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Abstract
Characterizing the pace of mutation accumulation is crucial for understanding how

populations adapt to their environment and for unraveling the intricate dynamics between

gradual processes and more sudden burst-like events occurring during cancer development.

We engineered the genome of Saccharomyces cerevisiae to measure the rates of single and

double mutations, including point mutations, segmental duplications and reciprocal

translocations. We found that during the development of wild-type yeast colonies, double

mutations occur at rates that are up to 17-fold higher than those expected on the basis of

single mutation rates. We found that this excess of double mutations is partially dependent

on the ELG1/ATAD5 clamp unloader. Additionally, the double mutants retain wild-type

mutation rates, suggesting that they originated from genetically wild-type cells that

transiently expressed a mutator phenotype. Numerical simulations based on the

experimentally measured mutation rates, confirmed that the excess of double mutations can

be accounted for by subpopulations of transient mutators within the colony. These

subpopulations would be limited to less than a few thousand cells and temporarily adopt

mutation rates multiplied by hundreds or thousands for less than five generations. We found

that the majority of double mutations would accumulate sequentially in different cell cycles.

The simultaneous acquisition of both mutations during the same cell cycle would be rare and

possibly associated with systemic genomic instability. In conclusion, our results suggest that

transient hypermutators play a major role in genomic instability and contribute significantly

to the mutational load naturally accumulating during the growth of isogenic cell populations.
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Significance statement

Understanding the pace at which mutations accumulate is of paramount importance in the

field of genome dynamics and evolution. In our study, we unveiled a surprising burst of

mutations within growing yeast colonies, occurring independently of external stressors. This

discovery indicates that, during short intervals, a small subset of cells within the colonies

undergoes a mutational overdrive. Notably, these mutator cells do not represent genetically

stable mutators with mutations in genes associated with genome stability. Instead, they stem

from a strong mutator phenotype that was transiently expressed in genetically wild-type

cells. This phenomenon, previously underestimated or even overlooked, holds significant

importance and may have far-reaching implications, particularly in the context of cancer

development.
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Introduction

Mutations arise through errors during the transmission of the genetic material over the

generations, leading to permanent changes in the DNA sequence. Unfaithful repair of DNA

replication errors and DNA damage induced by endogenous or exogenous stresses such as

reactive oxygen species or UV, respectively, are among their main causes (1). The regime and

tempo of accumulation of mutations in a genome has a direct impact on the capacity of a

population to adapt and to evolve. It has long been assumed that the mutation rate remains

constant and is kept low but not null in a population due to a balance between various

factors such as the prevalence of deleterious mutations over beneficial ones, the energetic

cost of protein fidelity or the drift barrier at which even lower mutation rates are not more

beneficial (2–4).

However, over the last decade, the mutation accumulation model has departed from the

classic regime of gradual accumulation of independent mutations over time towards a more

complex model in which periods of mutation explosion occur between periods of gradual

accumulation (5). These bursts of mutation were characterized by the presence of mutants

carrying more mutations than expected based on the mutation rate (6). These mutations

were either clustered in the genome or dispersed over long distances along chromosomes

(6). It was shown that, in changing environments, the cells that acquire a higher mutation

rate, referred to as mutators, can be favored through natural selection because of their

increased likelihood of generating adaptive mutations (3, 4, 7–10). Mutators are said to be

genetic when they result from mutations in genes involved in genome maintenance. Genetic

mutators are of great importance, from acquisition of antibiotics resistance in bacteria, to

drivers mutations in tumorigenesis (1, 11). However, after adaptation, genetic mutators

progressively lose fitness due to the increased accumulation of deleterious mutations and

eventually become extinct unless they revert to lower mutation rates by obtention of rare

reversion or suppressor mutations (12, 13). By opposition to the genetic mutators that stably

exert their effect over generations, another type of mutator cells called phenotypic or

transient mutators was described. A semi-quantitative analysis of the contribution of

transient phenotypic mutators to single and double mutations in Escherichia coli suggested

that most double mutations would result from transient mutators (Nino et al. Genetics,

1991). In bacteria and yeast, it has been shown that a transient mutator phenotype can

originate from cell to cell heterogeneity in response to intrinsic or extrinsic stresses (14–16).

Fluctuation in the quantity of low copy number proteins involved in DNA replication and

repair due to unequal segregation at division, or errors during the transcription or translation

process that would cause loss of function or toxic gain of function mutant proteins can cause

a temporary mutator phenotype until the protein balance is restored (6, 17, 18). For

instance, in a clonal population of diploid Saccharomyces cerevisiae cells, a detailed

assessment of multiple instances of loss of heterozygosity events and chromosome copy

number alterations revealed the existence of subpopulations of cells capable of experiencing
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transient systemic genomic instability (SGI) (19, 20). Thus, bursts of mutations could result

from the transient coexistence of heterogeneous mutation rates inside a clonal cell

population (7, 9). However, many questions concerning the size of the mutator

subpopulations, the fold increase of the mutation rate (mutational strength), the duration of

the mutator episodes as well as their underlying molecular causes remain unanswered.

In this study, we discovered the existence of transient mutator subpopulations that

influence the regime of accumulation of mutations during the normal development of

wild-type yeast colonies grown in complete media and in absence of exogenous stress. Our

experimental results, complemented with numerical simulations, suggest the presence of

mutator subpopulations of small size and high strength that strongly increase the rates of

both sequentially and simultaneously acquired double mutations. Our results suggest that

the transient hypermutator phenotype does not arise from DNA replication defects but is

partly dependent on the Elg1/ATAD5 clamp unloader and so potentially related to the

recombination salvage pathway that allow bypass of lesions at single-stranded gap (21).
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Material and Methods

Strains, growth media and reagents used in this study.

All strains used in this study were derived from the haploid BY4741 (MAT a, his3∆1
leu2∆0 met15∆0 ura3∆0) (22) and presented in supplementary table 1. RAD52, RAD27 and

ELG1 gene deletions were constructed by transformation of a PCR product containing the

KanMX4 selectable marker flanked by 50 pb of the upstream and downstream sequences of

the targeted gene (23). Gene deletions were verified by growth on selective media,

amplification of the insertion region by PCR and validation by sanger sequencing. Genetic

reporter systems to measure the rate of segmental duplication (D) described in (24),

reciprocal translocation (T) described in (25) and the resistance to the canavanine (C) are

presented in Figure 1A. Cells were grown on empirical YPD (broth or agar) (Sigma-Aldrich) or

synthetic media (glucose 20 g/L (Sigma-Aldrich), Yeast Nitrogen Based 6 g/L (Sigma-Aldrich),

agar 20 g/L (Sigma-Aldrich), and complemented with specific amino acid mixes according to

the required selection. These mixes were either the “drop-out'' (Sigma-Aldrich) or “CSM”

(MP Biotech). When required uracil, leucine, canavanine or hydroxyurea (all from

Sigma-Aldrich) were added at 76 mg/L, 380 mg/L, 60 mg/L or 100 mM respectively.

Measurement of mutation rates on structured and liquid medium.

Fluctuation assays were performed to measure the mutation rates on structured or liquid

media. On structured medium, strains were destocked from -80°C on YPD agar and allowed

to grow at 30°C. After 24 hours, using a micromanipulator, 15 cells per plate were individually

deposited, at equal distance from each other, on a glucose supplemented synthetic complete

agar medium and the plates incubated at 30°C for 5 days (Figure 1B). Colonies, with the

exception of petite mutant colonies which we excluded, were individually recovered in 200

µL of sterile distilled water, diluted if required, and plated on appropriate selective synthetic

medium to select for single or double mutations. In each experiment, to estimate the

number of cells in a colony, we measured the optical density at 600 nm (OD600) for 8 random

colonies. The selective plates were incubated for 7 days before colonies were counted, and

mutation rate calculated using r-salvador (26). To compare two mutation rates, we applied

the likelihood ratio test method using r-salvador (26). To measure the mutation rates in liquid

medium, strains were destocked from -80°C on YPD agar and allowed to grow at 30°C. After

24 hours a suspension of cells is prepared on complete synthetic medium, the concentration

of cells determined by measuring the OD600 and cultures inoculated with an average of 10

cells. Cultures were incubated at 30°C with 150 rpm agitation for 3 days. Then the same

protocol as in structured medium is applied to select for mutant colonies. All mutation rates

are presented in supplementary table 2.

Measurement of the generation time

Strains were destocked from -80°C on YPD agar and allowed to grow at 30°C. After 48

hours, growth curves were performed by inoculating 105 cells in 200 μL in YPD broth on a 96

wells plate. The plate is then incubated at 28°C without agitation in a TECAN sunrise
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spectrophotometer. Measurements of the OD600 were taken each 10 minutes. The generation

time was established using the R package GETITshiny 3.4 available on GitHub (DOI.

10.5281/zenodo.10227629).

Pulse Field gel Electrophoresis (PFGE).

Whole yeast chromosome agarose plugs were prepared according to (27) and sealed in a

1% Seakem GTC agarose and 0.5x TBE gel. PFGE was performed with a CHEF-DRIII (BioRad)

system with the following program: 6 V/cm for 10 hours with a switching time of 60 seconds

followed by 6 V/cm for 17h with switching time of 90 seconds. The included angle was 120°

for the whole duration of the run. Agarose gels were stained with ethidium bromide for 20

minutes in TBE 0.5X.

PCR and sequencing CAN1 gene.

To determine the mutation spectrum the CAN1 gene was amplified and sequenced by the

Sanger method at Eurofins using primers “CAN1extR2” and “CAN1ext/intF1” (28).

Long-read sequencing, de novo assembly and genome analyses.

Genomic DNA was extracted using QIAGEN genomic TIP 100/G, following the

manufacturer's protocol. Size selection was done using Circulomics SRE kit. DNA from 10

strains was then prepared using the ONT LSK109 kit coupled with the EXP–NBD104

barcoding kit and sequenced on a single R9.1 flowcell using a MK1C Minion sequencer.

Standard High Accuracy base calling was performed on the Mk1C with the 22.05.8 version of

minknow, using Guppy (V6.1.5, model=dna_r9.4.1_450bps_hac.cfg). For data processing,

barcodes were removed from sequences using porechop. Then sequences were

downsampled using Filtlong to obtain a coverage of 40X enriched for reads with high quality

and longer length. Genome assembly was performed using 3 different assemblers : Canu

(v2.1), SMARTdenovo (https://github.com/ruanjue/smartdenovo/ v1.12) and NextDenovo

(https://github.com/Nextomics/NextDenovo). Contigs were polished using 1 to 3 rounds of

Racon (v1.4.21) and 2 rounds of Medaka (https://github.com/nanoporetech/medaka v1.2.3).

Finally reference Scaffolding was performed with Ragout (v2.3). SVs were called using

MUM&Co (v2.4.2) (29), on all 3 assemblies. We validated SVs found in at least 2 assemblies.

We also checked that we detected the expected deletions corresponding to the auxotrophic

markers in the BY4741 background and the insertions of resistance cassettes when

applicable. For chromosomal rearrangements, manual scaffolding was performed and

validated by karyotyping with PFGE. SNPs were called using medaka_variant. We only

considered haploid SNPs with a minimum quality score of 45 which corresponded to the

lower quality score of the selected CAN1 mutations that were validated by Sanger

sequencing. The fastq files are available on the ENA website under the accession number

PRJEB70654/ERA27514923.

A stochastic model to estimate the double mutation rate.
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Both null and refined versions of the model are available in the SIMPLE_GUI_Neutral.R

package (https://github.com/Nico-LCQB/SIMPLE_GUI, DOI 10.5281/zenodo.8325449). For

both models, the number of generations and the values of the two single mutation rates are

chosen by the user. For the refined model, the size of the mutator subpopulation, the

fold-increase of the mutation rates and the duration of the mutator episode (in generations)

are also defined by the user. The output provides the following information: (i) the number

of each type of single and double mutations that occurred during the colony development,

(ii) the generation at which these mutations occurred, (iii) the number of single and double

mutant cells in the final colony and (iv) the generation at which the transient mutator

subpopulation starts (for the refined model only). A minimum of 100 realizations were

performed per condition.
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Results

Selected double mutations occur in large excess during the development of wild-type yeast

colonies

We measured the rate of single and double mutations, occurring during the development

of wild-type yeast colonies grown without external stresses, for three different types of

mutations (Figure 1A). We used two genetic systems to positively select for mutants carrying

i) a large segmental duplication of 150 kb on chromosome XV called D mutants for

Duplication, (Payen et al., 2008) and ii) a reciprocal translocation between chromosomes IV

and X called T mutants for Translocation, (Gillet-Markowska et al., 2015). We also followed

the appearance of loss of function mutations of CAN1 gene on chromosome V (called C

mutants for [CanR]). These types of mutation result from different molecular pathways. The

formation of the large segmental duplication relies on a Pol32-dependent replication-based

mechanism (24) while the translocation results from a mitotic crossover. Both events require

an homologous recombination event between the 450 bp of homology shared by two

truncated heteroalleles (URA3 for the duplication and TRP1 for the translocation, Figure 1A).

We found a complete absence of T mutant, and a 30-fold decrease of the D rate in a rad52Δ
mutant background, demonstrating the importance of homologous recombination for the

formation of both events (supplementary table 2). The C mutants mainly corresponded to

the formation of point mutations resulting from unrepaired base misincorporation during

DNA replication or base modification (tautomerization, deamination, alkylation), although

larger deletions or truncations could also occur. We felt that using three types of mutations

based on different molecular pathways (D, T and C) would enable us to assess the overall

level of genome instability that cells undergo during colony development.

We performed fluctuation assays on structured media to estimate mutation rates. Briefly,

individual cells were plated on solid synthetic complete medium at equal distances from

each other to avoid growth interference, and incubated at 30°C for 5 days, during which the

cells divided for a total of 27 generations (Figure 1B). Subsequently, the cells of the individual

colonies were plated on selective media to score the number of single and double mutants

that accumulated during the initial colony development. We found that the D, T and C

mutants occurred at rates of 3.3 x 10-6, 1.8 x 10-8 and 1.6 x 10-7 mutations per cell per

division, respectively (Figure 2A, supplementary table 2). The D and C rates measured in

colonies were similar to the rates obtained for cells grown in liquid medium (supplementary

table 2) and to previously published ones (24, 28, 30).

We showed that the presence of one type of mutation in the genome did not affect either

of the other two mutation rates. Indeed, the T rates were not significantly different in the

reference strain and in a strain that carried the segmental duplication (supplementary figure

1A). Likewise, the D rates are identical in the reference strain and in a strain carrying either

the translocation or a canavanine resistant mutation. Finally, the C rates are also the same

between the reference strain and a strain carrying the duplication (supplementary figure

1A). These results show that these three types of mutation are independent. We then tested

whether some cells acquired the DC (i.e. coexistence in the same cell of the segmental
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duplication and the canavanine resistance) or the DT (the duplication and the translocation)

double mutations during colony development by plating the cells on media selecting for the

concomitant presence of two mutations. To assess this question, a large number of individual

colonies were plated to estimate the double mutant appearance rates (550 and 1,006

colonies plated to select for DC and DT mutants, respectively, supplementary Table 2).

Overall, we obtained 16 DC and 2 DT mutants. As DT mutants were already rare, the

selection for the TC double mutant was not attempted based on the single T and C single

mutation rate (1.8 x 10-8 and 1.6 x 10-7). We checked that the growth rate of DT and DC

double mutants was similar to that of the reference strain, ruling out the possibility that a

fitness defect or advantage might have biased the appearance of these mutants. Note that

only one double mutant DC8 showed an increased generation time from about 120 to 180

minutes (supplementary figure 1B). DC8 was not able to grow on a non-fermentable carbon

source, and genome sequencing revealed the absence of mitochondrial DNA, indicating that

it was a rho0 petite mutant (supplementary figure 1C). Based on these numbers, the

observed rates of double mutant formation was 1.8 x 10-10 and 1.1 x 10-11 for DC and DT

respectively (Figure 2A). Because the three types of mutations are independent, the rates of

double mutations occurring simultaneously during the same cell division should correspond

to the product of the corresponding single mutation rates. However, we found that the

observed rates of double mutant formation largely exceeded the product of the single

mutation rates (340- and 90-fold higher for DC and DT rates, respectively), suggesting that

the sequential acquisition of the two mutations in different cell divisions and/or an

unexplained increased rate of simultaneous double mutants during the development of the

colony could significantly contribute to the observed double mutation rates.

Heterogeneous mutation rates coexist within yeast colonies

To determine expected double mutation rates that would take into account both the

simultaneous occurrence of the two mutations in the same cell division, at a rate

corresponding to the product of the single mutation rates, but also the sequential

accumulation of the two mutations in different cell cycles during the development of the

colony, we developed a null model of mutation accumulation that simulates the appearance

of mutations during colony development. This model was developed with the following

assumptions: i) cell growth is exponential, ii) no cell death is considered, iii) mutations

appear only in daughter cells, iv) the two mutation rates are constant and identical for all

cells in the colony v) reversion mutations are ignored. This model is based on only three

parameters, the two single mutation rates that we experimentally measured and the number

of cell generations during the development of the colony. We performed realizations of the

model to estimate the expected double mutation rate and compared it with the observed

double mutation rates that we experimentally determined. We found that the observed DC

double mutation rate was 17 times higher than the expected rate (p = 1.1 x 10-16, Figure 2A).

A similar trend was found for DT double mutants as the observed rate was 4 times higher (p

= 0.04) than its expected value (Figure 2A). The statistical significance of this result is

however low due to the small number of DT double mutants that we were able to isolate in

the reference background (only 2 DT double mutants out of 1006 plated colonies), showing
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that the mutation rate to obtain a DT double mutant is at the detection limit of our

experimental system.

The excess of DC (and to a lesser extent DT) double mutations is not compatible with a

constant and homogenous mutation rate shared by all cells of the colony but instead reveals

that heterogeneous mutation rates must coexist within the colony. We hypothesize that a

subpopulation of mutator cells that generate double mutants at an increased rate would be

produced during the development of a wild-type yeast colony grown in the absence of

external stress.

Transient phenotypic mutators generate double mutations

The excess of double mutants could originate either from stable genetic mutators that

would have acquired mutations in genes involved in genome stability or from transient

phenotypic mutators that would be genetically wild-type but express a transient mutator

phenotype. We reasoned that if the double-mutants originated from genetic mutators, they

would stably inherit an increased mutation rate because suppressor reversion that would

restore the wild-type mutation rate should be extremely rare. However, if the double

mutants originated from transient mutators they would return to a wild-type mutation rate

after the 27 generations that are required to isolate them on the selective media. To

determine if the double mutants came from stable or transient mutators, we measured the

canavanine resistance rate in the two DT double mutants and found no higher mutation rate

compared to the parental strain (supplementary figure 1D). We also measured the reciprocal

translocation rate in the 16 DC mutants and again observed no difference in the mutation

rate between the mutants and the parental strain (supplementary figure 1D). These results

showed that the double mutants have wild-type mutation rates, strongly suggesting that

they originated from wild-type cells that expressed a transient mutator episode during the

normal development of the colony.

The subpopulation of transient mutators is small and expresses a brief yet intense mutator

phenotype

In order to gain insight into possible scenarios leading to the excess of double mutant, we

refined our stochastic model of mutation accumulation by implementing the formation of a

subpopulation of mutator cells during the development of the colony. This mutator

population was defined by its size (in number of cells), mutator strength (represented by the

fold increase over the observed single mutation rates) and duration of the mutator

phenotype (in number of generations). In this model, cells are randomly picked in the

population to enter a mutator state in which they and their progeny stay during the entire

mutator episode. We used the refined model to explore the parameters space to estimate

the values that produce a double mutation rate identical to the observed DC double

mutation rate, while keeping the single mutation rates unchanged. We set the duration of

mutator phenotype to 1, 5 and 10 generations and varied the subpopulation size from 10 to

107 cells and the mutator strength from 10- to 104-fold increase. We plotted, for the three

durations, all combinations of mutator sizes and strengths that recapitulated the
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experimentally determined DC double mutation rate (Figure 2B). As expected, mutator

strength correlates negatively with mutator size, since a smaller subpopulation would require

a higher mutator strength to achieve the observed DC double mutation rate. For these

combinations of parameters, we then recalculated the single D and C mutation rates using

the simulated data and compared them to the observed single D and C mutation rates that

were experimentally measured (Figure 2C, green shaded area). We found that the

implementation of the mutator subpopulations could modify the single mutation rates as

many combinations of parameters led to a significant increase of the recalculated single

mutation rates as compared to the observed single mutation rates (Figure 2C). As mutation

rates are kept low to avoid deleterious mutation, it has been proposed that transient

mutator subpopulations should not affect the average mutation rates (9). In this framework,

we therefore focused on the subset of combinations of size, duration and mutator strength

that did not significantly increase the recalculated single mutation rates compared to those

measured experimentally. For most of these combinations, the distributions of double

mutants also remained compatible with the observed ones (Figure 2B and C green symbols,

and supplementary table 3). These corresponded to situations where the mutator durations

remained short (1 or 5 generations), the mutator population sizes were small (from ten to

thousands of cells) and the mutator strengths were high (from hundreds to 104-fold increase,

Figure 2B, green symbols). The same characteristics were found for the subpopulations at

the origin of the DT double mutations (supplementary figure 2). Therefore, in the scenario

where the mutator subpopulation should not affect the average mutation rate, the observed

bursts of mutations likely result from small subpopulations of hypermutator cells.

The majority of double mutations appear sequentially during the colony development

As double mutants can either be the product of sequential or simultaneous mutations we

explored the regime of acquisition of mutations in the population by performing at least

1,000 realizations for each combination of parameters that recapitulates the observed DC

double mutation rate. It is interesting to note that all the parameter combinations for which

simultaneously acquired mutations predominate involved large mutator population sizes

which resulted in single mutation rates higher than those measured experimentally, and

were therefore not compatible with our observations (Figure 2C and D). When considering

only the combinations of sizes, durations and mutator strengths that also fit the single

mutation rates (Figure 2B and C, green symbols), simultaneously acquired mutations

represented about 3%, and only up to 12.5% of all mutations, the majority of the double

mutants resulting from sequentially acquired mutations (Figure 2D). The model also allows

us to determine the timing of appearance of the mutations during the development of the

colony. Firstly, for all realizations with a combination of parameters that are consistent with

the observed single and double mutation rates and that possess double mutants after 27

generations, we determined at which generation the subpopulation acquired the mutator

phenotype. We observed that for populations having sequentially acquired mutations, the

mutator phenotype appeared rather early during the development of the colony (on average

at the 9th generation) while for simultaneously acquired mutation it appeared later (on

average at the 17th generation (Figure 2E). Secondly, we plotted, for each realization, the
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number of D mutants against the number of C mutants in the simulated colony (Figure 2F).

After 27 generations the vast majority of the simulated colonies (98%) contained only single

mutant cells (gray dots on Figure 2F). Additionally, 91 % of the colonies contained more D

than C single mutants, in accordance with the higher mutation rate for D than for C (3.3 x 10-6

vs 1.6 x 10-7 mutations/cell/division, respectively). Most sequentially acquired double

mutants are found in colonies encompassing a large number of D (> 105) and/or C (> 104)

single mutants (Figure 2F). On the contrary, most of the simultaneous double mutants are

found in colonies comprising a small number (< 104) of both D and C single mutants (Figure

2F). These results suggest that the sequentially double mutant might emerge from a brief

mutator episode responsible for an early acquisition of a first mutation (mainly D due to its

higher mutation rate), and later, the second mutation would occur in the progeny of the first

mutant, independently from the initial, or any, mutator episode, while, most simultaneously

acquired mutations would result from later mutator episodes (Figure 2E and F).

Transient mutators can generate genome-wide bursts of genomic instability

To gain more insight into the two possible regimes of mutation accumulation, i.e.

sequential or simultaneous, we analyzed the genomes of the DC and DT double mutants,

reasoning that no additional mutation should be found upon the sequential accumulation of

the two mutations whereas their simultaneous appearance could be associated with a

general burst of genomic instability. We karyotyped the 2 DT and 16 DC double mutants

using PFGE and found, as expected, the selected reciprocal translocation between

chromosomes IV and X and the large duplication on chromosome XV (supplementary figure

3A). We found one double mutant, the DC3 strain, that harbored an additional band on the

gel, possibly corresponding to a significantly smaller chromosome V (supplementary figure

3A). We also amplified and sequenced the CAN1 gene, located on chromosome V, in the 16

DC mutants. For all DC mutants, except for DC3 for which no PCR amplification product was

obtained, the sequencing results revealed single point mutations in the CAN1 gene,

generating a frameshift or a missense mutation (Table 1). These mutations are in proportion

similar to those published in two large screens for canavanine resistant mutants (28, 31). We

then fully sequenced, using Oxford Nanopore Technology, and de novo assembled the

genome of 9 DC mutants to look for additional structural variants. We identified all the

expected genetic markers present in the parental strain as well as the large segmental

duplication on chromosome XV. Additionally, we identified an extra deletion of 140 bp on

chromosome XIII in DC2 and a terminal deletion of 30 kb on chromosome V in DC3, (table 1

and Supplementary figure 3B), consistent with its PFGE karyotype (Supplementary figure

3A). The breakpoint of the 30 kb deletion was located within the CAN1 gene where a new

telomere was added using the 5’-GGTG-3’/5’CACC-3’ sequence in CAN1 gene as a seed for

telomerase (Supplementary figure 3B). It is noteworthy that such a case of telomere healing

was never observed among the 227 CAN1 alleles resulting from a screen for canavanine

resistant mutant but is similar to the ones selected in the gross chromosomal rearrangement

assay (28, 32, 33). Telomere healing at the CAN1 locus was shown to occur at a rate of about

4 x 10-10 mutations per cell per division (34, 35). We used our null model with the rates of

telomere healing and segmental duplication as parameters and estimated the probability to
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obtain 1 double mutant (D and terminal deletion) to be of 1.2 x 10-11, i.e. 460 lower than the

rate at which we obtained the DC3 mutant. Finally, using our long reads sequencing data we

looked for point mutations in the double mutants, only keeping mutations with a quality

score higher than the lowest quality score of the validated CAN1 mutations. We found 1, 2

and 8 additional point mutations in the genomes of DC8, DC2 and DC3 mutants, respectively

(Table 1 and supplementary table 4). Using a point mutation rate of 3.6 × 10−10 substitutions

per site per generation (36), we estimated that our mutants should have accumulated on

average 0.2 mutation during the ~50 generations of our experiments, i.e. 5, 10 and 40 times

lower than what we observed for these 3 DC mutants. These additional substitutions are not

clustered but scattered on different chromosomes, suggesting that they would result from a

genome-wide mutational instability. These results suggest that at least 2 double mutants

(DC2 and DC3) underwent a genome-wide burst of genomic instability. They could possibly

represent cases where the two selected mutations occurred simultaneously, resulting from a

pathological cellular context in which mutation can accumulate in a burst in a single (or a

few) cell cycle(s). Altogether, the genomic analysis of the double mutants are consistent with

our model predictions which suggest that two different types of transient mutator regimes,

resulting in either sequential or simultaneous double mutants, would coexist during colony

development.

Transient mutator episodes also occur in replication stress conditions

As replication stress is a major contributor to genomic instability (37–39), we tested

whether impaired DNA replication could be responsible for the onset of the transient

mutator episodes. We measured single and double mutation rates in presence of 100 mM of

hydroxyurea (HU) or in a rad27Δ mutant. HU is an inhibitor of the synthesis of the

deoxyribonucleotides resulting in a delayed activation of replication origins and an extended

S-phase (Alvino et al. 2007), while Rad27/Fen1 is involved in the processing of Okazaki

fragments during DNA replication, in base excision and in mismatch repair pathways (40, 41).

We found that HU stimulates the formation of all single and double mutational events with

D, C and DC rates being 2, 3 and 12 times higher than in the control, respectively (Figure 3

and supplementary table 2). Moreover, the observed rate of double mutants was 25 times

higher than expected, as compared to the 17 times increase in the absence of HU (Figure 3).

Similarly, in a rad27Δ mutant, both single D and C and the double DC mutation rates were

increased 2, 20 and 200 times, respectively (figure 3 and supplementary table 2) and the

observed rate of double mutants was 27 times higher than expected (Figure 3). Thus, while

mutation rates showed an increase under the influence of potent replication stressors like

HU treatment and a rad27Δ mutation, they remained significantly lower than the strength

exhibited by the transient mutators that we previously estimated to be in the order of 4 x 102

to 104-fold increase. Additionally, the elevated ratio of observed to expected double mutant

formation rate in both HU-treated and rad27Δ cells is similar to the one observed in the

reference and suggests a cumulative effect of the replication stress and the unknown

causative determinants responsible for the transient mutator subpopulation. We used the

model to estimate the potential size and strength of the transient mutator subpopulation in

HU-treated and rad27Δ cells. We set the transient mutator duration for 1 or 5 generations
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and selected parameter combinations that recapitulated the observed single and double

mutation rates in these conditions (supplementary figure 4). The results showed the size and

strength of the transient mutator subpopulations were in the same range as in the reference

strain, suggesting that adding the replication stressors did not affect the transient mutator

subpopulation (supplementary figure 4). All these results showed that the transient mutator

subpopulation would remain mostly unchanged in colonies grown under a systemic

replication stress, thus suggesting that other determinants would be at the origin of the

transient mutator subpopulations.

The ELG1-dependent recombination salvage pathway contributes to the double mutation

excess

Elg1/ATAD5 is a key protein at the interface of the replication and repair processes. It is

part of the Elg1-RLC complex whose function is to unload SUMOylated forms of the

processivity replication factor PCNA. In an elg1 mutant background, the accumulation of

SUMOylated PCNA on the chromatin generates a global replication defect, genome instability

and increased mutagenesis (42–45). Additionally, Elg1 activity is required for an alternative

DNA damage repair mechanism called “salvage recombination” (Arbel et al. mBio 2020). We

measured the D, T and C single mutation rates in an elg1Δmutant background and found, as

expected, increased rates as compared to the reference strain (Figure 3 and supplementary

table 2). These rates were close to those measured in the presence of 100 mM HU, thus, the

expected elg1Δ DC double mutation rate predicted by the stochastic model was also similar

to the one in the presence of HU (Figure 3). However, we found a 5 times lower observed DC

double mutation in the elg1Δ background as compared to the one in HU-treated cells (Figure

3 and supplementary table 2). Additionally, the elg1Δ observed DC double mutation rate

was only 5 times higher than the expected rate, thus lower than the 17-fold increase found in

the wild-type strain (Figure 3). Using the stochastic model, we determined the parameters

that would reproduce the observed DC double mutation rates in an elg1Δ mutant. The

results showed that for a mutator state lasting 1 or 5 generations the observed DC mutation

rate in an elg1Δ mutant can be produced by a similar mutator subpopulation size as in the

reference strain but with a lower mutation rate (supplementary figure 4). The size of the

transient mutator subpopulation being equal, the DC mutants in excess in wild-type

compared to elg1∆ might result from the recombination salvage pathway at stalled

replication forks (46).
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Discussion

This study aimed to characterize the mutation accumulation regime in isogenic cell

populations. Our results revealed the presence of transient mutator subpopulations during

the development of yeast colonies grown in complete medium in absence of external

stresses, reinforcing the possibility that heterogeneity of mutation rate in isogenic

populations could be the norm rather than the exception (Alexander et al., 2017; Matic,

2019). Our data indicate that these transient mutator subpopulations would be small and

undergo short yet very intense mutational bursts, resulting in rate increases ranging from

several hundreds to several thousands folds (Figure 2). These mutator subpopulations could

be at the limit of cellular life sustainability given that constitutively high mutation rates

decrease the fitness of cells and can lead to lineage extinction due to highly deleterious

mutations in essential genes (8, 12, 47). It is possible that some combinations of simulation

parameters matching our observed data, particularly those with the highest mutation rates,

are not consistent with cell survival. However, in good agreement with the duration and

strength of the mutator episodes that we reported here, it was shown that haploid yeast

cells could withstand over a thousand fold increase of their mutation rate for several

generations before experiencing visible growth defects due to mutation accumulation (Herr

et al., 2011).

Our findings are based on the assumption that the contribution of the transient mutators

to the single mutations would be small, implying that the single mutation rates recalculated

from the realizations of the refined model should not significantly differ from the single

mutation rates that we experimentally measured and used as parameter values to feed the

model. However, we cannot rule out the possibility that larger mutator subpopulations,

which may be less mutagenic, could be responsible for the observed excess of double

mutants. However, this would imply that experimentally measured single mutation rates

would include a significant contribution from single mutants produced by large

subpopulations of transient mutators and that, as a result, baseline single mutation rates

would actually be lower than experimentally measured rates. This hypothesis is unlikely, as

several studies have suggested that single mutation rates should not be affected by the

presence of transient mutator subpopulations (9, 17). Similarly, we cannot exclude a more

complex scenario where several successive mutational bursts happen during colony

development. Further exploration of these possibilities seems necessary for future research.

We characterized two different regimes of acquisition of double mutations and found that

the main regime would be sequential (Figure 2D). In this regime, a precocious and transient

mutator episode allows the generation of a first mutation early in the development of the

colony, leading to the formation of a large subpopulation of the first mutant by clonal

expansion (Figure 2E and F). The second mutation is acquired later, within the clonal mutant

subpopulation but without the need for any mutator phenotype. This scenario is in

agreement with the genome analysis of the DC double mutants that we recovered given that

7 out of the 9 clones did not carry any other mutation than the two selected ones (Table 1).
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We note that in human, the early acquisition of a mutation as a result of precocious mutator

episodes can have huge impact in the adaptive trajectory of disease and in particular in the

formation of cancer cell populations, creating mosaicism of subclones during tumorigenesis

with the formation of driver and passenger mutations (1, 48, 49). The second regime

corresponds to the simultaneous acquisition of the two mutations and could result from an

episode of SGI. According to our stochastic model, this would occur only in a minority of

cases (from 0 to 12.5% depending on parameter combinations, Figure 2D). In accordance

with these estimates, only two out of the 9 DC clones (DC2 and DC3) carried extra mutations,

including a small internal deletion, a terminal deletion associated with a new telomere

addition and multiple point mutations, spread on several chromosomes, suggesting that the

mutator cells endured an SGI episode (Table 1, Supplementary figure 3 and supplementary

table 4). SGI was previously reported in diploid yeast cells growing without external stresses,

by characterizing an excess of loss of heterozygosity (LOH) events as compared to expected

rates (19, 20). Thirty percent of the clones obtained after selecting for the two LOH events

also carried extra chromosomal rearrangements, and it was proposed that 15% of the clones

experiencing a LOH events in S. cerevisiae could do so by SGI (20). Interestingly, traces of SGI

can potentially be found at the population level in S. cerevisiae. The generation of a

Reference Assembly Panel, consisting of telomere-to-telomere genome assemblies for 142

strains representatives of the entire genetic diversity of the species, revealed some natural

isolates with highly rearranged genomes and cases of complex aneuploidies, i.e. aneuploid

chromosomes carrying additional large-scale genomic rearrangements such as translocations

or large deletions (50). Similarly in human, episodes of SGI, allowing the acquisition of

several mutations simultaneously, can also contribute to the transformation of human cells

into a malignant state and account for the massive genome reorganization observed in tumor

cells that could not be explained by a gradual accumulation (51–55). DC2 and DC3 clones

were isolated as single unique colonies on the selective plates, indicating that the double

mutations at their origin occurred at the last cell division during the colony development,

suggesting that SGI resulted from late mutator episodes.

The existence of an early and a late regime of acquisition of double mutations suggests

that different stresses during the development of the colony could be at the origin of the

sequentially and simultaneously acquired mutations. Indeed, yeast colony formation are

biphasic with first an exponential growth for about 24 generations (about 107 cells) with

vigorous metabolic activity as suggested by the presence of a high concentration of rDNA in

the cell, followed by a second phase characterized by the expression of stress-induced genes

such as SSA3 and HSP26 associated with a state of stress after 5 days (56, 57). The stresses

that would trigger the transient mutator episodes during yeast colony development are not

known but may include the stochastic partition of protein involved in DNA metabolism,

transcription or translation errors generating loss of function or toxic gain of function

proteins involved in DNA repair or a metabolic heterogeneity in the local environment of the

cells in the colony (6, 9, 16–18). For example, the noise in gene expression of RAD27 or

RAD52 can lead to heterogeneity in recombination rate in an isogenic population (58).

Furthermore, the complex reprogramming of the genetic networks and the formation of

differentiated cell populations during the colony development lead to the formation of
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metabolically active and stress-resistant cells as well as starving and stress-sensitive cells

(59–66). The mutator subpopulations could also arise during the transition from one

metabolism to another. Indeed, a spike of reactive oxygen species (ROS) has been observed

during the change of carbon source or the passage to anoxia (67, 68). The molecular

mechanisms by which both sequential and simultaneous double mutations are increased are

not known but the deficit of double mutants in a elg1∆ background, compared to the

reference, suggests that the ELG1-dependent recombination may play a role, possibly by

counteracting the anti-recombination function of the Srs2 helicase (Figure 3)(21, 69, 70).

In conclusion, our study provides a precise phenomenological dissection of the

spontaneous appearance of transient mutator subpopulations during the development of

wild-type yeast colonies grown in the absence of external stress. These findings have

far-reaching implications in terms of genome dynamics and evolution. Further work will be

needed to characterize the molecular triggers at the origin of the transient mutator bursts.
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Figure legends

Figure 1: Reporter systems and experimental protocol.

A) The Duplication system (D, top) is composed of two split alleles, “RA3” and “UR”, deleted

from the 5’ and 3’ part of the URA3 gene, respectively. These alleles are respectively located

at coordinates 854 kb and 969 kb on chromosome XV. The two alleles share an overlapping

region of 450 bp promoting, by homologous recombination, the formation of a 115 kb

segmental duplication and the restoration of a functional URA3 gene at its junction. The

duplication leads to an increase in size of chromosome XV to 1206 kb and a phenotypic

switch from uracil auxotrophy [Ura-] to prototrophy [Ura+] allowing mutant cells to be

selected on a synthetic medium lacking uracil. The Translocation system (T, middle) is

composed of two split alleles, “RP1” and “TR”, deleted from the 5’ and 3’ part of the TRP1

gene and located at coordinates 462 kb and 526 kb on chromosomes IV and X, respectively.

These two alleles share an overlapping region of 450 bp promoting, by homologous

recombination, the formation of a reciprocal translocation and at its junction a functional

TRP1 gene. The reciprocal translocation leads to the formation of two new chromosomes

IV-X and X-IV and a phenotypic switch from tryptophan auxotrophy [Trp-] to prototrophy

[Trp+] allowing the selection of mutant cells on a synthetic medium lacking tryptophan. The

Canavanine system (C, bottom) relies on the counter-selectable marker CAN1 gene located at

coordinates 32 kb on chromosome V. Can1 is a native permease allowing the uptake of the

lethal arginine homolog, canavanine (ref?). Mutation in CAN1 (symbolized here by a G to A

substitution) prevent canavanine uptake and thus this loss of function leads to a phenotypic

switch of the cells from canavanine sensitivity [CanS] to resistance [CanR] and allows mutant

cells to be selected on a synthetic medium lacking arginine and supplemented with

canavanine.

B) Cells are deposited at equal distance from each other using a micromanipulator on a

non-selective complete synthetic medium and incubated for 5 days at 30°C. The colonies are

recovered in 200 µL of sterile water, diluted if required and plated on three selective

synthetic media, (i) lacking uracil, (ii) with addition of canavanine and (iii) lacking uracil and

with the addition of canavanine to select for D, C or DC mutants, respectively. The selection

for T mutants on a medium lacking tryptophan is not represented here. The selective plates

are incubated for 7 days at 30°C before counting the mutant colonies.

Figure 2: Heterogeneity of mutation rates and mutation accumulation regimes in a yeast

colony

A) The experimentally measured single mutation rates for the segmental Duplication (D),

Canavanine resistance (C) and reciprocal Translocation (T), and double mutation rates for

Duplication and Canavanine resistance (DC) and Duplication and Translocation (DT) are

symbolized by open circles. The theoretical double mutation rates (DC) and (DT) estimated

with a null model of mutation accumulation are indicated by closed circles. The fold changes

between the observed and theoretical double mutation rates are indicated on the side. Error

bars represent the 95% likelihood ratio confidence intervals.
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B) Exploration of the parameter space of the refined model of mutation accumulation

population size, mutator strength and duration of the mutator episode. The mutator

subpopulation size represents the number of cells that experience the transient mutator

phenotype. The mutator strength is expressed as a fold change increase over the average cell

mutation rate. The three mutator episodes of 1, 5 or 10 generations are symbolized by open

circles, diamonds and triangles, respectively. All reported values recapitulate the

experimentally observed DC double mutation rate. The points colored in green correspond to

combinations of size, strength and duration of the mutator phenotype that recapitulate both

the observed DC double mutation rate and the observed single D and C mutation rates as

determined by the area highlighted in green in Figure 2C. For each point at least 1,000

realizations of the refined model were performed to calculate the mutation rate.

C) The D and C single mutation rates obtained from the realizations of the refined model for

combinations of parameters of size, strength and duration of the mutator subpopulation

presented in Figure 2B. Open circles, diamonds and triangles correspond to the one in Figure

2B. For each point at least 1,000 realizations were performed to calculate the mutation rates.

The area highlighted in green corresponds to the 95% likelihood ratio confidence intervals of

the experimentally measured D and C single mutation rates. The realizations that fall within

this area recapitulate the experimental single mutation rates and correspond to the green

points in Figure 2B.

D) Percentage of simultaneously obtained DC mutations in the realizations of the refined

model for combinations of parameters of size, strength and duration of the mutator

subpopulation presented in Figure 2B. The black circle on the y-axis represents the

percentage of simultaneous double mutants obtained from 55,000 realizations of the null

model (i.e. without mutator subpopulations). The symbols colored in green are the same as

in Figure 2B and C.

E) The generation at which the mutator phenotype occurred in the realization with the

refined model is represented for all realizations containing DC double mutants that were

acquired either simultaneously (blue, n = 12) or sequentially (yellow, n = 195). * Student’s

t-test p = 10-15.

F) Number of single D and C mutants present in a colony after a simulated growth of 27

generations, according to the refined model ran with parameter values that recapitulate both

the observed DC double mutation rate and the observed single D and C mutation rates, as

determined in Figure 2B and C (green symbols and shaded area). Gray dots represent

realizations having no double mutant after the 27 generations (n = 9,897). Blue or yellow

circles represent the realizations that comprised double mutants which were acquired either

simultaneously (n = 12) or sequentially (n = 195) respectively.

Figure 3: Single and double mutation rates in replication stress conditions

The experimentally measured single D and C and double DC mutation rates are symbolized

by open circles. The theoretical double DC mutation rates, estimated from the null model of

mutation accumulation after 27 generations, are indicated by closed circles. The fold changes
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between the measured and theoretical double mutation rates are indicated on the side.

Error bars represent the 95% likelihood ratio confidence intervals. The genetic backgrounds

of the strains and the presence of HU (100 mM) are indicated below the x-axis.
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Tables:

Table 1: Summary of the mutation in the DC mutants.

Strain CAN1 mutation
(in coding
sequence)

Impact on
protein

GCR Small CR number
extra

substitution

DC1 G->A (658) V 220 I none none 0

DC2 G->A (313) G 105 S none 140 bp
deletion on

chr. XIII

2

DC3 30 kb deletion Intragenic
deletion

telomere
healing

none 8

DC4 -1C (1508) T 504 fs none none 0

DC5 C->G (311) T 104 R none none 0

DC6 -2T (747::748) C 250 fs none none 0

DC7 C->T (899) T 300 I none none 0

DC8 G->C (901) E 301 Q none none 1

DC9 C->T (356) P 119 L none none 0

DC10 +1A (852) V 258 fs NA NA NA

DC11 G->A (1301) G 434 D NA NA NA

DC12 G->A (1622) W 541 STOP NA NA NA

DC13 G->A (352) G 118 S NA NA NA

DC14 C->T (952) P 318 S NA NA NA

DC15 A->T (1645) R 549 STOP NA NA NA

DC16 G->T (734)
C->T (1409)

C 245 F
S 470 L

NA NA NA
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Mutations in the CAN1 gene were determined by PCR and sequencing using oligo described

in (28). Mutations for DC1 to DC9 were also confirmed after de novo genome sequencing and

assembly (Canu and SMARTdenovo) and SNPs calling using Medaka. Gross Chromosomal

Rearrangements (GCR) were visualized with PFGE. GCR and small chromosomal

rearrangement (CR) were characterized by de novo sequencing and assembly (Canu and

SMARTdenovo) and rearrangement called using MUM&Co (29). The substitution in the core

genome at loci other than CAN1 were determined after de novo genome sequencing and

assembly (Canu and SMARTdenovo) and SNPs calling using Medaka, using reads with quality

over 45.
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Supplementary Figure legends:

Supplementary figure 1. Properties of the single and double mutants

A) Comparison of mutation rates between the YAG142 reference strain (ref) and the single

mutants carrying the Translocation(T), the segmental Duplication (D) or the resistance to

Canavanine mutation (C). The single T rate was measured in a D mutant. The single D rate was

measured in either the T or C mutants using two synthetic media, the “dropout”

(Sigma-Aldrich) or the CSM (MP Biotech). The single C rate was measured in a D mutant.

Error bars represent the 95% likelihood ratio confidence intervals.

B) The generation time in minute of the YAG142 reference strain (ref - open circle) and the

Duplication and Translocation (DT) or Duplication and Canavanine resistant (DC) double

mutants (black circle), grown in YPD broth at 28°C without agitation. Each point represents

the average of a minimum of three replicates. Error bars represent standard deviation to the

mean.

C) Cellular patches of the parental strain YAG142 (ref), DC8 and DC1 double mutants grown

at 30°C on YP-glucose (a fermentable carbon source) and YP-glycerol (a non-fermentable

carbon source).

D) Comparison of mutation rates between the YAG142 reference strain (ref, open circles) and

the double mutants carrying the Duplication and Translocation (DT) or Duplication and

Canavanine resistant (DC, black circles). The single C and T rates were measured in the 2 DT

and 16 DC double mutants, respectively. The DC strains were tested in four different batches

with each time the reference strain used as control. Error bars represent the 95% likelihood

ratio confidence intervals.

Supplementary figure 2: Exploration of parameter space for the duration, size and strength

of the mutator subpopulation for the formation of DT double mutants

A) The mutator subpopulation size represents the number of cells that experience the

transient mutator phenotype. The mutator strength is expressed as a fold change increase of

the general cell mutation rate. The two mutator durations of 1 and 5 generations are

symbolized by open circles and diamonds, respectively. The symbol size refers to DT (big) and

DC (small) double mutants. All reported values recapitulate the experimentally observed DT

and DC double mutation rates. For each point at least 1,000 realizations of the refined model

were performed to calculate the mutation rate. The points colored in green correspond to

combinations of size, strength and duration of the mutator phenotype that recapitulate both

the observed DT and DC double mutation rates and the observed single D, T and C mutation

rates as determined by the area highlighted in green in the B panel.

B) The symbols are as in the A panel. For each point at least 1,000 realizations have been

performed to calculate the mutation rates. The area highlighted in green corresponds to the

95% likelihood ratio confidence intervals of the experimentally measured D and T single
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mutation rates. The realizations that fall within this area recapitulate the experimental single

mutation rates and therefore were colored in green in the A panel.

Supplementary figure 3: Characterization of an additional large deletion in the DC3 double

mutant

A) Pulsed-field gel electrophoresis of the parental strain YAG142 (Ref), 2 DT and 9 DC double

mutants. The bands characterizing the selected reciprocal translocation and segmental

duplication are indicated by arrows. The DC3 karyotype shows a smaller band corresponding

to either chromosome V or VIII.

B) The DNA coverage obtained from de novo genome sequencing along the chromosome V

of the DC3 strain. Upper part shows a schematic of chromosome V left arm in the reference

strain S288C and in the DC3 double mutant at the CAN1 locus. The deletion occurred within

the CAN1 gene and a new telomere was added using a 5’-GGTG-3’/CACC-3’ seed.

Supplementary figure 4: Mutator population size and strength in HU treated cells, rad27Δ
and elg1Δ mutants

A) Combination of parameters of mutator size and strength for a mutator episode of one

generation. The mutator subpopulation size represents the number of cells that experience

the transient mutator phenotype. The mutator strength is expressed as a fold change

increase of the general cell mutation rate. All reported values recapitulate the experimentally

observed DC double mutation rate. The points colored in green correspond to combinations

of size and strength of the mutator phenotype that recapitulate both the observed DC

double mutation rates and the single D and C mutation rates as determined by the area

highlighted in green in the C panel. For each point at least 1,000 realizations of the refined

model were performed to calculate the mutation rate

B) Combination of parameters of mutator size and strength for a mutator episode of five

generations. The symbols are identical to those of panel A.

C) The symbols are as in the A and B panels. For each point at least 1,000 realizations were

performed to calculate the mutation rates. The area highlighted in green corresponds to the

95% likelihood ratio confidence intervals of the experimentally measured D and C single

mutation rates. The realizations that fall within this area recapitulate the experimental single

mutation rates and therefore were colored in green in the A panel.
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Supplementary Tables

Supplementary table 1 : Strains table

Strain name Genotype

YAG142
YMR242c, next sigma3::URA3delta5'short::HIS3,
sigma4::URA3delta3'short::LEU2, his3D1, leu2D0, LYS2, MET15,
trp1Δ5'(1-362)::natNT2, CYC1Δ::TRP1Δ3'(long)-hph

YAG166
YMR242c, next sigma3::URA3delta5'short::HIS3,
sigma4::URA3delta3'short::LEU2, his3D1, leu2D0, LYS2, MET15,
TRP1Δ5'(1-362)::natNT2, CYC1Δ::TRP1Δ3'(long)-hph, elg1Δ::KanMX4

YAG164
YMR242c, next sigma3::URA3delta5'short::HIS3,
sigma4::URA3delta3'short::LEU2, his3D1, leu2D0, LYS2, MET15,
TRP1Δ5'(1-362)::natNT2, CYC1Δ::TRP1Δ3'(long)-hph, rad27Δ::KanMX4

YAG182
YMR242c, next sigma3::URA3delta5'short::HIS3,
sigma4::URA3delta3'short::LEU2, his3D1, leu2D0, LYS2, MET15,
trp1Δ5'(1-362)::natNT2, CYC1Δ::TRP1Δ3'(long)-hph, rad52Δ::KanMX4
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Supplementary table 2 : Single and double mutation rate measured for this study

Strain_condition selected
mutation

rate (mutation/cell/division) number of
independent

cultures

Reference_colony D 3.3x10-6 (2.7x10-6 ; 3.9x10-6) 63

Reference_colony C 1.6x10-7 (1.5x10-7 ; 1.8x10-7) 104

Reference_colony DC 1.8x10-10 (1.1x10-10 ; 2.9x10-10) 550

Reference_colony D (dropout) 6.7x10-6 (5.6x10-6 ; 7.8x10-6) 107

Reference_colony T 1.8x10-8 (1.6x10-8 ; 2.1x10-8) 229

Reference_colony DT 1.1x10-11 (1.8x10-12 ; 3.4x10-11) 1006

Reference_liquid D 4.7x10-6 (4.3x10-6 ; 5.1x10-6) 90

Reference_liquid C 1.9x10-7 (1.7x10-7 ; 2.1x10-7) 90

Reference_liquid DC 1.6x10-10 (8.6x10-11 ; 2.6x10-10) 343

Reference+HU D 1.2x10-5 (1.1x10-5 ; 1.3x10-5) 30

Reference+HU C 4.4x10-7 (3.6x10-7 ; 5.2x10-7) 30

Reference+HU DC 2.2x10-9 (1.2x10-9 ; 3.6x10-9) 236

rad27Δ D 9.7x10-6 (8.7x10-6 ; 1.1x10-5) 30

rad27Δ C 5x10-6 (4.3x10-6 ; 5.8x10-6) 30

rad27Δ DC 2.4x10-8 (1.8x10-8 ; 3x10-8) 50

elg1Δ D 7.3x10-6 (6.5x10-6 ; 8x10-6) 30

elg1Δ C 4.8x10-7 (4.1x10-7 ; 5.6x10-7) 60

elg1Δ DC 4.2x10-10 (2.2x10-10 ; 7.2x10-10) 167

rad52Δ D (dropout) 2.3x10-7 (1.6x10-7 ; 3x10-7) 28

rad52Δ T No mutant obtained 35

reference_D T 1.8x10-8 (1.4x10-8 ; 2.3x10-8) 49

reference_D C 2.7x10-7 (2.3x10-7 ; 3x10-7) 30

reference_T D (dropout) 5.8x10-6 (4.8x10-6 ; 6.8x10-6) 49
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Strain_condition selected
mutation

rate (mutation/cell/division) number of
independent

culture

reference_C D 1.8x10-6 (1.2x10-6 ; 2.6x10-6) 30

DT1 C 1.9x10-7 (1.6x10-7 ; 2.1x10-7) 35

DT2 C 1x10-7 (8.3x10-8 ; 1.2x10-7) 35

DC1 T 1.6x10-8 (1.2x10-8 ; 2.2x10-8) 32

DC2 T 1.5x10-8 (1.1x10-8 ; 2x10-8) 37

DC3 T 1.7x10-8 (1.2x10-8 ; 2.3x10-8) 30

DC4 T 1.9x10-8 (1.4x10-8 ; 2.6x10-8) 30

DC5 T 1.5x10-8 (1.1x10-8 ; 2x10-8) 34

DC6 T 1.9x10-8 (1.4x10-8 ; 2.5x10-8) 38

DC7 T 1.8x10-8 (1.4x10-8 ; 2.3x10-8) 38

DC8 T 1.3x10-8 (8.1x10-9 ; 1.9x10-8) 36

DC9 T 2.2x10-8 (1.6x10-8 ; 2.8x10-8) 30

DC10 T 2.8x10-8 (2.1x10-8 ; 3.6x10-8) 30

DC11 T 2.5x10-8 (1.9x10-8 ; 3.2x10-8) 35

DC12 T 2.6x10-8 (1.9x10-8 ; 3.3x10-8) 32

DC13 T 2.5x10-8 (1.8x10-8 ; 3.2x10-8) 34

DC14 T 2.7x10-8 (2.1x10-8 ; 3.5x10-8) 30

DC15 T 2.2x10-8 (1.7x10-8 ; 2.9x10-8) 35

DC16 T 2.1x10-8 (1.5e-8 ; 2.8e-8) 30
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Supplementary table 3: Comparison of the distribution of double mutants obtained

between the simulation and experimentally observed

Mutator Duration
(in generation)

Mutator population
size

Mutator increase
fold change

p
obs vs simu

1 10 10000 0.08

1 50 4000 0.99

1 75 4000 0.28

1 100 4000 0.7

1 250 3000 0.04

1 500 2300 0.91

1 1000 1800 0.7

5 10 2000 0.04

5 100 400 0.47

5 100 600 0.7

The p-value (p) was computed using a test of Kolmogorov-Smirnov. These combinations of

mutator duration, population size and fold increase are compatible with our observed

mutation rate to obtain DC double mutant (green symbols on Figure 2).

34

.CC-BY-NC-ND 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 20, 2024. ; https://doi.org/10.1101/2023.12.11.571082doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.11.571082
http://creativecommons.org/licenses/by-nc-nd/4.0/


Supplementary table 4: Non selected substitution mutations in DC2, DC3 and DC8

Strain Mutation #chromosome (position)

DC2 C->T chr. II (543996)

DC2 A->G chr. IX (196591)

DC3 C->T chr. IV (317835)

DC3 A->T chr. VII (94265)

DC3 C->T chr. VIII (27951)

DC3 C->T chr. VIII (381360)

DC3 A->G chr. XIII (764215)

DC3 G->T chr. XIV (42862)

DC3 G->A chr. XIV (499069)

DC3 T->A chr. XVI (630865)

DC8 G->A chr. V (556341)

The presence of the substitutions in the core genome were determined after de novo

genome sequencing and assembly (Canu and SMARTdenovo) and SNPs calling using Medaka,

using reads with quality over 45. The positions are the one given by the assembly performed

with Canu.
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