DNA concentration was assessed using a NanoDrop 622 

spectrophotometer. Extracted DNA pools were submitted to the UC Irvine Genomics Research 623 

and Technology Hub (GRTH) for gDNA library construction and sequencing. Samples were 624 

mechanically sheared to a target size of ~150 bp, and an AMPure XP bead cleanup (1.8x) was 625 

performed on a subset of samples exhibiting smaller fragment profiles indicative of partial 626 

degradation; all samples were verified by Bioanalyzer prior to library construction. Each replicate 627 

population received a unique dual-index (UDI) barcode (IDT UDI indices), and libraries were 628 

sequenced on an Illumina NovaSeq X Plus using 150 bp paired-end chemistry (PE150). To avoid 629 

index collision, samples from different collection years were multiplexed on separate lanes. 630 

Samples were initially sequenced at a target depth of ~30 million read pairs (~50x average 631 

genome coverage), re-sequenced  at a target depth of ~60 million read pairs (~100x average 632 

genome coverage). One population (A-type1, Timepoint 1) was additionally subjected to deep 633 

sequencing at a target depth of 500 million read pairs; library concentration was re-verified by 634 

Qubit prior to this run. 635 

 636 

SNP Data Processing 637 

Raw sequencing data were received from the sequencing center as ~150 bp paired-end FASTQ 638 

files. All 100 standard sequencing samples were each sequenced across three separate lanes at 639 

a combined target depth of ~90 million read pairs (~150x raw read depth). One population (A-640 

type1, Timepoint 1) was additionally subjected to deep sequencing at a target depth of 500 million 641 

read pairs on a dedicated lane; library concentration was re-verified by Qubit prior to this run, and 642 

this sample was kept on a separate lane from standard samples to avoid index collision. Reads 643 

were mapped to the Drosophila melanogaster reference genome (dm6, including the ISO1 644 

mitochondrial genome) using Novoalign v4.04.01 (Novocraft Technologies 2025). Alignment was 645 

performed in paired-end mode (-r RANDOM, -I PE 250, 50) with default settings. A homopolymer 646 

filter was used to exclude low-complexity reads and reads failing to meet quality thresholds were 647 

removed prior to alignment. 648 

Across standard sequencing samples, mean unique alignment rate was 82.5% (range 71.7--649 

86.1%), with a mean proper pair rate of 81.4%. Multi-mapped and unmapped reads comprised 650 



8.9% and 7.6% of total reads respectively, and approximately 1% of reads were removed by the 651 

homopolymer filter. For the deep sequencing sample, unique alignment rate was 81.6% and 652 

proper pair rate was 86.3%. The "Novosort" function was then used to sort the resulting BAM files 653 

and identify PCR duplicates. BAM files corresponding to separate sequencing runs for a given 654 

population were merged using Bamtools (Barnett et al. 2011). Merged BAM files for individual 655 

samples were then combined in mpileup format using SAMtools (Li and Durbin 2009). 656 

PoPoolation2 (Kofler et al. 2011) was then used to convert this mpileup to a "sync" file for ease 657 

of processing. Lastly, a Python script was used to convert the sync file into a SNP table with minor 658 

allele counts and total coverage for all polymorphic sites for each population in the dataset. 659 

Only biallelic sites were considered, and the minor allele was defined as the less common 660 

nucleotide across all samples. We filtered with a minimum 20x coverage in each sample, and 661 

polymorphic sites were defined as those with a minimum minor allele frequency of 0.02 across all 662 

samples. This resulted in a dataset of 1,389,963 SNPs. For standard sequencing samples, mean 663 

SNP coverage per sample was 90.2x (median 90.7x), ranging from 63.1x to 114.8x across 664 

samples. Coverage was consistent across population types and collection timepoints, indicating 665 

that differential coverage is unlikely to confound allele frequency comparisons between A→C, 666 

C→A, and founder populations. For the deep sequencing sample, mean SNP coverage was 767x 667 

(median 762x), ranging from 46x to 4,125x across sites. Full sequencing and coverage statistics 668 

for both standard and deep sequencing are provided in Table S25. 669 

 670 

Principal Component Analysis 671 

To summarize genome-wide allele frequency variation, principal component analysis (PCA) was 672 

conducted on SNP frequency matrices using the prcomp function in R (R Core Team 2024). Data 673 

were mean centered but not scaled, as allele frequencies are already on a common scale and 674 

scaling to unit variance would inappropriately upweight low-variance sites. To examine the 675 

evolutionary trajectories of populations over time, each PC (PC1–PC10) was modeled as a 676 

function of trajectory and generation using linear mixed-effects models: 677 

𝑃𝑃𝑃𝑃 ∼ 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 × 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 + (1 ∣ 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) 679 

 678 

where trajectory represents the evolutionary direction (A→C or C→A), generation is a continuous 680 

variable representing generations since the start of selection, and population is a random intercept 681 



accounting for replicate-specific effects. Models were fit using lmer from the lme4 package, and 682 

significance of fixed effects was assessed using the lmerTest package (Kuznetsova et al. 2017). 683 

Bonferroni-adjusted p-values were calculated across PCs and model terms with α = 0.005.  684 

 685 

Modeling Genome-Wide Allele-Frequency Dynamics with Beta-Binomial GLMMs 686 

To identify SNPs whose allele frequency trajectories differed between A→C and C→A 687 

populations, we fit a beta-binomial generalized linear mixed model at each locus. The beta-688 

binomial family accommodates overdispersion inherent to pool-seq allele-count data (Wiberg et 689 

al. 2017). At SNP 𝑖𝑖, minor allele counts 𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 for population replicate 𝑗𝑗 at generation 𝑘𝑘, with 𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖 690 

total reads were modeled as: 691 

𝑌𝑌𝑖𝑖𝑖𝑖𝑖𝑖 ∼ 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝑛𝑛𝑖𝑖𝑖𝑖𝑖𝑖 ,𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 ,𝜙𝜙), 692 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙(𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖) = 𝛽𝛽0 + 𝛽𝛽1𝑇𝑇𝑗𝑗 + 𝛽𝛽2𝐺𝐺𝑘𝑘 + 𝛽𝛽3�𝑇𝑇𝑗𝑗 ⋅ 𝐺𝐺𝑘𝑘� + 𝑢𝑢𝑗𝑗 693 

where 𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖 is the underlying allele frequency,  𝑇𝑇𝑗𝑗 is the trajectory indicator (0 = A→C, 1 = C→A), 694 

𝐺𝐺𝑘𝑘 is the continuous generation variable, 𝛽𝛽1, 𝛽𝛽2, 𝛽𝛽3 are fixed-effect coefficient for treatment, 695 

generation, and their interaction 𝑢𝑢𝑗𝑗 ~ 𝑁𝑁(0,𝜎𝜎𝑢𝑢2) is the random effect for population replicate 𝑗𝑗, and 696 

𝜙𝜙 is the overdispersion parameter. Here the interaction term 𝛽𝛽3 captures differential allele 697 

frequency change over generations between trajectories, including anti-parallel responses where 698 

allele frequencies shift in opposite directions between the A→C and C→A populations. 699 

To correct for multiple comparisons across the genome while accounting for the non-700 

independence of test statistics arising from linkage disequilibrium, we estimated a permutation-701 

based false discovery rate (FDR) following the approach of Jha et al. (2015) as implemented in 702 

Kawecki et al. (2021). For each of five permutations, treatment labels were randomly reassigned 703 

across the 20 population replicates while preserving each replicate's complete allele frequency 704 

trajectory across timepoints. The beta-binomial GLMM was then refitted at each SNP on the 705 

permuted data, generating an empirical null distribution of test statistics under pure drift. The null 706 

distribution for FDR estimation was constructed by sorting each permutation's p-values 707 

independently and taking the element-wise minimum across permutations at each rank position. 708 

For each model term, the FDR at a given p-value cutoff was estimated as the ratio of the 709 

cumulative proportion of null p-values to the cumulative proportion of observed p-values at or 710 



below that cutoff, with a monotonicity correction applied to ensure FDR is non-increasing toward 711 

more significant p-values. P-values of exactly zero, arising from numerical underflow at loci with 712 

extreme allele frequency differentiation, were replaced with the smallest representable positive 713 

floating-point value prior to FDR estimation to preserve rank order. SNPs were retained for 714 

analysis only if successfully fitted in both the observed data and all five permutations.  SNPs were 715 

considered statistically significant if they passed both a genome-wide FDR threshold of 0.01 and 716 

a minimum effect size of 0.3, applied uniformly to each model term. The 0.3 threshold follows 717 

Kawecki et al. (2021) and is intended to exclude SNPs with statistically significant but biologically 718 

trivial differences. The effect size metric was defined to reflect the biological hypothesis tested by 719 

each term: for the treatment term, the absolute difference in mean allele frequency between A→C 720 

and C→A populations averaged across timepoints; for the generation term, the mean absolute 721 

allele frequency change over time averaged across trajectories; and for the interaction term, the 722 

absolute difference in allele frequency change between trajectories, oriented with respect to the 723 

allele at higher frequency in A→C populations at generation 0. 724 

To confirm that significant treatment × generation interactions reflected anti-parallel allele 725 

frequency responses, we calculated the change in mean allele frequency between the first and 726 

last sampled timepoints for each SNP that met our FDR threshold, averaging across replicates 727 

within each trajectory. All frequency changes were expressed relative to the A-allele, defined for 728 

each SNP as the allele at higher frequency in A→C populations at generation 0. Where the minor 729 

allele frequency in A→C populations at generation 0 exceeded 0.5, the minor allele was treated 730 

as the A-allele and frequency changes were sign-flipped accordingly, ensuring that a positive 731 

value consistently indicates movement toward the A→C state. The joint distribution of allele 732 

frequency changes across the two trajectories was visualized as a hexbin density plot. 733 

Lastly, to facilitate potential future investigation of candidate loci, we identified the most significant 734 

marker within independent genomic regions from the set of significant treatment × generation 735 

interactions and annotated them with respect to nearby genes. To do this, we divided the genome 736 

into non-overlapping 10kb windows along each chromosome, and the SNP with the smallest p-737 

value within each window was recorded as the representative marker for that region. The 100 738 

most significant markers from this list were then annotated using the 'VariantAnnotation' 739 

Bioconductor package (Obenchain et al. 2014), with transcript annotations from the Drosophila 740 

melanogaster dm6 reference assembly. For each SNP, we identified all annotated transcripts 741 

whose genomic coordinates overlapped the SNP position, including coding exons, introns, three-742 



prime UTRs, five-prime UTRs, splice sites, and the 2 kb promoter window upstream of each 743 

transcription start site; SNPs outside all such features were classified as intergenic.  744 

 745 

Genome-Wide Heterozygosity Analysis  746 

To quantify heterozygosity dynamics across the reciprocal A→C and C→A experimental evolution 747 

trajectories, allele frequencies were estimated from pooled sequencing counts at SNPs included 748 

in the trajectory dataset. For each sample, major allele counts were obtained by subtracting minor 749 

allele counts from total coverage values, and minor allele frequencies were calculated on a per-750 

site basis. 751 

Expected heterozygosity was then calculated independently at each SNP as: 752 

𝐻𝐻 = 2 ⋅ 𝑓𝑓 ⋅ (1 − 𝑓𝑓) 753 

where 𝑓𝑓 is the minor allele frequency. Heterozygosity values were averaged across all SNPs for 754 

each replicate population at each sampled generation. 755 

Because the trajectory SNP table retains loci polymorphic across the dataset as a whole, sites 756 

that appeared fixed within a particular population or timepoint could still contribute to the analysis 757 

if variation was present elsewhere in the dataset. Consequently, temporal changes in mean 758 

heterozygosity reflect allele frequency dynamics at known polymorphic sites rather than invariant 759 

genomic positions. This is the relevant quantity for assessing variation loss and recovery, as 760 

monomorphic sites cannot contribute to heterozygosity change regardless of selection regime. 761 

Similar approaches have been used in previous experimental evolution studies (Burke et al. 2010; 762 

Remolina et al. 2012; Graves et al. 2017). 763 

Changes in mean heterozygosity over time were visualized using boxplots stratified by trajectory. 764 

To assess temporal changes in heterozygosity within each trajectory, two-sided Welch's t-tests 765 

were performed comparing replicate-level mean heterozygosity at each post-founding generation 766 

to generation 0. Because each trajectory involved a small, ordered family of three comparisons 767 

against a common baseline, p-values were adjusted separately within each trajectory using the 768 

Holm-Bonferroni sequential correction (Holm 1979). This approach controls the familywise error 769 

rate as stringently as a standard Bonferroni correction while gaining power by adapting the 770 

rejection threshold to the rank of each p-value. Corrections were applied within trajectory rather 771 

than pooled across both trajectories, as A→C and C→A comparisons address distinct directional 772 



hypotheses and pooling would impose unnecessary overcorrection. To further investigate the 773 

apparent loss of variation observed in the A→C trajectory, we examined whether sites that 774 

appeared fixed at generation 0 truly lacked standing variation. This analysis was motivated by the 775 

observation that many SNPs in the A→C populations appeared fixed based on standard-coverage 776 

sequencing, yet these same populations exhibited rapid phenotypic and genomic rebound when 777 

selection was reversed, an outcome inconsistent with widespread true fixation. 778 

To characterize highly differentiated sites in the A→C trajectory, SNP data were obtained from the 779 

trajectory SNP table and corresponding deep sequencing counts from the founding A-type1 780 

population. SNPs were identified using the permutation-based FDR framework described above, 781 

retaining sites with significant treatment × generation interaction terms (FDR < 0.01, effect size ≥ 782 

0.3). These SNPs were then filtered to identify pseudo-fixed sites in A-type1, defined as positions 783 

where the minor allele was undetectable or fixed under standard coverage (minor allele count = 784 

0 or equal to total coverage), and merged with deep sequencing data to compute minor allele 785 

frequencies (MAFs), allowing detection of low-frequency alleles that would otherwise be missed. 786 

The distribution of MAFs at pseudo-fixed sites was visualized using histograms and compared 787 

against a randomly sampled set of genome-wide SNPs of equal size to provide a null background. 788 

To formally test whether pseudo-fixed sites exhibited reduced but nonzero variation, we performed 789 

a permutation test in which the mean MAF of pseudo-fixed sites was compared to a null 790 

distribution generated by repeatedly sampling random SNP sets from the deep sequencing data 791 

(n = 10,000 permutations). Empirical p-values were calculated as the proportion of permuted 792 

means less than or equal to the observed mean, and standardized z-scores were used to quantify 793 

deviation from the null expectation. Prior to analysis, a minimum minor allele count threshold of 3 794 

was applied to exclude observations potentially attributable to sequencing error. At a median 795 

coverage of ~767x, a conservative Illumina per-base error rate of 0.001 predicts approximately 796 

0.75 spurious reads per site; sampling-with-replacement simulations using a pool of 400 haploid 797 

alleles sampled at 767x indicate a minimum detectable frequency of ~0.00293 (1/341), and the 798 

count-3 threshold corresponds to ~0.00391 (3/767), sitting modestly above this floor. 799 

 800 

To contextualize the role of genetic drift in shaping the low-frequency allele reservoir detected by 801 

deep sequencing, we estimated the effective population size (Ne) of each A-type founder 802 

population using the poolSeq package (Taus et al. 2017) in R. Allele frequency change was 803 

compared between two timepoints separated by approximately 219 generations of continued A-804 



type selection: timepoint 1 of the A-type founder populations as the ancestral sample and 805 

timepoint 4 of the same extant populations as the derived sample. Ne was estimated 806 

independently for each of the ten matched population pairs using the estimateNe function with 807 

the temporal method of Jorde and Ryman (1995), which accounts for variance in allele frequency 808 

change attributable to both genetic drift and the additional sampling variance introduced by pool 809 

sequencing. 810 

 811 

Generalized Linear Mixed Model Analysis of ‘newly derived’ versus founder populations 812 

To test the repeatability of genomic evolution under reversed selection, we asked whether 813 

populations selected for a given treatment (A or C) converged on the same allele-frequency 814 

states as the original founder populations adapted to that regime. Specifically, the 'founder' 815 

populations in this comparison are the long-standing A-type and C-type progenitor lines that 816 

have experienced continued generations of selection under their respective regimes and serve 817 

as reference endpoints for genomic convergence. We tested whether C→A populations 818 

resemble founder A populations, and whether A→C populations resemble founder C 819 

populations. Under repeatable evolution, populations that independently experience the same 820 

selection pressure are expected to arrive at similar allele-frequency distributions, despite distinct 821 

evolutionary histories. 822 

We fit a quasibinomial generalized linear model at each SNP with population type 823 

(newly derived vs. founder) as a fixed effect, following the approach recommended by 824 

Wiberg et al. (2017) for allele-frequency comparisons in stratified pool-seq data. We 825 

used a quasibinomial GLM here rather than the beta-binomial GLMM applied in the 826 

trajectory analysis because this comparison involves only a single timepoint, providing 827 

20 observations per SNP instead of 80. The beta-binomial model's additional dispersion 828 

parameter is better estimated when more observations are available per locus, and at 829 

the reduced sample size here it can become unstable. The quasibinomial framework 830 

accommodates overdispersion inherent to pool-seq allele counts through an estimated 831 

dispersion parameter, which absorbs replicate-level variance without requiring an 832 

explicit random effect. Significance of the population-type effect was assessed by t-test 833 

on the corresponding coefficient. Chromosome 4 was excluded due to its atypical 834 

recombination properties. SNPs showing significant differentiation between newly 835 



derived and founder populations were interpreted as evidence of historical contingency 836 

or incomplete reversibility, whereas SNPs lacking differentiation were taken as 837 

consistent with repeatable convergence on a shared allele-frequency state. 838 

Multiple testing was controlled using the same permutation-based FDR framework described 839 

above for the trajectory analysis, with population-type labels (old vs. new) shuffled across the 20 840 

replicate populations. SNPs were considered significantly differentiated if they passed both a 841 

genome-wide FDR threshold of 0.01, and we again applied a minimum allele frequency 842 

difference of 0.3 between founder and newly derived populations, following Kawecki et al. 843 

(2021).  844 

Data Availability 845 
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Figures 1016 

 1017 

Figure 1. Waves of Convergence selection. Differences in mean instantaneous age-specific 1018 

mortality rate between population groups, plotted as a function of age from egg (days). Each point 1019 

represents the mean difference across replicate populations at a given age interval; error bars 1020 

indicate standard error across replicate populations. Lines show smoothed trends. The purple 1021 



series in each panel shows the baseline mortality difference between the long-established A- and 1022 

C-type founder populations, against which trajectory convergence is evaluated. (A) C→A 1023 

trajectory: differences between C→A populations and A-type founder populations after ~33 1024 

(magenta) and ~143 (red) generations of early-reproduction selection. (B) A→C trajectory: 1025 

differences between A→C populations and C-type founder populations after ~12 (light blue) and 1026 

~51 (dark blue) generations of delayed-reproduction selection. 1027 

1028 



 1029 

Figure 2. Cumulative pupariation timing, late phase. Cumulative proportion of individuals 1030 
that have pupariated, plotted as a function of time from egg (hours) for founding populations A-1031 
type (olive) and C-types (green) and trajectory populations A→C (purple) and C→A (teal). Each 1032 
line represents an individual population replicate. At this late assay timepoint (~64 generations 1033 
of delayed-reproduction selection for A→C populations; ~182 generations of early-reproduction 1034 
selection for C→A populations), pupation timing in both trajectory types has converged on the 1035 
phenotypes characteristic of long-term populations maintained under their respective selection 1036 
regimes. 1037 

 1038 



 1039 

 1040 

Figure 3. Antiparallel genomic trajectories under reciprocal selection. Lines indicate allele-1041 
frequency trajectories of replicate populations for A→C (blue) and C→A (red) across PC1 and 1042 
PC2. Facet labels indicate the percentage of variance explained by each PC. Each line 1043 
represents a replicate population, with points corresponding to successive generations (x-axis 1044 
labels show generation numbers for each trajectory). 1045 

 1046 



 1047 

Figure 4. Genome-wide allele frequency responses to reciprocal selection. (A) Manhattan 1048 

plot showing the significance of the treatment × generation interaction term from the beta-1049 

binomial GLMM across the five major chromosomal arms. The y-axis shows −log10(p-value) for 1050 

each SNP. The dashed line indicates the permutation-based FDR and effect size threshold 1051 

(FDR ≤ 0.01, difference between trajectories  ≥ 0.3). SNPs above the threshold show 1052 

significantly different allele frequency trajectories between A→C and C→A populations over 1053 

time. (B) Hexbin density plot showing the joint distribution of allele frequency changes between 1054 

the first and last sampled timepoints for SNPs passing the FDR threshold, expressed relative to 1055 

the A-allele. Positive values on the y-axis indicate allele frequency movement toward the A→C 1056 

state; positive values on the x-axis indicate movement toward the C→A state. Density 1057 

concentrated in the second and fourth quadrants confirms that the interaction term 1058 

predominantly captures antiparallel allele frequency responses across reciprocal trajectories. 1059 



 1060 

Figure 5. Genome-wide heterozygosity across generations for reciprocal selection 1061 

trajectories. Mean genome-wide expected heterozygosity (H = 2f(1-f), averaged across all 1062 

SNPs in the trajectory dataset) was calculated for each replicate population (n = 10 per 1063 

trajectory) evolving under A→C (blue, generations 0, 6, 10, and 65) and C→A (red, generations 1064 

0, 16, 29, and 182) selection regimes. Boxplots show the distribution of mean heterozygosity 1065 

across replicates at each sampled generation. A→C populations exhibit a rapid and progressive 1066 

increase in heterozygosity following relaxation of early-life selection, whereas C→A populations 1067 

show a consistent decline. Significance indicators reflect Welch two-sample t-tests comparing 1068 

each post-founding generation to generation 0, with p-values adjusted using the Holm-1069 

Bonferroni sequential correction applied separately within each trajectory (* p < 0.05, ** p < 1070 

0.01, *** p < 0.001). 1071 

 1072 



 1073 

 1074 

Figure 6. Deep sequencing reveals allele frequency variation at sites previously classified 1075 

as fixed. Histograms depict the minor allele frequency (MAF) of SNPs in the A-type1 population 1076 

sequenced at ~767x coverage. Gray bars represent a random subset of SNPs equal in number 1077 

to the pseudo-fixed sites identified in the trajectory dataset, while purple bars indicate sites 1078 

classified as pseudo-fixed under standard coverage (permutation-based FDR < 0.01, effect size 1079 

≥ 0.3, treatment × generation interaction term). Pseudo-fixed sites are overwhelmingly skewed 1080 

toward low-frequency alleles, indicating that these loci appear fixed under standard coverage but 1081 

retain hidden variation at higher sequencing depth. Permutation testing (10,000 replicates) 1082 

confirmed that the observed mean MAF of pseudo-fixed sites (0.016) is dramatically lower than 1083 

expected under random sampling (mean null = 0.175, SD = 0.001; Z = -158.59, p < 10⁻⁴), 1084 

demonstrating that these pseudo-fixed sites represent a significant depletion of minor alleles 1085 

relative to genome-wide expectations. 1086 
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