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Faithful chromosome segregation, driven by the mitotic spindle, is essential for organismal survival. Neopolyploid cells from diverse species exhibit a significant increase in mitotic errors relative to their diploid progenitors, resulting in chromosome nondisjunction. In the model system Saccharomyces cerevisiae, the rate of chromosome loss in haploid and diploid cells is measured to be one thousand times lower than the rate of loss in isogenic tetraploid cells. Currently it is unknown what constrains the number of chromosomes that can be segregated with high fidelity in an organism. Here we developed a simple mathematical model to study how different rates of chromosome loss in cells with different ploidy can arise from changes in (1) spindle dynamics and (2) a maximum duration of mitotic arrest, after which cells enter anaphase. We apply this model to S. cerevisiae to show that this model can explain the observed rates of chromosome loss in S. cerevisiae cells of different ploidy. Our model describes how small increases in spindle assembly time can result in dramatic differences in the rate of chromosomes loss between cells of increasing ploidy and predicts the maximum duration of mitotic arrest.
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INTRODUCTION

Chromosome segregation is an important, highly conserved cellular function. A complex network of interacting components segregates chromosomes with high precision. However, rare errors in chromosome segregation are observed, and the error rate generally increases when the number of sets of chromosomes (ploidy, n) increases within the cell (Comai, 2005). Increased rates of chromosome loss are observed in autopolyploid cells, within yeasts, plants, and human cells (Mayer and Aguilera, 1990; Song et al., 1995; Ganem et al., 2009). For example, autopolyploidization of Phlox drummondii results in an immediate loss of approximately 17% of genomic DNA in the first generation and up to 25% after three generations (Raina et al., 1994). Autopolyploidization can also cause tumorigenesis, and these tumors are marked by significant chromosome gain/loss events (Fujiwara et al., 2005; Zack et al., 2013). Therefore, the general observation is that many newly formed polyploid cells have increased chromosome segregation errors relative to isogenic diploid cells, and the cause of these errors is not known.

The normal sexual life cycle of the budding yeast Saccharomyces cerevisiae includes haploid (n = 1, 16 chromosomes) and diploid cells (n = 2, 32 chromosomes). In addition, tetraploid cells (n = 4, 64 chromosomes) are rarely found in nature, but can be generated in the lab by mating two diploid cells. In this organism, the effect of ploidy on the rate of chromosome loss is very pronounced: haploid and diploid cells have rates of chromosome loss around 10−6 chromosomes per cell per cell division, whereas tetraploid cells have a rate around 10−3 (Mayer and Aguilera, 1990; Storchová et al., 2006). The rate of chromosome loss was measured with isogenic haploid, diploid, and tetraploid strains that each contained a single genetically marked chromosome. In these assays the cells that have lost the chromosome markers are quantified, and the rate of loss is determined by fluctuation analysis (Lea and Coulson, 1949). Moreover, polyploid laboratory yeast strains tend to lose chromosomes and reduce to a diploid level in experimental evolution studies (Gerstein et al., 2006; Selmecki et al., 2015). Thus, the genomic stability of a cell line is to a large extent related to cellular ploidy, but how ploidy alters chromosome segregation is not known (Otto and Whitton, 2000).

Chromosome segregation is driven by the mitotic spindle, a self-organized micro-machine composed of microtubules and associated proteins (Pavin and Tolić, 2016; Prosser and Pelletier, 2017). In budding yeast, during spindle assembly, spindle poles nucleate microtubules, which grow in a direction parallel with the central spindle or in arbitrary directions within the nucleus (Winey et al., 1995; O'Toole et al., 1997). A microtubule that comes into the proximity of a kinetochore (KC), a protein complex at the sister chromatids, can attach to the KC and thus establish a link between chromatids and spindle poles, as shown in vitro (Mitchison and Kirschner, 1985; Akiyoshi et al., 2010; Gonen et al., 2012; Volkov et al., 2013), in vivo (Tanaka et al., 2005), and theoretically (Hill, 1985). Theoretical models have quantitatively shown that this process can contribute to spindle assembly in yeasts and in mammalian cells (Wollman et al., 2005; Paul et al., 2009; Kalinina et al., 2013; Vasileva et al., 2017). Prior to chromosome separation, all connections between chromatids and the spindle pole must be established, and erroneous KC-microtubule attachments must be corrected, for which several theoretical models have been proposed (Zaytsev and Grishchuk, 2015; Tubman et al., 2017). These connections are monitored by the spindle assembly checkpoint (Li and Murray, 1991). Once KCs are properly attached and chromosomes congress to the metaphase plate (Gardner et al., 2008), the spindle assembly checkpoint is silenced and microtubules separate the sister chromatids (Musacchio and Salmon, 2007).

Cells that cannot satisfy the spindle assembly checkpoint are arrested in mitosis. However, cells can break out of the arrest after several hours, an event that is often referred to as “mitotic slippage” (Minshull et al., 1996; Rudner and Murray, 1996; Rieder and Maiato, 2004), and this mitotic exit is molecularly regulated (Novák et al., 1999; Rudner et al., 2000). Even though the molecular mechanisms that regulate cell cycle and spindle assembly are emerging, it is an open question as to how changes in ploidy can have such a dramatic effect on the rates of chromosome loss.

In this paper, we introduce a theoretical model for chromosome loss in cells with different ploidy. We test the hypothesis that polyploidy limits faithful chromosome segregation by the combination of dynamics of spindle assembly and a maximum time of mitotic arrest. Our model predicts that for increasing ploidy, spindle assembly time scales linearly with the number of chromosomes, which results in exponential changes in the rate of chromosome loss. Our model quantitatively reproduces the increase in chromosome loss observed in tetraploid S. cerevisiae cells relative to haploid and diploid cells.

MATERIALS AND METHODS

Model for Chromosome Loss

In our model we describe the dynamics of spindle assembly including KC attachment and detachment (Figure 1A), silencing of the spindle assembly checkpoint and the maximum duration of mitotic arrest after which cells enter anaphase regardless of whether all KCs are attached, allowing for chromosome loss in our model. To make a prediction for chromosome loss, we describe populations of cells in prometaphase, metaphase, and anaphase with either all KCs attached to the spindle, or with at least one unattached KC, and we calculate the fraction of cells in each population (Figure 1B). Transitions between these populations arise from spindle dynamics (Figure 1A).
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FIGURE 1. Model for chromosome loss. (A) Spindle geometry in an individual cell. A microtubule (light blue) occupies a cross-section area S. Microtubules nucleate from M nucleation sites at the spindle pole body (gray bar) and extend toward KCs (dark blue) of a cross-section area SKC. (B) Spindle dynamics in mitosis. The different boxes indicate cells in prometaphase (purple box), metaphase (gray box) and anaphase (orange and blue box). Arrows denote the rate of transition between different populations. Within a cell, microtubules (blue lines) extend from the spindle pole bodies (gray bars) toward the KCs (dark blue circles). (C) Parameters used to solve the model. Five parameter values were taken from previous studies (O'Toole et al., 1997; Storchová et al., 2006; Gay et al., 2012; Gonen et al., 2012; Nannas et al., 2014; Vasileva et al., 2017), as indicated. (D) Solution of the model for cells with 1 chromosome (C = 1). Fraction of cells in prometaphase with no KCs attached (light purple, ρ0,0), with 1 KC attached (dark purple, ρ1,0 or ρ0,1), in metaphase (black, ρ1,1), in anaphase with at least one KC unattached (orange, ρL) and in anaphase (blue, ρA), are shown. Each line is accompanied by a cell cartoon depicting the corresponding phase of the cell cycle. At t = 0, ρ0,0 = 1 and all other populations are 0.



Dynamics of Spindle Assembly

To describe dynamics of spindle assembly, we calculate the rate of KC capture, [image: image], by taking into account known microtubule dynamics and geometry of yeast spindles (Figure 1A). Here, index i denotes the number of left sister KCs attached to the spindle; analogous calculations are applied to right sister KCs. Microtubules nucleate from the spindle pole body at rate νi and extend toward the spindle equator. They can attach to an unattached KC with probability p. The rate of KC attachment is the probability of attachment of one of the unattached KCs multiplied with the microtubule nucleation rate, which for C chromosomes and C−i unattached KCs reads

[image: image]

For other values of the index i the rate of KC attachment is zero to exclude unrealistic cases, with a negative number of chromosomes or with more than C chromosomes. In the case of euploid cells, the number of chromosomes is related to the ploidy as C = 16 · n. We calculate the nucleation rate at the spindle pole body as vi = v · (M−i), where we assume that a spindle pole body has a constant number of M nucleation sites with M−i unoccupied nucleation sites. To determine M for different numbers of chromosomes, we introduce a linear relationship between the number of chromosomes and nucleation sites, M = α · C + 4, which is based on experimental findings (Storchová et al., 2006; Nannas et al., 2014). The parameter α is typically around 1. We also assume the nucleation rate for one nucleation site, ν , to be constant as in previous studies (Kitamura et al., 2010; Vasileva et al., 2017). In our model, attachment occurs when a microtubule contacts the KC (Tanaka et al., 2005). The probability of attachment is calculated based on spindle geometry as the ratio of the cross-section areas of the KC, SKC, and the total area of the spindle, p = SKC/(S · M + SKC). Here S denotes the cross-section area occupied by one microtubule. Values for these parameters are estimated from electron microscopy studies (O'Toole et al., 1997; Storchová et al., 2006; Gonen et al., 2012). We assume that microtubules detach from one KC at constant detachment rate, k−, because our model does not include forces at the KC (Akiyoshi et al., 2010).

Silencing the Spindle Assembly Checkpoint and Chromosome Loss

Cells proceed from metaphase to anaphase by silencing the spindle assembly checkpoint at a constant rate, k0. They can also proceed from prometaphase to anaphase when they spend a prolonged time in mitotic arrest (Minshull et al., 1996; Rudner and Murray, 1996; Rieder and Maiato, 2004), which in our model results in chromosome loss. We distinguish these two cases by introducing a rate of anaphase entry given by
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where in the top and bottom row we calculate rates at which cells leave prometaphase and metaphase, respectively. We describe bypassing the checkpoint in mitotic arrest with a function of time f(t), irrespective whether cells are in prometaphase or metaphase. Because this function is not known, we choose a simple mathematical form f(t) = exp[(t − t0)/tc], which accounts for the rate of anaphase entry increase in time. Here, parameters t0 and tc denote the duration of mitotic arrest and the characteristic timescale, respectively.
Fraction of Cells in Prometaphase, Metaphase, and Anaphase With and Without Lost Chromosomes

In our model, we denote the fractions of cells in prometaphase and metaphase by ρi,j. The fraction of cells in anaphase with at least one KC unattached to the spindle, ρL, represents the fraction with lost chromosomes. The fraction of cells in anaphase with all KCs attached is denoted ρA. The indices i and j denote the number of left and right sister KCs attached to the spindle, respectively, in cells with C chromosomes (i = 0, …, C and j = 0, …, C). The combination of indices i = j = C describes cells with all KCs attached, which corresponds to metaphase cells. All the other combinations of indices describe cells with at least one unattached KC, which correspond to prometaphase cells. As time, t, progresses (i) KCs attach to or detach from the spindle, or (ii) cells enter anaphase changing the factions of cells in the populations (Figure 1B). In our model, attachments of different KCs as well as their detachments are independent. We describe these processes by a system of rate equations:
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Here δ denotes the Kronecker delta function, which has value 1 when two indices have the same value and 0 otherwise. Note that equation (3) describes a situation where only one KC can attach to or detach from the spindle at a time, which can be used if KCs attach and detach independently of each other. We also introduce the average time of both prometaphase and metaphase, which we term the time of spindle assembly, [image: image]. Please note that the model does not take cell division into account and therefore the total number of cells is conserved.

RESULTS

Chromosome Loss in Cells With One Chromosome

To illustrate how chromosome loss occurs during the transition from prometaphase to anaphase, we numerically solve our model first for cells with only one chromosome, C = 1, for parameters given in Figure 1C. We discuss the time course for different populations of cells. Initially, cells have no chromosome attached to the spindle. In prometaphase, when spindle assembly starts and KCs attach to the spindle, the fraction of cells in this population decreases, while the fraction of cells in the other populations increases (compare the light and dark purple lines in Figure 1D). After an initial increase, the fraction of cells in prometaphase starts decreasing as more KCs attach, and cells switch to metaphase (compare purple and black lines in Figure 1D). Finally, cells switch to anaphase. The fractions of cells in anaphase increase and asymptotically approach a limit value because the model does not describe cells leaving anaphase (orange and blue lines in Figure 1D). In this case with only one chromosome, the fraction of cells with a lost chromosome is very low.

Dramatic Increase in the Rate of Chromosome Loss With an Increase in Ploidy

To explore the relevance of our model for haploid, diploid, and tetraploid yeast cells, we further solve our model for the respective number of chromosomes in each ploidy type, C = 16, 32, and 64 (Figure 2A). We find that cells with an increasing number of chromosomes spend a longer time in prometaphase and metaphase, though the general trend is similar to the case with C = 1 (Figure 1D). Additionally, there is a rapid decrease in the fraction of cells in prometaphase and metaphase, which occurs around the maximum time of mitotic arrest, t = t0, which is visible for cells with 64 chromosomes. After cells pass the maximum time of mitotic arrest, they predominantly enter anaphase regardless whether all KCs are attached. Thus, the more cells are still in prometaphase, the more cells will enter anaphase with unattached KCs. Because populations of cells with more chromosomes spend more time in prometaphase, they also enter anaphase later (Figures 2A,B). This time delay results in an increasing fraction of cells in anaphase with at least one lost KC because these cells have a greater chance to proceed to anaphase without a completely formed spindle (Figure 2B).
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FIGURE 2. Model predictions for chromosome loss in cells of different ploidy. (A) Fraction of cells in prometaphase (purple) and metaphase (gray) for different numbers of chromosomes. The orange arrowhead denotes the value of the duration of mitotic arrest, t0. (B) Fraction of cells in anaphase with at least one KC unattached (orange) and in anaphase (blue). Three different shades in (A,B) correspond to different number of chromosomes, C = 16, 32, 64. For color-codes see inset legends. (C) Time of spindle assembly as a function of the number of chromosomes. (D) Rate of chromosome loss for cells as a function of the number of chromosomes. Arrowheads denote haploid, diploid and tetraploid number of chromosomes. (E) Rate of chromosome loss for cells as a function of the time of spindle assembly. Data points are obtained from (C,D), and correspond to C = 4, …, 64. Cases with C = 16, 32, 64 are shown in blue. At t = 0, ρ0,0 = 1 and all other populations are 0. The other parameters are given in Figure 1C.



To explore which processes included in our model are responsible for significant chromosome loss, we determine the relevance of our model parameters. As our model describes both KC capture and transition to anaphase, we separately analyse the contribution of each process. We introduce the average time of both prometaphase and metaphase, which we refer to as the time of spindle assembly (Methods). We find that the time of spindle assembly increases with the number of chromosomes. Changing the chromosome number from 16 to 32 increases the time of spindle assembly approximately 2-fold, whereas, for a change from 32 to 64, it increases 5-fold (Figure 2C). Next, we explored how ploidy variations affect chromosome loss. We find that haploid (C = 16) and diploid (C = 32) cells have the same order of magnitude for the fraction of the population with at least one lost chromosome (Figure 2D). Interestingly, the fraction of cells with at least one lost chromosome increases dramatically for cells with higher ploidy, such as tetraploid cells (C = 64). When we plot the fraction of cells with lost kinetochores against spindle assembly time, we find that linear-scale changes in spindle assembly time result in exponential-scale changes in the rate of chromosome loss (Figure 2E). To summarize, our combined results show that small changes in spindle assembly time result in dramatic differences in the rate of chromosome loss as soon as prometaphase time approaches the maximum time of mitotic arrest.

Relevance of Parameters on the Time of Spindle Assembly and the Chromosome Loss Rate

As our model describes spindle formation, we explore the relevance of parameters on the time of spindle assembly. We varied the parameter that links the number of chromosomes and microtubule nucleation sites, α , for different number of chromosomes. For parameter values α = 1.0 the time of spindle assembly increases with the number of chromosomes (Figures 2C, 3A). By increasing α to values >1 the assembly speeds up, but the influence is noticeable for a larger number of chromosomes (Figure 3A). By decreasing the parameter to the value α = 0.9 the assembly time dramatically increases with number of chromosomes and goes to infinity when there are more than 40 chromosomes. The infinite time of spindle assembly occurs for cells in which the number of microtubule nucleation sites at one pole is smaller than number of chromosomes. Interestingly, in yeast the value of the parameter α in cells is close to 1 (Figure 1C).
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FIGURE 3. Time of spindle assembly and rate of chromosome loss for different number of chromosomes and different values of model parameters. (A) Time of spindle assembly for different number of chromosomes and three different values of α = 0.9, 1.0, 1.1. For color-codes see inset legend. The other parameters are given in Figure 1C. (B) The role of the cross-section area of the KC on the spindle assembly time. Three different shades correspond to different cross-section area of the KC, SKC = 7500 nm2, 10000 nm2, 12500 nm2. For color-codes see inset legend. The other parameters are given in Figure 1C. (C) Rate of chromosome loss for different functional forms of the function f(t): linear function [image: image], quadratic function [image: image], cubic function [image: image], and exponential function f = exp[(t − t0)/tc]. For color-codes see inset legend. The other parameters are given in Figure 1C. (D) Rate of chromosome loss for different values of the parameter that describe the duration of mitotic arrest, t0. Three different shades correspond to different values of the parameter t0 = 150 min, 180 min, 210 min. For color-codes see inset legend. The other parameters are given in Figure 1C. (E) Rate of chromosome loss for different values of the characteristic timescale of mitotic arrest, tc. Three different shades correspond to different values of the parameter tc = 8 min, 10 min, 12 min. For color-codes see inset legend. The other parameters are given in Figure 1C.



We next explore the relevance of geometry by varying the cross-section area of the KC, SKC. We find that geometry has a small contribution for a small number of chromosomes, but for larger number of chromosomes, the time of spindle assembly decreases with the increase of the cross-section area (Figure 3B). The role of the cross-section area occupied by one microtubule, S, can be inferred from these data because both parameters, the cross-section area occupied by one microtubule and the cross-section area of the KC, contribute to attachment probability p.

Further, we explore how the choice of the function that describes bypassing the checkpoint in mitotic arrest f(t) affects the chromosome loss rate. We find that for a linear function the chromosome loss rate increases as the number of chromosome increases (Figure 3C). However, in this case the model cannot explain experimental results quantitatively. For example, when number of chromosomes changes from 32 to 64 the chromosome loss rate increases approximately 20 times with the linear function, whereas when ploidy in experiments changes from diploid to tetraploid the loss rate increases thousand times. A chromosome loss rate in the model is more similar to the experimental results for nonlinear functional forms, such as quadratic and cubic functions (Figure 3C). Because from this analysis we cannot predict a functional form for the function f(t), we choose an exponential function as a simple function that provides agreement with experiments.

Finally, we explore how the parameters that describe bypassing the checkpoint in mitotic arrest, t0 and tc, affect the chromosome loss rate. We find that cells with shorter duration of mitotic arrest have an increased chromosome loss rate, irrespective of ploidy (Figure 3D). We also find that cells with a smaller characteristic timescale of mitotic arrest have a smaller rate of chromosome loss (Figure 3E).

DISCUSSION

Here we introduced a model in which we explored chromosome loss dynamics by accounting for key aspects of spindle assembly, including microtubule nucleation and KC attachment/detachment, together with a maximum time of mitotic arrest. Our theory provides a plausible explanation for experiments in yeast tetraploid cells, where there is a 1,000-fold increase in the rate of chromosome loss relative to haploid and diploid cells (Mayer and Aguilera, 1990; Storchová et al., 2006). Our model not only quantitatively predicts an increase in chromosome loss in cells with an increasing chromosome number, but also a longer duration of spindle assembly time. Indeed, the doubling time of yeast increases with ploidy in S. cerevisiae. For example, doubling times of haploid, diploid and tetraploid yeast cells in YPD is approximately 130, 146, and 171 min, respectively (Mable, 2001). This suggests that cells with increasing ploidy have an increased spindle assembly time, with differences in the same order of magnitude as in our model. However, this prediction needs to be further verified by direct measurements of average spindle assembly time in haploid, diploid, and tetraploid yeast cells. Key parameters of cytoplasmic microtubule dynamics were measured previously for diploid and tetraploid S. cerevisiae cells, including the rates of microtubule growth, shrinkage, catastrophe and rescue during G1 and mitosis (Storchová et al., 2006). We hypothesize that changes in these parameters may cause a change in the average spindle assembly time in a population of cells, but experimental validation in yeast is also needed.

In yeast cells of different ploidy, chromosome loss can occur for many reasons. Configurations with syntelic attachments can also appear and lead to chromosome loss. Storchova et al. detected an increased frequency of erroneous KC attachments in polyploid cells and suggest an important role for syntelic attachments based on increased activity of Ipl1, the yeast homolog of Aurora B (Storchová et al., 2006). Additionally, microtubules can detach from KCs during anaphase, which can further increase chromosome loss events. Thus, identifying experimentally which of these configurations are predominant in cells with lost chromosomes is crucial for establishing a complete picture of chromosome loss.

Laboratory tetraploid yeast cells have an increased rate of chromosome loss. However, a recent experimental evolution study with laboratory yeast cells found that some tetraploid cell lines could maintain their full chromosome complement (C = 64) for >1,000 generations (Lu et al., 2016). The evolved, stable tetraploid cells had elevated levels of the Sch9 protein, one of the major regulators downstream of TORC1, which is a central regulator of cell growth. Interestingly, the evolved stable tetraploid cells also had increased resistance to the microtubule depolymerizing drug benomyl relative to the ancestor tetraploid cells, indicating that increased Sch9 activity may, at least in part, rescue spindle formation defects observed in the ancestral tetraploid cells (Storchová et al., 2006; Lu et al., 2016). This is consistent with our model, where chromosome stability in tetraploid cells can be obtained by increasing the rate of spindle assembly.

This is the first theoretical study of the mechanism driving high rates of chromosome loss in polyploid yeast cells. Our approach for within-species ploidy variation can be applied to other species, including plants (Hufton and Panopoulou, 2009), where rates of chromosome loss are also higher in polyploid cells than in diploid cells, if the details of spindle self-organization are adjusted for the specific organism and cell-type. For example, for cells with more than one microtubule per KC, merotelic attachments need to be taken into account as well (Gregan et al., 2011). Future models will show the extent to which spindle assembly time influences the rate of chromosome loss for a variety of systems.

AUTHOR CONTRIBUTIONS

NP, LL, and AS conceived the project. NP and LL developed the model, IJ solved the model. All authors wrote the paper.

FUNDING

This research was supported by the QuantiXLie Centre of Excellence, a project co-financed by the Croatian Government and European Union through the European Regional Development Fund – the Competitiveness and Cohesion Operational Programme (Grant KK.01.1.1.01.0004, NP), the Netherlands Organization for Scientific Research (NWO/OCW) as part of the Frontiers of Nanoscience program (LL), a Nebraska EPSCoR First Award (AS) and an LB692-Nebraska Tobacco Settlement Biomedical Research Development Fund (AS).

ACKNOWLEDGEMENTS

We thank Timon Idema, Judy Berman and Iva Tolić for critical reading of the manuscript, and Ivana Šarić for the drawings.

REFERENCES

 Akiyoshi, B., Sarangapani, K. K., Powers, A. F., Nelson, C. R., Reichow, S. L., Arellano-Santoyo, H., et al. (2010). Tension directly stabilizes reconstituted kinetochore-microtubule attachments. Nature 468, 576–579. doi: 10.1038/nature09594

 Comai, L. (2005). The advantages and disadvantages of being polyploid. Nat. Rev. Genet. 6, 836–846. doi: 10.1038/nrg1711

 Fujiwara, T., Bandi, M., Nitta, M., Ivanova, E. V., Bronson, R. T., and Pellman, D. (2005). Cytokinesis failure generating tetraploids promotes tumorigenesis in p53-null cells. Nature 437, 1043–1047. doi: 10.1038/nature04217

 Ganem, N. J., Godinho, S. A., and Pellman, D. (2009). A mechanism linking extra centrosomes to chromosomal instability. Nature 460, 278–282. doi: 10.1038/nature08136

 Gardner, M. K., Bouck, D. C., Paliulis, L. V., Meehl, J. B., O'Toole, E. T., Haase, J., et al. (2008). Chromosome congression by kinesin-5 motor-mediated disassembly of longer kinetochore microtubules. Cell 135, 894–906. doi: 10.1016/j.cell.2008.09.046

 Gay, G., Courtheoux, T., Reyes, C., Tournier, S., and Gachet, Y. (2012). A stochastic model of kinetochore-microtubule attachment accurately describes fission yeast chromosome segregation. J. Cell Biol. 196, 757–774. doi: 10.1083/jcb.201107124

 Gerstein, A. C., Chun, H. J., Grant, A., and Otto, S. P. (2006). Genomic convergence toward diploidy in Saccharomyces cerevisiae. PLoS Genet. 2:e145. doi: 10.1371/journal.pgen.0020145

 Gonen, S., Akiyoshi, B., Iadanza, M. G., Shi, D., Duggan, N., Biggins, S., et al. (2012). The structure of purified kinetochores reveals multiple microtubule-attachment sites. Nat. Struct. Mol. Biol. 19, 925–929. doi: 10.1038/nsmb.2358

 Gregan, J., Polakova, S., Zhang, L., Tolic-Norrelykke, I. M., and Cimini, D. (2011). Merotelic kinetochore attachment: causes and effects. Trends Cell Biol. 21, 374–381. doi: 10.1016/j.tcb.2011.01.003

 Hill, T. L. (1985). Theoretical problems related to the attachment of microtubules to kinetochores. Proc. Natl. Acad. Sci. U.S.A. 82, 4404–4408. doi: 10.1073/pnas.82.13.4404

 Hufton, A. L., and Panopoulou, G. (2009). Polyploidy and genome restructuring: a variety of outcomes. Curr. Opin. Genet. Dev. 19, 600–606. doi: 10.1016/j.gde.2009.10.005

 Kalinina, I., Nandi, A., Delivani, P., Chacon, M. R., Klemm, A. H., Ramunno-Johnson, D., et al. (2013). Pivoting of microtubules around the spindle pole accelerates kinetochore capture. Nat. Cell Biol. 15, 82–87. doi: 10.1038/ncb2640

 Kitamura, E., Tanaka, K., Komoto, S., Kitamura, Y., Antony, C., and Tanaka, T. U. (2010). Kinetochores generate microtubules with distal plus ends: their roles and limited lifetime in mitosis. Dev. Cell 18, 248–259. doi: 10.1016/j.devcel.2009.12.018

 Lea, D. E., and Coulson, C. A. (1949). The distribution of the numbers of mutants in bacterial populations. J. Genet. 49, 264–285. doi: 10.1007/BF02986080

 Li, R., and Murray, A. W. (1991). Feedback control of mitosis in budding yeast. Cell 66, 519–531. doi: 10.1016/0092-8674(81)90015-5

 Lu, Y. J., Swamy, K. B., and Leu, J. Y. (2016). Experimental evolution reveals interplay between Sch9 and polyploid stability in yeast. PLoS Genet. 12:e1006409. doi: 10.1371/journal.pgen.1006409

 Mable, B. K. (2001). Ploidy evolution in the yeast Saccharomyces cerevisiae: a test of the nutrient limitation hypothesis. J. Evol. Biol. 14, 157–170. doi: 10.1046/j.1420-9101.2001.00245.x

 Mayer, V. W., and Aguilera, A. (1990). High levels of chromosome instability in polyploids of Saccharomyces cerevisiae. Mutat. Res. 231, 177–186. doi: 10.1016/0027-5107(90)90024-X

 Minshull, J., Straight, A., Rudner, A. D., Dernburg, A. F., Belmont, A., and Murray, A. W. (1996). Protein phosphatase 2A regulates MPF activity and sister chromatid cohesion in budding yeast. Curr. Biol. 6, 1609–1620. doi: 10.1016/S0960-9822(02)70784-7

 Mitchison, T. J., and Kirschner, M. W. (1985). Properties of the kinetochore in vitro. II. Microtubule capture and ATP-dependent translocation. J. Cell. Biol. 101, 766–777. doi: 10.1083/jcb.101.3.766

 Musacchio, A., and Salmon, E. D. (2007). The spindle-assembly checkpoint in space and time. Nat. Rev. Mol. Cell Biol. 8, 379–393. doi: 10.1038/nrm2163

 Nannas, N. J., O'Toole, E. T., Winey, M., and Murray, A. W. (2014). Chromosomal attachments set length and microtubule number in the Saccharomyces cerevisiae mitotic spindle. Mol. Biol. Cell 25, 4034–4048. doi: 10.1091/mbc.e14-01-0016

 Novák, B., Tóth, A., Csikász-Nagy, A., Gyorffy, B., Tyson, J. J., and Nasmyth, K. (1999). Finishing the cell cycle. J. Theor. Biol. 199, 223–233. doi: 10.1006/jtbi.1999.0956

 O'Toole, E. T., Mastronarde, D. N., Giddings, T. H. Jr., Winey, M., Burke, D. J., and McIntosh, J. R. (1997). Three-dimensional analysis and ultrastructural design of mitotic spindles from the cdc20 mutant of Saccharomyces cerevisiae. Mol. Biol. Cell 8, 1–11. doi: 10.1091/mbc.8.1.1

 Otto, S. P., and Whitton, J. (2000). Polyploid incidence and evolution. Annu. Rev. Genet. 34, 401–437. doi: 10.1146/annurev.genet.34.1.401

 Paul, R., Wollman, R., Silkworth, W. T., Nardi, I. K., Cimini, D., and Mogilner, A. (2009). Computer simulations predict that chromosome movements and rotations accelerate mitotic spindle assembly without compromising accuracy. Proc. Natl. Acad. Sci. U.S.A. 106, 15708–15713. doi: 10.1073/pnas.0908261106

 Pavin, N., and Tolić, I. M. (2016). Self-organization and forces in the mitotic spindle. Annu. Rev. Biophys. 45, 279–298. doi: 10.1146/annurev-biophys-062215-010934

 Prosser, S. L., and Pelletier, L. (2017). Mitotic spindle assembly in animal cells: a fine balancing act. Nat. Rev. Mole. Cell Biol. 18, 187–201. doi: 10.1038/nrm.2016.162

 Raina, S. N., Parida, A., Koul, K. K., Salimath, S. S., Bisht, M. S., Raja, V., et al. (1994). Associated chromosomal DNA changes in polyploids. Genome 37, 560–564. doi: 10.1139/g94-080

 Rieder, C. L., and Maiato, H. (2004). Stuck in division or passing through: what happens when cells cannot satisfy the spindle assembly checkpoint. Dev. Cell 7, 637–651. doi: 10.1016/j.devcel.2004.09.002

 Rudner, A. D., Hardwick, K. G., and Murray, A. W. (2000). Cdc28 activates exit from mitosis in budding yeast. J. Cell. Biol. 149, 1361–1376. doi: 10.1083/jcb.149.7.1361

 Rudner, A. D., and Murray, A. W. (1996). The spindle assembly checkpoint. Curr. Opin. Cell Biol. 8, 773–780. doi: 10.1016/S0955-0674(96)80077-9

 Selmecki, A. M., Maruvka, Y. E., Richmond, P. A., Guillet, M., Shoresh, N., Sorenson, A. L., et al. (2015). Polyploidy can drive rapid adaptation in yeast. Nature 519, 349–352. doi: 10.1038/nature14187

 Song, K., Lu, P., Tang, K., and Osborn, T. C. (1995). Rapid genome change in synthetic polyploids of Brassica and its implications for polyploid evolution. Proc. Natl. Acad. Sci. U.S.A. 92, 7719–7723. doi: 10.1073/pnas.92.17.7719

 Storchová, Z., Breneman, A., Cande, J., Dunn, J., Burbank, K., O'Toole, E., et al. (2006). Genome-wide genetic analysis of polyploidy in yeast. Nature 443, 541–547. doi: 10.1038/nature05178

 Tanaka, K., Mukae, N., Dewar, H., van Breugel, M., James, E. K., Prescott, A. R., et al. (2005). Molecular mechanisms of kinetochore capture by spindle microtubules. Nature 434, 987–994. doi: 10.1038/nature03483

 Tubman, E. S., Biggins, S., and Odde, D. J. (2017). Stochastic modeling yields a mechanistic framework for spindle attachment error correction in budding yeast mitosis. Cell. Syst. 4, 645–650.e5, doi: 10.1016/j.cels.2017.05.003

 Vasileva, V., Gierlinski, M., Yue, Z., O'Reilly, N., Kitamura, E., and Tanaka, T. U. (2017). Molecular mechanisms facilitating the initial kinetochore encounter with spindle microtubules. J. Cell. Biol. 216, 1609–1622. doi: 10.1083/jcb.201608122

 Volkov, V. A., Zaytsev, A. V., Gudimchuk, N., Grissom, P. M., Gintsburg, A. L., Ataullakhanov, F. I., et al. (2013). Long tethers provide high-force coupling of the Dam1 ring to shortening microtubules. Proc. Natl. Acad. Sci. U.S.A. 110, 7708–7713. doi: 10.1073/pnas.1305821110

 Winey, M., Mamay, C. L., O'Toole, E. T., Mastronarde, D. N., Giddings, T. H. Jr., McDonald, K. L., et al. (1995). Three-dimensional ultrastructural analysis of the Saccharomyces cerevisiae mitotic spindle. J. Cell Biol. 129, 1601–1615. doi: 10.1083/jcb.129.6.1601

 Wollman, R., Cytrynbaum, E. N., Jones, J. T., Meyer, T., Scholey, J. M., and Mogilner, A. (2005). Efficient chromosome capture requires a bias in the ‘search-and-capture' process during mitotic-spindle assembly. Curr. Biol. 15, 828–832. doi: 10.1016/j.cub.2005.03.019

 Zack, T. I., Schumacher, S. E., Carter, S. L., Cherniack, A. D., Saksena, G., Tabak, B., et al. (2013). Pan-cancer patterns of somatic copy number alteration. Nat. Genet. 45, 1134–1140. doi: 10.1038/ng.2760

 Zaytsev, A. V., and Grishchuk, E. L. (2015). Basic mechanism for biorientation of mitotic chromosomes is provided by the kinetochore geometry and indiscriminate turnover of kinetochore microtubules. Mol. Biol. Cell 26, 3985–3998. doi: 10.1091/mbc.e15-06-0384

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Jelenić, Selmecki, Laan and Pavin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/inline_2.gif
"d/u dt
Bu oy

1204,

= J





OPS/images/inline_3.gif
F=t i





OPS/images/fgene-09-00296-g003.gif
‘Spindle assambiy tme

Fracton of ol in anaphaso

o d6 @ e
Numarof chiomosamas. ¢

<100
§ o
Ep
Bl
£
ot
o
06 w4 ed
oo omodanes, &
eyt
§ 1074
o
S
2510
Ep
33 40
se 10
FE -
¥
& 0%y

Spindio assambly me.

Fracton of cols in anaphaso

W (o)

o38888838

o
o]






OPS/images/inline_1.gif





OPS/images/math_1.gif





OPS/images/inline_4.gif
f= 1





OPS/images/inline_5.gif
f= e





OPS/images/math_5.gif
dpa

kapce:

®)





OPS/images/math_4.gif
dy
e 412».#0—6.@,5),

frary





OPS/images/fgene-09-00296-g001.gif





OPS/images/fgene-09-00296-g002.gif
Fractons of cos n promotaphaso
5.0.(14.4). motaghaso calls o

&

Sy assomiy tmo.

(min)
ses88

3

3

3

Fracion of css in anaphase wih
108K b wihoutos KGs






OPS/images/math_3.gif
Fapirj+ ki + G+ DK piag
i+ DR pijy = (kf + ik K 4 jk

+kadp €






OPS/images/math_2.gif
@)





OPS/images/cover.jpg
’ frontiers
in Genetics

Spindle Dynamics Model Explains
Chromosome Loss Rates in Yeast
Polyploid Cells









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Genetics





