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Abstract  

Baseline ploidy significantly impacts evolutionary trajectories, and in particular, tetraploidy has 

been associated with higher rates of adaptation compared to haploidy and diploidy. While the 

majority of experimental evolution studies investigating ploidy use Saccharomyces cerivisiae, 

the fungal pathogen Candida albicans is a powerful system to investigate ploidy dynamics, 

particularly in the context of antifungal drug resistance. C. albicans laboratory and clinical 

strains are predominantly diploid, but have also been isolated as haploid and polyploid. Here, we 

evolved diploid and tetraploid C. albicans for ~60 days in the antifungal drug caspofungin. 

Tetraploid-evolved lines adapted faster than diploid-evolved lines and reached higher levels of 

caspofungin resistance. While diploid-evolved lines generally maintained their initial genome 

size, tetraploid-evolved lines rapidly underwent genome-size reductions and did so prior to 

caspofungin adaption. Furthermore, fitness costs in the absence of drug selection were 

significantly less in tetraploid-evolved lines compared to the diploid-evolved lines. Taken 

together, this work supports a model of adaptation in which the tetraploid state is transient but its 

ability to rapidly transition ploidy states improves adaptative outcomes and may drive drug 

resistance in fungal pathogens.  

 

Introduction 

 Variation in ploidy (i.e. the number of chromosome sets in a genome) occurs widely 

across the tree of life with differences between species, within species, and even in different cell 

types in a single organism (Otto 2007; Otto and Gerstein 2008; Peer et al. 2017). Organisms 

exists on a ploidy spectrum, from haploidy to polyploidy – with each state offering unique 

evolutionary benefits and drawbacks based on ploidy specific mutation rates and effect sizes 

(Mable and Otto 2001; Otto and Gerstein 2008; Gerstein 2013; Selmecki et al. 2015; Sharp et al. 

2018; Gerstein and Sharp 2021). Interestingly, compared to haploids and diploids, polyploids 

generally exhibit much higher levels of genome instability and thus an increased ability to 

generate mutations (Mayer and Aguilera 1990; Storchová et al. 2006; Hickman et al. 2015; 

Avramovska and Hickman 2019). A high mutation rate can be advantageous if the limiting factor 

to adaptation is generating mutations. However, if beneficial mutations are recessive, they will 

take longest to be unmasked in polyploids (Otto 2007; Peer et al. 2017).  
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The mechanisms by which ploidy transitions occur varies widely. Organisms with sexual 

cycles can undergo mating and meiosis to increase and reduce ploidy, respectively. However, 

asexual organisms can use variations in mitosis or leverage errors during cell division to mediate 

ploidy transitions. Increases in ploidy through endoreplication, in which DNA duplication occurs 

but cell division does not, is occurs during development in Drosophila larvae and mouse 

trophoblasts (Peer et al. 2017). has also been linked to increased adaptive potential, such as in 

human hepatocytes that may be experiencing DNA-damage (Duncan 2013) or in Arabidopsis 

thaliana, in which polyploid root tips led to increased tolerance of salinity compared to diploid 

tips (Chao et al. 2013). In clonal systems, tetraploidy is a transient state, which occurs through 

cell-cell fusion events and can be found in cancer cell types with high genomic instability 

(Matsumoto et al. 2021), in addition to fungal species such as Cryptococcus neoformans 

(Okagaki and Nielsen 2012; Gerstein et al. 2015) and Candida albicans (Magee and Magee 

2000; Bennett and Johnson 2003; Forche et al. 2008).  

  

In the asexual organisms Candida albicans, a baseline diploid, tetraploidy is generated 

through cell-fusion of cells from opposite mating types (Magee and Magee 2000; Bennett and 

Johnson 2003; Forche et al. 2008). The tetraploid state is unstable (Hickman et al. 2015) and 

undergoes random concerted chromosome loss to generate diverse progeny which can carry 

aneuploidy (Hickman et al. 2015; Hirakawa et al. 2017).  In C. albicans, aneuploidy and thus 

copy number variation of resistance-associates genes is a mechanism by which resistance to a 

commonly used antifungal, fluconazole, arises (Selmecki et al. 2006). Therefore, the ability to 

undergo ploidy reduction through concerted chromosome loss may be an important mechanism 

driving adaption in under antifungal-drug selective pressure in asexual eukaryotic organisms.  

 

Due to its non-meiotic genome dynamics and clinical relevance, we used Candida 

albicans to test the hypothesis that tetraploids will adapt faster than diploid in the antifungal drug 

caspofungin. We chose Caspofungin as the antifungal selective pressure because it is highly 

mutagenic and fungicidal to both diploid and tetraploid C. albicans. To address our hypothesis, 

we evolved 72 diploid and 72 tetraploid lines in caspofungin for 60 days and tracked adaptation 

and ploidy throughout evolution. We found that tetraploid-evolved lines adapt faster and reach 

higher resistance levels than diploid-evolved lines. Furthermore, large scale ploidy reductions 
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occurred prior to adaption, though only in tetraploid-evolved lines. We also measured growth 

rates in the absence of selection and found ploidy specific differences, with tetraploid incurring 

half the fitness costs of diploids. Interestingly, we did not detect differences between the growth 

rates of caspofungin-resistant and caspofungin-resistant populations, suggesting there was no 

fitness cost to caspofungin resistance. In conclusion, we demonstrate that transient tetraploidy 

can facilitate adaptation in asexual organisms. 

 

 

Materials and Methods 

Yeast strains and media  

Stains used in this study are listed in Table S1. All evolved populations were stored in 96-well 

block format in −80°C and maintained on YPD (1% yeast extract, 2% bactopeptone, 2% glucose, 

1.5% agar, 0.004% adenine, 0.008% uridine) or casitone (0.9% bacto-casitone, 0.5% yeast 

extract, 1% sodium citrate, 2% glucose, 1% agar) media at 30°C. Caspofungin stocks of 1 mg/ml 

(Sigma-Aldrich CAS#179463-17-3) were made from powder and suspended into ddH20. Liquid 

yeast cultures were grown in casitone (0.9% bacto-casitone, 0.5% yeast extract, 1% sodium 

citrate, 2% glucose). 

 

Experimental Evolution 

Diploid strain MH84 and tetraploid strain MH128 were initially struck onto YPD agar plates 

to obtain single colonies. Experimental evolution was set up with two, 96-well blocks 

containing YPD, and inoculated with 36 single colonies of MH84 and 36 single colonies of 

MH128 for each plate and cultured for 24 hrs. The following day, cultures were normalized to 

0.5 OD, and 100 uL added to 900uL of casitone supplemented with 0.25 µg/mL caspofungin 

and 100 mg/mL streptomycin (to prevent bacterial growth) in a 96-well block. Culture blocks 

were covered with BreathEasy tape and placed in tupperware containers containing damp 

paper towels to maintain humidity and incubated at 30°C. Every 7 days, 100uL was removed 

for archival glycerol stocks. The remaining cultures were pelleted by centrifugation (2 min at 

1500 RPM), media removed and pellets were resuspended in 1 mL fresh casitone media 

supplemented with 0.25µg/mL caspofungin and 100 mg/mL streptomycin. 
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Relative Caspofungin Growth 

Relative caspofungin growth (RCG) was determined every 7 days by spotting 5 uL onto casitone 

(no-drug) and casitone containing 0.25ug/mL caspofungin (+drug) agar plates. Plates were 

incubated at 30°C for 24 hrs and subsequently photographed. Photographs were analyzed to 

determine the pixel cell area for each spot, using Colonyzer imaging software (Lawless et al. 

2010). Relative caspofungin growth was calculated by dividing the pixel area of each spot +drug 

plates by the pixel area into the corresponding no-drug plate and ratios were capped at 1.0, 

indicating no growth difference in the presence or absence of caspofungin.   

 

Drug susceptibility  

E-test: Minimum inhibitory concentrations (MIC) were measured as previous described 

(Avramovska and Hickman 2019). Briefly, 10 µL of glycerol stock was inoculated into 2 mL 

YPD supplemented with 100mg/mL ampicillin and grown with shaking at 30°C for 24hrs. 

Cultures were normalized to 0.1 OD with ddH20. 200uL was spread onto casitone agar (1%) 

plates and left to dry for 15 minutes at 30°C. Standardized caspofungin E-test strips (gradient 

0.002 µg/mL – 32 µg/mL; Biomeureix) were added to the middle of the plates and incubated at 

30° C for 24 hrs and subsequently photographed. 

 

Microbroth Dilution Assay: Microbroth dilution assays were performed as in the CLSI M27-A 

guidelines with the following modifications. Evolved populations were inoculated into casitone 

media supplemented with 100mg/mL ampicillin and incubated at 30 °C with shaking for 48 hrs. 

Cultures were normalized to 1 OD and diluted to yield approximately 1x103 cells/mL. 100uL of 

the diluted cells were added to 100uL of casitone containing a gradient of caspofungin 

concentrations (no-drug, 0.03125 ug/mL caspofungin - 4 ug/mL). Blocks were covered with 

BreatheEasy tape and incubated at 30° C for for 24 hrs. OD600 was measured on a plate reader 

(BioTekGen5). The drug concentration in which the fraction of growth (relative to no-drug) was 

below 0.5 was considered the minimum inhibitory concentration.  

 

Growth rates 

Growth rates were determined similar to (Hickman et al. 2015) with some modification. 

Populations were inoculated from 10 ul of glycerol stock into 490uL of YPD with 100 mg/mL 
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ampicillin and grown for 24hrs with shaking at 30C to ensure that cells have recovered. 

Following 24 hr growth, 1:200 dilution was performed into fresh YPD media and OD600 was 

measured every 15 minutes with shaking using BioTek5 growth reader. Growth rate were 

determined using R-script (Gerstein et al. 2012). 

 

Flow cytometry 

Flow cytometry analysis was performed as previously published (Hickman et al. 2015; 

Avramovska and Hickman 2019). Initially, 200uL of cells in midlog-phase were harvested, 

washed with distilled water, and resuspended in 20uL of 50 mM Tris (pH 8):50 mM EDTA 

(50:50 TE). Cells were fixed with 95% ethanol and incubated at 4°C overnight. Following 

ethanol fixation, cells were washed twice with 50:50 TE, resuspended in 50µL of 1 mg/ml 

RNAse A and incubated at 37°C for 1-3hrs. Cells were then collected, resuspended in 50µL of 5 

mg/ml Proteinase K, and incubated at 37°C for 30mins. Cells were subsequently washed once 

with 50:50 TE, resuspended in 50µL SybrGreen (1:100 of dilution in 50:50 TE), (Lonza, 

CAT#12001-798, 10,000x concentrated) and incubated overnight at room temperature. Cells 

were then collected via centrifugation and resuspended in 150 µL 50:50 TE, briefly sonicated, 

and run on a LSRII machine with laboratory diploid (MH1) and tetraploid (MH2) strains serving 

as calibration and internal controls. To estimate the average G1 peak FITC-A or BB515 

intensity, the multi-Gaussian cell cycle model was used (FloJoV10). 

 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism 9 software.  

 

Results 

Tetraploids evolve faster and attain higher antifungal resistance than diploids. 

There are only a limited number of experimental evolution studies that have 

investigated how tetraploidy impacts the rate and magnitude of adaptation (Gerstein et al. 2006, 

2008, 2017; Selmecki et al. 2015) and even fewer that have investigated how tetraploidy 

contributes to the emergence of antifungal drug-resistance in fungal pathogens (Okagaki et al. 

2010; Harrison et al. 2014). We and others have previously shown that tetraploids have both 

higher baseline and drug-induced genome instability compared to diploids (Hickman et al. 2015; 
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Avramovska and Hickman 2019), thus we hypothesize that tetraploidy facilitates rapid 

adaptation to antifungal drugs. To test this hypothesis, we compared 72-diploid and 72-tetraploid 

replicate C. albicans lines evolved in the antifungal drug, caspofungin. We evolved the replicate 

lines in 0.25 µg/mL caspofungin, a concentration that reduces viability by 99% (Avramovska 

and Hickman 2019), for 59 days. Given the fungicidal nature of caspofungin, replicate lines were 

not subjected to bottlenecks, instead selective media was replenished every week. Throughout 

the course of experimental evolution, we simultaneously spotted replicate lines onto selective 

and non-selective media and photographed 24 hrs later for image analysis (Fig. 1A). For each 

replicate line, we calculated the relative caspofungin growth (RCG) by dividing the area of 

growth on selective media by the area of growth on non-selective media for days 0, 3, 10, 18, 27, 

37, 45, 52 and 59 (Fig 1A, B and S1). Detectable RCG changes were initially observed on day 

18, with average RCGs of 0.02 and 0.21 for diploid- and tetraploid-evolved lines, respectively. 

Day 18 tetraploid-evolved RCG was largely driven by 19 replicate lines greater than 0.5 (Fig 

S1B). In contrast, only a single diploid-evolved line had an RCG larger than 0.5 at this timepoint. 

Throughout the evolution, tetraploid-evolved lines had significantly higher average RCG than 

diploid-evolved lines (Fig.1B). By day 59, tetraploid-evolved RCG was 0.68 compared to the 

0.33 diploid-evolved RCG. This data supports the hypothesis that tetraploids not only adapt more 

rapidly than diploids, they improve by significantly larger margins.  

While RCG captures caspofungin adaptation over the course of experimental evolution, it 

may not necessarily reflect caspofungin resistance, a clinical term defined as a minimum 

inhibitory concentration (MIC) of 1µg/mL (Santos et al. 2014). MIC is measured either by 

growth on agar plates with a drug concentration gradient (i.e. e-tests, Fig. 1) or in liquid culture 

as a microbroth dilution assay. We measured MIC on days 0, 18, and 59 for all replicate lines 

(Fig. 1D). There were significant differences in MIC between diploid- and tetraploid-evolved 

lines, despite ancestral MIC being ~0.03 for both ploidy states. By day 18, the diploid-evolved 

MIC had not changed from the ancestral, whereas tetraploid-evolved MIC had increased to 0.07 

ug/ml. By day 59, tetraploid-evolved MIC was still significantly higher (1.0µg/ml) than diploid-

evolved MIC (0.4 ug/ml), a pattern consistent with RCG values (Kruskal-Wallis, p<0.0001, 

Table S2).  
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We assessed the relationship between MIC and RCG, and found that evolved-lines with 

MIC values ³ 0.25 µg/ml caspofungin have RCG values 0.71 or greater. However, this 

relationship breaks down for evolved lines with MICs less than 0.25 µg/ml (Fig. S2). Therefore, 

we measured changes in MIC, rather than RCG in subsequent analyses. By day 18, 13% (9/72) 
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of tetraploid-evolved lines, and 4% (2/70) diploid-evolved lines had increased MIC by at least 

two-fold (Fig. S2A & B). By the end of the evolution experiment, nearly all the tetraploid-

evolved lines (70/72) had increased MIC, whereas only half of the diploid-evolved lines (35/72) 

had improved (Fig. S2C & D). Interestingly, 10% (7/72) of diploid-evolved lines and nearly 40% 

(28/72) of tetraploid-evolved lines had MIC values with a ten-fold or higher increase in drug 

concentration than the selective pressure they were evolved in (Fig. S2C & D). Regardless of 

how growth in caspofungin was quantified, we found that tetraploids evolved faster than diploids 

and more frequently attained drug-resistant phenotypes.  

 

Large scale genome size reductions occur prior to adaptation. 

C. albicans tetraploid genomes are intrinsically unstable and frequently undergo 

chromosome loss to return to a diploid, or near-diploid state over time (Bennett and Johnson 2003; 

Forche et al. 2008; Hickman et al. 2015; Gerstein et al. 2017). We have previously shown that 

short-term exposure to caspofungin rapidly induces chromosome loss in tetraploids(Avramovska 

and Hickman 2019) and thus, we next investigated whether there was any relationship between 

changes in genome size and adaptation to caspofungin. Throughout the experimental evolution, 

we measured the genome size for all diploid- and tetraploid-evolved lines (Fig. 2A&B and Fig. 

S3, Table S3) and observed that tetraploids reduced extensively in genome size within the first 10 

days in contrast to diploids, which showed slight, but statistically significant deviations. By day18, 

diploid-evolved and tetraploid-evolves lines have approximately the same genome-size, 

suggesting that tetraploid-evolved lines have reached a near diploid state (Fig. 2A&B). Next, we 

plotted the changes in genome size by the changes in MIC for diploid- and tetraploid-evolved lines 

for day 18 (Fig 2C) and for day 59 (Fig 2D). By day18 diploid-evolved lines displayed either no 

change or modest increases in genome size, and only 2 lines had increased MIC (Fig 2C). By day 

59, 35 diploid-evolved lines increased in MIC, but had not changed in genome size.  In contrast, 

by day18, most tetraploid-evolved lines reduced in genome size, with a majority near diploid, yet 

only nine lines had increased MIC. By day 59, nearly all tetraploid lines had increased MIC, but 

had not undergone additional genome size changes after day18 (Fig 2D).  From this data, we 

conclude that while tetraploids rapidly reduce in genome size, this occurs prior to caspofungin 
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adaptation and there is no clear relationship between genome size and caspofungin resistance 

phenotypes. 
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Tetraploids have lower fitness costs associated with evolution under caspofungin selection. 

During the caspofungin experimental evolution, we found that growth in the absence of 

drug selection was highly variable, with some lines growing robustly and others barely viable 

(Fig. 1A, no-drug), likely from mutation accumulation induced by caspofungin (Avramovska and 

Hickman 2019). To test whether caspofungin evolution results in reduced fitness in the absence 

of drug (no-drug), we measured the growth rate for ancestral (Day0) and evolved (Day59) 

replicate lines in the absence of caspofungin (Fig. S4A). While there was a fitness cost for both 

diploid- and tetraploid-evolved lines, the diploid cost (∆GR = -0.08) was twice as large as the 

tetraploid (∆GR=  -0.04) (Fig. 3A). However, the initial growth rates of tetraploid lines was 

lower than diploid lines (p < 0.0001 Mann-Whitney U-test, Fig. S4A) and there was a significant 

negative relationship between initial and evolved growth rates (Fig. S4B, R2 = 0.41, p < 0.0001); 

lines with higher initial growth rates had greater reductions in growth rates following 

caspofungin evolution.  
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To test if the reductions in no-drug growth rates were a trade-off with caspofungin 

resistance, we compared growth rates of evolved lines with an MIC greater than or equal to 1.0 

µg/ml caspofungin (‘resistant’), the clinical concentration for a strain to be considered drug-

resistant, to the evolved lines with an MIC less than 1µg/ml (‘susceptible’) in the absence of drug 

(Fig. 3B). For both diploid- and tetraploid-evolved lines, there was no difference in no-drug 
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growth rates between resistant and susceptible evolved lines (Mann-Whitney U-test p= 0.99). 

Thus, reductions in no-drug growth rates were not due to a direct trade-off with resistance to 

caspofungin. Rather, reductions in no-drug growth rate are likely due to the accumulation of 

deleterious caspofungin-induced mutations, including genome-size changes. We next measured 

no-drug growth rates on day18, a timepoint with minimal detectable caspofungin adapatation, yet 

significant genomes-size changes (Fig 3C & D). In diploid-evolved lines, by day18 there was 

significant reduction in no-drug growth rates compared to day 0 (p <0.0001, Friedman test, Table 

S4), but no further reduction in growth rates by day 59 (p>0.99, Friedman test, Table S4). 

However, in tetraploid-evolved lines, day18 growth rates were comparable to day 0 (p>0.99, 

Friedman test, Table S4) despite massive reductions in genome size. By day 59, no-drug growth 

rates were slower than day 18 (p= 0.037, Friedman test), yet no additional genome size changes 

occurred. From these results, we propose that tetraploidy buffers against the early fitness costs of 

drug-induced mutagenesis by purging chromosomes with deleterious mutations. However, once 

tetraploid genomes have reduced to diploid or near-diploid states, they are subject to carrying 

high mutational loads that results in fitness costs in the absence of selection. 

Discussion 

In this study, we evolved diploid and tetraploid C. albicans to the antifungal drug 

caspofungin to compare how ploidy impacts evolutionary trajectories, and found tetraploids 

adapted more rapidly and achieved higher levels of drug resistance compared to diploids. Early 

in the experiment (Day18) tetraploid-evolved MIC was twice that of ancestral, yet diploid-

evolved lines showed no changes in MIC (Fig. 1). By the end of the evolution tetraploid-evolved 

lines improved their MIC by 32-fold, compared to diploid-evolved lines that improved only by 

2.5-fold. Our work demonstrates that tetraploidy can facilitate adaptation, a result that is 

consistent with other experimental evolution studies investigating the role of ploidy in adaptive 

processes. For example, S. cerevisiae tetraploids evolved under raffinose selection also adapted 

at a significantly faster rate than diploids (Selmecki et al. 2015). In part, accelerated adaptation 

may be due to elevated mutation rates observed in polyploids relative to diploids across yeast 

species (Mayer and Aguilera 1990; Storchová et al. 2006; Hickman et al. 2015), leading to 

higher frequencies of beneficial mutations (Selmecki et al. 2015).  
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In addition to higher mutation rates, tetraploid cells also frequently undergo random 

chromosome loss and reduce in genome size under a diverse set of growth conditions in vitro and 

in vivo (Bennett and Johnson 2003; Forche et al. 2008; Hickman et al. 2015; Gerstein et al. 2017; 

Avramovska and Hickman 2019; Smith and Hickman 2020). Interestingly, we found that many 

of the tetraploid-evolved lines rapidly reduced in genome size by day 10, a timepoint prior to 

when we first observed any detectable caspofungin adaptation (Figure 2A). Despite returning to 

diploid (or near-diploid) genome sizes, tetraploid-evolved lines still adapted more quickly and 

with larger increases in MIC than diploid-evolved lines. Non-meiotic ploidy reduction in C. 

albicans increases phenotypic variation amongst isolates derived from tetraploid cells (Hickman 

et al. 2015; Hirakawa et al. 2017). We propose that tetraploids are capable of accelerated 

adaptation because ploidy reduction generates derivatives whose chromosomes have been 

reassorted, thus carrying new combinations of alleles, and may also contain chromosomal 

aneuploidy (Forche et al. 2008; Hickman et al. 2015; Hirakawa et al. 2017).   

Aneuploidy is considered to be a ‘quick-fix’ that organisms use during adaptation by 

altering gene expression and protein abundance (Rancati et al. 2008; Pavelka et al. 2010; Yona et 

al. 2012). Specifically, chromosomal aneuploidy drives heat-tolerance in Saccharomyces 

cerevisiae (Yona et al. 2012), chemotherapy resistance in cancer cells (Duesberg et al. 2000; 

Gordon et al. 2012) and drug resistance in fungal pathogens (Selmecki et al. 2006, 2009; Sionov 

et al. 2010; Harrison et al. 2014; Todd et al. 2017; Stone et al. 2019). For example, in 

Cryptococcus neoformans, aneuploidy of chromosomes 1 is associated with resistance to the 

antifungal drug fluconazole (Sionov et al. 2010) and in C. albicans and C.auris, chromosome 5 

aneuploidy confers fluconazole resistance (Selmecki et al. 2006, 2009; Bing et al. 2020). While 

aneuploidy is an adaptative mechanism for fluconazole resistance in a broad range of fungal 

pathogens, it has not yet been observed in caspofungin or other echinocandin antifungal drugs. In 

this study, we found large-scale genome reduction in tetraploid lines and detected smaller-scale 

increases in genome size in the diploid-evolved lines, indicative of chromosomal aneuploidy 

across both ploidy states. However, flow cytometry can only measure total genome size and does 

not have the resolution to identify the karyotypic composition. Further genome characterization 

via whole-genome sequencing is needed to identify the specific mutations driving caspofungin 

resistance from this experimental evolution.  
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For some organisms, acquiring resistance to drugs confers a fitness cost in the absence of 

drug selection (Dahlberg and Chao 2003; Andersson and Hughes 2010; Vincent et al. 2013; Hill 

et al. 2015; Popp et al. 2017). In our study, we found no difference in the growth rates between 

caspofungin susceptible and resistant evolved lines when grown in the absence of drug (Fig. 3B), 

suggesting that caspofungin resistance may not explicitly confer a fitness tradeoff. However, we 

found that on average, both diploid- and tetraploid evolved lines had growth deficits compared to 

their ancestral state, in the absence of caspofungin (Fig. 3A & S3). Surprisingly, the magnitude 

of the growth deficit depended on the initial ploidy state, with diploid-evolved lines exhibiting 

twice the deficit of tetraploid-evolved lines. Given the mutagenic nature of caspofungin (Shields 

et al. 2018; Avramovska and Hickman 2019), it is likely that caspofungin exposure generated 

high mutational loads during evolution that are expressed when drug selection is removed. 

However, since tetraploid-evolved lines undergo genome size reductions within the first 10 days 

of caspofungin evolution, in which chromosomes are stochastically lost (Hickman et al. 2015), 

deleterious mutations can be quickly removed from the population. In fact, we see no fitness 

costs for tetraploid-evolved lines at day 18, following genome size reductions (Fig. 3D). In 

contrast, diploid-evolved lines have no clear mechanisms for purging mutations that are 

deleterious in the absence of selection, and we see significantly slower no-drug growth rates on 

day18 compared to the ancestral state (Fig. 3C).   

In conclusion, we propose that tetraploidy is a transient state with high adaptative 

potential compared to diploidy. This work, along with other experimental evolution studies using 

yeast species show that asexual whole-genome ploidy transitions occur frequently during short- 

and long-term evolution (Mable and Otto 2001; Gerstein et al. 2006, 2008, 2017; Hickman et al. 

2013, 2015; Selmecki et al. 2015; Turanlı-Yıldız et al. 2017; Harari et al. 2018). These findings, 

coupled with the observation of ploidy variability within clinical and environmental isolates of 

various yeast species (Ford et al. 2015; Hirakawa et al. 2015; Wertheimer et al. 2016; Zhu et al. 

2016; Ropars et al. 2018; Stone et al. 2019; Gerstein and Sharp 2021; Scopel et al. 2021) indicate 

that ploidy transitions may be an important evolutionary force driving microbial eukaryotic 

adaptation.   

 
 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 28, 2021. ; https://doi.org/10.1101/2021.02.28.433243doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.28.433243


Andersson, D. I., and D. Hughes. 2010. Antibiotic resistance and its cost: is it possible to reverse 
resistance? Nat Rev Microbiol 8:260–271. 

Avramovska, O., and M. A. Hickman. 2019. The Magnitude of Candida albicans Stress-Induced 
Genome Instability Results from an Interaction Between Ploidy and Antifungal Drugs. G3 
Genes Genomes Genetics 9:4019–4027. 

Bennett, R. J., and A. D. Johnson. 2003. Completion of a parasexual cycle in Candida albicans 
by induced chromosome loss in tetraploid strains. Embo J 22:2505–2515. 

Bing, J., T. Hu, Q. Zheng, J. F. Muñoz, C. A. Cuomo, and G. Huang. 2020. Experimental 
Evolution Identifies Adaptive Aneuploidy as a Mechanism of Fluconazole Resistance in 
Candida auris. Antimicrob Agents Ch 65:e01466-20. 

Chao, D.-Y., B. Dilkes, H. Luo, A. Douglas, E. Yakubova, B. Lahner, and D. E. Salt. 2013. 
Polyploids Exhibit Higher Potassium Uptake and Salinity Tolerance in Arabidopsis. Science 
341:658–659. 

Dahlberg, C., and L. Chao. 2003. Amelioration of the cost of conjugative plasmid carriage in 
Eschericha coli K12. Genetics 165:1641–9. 

Duesberg, P., R. Stindl, and R. Hehlmann. 2000. Explaining the high mutation rates of cancer 
cells to drug and multidrug resistance by chromosome reassortments that are catalyzed by 
aneuploidy. Proc National Acad Sci 97:14295–14300. 

Duncan, A. W. 2013. Aneuploidy, polyploidy and ploidy reversal in the liver. Semin Cell Dev 
Biol 24:347–356. 

Forche, A., K. Alby, D. Schaefer, A. D. Johnson, J. Berman, and R. J. Bennett. 2008. The 
Parasexual Cycle in Candida albicans Provides an Alternative Pathway to Meiosis for the 
Formation of Recombinant Strains. Plos Biol 6:e110. 

Ford, C. B., J. M. Funt, D. Abbey, L. Issi, C. Guiducci, D. A. Martinez, T. Delorey, B. yu Li, T. 
C. White, C. Cuomo, R. P. Rao, J. Berman, D. A. Thompson, and A. Regev. 2015. The 
evolution of drug resistance in clinical isolates of Candida albicans. Elife 4:e00662. 

Gerstein, A. C. 2013. Mutational effects depend on ploidy level: all else is not equal. Biol Letters 
9:20120614. 

Gerstein, A. C., H.-J. E. Chun, A. Grant, and S. P. Otto. 2006. Genomic Convergence toward 
Diploidy in Saccharomyces cerevisiae. Plos Genet 2:e145. 

Gerstein, A. C., M. S. Fu, L. Mukaremera, Z. Li, K. L. Ormerod, J. A. Fraser, J. Berman, and K. 
Nielsen. 2015. Polyploid Titan Cells Produce Haploid and Aneuploid Progeny To Promote 
Stress Adaptation. Mbio 6:e01340-15. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 28, 2021. ; https://doi.org/10.1101/2021.02.28.433243doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.28.433243


Gerstein, A. C., H. Lim, J. Berman, and M. A. Hickman. 2017. Ploidy tug‐of‐war: Evolutionary 
and genetic environments influence the rate of ploidy drive in a human fungal pathogen. 
Evolution 71:1025–1038. 

Gerstein, A. C., D. S. Lo, and S. P. Otto. 2012. Parallel Genetic Changes and Nonparallel Gene–
Environment Interactions Characterize the Evolution of Drug Resistance in Yeast. Genetics 
192:241–252. 

Gerstein, A. C., R. M. McBride, and S. P. Otto. 2008. Ploidy reduction in Saccharomyces 
cerevisiae. Biol Letters 4:91–94. 

Gerstein, A. C., and N. P. Sharp. 2021. The population genetics of ploidy change in unicellular 
fungi. Fems Microbiol Rev fuab006-. 

Gordon, D. J., B. Resio, and D. Pellman. 2012. Causes and consequences of aneuploidy in 
cancer. Nat Rev Genet 13:189–203. 

Harari, Y., Y. Ram, N. Rappoport, L. Hadany, and M. Kupiec. 2018. Spontaneous Changes in 
Ploidy Are Common in Yeast. Curr Biol 28:825-835.e4. 

Harrison, B. D., J. Hashemi, M. Bibi, R. Pulver, D. Bavli, Y. Nahmias, M. Wellington, G. 
Sapiro, and J. Berman. 2014. A Tetraploid Intermediate Precedes Aneuploid Formation in 
Yeasts Exposed to Fluconazole. Plos Biol 12:e1001815. 

Hickman, M. A., C. Paulson, A. Dudley, and J. Berman. 2015. Parasexual Ploidy Reduction 
Drives Population Heterogeneity Through Random and Transient Aneuploidy in Candida 
albicans. Genetics 200:781–794. 

Hickman, M. A., G. Zeng, A. Forche, M. P. Hirakawa, D. Abbey, B. D. Harrison, Y.-M. Wang, 
C. Su, R. J. Bennett, Y. Wang, and J. Berman. 2013. The ‘obligate diploid’ Candida albicans 
forms mating-competent haploids. Nature 494:55. 

Hill, J. A., T. R. O’Meara, and L. E. Cowen. 2015. Fitness Trade-Offs Associated with the 
Evolution of Resistance to Antifungal Drug Combinations. Cell Reports 10:809–819. 

Hirakawa, M. P., D. E. Chyou, D. Huang, A. R. Slan, and R. J. Bennett. 2017. Parasex Generates 
Phenotypic Diversity de Novo and Impacts Drug Resistance and Virulence in Candida 
albicans. Genetics 207:1195–1211. 

Hirakawa, M. P., D. A. Martinez, S. Sakthikumar, M. Z. Anderson, A. Berlin, S. Gujja, Q. Zeng, 
E. Zisson, J. M. Wang, J. M. Greenberg, J. Berman, R. J. Bennett, and C. A. Cuomo. 2015. 
Genetic and phenotypic intra-species variation in Candida albicans. Genome Res 25:413–425. 

Lawless, C., D. J. Wilkinson, A. Young, S. G. Addinall, and D. A. Lydall. 2010. Colonyzer: 
automated quantification of micro-organism growth characteristics on solid agar. Bmc 
Bioinformatics 11:287. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 28, 2021. ; https://doi.org/10.1101/2021.02.28.433243doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.28.433243


Mable, B. K., and S. P. Otto. 2001. Masking and purging mutations following EMS treatment in 
haploid, diploid and tetraploid yeast. Genet Res 77:9–26. 

Magee, B. B., and P. T. Magee. 2000. Induction of Mating in Candida albicans by Construction 
of MTLa and MTLα Strains. Science 289:310–313. 

Matsumoto, T., L. Wakefield, A. Peters, M. Peto, P. Spellman, and M. Grompe. 2021. 
Proliferative polyploid cells give rise to tumors via ploidy reduction. Nat Commun 12:646. 

Mayer, V. W., and A. Aguilera. 1990. High levels of chromosome instability in polyploids of 
Saccharomyces cerevisiae. Mutat Res Fundam Mol Mech Mutagen 231:177–186. 

Okagaki, L. H., and K. Nielsen. 2012. Titan Cells Confer Protection from Phagocytosis in 
Cryptococcus neoformans Infections. Eukaryot Cell 11:820–826. 

Okagaki, L. H., A. K. Strain, J. N. Nielsen, C. Charlier, N. J. Baltes, F. Chrétien, J. Heitman, F. 
Dromer, and K. Nielsen. 2010. Cryptococcal Cell Morphology Affects Host Cell Interactions 
and Pathogenicity. Plos Pathog 6:e1000953. 

Otto, S. P. 2007. The Evolutionary Consequences of Polyploidy. Cell 131:452–462. 

Otto, S. P., and A. C. Gerstein. 2008. The evolution of haploidy and diploidy. Curr Biol 
18:R1121–R1124. 

Pavelka, N., G. Rancati, J. Zhu, W. D. Bradford, A. Saraf, L. Florens, B. W. Sanderson, G. L. 
Hattem, and R. Li. 2010. Aneuploidy confers quantitative proteome changes and phenotypic 
variation in budding yeast. Nature 468:321. 

Peer, Y. V. de, E. Mizrachi, and K. Marchal. 2017. The evolutionary significance of polyploidy. 
Nat Rev Genet 18:411–424. 

Popp, C., I. A. I. Hampe, T. Hertlein, K. Ohlsen, P. D. Rogers, and J. Morschhäuser. 2017. 
Competitive Fitness of Fluconazole-Resistant Clinical Candida albicans Strains. Antimicrob 
Agents Ch 61:e00584-17. 

Rancati, G., N. Pavelka, B. Fleharty, A. Noll, R. Trimble, K. Walton, A. Perera, K. Staehling-
Hampton, C. W. Seidel, and R. Li. 2008. Aneuploidy Underlies Rapid Adaptive Evolution of 
Yeast Cells Deprived of a Conserved Cytokinesis Motor. Cell 135:879–893. 

Ropars, J., C. Maufrais, D. Diogo, M. Marcet-Houben, A. Perin, N. Sertour, K. Mosca, E. 
Permal, G. Laval, C. Bouchier, L. Ma, K. Schwartz, K. Voelz, R. C. May, J. Poulain, C. 
Battail, P. Wincker, A. M. Borman, A. Chowdhary, S. Fan, S. H. Kim, P. L. Pape, O. Romeo, 
J. H. Shin, T. Gabaldon, G. Sherlock, M.-E. Bougnoux, and C. d’Enfert. 2018. Gene flow 
contributes to diversification of the major fungal pathogen Candida albicans. Nat Commun 
9:2253. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 28, 2021. ; https://doi.org/10.1101/2021.02.28.433243doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.28.433243


Santos, E. R. dos, C. F. D. Forno, M. G. Hernandez, T. F. Kubiça, T. P. Venturini, F. Chassot, J. 
M. Santurio, and S. H. Alves. 2014. SUSCEPTIBILITY OF Candida spp. ISOLATED FROM 
BLOOD CULTURES AS EVALUATED USING THE M27-A3 AND NEW M27-S4 
APPROVED BREAKPOINTS. Revista Instituto De Medicina Tropical De São Paulo 
56:477–482. 

Scopel, E. F. C., J. Hose, D. Bensasson, and A. P. Gasch. 2021. Genetic variation in aneuploidy 
prevalence and tolerance across Saccharomyces cerevisiae lineages. Genetics iyab015-. 

Selmecki, A., A. Forche, and J. Berman. 2006. Aneuploidy and Isochromosome Formation in 
Drug-Resistant Candida albicans. Science 313:367–370. 

Selmecki, A. M., K. Dulmage, L. E. Cowen, J. B. Anderson, and J. Berman. 2009. Acquisition of 
Aneuploidy Provides Increased Fitness during the Evolution of Antifungal Drug Resistance. 
Plos Genet 5:e1000705. 

Selmecki, A. M., Y. E. Maruvka, P. A. Richmond, M. Guillet, N. Shoresh, A. L. Sorenson, S. 
De, R. Kishony, F. Michor, R. Dowell, and D. Pellman. 2015. Polyploidy can drive rapid 
adaptation in yeast. Nature 519:349. 

Sharp, N. P., L. Sandell, C. G. James, and S. P. Otto. 2018. The genome-wide rate and spectrum 
of spontaneous mutations differ between haploid and diploid yeast. Proc National Acad Sci 
115:201801040. 

Shields, R. K., E. G. Kline, K. R. Healey, M. Kordalewska, D. S. Perlin, M. H. Nguyen, and C. J. 
Clancy. 2018. Spontaneous mutational frequency and FKS mutation rates vary by 
echinocandin agent against Candida glabrata. Antimicrob Agents Ch 63:AAC.01692-18. 

Sionov, E., H. Lee, Y. C. Chang, and K. J. Kwon-Chung. 2010. Cryptococcus neoformans 
Overcomes Stress of Azole Drugs by Formation of Disomy in Specific Multiple 
Chromosomes. Plos Pathog 6:e1000848. 

Smith, A. C., and M. A. Hickman. 2020. Host-Induced Genome Instability Rapidly Generates 
Phenotypic Variation across Candida albicans Strains and Ploidy States. Msphere 5:e00433-
20. 

Stone, N. R. H., J. Rhodes, M. C. Fisher, S. Mfinanga, S. Kivuyo, J. Rugemalila, E. S. Segal, L. 
Needleman, S. F. Molloy, J. Kwon-Chung, T. S. Harrison, W. Hope, J. Berman, and T. 
Bicanic. 2019. Dynamic ploidy changes drive fluconazole resistance in human cryptococcal 
meningitis. J Clin Invest 129:999–1014. 

Storchová, Z., A. Breneman, J. Cande, J. Dunn, K. Burbank, E. O’Toole, and D. Pellman. 2006. 
Genome-wide genetic analysis of polyploidy in yeast. Nature 443:541–547. 

Todd, R. T., A. Forche, and A. Selmecki. 2017. Ploidy Variation in Fungi: Polyploidy, 
Aneuploidy, and Genome Evolution. Microbiol Spectr 5. 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 28, 2021. ; https://doi.org/10.1101/2021.02.28.433243doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.28.433243


Turanlı-Yıldız, B., L. Benbadis, C. Alkım, T. Sezgin, A. Akşit, A. Gökçe, Y. Öztürk, A. T. 
Baykal, Z. P. Çakar, and J. M. François. 2017. In vivo evolutionary engineering for ethanol-
tolerance of Saccharomyces cerevisiae haploid cells triggers diploidization. J Biosci Bioeng 
124:309–318. 

Vincent, B. M., A. K. Lancaster, R. Scherz-Shouval, L. Whitesell, and S. Lindquist. 2013. 
Fitness Trade-offs Restrict the Evolution of Resistance to Amphotericin B. Plos Biol 
11:e1001692. 

Wertheimer, N. B., N. Stone, and J. Berman. 2016. Ploidy dynamics and evolvability in fungi. 
Philosophical Transactions Royal Soc B Biological Sci 371:20150461. 

Yona, A. H., Y. S. Manor, R. H. Herbst, G. H. Romano, A. Mitchell, M. Kupiec, Y. Pilpel, and 
O. Dahan. 2012. Chromosomal duplication is a transient evolutionary solution to stress. Proc 
National Acad Sci 109:21010–21015. 

Zhu, Y. O., G. Sherlock, and D. A. Petrov. 2016. Whole Genome Analysis of 132 Clinical 
Saccharomyces cerevisiae Strains Reveals Extensive Ploidy Variation. G3 Genes Genomes 
Genetics 6:2421–2434. 

  

 

 

 

 

 

 

 

 

 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 28, 2021. ; https://doi.org/10.1101/2021.02.28.433243doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.28.433243


Supplemental 
 
  

                      
         

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 28, 2021. ; https://doi.org/10.1101/2021.02.28.433243doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.28.433243


        

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 28, 2021. ; https://doi.org/10.1101/2021.02.28.433243doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.28.433243


 
 
 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 28, 2021. ; https://doi.org/10.1101/2021.02.28.433243doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.28.433243


 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 28, 2021. ; https://doi.org/10.1101/2021.02.28.433243doi: bioRxiv preprint 

https://doi.org/10.1101/2021.02.28.433243


 

 
Table S1: Candida albicans strains used in this study 
 
 
 
 
     
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Strain Genotype                              Reference   

Diploids                 

MH84 
MTLα/α; ura3::imm434::URA3/ura3::imm434; iro1::IRO1/iro1::imm434; 
his1Δ::hisG/his1Δ::hisG; leu2Δ/leu2Δ; GAL1/gal1Δ::SAT1     

Hickman et.al 
2015 

Tetraploids                                 

MH128 
MTLα/α/a/Δ; ura3Δ/ura3Δ/URA3/URA3, HIS1/HIS1/his1Δ::hisG/his1Δ::hisG; 
LEU2/LEU2/leu2Δ/leu2Δ; ENO1-GFP:NAT/ENO1/ENO1/ENO1; gal1Δ/gal1Δ/gal1Δ/GAL1; 

Hickman et.al 
2015 
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TS2: Statistical summaries for figure 1D – multiple comparisons testing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Diploid vs Tetraploid MIC 
(Corresponds to Figure 1D), MIC by Day x Ploidy  

Summary Adjusted P 
Value 

ANOVA- Kruskal-Wallis test with Dunn's multiple 
comparisons  

 
<0.0001  

Dip0 vs. Dip18 ns >0.9999 
Dip0 vs. Dip59 **** <0.0001 
Dip0 vs. Tet0 ns >0.9999 
Dip0 vs. Tet18 ns >0.9999 
Dip0 vs. Tet59 **** <0.0001 
Dip18 vs. Dip59 **** <0.0001 
Dip18 vs. Tet0 ns >0.9999 
Dip18 vs. Tet18 ns >0.9999 
Dip18 vs. Tet59 **** <0.0001 
Dip59 vs. Tet0 **** <0.0001 
Dip59 vs. Tet18 **** <0.0001 
Dip59 vs. Tet59 **** <0.0001 
Tet0 vs. Tet18 ns >0.9999 
Tet0 vs. Tet59 **** <0.0001 
Tet18 vs. Tet59 **** <0.0001 
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TS3: Statistical summaries for figure 2 – multiple comparison’s testing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Diploid Ploidy trajectories 
(Corresponds to Figure 2A)  

Summary Adjusted P 
Value 

ANOVA- Kruskal-Wallis test with Dunn's multiple 
comparisons  

 
<0.0001 

D0 vs. D3 ns >0.9999 
D0 vs. D10 ns >0.9999 
D0 vs. D18 **** <0.0001 
D0 vs. D27 **** <0.0001 
D0 vs. D37 ** 0.0027 
D0 vs. D45 **** <0.0001 
D0 vs. D59 ** 0.0064 
Ploidy Ploidy trajectories 
(Corresponds to Figure 2B)  

Summary Adjusted P 
Value 

ANOVA- Kruskal-Wallis test with Dunn's multiple 
comparisons  

 
<0.0001 

D0 vs. D3 **** <0.0001 
D0 vs. D10 **** <0.0001 
D0 vs. D18 **** <0.0001 
D0 vs. D27 **** <0.0001 
D0 vs. D37 **** <0.0001 
D0 vs. D45 **** <0.0001 
D0 vs. D59 **** <0.0001 
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TS4: Statistical summaries for figure 3 -- multiple comparisons testing 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Diploid no-drug growth rates (Correspond to 
Figure 3C) 

Summary Adjusted P 
Value 

ANOVA- Friedman test with Dunn's multiple 
comparisons  

p <0.0001 
 

Dip0 vs. Dip18 **** <0.0001 
Dip0 vs. Dip59 **** <0.0001 
Dip18 vs. Dip59 ns >0.9999 
Tetraploid no-drug growth rates (Correspond 
to Figure 3D) 

Summary Adjusted P 
Value 

ANOVA- Friedman test with Dunn's multiple 
comparisons 

 p = 0.0026 

Tet0 vs. Tet18 ns >0.9999 
Tet0 vs. Tet59 ** 0.0029 
Tet18 vs. Tet59 * 0.0337 
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