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Abstract

Copy number variations are widespread in eukaryotes. The unusual genome architecture of ciliates, in particular, with its
process of amitosis in macronuclear division, provides a valuable model in which to study copy number variation. The
current model of amitosis envisions stochastic distribution of macronuclear chromosomes during asexual reproduction. This
suggests that amitosis is likely to result in high levels of copy number variation in ciliates, as dividing daughter cells can
have variable copy numbers of chromosomes if chromosomal distribution during amitosis is a stochastic process. We
examined chromosomal distribution during amitosis in Chilodonella uncinata, a ciliate with gene-size macronuclear
chromosomes. We quantified 4 chromosomes in evolving populations of C. uncinata and modeled the amitotic distribution
process. We found that macronuclear chromosomes differ in copy number from one another but that copy number does
not change as expected under a stochastic process. The chromosome carrying SSU increased in copy number, which is
consistent with selection to increase abundance; however, two other studied chromosomes displayed much lower than
expected among-line variance. Our models suggest that balancing selection is sufficient to explain the observed
maintenance of chromosome copy during asexual reproduction.
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Introduction

A major theme in eukaryotic genomics is the abundance of copy

number variations (CNV) of genetic elements. CNV are differ-

ences in genome content between individuals in a population

resulting from insertions, deletions, and duplications that range in

size from 1-kb to megabases or even whole chromosomes [1–3].

CNV create genomic structural variation that can be detected by

comparing individuals within a population [4]. Many CNV have

been associated with various human diseases [1,5–7]. CNV may

also allow for adaptive evolution [8–9].

Chilodonella uncinata (Cl: Phyllopharyngea) is a ciliated microbial

eukaryote whose unusual genome structure provides a unique

opportunity in which to study CNV. Like all ciliates, C. uncinata has

two functionally distinct genomes housed in the micronucleus

(MIC) and macronucleus (MAC) [10]. Most transcription that

results in protein production occurs in the MAC. The MIC is

quiescent during vegetative growth but undergoes meiosis and is

exchanged during conjugation [10]. During development, the

macronuclear genome undergoes massive reorganization resulting

in thousands of ‘gene-size’ chromosomes. Each chromosome is

amplified up to thousands of times, making the MAC highly

polyploid [10–12].

In addition to the DNA duplication and loss that happen in all

eukaryotes, two unique processes also potentially contribute to

copy number variation in C. uncinata. First, chromosomes may be

amplified to different numbers during development in different cell

lineages. In Oxytricha, another ciliate with gene-size chromosomes,

chromosome copy number is controlled by parental RNA

abundance during development [13]. Thus any differences in

RNA abundance between lineages will result in CNV. The second

process is changes in copy number during asexual division, which

is the focus of the work reported here. During asexual division, the

micronucleus undergoes conventional mitosis, but the MAC

undergoes amitosis, a division in the absence of mitotic spindles

and programmed segregation of chromosomes [10]. The MAC

chromosomes are duplicated and distributed to the two daughter

cells stochastically [14].

Current evidence suggests that ciliate species differ in their

regulation of chromosome copy number. For example, Tetrahymena

thermophila, which has large, multi-gene MAC chromosomes,

regulates chromosome copy number such that every chromosome

is maintained at a ploidy of ,45 (except the rDNA containing

chromosome, which is apparently highly amplified in all ciliates)

indicating coordinated regulation of amplification and segregation

[15–16]. In Euplotes crassus, which has gene-size chromosomes,

DNA amplification is regulated individually for each chromosome

and that number is apparently maintained during segregation

[17]. However, Duerr and colleagues [14] conclude that data on

senescence of ciliates with gene-sized chromosomes indicate that

chromosome copy number is not regulated during asexual

division. In this study, two models of MAC chromosome

segregation were compared: the regulatory model and the

stochastic model. The regulatory model assumes that chromosome

copy number is returned to the parental state after each division

except in the case that a chromosome is completely lost. The

stochastic model assumes differences in copy number that occur
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during division are maintained. In each model, cell death occurs

when at least one MAC chromosome is lost. By comparing the

results of this model to the number of asexual divisions a lineage

survives, Duerr et al. [14] conclude that the regulatory model

cannot explain the observed cell line death in species with gene-

sized chromosomes.

Here, we examine chromosome copy number in C. uncinata,

a lineage of ciliates that have independently evolved gene-size

chromosomes from those previously studied, i.e. Oxytricha and

Euplotes (Cl: Spirotrichea) [11]. We first demonstrate that different

chromosomes are present at different copy numbers from one

another. We then follow the changes in chromosome copy number

after many rounds of asexual division. We find that the mean

chromosome copy numbers do not change except for the

chromosome carrying the ribosomal RNA genes, and the variance

in copy number between lineages changes less than predicted

under stochastic segregation of chromosomes into daughter

lineages. A model of stabilizing selection can account for at least

some of the reduced variance; however, we cannot rule out the

possibility of a molecular regulatory mechanism to reduce variance

in chromosome numbers among daughter cells.

Methods

Cell Culture
The C. uncinata culture used in this study is from a population in

Poland (ATCCH #PRA-257; described in [18]). All lineages are

descendent from one single-cell clonal isolate from this culture.

Cells were grown in Cereal Wheat Grass medium, a liquid

medium containing one part cereal wheat grass (Scholar

Chemistry) steeped in hot water for 1 hour and diluted with one

part micron-filtered deionized water with 0.5% (w/v) Na2HPO4.

One day prior to starting a new culture of C. uncinata, the medium

was inoculated with Klebsiella pneumoniae and incubated at 30uC for

24 hours. Inoculating the bacterial food source prior to adding C.

uncinata allows for a food rich medium, which reduces the chance

of starvation and subsequent conjugation. The inoculated medium

was aliquoted into 48-well culture trays in 0.5-ml portions. C.

uncinata isolates were added to culture wells and incubated at room

temperature in the dark. Cultures were visually inspected for

conjugating pairs during growth of the cell lines and prior to

starting a new culture; no evidence of conjugation was found

throughout the experiment.

Experimental Evolution
Sixty single-cell clonal lines were started from the original isolate

culture. Cultures were maintained by transferring a single-cell

from an exponential phase culture to new bacterized medium. A

total of 23 single-cell transfers were made over the course of about

5 months. Transfers were made in duplicate and in the event of

a cell line loss the duplicated line was subcultured in the next

transfer step.

The number of rounds of asexual division that occurred

between each transfer was estimated by a growth curve generated

by counting the density of cells on a C-chip hemocytometer.

Triplicate measurements were taken every 8 hours for 48 hours.

The total number of generations that occurred between measure-

ments is estimated by

G~
Dt

ln Nt=Noð Þ , ð1Þ

where No is the original cell density, Nt is the cell density at time t,

and Dt is the difference in time between measuring Nt and No. The

total number of generations that occurred over the course of the

experiment was calculated by multiplying G by the total time of the

experiment. The total number of generations was found to be

about 276, or an average of 12 generations between each

subculture.

DNA Extraction
Bulk cell cultures were grown for DNA extraction at the start

and end of the experiment. We used extraction time points ,276

generations apart to increase our power to detect changes in

chromosome copy number without losing all of our cell lines.

Cultures were transferred to 50-mL conical tubes containing 20-

mL of bacterized Cereal Wheat Grass medium and incubated at

room temperature for 5 days. C. uncinata inhabits mostly the

surface and bottom of culturing containers so the conical tubes

were set horizontally for maximum area of growth. Cultures for

DNA extraction were grown in three replicate tubes and

independently extracted using a standard phenol-chloroform

procedure [19]. The extracted DNA was quantified on a spectro-

photometer and diluted to 50-ng/ml then screened for the

presence of four MAC chromosomes and one MIC-limited

sequence by PCR and visualization on ethidium bromide stained

agarose gels.

Quantitative PCR
Primers and probes (Table 1) for four MAC chromosomes and

one MIC-limited sequence (internal eliminated sequence, IES)

were designed using Primer3 primer design software [20] as

implemented in Geneious 4.0.4 [21]. The 4 MAC chromosomes

carried the genes: alpha-tubulin paralog 1 (a-tubP1, Genbank

accession # AY041123), alpha-tubulin paralog 2 (a-tubP2,
AY041132), the small subunit of rRNA (SSU, AF300281), and

elongation factor 1 alpha (EF1a, DQ665311-DQ665312). We chose

these chromosomes because we expected these chromosomes to

differ in copy number from one another based on previous studies

[22–24]. The MIC-limited sequence was the third IES in a-tubP1
(accession # AY330605); this was used as an internal PCR

control, as it should only have 2 copies per cell. The efficiency of

amplification for all primer pairs was analyzed using DART-PCR

[25]. This method allows for direct quantification of amplification

efficiency during the experimental real-time quantitative PCR

(qPCR). Primers and probes with amplification efficiency below

95% were not used.

qPCR was performed in 48-well plates on an ABI StepOne

thermal-cycler using Brilliant II qPCR Master Mix with ROX

(Stratagene). The reaction program began with 50uC for 2 minutes

and a hot start at 95uC for 10 minutes, followed by 50 cycles of

95uC for 15 seconds and 57uC for 30 seconds. Each qPCR

reaction was performed in triplicate for each of the independent

DNA extractions of the same 6 cell lines at the beginning and end

of the experiment. The remaining cell lines either went extinct

prior to the end of the experiment (Fig. 1) or lost at least one of the

chromosomes being studied.

Changes in chromosome copy number were measured using

a standard curve method and a comparative DDCt method [25–

26]. Our reference sample was a-tubP1 from an independent strain

of C. uncinata (ATCCH 50194) and our internal control was the

native a-tubP1 IES3. Absolute copy numbers were determined

using the reference sample. qPCR was performed on a dilution

series of the reference sample that had been ligated into a plasmid,

cloned as per manufacture’s instructions (TOPO TA Cloning Kit,

Invitrogen), and purified using QIAprep Spin MiniPrep Kit

(QIAGEN) along with normally extracted DNA from the

reference sample. Running the reference sample in a known

Chilodonella Copy Number Variation
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dilution series along with its native extraction allows for

a calculation of the relationship between qPCR threshold cycle

and number of chromosome copies [27]. There were approxi-

mately 1345 copies of a-tubP1 per cell in our reference sample.

Comparing the fold change of the target sample qPCR runs with

the reference sample copy number gives an estimate of the number

of copies of each target chromosome (Dataset S1) [25].

Chromosome Number Simulation
We modeled the fate of MAC chromosomes under the

assumption of no regulation during chromosome segregation with

and without stabilizing selection in the R 2.15.1 programming

environment (File S1). Simulations were started with a single cell

with x copies of a given chromosome, where x is equal to

a randomly selected value chosen from a normal distribution with

mean and variance equal to that measured in the six cell lines at

the beginning of the experiment. In each replicate, the starting cell

went through 12 rounds of asexual division, which is the average

number of divisions between transfers in our experimental

conditions. At each division, all of the chromosomes were doubled

and then distributed to daughter cells assuming stochastic

segregation with equal probability of being distributed into either

of the daughter cells [14,28–30]. It was assumed that no MAC

chromosomes are lost during or between divisions and that

generations do not overlap. After 12 asexual divisions, at which

time there is a population size of 4096 cells, one cell was randomly

chosen to seed the next subculture. This process of subculturing

was repeated 23 times.

Table 1. Primers and probes used in qPCR.

Chromosome Primer Probe

Forward Reverse

SSU GATTACGTCCCTGCCCTTTG TTCACCGGATCACTCAATCG ACACACCGCCCGTCGCTCCT

a-tubP1 CATCTACGATGTTTGCAGAAGACA CGACGTTGAGGGCACCAT AACAGACTCATCTCTCAGGTCATCTCTTCGCT

EF1a ACCCAGAAACCAACGAAGTG TGATCTGCAGGGTGATGAAG CGTTGGTGGGCAACCTGATG

a-tubP2 CATCTACGATGTTTGCAGAAGACA GCGAGGCTGTCATCGAAGA CCAACCTGAACAACATCATATCGCGAGTAAC

atub IES3 AGAGGTGATGTCGTCCCTAAGG CATGCGGTCTGTCAAGTACAATC TGCCGTCGCCACCACTCTACTCCG

doi:10.1371/journal.pone.0056413.t001

Figure 1. Loss of experimental lineages through 276 rounds of asexual division. Each dot indicates the number of cell lines alive at that
generation. The experiment began with 60 cell lines and ended with 14 viable lines.
doi:10.1371/journal.pone.0056413.g001
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In the experiment, it is possible for the simulated cell lines to go

extinct. To hedge against the loss of a culture in the experimental

design, the single-cell transfer method was replicated so that there

was a backup culture in case the first culture does not grow. In the

simulation, the loss of cell lines occurs when all simulated cells

within the culture have a copy number of 0. To mimic the

experiment, a second randomly chosen cell is used to seed the

simulated backup culture. Each of the backup replicates were run

in tandem with main cultures and replenished after each transfer.

If a simulated culture becomes extinct, the backup is used, but if

both the main and the backup cultures are lost, then that

simulated cell line is considered extinct.

To determine the effect of stabilizing selection on copy number

and survival during clonal expansion (i.e. the phase of cell growth

between single-cell transfer events), we included a selection step

based on the following Gaussian fitness function:

W zð Þ~exp {
z2

2v2

� �
, ð2Þ

where v2 determines the strength of stabilizing selection and

z~
xn{hð Þ

h [31–32]. Here h, the optimal chromosome copy

number, is defined as the starting copy number, and xn is the

chromosome copy number at generation n. When z is 0, copy

number is at its optimum, W(z) becomes 1, and the probability of

survival is 100%. As z moves away from 0, the probability of

survival decreases. We varied v2 to test the effects of varying

strengths of selection. For example, as v2 gets smaller, the

selection pressure gets stronger and results in a decrease in the

probability of survival. As the copy number at nth generation

moves away from the optimal copy number, the probability of

survival decreases, allowing fitness to decay in a linear process [31–

32]. We assumed the optimal chromosome copy number to be the

initial copy number as measured in the initial cell lines by qPCR.

After each round of division in the simulation, this fitness function

is applied to determine the probability of survival of each cell.

To examine chromosome copy number changes, we simulated

6 replicate cell lineages, which is the same number from which we

obtained qPCR data under no selection and under various levels

of selection 1000 times. After each single-cell transfer, the

simulation stores the mean copy number of chromosomes in the

4096 cells. After 276 generations, the change in variance among

the 6 replicate lineages was computed between the initial and final

time-points (Dataset S1).

To study cell line survival, we simulated 60 cell lineages with

a starting copy number representative of the a-tubP2 chromosome

1000 times. Mortality is defined as the number of lineages that

perish due to selection or lost all the chromosomes within that

lineage. After each single-cell transfer, the number of extinct cell

lines is computed and after 276 generations, the total number of

cell lines that survived in the 1000 replicated experiments is

recorded.

Statistical Analysis
To assess which factors affect chromosome copy number in this

experiment, we analyzed the data using restricted maximum

likelihood (REML) of a linear mixed-model in R with the packages

lme4 and languageR [33–35]. For each time point, initial and

final, we included the chromosome as a fixed effect and cell line as

a random effect as well as the interaction between chromosome

and cell line in the model. The quantified chromosome copy

number was log transformed to account for the magnitude in

difference between MAC chromosome copy numbers. P-values

from the mixed model were generated by Markov-chain Monte

Carlo sampling and considered significant at an alpha of 0.05.

Multiple comparisons using the Tukey-Kramer HSD test

(a=0.05) in the R package multcomp were used to determine

which chromosomes differed in copy number [36].

The residual among-cell line variance was extracted from the

qPCR data using a linear mixed-effect model with REML by the

lme4 package in R [33]. The difference in the among-line variance

between the initial and final time points was bootstrapped to

generate 95% confidence intervals using the boot package in R

[37–38]. Bootstrapped confidence intervals for the change in the

means and for the simulation results were calculated in the same

way. If the confidence interval is above 0, then there is an increase

in copy number or among-line variance. On the other hand, if the

interval is below 0, then there is a decrease in copy number or

among-line variance [38].

Pairwise Student t-tests with unequal variances and Bonferroni

correction were performed to determine the significance of

differences between the experimental data and the simulations,

with and without selection. We used this method, rather than

relying on overlapping 95% confidence intervals, due to the fact

that the confidence interval overlap method is very conservative

for Type I errors [39]. P-values were estimated for the Student t-

tests by permuting the pairwise comparisons of the bootstrapped

variance component of the experimental results with the variance

of the replicated simulated results.

Results

Senescence of Cell Lines
Sixty cell lineages were created from our original C. uncinata

culture. Cultures were grown in duplicate in case of cell line loss,

but even so, only 14 (23.3%) survived the five months of single-cell

transfers (Fig. 1). Surviving cell lines were screened for the

presence of all the genes of interest using traditional PCR and gel

electrophoresis. Of those still alive at the end of the experiment,

only 6 cell lines contained measurable copies of all 4 MAC

chromosomes and the micronuclear internal control quantified in

this study. None of the remaining 8 cell lines had detectable copies

of a-tubP2 and were not used for further analysis. This observation

is consistent with a loss of MAC chromosomes carrying the a-tubP2
gene. It is unknown why we were unable to detect the MIC copies

of a-tubP2 in these assays, but the absence of detection of the MIC

copies of a-tubP2 could be due to either inadequate template

concentration, primer sites not present in the MIC because of gene

scrambling or presence of IES at primer sites, or loss of a-tubP2
from the MIC genome.

Chromosome Copy Number
The mixed model indicates that the copy number of each

chromosome differed significantly from the other chromosomes in

the time points that they were measured (MCMC estimated

p,0.001). Multiple comparisons using Tukey-HSD indicated that

all the chromosomes were significantly different from each other

(Fig. 2:A–B). SSU was the most abundant, a-tubP1 and EF1a were

at intermediate levels, and a-tubP2 was present in relatively few

copies. To determine whether all of the studied chromosomes

significantly increased or decreased in copy number over the

course of the experiment, we analyzed each chromosome in-

dependently using 95% confidence interval testing. We found that

there was no significant change in the mean chromosome copy

number between the initial and final time-points for any

chromosome except SSU (Fig. 3; bootstrapped 95% CI); SSU

showed an increase in chromosome copy number.

Chilodonella Copy Number Variation
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Model of Copy Number Change
A simulation was performed to determine whether our

experimental results are consistent with stochastic segregation of

chromosomes during asexual division. The model predicts no

change in the mean copy number of any chromosome, which is

what we observed for all chromosomes except the one carrying

SSU (Fig. 3). For the genes whose mean chromosome copy

number did not change over the course of the experiment (i.e. all

but SSU), we tested whether the among-line variance results could

be explained by stabilizing selection on chromosome copy

number. We found that a-tubP1 did not show any difference in

the mean change in variance between the experimental and the

simulated cell lines for low levels of selection to no selection

pressure. Adding stabilizing selection to the simulation does result

in a closer fit between the experimental results and the simulated

data for EF1a and a-tubP2 (Fig. 4).

Increasing selection pressure in the model also increased the

mortality of the cells in the population (Fig. 5). The percent

mortality of 1000 replicates of 60 cell lines were measured after

putting the cell lines throught the simulation at different levels of

v2 (0.02 to 0.8), Eq (2). At v2#0.4, there is a sharp increase in the

mortality rate.

Discussion

Like other ciliates with gene-size chromosomes [10,40], we find

that C. uncinata chromosomes vary in copy number (Fig. 2). The

observed differences in copy number could be due to either

independent control of amplification of each chromosome during

development of the MAC or accumulated differences due to lack

of regulation during segregation. The fact that our results

correspond well with previous estimates of chromosome copy

number in this species [41–43] suggests that the overall differences

between chromosomes are due to differential amplification.

Likewise, as expected based on the high copy number of the

rDNA-containing chromosome in other ciliates, we also find this

chromosome at a high copy number, supporting the role of

differential chromosome amplification during development

[22,44].

To assess whether these differentially amplified chromosomes

are randomly distributed among daughter cells during asexual

Figure 2. Copy number variation between macronuclear chromosomes. (A) and (C) show the mean copy number and the bootstrapped
95% confidence intervals of the among-line variance component, respectively, for the initial qPCR quantification for SSU, a-tubP1, EF1a, a-tubP2. (B)
and (D) show the mean copy number and the bootstrapped 95% confidence intervals of the among-line variance component, respectively, for the
final qPCR quantification of the same MAC chromosomes. (A) and (B) (a–d) indicate significant differences between the mean chromosome copy
number for each time point (Tukey-HSD, different letters indicate p,0.05).
doi:10.1371/journal.pone.0056413.g002
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division, we performed an experiment similar to mutation

accumulation experiments (reviewed in [45]). We allowed cell

lineages to undergo asexual division for an estimated 276

generations with periodic bottlenecking to moderate the effects

of selection. We find no change in the mean chromosome copy

number in three of the four quantified chromosomes. This is

expected if there is no selection or mutational pressure to change

copy number, which is consistent with our simulation.

The rDNA-carrying chromosome was the only chromosome to

experience an increase in copy number in four out of six cell lines

Figure 3. Change in mean chromosome copy number from initial to final time-point. In the a-tubP1, EF1a, and a-tubP2 chromosomes, the
95% confidence intervals (error bars) of the change in mean chromosome copy number overlap 0, which indicates there is not a significant difference
between the initial and final macronuclear chromosome copy number. SSU has a 95% confidence interval that is greater than 0, meaning that there
are more copies of the SSU chromosome at the final time-point than the initial.
doi:10.1371/journal.pone.0056413.g003

Figure 4. Change in among-line variance of chromosome copy number. The effect of varying levels of stabilizing selection pressure on the
change in among-line variance in the simulations and experimental quantifications in the 6 cell lines is shown for chromosomes (A) a-tubP1, (B) EF1a,
and (C) a-tubP2. v2 describes the selection surface. As v2 increases, the strength of stabilizing selection decreases. ‘Ex’ indicates the experimentally
observed among-line variance as estimated with restricted maximum likelihood analysis. ‘No Sel’ represents the simulations without any stabilizing
selection pressure. Error bars are the 95% confidence intervals for both the experimentally observed among-line variance and the simulations.
Permutated t-tests with unequal variance were conducted between the experimental data (‘Ex’) and the simulations. The cross (+) indicates the
values of v2 at which there is no significant difference between the change in variance of the experimental results and the change in variance of the
simulation.
doi:10.1371/journal.pone.0056413.g004

Chilodonella Copy Number Variation
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(Fig. 3), which is consistent with the action of selection to increase

copy number of this chromosome. rDNA genes are some of the

most highly conserved genes and are found at high, and often

variable, copy number throughout eukaryotes [46–47]. Experi-

mental manipulation of rDNA copy number in other systems

supports a role of selection in maintaining this locus at high copy

number [48–49].

In contrast to most mutation accumulation experiments and

the predictions of our simulation, the among-line variance in

copy number increased less than expected for all chromosomes

except a-tubP1 (Fig. 2:C–D and Fig. 4). This suggests either that

strong stabilizing selection (or directional selection, in the case

of SSU) is acting on the cells, limiting the change in

chromosome copy number, or the action of an as yet unknown

regulatory mechanism to control chromosome copy number.

Comparison of our cell line senescence results (Fig. 1) with

the model of Duerr et al. [14] suggests a lack of regulation of

chromosome segregation. Under the Duerr et al. [14] model of

regulated segregation, we would expect a much higher level of

viability in our cell lines. For example, it would take about 2000

generations for a chromosome with 14 copies to be lost under

the regulatory model [14]. If the cause of cell line death in our

experiment is due to chromosomal loss [50], then it is highly

unlikely that C. uncinata is able to regulate its MAC chromosome

copy number during asexual division. Initial chromosome copy

number of the four quantified chromosomes range from

approximately 60 to 10,000 copies, yet over 75% of the

lineages became extinct. Under this regulatory model, it would

be expected that C. uncinata would be viable much longer than

that observed.

We tested the possibility that stabilizing selection could explain

the observed mortality and contribute to the smaller than expected

change in variance in chromosome copy number. We modeled the

effect of selection favoring the initial copy number for each

chromosome in our experiment. We find that varying levels of

stabilizing selection are sufficient to explain the observed change in

variance in chromosome copy number among lines over the

course of the experiment (Fig. 4). We also find that stabilizing

selection may account for our observed high level of cell line loss.

As the strength of stabilizing selection increases, the mortality of

cell lines also increases (Fig. 5).

Previous studies suggest that chromosome copy number in

ciliates with gene-size chromosomes is correlated with mRNA

expression level [24,40]. Thus, we would expect arbitrary changes

in chromosome number to have deleterious fitness consequences

due to transcription levels higher or lower than the optimum.

Bellec and Katz [43], however, report a lack of correlation in C.

uncinata between chromosome copy number and gene expression

level, including one of the genes studied here (a-tubP1). Thus, the
exact mechanism that could result in stabilizing selection waits

Figure 5. Cell line death rate under varying levels of stabilizing selection. One thousand replicates of 60 cell lines were simulated with
values of v2 ranging from 0.02 to 0.80 in intervals of 0.02. Mortality occurs when all the cells within a lineage having either perished due to selection
pressure or having not received at least 1 MAC chromosome. Shown are the results of a simulation with a starting chromosome copy number of 66,
which was the copy number value of the chromosome with the lowest copy number in this study. The simulation followed the model of random
segregation of macronuclear chromosomes with stabilizing selection acting on changes from the optimal (initial) chromosome copy number. v2

determines the strength of stabilizing selection and as v2 decreases, stabilizing selection increases and results in increased cell mortality.
doi:10.1371/journal.pone.0056413.g005
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further testing. In addition, while we assumed that all of the genes

studied are essential for cell function, experimental tests of this

assumption would provide additional insight into possible

mechanisms of selection. Our study therefore suggests that

selection is likely to play a role in controlling chromosome copy

number during asexual division, but the mechanism of selection is

unclear. Nonetheless, these results also leave open the possibility of

other regulatory mechanisms controlling chromosome copy

number in C. uncinata.

Supporting Information

File S1 Macronuclear chromosome distribution simu-
lator. R script containing a set of functions to generate the

simulated distribution of macronuclear chromosomes during

asexual division in Chilodonella uncinata.

(R)

Dataset S1 Chromosome copy numbers from the ex-
perimental and simulated cell lines of Dataset of
Chilodonella uncinata. dataset.zip is a compressed file.

exp_data.csv contains the experimental data derived from qPCR

analyses (Cell.line = original cell line; Time= time point of the

DNA extraction; DNA.extract =DNA extract replicate; Gene= -

macronuclear chromosome; CNPC=copy number of the macro-

nuclear chromosome per cell). The remainder of the CSV files are

from the simulations. Each CSV file contains data on 1000

simulations where the change in variance from initial to final for

each simulation is stored under column ‘x’. See _readme.txt in the

compressed file dataset.zip for documentation of the file names.

(ZIP)
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