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virus genome evolution to over 100 additional yeast populations, we find that multilevel selection, and 77 

thus the potential for the evolution of nontransitive interactions, is a common occurrence given the 78 

conditions of our evolution experiment. 79 

 80 

Results 81 

Evolution of nontransivity along a line of genealogical descent 82 

Previously we evolved ~600 haploid populations of yeast asexually for 1,000 generations in rich 83 

glucose medium (Lang et al. 2011). We characterized extensively the nuclear basis of adaptation for a 84 

subset of these populations through whole-genome whole-population time-course sequencing (Lang et al. 85 

2013) and/or fitness quantification of individual mutations (Buskirk et al. 2017).  86 

For one population (BYS1-D08) we were surprised to observe that a 1,000-generation clone lost 87 

in direct competition with a fluorescently-labeled version of the ancestor. To test the hypothesis that a 88 

nontransitive interaction arose during the adaptive evolution of this population, we isolated individual 89 

clones from three timepoints: Generation 0 (Early), Generation 335 (Intermediate), and Generation 1,000 90 

(Late) (Figure 1A). These timepoints were chosen, in part, to coincide with the completion of selective 91 

sweeps in the population (Lang et al. 2013). The Intermediate clone was isolated following a selective 92 

sweep that fixes three nuclear mutations including a beneficial mutation in YUR1. The Late clone was 93 

isolated following three more selective sweeps that fix an additional ten nuclear mutations including a 94 

beneficial mutation in STE4. 95 

We performed pairwise competition experiments between the Early, Intermediate, and Late 96 

clones at multiple starting frequencies. We find that the Intermediate clone is 3.8% more fit relative to the 97 

Early clone and that the Late clone is 1.2% more fit relative to the Intermediate clone (Figure 1B, left 98 

panel). The yur1 mutation in the Intermediate clone and the ste4 mutation in the late clone were 99 

previously estimate to provide a 4.6% ± 0.5% and 2.6% ± 0.4% fitness advantage, respectively (Buskirk 100 

et al. 2017), consistent with the fitness differences between the Intermediate and Early clones and the Late 101 
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and Intermediate clones. The expectation, assuming additivity, is that the Late clone will be more fit than 102 

the Early clone, by roughly 5.0%. Surprisingly, we find that the Late clone is less fit than expected, to the 103 

extent that it often loses in pairwise competition with the Early clone (Figure 1B, left panel). Furthermore, 104 

the interaction between the Early and Late clones exhibits positive frequency-dependent selection, thus 105 

creating a bi-stable system where the fitness disadvantage of the Late clone can be overcome if it starts 106 

above a certain frequency relative to the Early clone (Figure 1-figure supplement 1). 107 

Evolution of nontransitiv ity is associated with changes to the killer virus  108 

 Positive frequency-dependent selection is rare in experimental evolution and can only arise 109 

through a few known mechanisms. It has been observed previously in yeast that harbor killer viruses 110 

(Greig and Travisano 2008), which are dsRNA viruses that encode toxin/immunity systems. Using a well-111 

described halo assay (Woods and Bevan 1968), we find that the ancestral strain of our evolved 112 

populations exhibits the phenotype expected of yeast that harbor the killer virus: it inhibits growth of a 113 

nearby sensitive strain and resists killing by a known killer strain (Figure 1-figure supplement 2).  114 

We asked if the observed nontransitivity in the BYS1-D08 lineage could be explained by 115 

evolution of the killer phenotype. Phenotyping of the isolated clones revealed that the Intermediate clone 116 

no longer exhibits killing ability (K-I+) and that the Late clone possesses neither killing ability nor 117 

immunity (K-I-, Figure 1A, Figure 1-figure supplement 3). Killer toxin has been shown to impart 118 

frequency-dependent selection in structured environments due to a high local concentration of secreted 119 

toxin (Greig and Travisano 2008) We hypothesized that a stepwise loss of killing ability followed by loss 120 

of immunity, along with the acquisition of beneficial yur1 and ste4 nuclear mutations, were responsible 121 

for the frequency-dependent and nontransitive interaction between Early and Late clones.  122 

To determine if killer toxin production by the Early clone is necessary for it to outcompete the 123 

toxin-susceptible Late clone, we repeated the competition between the Early and Late clones using a 124 

virus-cured version of the Early clone. We find that removing the virus from the Early clone abolishes the 125 

frequency-dependent fitness advantage of the Early clone; the Late clone is 4.3% more fit than the cured 126 

Early clone at all frequencies (Figure 1B, right panel) due to the presence of adaptive mutations in the 127 
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nuclear genome of the Late clone. Therefore the presence of killer virus in the Early clone, and the 128 

subsequent loss of killer virus-associated phenotypes in the Late clone, were necessary for the evolution 129 

of frequency-dependence and nontransitivity.  130 

To determine if viral evolution alone is sufficient to account for the observed fitness gains in 131 

nontransitive interactions, we focused on the first step in the evolutionary sequence: the transition from 132 

the Early clone to Intermediate clone. We transferred the killer virus from the Intermediate clone to the 133 

cured Early clone and assayed fitness relative to the Early clone. Because the virus from the Intermediate 134 

clone no longer produces toxin, we suspected that it may provide a fitness benefit to the host. However, 135 

we find that the evolved killer virus from the Intermediate clone confers no significant effect on host 136 

fitness compared to the killer virus from the Early clone (Figure 1B, right panel). This shows that the 137 

fitness benefit of the Intermediate clone relative to the Early clone is due to adaptation in the nuclear 138 

genome. Taken together these experiments show that the sequence of events leading to the evolution of 139 

nontransitivity involves changes to both the host and viral genomes. 140 

 141 

Changes to killer -associated phenotypes are common under our experimental conditions 142 

To determine the extent of killer phenotype evolution across all populations, we assayed the killer 143 

phenotype of 142 populations that were founded by a single ancestor and propagated at the same 144 

bottleneck size as BYS1-D08 (Lang et al. 2011). We find that approximately half of all populations 145 

exhibit a loss or weakening of killing ability by Generation 1,000, with ~10% of populations exhibit 146 

neither killing ability nor immunity (Figure 2). Of note, we did not observe loss of immunity without loss 147 

of killing ability, an increase in killing ability or immunity, or reappearance of killing ability or immunity 148 

once it was lost from a population (Figure 2-figure supplement 1), apart from the noise associated with 149 

scoring of population-level phenotypes. Several populations (i.e. BYS2-B09 and BYS2-B12) lost both 150 

killing ability and immunity simultaneously, suggesting that a single event can cause the loss of both the 151 

killer phenotypes.  152 
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deletion mutants also possess full-length viral variants. The deletion mutants we observe are similar to the 204 

ScV-S defective interfering particles that have been shown to outcompete full-length virus presumably 205 

due to their decreased replication time (Kane et al. 1979, Ridley and Wickner 1983, Esteban and Wickner 206 

1988). 207 

 208 

Host/virus co-evolutionary dynamics are complex and operate over multiple scales 209 

To compare the dynamics of viral genome evolution, nuclear genome evolution, and phenotypic 210 

evolution we performed time-course sequencing of viral genomes from three yeast populations that lost 211 

killing ability and for which we have whole-population, whole-genome, time-course sequencing data for 212 

the nuclear genome (Lang et al. 2013). As with the evolutionary dynamics of the host genome, the 213 

dynamics of viral genome evolution feature clonal interference (competition between mutant genotypes), 214 

genetic hitchhiking (an increase in frequency of an allele due to genetic linkage to a beneficial mutation), 215 

and sequential sweeps (Figure 4, Figure 4-figure supplement 1). Interestingly, viral sweeps often coincide 216 

with nuclear sweeps. Since the coinciding nuclear sweeps often contain known driver mutations, it is 217 

possible that the viral variants themselves are not driving adaptation but instead hitchhiking on the back 218 

of beneficial nuclear mutations. This is consistent with the observation that the introduction of the viral 219 

variant from the Intermediate clone did not affect the fitness of the Early clone (Figure 1B) 220 

To determine if the loss of killer phenotype is caused solely by mutations in the killer virus, we 221 

transferred the ancestral virus (K+I+) and five evolved viral variants into the virus-cured Early clone via 222 

cytoduction (Figure 5A). The five viral variants were selected to span the range of evolved killer 223 

phenotypes: one exhibited weak killing ability and full immunity (KwI+: D253N), three exhibited no 224 

killing ability and full immunity (K-I+: P47S, D106G, I292M), and one exhibited neither killing ability 225 

nor immunity (K-I-: -1 frameshift). Following cytoduction, we observed that the killer phenotype of each 226 

cytoductant matched the killer phenotype of the population of origin, which demonstrates that viral 227 

mutations are sufficient to explain changes in killer phenotypes (Figure 5-figure supplement 1).  228 
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To determine if any viral variants affect host fitness, we competed all five cytoductants against 229 

the killer-containing Early clone (K+I+) and the virus-cured Early clone (K-I-). Frequency-dependent 230 

selection was observed in all cases in which one competitor exhibited killing ability and the other 231 

competitor lacked immunity (Figure 5A). For example, cytoductants containing either the ancestral virus 232 

or the weak-killing D253N variant exhibited a frequency dependent advantage over the virus-cured Early 233 

clone. However, in all competitions where the killer-associated phenotypes were compatible, host fitness 234 

was not impacted by the specific viral variant, or even by the presence of the virus itself. These data 235 

suggest that production of active toxin and maintenance of the virus have no detectable fitness costs to the 236 

host. These findings support previous theoretical and empirical studies (Pieczynska et al. 2016, 237 

Pieczynska et al. 2017) that claim that mycoviruses and their hosts have co-evolved to minimize cost. 238 

 239 

Success of evolved viral variants is due to an intracellular fitness advantage 240 

Based on the lack of a measurable effect of viral mutations on host fitness when killing-mediated 241 

interactions are absent, we hypothesized that the evolved viral variants may have a selective advantage 242 

within the viral population of individual yeast cells. A within-cell advantage has been invoked to explain 243 

the invasion of internal deletion variants (e.g. ScV-S (Kane et al. 1979)) but has not been extended to 244 

point mutations. To test evolved viral variants for a within-cell fitness advantage, we generated a 245 

heteroplasmic diploid strain by mating the ancestor (with wildtype virus) with a haploid cytoductant 246 

containing either the I292M (K-I+) or -1 frameshift (K-I-) viral variant. The heteroplasmic diploids were 247 

propagated for seven single-cell bottlenecks every 48 hours to minimize among-cell selection. At each 248 

bottleneck, we assayed the yeast cells for killer phenotypes and we quantified the ratio of the intracellular 249 

viral variants by RT-PCR and sequencing. We find that killing ability was lost from all lines, suggesting 250 

that the evolved viral variants outcompeted the ancestral variant (Figure 5B). Sequencing confirmed that 251 

the derived viral variant fixed in most lines (Figure 5C). In some lines, however, the derived viral variant 252 

increased initially before decreasing late. Further investigation into one of these lines revealed that the 253 

decrease in frequency of the viral variant corresponded to the sweep of a de novo G131D variant (Figure 254 
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ratio between the experimental and reference strain. To detect frequency-dependent selection, each 10-384 

generation interval was analyzed independently to calculate starting frequency and fitness. 385 

Halo Assay 386 

Killer phenotype was measured using a high-throughput version of the standard halo assay 387 

(Crabtree et al. 2019) and a liquid handler (Biomek FX). Assays were performed using YPD agar that had 388 

been buffered to pH 4.5 (citrate-phosphate buffer), dyed with methylene blue (0.003%), and poured into a 389 

1-well rectangular cell culture plate.  390 

Killing ability was assayed against a sensitive tester strain (yGIL1097) that was isolated from a 391 

separate evolution experiment initiated from the same ancestor. The sensitive tester was grown to 392 

saturation, diluted 1:10, and spread (150 µL) evenly on the buffered agar. Query strains were grown to 393 

saturation, concentrated 5x, and spotted (2 µL) on top of the absorbed lawn (Figure 1-figure supplement 394 

2, left). 395 

Immunity was assayed against the ancestral strain (yGIL432). Query strains were grown to 396 

saturation, diluted 1:32, and spotted (10 µL) on the buffered agar. The killer tester was grown to 397 

saturation, concentrated 5x, and spotted (2 µL) on top of the absorbed query strain (Figure 1-figure 398 

supplement 2, right).  399 

Plates were incubated at room temperature for 2-3 days before assessment. Killer phenotype was scored 400 

according to the scale in shown in Figure 2. 401 

Viral RNA Isolation, cDNA Synthesis, PCR 402 

Nucleic acids were isolated by phenol-chloroform extraction and precipitated in ethanol. Isolated 403 

RNA was reverse-transcribed into cDNA using ProtoScript II First Strand cDNA Synthesis Kit (NEB) 404 

with either the enclosed Random Primer Mix or the M1-specific oligo M1_R3 (Table S3). 405 

Sanger Sequencing and Bioinformatics Analyses 406 

PCR was performed on cDNA using Q5 High-Fidelity Polymerase (NEB). The K1 ORF was 407 

amplified using primers M1_F1 or M1_F5 and M1_R6 (Table S3). The M1 region downstream of the 408 
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frameshift_read1 and frameshift_read2 (Table S3) to incorporate a random 8 bp barcode and sequencing 435 

primer binding sites. The resulting amplicons were further amplified by Q5 PCR for 15 cycles using 436 

primers i5_adapter and i7_adapter to incorporate the sequencing adaptors and indices. Libraries were 437 

sequenced on a NovaSeq 6000 (Illumina) at the Genomics Core Facility at Princeton University. 438 

Raw FASTQ files were demultiplexed using a dual-index barcode splitter 439 

(https://bitbucket.org/princeton_genomics/barcode_splitter) and trimmed using Trimmomatic (Bolger et 440 

al. 2014) with default settings for paired-end reads. Mutation frequencies were determined by counting 441 

the number of reads that contain the ancestral or evolved allele (mutation flanked by five nucleotides).   442 

Intracellular Competitions 443 

Within-cell viral competitions were performed by propagating a heteroplasmic diploid and 444 

monitoring killer phenotype and viral variant frequency. Diploids were generated by crossing the ancestor 445 

with a cytoductant harboring either the I292M or -1 frameshift viral variant. For each viral variant, three 446 

diploid lines (each initiated by a unique mating event) were passaged every other day on buffered YPD 447 

media for a total of 7 single-cell bottlenecks to minimize among-cell selection. A portion of each 448 

transferred colony was cryopreserved in 15% glycerol. Cryosamples were revived, assayed for killer 449 

phenotype, and harvested for RNA. Following RT-PCR, samples were sent for Sanger sequencing and 450 

Illumina sequencing. Variant frequency deviated from the expected frequency of 0.5 at the initial 451 

timepoint, presumably due to an unavoidable delay between the formation of the heteroplasmic diploid 452 

and initiation of the intracellular competition from a single colony. Alternatively, viral copy number may 453 

vary between donor and recipient cells. 454 

 455 
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Figure 2. Changes in killer-associated phenotypes in the 142 populations that were founded by a single 627 
ancestor and propagated at the same bottleneck size as BYS1-D08 (Lang et al. 2011). A) Loss of killing 628 
ability (top) and immunity (bottom) from evolving yeast populations over time. Killer phenotypes were 629 
monitored by halo assay (examples shown on right). B) Breakdown of killer phenotypes for all 630 
populations at Generation 1,000. Data point size corresponds to number of populations. Border and fill 631 
color indicate killing ability and immunity phenotypes, respectively, as in panel A. 632 

Figure 3. Loss of killer phenotype correlates with presence of mutations in the K1 toxin gene. A) Number 633 
of mutations in the K1 gene in yeast populations that retain or lose killing ability. Each data point 634 
represents a single yeast population. B) Observed spectrum of point mutations across the K1 toxin in 67 635 
evolved yeast populations. Mutations were detected in a single population unless otherwise noted. Large 636 
internal deletion variants from two yeast populations (BYS1-D06 and BYS2-E11). The deletions span the 637 
region indicated by the dashed gray line. VBS: viral binding site. TRE: terminal recognition element. 638 

Figure 4. Viral dynamics mimic nuclear dynamics. Killer phenotype of evolved populations is indicated 639 
by color according to the key. Nuclear dynamics (reported previously Lang et al. 2014) are represented as 640 
solid lines. Nuclear mutations that sweep before or during the loss of killing ability are indicated by black 641 
lines. All other mutations are indicated by gray lines. Viral mutations are indicated by purple dashed lines 642 
and labeled by amino acid change. 643 

Figure 5. Viral evolution is driven by selection for an intracellular competitive advantage. A) Relative 644 
fitness of viral variants in pairwise competition with the ancestor (K+I+) and virus-cured ancestor (K-I-). 645 
Killer phenotype and identity of viral variant labeled above (Kw indicates weak killing ability). Killer 646 
phenotype of the ancestral competitor labeled below. Starting frequency indicated by color. B) Change to 647 
killer phenotype during intracellular competitions between viral variants (by color) and ancestral virus. 648 
Replicate lines indicated by symbol.  C) Variant frequency during intracellular competitions. Colors and 649 
symbols consistent with panel B. Inset: frequency of the de novo G131D viral variant. 650 

Figure 6. The sequence of events leading to the evolution of nontransitivity in population BYS1-D08. 651 
Nontransitivity arises through multilevel selection requiring adaptive mutations in both the nuclear and 652 
viral genomes. The Early clone (orange) produces, and is resistant to, killer toxin. Step 1: After 335 653 
generations, the Intermediate clone (green) fixed three nuclear mutations including a beneficial mutation 654 
in yur1 and lost the ability to produce killer toxin due to intracellular competition between viral variants. 655 
Step 2: After another 665 generations, the Late clone (purple) fixed an additional ten nuclear mutations 656 
including a beneficial mutation in ste4 and lost immunity to the killer toxin, which is no longer present in 657 
the environment. Step 3: When brought into competition with the Early clone (1,000 generations 658 
removed), the Late clone loses in a frequency-dependent manner due to killer toxin produced by the Early 659 
clone. Positive frequency-dependent selection (PFDS) emerges in the competition because the fitness 660 
disadvantage of the Late clone can be overcome if it starts the competition at high frequency relative to 661 
the Early clone. 662 

Figure 1-figure supplement 1. Positive frequency dependent interaction along an evolutionary lineage. 663 
Fitness of Late clone relative to Early clone, as a function of frequency. Stable fixed points indicated by 664 
closed black circles and unstable fixed point indicated by open black circle. 665 

Figure 1-figure supplement 2. Visualization of killer phenotype by halo assay. A) Schematic of killer 666 
phenotypic assays. To assay killing ability, a tester (sensitive) strain is spread as a lawn, followed by a 667 
query strain spotted as a concentrated culture. After incubation, the production of a zone of clearing 668 
indicates that the query strain possesses killing ability. To assay sensitivity, a query strain is plated as a 669 
dilute spot, followed by a tester (killer) strain spotted as a concentrated culture. After incubation, the 670 
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production of a zone of clearing indicates that the query strain possesses killing ability. B) Halo assays 671 
demonstrate that the ancestor of the evolution experiment exhibits killing ability and immunity while the 672 
cured ancestor lacks killing ability and is sensitive to the toxin. 673 

Figure 1-figure supplement 3. Stepwise deterioration of killer phenotype in evolved clones. The killer 674 
phenotypes of Early, Intermediate, and Late clones from population BYS1-D08 were determined by halo 675 
assay. 676 

Figure 2-figure supplement 1. Killer phenotypes of the 17 populations that develop sensitivity to the K1 677 
toxin. Killer phenotype is shown according to scale in Figure 2. For each population, killing ability is 678 
shown in shades of red (top) and immunity in shades of blue (bottom). 679 

Figure 3-figure supplement 1. Sequence divergence of ancestral viruses. The viruses of our ancestral yeast 680 
strain diverged from previously published LA and M1 genomes by 19 nucleotides and 7 nucleotides, 681 
respectively. Solid lines represent nonsynonymous polymorphisms, labeled by amino acid substitution. 682 
Dashed lines represent synonymous/intergenic polymorphisms. 683 

Figure 4-figure supplement 1. Evolutionary dynamics of nuclear genotypes and killer phenotypes over 684 
time. The K1 mutations detected in each population at Generation 1,000 are indicated in the top-left of the 685 
plot. Trajectories of nuclear mutations were obtained from Lang et al. 2013. Black lines indicate nuclear 686 
mutations that swept up to and including the period of killer phenotypic change (all others nuclear 687 
mutations are gray). Mutational cohorts are labeled according to their putative driver or putative toxin 688 
resistance mutation. Killing ability and immunity are indicated in bar graph (bottom) by shades of red and 689 
blue, respectively. 690 

Figure 5-figure supplement 1. Cytoductants exhibit the same killer phenotype as the population of origin. 691 
Viral variants were transferred from evolved populations to a cured ancestor. Halo assays demonstrate 692 
that killer phenotypes were consistent between donor and recipient strains. Viruses were obtained from 693 
the following evolved populations at Generation 1,000: BYS1-A03 (D253N), RMB1-A02 (P47S), BYB1-694 
H06 (D106G), BYS1-A05 (I292M), BYS2-B09 (frameshift). Populations RMB1-A02 and BYS2-B09 695 
appear mixed given the observed speckling pattern. 696 

Figure 5-figure supplement 2. Consensus between Sanger and Illumina sequencing in reporting mutation 697 
frequency. Intracellular competitions were tracked over time by both Sanger and Illumina sequencing. 698 

Supplementary File 1. Killer phenotype and K1 mutations in evolved yeast populations at Generation 699 
1,000. A caret (^) indicates that a population is heteroplasmic for variants listed. An asterisk (*) indicates 700 
that the mutation results in loss of PCR primer binding sites thereby preventing further characterization. 701 

Supplementary File 2. Mutational biases in viral and nuclear datasets. 702 
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