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Abstract
Chromosomes with two centromeres provide a unique opportunity to study chromosome breakage and DNA repair using 
completely endogenous cellular machinery. Using a conditional transcriptional promoter to control the second centromere, 
we are able to activate the dicentric chromosome and follow the appearance of DNA repair products. We find that the rate 
of appearance of DNA repair products resulting from homology-based mechanisms exceeds the expected rate based on their 
limited centromere homology (340 bp) and distance from one another (up to 46.3 kb). In order to identify whether DNA 
breaks originate in the centromere, we introduced 12 single-nucleotide polymorphisms (SNPs) into one of the centromeres. 
Analysis of the distribution of SNPs in the recombinant centromeres reveals that recombination was initiated with about 
equal frequency within the conserved centromere DNA elements CDEII and CDEIII of the two centromeres. The conver-
sion tracts range from about 50 bp to the full length of the homology between the two centromeres (340 bp). Breakage and 
repair events within and between the centromeres can account for the efficiency and distribution of DNA repair products. 
We propose that in addition to providing a site for kinetochore assembly, the centromere may be a point of stress relief in 
the face of genomic perturbations.
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Introduction

Centromeres are enigmatic regions of the chromosome. 
Centromere DNA is essential for the fidelity of chromo-
some segregation but shares little DNA sequence homology 
throughout phylogeny. Kinetochore proteins that assemble 
on the centromere are highly conserved, indicative of the 
evolutionary pressure on a conserved mode of DNA-micro-
tubule attachment. Paradoxically, centromere DNA and the 
centromere-specific histone H3 variant are among the more 
rapidly evolving sequences (Drinnenberg, et al. 2016; Kur-
sel, et al. 2017; Padmanabhan, et al. 2008). In addition, cen-
tromeres and centromere repeats present difficulties to the 
processivity of DNA polymerase (Greenfeder, et al. 1992). 
As replication stress is a known driver of DNA double-strand 

breaks (DSBs), the persistence of replication pause sites in 
these regions suggests that DNA polymerase pausing may 
be important for aspects of kinetochore assembly. Pauses in 
replication through centromere DNA are intrinsic to organ-
isms with either point or regional centromeres, reflecting 
difficulties in navigating through kinetochore DNA binding 
proteins and/or alpha-satellite sequences (Greenfeder, et al. 
1992; Hodgson, et al. 2007; Kobayashi, et al. 2017; Lopes, 
et al. 2006; Romeo, et al. 2016). To avoid delays in cell cycle 
progression, the cell has devised a means to suppress the 
powerful DNA checkpoint in order to facilitate centromere 
DNA replication (Aze, et al. 2016; Kabeche, et al. 2018).

Centromere recombination is differentially regulated in 
mitosis versus meiosis. Crossovers between centromere-
linked genes are suppressed in meiosis. However, gene 
conversion between centromere satellite repeats is not sup-
pressed (Shi, et al. 2010; Talbert, et al. 2010). Gene conver-
sion can propagate through the centromere in both mito-
sis and meiosis in budding yeasts (Liebman, et al. 1988; 
Symington, et al. 1988). Gene conversion of alpha satellites 
provides a mechanism to account for the homogenization of 
satellites observed in regional centromeres of mammalian 
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cells (Henikoff, et al. 2015). Satellite sequences are found 
in both direct and inverted orientations and are potential 
sources of complex chromosome rearrangements (Altemose, 
et al. 2022; Nurk, et al. 2022). It has been proposed that a 
set of kinetochore proteins (CENP-S, X aka MHF1, MHF2) 
and the FACNM/Fml1/Mph1 helicase are responsible for 
crossover avoidance within the centromere, but allow for a 
high degree of gene conversion (Bhattacharjee, et al. 2013; 
Prakash, et al. 2009). Recombination-prone alpha-satellite 
sequences in the centromere are sources of stress that lead 
to chromosome breakage and rearrangement (Bloom, et al. 
2017; Branzei, et al. 2010; McFarlane, et al. 2010). Cen-
tromere DNA metabolism, including replication fork paus-
ing, regression and restarts, DSB break repair, and recom-
bination, must be integrated into kinetochore assembly 
and function to understand the structural determinants of 
a centromere.

Regions of replication pausing, known as replication slow 
zones (RSZs), have been identified as chromosome-fragile 
sites (Cha, et al. 2002). These sites were identified in bud-
ding yeasts based on their sensitivity to the loss of Mec1, 
the ATR kinase. Upon traversal of an RSZ, the site of stalled 
replication fork progression is converted into a DSB in the 
absence of Mec1. Interestingly, yeast centromeres were not 
converted to sites of DSBs, suggesting that centromeres have 
the means to suppress the response to replication pausing 
(Aze, et al. 2016; Romeo, et al. 2016). The breakage of 
these fragile sites requires topoisomerase and condensin, 
independent of spindle tension, anaphase, and cytokinesis 
(Hashash, et al. 2012).

The behavior of chromosomes with two homologous 
centromeres on the same DNA strand (dicentric chromo-
some) provides a means to query the breakage and repair 
pathways required for resolution of the chromosome to a 
monocentric derivative. The transition from monocentric to 
dicentric function can be precisely controlled by the condi-
tionally regulated centromere. The mechanism of dicentric 
chromosome breakage is often attributed to microtubule 
pulling forces. Pulling forces generated through kinetochore-
mediated microtubule motion have been measured by several 
investigators. Direct measurement using calibrated optical 
traps with purified kinetochore reveals the stall force for 
kinetochore motion to be on the order of 5-7 pN (Akiyoshi, 
et al. 2010). Estimates from the in vivo dynamics of lacO-
LacI-GFP fusions in the pericentromere reveal the chroma-
tin springs to resist 4-6 pN (Chacon, et al. 2014). In vivo 
modeling reveals that thermal forces from the molecular 
bottlebrush exert 5-10 pN on the centromere masses (Law-
rimore, et al. 2022). These forces are insufficient by several 
orders of magnitude to sever covalent bonds. It is much more 
likely that errors in DNA replication (e.g., fork regression), 
enzymatic sources such as nuclease cleavage or errors in 
topoisomerase II function, or cytokinesis are responsible 

for dicentric chromosome breakage (Hashash, et al. 2012; 
Lopez, et al. 2015; Zhang, et al. 2007). In addition, chromo-
somes that remain in the bud neck following cytokinesis are 
severed as the cell undergoes abscission (Guérin, et al. 2019; 
Lopez, et al. 2015). The force of cell wall growth is sufficient 
to break the DNA backbone.

If DNA breaks occur randomly between the two cen-
tromeres, then we expect a spectrum of deletion derivative 
chromosomes harboring variable amounts of DNA between 
the two centromeres. These deletion derivatives would break 
in subsequent cell cycles until such time as stable mono-
centric chromosomes arise in the population. Analysis of 
deletion derivatives reveals that in contrast to expectations, 
deletion derivatives come in two predominant genotypes, 
depending on the distance between the two centromeres 
(Cook, et al. 2021). The derivatives have either complete 
deletions of one of the two centromeres or contain both cen-
tromeres rearranged via reciprocal cross-over into linear and 
circular derivatives. Whole genome sequencing of 25 colo-
nies revealed no additional deletions (Cook, et al. 2021) that 
would be expected where chromosomes undergo multiple 
breakage-fusion-bridge cycles.

Monocentric derivative chromosomes that have lost 
either CEN3 or GALCEN3 must experience a DSB within 
or near the centromere. Likewise, broken dicentric chromo-
somes repaired via reciprocal cross-overs between the 340 
bp of centromere homology must expose a DSB within the 
region of homology to initiate crossing-over. In this study, 
we have examined the kinetics of DNA repair products fol-
lowing activation of a dicentric chromosome in wild-type 
and DNA repair mutants and observed reciprocal crosso-
vers using single-nucleotide polymorphisms (SNPs) between 
the two centromeres to determine whether there are breaks 
within the centromere. Breaks at the centromere account for 
the kinetics and distribution of monocentric derivatives and 
raise new questions about how the cell maintains genome 
stability at the centromere.

Results

Kinetics of centromere recombination

Activation of a conditionally functional dicentric chro-
mosome in which the two centromeres are homologous 
results in the generation of monocentric derivatives. 
Homology-based repair pathways include reciprocal 
crossing over (RCO, Fig. 1A) and single-strand anneal-
ing (SSA, Fig. 1B) when the centromeres are oriented as 
direct repeats (Brock, et al. 1994). Repair efficiency can 
be estimated from 60 to 70% of cells that survive dicentric 
chromosome activation (Cook, et al. 2021). High cellular 
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viability together with repair through centromere homol-
ogy leads to the question of whether the centromere is a 
preferred site of recombination.

To examine the kinetics of repair, we quantitated the 
appearance of recombinant products following activation 
of the Gal1-regulated centromere (GALCEN3) at varying 
distances from the endogenous CEN3 (Fig. 2). The parental 
centromeres, CEN3 and GALCEN3, were detected through 
PCR with eC1-eC2 (endogenous centromere) and GC1-GC2 
(Gal1-regulated centromere) (Fig. S1) and the recombinant 
products with eC1-GC2 (endogenous Cen to GalCen) and 
GC1-eC2 primers (GalCen to endogenous Cen) (Fig. 2). 
Fluorimetry quantitation of recombinant products shown in 
Fig. 2 reveals these products to be far from stoichiometric 
(note scale bars on y-axis in Fig. 2). Both recombinant prod-
ucts increase over time from 2 to 24 h (Fig. 2). Time points 
from 2 to 6 h are reflective of initial events following dicen-
tric chromosome activation, while accumulation at later time 
points (24–72 h) reflect selective advantages in growth or 
cell cycle progression. There is a 2-fold variation in the early 
time points for the GC1-eC2 and eC1-GC2 products (at 6 h), 
but there is no relation to inter-centromere distance (18.2 kb 
> 12.3 and 9.8 > 46.3 > 6.5) (Fig. S2).

The eC1-GC2 product is significantly reduced relative to 
GC1-eC2 (Fig. 2). In addition, the eC1-GC2 product is most 
evident in the 46.3 kb dicentric (from 6 to 72 h, Fig. 2B), 
versus in the pericentric dicentrics (18.2, 12.3, 9.8, and 6.5). 
The marked distance-dependent relationship in the eC1-GC2 
product is consistent with the preferential generation of the 
ring and rod monocentric derivatives found in the 46.3 kb 
dicentric. Reciprocal crossover (RCO) between GALCEN3 
and CEN3 is the preferred repair event in dicentric chromo-
somes with 46.3 kb between the two centromeres due to the 

selection for an essential gene (NFS1, 20 kb from CEN3) 
between the two centromeres (Cook, et al. 2021).

Distinguishing homologous recombination 
pathways in dicentric chromosome repair

The disparity in stoichiometry between the recombinant 
products is indicative of the multiple pathways to gener-
ate monocentric derivative chromosomes. To investigate 
the preferred DNA repair, we used quantitative analysis of 
the PCR products in strains with the two centromeres ori-
ented as direct repeats (shown in Fig. 1) or inverted repeats 
(inverse of GALCEN3 in Fig. 1). Quantitative analysis was 
performed at the 48-h time point to ensure ample time to 
observe the recombinant products, but prior to bias due to 
growth selection. The GC1-eC2 recombinant product is the 
dominant event (~10-fold) in all dicentric locations where 
the two centromeres are in the direct orientation (dark blue 
column, direct orientation, Fig. 3). The presence of the 
GC1-eC2 product is predicted from a double-strand break 
between the two centromeres, followed by resection and 
single-strand reannealing of the 340 bp shared between the 
two centromeres (see Fig. 1B). The GC1-eC2 product would 
also arise following break-induced repair via the invasion of 
one centromere into the second, followed by DNA synthesis 
(break-induced repair, BIR). In a BIR event, a break at GAL-
CEN3 followed by resection is followed by a single-strand 
invasion of the GALCEN3 into the endogenous centromere, 
where the invaded strand serves as the template for DNA 
synthesis. Either of these non-reciprocal pathways leads to 
stable monocentric derivatives lacking intervening DNA, the 
length of which depends on the distance between the two 
centromeres.

Fig. 1   Centromere Homology Repair Pathways. A Schematic of the 
Reciprocal Crossover Event (RCO) that is the dominant repair path-
way in dicentric chromosomes with 46.3 kb between the two cen-
tromeres. The two centromeres (GALCEN3 and CEN3) are in direct 
orientation. Primers used to amplify parental and recombinant prod-

ucts are marked. Recombinant centromeres arise in the repair prod-
ucts; GC1-eC2 and eC1-GC2 are a result of the two RCO events. B 
Schematic of the Single-Strand Annealing Event (SSA). This event 
yields a recombinant centromere that can be identified with GC1-eC2 
primers
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Recombination between centromeres oriented 
as inverted repeats does not generate stable 
monocentric derivatives

The recombinant products in strains with inverted-orienta-
tion centromeres (GALCEN3 inverted relative to CEN3) are 
drastically different in yield relative to the direct orienta-
tion (Fig. 3). The major difference is the reduction of the 
GALCEN3-CEN3 (GC1-eC2) product (dark blue column, 
Fig. 3). Reciprocal cross-over between inverted centromere 
repeats generate a dicentric derivative chromosome with an 
inversion of DNA between the two centromeres, or broken 
fragments with one telomere and one broken end (the right 
and left chromosomal arms, respectively). SSA between cen-
tromeres in the inverted orientation results in iso-dicentric 
chromosomes through intra-chromosomal rearrangement or 
truncated chromosomes due to fold-back structures (Ram-
akrishnan, et al. 2018). In either case, stable monocentric 

derivatives are not generated. Rearrangement chromosomes 
containing the GC1-eC2 product from strains with inverted 
centromeres will continually rearrange until events arise that 
generate the monocentric derivative. The differences in the 
yield of recombinant products in the direct vs inverted dicen-
tric strains can be accounted for by the inability of SSA or 
BIR events to yield stable monocentric derivatives when the 
regions of centromere homology are inverted with respect 
to one another.

SSA requires the action of single-strand endonuclease 
RAD1/RAD10 to process the non-homologous tails flank-
ing the region of homology (Fig. 1B) but does not require 
the product of RAD51, which is required for strand invasion. 
To investigate the contribution of SSA to dicentric repair, we 
examined the kinetics of recombinant products in the dicen-
tric chromosomes with centromeres in the direct orienta-
tion and separated by 46.3 kb in rad1Δ and rad51Δ mutants 
(Fig. 4A). The yield of GC1-eC2 product is dependent on 

Fig. 2   Recombinant products after dicentric chromosome activa-
tion. A Fluorimetry quantitation of recombinant PCR product GC1-
eC2 in strains with GALCEN3 inserted 6.5, 9.8, 12.3, 18.2, and 46.3 
kb away from the endogenous CEN3, after switching carbon source 
from galactose to glucose (GALCEN3 activation) and growing for 
indicated times. From 0 to 6 h, the kinetics of GC1-eC2 product gen-
eration are similar for all strains (see Fig. S2). The GC1-eC2 product 
is the result of RCO between the two centromeres (Fig. 1A) and the 
non-reciprocal SSA event (Fig. 1B). The time courses represent data 

from three independent cultures. N=9 for each data point, error bars 
are the standard error of the mean. B Fluorimetry quantitation of PCR 
product eC1-GC2. Note the difference in y-axis scaling compared to 
A, eC1-GC2 is not stoichiometric with GC1-eC2. The 46.3 kb dicen-
tric is the only strain with markedly elevated eC1-GC2 product after 
72 h due to selection for the RCO event at this CEN-CEN distance. 
The time courses represent data from three independent cultures. N 
= 9 for each data point, error bars are the standard error of the mean
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Rad1 and independent of Rad51 (Fig. 4A), consistent with a 
non-reciprocal single-strand annealing (SSA) event dominat-
ing the repair kinetics when centromeres are in the direct ori-
entation (Fig. 3) (Brock, et al. 1994); (Thrower, et al. 2003).

The predominance of non-reciprocal homologous recom-
bination in strains with the direct orientation provides the 
opportunity to estimate the site of breakage between the two 
centromeres. The requisite for SSA is the processing of DNA 
through 5′-3′ resection until single strands from each cen-
tromere become available for annealing with one another. 
The kinetics of SSA along dicentric chromosomes with 
very different centromere distances will distinguish whether 
breaks occur at random between the two centromeres, or 
whether there might be preferred break sites. These experi-
ments were performed in the absence of Rad51 to rule out 
breaks within the centromere that could generate a distance-
independent repair product via BIR. We examined the kinet-
ics of the GC1-eC2 recombinant product in rad51Δ mutants 
in dicentric chromosomes with centromeres separated by 
9.8 kb or 46.3 kb, respectively (Fig. 4B). The kinetics are 
comparable in the two strains from 0 to 6 h (Fig. 4B) and 
within the range of variation observed in wild-type strains 
in which there is no progression in the amount of product 

vs inter-centromere distance (Fig. 2). Thus, SSA is the pre-
dominant homology-based repair pathway responsible for 
the conversion of the dicentric to a monocentric deletion 
derivative (Figs. 3 and 4). The similarity in the kinetics of 
the GC1-eC2 products between centromeres whose dis-
tances range from 6.5 to 46.3 kb points toward the possibil-
ity that the initiating break sites are not randomly distributed 
between the two centromeres, rather they are biased toward 
the centromeres as reported by Song et al. (2013).

Kinetics of single‑strand annealing 
is distance‑independent

Quantitative analysis of PCR products reveals that the kinet-
ics of accumulation of the GC1-eC2 SSA product from 2 to 
6 h on glucose is largely independent of the distance between 
the centromeres (Figs. 2 and S2). Considering the 7-fold 
change in distance (6.5 to 46.3 kb) and the rate of resection 
(3–4 kb/hr) (Yan, et al. 2019), we expected to see a differ-
ence in kinetics from 1 to 5 h (1 h for the 6.5 kb to 5 h for 
the 46.3 kb dicentric chromosome, respectively). Instead, 
the kinetics are comparable from 0 to 6 h (Figs. 2 and S2).

These data point to an initiating double-strand break 
or single-strand nick for DNA repair in the region of cen-
tromere homology rather than random breakage between the 
two centromeres. Prior studies have also pointed to the rapid 
appearance of the SSA repair product following the activa-
tion of the dicentric chromosome. Brock and Bloom (1994) 
observed the SSA product at 2.5–5 h following the growth 
of glucose. In contrast, the appearance of an SSA event via 
direct HIS4 repeats was not apparent until 12–24 h (Brock, 
et al. 1994). In these dicentric chromosomes, a 1.56-kb 
region of the 5′ end of the HIS4 gene is duplicated, with the 
repeats on either side of the GALCEN3 sequence. Activation 
of the dicentric stimulates non-reciprocal exchange between 
the HIS4 repeats, and the resulting product was observed at 
12–24 h (Brock, et al. 1994). To confirm and extend these 
results, strains containing the dicentric chromosome with 
centromeres in the direct orientation and flanked by HIS4 
repeats (Fig. 5B) were transferred to glucose, and the recom-
binant products were identified by PCR over time. As pre-
viously found, the centromere recombinant product (GC1-
eC2) was observed by 4–6 h growth on glucose. In contrast, 
the HIS4 rearrangement was observed at 24 h (Fig. 5A). The 
centromeres are 46.3 kb from one another and share 340 
bp of homology, while HIS4 repeats are 5.5 kb from one 
another and share 1.56 kb of homology. These data indicate 
that random breaks between repeats are unlikely to be initiat-
ing events responsible for centromere exchange. In contrast, 
if breaks are generated within the centromere, the prediction 
would be that a few hundred bp of resection will expose 
the two single-stranded centromeres for annealing, lead-
ing to rates of SSA independent of centromere–centromere 

Fig. 3   Stoichiometry of recombinant products as a function of posi-
tion and orientation of the conditional centromere. Fluorimetry quan-
titation of GC1-eC2 and eC1-GC2 recombinant products after 48 h 
on glucose in strains with GALCEN3 inserted 6.5, 9.8, 12.3, 18.2, 
and 46.3 kb away from the endogenous CEN3, in both the direct ori-
entation (Fig. 1A) and the inverted orientation, where GALCEN3 is 
flipped relative to the endogenous centromere. In dicentrics with cen-
tromeres in the direct orientation, the GC1-eC2 product (the results 
of RCO and non-reciprocal SSA) dominates the eC1-GC2 product, 
which is only produced through RCO. In strains with inverted ori-
ented centromeres, SSA events lead to iso-dicentrics that rearrange in 
subsequent divisions (see text) and therefore do not accumulate in the 
population. The time courses represent data from three independent 
cultures. N = 9 for each data point except no product control where n 
= 3, error bars are standard error of the mean
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distance. Alternatively, a DSB in one centromere may initi-
ate a non-reciprocal recombination event with the unbroken 
centromere such as those observed in break-induced replica-
tion (Liu, et al. 2022).

Single‑nucleotide polymorphisms 
in the centromeres reveal reciprocal crossover (RCO) 
events following dicentric chromosome activation

The initiating event for homologous recombination requires 
the invasion of a single-strand of DNA into a site of homol-
ogy. The extent of homology between the two centromeres 
in the dicentric chromosome is 340 bp (Fig. 6A). Assum-
ing a random distribution of breaks between the two cen-
tromeres, we would expect breaks at the centromere proper 
to represent less than 1% of the total inter-centromeric length 

(340/46,300 = 0.7%) in the 46.3-kb dicentric strain. The high 
viability (60–70%) of cells following dicentric chromosome 
activation (Brock, et al. 1994; Cook, et al. 2021) and the 
high fraction of survivors containing two reciprocal recom-
binant products (79% of survivors of the 46.3-kb dicentric 
contain GC1-eC2 and eC1-GC2 products) (Fig. 6B) reveals 
a discrepancy between the purported random distribution 
of breaks and the distribution of recombinant products in 
the survivors.

To directly test the hypothesis that recombination initi-
ated within the centromere triggers the RCO event, we 
introduced single-nucleotide polymorphisms (SNPs) into 
one of the two centromeres (Fig. 6A). A centromere from 
yeast strain YJM789 (Wei, et al. 2007) was introduced in 
place of CEN3 at its endogenous location in chromosome 
III (114,300 bp) in a strain derived from s288c. The second 

Fig. 4   The GC1-eC2 Recombinant product is dependent upon Rad1 
but not Rad51. A Fluorimetry quantitation of the recombinant PCR 
product GC1-eC2 in the 46.3 kb dicentric, WT, rad51Δ, and rad1Δ. 
WT data is from Fig.  2. The GC1-eC2 recombinant product is 
reduced in rad1Δ. N = 9 for each data point. Error bars are standard 
errors of the mean. Cell viability is reduced in the 46.3 kb rad51Δ 
strain, (45.1 ± 2.0%) compared to WT (61.0 ± 2.1%) (Cook et  al., 
2021), student’s t-test p-value < 0.01. Cell viability is not reduced 
in the 46.3 kb rad1Δ (54.5 ± 1.9%) compared to WT (61.0 ± 2.1%) 

(Cook et al., 2021), student’s t-test p-value > 0.01. Error is the stand-
ard error of the mean, n = 9 for each viability assay. B Fluorimetry 
quantitation of the recombinant PCR product GC1-eC2 in the 46.3 kb 
and 9.8 kb dicentrics, WT, and rad51Δ. WT data is from Fig. 2. GC1-
eC2 is unaffected in rad51Δ. N =9 for each data point. Error bars are 
standard errors of the mean. The 9.8kb rad51Δ dicentric strain exhib-
its reduced viability (48.3 ± 1.1%) compared to WT (62.4 ± 1.2%) 
(Cook et al., 2021), student’s t-test p-value < 0.01. Error is the stand-
ard error of the mean, n = 9 for each viability assay
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centromere (GALCEN3 68,000 at HIS4) was derived from 
s288c. The sequences of the two centromeres are shown in 
Fig. 6A. There are 12 SNPs within the 340-bp repeats, (33 
bp, A/G; 44–45 bp, TG/AA; 74 bp, G/A; 76 bp, T/A; 87 
bp, A/T; 131 bp, T/C; 133 bp, A/G; 144 bp, T/G; 164 bp, 

A/T; 299 bp, T/C; 323 bp, A/G). The 117-bp CEN3 spans 
64–180 (inclusive) and has seven of the 12 SNPs.

Strains containing SNPs between the two CEN3s on 
chromosome III exhibited viability indistinguishable from 
strains with identical CEN3s (55.9 ± 1.3% viability glucose/

Fig. 5   Kinetics of HIS4 vs CEN3 recombination. A Measurements 
of band intensity of recombinant PCR products in two different 46.3 
kb dicentric strains. Strains are diagrammed in (B). Recombina-
tion between the two HIS4 repeats is kinetically delayed compared 
to recombination between CEN3 and GALCEN as measured by the 
GC1-eC2 product (blue line). The RCO product, eC1-GC2 (orange 
line), appears at the same time at the HIS4 rearrangement (green line) 
24 h after activation, whereas GC1-eC2 appears at 4–6 h. There is a 
temporal bias toward CEN-CEN recombination that is not explained 
by homology or distance, since the HIS4 strain has more homol-
ogy and shorter distance between repeats, which should facilitate 
homologous recombination at a faster rate than that between two dis-

tant centromeres. This bias could be the result of breaks within the 
centromere as opposed to random breaks between the two repeats. N 
= 2 for each data point. B Schematics of the two different dicentric 
chromosome constructs used in this assay. One strain has GALCEN3 
(red) positioned 46.3 kb away from the endogenous CEN3 (blue) in 
the direct orientation. These identical centromeres only have 340 bp 
of homology to facilitate homologous recombination. The other strain 
has an identical dicentric construction but has a duplication of 1.5 kb 
of the HIS4 gene, with the repeat on the other side of the GALCEN3 
sequence. The two HIS4 repeats are separated by 5.5 kb. Upon dicen-
tric activation, recombination occurs via the HIS4 repeats
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galactose (student’s t-test compared to WT, p-value > 0.01). 
In contrast, the distribution of products in the surviving 
colonies was shifted between the two strains. With a dicen-
tric strain in which the GALCEN3 is identical to the native 
CEN3 and the two centromeric sequences are located 46.3 
kb apart (DCY1214.1), most (79%) of the survivors in cells 
grown in glucose contain reciprocal recombinants, one lin-
ear chromosome with a deletion and a circular derivative 
with the deleted sequences (WT, Figs. 1A and 6B (Cook, 

et al. 2021). In strains with 12-centromere SNPs (strains 
DCY1214-9 and DCY1214-21), the surviving population 
is comprised of 69% end-joining events in which one of the 
two centromeres has been deleted and 24% events in which 
the two centromeres remain in the parental configuration 
(unrearranged, Fig. 6B). The reduction in the rate of crosso-
vers in the strain in which the centromeres have 12 SNPs 
(resulting in 97% identity) is not unexpected. Datta et al. 
(1997) showed that repeats that were 99% identical had a 

Fig. 6   Centromere SNPs cause a shift in recombinant products. A 
Diagram of the CEN3 sequence derived from s288C with single-
nucleotide polymorphisms marked in light blue, at positions 33, 
44-45, 74, 76, 87, 131, 133, 144, 164, 299, and 323. The divergent 
CEN3 sequence is derived from YJM789 and contains 12 SNPs, 7 of 
which are within the 117-bp core centromere. The CEN3 and flank-
ing bases shown here are the 340-bp that are homologous between 
CEN3 and GALCEN3. These SNPs can be used to analyze recombi-
nant products on a granular level. B Recombinant endpoint analysis 
of a strain containing the s288C-derived GALCEN3 at 46.3 kb and 
the YJM789-derived CEN3 at the endogenous position (1214-9). Sin-
gle colonies were analyzed by PCR for CEN3 (eC1-eC2), GALCEN3 
(GC1-GC2), and the two recombinant products (GC1-eC2 and eC1-

GC2). HR was defined as both recombinant products present and no 
parental products. SSA was defined as GC1-eC2 only. Unrearranged 
was both parental products and no recombinant products. End-join-
ing was characterized by a deletion in one of the two centromeres 
and no other recombinant products. Aneuploid events contained a 
recombinant product and one or both unrearranged parental products. 
The pattern of repair is dramatically shifted from 79% homologous 
recombination in the WT to 69% end-joining. A small fraction (7%) 
are HR events, with the remainder (24%) in the “unrearranged” cat-
egory. N = 24 for WT (no SNPs) (Cook et al., 2021) and n = 59 for 
1214-9 (12 SNPs). The glu/gal viability for 1214-9 is 55.9 ± 1.3% 
(student’s t-test compared to WT, p-value > 0.01). Error is the stand-
ard error of the mean, n = 9 for viability assay
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rate of homologous recombination that was about 10-fold 
less than repeats that were 100% identical. This reduction 
is caused by the action of the DNA mismatch repair system 
reversing heteroduplexes that have mismatches. About 7% of 
the events in the survivors of the activation of the dicentric 
chromosomes with heteroallelic centromeres contained the 
reciprocal crossover products (Fig. 6B).

The class of unrearranged centromeres likely reflects 
a different mechanism. There are several Ty elements on 
chromosome III (at 1kb, 84 kb, 149 kb, and 169 kb). An 
alternative pathway toward the generation of monocentric 
derivative chromosomes is recombination events between 
Ty1 elements that flank the centromere at positions 84 kb 
and 149 kb. In cells with centromeres in the inverted ori-
entation (Hill, et al. 1989), or cells with non-homologous 
centromeres (Surosky, et al. 1985) in the same chromosome, 
the major products were a linear 65-kb monocentric deletion 
derivative and the reciprocal 65-kb ring chromosome, each 
with one of the unrearranged parental centromeres (Hill, 
et al. 1989; Surosky, et al. 1985). It is possible that the events 
labeled “unrearranged” in the strain with the heterozygous 
SNPs contain these Ty rearrangements. The introduction of 
SNPs between the two centromeres thus reduces the rate of 
CEN–CEN recombination and increases the frequency of 
other types of events.

To assess the molecular nature of recombination events 
between the two centromeres, we sequenced centromeres 
from cells harboring the RCO event. Single colonies were 
isolated as detailed in the “Materials and methods” sec-
tion, and RCO cells were identified as individuals with only 

centromere recombinant products (eC1-GC2 and GC1-eC2 
products, Figs. 1A and 6B, HR) and no parental products or 
end-joining events. Products from 19 single-colony isolates 
were sequenced to determine the recipient and donor strands 
and the extent of gene conversion.

A reciprocal recombination event can result from a cross-
over anywhere within the 340-bp duplicated region con-
taining the centromeres. Although from Fig. 6B, one might 
expect that sequencing of the linear and circular products 
would reveal two recombinant junctions, we can only detect 
such junctions if the recombination event occurs between 
heterozygous SNPs. Thus, any event that occurs between 
the start of the homology and the SNP at position 33 bp 
or between the SNPs at position 323 bp and the end of the 
homology will not result in a detectable recombinant junc-
tion. In addition, many previous studies in yeasts and other 
organisms (Symington, et al. 2014) have shown that recipro-
cal crossovers are usually associated with a non-reciprocal 
exchange of information (gene conversion) located adjacent 
to the DSB that initiates the event.

Examples of the patterns of SNPs from the two different 
reciprocal recombinants are shown in Fig. 7. We divided the 
19 analyzed recombinants into the following four classes: 
Class I (Fig. 7A 8 of 20), one chromosome with the parental 
arrangement of SNPs and one chromosome with a recombi-
nant product; Class II (Fig. 7B 2 of 20), two chromosomes 
with centromeres with the parental (either both from one 
parent or one from each parent) configuration of SNPs; Class 
III (Fig. 7C, 5 of 20), both chromosomes with recombinant 
configurations of SNPs; and Class IV (Fig. 7D, 4 of 20), 

Fig. 7   Four classes of reciprocal recombinants resulting from the res-
olution of a dicentric. Each pair of lines represents independent recip-
rocal recombinant products with the linear product (line plus dot) on 
the top and the circular product (circle plus dot) on the bottom. The 
length of each map is 340 bp which is the amount of DNA dupli-
cated in generation of the dicentric. The contributions of the s288c 
and YJM789 sequences are shown in red and blue, respectively. Ver-

tical black lines inside the rectangles indicate the positions of hete-
rozygous SNPs. The centromeric sequences are 117 bp of the 340 bp 
repeat (Fig.  6). The SNPs within the centromeres at the boundaries 
are shown with black arrows and the SNPs at the boundaries of the 
flanking sequences are shown as double-headed arrows. Maps of all 
of the sequenced recombinants are in Fig. S3
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complex events in which one chromosome has two or more 
recombination breakpoints. In addition to the events depicted 
in Fig. 7, all of the sequenced events are shown in Fig. S3. 
For the recombinant products that have SNPs derived from 
only one of the centromeres, we infer that the breakpoint on 
this chromosome occurred in the regions of the duplication 
that did not contain heterozygous SNPs (proximal to the 
SNP at position 33 bp or distal to the SNP at position 323 
bp) since all of the recombinant chromosomes had the PCR 
products expected for reciprocal exchanges (Fig. 6B). Sev-
enteen of the 19 isolates had at least one detectable recom-
bination breakpoint between polymorphisms. Of the 30 
transitions between YJM789- and s288c-associated SNPs, 
14 were within the centromeres, 11 were ambiguous (transi-
tion between a centromeric SNP and a flanking SNP), and 5 
were unambiguously in the regions flanking the centromeres.

Based on previous recombination models (Symington, 
et al. 2014), in Fig. 8, we show the DNA interactions likely 
to generate the four classes of products illustrated in Fig. 7. 
We assume that the recombination events are initiated by a 
DSB, although nick-initiated recombination cannot be ruled 
out. The steps for all of the events are similar. Following 
cleavage of the DNA, the broken ends are degraded 5′ to 3′. 
One end invades the unbroken centromere, forming a heter-
oduplex. The invaded 3′-end is used as a primer sequence for 
DNA synthesis resulting in displacement of the paired DNA 
strand from the intact duplex. The displaced strand then pairs 
with the other broken end (second-end capture), resulting in 
regions of heteroduplex flanked by two junctions. If these 
junctions are cleaved in different planes (as shown in Fig. 8), 
a reciprocal crossover will be formed. If the heteroduplexes 
include SNPs, mismatched bases will occur (shown by yel-
low highlighting). The mismatch repair system will remove 
one of the mismatched bases. The 4 classes identified differ 
in several ways: (1) whether the s288c- or YJM789-derived 
centromere receives the initiating DSB, (2) the extent of 
processing of the broken ends, (3) the amount of DNA syn-
thesized by the invading end, and (4) whether a mismatch is 
repaired to generate the s288c or the YJM789 SNP allele. In 
addition to the interpretive diagrams of four events shown in 
Fig. 8, we show similar diagrams for classes and sub-classes 
of reciprocal recombinants in Figs. S4–S7.

This analysis leads to several interesting conclusions. First, 
the recombination events are initiated on the two centromeres 
of the dicentric chromosome with equal frequency. As shown 
in Fig. 8, consistent with many studies of recombination (Sym-
ington, et al. 2014), the sequence that has the initiating DSB is 
the recipient of information in the resulting gene conversion 
event. For example, as shown in Fig. 8 (I-A), when the s288c-
derived centromere is broken, the resulting conversion event 
duplicates sequences derived from the YJM789 centromere. 
Of the 18 reciprocal events associated with gene conver-
sion, 10 were initiated on the s288c GALCEN3, and 8 were 

initiated on the YJM789 CEN3. Second, the observation that, 
for most of the reciprocal recombinants, one of the interact-
ing sequences contains exclusively s288c SNPs or YJM789 
SNPs suggests that one of the junctions connecting the homol-
ogous sequences is resolved at the end of the homology (for 
example, Fig. 8 (I-A, II-A, and 8IV-A but not III-A). Lastly, 
although most heteroduplexes with more than one mismatch 
are repaired in the same direction (for example, Fig. 8 (II-A)), 
“patchy” repair is also observed (Fig. 8 (IV-A)).

Regulation of RCO products

Depending on the choice of which strands are cut to resolve 
Holliday junctions, homologous recombination is predicted 
to give rise to CO or NCO events. In the case of dicentric 
chromosomes, CO events lead to the generation of linear and 
circular monocentric derivatives (Cook, et al. 2021). Both 
monocentric linear and circular derivatives are physically 
stable upon continued propagation on glucose. In contrast, 
NCO events regenerate the intact dicentric chromosome 
that will continue to undergo breakage and rearrangement 
events until monocentric derivatives arise. It has been pro-
posed that a set of kinetochore proteins (CENP-S, X aka 
MHF1, MHF2) and the FACNM/Fml1/Mph1 helicase are 
responsible for crossover avoidance within the centromere, 
accounting for the high degree of gene conversion, without 
crossovers (Zafar, et al. 2017). The Mus81-Mms4 nuclease 
and Yen1 nuclease are required for optimal levels of cleav-
age of Holliday junctions to generate crossover products 
(Ho, et al. 2010).

To examine whether Mus81 promotes the RCO events, 
we deleted Mus81 in cells containing the dicentric chromo-
some (46.3 kb) with identical centromeres. Cellular viabil-
ity is reduced (25–45%, see Fig. 9 legend), but not to the 
extent of loss of Rad52 (6% (Cook, et al. 2021)). Analysis 
of single colonies after 72 h of growth on glucose reveals a 
decrease of about 50% (78% WT to 33% mus81Δ) of colo-
nies that exhibit the RCO products (Fig. 9). Likewise, the 
loss of Mph1 (decreased ectopic HR events) results in a sig-
nificant decrease in colonies that exhibit the RCO product 
(about 50%, 39% mph1Δ to 78% WT) (Fig. 9). The loss 
of Mus81 and Mph1 that influence the propensity of RCO 
or NCO events, respectively, decreases the accumulation of 
homology-based products in the population. In contrast to 
the results observed with mus81Δ and mph1Δ, the rad51Δ 
mutation led to a complete loss of crossovers (Fig. 9).

Discussion

Centromeres are subject to greater mechanical ten-
sion than other genetic loci. They are integral to mitotic 
tension–sensing mechanisms and their proximity to 
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microtubule plus-ends renders them vulnerable to force-
induced stretching or unwinding (Lawrimore, et al. 2022). 
Regions of the genome that are subject to sustained tension 

(centromeres and rDNA) have dedicated mechanisms to 
ensure their physical stability (Aze, et al. 2016; Kabeche, 
et al. 2018; Muellner, et al. 2020). In wild-type monocentric 

Fig. 8   Mechanisms for generat-
ing the recombinant classes 
(classes I-A, II-A, III-A, and 
IV-A). DNA strands are repre-
sented as black lines with the 
arrows showing the 3′ end of the 
strand. The red and blue circles 
represent s288c- and YJM789-
derived SNPs, respectively. 
Following DSB formation, the 
strands are resected 5′ to 3′. One 
broken end invades the unbro-
ken homolog, and DNA synthe-
sis is primed from the 3′ invad-
ing end (shown by dotted lines). 
This synthesis results in the 
displacement of a DNA strand, 
allowing the displaced strand to 
pair with the other broken end. 
The resulting intermediate has 
two connecting Holliday junc-
tions (HJ). If these junctions are 
cut by resolvases as shown by 
the triangles, the intermediate is 
resolved as a reciprocal crosso-
ver. Mismatched bases resulting 
from heteroduplex formation 
are highlighted by yellow boxes. 
Small arrows within the yellow 
boxes show the direction of mis-
match repair (MMR). The red 
letters “A” and “B” and the blue 
letters “C and “D” represent the 
DNA sequences that flank the 
SNPs. Following the crossover, 
these flanking sequences are in 
the recombinant arrangement
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chromosomes, these mechanisms function to reduce recom-
bination due to fork pausing through the kinetochore protein 
complex and/or to suppress checkpoint activation in order 
to facilitate replication. We have used the conditionally 
functional dicentric chromosome to exert tension between 
two centromeres on the same DNA strand. Tension between 
centromeres on the same sister chromatid cannot be resolved 
by cohesin destruction or detangling strands. DNA breaks 
arise within or between the centromere in these conditions, 
revealing several novel aspects of centromere biology.

A homology-based pathway (SSA) is the predominant 
repair route between two homologous centromeres on the 
same chromosome (Fig. 3) (Brock, et al. 1994; Cook, et al. 
2021). For homology-based repair, the centromere must be 
converted from an intact double-stranded structure to an 
intermediate with single-stranded ends. At least two sce-
narios might account for the production of broken ends with 
3′ single-stranded “tails”. One is that random breaks occur 
between the centromeres followed by 5′ end resection. A 
second scenario is that the dicentric chromosome undergoes 
intra-centromeric break(s). If a DSB in one or both cen-
tromeres is able to initiate a non-reciprocal recombination 
event, then this scenario predicts that the kinetics of BIR or 
SSA would be independent of the distance between the two 

centromeres. As shown in Figs. 2 and S2, the appearance of 
the GC1-eC2 product generated by recombination or anneal-
ing of the two centromeres is comparable to 2–6 h in strains 
with centromeres separated between 6.5 and 46.3 kb. At later 
time points (48 to 72 h), genetic selection due to the essential 
gene (NFS1, 20 kb from CEN3) impinges on the quantity of 
the products in the different strains.

An independent measure of the kinetics of CEN3-GAL-
CEN3 SSA was performed relative to HIS4 repeats flank-
ing the centromere (Fig. 5, (Brock et al., 1994)). The rapid 
kinetics of the CEN3-GALCEN3 rearrangement band (340 
bp homology) relative to HIS4 repeats (1.5 kb homology) is 
surprising considering that the interacting centromeres are 
46.3 kb apart and the interacting HIS4 repeats are only 5.5 
kb apart. These results also suggest that centromere–cen-
tromere SSA events do not involve random breaks located 
between the two centromeres.

The distribution of breaks between the two centromeres 
has been studied in previous genetic and physical experi-
ments. In genetic experiments, the dicentric chromosome 
was constructed in diploid cells using a Gal1-regulated 
centromere (Song, et al. 2013). In this situation, the bro-
ken dicentric is repaired via mitotic recombination with 
the homologous monocentric chromosome. Using strains 

Fig. 9   Cross-over products are reduced in rad51Δ, mph1Δ, and 
mus81Δ. Recombinant endpoint analysis of 46.3kb dicentric strains 
with various knockout mutations. In rad51Δ, the distribution of 
repair products is shifted almost entirely to end-joining. Since the 
RCO event is knocked out, any GC1-eC2 product is due to SSA, so 
the only survivors are EJ because the SSA event is selected against. 
In mus81Δ, HR events are less frequent than in WT (79% in WT vs 
33% in mus81Δ), because Mus81 promotes the RCO event required to 
generate the HR product. Similarly, in mph1Δ, HR events are reduced 

(79% in WT vs 40% in mus81Δ). See Fig.  6 legend for a detailed 
explanation of how each repair event was categorized. For rad51Δ, 
n = 30, mus81Δ n = 30, mph1Δ n = 15, WT n = 24 (Cook et  al., 
2021). Cell viability is reduced in mus81Δ but not in mph1Δ. The glu/
gal viability of the 46.3kb mus81Δ strain is 33.7 ± 1.5% (student’s 
t-test compared to WT, p-value p < 0.01). The glu/gal viability of the 
46.3kb mph1Δ strain is 55.3 ± 1.9% (student’s t-test compared to WT, 
p-value > 0.05). Error is the standard error of the mean, n = 9 for 
each viability assay
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in which single-nucleotide polymorphisms are distributed 
throughout the homologs, the sites of recombination between 
the broken chromosome and the homolog can be deduced. In 
this way, Song et al. (2013) demonstrated that breaks were 
not randomly distributed. Breaks were disproportionately 
localized to a 10-kb region around the endogenous or con-
ditionally functional centromere. On chromosome III, 19/27 
events were localized in the 10-kb region surrounding the 
centromeres, with 8/27 events localized to the intervening 
20-kb. On chromosome V, 10/25 events were localized to the 
10 kb proximal to the centromere, out of a 120-kb interval; 
17/24 were localized to the 10 kb proximal to the centromere 
out of a 50-kb interval (Song, et al. 2013). On average, there 
was a 50% increase in the frequency of centromere-proximal 
breaks relative to that expected from a random distribution 
between the two centromeres. The use of SNPs between the 
two centromeres and mapping the recombination events 
at nucleotide resolution (Figs. 6–8) extend the Song et al. 
(2013) study and reveal the centromere DNA element II 
(CDEII) as the primary site of breakage.

Physical analysis of dicentric chromosomes revealed the 
25–30-kb region around the centromere to be the predomi-
nant site of breakage (Lopez, et al. 2015). In this study, a 
conditional centromere was introduced into chromosome 
VII. Following the activation of the conditional centromere, 
chromosome fragments were separated by size on pulsed-
field gel electrophoresis and hybridized to radio-labeled 
probes with homology to the left or right arm of the chromo-
some. Two predominant bands revealing breakage at either 
the endogenous or conditional centromere location were evi-
dent (Lopez, et al. 2015). Thus, both genetic and physical 
studies are indicative of the centromere as the preferred site 
of breakage following activation of a dicentric chromosome.

In this study, we used centromeres with several single-
nucleotide polymorphisms between them (Figs. 6–8). Strains 
with these two centromeres in chromosome III are viable, 
as are strains with identical CEN3 sequences. However, in 
the SNP dicentric, the repair products shifted from predomi-
nantly homologous recombination to 69% NHEJ, 7% HR, 
and 24% cells with both centromeres intact (Fig. 6). The lat-
ter events are likely monocentric derivatives that arise from 
homologous recombination between Ty elements at 84 and 
149 kb (Hill, et al. 1989; Surosky, et al. 1985). The reduced 
frequency of the HR events in the SNP strain (7% vs 78%) 
is consistent with the degree of mismatch between the two 
centromeres. A few percent-mismatched bases significantly 
reduce the frequency of homologous recombination between 
ectopic repeats (Datta, et al. 1997). Examination of the prod-
ucts in these cells reveals that recombination was initiated 
with about equal frequency within the conserved centromere 
DNA elements CDEII and CDEIII of either the GALCEN3 
or CEN3. The conversion tracts range from about 50 bp to 
the full length of the homology between the two centromeres 

(340 bp). This data provides unequivocal evidence for breaks 
within the centromere on the dicentric chromosome.

The cellular response to activation of the dicentric chro-
mosome is a mid-anaphase pause (Yang, et al. 1997), indica-
tive of a mechanism that can delay cells with DNA damage 
prior to mitotic exit and cytokinesis (Tinker-Kulberg, et al. 
1999). At this stage of the cell cycle, the 30 sister mono-
centric chromosomes have segregated to their respective 
poles, while the dicentric lags behind and can be observed 
straddled between the two poles (see Fig. 3C in (Joglekar, 
et al. 2006)). If kinetochore-microtubule attachments per-
sist, recoil of the dicentric chromosome will pull the spindle 
poles toward one another (Lopez, et al. 2015). The spindle 
collapses to the neck of the budded cell, where centromeres 
are preferentially severed due to their proximity to the bud 
neck (Guérin, et al. 2019; Lopez, et al. 2015). Physical 
shearing of the centromere through growth of a new cell 
wall (100–200 nm) is likely to delete much more than the 
centromere and adjacent nucleosomes (Lopez, et al. 2015). 
To account for the high efficiency of DNA repair observed 
following dicentric chromosome activation, damage at or 
between the centromeres is likely to be mitigated. Exertion 
of force along the double helix promotes the dissociation of 
DNA-binding proteins, including canonical histones and the 
centromere-specific histone H3 variant, CENP-A (Fig. 10) 
(Dahlke, et al. 2019; Kim, et al. 2016). The increased off-
rate of CENP-A will increase the exposure of the core cen-
tromere containing the A+T-rich CDEII and CDEIII to 
enzymatic attack. In this way, forces render the centromere 
as a potential target for DNA damage and subsequent repair.

Materials and Methods

Strain construction

Direct dicentric strain construction is described in Cook 
et al. (2021) (Table 1). Inverted dicentric strains were con-
structed using the same method and screened using the same 
primers as the direct dicentrics. The 6.5-kb inverted dicen-
tric was constructed using Ldb16 reverse top: GCA​CAT​ACA​
CTT​ATG​TGG​TTC​ACC​GTG​CCG​CTG​CTG​TGT​TTA​TCT​
GTT​GCT​CGA​CAT​GTG​CTG​CAT​TAG​GAA​GCA​GCC​CAG​
TAG​TA and Ldb16 reverse bottom: TTT​CTC​ACT​ATA​AAA​
AAA​GAA​GAA​ATT​ACT​TTA​AAT​TGT​TTG​TCT​ATT​CCA​
ACA​TAA​TCA​TTA​GAG​ATC​CAG​TTC​GAT​GTA​ACC​. The 
9.8-kb inverted dicentric was constructed using Ilv6 reverse 
top: CTT​AGA​GAA​GCC​ACC​AAG​GTA​TTG​TGT​CTT​TAA​
GAA​GCA​GCC​CAG​TAG​TA and Ilv6 reverse bottom: GTA​
CGT​TTG​TAC​GAG​GTG​ACG​CGT​TAC​TAA​ACT​ATT​TTT​
TTC​TTT​TGG​TTT​TCT​GCT​TTC​CAG​ATC​CAG​TTC​GAT​
GTA​ACC. The 12.3-kb inverted dicentric was constructed 
using Gbp2 reverse top: ATC​GCT​GGA​AGT​GGT​GCT​CTT​
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TTA​CAG​GGA​TTA​GGA​AGC​AGC​CCA​GTA​GTA and Gbp2 
reverse bottom: GAT​AAC​GTA​TAA​ATA​ATA​AGG​AAG​
CGG​GCG​GGT​TAT​AAA​TAA​CTT​TAA​TAG​TTA​TAT​TTA​
TAG​ATC​CAG​TTC​GAT​GTA​ACC. The 18.2-kb dicentric 
was constructed using Dcc1 reverse top: CTC​CTA​GAG​
ATT​TCG​ATC​ACC​ATC​GTG​GTG​CTC​TTT​GTC​ATA​CGC​
ATA​GAA​TTG​ACA​AAA​CAT​TAG​GAA​GCA​GCC​CAG​
TAGTA and Dcc1 reverse bottom: ACC​CTA​GGT​CTT​GGC​
AAC​TGG​CAA​TCG​CTA​ACA​TGA​CCT​AAT​TTA​TAG​CTT​
AGG​GTT​CTA​GAT​CCA​GTT​CGA​TGT​AAC​C. The 46.3-kb 
inverted dicentric was constructed using GalCenHyg-His4-
indirect top: AGT​TTC​ACC​CTT​GAT​CCA​GAT​TTC​ATT​
CCT​AGA​ACG​AGA​ATA​ATA​AAC​GCC​ACG​ACC​CAA​CAT​
TAG​GAA​GCA​GCC​CAG​TAGTA and GalCenHyg-His4-
indirect bottom: AGT​GCT​TGG​TGA​AGT​ACG​TAC​AGA​
CCG​TCC​TGA​CGG​TTT​ATA​TAC​CAC​CCT​AGT​TGT​CGA​
CAG​ATC​CAG​TTC​GAT​GTA​ACC.

Dicentric mutants were constructed by generating a 
knockout PCR product with various markers using the 
pFA6 plasmid series. Transformants were screened with 
flanking primers to confirm gene deletion. Strain construc-
tion for Rad52 and Mrc1 mutants is described in Cook 
et al. (2021). Rad1 was knocked out using rad1kanC: GAG​
AGA​GCA​CAG​GTG​TAC​TGG​AGG​GTT​CAG​GAC​GTT​
GGT​AGA​GCA​TTT​GCC​AGC​TGA​AGC​TTC​GTA​CGC 
and rad1kanD: GAT​GTC​TAA​CTT​ATA​ACA​TAT​ACG​GTT​
GGA​AGT​CAC​CAA​ATG​AAT​ATT​GTT​TAG​GCC​ACT​
AGT​CGA​TCTG and screened with rad1C:TTG​TCT​GCG​
TGG​CGC​ATA​GG and rad1D:GTG​AAT​AAA​CTA​TGA​
ACG​CGAA. Rad51 was knocked out using rad51 up: TGA​
GTG​TAG​CGA​CAA​AGA​GCA​GAC​GTA​GTT​ATT​TGT​

TAA​AGG​CCT​ACT​AAT​TTG​TTA​TCG​TCA​TCG​GAT​CCC​
CGG​GTT​AAT​TAA​ and rad51 dn: CGC​AAC​CTA​AGA​
AAA​AGA​GGA​GAA​TTG​AAA​GTA​AAC​CTG​TGT​AAA​
TAA​ATA​GAG​ACA​AGA​GAC​CAG​AAT​TCG​AGC​TCG​
TTT​AAA​C and screened with Rad51 chk up: TTT​GTT​
TAC​AGT​ACG​CGT​GG and Rad51 chk dn: TTT​CCA​TCC​
ACT​GTC​TTA​GA. Mus81 was knocked out using Mus81 
top: GCA​TCA​ACA​TTG​GCG​TAA​ACA​AAG​TTT​CAA​
AGG​ATT​GAT​ACG​AAC​ACA​CAT​TCC​TAG​CAT​GAA​
AGC​CGG​ATC​CCC​GGG​TTA​ATT​AA and Mus81 bot: 
TTG​TCA​AGT​GGC​ATC​ATA​ATG​CAT​TGG​GGC​GGC​
TTT​CAG​ATA​TGC​TTC​TGG​TAT​ATT​TGT​CCG​TGA​GAA​
TTC​GAG​CTC​GTT​TAA​A and screened with Mus81 chk 
up: CAC​GTA​TAC​TTA​CCA​TCT​ATA​GTG​TTA and Mus81 
chk dn: TTC​AAT​GAC​ATA​TCT​GAG​CAC​TAT​TA. Mph1 
was knocked out with Mph1 KO up: AGA​GGT​GCC​CTA​
TGC​TCT​ATC​ACG​GAG​CTA​AGA​TAT​TGT​GAT​TCA​AGA​
TAT​AGT​AGC​TCA​CTT​CCG​GAT​CCC​CGG​GTT​AAT​TAA​ 
and Mph1 KO dn: CAT​GAC​AGA​AAG​GTT​TTG​CAT​TGG​
TAG​GCG​TGG​AAG​ATT​ACA​GAT​TGT​ACT​CGT​CGT​
TGG​CTC​GAA​TTC​GAG​CTC​GTT​TAAAC and screened 
with Mph1 chk up: TAG​CTT​ACT​GTG​CTC​ACA​GAA​
AGA​CAT​AAA​CCG and Mph1 chk dn: TAG​GCC​TGG​
TTG​GAG​AGC​GAA​AGT​TGA​GAT​T. Tof1 insertion was 
knocked out using Tof1 KO up: CAC​ATA​TGA​TAA​TAC​
CAT​CTA​GCT​TGT​GGG​GTT​TAG​TGT​ATC​TTT​AAT​ATA​
GGA​GGG​CGC​ACA​CTC​GGA​TCC​CCG​GGT​TAA​TTA​A 
and Tof1 KO dn: AAT​TAC​ACG​TAT​TAA​AGG​GAT​TAA​
TTA​CTA​CAT​ATT​CAT​TCT​CAA​TCA​TCA​CTA​TCA​CCT​
TGG​CTC​GAA​TTC​GAG​CTC​GTT​TAA​AC and screened 
with Tof1 chk up: TTA​GGA​AGC​TGT​TCT​GTG​TTA​CTA​

Fig. 10   Force-induced nucleosome eviction converts the centromere 
into a chromosome-fragile site. We propose that activation of the 
dicentric chromosome results in the exposure of protein-free cen-
tromere DNA through microtubule-based pulling forces. Force exer-
tion will increase the frequency of nucleosome release (Yan et  al., 
2007). Alternatively, microtubule-based forces may exacerbate the 
progression of the replication fork through the centromere, increasing 
the propensity for fork stalling. Tension is relieved upon the forma-

tion of a DSB within the centromere. Throughout the normal course 
of cell cycle progression, the centromere is protected from nucleolytic 
attack due to centromere-specific histone H3 binding (CSE4) as well 
as kinetochore proteins (Bloom et al., 1982; Furuyama et al., 2007). 
Upon exertion of mechanical force on the centromere through the 
dicentric configuration where centromeres on the same sister chro-
matid attach to opposite spindle poles, the dissociation of centromere 
proteins is increased, rendering the centromere susceptible to damage
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T and Tof1 chk dn: TGA​TGA​CAA​TTT​CGA​TGA​TGC​
CCA​GGA. Asf1 was knocked out using asf1 5′ KO: TCG​
AAA​GTG​TAA​CAG​CGT​ACT​CTC​CCT​ACC​ATC​CAA​
TTG​AAA​CAT​AAG​ATA​TAG​AAA​AGC​GGA​TCC​CCG​
GGT​TAA​TTA​A and asf1 3′ KO: CAT​TTT​ATA​AAG​TGT​
ACC​TCT​CTT​GCA​GGT​ACC​ATT​AAT​CTT​ATA​ACC​CAT​
AAA​TTC​GAA​TTC​GAG​CTC​GTT​TAAAC and screened 
with Asf1 5′ chk: GAG​AGA​GCT​GTT​CTA​CAA​AGA​ACT​
T and Asf1 3’ chk: TGT​CAT​ACT​GAC​GTA​TCT​CAC​TTT​
G. Csm3 was knocked out using Csm3 up: CTG​ACG​CGT​
AAC​AAG​ATC​AAT​GAT​ATA​CTG​GAT​TAA​AAT​GCC​
ATG​AAA​ACG​TGA​ACG​GAT​CCC​CGG​GTT​AAT​TAA 
and Csm3 dn: CCT​ATA​TGT​ATA​GAT​GCC​CAC​ACG​
CAC​GTT​TGG​ATT​ATT​ACC​TTC​AAT​GAC​ATT​GCG​
AAT​TCG​AGC​TCG​TTT​AAAC and screened with Csm3 
chk up: CAT​GGT​AAG​GAA​AAA​TGC​CGG​GTA​AT and 
Csm3 chk dn: CTC​GAA​CCA​GGC​TCT​TTC​TAC​AAG​C. 

Rtt109 was knocked out using Rtt109 up: CTA​CAG​TTT​
GTC​AAT​AGA​GTT​GTC​CAG​TAG​AGT​TAA​AAG​GTC​
AAT​TCA​ACC​GGT​CTT​CAA​TAA​GAC​CGG​ATC​CCC​
GGG​TTA​ATT​AA and Rtt109 dn: TAC​AAA​CAT​GCA​
TTT​TCT​AAG​ATC​GAT​GCT​ACA​TAC​GTG​TAC​TAA​ATA​
ATA​AAT​ATC​AAT​ATG​TAG​AAT​TCG​AGC​TCG​TTT​AAA​
C and screened with Rtt109 chk up: ATG​GAC​GCC​ATA​
ACG​CAT​T and Rtt109 chk dn: GAG​GAC​CTA​TCA​TTA​
CCT​AG.

We constructed two nearly isogenic dicentric strains 
(DCY1214-9 and DCY1214-21) in which the GAL CEN 
sequence was derived from s288c, and the CEN3 sequence 
at its native location was derived from the haploid strain 
YJM789. In the first step of this construction, a 3.3-kb DNA 
fragment containing containing the KIURA3 and kanMX4 
genes was generated by PCR amplification using the pCORE 
template (Storici, et al. 2001) and the primers: cen3-core-F 
cen3-core-F (5′-TTT CAT CAC CCA CAT TAT AGT ACA 
AAC CTA CTG GTG TAA CCA TTA TCA TAT TCA TGA 
CTT GAG CTC GTT TTC GAC ACT GG) and cen3-core-R 
(5′-TGA TAT GAA ACT ATT TAA CGT GAT TTT TTC 
CTC AAT TTA TCG TGA AAG ATT TTT AAC TAC TCC 
TTA CCA TTA AGT TGA TC). This fragment was used to 
transform the dicentric yeast strain DCY1214. Ura+ trans-
formants were selected on a synthetic complete medium 
without uracil (Rose, et al. 1990) supplemented with 2% 
galactose (and containing no glucose) (SCGal-URA). The 
integration of this cassette 546 bp from CEN3 (between 
SGD coordinates 115,046 and 115,047) was confirmed by 
PCR with the primer pairs: (1) URA3.2 (5′-AGA CGA CAA 
AGG CGA TGC AT-3′) (Storici, et al. 2001) plus cen3-regR 
(5′-TAT ATA CAA TGT TGT GAC AG-3′) and (2) kanFW 
(5′-CCT CGA CAT CAT CTG CCC-3′) (Güldener, et al. 
1996) plus cen3-verF2 (5′-TCC GCT TAT AGT ACA GTA 
CC-3′). In the second step of the construction, a 1475-bp 
fragment containing the YJM789 CEN3 was generated by 
PCR amplification of genomic DNA from YJM789 using 
the primers: cen3-regF (5′-ACT TAT TAC AGA TAG TGT 
AC-3′) and cen3-regR (described above). This PCR prod-
uct was used to replace the KIURA3/kanMX4 cassette of 
the Ura+ DCY1214 derivative with the YJM789 CEN3 and 
flanking sequences. This replacement was selected using 
medium containing 5-fluoro-orotate (5-FOA) and uracil. The 
5-FOA-resistant derivatives were screened by replica plating 
to identify those that lost the kanMX. The 340-bp CEN3-
containing region was sequenced to confirm the presence of 
the YJM789 CEN3; the PCR fragment that was sequenced 
was generated using the primers cen3-regF and cen3-regR. 
For several isolates, we also sequenced the flanking region. 
Two isolates were chosen for our further studies. In the 
isolate DCY1214-9, the 1042-bp YJM789-derived DNA 
fragment replaced the 1044-bp CEN3-containing s288c 
DNA fragment, corresponding to Saccharomyces Genome 

Table 1   Strain table

J1781D MATa ade1 met14 ura3-52 leu2-3,112 his3-11,15

DCY1232.1 J1781D GALCEN3-HB::ldb16
SLY2.1 J1781D GALCEN3-HB::ilv6
SLY6.1 J1781D GALCEN3-HB::gbp2
SLY1.1 J1781D GALCEN3-HB::dcc1
DCY1214.1 J1781D GALCEN3-HB::his4
SLY5.1 J1781D InvertedGALCEN3-HB::ldb16
SLY4.1 J1781D InvertedGALCEN3-HB::ilv6
SLY7.1 J1781D InvertedGALCEN3-HB::gbp2
SLY3.1 J1781D InvertedGALCEN3-HB::dcc1
SLY15.1 J1781D InvertedGALCEN3-HB::his4
DCY1408.1 J1781D GALCEN3-ura::his4 rad1::kan
DCY1385.1 J1781D GALCEN3-ura::his4 rad51::HIS3
DCY1430.1 J1781D GALCEN3-HB::ilv6 rad51::HIS3
DCY1238.1 J1781D GALCEN3-HB::ldb16 rad52::LEU2
SLY8.1 J1781D GALCEN3-HB::ilv6 rad52::LEU2
SLY11.1 J1781D GALCEN3-HB::gbp2 rad52::LEU2
SLY9.1 J1781D GALCEN3-HB::dcc1 rad52::LEU2
DCY1227.1 J1781D GALCEN3-HB::his4 rad52::LEU2
J178#4 J1781D GALCEN3-ura::his 4 pR285-GALCEN-I
J178#7 J1781D GALCEN3-ura::his4 pR285-GALCEN-D
DCY1393.3 J1781D GALCEN3-HB::his4 mus81::nat
DCY1437.1 J1781D GALCEN3-HB::his4 mph1::nat
DCY1391.1 J1781D GALCEN3-HB::his4 tof1::nat
DCY1131.1 J1781D GALCEN3-HB::his4 mrc1::nat
DCY1202.1 J1781D GALCEN3-ura::his4 asf1::nat
DCY1414.1 J1781D GALCEN3-HB::his4 csm3::nat
DCY1397.1 J1781D GALCEN3-HB::his4 rtt109::nat
1214-9 J1781D GALCEN3-HB::his4 (original CEN3 

replaced with CEN3 from YJM789)
1214-21 J1781D GALCEN3-HB::his4 (original CEN3 

replaced with CEN3 from YJM789)
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Database coordinates 114,169 to 115,212. In the isolate 
DCY1214-21, 1064 bp of YJM789 sequences replaced 1066 
bp of s288c sequences, corresponding to SGD coordinates 
113,921 to 114,986.

Analysis of dicentric strains was performed with robes for 
parental and repair products eC1: TCA​ATA​GCT​TGC​AGC​
GTA​GCTAA, eC2: GGG​TGG​GAA​ACT​GAA​GAA​ATC, 
GC1: TCG​ACT​ACG​CGA​TCA​TGG​CG, GC2: CAC​GAT​
GCG​TCC​GGC​GTA​GA, his4popout seq1: TCC​GAA​TCA​
CAG​TCA​GTA​GAG​ATT​TG, and his4 popout seq 4: CAG​
CGG​TAA​TCA​ACA​GTC​GAT​GGA​CCAG.

Yeast media

Cells were grown on liquid and solid Yeast Peptone Dextrose 
(YPD) and Yeast Peptone Galactose (YPG). All cultures 
were grown at 24° in an orbital shaker.

Viability

Five milliliter overnight cultures were grown in YPG, dilu-
tions were made in sterile water which were then plated with 
glass beads on YPG and YPD plates. Single colonies were 
counted after 2 weeks of incubation at 24°. Viability is cal-
culated by dividing the number of colonies on glucose by 
the number of colonies on galactose plates.

Time course

Five milliliter overnight cultures were grown in YPG. Cul-
tures were diluted to an OD660 of 0.15 in 25 mL YPG and 
grown for 1.5 h. The cultures were pelleted for 5 min at 
3000 rpm, resuspended in YPD, and allowed to grow for a 
total of 72 h. The 1.5 mL aliquots were taken at hours 2, 4, 
6, and 24, then 1 mL of the culture was reinoculated into a 
fresh 25 mL YPD culture. An aliquot was taken at 48 h and 
another 1 mL reinoculation occurred. The final aliquot was 
taken at 72 h. Also at 72 h, cells were diluted as described 
above and plated on YPD and YPG. Single colonies from the 
YPD plates were picked for further analysis as described in 
the “Endpoint analysis” section. The time courses described 
in Figs. 2, 3, and 4 were repeated independently three times 
and analyzed separately.

Time course polymerase chain reaction (PCR) 
and quantitation

Genomic DNA from each time point was prepared using a 
phenol-chloroform extraction and diluted to 10 ng/μL. PCR 
was set up in triplicate using GoTAQ Green Mastermix (Pro-
mega, Madison, WI) in 25 μL reactions and 1 μL of diluted 
and equalized DNA template. In Fig. S1, 5 μL of PCR prod-
uct was run on a gel, stained with EtBr, and imaged on a 

ChemiDoc imager (Biorad, Hercules, CA). DNA quantita-
tion was performed using a qBit Fluorimeter (Invitrogen, 
Waltham, MA). Using the 1× DS DNA assay kit, DNA 
concentration was measured for each product. Values were 
averaged and plotted in line charts and/or bar charts. A no-
product-control PCR reaction (included on bar charts but not 
line charts) was performed for both primer sets (GC1-eC2, 
eC1-GC2) in triplicate with DNA from a WT monocentric 
yeast strain (J1781D) that could not produce either repair 
product. This no-product control reflects the concentration 
of the input DNA in the PCR reaction only. A standard PCR 
protocol was used throughout 98° C for 2 min followed by 
30 cycles of 95° C for 1 min, 52° C for 30 s, 68° C for 3 min, 
then 68° C for 5 min and held at 4° C.

Gel intensity quantitation for His4 rearrangement 
(Fig. 5)

Time courses were completed as described above and DNA 
was diluted to 1 ng/μL, 1 μL of which was used as a template 
for PCR as described above. PCR was set up in duplicate 
using primers GC1-eC2, eC1-GC2, and 1-4 for the HIS4 
rearrangement fragment. A total of 5 μL of each PCR was 
combined twice and run in two wells of a large 1% agarose 
gel. The gel was stained with 0.5 μg/mL EtBr and imaged 
on a ChemiDoc imager (Biorad, Hercules, CA). The box-in-
box method (Hoffman, et al. 2001) was used to quantify the 
integrated intensity of each gel band in Metamorph. Each 
plotted intensity is an average of the two replicates from the 
same gel. Gels run throughout were run at constant amper-
age (200 mA) and used 5 μL of Generuler 1 kb Plus DNA 
Ladder (Thermo Scientific, Waltham, MA).

Endpoint analysis

After the completion of a 72-h time course plating, single 
colonies were picked into 2 mL YPD cultures and allowed 
to grow overnight. Genomic DNA was prepared as described 
above and 1 μL was used as a template in a standard 25 μL 
PCR reaction. For each single colony, the following four 
reactions were run: parental products CEN3 (eC1-eC2), 
GALCEN3 (GC1-GC2), and recombinant products (eC1-
GC2) and (GC1-eC2). A total of 5 μL of PCR product was 
run on a gel and each colony was scored for the presence 
or absence of a WT-size parental product or recombinant 
product and assigned a repair category.

Sequencing

Recombinant products were sequenced via Genewiz 
(Azenta) Sanger sequencing. Products were prepared 
for sequencing using the GeneJET PCR Purification Kit 
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(Thermo Scientific). Sequence files were analyzed using 
SnapGene and Benchling.
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