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Methods 

 

Strains and plasmids. Saccharomyces cerevisiae strains are derivatives of S288c. 

Gene deletions and taggings were generated by PCR-based methods 42; all 

fluorescently tagged proteins were expressed from the native promoter at the 

endogenous locus except GFP-Tub1 and mCherry-Tub1, which were inserted at the 

URA3 locus after digestion of pRS306-based plasmids (gifts from Aaron Straight and 

Dimitris Liakopoulos) with StuI or ApaI respectively. DAPI staining (1 μg/ml) was 

performed as described 13. The conditional dicentric chromosome was previously 

described 36.  

 

Cell growth. For G1 arrest, cells were grown in YPDA (yeast extract, peptone, 

dextrose, and adenine) medium to logarithmic phase, synchronized with 15 µg/ml 

alpha-factor (Sigma- Aldrich) for 2 h at 25ºC, and released in fresh YPDA medium at 

30°C or 37ºC. GAL1,10-promoter driven GFP-CAAX expression was induced in 

glucose media in cell expressing the hybrid Gal1-ER-Vp16 protein 43 by addition of 

90 nM beta-estradiol 3 hours before imaging (Figures 2f and 3) or by addition of 

galactose 3 hours before imaging to cells pregrown in YPRA (yeast extract, peptone, 

and raffinose) (Fig. 2b-d, 6c and 7c). Cells with the conditional dicentric chromosome 

were grown at 30 ºC in YPGA (yeast extract, peptone, and galactose) medium before 



G1 arrest. To activate the dicentric chromosome (Fig. 5 and 7), glucose was added to 

a final concentration of 2% 1.5 hours after alpha-factor addition and cells were 

released from the G1 arrest in fresh YPDA. 

 

Fluorescence Microscopy. For time-lapse imaging, cells were plated in minimal 

synthetic medium on concanavalin A–coated (Sigma-Aldrich) Lab-Tek chambers 

(Thermo Fisher Scientific). Imaging was performed in a pre-equilibrated temperature-

controlled microscopy chamber, using a spinning-disk confocal microscope 

(Revolution XD; Andor Technology) with a Plan Apochromat 100×, 1.45 NA 

objective equipped with a dual-mode electron-modifying charge-coupled device 

camera (iXon 897 E; Andor Technology). Time-lapse series of 4.5 μm stacks spaced 

0.3 μm were acquired every 1.5 or 2 minutes. iQ Live Cell Imaging software (Andor 

Technology) was used for image acquisition. For quantification of abscission, images 

were analyzed on 4D hyperstacks and smoothed with the Gaussian blur function in 

ImageJ (National Institutes of Health). Only cells starting cytokinesis (membrane 

ingression) at least 45 minutes before the end of image acquisition were considered 

for the quantifications of abscission. Fluorescence intensities were measured from 

single sections of each cell to score membrane separation (abscission). Fluorescence 

analysis of fixed cells was performed in a wide-field microscope (Leica AF 600) with 

an Andor DU-885K-CSO-#VP camera. Images of 4.5 μm stacks spaced 0.3 μm apart 

were acquired. 

 

Electron microscopy and tomography. Cells in Fig. S2d were fixed at 37 ºC using 

4% formaldehyde and 0.4% glutaraldehyde, then processed as previously described 44. 

Ultrathin serial sections (60-70 nm) were collected on formvar-coated slot grids, post-



stained with uranyl acetate (2% in water) over 30 min and lead citrate for 15 s and 

examined under a Tecnai Spirit transmission electron microscope (FEI Company) at 

120 kV accelerating voltage. Micrographs were acquired at 26500x magnification 

using a CCD camera (MegaView III; Olympus) and the image acquisition analySIS 

software (Olympus) and processed for brightness and contrast using Photoshop 

(Adobe Systems). Cells in Fig. 3d and S2c were cryoimmobilized by high-pressure 

freezing with Leica EMPACT-2. High-pressure freezing and freeze substitution (-90 

°C for 48 h in 0.1% glutaraldehyde, 0.2 % uranyl acetate and 1 % water in acetone) 

were performed on a  EM-AFS2 device (Leica Microsystems, Vienna, Austria). The 

temperature was then increased at a rate of 5 °C / hour to -45 °C followed by 5 h 

incubation. Samples were rinsed with acetone followed by stepwise lowicryl HM20 

(Polysciences, Warrington, PA, USA) infiltration at -45 to -25 °C. UV polymerization 

was applied for 48 hours at -25 °C and the temperature was increased to 20 °C at a rate 

of 5 °C per hour. Finally the samples were left exposed to UV at room temperature for 

48 h. Sectioning was done on a Leica Ultra-cut UCT microtome (Leica Microsystems, 

Vienna, Austria) and serial sections were collected on Formvar-coated, palladium-

copper slot grids. 70 nm thin sections were viewed using a CM120 biotwin electron 

microscope (FEI, Eindhoven, The Netherlands) operating at 120 kV. Digital 

acquisitions were made with a Keen View CCD camera (Soft Imaging System, 

Muenster, Germany). For tomography, 250 nm thick sections were placed in a high-

tilt holder (Model 2020; Fischione Instruments; Corporate Circle, PA) and recorded 

on a Tecnai F30 EM (FEI, Eindhoven, The Netherlands) operating at 300kV using the 

SerialEM software package (Mastronarde 2005). Images were taken every degree 

over a ±60° range on an FEI Eagle 4K x 4K CCD camera at a magnification of 

20000x and a binning of 2 (pixel size 1.179 nm). Tilted images were aligned using tilt 



series patch tracking. Tomograms were generated using the R-weighted back-

projection algorithm and displayed as slices one voxel thick, modeled, and analyzed 

with the IMOD software package 45. 

 

Pulse-field gel electrophoresis. Cells growing in YPGA were arrested in G1 with 

alpha factor (6 µg/ml). The culture was then split and glucose was added to one half 

to activate the dicentric chromosome. Cells were released 30 min later into a 

synchronous cell cycle. 3 ODs samples were taken at time 0; the same volume of 

culture was collected 2 and 3 hours after release from the G1 arrest. Cells were 

washed with 50 mM EDTA twice, resuspended in 50 µl ice cold 1 M sorbitol, 0.1 M 

Sodium citrate, 60 mM EDTA, 0.5% ß-mercaptoethanol, 1 mg/ml zymolyase 100T, 

and mixed with 75 µl molten 1% Low melting point agarose in 125 mM EDTA before 

dispensing into plug molds. Plugs were incubated 2 hours at 37ºC in 400 µl 0.45M 

EDTA, 0.01M Tris HCl pH 7, 7.5% ß-mercaptoethanol, 10 µg/ml RNAse A, followed 

by overnight incubation in 400 µl of 0.25M EDTA, 0.01M Tris HCl pH 7, 1% 

Sarkosyl, 1 mg/ml Proteinase K. Plugs were loaded in 0.8 % agarose gels and 

chromosomes separated in 0.5x TBE, recirculated at 14ºC in a CHEF-DRII system 

(BioRad). The run time was 68 hours at 1.5 V/cm, followed by 48 hours at 2 V/cm. 

The switch time ramp was 300 to 900 seconds. The run time was 72 hours at 2 V/cm 

with a 1200 to 1800 seconds switch time ramp. Yeast chromosomes were visualized 

after staining with ethidium bromide and transferred onto positively charged 

membranes by saline upward capillary transfer. The dicentric chromosome was 

visualized using a 1.5 kb fluorescein-labelled probe within the RDN1 gene in the 

rDNA array. Signals for broken and intact dicentrics were quantified from different 

unsaturated exposures of the same blot with Image Lab (Bio-Rad). 



 

Statistics and reproducibility. All experiments were repeated at least twice and gave 

similar results. Depending on the experiment and as indicated in the corresponding 

figure legends, p values were determined by Fisher’s exact test, Mann-Whitney test or 

Student’s t -test using the Prism software (GraphPad). A p value of less than 0.05 was 

considered statistically significant.  
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Supplementary Figure Legends 

Supplementary Video Legends 

 

Supplementary Figure 1. Chromosome segregation and abscission dynamics 

during replication stress. (a) Wild type cells expressing Htb2-mCherry were treated 

with 100 mM HU for 2 hours, and transferred to fresh media. The Htb2-mCherry 

signal was used to estimate the frequency of anaphase (with elongated nuclei) or 

telophase (with separated nuclei) cells at the indicated times (left). Two independent 

experiments were performed with similar results; results from one experiment are 

shown. The following number of cells n was scored for each time point: n=170 (0 

min), 146 (30 min), 160 (60 min), 156 (90 min), 164 (120 min), 124 (150 min), 149 

(180 min). The micrographs show cells 120 min after HU washout stained with DAPI 

to visualize DNA (right). The arrows point to chromatin bridges. (b) Kinetics of 

nuclear division (visualized with Nsg1) relative to actomyosin ring contraction 

(Myo1) in wild type cells in log-phase or after exposure to HU at 30 ºC, as in Fig. 2a. 

Asterisk marks the time of nuclear division. Numbers indicate time in minutes. The 

graph shows the time of nuclear division relative to the onset of ring contraction (time 

0). Boxes include 50% of data points, whiskers 90%; medians are shown as lines and 

means as crosses. The kinetics between the two conditions were considered to be not 

statistically significant (p > 0.05, Mann-Whitney test). n = 32 untreated cells and 30 
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HU-treated cells, pooled from two independent experiments. (c) The time of 

chromosome segregation (Htb2-mCherry) relative to actomyosin ring contraction 

(Myo1-GFP) in wild-type cells in the absence or presence of 60 mM HU. HU-treated 

cells were imaged for 2 hours immediately after HU addition. The graph shows the 

time of chromosome segregation relative to the onset of ring contraction (time 0). 

Median (lines) and mean (crosses) are shown (n = 80 untreated cells and 66 HU-

treated cells, pooled from 3 independent experiments). (d) Segregation of the rDNA 

(Net1-GFP) and TEL12R (TetR-YFP) in a representative wild-type cell in the 

presence of 60 mM HU, as in (c). Arrowheads mark the spindle poles, an asterisk 

marks the nucleolus, and arrows mark TEL12R. Time is shown in minutes relative to 

anaphase onset; nucleolar segregation occurs at 10 min and TEL12 segregation 

follows at 12 min. The graph shows the time of segregation of the rDNA and TEL12R 

in the absence and presence of HU. n =  50 untreated and 42 HU-treated cells, pooled 

from 2 independent experiments (p > 0.05, Student's t-test). (e-h) Abscission 

dynamics of untreated and HU-treated wild type cells (d), sml1∆ (e) and ahc1∆ (f) 

mutant cells, imaged as in (c). The graphs in (e-f) show the fraction of cells 

completing abscission relative to the time of membrane ingression; the median 

abscission times are shown in (h). WT and WT +HU from (d) are represented as 

dashed lines for comparison in (f-g). n is the total number of cells in each category, 

pooled from two independent experiments, and is shown in brackets in (h). Asterisk 

marks significant differences between WT treated and untreated cells (p < 0.0001, 

Mann-Whitney test). In (b-d), boxes include 50% of data points, whiskers 90%; 

medians are shown as lines and means as crosses. Scale bars in (a, b, d): 2 µm. 

 

Supplementary Figure 2. Cytokinesis-dependent DNA damage after DNA 
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replication stress. (a) Cells of the indicated strains were treated with 100 mM HU for 

2 hours and imaged for 20 minutes. The percentage of cells with Mre11-GFP foci is 

shown. n = 41 (wild type); 46 (ipl1-321); 35 (ipl1-321 cyk3∆); 40 (ahc1∆); 40 (ahc1∆ 

cyk3∆) where n is the total number of cells from one experiment each. (b) After HU 

washout, cells treated as in (a) were imaged during nuclear elongation. n = 98 (WT 

Untreated). For HU-treated cells: n=190 (wild type); 176 (ipl1-321); 134 (ipl1-321 

cdc15-1); 122 (ipl1-321 cyk3∆); 128 (ahc1∆); 116 (ahc1∆ cyk3∆), where n is the total 

number of cells, pooled from two experiments, except for HU-treated WT and ipl1-

321 cells, which were pooled from 3 experiments each. (c) Time-lapse images of 

representative wild type, ipl1-321 and ipl1-321 cyk3∆ cells expressing Mre11-GFP, 

after cytokinesis following a HU pulse. The arrows point to nuclear Mre11 foci. 

Numbers indicate time in minutes where time 0 is the frame before cytokinesis. 

Frames were selected to show Mre11-GFP foci in the ipl1-321 mutant. No foci were 

detected between 18 and 42 minutes. Scale bars: 2 µm. For complete image series of 

each cell, see Videos 1-3.  

 

Supplementary Figure 3. Chromosome segregation and cytokinesis in ycg1-2 and 

top2-4 cells. (a) Anaphase progression in top2-4 cells with fluorescently tagged 

histone (Htb2) and myosin (Myo1). Numbers indicate time in minutes. Scale bar is 2 

µm. The graphs show the time of actomyosin ring contraction relative to nuclear 

elongation (left) and the duration of contraction (right), in the indicated cell types. 

Line represents the mean. n = 50 (wild type), 32 (ycg1-2), 34 (top2-4), where n = 

number of cells pooled from two experiments. (b) Time-lapse imaging was used to 

determine the percentage of cells with Mre11-GFP foci after nuclear elongation in the 

indicated strains. n = 98 cells (wild type), 46 (ycg1-2), 40 (top2-4), where n = number 
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of cells pooled from two experiments. (c) Time of appearance of the next bud after 

cytokinesis (rebudding) relative to the time of membrane closure (GFP-CAAX). 

Number of cells (pooled from two independent experiments): n = 35 (wild type), 38 

(ycg1-2), 52 (top2-4). The rebudding kinetics of wild type and mutant cells were 

considered significantly different (p < 0.0001, Mann-Whitney test). (d) Slices from a 

tomogram of the septum in a top2-4 cell. Arrowheads point to nuclear membrane 

entering the channel (left); Arrows point to plasma membrane underlying the channel 

(right). Scale bars are 0.2 µm. (e) Serial ultra-thin sections (60-70 nm) from wild type 

and ycg1-2 cells 3 hours after release from a G1 block. Septum channels were present 

in all examined ycg1-2 mutant cells (9), whereas all wild-type cells showed intact 

septa (13). Continuous septum deposition might constrict these channels and lead to 

their delayed closure. Arrows point to lacunae traversing the septum of the mutant. 

PS, primary septum, SS, secondary septum. Scale bar is 0.5 µm.  

 

Supplementary Figure 4. The role of Ahc1 and Ipl1 in abscission inhibition in 

ycg1-2 and top2-4 mutants. (a) Fraction of GFP-CAAX cells of the indicated strains 

completing abscission relative to the time of membrane ingression. Wild-type and 

ycg1-2 data from Fig. 3c are shown for comparison. n = 53 (ycg1-2 ahc1∆); 50 (top2-

4); 52 (top2-4 ahc1∆), where n = total number of cells pooled from two independent 

experiments. p = 0.31 (ycg1-2 vs. ycg1-2 ahc1∆) and p < 0.05 (top2-4 vs. top2-4 

ahc1∆) (Mann-Whitney test). (b) Time series of membrane ingression and resolution 

of the indicated strains. Scale bar is 2 µm. The graphs show the GFP fluorescence 

intensity across the cleavage plane in the middle optical section, as in Fig. 2b. (c) 

Quantification of the time of chromosome segregation in the indicated strains. Boxes 

include 50% of data points, whiskers 90%; medians are shown as lines and means as 
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crosses. WT, ycg1-2 and top2-4 from Fig. 3a are shown for comparison. Time 0 was 

defined as the frame before the onset of contraction of the myosin ring. n = 32 cells 

(ycg1-2 ipl1-321); 38 (ycg1-2 slk19∆); 26 (top2-4 ipl1-321). Data were pooled from 

two independent experiments. Asterisk marks significant differences (p < 0.01, Mann 

Whitney test). 

 

Supplementary Figure 5. Characterization of the conditional dicentric 

LC(IV:XII). (a) Growth test of serial dilutions of the indicated cell types in rich 

medium plates with galactose (Gal) or glucose (Gluc). (b) Time of chromosome 

segregation for cells with the conditional dicentric chromosome in glucose, relative to 

full contraction of the myosin ring. Boxes include 50% of data points, whiskers 90%; 

medians are shown as lines and means as crosses. n = 20 cells (dicentric, no bridges); 

19 (dicentric, with bridges), from one experiment. (c) Spindle tracks (left) and 

maximal spindle length (right) of cells with wild type chromosomes (WT) and the two 

categories of cells with dicentrics chromosomes (LC(IV:XII)). SPB distance is the 

linear distance between the two spindle pole bodies (SPBs) at each time point (Spc42-

GFP). Both graphs show the mean and SD. Anaphase onset was defined when SPB 

distance was above 2.5 µm. n = 14 cells, pooled from two independent experiments, 

for each cell type or category. (d) PFGE analysis of dicentric chromosomes. Cells 

growing in galactose were arrested in G1 with alpha factor. The culture was split in 

two and glucose added to one half. Cells were released in glucose or galactose as 

indicated, and samples taken at times 0, 120 and 180 min for FACS, PFGE and 

Southern blot analysis. Asterisk marks position of broken dicentric molecules. The 

graph shows the amount of broken molecules in Southern blot, relative to intact 

dicentrics and arbitrarily set to 1 at time 0. (e) Abscission differences in the presence 
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of distinct types of chromatin bridges are not due to differences in the amount of 

chromatin present at the cytokinesis site. The intensity of fluorescently labeled 

histones at the bud neck was low in condensin-deficient bridges (which inhibit 

abscission), whereas it was approximately 10-fold higher in both abscission-

competent dicentric cells and in abscission-defective top2-4 mutants. The graph 

shows fluorescence intensities of Htb2-mCherry in the bud neck region at the onset of 

myosin ring contraction (Myo1-GFP), for the indicated cell types and conditions. 

Values are in arbitrary units (A. U.) and background-subtracted. Lines represent the 

mean. n = 15 cells (WT); 15 (Dicentrics, with bridges); 15 (ycg1-2); 15 (top2-4); 

where n = number of cells per strain, pooled from two independent experiments. 

 

Supplementary Figure 6. The role of DNA damage and replication checkpoint in 

abscission dynamics in HU-treated, ycg1-2 and top2-4 cells. (a-b) Mutation of 

MRE11, TEL1, RAD9, MRC1, CHK1 and RAD53 lead to abscission delays even in the 

absence of HU, perhaps due to endogenous replication stress. However, no significant 

differences in abscission are found between wild type and checkpoint-deficient HU-

treated cells. Abscission dynamics of untreated and HU-treated cells of the indicated 

strains at 30 ºC are shown. Cells were treated as in Fig. S1c-d. Open inverted triangles 

represent untreated cells and filled inverted triangles represent HU-treated cells. WT 

and WT +HU from Fig. S1e are represented as blue and green dashed lines for 

comparison. The median abscission times are represented for the indicated strains and 

conditions. n = total number of cells pooled from two independent experiments is 

represented in brackets. Asterisk represents significant differences relative to WT –

HU (p < 0.05, Mann-Whitney test). ns, non significant. (c-d) Inactivation of the 

upstream checkpoint kinases Mec1 and Tel1 (homologues of mammalian ATM and 
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ATR) does not restore abscission in top2-4 or ycg1-2 cells. Abscission dynamics in 

the indicated strains at 37 ºC. GFP-CAAX cells were imaged and analyzed as in Fig. 

3b, c. SML1 was deleted to allow viability of the mec1 mutant. n = total number of 

cells pooled from two independent experiments (except for ycg1-2 rad53-21, which is 

from 3 experiments) is represented in brackets. WT, ycg1-2 and top2-4 data from Fig. 

3c are represented for comparison. Significant differences were found only for ycg1-2 

rad53-21 and ycg1-2 mre11∆ relative to ycg1-2 (p < 0.0001, Mann-Whitney test).  

 

Supplementary Figure 7. Spindle dynamics in HU-treated, ycg1-2 and top2-4 

cells. (a) Anaphase spindle disassembly visualized through tubulin (Tub1) and myosin 

(Myo1) dynamics in a top2-4 cell at 37 ºC (top) and in a wild type cell after HU 

exposure at 30 ºC (bottom). Asterisk marks full contraction of the myosin ring. Arrow 

points to depolymerizing spindle. Numbers indicate time in minutes. Scale bars are 2 

µm. (b) Spindle tracks of wild type and ycg1-2 cells. SPB distance is the linear 

distance between the two spindle pole bodies (SPBs) at each time point. Mean and SD 

are shown. Anaphase onset was defined when SPB distance was above 2.5 µm. 

Arrows mark the time of spindle disassembly. n = 7 cells (wild type); 6 (ycg1-2). (c-d) 

Visualization of Cin8-GFP and Iqg-GFP dynamics during spindle elongation (Spc42-

mCherry) in wild type and ycg1-2 cells; time interval is 1.5 minutes. All scale bars: 2 

µm. 

 

Supplementary Figure 8. Role of Cdh1 and Ahc1 in spindle stability and 

dicentric bridge detection. (a) Anaphase spindle disassembly visualized through 

tubulin (Tub1-GFP) and myosin (Myo1-GFP) dynamics in a representative cdh1∆ 

cell. An asterisk marks full contraction of the myosin ring. 85% (26/30) of cdh1∆ 
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cells disassembled the spindle after ring contraction. Scale bar: 2 µm. (b) Cumulative 

percentage of cells with resolved membranes (abscission) for cells of the indicated 

strains and categories. Wild-type and cdh1∆ dicentric cells (from Fig. 5d and Fig. 

7a,b, respectively) are shown for comparison. cdh1∆ ahc1∆, no bridges n = 34 cells; 

cdh1∆ ahc1∆, with bridges n = 40 (pooled from two independent experiments). 

Abscission kinetics of cdh1∆, with bridges and cdh1∆ ahc1∆, with bridges were 

significantly different (p < 0.0005, Mann-Whitney test). 

 

Video 1. Cytokinesis and DNA damage after replication stress. Time-lapse of a 

representative wild type cell expressing Mre11-GFP to visualize DNA damage, after 

cytokinesis following a HU pulse. DIC and GFP channels are shown. Numbers 

indicate time in minutes, time 0 is the frame before cytokinesis. This video is 

associated with Supplementary Fig. 2c. 

 

Video 2. Cytokinesis and DNA damage after replication stress. Time-lapse of a 

representative ipl1-321 cell expressing Mre11-GFP to visualize DNA damage, after 

cytokinesis following a HU pulse. DIC and GFP channels are shown. Numbers 

indicate time in minutes, time 0 is the frame before cytokinesis. This video is 

associated with Supplementary Fig. 2c. 

 

Video 3. Cytokinesis and DNA damage after replication stress. Time-lapse of a 

representative ipl1-321 cyk3∆ cell expressing Mre11-GFP to visualize DNA damage, 

after cytokinesis following a HU pulse. DIC and GFP channels are shown. Numbers 

indicate time in minutes, time 0 is the frame before cytokinesis. This video is 

associated with Supplementary Fig. 2c. 
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Video 4. Inactivation of condensin inhibits abscission. EM tomogram and 3D 

model of the membrane organization at the medial septum of a ycg1-2 cell. Plasma 

membrane is in purple, nuclear envelope in light gray, microtubules in green and 

vesicles in yellow. This video is associated with Fig. 3d. 

 

Video 5. Inactivation of topoisomerase II inhibits abscission. EM tomogram 

showing the membrane organization at the medial septum of a top2-4 cell. This video 

is associated with Supplementary Fig. 3d. 

 


