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Abstract 5 

Understanding the mechanisms that generate genetic variation, and thus contribute to 6 

the process of adaptation, is a major goal of evolutionary biology. Mutation and genetic 7 

exchange have been well studied as mechanisms to generate genetic variation.  8 

However, there are additional processes that may also generate substantial genetic 9 

variation in some populations and the extent to which these variation generating 10 

mechanisms are themselves shaped by natural selection is still an open question. 11 

Tetrahymena thermophila is a ciliate with an unusual mechanism of nuclear division, 12 

called amitosis, which can generate genetic variation among the asexual descendants 13 

of a newly produced sexual progeny.  We hypothesize that amitosis thus increases the 14 

evolvability of newly produced sexual progeny relative to species that undergo mitosis. 15 

To test this hypothesis, we used experimental evolution and simulations to compare the 16 

rate of adaptation in T. thermophila populations founded by a single sexual progeny to 17 

parental populations that had not had sex in many generations. The populations 18 

founded by a sexual progeny adapted more quickly than parental populations in both 19 

laboratory populations and simulated populations. This suggests that the additional 20 

genetic variation generated by amitosis of a heterozygote can increase the rate of 21 

adaptation following sex and may help explain the evolutionary success of the unusual 22 

genetic architecture of Tetrahymena and ciliates more generally. 23 

 24 

Introduction 25 

Fisher’s fundamental theorem of natural selection states that the rate at which a 26 

population increases in mean fitness as a result of the operation of natural selection “is 27 

equal to its genetic variance in fitness at that time” (Fisher 1930). Genetic variants arise 28 

normally in populations through mutation, gene flow, and recombination and sex. In fact, 29 

it is hypothesized that sex is maintained, despite its costs, to generate genetic variance 30 
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 2 

for fitness and increase evolvability (Weismann 1890; Kondrashov 1993; Burt 2000; 31 

Colegrave 2002). 32 

 33 

Tetrahymena thermophila is a facultatively sexual, free-living, single-celled eukaryote 34 

with an unusual genome architecture that allows for the generation of additional genetic 35 

variation that we hypothesize should increase its evolvability  following sex and through 36 

subsequent rounds of asexual division (Doerder 2014; Zufall 2016; Zhang et al. 2019). 37 

This increased evolvability may also provide a novel explanation for the maintenance of 38 

this unusual genome architecture.  39 

 40 

Like other ciliates, Tetrahymena contain two types of nuclei: a silent germline 41 

micronucleus (MIC) and a transcriptionally active somatic macronucleus (MAC) 42 

(Merriam and Bruns 1988). The MAC gets destroyed after sex and a new one gets 43 

created from a mitotic product of the new zygotic nucleus (Orias 1986). In the model 44 

ciliate T. thermophila, the MAC contains n ≈ 45 copies of each of its 181 chromosomes 45 

(except the rDNA containing chromosome, which is present in n ≈ 9000 copies) and 46 

divides by amitosis (Fig. 1; Orias and Flacks 1975; Eisen et al. 2006, Sheng et al. 47 

2020). During amitosis the chromosomes do not line up and segregate as they do 48 

during mitotic metaphase and anaphase. Instead the content of the genome is divided 49 

apparently randomly between the daughter cells (Karrer 2012). However, while T. 50 

thermophila is able to maintain ~45 copies of every chromosome due to an unknown 51 

mechanism of chromosomal copy number control no such mechanism exist to maintain 52 

allelic diversity (Woodard et al. 1972; Larson et al. 1991; Sheng et al. 2020). In the 53 

absence of selection to maintain allelic diversity, over time amitosis will result in all but 54 
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one allele being lost entirely from the MAC at each locus until the whole genome, 55 

except for de novo mutations, is homozygous (Fig. 1; Sonneborn 1974). This process is 56 

known as phenotypic or allelic assortment and occurs separately for all 181 MAC 57 

chromosomes. Amitotic division is thus predicted to result in large amounts of 58 

combinatorial genetic variation during the vegetative growth of a single sexual 59 

heterozygous progeny. This increase in genetic variation is expected to increase the 60 

rate at which an amitotically dividing population adapts (Doerder 2014; Zhang et al. 61 

2019). 62 

 63 

Previous models have shown that the unique genetic architecture of ciliates results in 64 

population genetics that differ from canonical population models (Morgens et al. 2014). 65 

Other models have shown that amitosis in Tetrahymena allows asexual lineages to slow 66 

Mueller’s ratchet and adapt at a rate similar to sexual lineages (Zhang et al. 2019). 67 

Additionally, several studies have claimed the genetic architecture of ciliates drives 68 

rapid gene and protein evolution (Zufall et al. 2006; Gao et al. 2014).  69 

 70 

Typically, asexual progeny are genetically identical to their parents except for newly 71 

occurring mutations, but in T. thermophila a single heterozygous MAC genotype can 72 

give rise to a huge number of alternative genotypes among its asexual progeny. The 73 

high chromosome number in addition to recombination between homologous 74 

chromosomes (Deak and Doerder 1998) creates minimal physical linkage between loci 75 

allowing for differential assortment of most alleles. This results in many possible 76 

combinations of parental alleles being produced in a lineage descending from 77 
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78 

a single outcrossed individual. With selection acting on this variation, alleles and 79 

combinations of alleles will come to dominate in environments where they are 80 

advantageous, increasing the fitness of the population. 81 

 82 

Here, we test the hypothesis that T. thermophila genome architecture and amitosis 83 

affect the dynamics of adaptation and the consequences of sex, specifically that 84 

populations founded from a single sexual progeny are more evolvable than populations 85 

Figure 1. Amitosis and phenotypic assortment of a single chromosome. This figure shows the 
gradual loss of heterozygosity within a cell and increase in genetic variation among cells 
following sex. The small white oval is the diploid micronucleus (MIC) containing the red allele 
inherited from one parent and the green allele inherited from the other (only a single 
chromosome is shown for simplicity). The large white oval is the polyploid (n=16 here for 
simplicity) macronucleus (MAC). Following sex the macronucleus develops from the new 
zygotic nucleus and contains approximately half of the alleles from one parent and half from 
the other (shown in top cell). As the MAC divides amitotically each daughter cell (indicated by 
the arrows) inherits a random mixture of parental alleles. This process is accelerated in the 
figure above, while in reality it is likely to take ~200 generations for 99% of loci to become 
homozygous (assuming that all alleles are neutral and a ploidy of n=45). Amitosis results in 
phenotypic assortment, i.e. the production of homozygous cells fixed for one or the other 
allele. Unlike mitosis, produces genetically variable progeny (as seen in the bottom row), 
which increases the genetic variation during the vegetative growth period following sex.  
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founded from either unmated parent. To test whether amitosis will indeed increase the 86 

rate of adaptation following sex, we compare the rate of increase in replication time of 87 

progeny and parental populations during experimental evolution.  We then use 88 

simulations to interpret and verify our experimental findings. The parental populations 89 

have already undergone phenotypic assortment and are thus expected to be largely 90 

homozygous in the MAC (Sonneborn 1974).  This means that the effect of amitosis will 91 

be restricted to new mutations.  In contrast, the sexually produced progeny should be 92 

highly heterozygous, meaning that amitosis will produce progeny with differing 93 

combinations of alleles. If amitosis increases evolvability following sex, then the rate of 94 

fitness increase in a population founded by a single new sexual progeny will be greater 95 

than that founded by an individual that has not had sex in many generations. 96 

 97 

Methods 98 

 99 

EXPERIMENTAL EVOLUTION 100 

Overview 101 

Three independent evolution experiments were performed to compare the rate of 102 

adaptation in populations derived from a sexual progeny to populations derived from 103 

individuals that had been dividing asexually only.  Each experiment started with different 104 

parental genotypes of T. thermophila, which were crossed to produce a sexual progeny.  105 

A single cell was used to found the progeny populations.  Populations were allowed to 106 

evolve for 1200-1500 generations, during which population growth rates were 107 

measured. 108 

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

The copyright holder for this preprintthis version posted December 23, 2021. ; https://doi.org/10.1101/2021.12.21.473698doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.21.473698
http://creativecommons.org/licenses/by/4.0/


 6 

 109 

Strains and initial cross 110 

For Experiment 1 we used natural isolates of T. thermophila, strains 19617-1 (which we 111 

refer to as B; Tetrahymena Stock Center ID SD03089; collected in Pennsylvania, USA; 112 

cox1 GenBank: KY218380) and 19625-2 (A; collected in Pennsylvania, USA; cox1 113 

GenBank: KY218383; Doerder 2019). For Experiment 2 we used natural isolates 114 

20453-1 (C; Tetrahymena Stock Center ID SD01561; collected in New Hampshire, 115 

USA; cox1 GenBank: KY218424) and 20438-1 (D; ID SD01559; collected in New 116 

Hampshire, USA; cox1 GenBank: KY218417). Experiment 3 used isolates 20395-1 (E; 117 

ID SD01557; collected in New Hampshire, USA; cox1 GenBank: KY218412) and 118 

20488-4 (F; ID SD01566; collected in Vermont, USA: cox1 GenBank: KY218435).   119 

 120 

Strains were thawed from frozen stocks, inoculated into 5.5 mL of the nutrient rich 121 

media SSP (Gorovsky et al. 1975) in a 50 mL conical tube, and incubated at 30 ºC with 122 

mixing for two days. These cultures were maintained as the parental lines. Eight (for 123 

Experiment 1) or 16 (for Experiments 2 and 3) populations were established for each 124 

genotype in 10 mL of SSP without shaking (for Experiment 1) or 180 μL of SSP with 125 

occasional shaking when the plates were on the microplate reader (for Experiments 2 126 

and 3). For Experiment 1, four populations were maintained at 24 ºC and four at 37 ºC. 127 

For Experiments 2 and 3, all populations were maintained at 30 ºC.  128 

 129 

To generate the hybrid progeny from these strains, a conical tube of each parental 130 

genotype was centrifuged and the supernatant was poured off before the cells were re-131 
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suspended in 10 μM Tris buffer (Bruns and Brussard 1974). After mixing at 30 ºC in Tris 132 

for two days to starve the cells and induce sexual competence, 1 mL of each starved 133 

parental population and an additional 1 ml of 10 μM Tris buffer were added to one well 134 

in a six-well plate and placed back in the 30 ºC incubator. The next morning (~12 hours 135 

later) the plate was checked for pairs and put back in the incubator for an additional 4 136 

hours to allow progression of conjugation. Individual mating pairs were isolated under a 137 

microscope using a 2 μL- micropipette and placed in 180 μL of SSP in one well of a 96-138 

well plate. The plate was then incubated for 48 hours after which time a single cell was 139 

isolated from each well and re-cultured into 180 μL of fresh SSP in a new well. After 140 

another 48 hours at 30 ºC four (for Experiment 1) or 16 (for Experiments 2 and 3) 141 

individual cells, i.e. clones, were isolated from one of the wells, into new wells with SSP, 142 

one for each of the replicate populations, and incubated at 30 ºC for 48 hours. For 143 

Experiment 1, each of the four 180 μL cultures was then split in two with each half being 144 

added to a separate 50 mL conical tube containing 10 mL of SSP, one designated for 145 

evolution at 37 ºC and the other at 24 ºC.  146 

 147 

We confirmed that progeny were indeed the product of sexual reproduction by 148 

performing maturity tests. Following successful sexual conjugation, Tetrahymena 149 

experience a period of immaturity when they will not pair or have sex again for 150 

approximately 60-100 generations (Doerder et al. 1995). Immaturity tests confirmed that 151 

our isolates would not pair, indicating that they were the recent progeny of sexual 152 

reproduction. 153 

 154 
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For Experiment 1, this provided us with a total of 24 populations consisting of three 155 

genotypes, two parental and one hybrid, half of which were evolved at 24 ºC and half at 156 

37 ºC with four replicate populations of each genotype per treatment. For Experiments 2 157 

and 3, there were 48 populations per experiment, consisting of 16 populations of each 158 

parent and the hybrids, all maintained at a single temperature (30 ºC). 159 

 160 

Prior to the start of the experiment, parental strains had been kept in lab in cultures 161 

containing only a single mating type for at least 200 generations meaning that they have 162 

not had sex in at least that long and should therefore be highly homozygous in their 163 

MACs due to phenotypic assortment.  164 

 165 

Experimental evolution transfer regime 166 

In Experiment 1 approximately 20,000 cells (~90 μL) from each 37 ºC culture and 167 

60,000 (~1 mL) from each 24 ºC culture were transferred to 10 mL of fresh SSP daily 168 

(Tarkington and Zufall 2021). Transfer volumes were adjusted as needed to maintain 169 

the same starting culture density at each transfer. On average, the 37 ºC evolved 170 

populations achieved ~6.8 generations per day and the 24 ºC populations achieved 171 

~3.5 generations per day. We estimate the effective population size to be ~70,000 cells 172 

for the 37 ºC environment and ~128,000 for the 24 ºC  environment by calculating the 173 

harmonic mean of the population size at the start of each discrete generation (Karlin 174 

1968). Populations were maintained for over 4000 generations (Tarkington and Zufall 175 

2021), but we only analyze the first 1500 generations here since this is the time during 176 
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 9 

which amitosis is expected to have the greatest differential effect on heterozygotes 177 

versus homozygotes. 178 

 179 

In Experiments 2 and 3, ~1200 cells (2.625 μL) from each culture were transferred to 180 

180 μL of fresh SSP in a 96-well plate daily and incubated at 30 ºC. This resulted in a 181 

starting density of ~6700 cells/mL, a final density of ~425,000 cells/mL, and ~6 182 

generations each day. These populations were evolved for 1500 (Experiment 2) or 1200 183 

(Experiment 3) generations on a 96-well plate with an estimated effective population 184 

size of ~3700. 185 

 186 

Growth rate measurements 187 

For Experiment 1 growth rate was measured by inoculating ~500 – 1000 cells into one 188 

well of a 96-well plate and measuring the optical density (OD) at 650 nm in a micro-189 

plate reader every 5 minutes over the course of 24 – 48 hours for 37 ºC assays and 48 190 

– 72 hours for 24 ºC assays (Tarkington and Zufall 2021). The maximum growth rate 191 

was then estimated for each well by fitting a linear regression to the steepest part of the 192 

growth curve, estimating the maximum doublings per hour (h-1) (Wang et al. 2012; Long 193 

et al. 2013).  3 – 4 replicates of all populations were measured on a plate at each time 194 

point and the mean growth rate per plate was used in our analysis.  195 

 196 

For Experiments 2 and 3, populations were evolved in 96-well microplates and typically 197 

alternated every 24 hours between being incubated in a 30ºC incubator and being 198 

incubated at 30ºC on the microplate reader when growth rates are measured for each 199 
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population as described in the previous paragraph. This resulted in approximately 1 200 

growth rate estimate per population every 12 generations for over 1500 generations for 201 

Experiment 2 and nearly 1200 generations for Experiment 3. 202 

 203 

Data analysis 204 

For each of the three experiments described above, the results were analyzed 205 

separately by plotting the growth rates over time then comparing the fitted slope of the 206 

growth rate trajectory of the progeny populations to that of the parents. The slope of the 207 

growth rate trajectory (or the evolvability) of each genotype was estimated from the data 208 

using a linear model (growth rate ~ genotype + generations + genotype*generations) to 209 

estimate growth rate. The genotype*generations term corresponds to the slope of the 210 

growth rate trajectory or the evolvability. This approach provided us with a standard 211 

error of our estimate allowing us to assess whether the slopes or evolvabilities of 212 

different genotypes are significantly different from each other. For Experiment 1, which 213 

included larger population sizes than Experiments 2 and 3, the natural log of generation 214 

was used to linearize the data. This allowed us to fit the data using our linear model and 215 

then directly compare the genotype*generation term. A regression analysis found no 216 

correlation between the residuals and generations after transformation.  217 

 218 

The absolute increase in growth rate (i.e., evolved - ancestral growth rate) was also 219 

calculated for each population by binning every 250 (Experiments 1 and 2) or 100 220 

generations (Experiment 3). A pairwise Student’s t-test was used to test for significant 221 

differences in the total increase in growth rate between each genotype at each time 222 
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point. This analysis allows us to determine the time period over which the progeny 223 

experience the greatest increase in evolvability. 224 

 225 

MODEL 226 

Overview 227 

We use the individual-based stochastic model described in Zhang et al. (2019) to 228 

simulate the evolutionary trajectory of Tetrahymena under different initial mutated allele 229 

distributions, particularly focusing on fitness and mutated allele fixation dynamics.  230 

Each individual carries L = 200 unlinked fitness loci within both the MAC and MIC. All 231 

mutations are assumed to be beneficial in the initial model, and act additively within a 232 

locus and multiplicatively among loci.     233 

 234 

Two different initial mutated allele distributions are set to mimic the parent and progeny 235 

genotypes after sexual reproduction. For each parental genotype, K < L / 2 non-236 

overlapping loci within the MAC are set to be homozygous for the beneficial allele, i.e., 237 

carrying n = 45 copies of a mutated allele initially; the remaining L – K loci are 238 

homozygous for a wildtype (unmutated) allele. The hybrid progeny have 2K of the L loci 239 

in a heterozygous state, carrying either 22 or 23 mutated alleles. Hence, the parent and 240 

progeny genomes initially carry approximately the same number of beneficial alleles but 241 

differ in the way they are distributed throughout the genome. Consistent with 242 

Experiments 2 and 3, here we set the population size to N = 3,000 and number of 243 

replicates to 16. 244 

 245 
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Parameter exploration 246 

We manipulate three parameters in our model: the genomic beneficial mutation rate U, 247 

the beneficial effect of a mutation s, and the number K of loci that are initially 248 

homozygous for the mutant allele within the parental genotype. Mutations are 249 

irreversible and, therefore, U represents the overall genomic mutation rate of a 250 

mutation-free genotype carrying L = 200 loci. We allowed U and s to vary between 0.01 251 

and 0.1 in steps of 0.01. We considered seven values of K: 0, 5, 10, 15, 20, 25, and 30. 252 

Thus, we tried a total of 700 parameter combinations. For each combination, the 253 

simulation was repeated 3 times, and the mean results were then compared with the 254 

real fitness data obtained in Experiments 2 and 3. 255 

 256 

The simulation and experimental data from Generation 0 to Generation 1,000 are first 257 

normalized by dividing by the ancestral fitness to calculate the relative fitness and then 258 

recorded every 50 generations for comparison with the experimental data (using the 259 

available generation numbers closest to 50, 100, 150, etc.). The simulation data were 260 

normalized by dividing by the fitness at generation 0. For the experimental data, a linear 261 

regression was performed for the first 200 generations, and the intercept was used as 262 

the estimate of the ancestral fitness value for normalization. For each data point, we 263 

calculated the sum of squared deviations (SSD) between simulation and experiment.  264 

Since there are 4 parental (C, D, E and F) and 2 progeny genotypes (CxD and ExF) in 265 

Experiments 2 and 3, we calculated an overall deviation metric as the sum of the 266 

average SSD for the parental populations and the average SSD for the progeny 267 

populations. 268 
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This overall deviation metric was computed for each of the 700 parameter 269 

combinations.  270 

 271 

Allele fixation dynamics within populations  272 

The parameter combination that achieved the greatest similarity between the results of 273 

simulations and experiments was then used to analyze the dynamics of fixation of 274 

beneficial mutations during evolution. Here we focus on the 2K loci that shape the initial 275 

genetic difference between parent and progeny genotypes. Adopting these parameters 276 

into our stochastic model and raising the number of replicates to 100, we analyze the 277 

mean number of loci fixed for beneficial alleles and the mean number of beneficial 278 

alleles carried per individual within the 2K loci for the parent and progeny population, 279 

respectively. 280 

 281 

Deleterious mutations 282 

Another set of L = 200 loci which can only accumulate deleterious mutations are 283 

integrated into the model described above to study the fitness dynamics in the presence 284 

of deleterious mutations. Based on results from Long et al (2013) and assuming the 285 

same mutation parameters within the MIC and MAC, we set the deleterious genome-286 

wide mutation rate Ud = 0.21 within the macronucleus, with the additive effect of each 287 

copy of a mutated allele being –0.00244 and the total fitness effect sd = –0.11 for a 288 

locus homozygous for the mutated allele. Other parameters are the same as above. 289 

Fitness dynamics are monitored for 1,000 generations and compared with the results 290 

that assume all mutations are beneficial. 291 

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

The copyright holder for this preprintthis version posted December 23, 2021. ; https://doi.org/10.1101/2021.12.21.473698doi: bioRxiv preprint 

https://doi.org/10.1101/2021.12.21.473698
http://creativecommons.org/licenses/by/4.0/


 14

 292 

Results 293 

 294 

Experimental Evolution 295 

As is commonly seen in evolution experiments, all populations showed increases in 296 

growth rate over the course of evolution (Kryazhimskiy et al. 2014; Lenski et al. 2015). 297 

All populations in Experiment 1 showed greater increases in growth rate than in 298 

Experiments 2 and 3, possibly due to the larger population sizes in Experiment 1. As 299 

predicted, in all three experiments, the populations founded from a single heterozygous 300 

sexual progeny cell adapted more quickly than the homozygous parental populations 301 

(Fig. 2).  The same result was seen at all three temperatures demonstrating that the 302 

increased evolvability of the progeny populations is not temperature dependent.  303 

 304 

In Experiments 1 and 3 the initial fitness of the progeny was intermediate between the 305 

fitness of the two parents while in Experiment 2 the progeny initial fitness was higher 306 

than either parent. Despite the expectation from diminishing returns epistasis that 307 

genotypes with an initially lower fitness will increase in fitness faster (Kryazhimskiy et al. 308 

2014; Wünsche et al. 2017), the progeny in Experiment 2 still increases faster in growth 309 

rate as expected due to increased genetic variation from amitosis.  310 
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 313 

In Experiment 1 we found that the progeny populations (AxB) increase in growth rate 314 

significantly faster than either parent (A and B) at both temperatures (Fig. 2a; estimate 315 

of slopes shown in Table 1). We also examined the total increase in growth rate from 316 

the ancestor (generation 0-125) every 250 generations and compared this between the 317 

progeny and parental populations. While the progeny populations increased more in 318 

growth rate on average at either temperature the small number of replicate populations 319 
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Figure 2. Growth rate trajectories of the parental (red and blue) and progeny (green) genotypes 
over 1200-1500 generations of evolution in Experiments 1 (a and b), 2 (c and d) and 3 (e and f). a, 
c, and e) Each point is the mean growth rate (panel a) or the growth rate (panels c and e) per time 
point of one of the replicate populations. A linear regression with a 95% confidence interval (shown 
in gray) is shown for each genotype in each experiment. b, d, and f). Lines connect the mean total 
increase in growth rate from the ancestor in each bin for each genotype. Error bars show the 
standard error of the 4 (panel b) or 16 (panels d and f) replicate populations in a 250 generation 
(panels b and d) or 100 generation (f) bin. The colored asterisks indicate the progeny has 
increased in growth rate significantly more than the parent of that color according to results of our 
Student’s t tests. 
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(n=4) did not provide us with sufficient power to say whether this difference is significant 320 

for many time points especially at 24°C (Student’s t-tests shown in Fig. 2b). 321 

 322 

 Sexual progeny x 
generation 

Parent 1 x 
generation 

Parent 2 x 
generation 

Experiment 1 (24 ºC) 0.0178  
(0.00076) 

0.0147*  
(0.000744) 

0.0134*  
(0.000699) 

Experiment 1 (37 ºC) 0.0237  
(0.000897) 

0.0190*  
(0.000867) 

0.0161*  
(0.000829) 

Experiment 2 3.22x10-5  
(0.144x10-5)  

2.99 x10-5 *  
(0.144 x10-5) 

2.60 x10-5 *  
(0.144 x10-5) 

Experiment 3 4.78x10-5    

(0.262x10-5) 
3.17x10-5* 
(0.263x10-5) 

4.97x10-5  
(0.262x10-5) 

In Experiment 2 the progeny populations (CxD) increased in growth rate faster than 323 

either of their respective parents (Fig. 2c; estimate of slopes shown in Table 1). The 324 

progeny populations (CxD) also had significantly greater total increases in growth rate 325 

than parent C after 250 generations and significantly greater increases than D after 500, 326 

750, and 1000 generations (Fig. 2d). In Experiment 3 the progeny populations (ExF) 327 

increased in growth rate faster than parent E but not parent F (Fig. 2e; estimate of 328 

slopes shown in Table 1). However the progeny populations (ExF) had significantly 329 

greater absolute increases in growth rate than parent F after 100 and 200 generations 330 

and significantly greater increases than parent E at all time points (Fig. 2f).  331 

 332 

Table 1. Estimates of evolvability. Estimates of the increase in growth rate per generation (or 
ln(generation) for Experiment 1) are shown in bold with standard error in parentheses. These 
estimates correspond to the slopes in figure 2 A, C, and E and are our measures of evolvability. The 
“*” indicates if the estimate of evolvability for parent 1 or 2 is significantly different than the estimate for 
the populations founded by a new sexual progeny. A standard least squares model including the 
effects of genotype, generation (ln(generations) for Experiment 1), and the interaction between them 
on r-max was used. Parent 1 column shows data for parents A, C, and E and Parent 2 for B, D, and F. 
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Simulation 333 

Among the 700 simulation parameter combinations, two of them, U = 0.03, s = 0.03, K = 334 

5, and U = 0.10, s = 0.02, K = 10, generated fitness trajectories that most closely 335 

approximated the empirical ones (shown in Figure 3 among the 3 repeated simulations, 336 

the first set ranked 1st, i.e. most closely approximated the empirical trajectory, in one 337 

round and the second one ranked 1st in another 2 rounds). The results do not differ 338 

qualitatively between these two combinations (comparison statistics SSD generated: 1st 339 

round: 1.054 vs. 1.070, 2nd round: 1.065 vs. 1.059, 3rd round: 1.063 vs. 1.050), so below 340 

we only show the analyses based on the first parameter combination.  341 

 342 

The comparison of simulation and experimental results indicate that the observed 343 

evolutionary trajectories in the experiments may be explained by differences at ~10 344 

fitness loci between parents, a beneficial mutation rate of ~0.03 per genome per 345 

generation and mutations increasing fitness by ~3% in a homozygous state.  346 

 347 

Consistent with our expectation, the progeny population exhibited a much faster fitness 348 

increase compared to the parental populations. During evolution over 1,000 349 

generations, the population mean fitness (��) of parental populations gradually 350 

increased  351 
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352 
Figure 3. Certain simulation parameter sets achieve a better approximation to real empirical data 353 

from Experiments 2 and 3. Exploration of simulation parameters (genomic mutation rate U, selection 354 

coefficient s and the number of initially mutated allele fixed loci within the parent genotype K) to 355 

approximate the real empirical data. The color of the dots in the 3-dimension coordinate system 356 

represents the average sum of squared deviations (SSD) between simulation and experiment data. Both 357 

the genomic beneficial mutation rate U and selection coefficient s are set to vary between 0.01 and 0.1 in 358 

steps of 0.01; seven values of K ranging from 0 to 30 are tried. The parameters of the simulations are 359 

consistent with the real experiment, i.e., population size N = 3,000 and 16 replicates. Each parameter set 360 

was run in our stochastic model 3 times. The color bar on the right indicates the value of –log (average 361 

SSD), and the ones ranked as top 30 are marked as “x” in the graph.  362 

 363 

 364 

from 1.16 to 1.61 on average, showing a relative fitness increase of 39% (Figure 4).365 

However, with a similar starting fitness level of 1.16, the progeny population reached a366 

much greater w of 1.82, a fitness increase of 57% (Figure 4). Using the slope between367 

two consecutive generations as an indicator of the rate at which fitness increases, we368 
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found that the benefits of amitosis were mostly exhibited during the initial evolution369 

process. Up to Generation 181, the progeny population showed a greater rate of fitness370 

increase compared to the parent, and after that the two types of populations showed371 

similar rates of fitness gain. The much faster fitness increase of the sexually reproduced372 

progeny suggests that the evolvability of Tetrahymena is enhanced in the generations373 

immediately following sex.  374 

 375 
Figure 4. The progeny population exhibits a faster relative fitness increase compared to the parent376 

population. The curves show the relative population mean fitness dynamics of the simulated parent and377 

progeny populations during 1,000 generations of evolution. The actual fitness values from simulations are378 

normalized by dividing by the initial population mean fitness to calculate relative fitness. The error bands379 

represent 95% confidence intervals. Here we set genomic mutation rate U = 0.03, selection coefficient of380 

beneficial mutations s = 0.03 and initially K = 5 loci are fixed in the parental genotypes. Note that the y381 

axis is shown in log scale.  382 

 383 

Using the simulation parameters explored above, we further explored fixation dynamics384 

of beneficial alleles, which revealed distinct patterns between the parent and progeny385 

populations. Here we only focused on the 2K loci that shape the initial difference in386 
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allele composition between progeny and parent genotypes. Given U = 0.03, s = 0.03 387 

and K = 5, an individual in the progeny population fixed an average of 9.87 (95% 388 

confidence interval: 9.80, 9.94) beneficial alleles among the 2K = 10 loci at which they 389 

were initially heterozygous (Fig. 5A). In contrast, excluding the 5 initially fixed loci, only 390 

0.19 (95% CI: 0.098, 0.282) of the remaining 5 loci become fixed for beneficial alleles 391 

within individuals in the parent population during the 1,000 generations of evolution.  392 

 393 

Moreover, the beneficial allele fixation events within the progeny population are found to 394 

mainly occur between generation 200 and 400. From generation 0 to generation 200, 395 

although the total number of beneficial alleles gradually accumulated from ~225 to ~420 396 

per individual, most of them are present as heterozygous (Figure 5B) with only ~0.4 loci 397 

fixed for a beneficial mutation at generation 200 (Figure 5A). Then from generation 200 398 

to 400, these beneficial alleles progressively reached fixation within the progeny 399 

population, as evidenced by the average mutations carried per individual being 443 400 

(95% CI: 441, 446) and the mean number of mutation-fixed loci being 8.67 (95% CI: 401 

8.46, 8.88) at generation 400. However, beneficial alleles accumulated very slowly in 402 

the parent population. The parent population only carried an average of 238 (95% CI: 403 

233, 242) beneficial alleles per individual for the 10 loci at interest after evolving 1,000 404 

generations. 405 

 406 

Here we assumed that all mutations generated during evolution are beneficial, which is 407 

clearly unrealistic. However, our modified simulations demonstrate that the presence of 408 

deleterious mutations has little effect on the fitness dynamics. With a 7 times higher 409 
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mutation rate and 3.7 times higher mutation effect compared to that of beneficial 410 

mutations, the model that incorporates deleterious mutations generated approximately 411 

the same fitness dynamics as the one assuming that all mutations are beneficial. After 412 

evolving for 1,000 generations and in the presence of deleterious mutations, the parent 413 

and progeny populations achieved relative mean fitness increases of 35% and 52%, 414 

respectively (Figure 6), which are very close to the values achieved when we ignored 415 

deleterious mutations. Using the linear regression slope between generations 500 and 416 

1000 to measure the rate of fitness increase, both the parental and progeny populations 417 

did not differ significantly between two simulation regimes (two sample t-test, p = 0.13 418 

and 0.82 for the parental and progeny population, respectively). 419 

 420 

In summary, compared to the parental population, the progeny population exhibited a 421 

faster fitness increase, and distinct dynamics of fixation of beneficial alleles. Such a 422 

dramatic difference between the progeny and parental population results from the initial 423 

distribution of beneficial alleles within the genome. While dividing amitotically, the 424 

parental populations needs to wait for the generation of new mutations as there is no 425 

initial heterozygosity which can be segregated. However, the progeny population can 426 

immediately begin to segregate the beneficial alleles with the wild type alleles within 427 

each locus on which natural selection can then act.  428 

 429 

 430 

 431 

 432 
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433 
Figure 5. Parent and progeny populations exhibit distinct dynamics of fixation of beneficial alleles.434 

The curves show the dynamics of (A) mean number of loci fixed for a beneficial allele and (B) mean435 

number of beneficial alleles carried per individual for the 2K loci at interest within the parent and progeny436 

population during the evolution of 1,000 generations. The simulation parameters are chosen from one of437 

the 700 settings that match the experiment result best, i.e., U = 0.03, s = 0.03 and K = 5. Means and 95%438 

confidence intervals are calculated from the simulation of 100 replicate populations.  439 

 440 

 441 

442 
Figure 6. The presence of deleterious mutations has little effect on the fitness dynamics. The443 

curves show the relative population mean fitness dynamics of the parent (A) and progeny populations (B)444 

under the assumption of solely presence of beneficial mutations and co-presence of beneficial and445 

deleterious mutations during the evolution of 1,000 generations. The actual fitness got in simulation are446 

normalized by dividing the initial population mean fitness to calculate the relative fitness level. For the co-447 

presence of beneficial and deleterious mutations, deleterious mutations are generated with a genomic448 

mutation rate of Ud = 0.21 per generation, and decrease the fitness by sd = –0.11 once present in449 

homozygous state. Other parameters are the same as that in Figure 5. Note that the y axis is shown in450 

log scale.  451 

 452 
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 454 

Discussion 455 

We have demonstrated that populations of T. thermophila founded by a single newly 456 

produced sexual progeny are more evolvable than populations founded by their 457 

unmated parents. Because the parents are largely homozygous in their MAC due to 458 

many generations of asexual division, leading to phenotypic assortment (Merriam and 459 

Bruns 1988), and the progeny are generated from a cross between divergent strains 460 

and thus should be highly heterozygous in their MAC, a major difference between the 461 

parents and progeny is the degree of heterozygosity in their MACs at the start of the 462 

experiment.  Thus, the increased evolvability that we observed in the progeny is likely 463 

attributable to amitosis generating additional population-level genetic variation in the 464 

lineages founded by a single heterozygous progeny. These findings have implications 465 

for our understanding of the evolution of ciliate and Tetrahymena genetic architecture 466 

and the evolution of evolvability more broadly. It also improves our understanding of the 467 

advantage of sex in Tetrahymena in addition to explaining the success of populations 468 

that are obligately asexual (Doerder 2014).  469 

 470 

Using simulations based on our experimental design, we were able to estimate the 471 

number of loci, mutation rate, and fitness effects of mutations that could produce the 472 

results from our experimental populations. While it will be useful in the future to directly 473 

measure the proportion of beneficial mutations and the distribution of their effects in T. 474 

thermophila, it is interesting to compare our estimates to experimental estimates of 475 

these parameters from other species. In a barcoded yeast evolution experiment 476 
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beneficial mutations with effect greater than 0.05 were estimated to occur at a rate of ~1 477 

x 10-6 per cell per generation and mutations with effect 0.02 < s < 0.05 at a rate of 5 x 478 

10-5 (Levy et al. 2015). Another experiment using yeast estimated the beneficial 479 

mutations rate s = 0.01 and the rate U = 10-4 (Frenkel et al. 2014). Five estimates from 480 

E. coli have a median value for beneficial mutations of s = 0.03 (Hegreness et al. 2006; 481 

Lília et al. 2007; Sousa et al. 2012; Zhang et al. 2012), which is directly in line with the 482 

estimate from this study. In addition, our simulations highlight the importance of the first 483 

~200 generations following sex, thus future experiments should focus more finely on 484 

this period of increased evolvability. 485 

 486 

It is also important to note some limitations of the model and experimental design. The 487 

model makes several assumptions about the underlying biology including the absence 488 

of dominance, overdominance, or underdominance. Additionally, there is no epistasis 489 

incorporated into the model and all mutations have a fixed and constant effect. For the 490 

experimental evolution we use growth rate as a proxy for fitness. While growth rate has 491 

been shown to be highly correlated with competitive fitness (Tarkington and Zufall 2021) 492 

it is possible that fitness increases in other portions of the growth cycle that are not fully 493 

captured in our growth curves. 494 

 495 

The most widely accepted explanation for the unusual ciliate genome architecture is 496 

that genome duality evolved as a mechanism to allow foreign DNA to be sequestered in 497 

the germline (Bracht et al. 2013), and amitosis in the MAC is simply a consequence of 498 

the mechanism by which foreign DNA is eliminated from that genome. The fact that 499 
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amitosis often leads to senescence and cell death in many ciliates (Simon and Orias 500 

1987) was thus thought to be just an unfortunate side-effect of genome duality. 501 

However, we show that in Tetrahymena there is a period of increased evolvability 502 

following sex suggesting that amitosis can instead be beneficial, particularly in species 503 

with copy number control that prevents the loss of whole chromosomes during amitosis 504 

(Brunk and Navas 1992).  This increased evolvability thus may have also contributed to 505 

the evolutionary success of the unusual genome architecture in ciliates.  506 

 507 

Our results also have implications for the evolution of sex more broadly. Sexual 508 

reproduction is ubiquitous and ancient among eukaryotes and may be in part 509 

responsible for their massive diversification (Cavalier-Smith 2010). Despite this 510 

apparent dependence on sex (at least in the long-term) among eukaryotes, the nature 511 

of selection maintaining sex is not fully understood. Importantly, the selective benefits of 512 

sex must be quite strong to account for the various costs associated with sex (e.g., two-513 

fold cost of sex, energetic costs of finding a mate, breaking up beneficial combinations 514 

of alleles; Gibson et al. 2017). One of the most robust theories for the success of sex is 515 

that sex provides an indirect benefit by increasing genetic variation in the population 516 

thereby allowing selection to operate more effectively to increase the population fitness 517 

(Weismann 1890; Kondrashov 1993; Burt 2000). This hypothesis can be contrasted with 518 

the direct benefits hypothesis in which sex increases the fitness of the parent or 519 

progeny directly (Kondrashov 1993). Indirect benefits have been demonstrated in 520 

several systems. For example, sex increases the rate of adaptation in populations of 521 

Chlamydomonas by increasing genetic variation among offspring (Colegrave 2002; 522 
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Kaltz and Bell 2002). Direct benefits have also been shown in several systems. For 523 

example in facultatively sexual species such as the ciliate Paramecium, which must 524 

have sex to avoid senescence (Gilley and Blackburn 1994), sex provides a direct 525 

benefit. Here we show that in Tetrahymena thermophila a single sexually produced 526 

progeny has greater evolvability than either parent. This is a particularly interesting 527 

benefit of sex because although it is an indirect benefit as it takes many asexual 528 

generations and the action of selection for the benefit to manifest, it is unlike the indirect 529 

benefit of sex that Weismann spoke of which requires an entire population reproducing 530 

sexually (Weismann 1890). In Tetrahymena a single sexually-produced progeny results 531 

in increased genetic variation due to the amitotic asexual division following sex. 532 

 533 

The increased evolvability following sex that we demonstrate here results from the dual 534 

nuclear architecture and amitosis that is specific to ciliates. However, amitosis of a 535 

heterozygous progeny may be considered analogous to a population that normally 536 

reproduces sexually by selfing but occasionally outcrosses (e.g. Saccharomyces 537 

cerevisiae). The outcross will generate heterozygosity in an individual progeny that can 538 

then subsequently be lost through loss of heterozygosity (LOH) events or through 539 

multiple generations of selfing. During these LOH events or rounds of selfing, 540 

combinatorial allelic variation will be generated among the descendants of a single 541 

outcrossing event.  Thus, similar to the variation that is generated during rounds of 542 

amitosis following sex in Tetrahymena, a single episode of outcrossing among a selfing 543 

population could generate substantial genetic variation among the descendants 544 

potentially increasing their evolvability in much the same way that we observe for 545 
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Tetrahymena (Morran et al. 2009). Likewise, LOH through gene conversion or other 546 

rare events resulting in uneven mitotic recombination in facultatively sexual species 547 

such as Saccharomyces cerevisiae may also provide a similar benefit to that which we 548 

observe in Tetrahymena (Smukowski Heil et al. 2017; James et al. 2019).  549 

 550 

Despite these benefits of sex, ~50% of T. thermophila natural isolates are asexual. In 551 

fact, some of the oldest (~10 million years) well-documented cases of asexual 552 

eukaryotes are Tetrahymena (Doerder 2014). The increased evolvability that we 553 

demonstrate here provides support for the hypothesis that amitosis is responsible for 554 

the success of these asexuals (Doerder 2014; Zhang et al. 2019). However, our results 555 

also suggest a reason that sexual reproduction is not lost entirely from Tetrahymena. 556 

Tetrahymena may be maximizing its capacity for adaptation via increased evolvability of 557 

the MAC, while minimizing the long-term risks associated with those adaptations, e.g. 558 

when the environment changes, by “resetting” the MAC following sexual reproduction 559 

(Orias 1986). This suggests that environmental change is likely to play a role in 560 

maintaining sex in ciliates in the long-run (Hinton and Nowlan 1987; Watson and 561 

Szathmáry 2016).  562 

 563 

 564 

 565 

 566 

 567 

 568 
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