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Centromeres, characterized by their unique chromatin attributes, are indispensable for safeguarding genomic stability. Due
to their intricate and fragile nature, centromeres are susceptible to chromosomal rearrangements. However, the mecha-
nisms preserving their functional integrity and supporting nuclear homeostasis following breakages remain enigmatic. In
this study, we use wheat ditelosomic stocks, which arise from centromere breakage, to explore the genetic and epigenetic
alterations in damaged centromeres. Our investigations suggest novel chromosome end structures marked by de novo
addition of telomeres, as well as localized chromosomal shattering, including segment deletions and duplications near cen-
tromere breakpoints. We reveal that the damaged centromeres possess a remarkable capacity for self-regulation, through
employing structural modifications such as expansion, contraction, and neocentromere formation to maintain their func-
tional integrity. Centromere breakage triggers nucleosome remodeling and is accompanied by local transcription changes
and chromatin reorganization, and subsequently may contribute to the stabilization of broken chromosomes. Our findings
highlight the resilience and adaptability of plant chromosomes in response to centromere breakage and provide valuable
insights into the stability of centromeres, thereby offering promising prospects to manipulate centromeres for targeted

chromosomal innovation and crop genetic improvement.
[Supplemental material is available for this article.]

Chromosomal stability is a crucial prerequisite for the accurate
transmission of genetic information during cell division.
Disruptions to chromosomes, whether spontaneous or induced
by external agents, often result in abnormal cell division and aneu-
ploidy, conditions frequently observed in cancer cells (Bakhoum
and Cantley 2018). Moreover, chromosome rearrangements
post-DNA breakage are well-documented and contribute signifi-
cantly to genome evolution and the development of key agronom-
ic traits in crops (Willson 2020). Comparative genomics studies
have demonstrated that speciation often involves chromosome
karyotype changes, such as chromosome end fusions or the inser-
tion of one chromosome near another’s centromere (Mandakova
et al. 2020; Lysak 2022). Chromosomes exhibit homeostatic flexi-
bility, naturally readjusting their structural and nuclear organiza-
tion to resist breakage events (Pentzold et al. 2021; Zagelbaum
et al. 2023). Therefore, understanding the effects of chromosome
breakage is crucial for unraveling the intricacies of genome homeo-
stasis in evolution and speciation.

Centromeres, as vital components of chromosomes, play a
critical role in maintaining the overall stability of genome architec-
ture (Hofstatter et al. 2022; Zhou et al. 2022). Recent advance-
ments have revealed that centromeres are vulnerable to breakage
due to their repetitive nature (Barra and Fachinetti 2018; Chen
et al. 2024). This vulnerability is compounded by the frequent
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occurrence of DNA strand breaks within active human core centro-
meres, resolved by the evolutionarily conserved RAD51 recombi-
nase (Saayman et al. 2023). Dysfunctions at centromeres can
lead to diverse chromosomal rearrangements, ultimately driving
karyotype evolution and speciation over time (Lu and He 2019;
Yadav et al. 2020). A CRISPR-based method was developed to engi-
neer human cells with distinct and innovative karyotypes, en-
abling the induction of chromosome-specific aneuploidy (Bosco
et al. 2023).

Centromeres harbor a high level of mechanical stress or ten-
sion as microtubules exert pulling forces on the centromere-kinet-
ochore complexes, which is essential for accurate chromosome
segregation (Barra and Fachinetti 2018; Bloom 2024; Kolbin
et al. 2025). Univalent chromosomes tend to transverse misdivi-
sion splits near centromeric regions, forcing the chromosome
into a tug-of-war in a process called centromere misdivision
(Darlington 1939). This process can lead to the formation
of telocentric chromosomes, isochromosomes, and potential
Robertsonian translocations in plants (Lukaszewski 2010; Koo
etal. 2015; Kopecky and Lukaszewski 2019). Telomeres, protecting
linear chromosome ends, are essential for the normal transmission
of chromosomes (Blackburn et al. 2015). Following postcentro-
mere misdivision, it requires the attachment of new telomeres
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and the adaptation of the damaged centromere to form stable telo-
centric structures (Birchler and Han 2018). The details become
murky after that, with few resolved instances of centromere break-
age and subsequent repair events to maintain genomic structure
and function.

Allohexaploid wheat exhibits remarkable tolerance to
chromosome restructuring (Levy and Feldman 2022). Recent telo-
mere-to-telomere genome assemblies have revealed that function-
al centromeres in wheat average 10.2 Mb in size and are
predominantly composed of specific Gypsy-type retrotransposons
(Liuetal. 2025; Wang et al. 2025). Wheat telocentric lines were ini-
tially derived from centromere breakages in monosomic lines, re-
sulting from chromosome misdivision or isochromosomes in
Chinese Spring (CS) (Sears 1954). A complete set of mono/ditelo-
centrics has been created for the 21 wheat chromosomes, serving
as vital genetic stocks for gene allocation to specific chromosome
arms (Kiesselbach 1949; Gill et al. 1999). These genetic materials
are invaluable for examining the consequences of centromere dys-
function, playing a critical role in wheat genetics research. In this
study, we investigate the molecular DNA-level processes underly-
ing centromere breakage in wheat. Our goal is to provide insights

into how centromeres maintain their structural and functional in-
tegrity to ensure chromosome stability and to shed light on the
complex structures of newly formed chromosome ends in nature.

Results

Reconstruction of chromosome end structure via de novo
telomere addition following centromere misdivision in wheat

To investigate the consequences of centromere breakage on wheat
genomic architecture, we analyzed the CS ditelosomic (CSDt) lines
from homoeologous groups 1, 6, and 7 chromosomes. Cytogenetic
analysis confirmed the presence of telosomic chromosomes carry-
ing either the short or long arm (Supplemental Fig. S1). Telomeric
signals were observed at the terminal breakpoints of the telosomic
chromosomes (Fig. 1A), suggesting de novo addition of telomeres
at chromosome ends following centromere misdivision (Putnam
et al. 2004; Tan et al. 2024). However, other mechanisms, includ-
ing chromosome fusion followed by breakage-fusion-bridge (BFB)
cycles, or the capture of existing telomeric sequences, could also
contribute to stabilizing these broken ends (McClintock 1939;
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Figure 1. Distribution of centromere and telomere signals on ditelosomic and corresponding chromosomes in Chinese Spring (CS) wheat. (A)
Fluorescence in situ hybridization (FISH) analysis illustrates centromere and telomere distribution on ditelosomic chromosomes derived from homoeolo-
gous groups 1, 6, and 7, as well as on their corresponding full-length chromosomes in Chinese Spring wheat. Chromosomal DNA is counterstained with
4',6-diamidino-2-phenylindole (DAPI, blue). Centromeres are labeled in red using the centromere-specific probe CCS1, and telomeres are labeled in green
using a telomere-specific probe. Each panel displays the short arm (S) and long arm (L) telosomes from A, B, and D genomes, along with the full chromo-
somes (Chr TA-Chr 1D, Chr 6A-Chr 7D), clearly showing variations in centromere and telomere positioning and signaling. Scale bar is 10 pm. (B)
Fluorescence intensity of CRW fluorescence in long-arm ditelosomic lines. Centromeric signals from two telocentric chromosomes were compared with
those from other intact chromosomes for each line. The y-axis indicates relative CRW fluorescence intensity, with error bars representing standard deviation
(s.d.). (**) Significant differences at P< 0.01 (Student’s t-test). (C) A schematic model illustrating centromere misdivision-induced chromosome breakage in
wheat. Three scenarios of centromere breakage are depicted: breakage within centromere (internal), on one side, or on both sides of the centromere.
Chromosome healing is hypothesized to occur through the de novo addition of telomeric repeats at the breakpoint ends. Chromosome arms are shown
in blue, centromeres in red, and telomeres in green.

2462 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280913.125/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 22, 2026 . Published by Cold Spring Harbor Laboratory Press

How damaged centromeres preserve functional integrity

Zeng et al. 2025). Further karyotype analysis using pTa535-1 and
pSc119.2 repeat probes with chromosome-specific patterns (Tang
et al. 2014) revealed no major chromosomal rearrangements but
identified terminal deletions on Chr 2B in Dt6BS and Chr 3B in
Dt6BL lines (Supplemental Fig. S2). The lack of subtelomeric repeat
signals at the break ends provides suggestive evidence for chromo-
some end reconstructions following centromere breakage
(Supplemental Fig. S2). Multicolor fluorescence in situ hybridiza-
tion (Multi-FISH) further confirmed the absence of interchromo-
somal homoeologous exchanges (Supplemental Fig. S3).
Observations of meiotic progression in pollen mother cells dem-
onstrated that the telocentric chromosomes underwent meiosis
with normal pairing or segregation patterns, comparable to intact
chromosomes (Supplemental Fig. S4). These observations of cyto-
logical normal divisions and stable chromosome transmission sug-
gest that broken chromosomal ends have been stabilized.

To further elucidate these events, we performed analysis of
centromeric signal (CRW) intensities between telosomic chromo-
somes and their intact counterparts in CS. In general, telosomic
chromosomes exhibited reduced signal intensities (Fig. 1A,B;
Supplemental Fig. S1), consistent with previous reports of centro-
meric DNA loss during misdivision (Koo et al. 2015; Guo et al.
2016). Residual centromeric signals were predominantly localized
at the breakpoints of long-arm telosomes (1AL, 1BL, 6AL, 6BL, and
7BL), with weaker signals on short-arm telosomes (1AS, 7BS, and
7DS). No obvious CRW signals were detected on 1BS, 1DS, 1DL,
6AS, 6BS, 6DS, 6DL, 7AS, 7AL, and 7DL telosomes (Fig. 1A,B).
Previous findings revealed that stronger centromeric repeat signals
are associated with enhanced kinetochore assembly and spindle
microtubule interactions (Chmatal et al. 2014; Iwata-Otsubo
et al. 2017). The stronger centromere-associated signals were re-
tained in the long arm of broken chromosomes (Fig. 1C), which
might predispose breakpoints to occur more frequently toward
short arms. Collectively, our findings suggest that centromere mis-
division may involve one or multiple breakpoints flanking the
original centromere on one or both sides.

Localized complex chromosome variations occur near
damaged centromere following misdivision

To map the landscape of centromere breakages in CSDt lines, we
performed whole-genome resequencing at approximately 5x cov-
erage. Sequencing reads were aligned to the near-complete CS ref-
erence genome assembly (Wang et al. 2025), and the coverage
depths were assessed in 20-Mb chromosomal windows. Beyond
previously reported terminal deletions in Dt1BS and Dt6BS
(Devos et al. 1999), we identified a 10.98-Mb terminal duplication
(Chr 7A: 700,155,901-711,135,851) in Dt1BS and a terminal dele-
tion (Chr 3D: 1-46,032,549) in Dt6BL (Supplemental Fig. SSA-C).
Moreover, large interstitial duplications near CEN1B (37.7-Mb and
7.2-Mb) were detected in Dt7BS and Dt7BL lines, respectively
(Supplemental Fig. S5C).

We divided the centromeric regions into consecutive 1-kb
windows and identified breakpoint-associated regions by analyz-
ing variations in resequencing coverage depth across these win-
dows, detecting a total of 40 such regions across 18 ditelosomic
lines (Supplemental Table S1). Overall, the chromosomes break
primarily within core centromeres (six out of nine chromosomes)
or adjacent pericentromeres (Fig. 2A-C; Supplemental Fig. S6A-C).
Further examination of CENH3 binding within the breakpoint-
associated regions revealed enrichment levels comparable to the
centromeric average (Supplemental Fig. S6D), suggesting that

breakage occurs within active centromeric chromatin. These bro-
ken ends often exhibited localized deletions, terminal fragment
amplifications, and discontinuous fragment fusions (Fig. 2A-C).
For instance, in the Dt1BS line, the chromosome break occurred
17.8 Mb distal to the right of the centromere and was associated
with complete loss of the original centromere and a 1.66-Mb ter-
minal amplification (Chr 1B: 243,980,011-245,644,800). In the
Dt1BL line, several breakpoints, either simultaneous or sequential,
led to the loss of most of the original centromere (Fig. 2A, middle).
Segment presence or absence was validated using PCR with region-
specific primers (Fig. 2D; Supplemental Fig. S7; Supplemental
Table S2). Furthermore, terminal fragment duplications were de-
tected at the distal break ends of chromosomes in nine out of 18
ditelosomic lines, with additional internal terminal amplifications
observed (Fig. 2A-C). These copy number increases were quanti-
fied using resequencing data and validated by quantitative PCR
(Fig. 2E,F). These subtelomeric duplications were aligned with
the hallmark of BFB cycles or the break-induced replication (BIR)
model (Kim et al. 2021; Showman et al. 2024), suggestive of break-
age-induced end restructuring.

To extend our findings, we analyzed 20 publicly available
resequencing data sets from CS ditelosomic lines with approxi-
mately 100.5x sequencing coverage (International Wheat
Genome Sequencing Consortium [IWGSC] 2014), which corrobo-
rated the occurrence of complex structural variations, particularly
in the B subgenome, which exhibited greater complexity than the
A and D subgenomes. Similar patterns of centromere breakpoints
and localized rearrangements were observed across multiple lines
(Supplemental Fig. S8). These results indicate how centromere mis-
division initiates cascading localized chromosomal fragmentation
and reorganization. The consistent rearrangement patterns adja-
cent to breakpoints suggest the maintenance of genomic stability
following centromere breakage across generations.

Remodeling of centromere architecture following breakage
in wheat ditelosomic lines

To investigate how centromere structure and function respond to
damage from chromosome breakages in the following generations,
we conducted CENH3 ChIP-seq experiments on CSDt lines and
compared their binding profiles to CS wheat. Our ChIP-seq results
revealed that, in most cases, CENH3 enrichments remained at or
near their original positions, whereas centromeres on other intact
chromosomes showed no significant alterations (Supplemental
Fig. S9). The residual centromeres retained their original
CENH3-enriched domains in eight telocentric chromosomes
(1AS, 1AL, 1DL, 6AS, 6DL, 7BS, 7DS, and 7DL), which we defined
as “maintained” centromeres (Fig. 3A; Supplemental Fig. $10).
Conversely, in the Dt6BL line, a large segment of the original
centromere was lost during the misdivision process, resulting in
a 1.1-Mb reduction from the left side of the centromere, shrinking
its total size to 1.5 Mb (Chr 6B: 347,247,275-348,786,174) (Fig.
3B). Despite this shrinkage, these small centromeres appeared suf-
ficient for kinetochore assembly and telosomic chromosomes
transmission, suggesting their remarkable structural resilience.
We identified six instances where residual CENH3-binding
domains underwent expansion after breakage, covering regions
between 975.5 kb and 3.46 Mb (Fig. 3C; Supplemental Fig. S10).
For example, in Dt1BL, the centromere-adjacent breakpoint was
associated with the loss of most original centromeric sequence
simultaneously or subsequently (Chr 1B: 238,133,951-
243,329,818), followed by a 976.4-kb amplification toward the
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Figure 2. Localized complex chromosomal structural variations at damaged centromeres in wheat ditelosomic lines. (A-C) Genomic-wide resequencing

read depth analysis around centromere breakpoints in ditelosomic chromosomes from wheat homoeologous groups 1 (A), 6 (B), and 7 (C). Each subpanel
displays multiple tracks: the top track marks the centromeric regions based on CENH3 ChIP-seq signals. The next four tracks show normalized resequencing
coverage (reads per genomic content, RPGC) in 10-bp bins for Chinese Spring wheat and both short-arm (S) and long-arm (L) telosomes of ditelosomic
lines. The bottom track presents annotated gene distributions. Triangles in the CS tracks denote primer positions used for PCR validation of genomic regions
near breakpoints. (D) Agarose gel electrophoresis results showing the presence (red) or deletion (green) of specific terminal chromosomal fragments in
various ditelosomic lines. PCR amplifications were conducted using primers targeting regions flanking the breakpoints in Chromosome 1, 6, and 7. (E)
Copy number variations (CNVs) in genomic regions adjacent to breakpoints, based on read depth analysis. Four specific intervals are shown: Dt1AL
(Chr 1A: 216,799,654-217,769,250), Dt1BS (Chr 1B: 243,980,001-245,644,800), Dt6AL (Chr 6A: 293,023,801-293,313,400), and Dt7AL (Chr 7A:
362,003,351-362,687,599). Each line shows altered read depth, reflecting structural rearrangements and CNVs. (F) Quantitative PCR (qPCR) analysis val-
idating the CNVs observed in panel E. Relative copy number values for targeted genomic fragments are shown for ditelosomic lines and compared against
CS wheat. Statistical significance was assessed using Student’s t-tests; (**) P<0.01.

left arm (Fig. 3C). In the Dt1DS line, only 662.3 kb of the original
centromere remained, which might be insufficient to maintain
proper Kinetochore integrity for a ~170-Mb telosomic chromo-
some. The centromere expanded 294.4 kb leftward, now spanning
1.96 Mb (Chr 1D: 171,459,145-173,415,900), partially incorporat-
ing the adjacent pericentromeric region (Supplemental Fig. S10B).
These results suggest that centromere expansion occurs more fre-
quently than contraction after breakage, and such expansion
may compensate for insufficient residual domains, allowing the
centromere to reach a size optimized for telocentric chromosome
transmission.

To assess changes in CENH3 nucleosome distribution after
centromere misdivision, we analyzed ChIP-seq fragment distribu-
tions and found that CENH3 nucleosome patterns in damaged
centromeres differed from their shared counterpart domains in

CS (Fig. 3A-C; Supplemental Fig. S10). Pearson correlation coeffi-
cients range from 0.44 to 0.83, which was significantly lower
than the values observed for centromeres on other structurally
normal chromosomes (Fig. 3D, upper corner; Supplemental Fig.
S11A). Correlation values near localized structural variations did
not differ substantially from those in stable regions (Fig. 3D, lower
corner), suggesting that chromosome breakages, rather than local
structural changes, may contribute more significantly to altered
centromeric nucleosome landscapes. Dinucleotide composition
surrounding CENH3 nucleosome centers in reorganized centro-
meres remained largely consistent with that of CS wheat (Fig. 3E;
Supplemental Fig. S11B). Similarly, CENH3 nucleosome position-
ing on the CRW was largely preserved across most ditelosomic
chromosomes, indicating that nucleosome phasing is indepen-
dent of structure remodeling (Fig. 3F). Overall, these results point
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to a degree of structural plasticity to genomic stress in wheat
centromeres, although the mechanisms remain to be fully
characterized.

De novo centromeres form in acentric chromosome fragments

following complex structural rearrangements

We explored three scenarios where chromosome breakages result-
ed in telocentric chromosomes lacking their original centromeres,
and, in each case, we observed the emergence of a new CENH3-
binding domain near pericentromeric regions (Fig. 4A). On Chr
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Remodeling of centromere architecture is associated with local structural variations and cen-
tromere repositioning following misdivision in wheat ditelosomic lines. (A-C) Comparative analysis of
CENH3-enriched centromere domains between Chinese Spring wheat and specific ditelosomic lines:
Dt7DS and Dt7DL (A), Dt6BL (B), and Dt1BL (C). Integrative Genomics Viewer (IGV) snapshots display
CENH3 ChlIP-seq enrichment patterns, genomic DNA coverage, and gene annotations across defined
centromeric regions. In Dt7DS and Dt7DL, centromere structure and CENH3 positioning remain stable,
consistent with the CS reference. In Dt6BL, a contraction of the CENH3-enriched domain is observed,
indicating centromere shrinkage. In contrast, Dt1BL shows expansion of the centromere region.
Correlation coefficients (R-values) quantify the similarity of CENH3 nucleosome positioning between
ditelosomic chromosomes and their CS counterparts, calculated within the shared centromere intervals
(highlighted in gray rectangles). (D) Box plot showing the correlation of CENH3 nucleosome distribu-
tions across chromosome. Left panel indicates the overall correlation between ditelosomic chromosomes
(with centromere breakage) and other unaltered chromosomes compared to CS. Right panel indicates
comparison of correlation in regions with local structural variations (SV region) versus those without
(non-SV region), suggesting that centromere remodeling is not predominantly driven by surrounding
chromosomal rearrangements. (E) Dinucleotide frequency analysis within £200 bp flanking CENH3 nu-
cleosome centers reveals conserved sequence features between ditelosomic and their corresponding
chromosomes in CS. Peaks in WW (A or T) and SS (G or C) motifs are consistent across lines, indicating
that underlying sequence composition near CENH3 remains largely unchanged. (F) Metaprofile analysis
of CENH3 signals distribution around centromeric retrotransposon repeat of wheat (CRW, n=771) com-
pares ditelosomic chromosomes to their full-length counterparts in CS. (G) Pearson correlation coeffi-
cient of CENH3 positioning on CRWs among different lines is shown, indicating conservation of
centromeric chromatin structure at the retroelement level. Student’s t-test of signal enrichment: (*) P<

1BS, a neocentromere emerged ~650 kb
distal to the original centromere, cover-
ing a roughly 1.88-Mb domain (243.98-
245.86 Mb) (Fig. 4B, left). On Chr 6BS, a
small remnant near the original centro-
mere (578 kb) was detected, but a larger
1.72-Mb CENH3 domain emerged 23.3
Mb away (321.07-322.79 Mb), possibly
through the religation of two sub-
domains (Fig. 4B, middle). Similarly,
on Chr 7AS, a neocentromere was ob-
served 1.04 Mb upstream of the original
centromere, covering a 4.58-Mb region
between 361.93 and 366.51 Mb (Fig. 4B,
right). These examples illustrate how
centromere breakages and subsequent
structural changes can induce neocentro-
mere formation, which may be essential
for rescuing acentric fragments.

DNA feature analysis indicates that
neocentromeres exhibited lower gene
content but higher transposable element
(TE) density (Fig. 4C). Several genes
were located near the boundaries of
these neocentromeres (Dt1BS: G1, G6;
Dt6BS: G14; Dt7AS: G15, G23), suggest-
ing that large gene architectures or tran-
scriptional activity may restrict CENH3
expansion and centromere formation in
adjacent regions (Fig. 4B). Transcription
of genes (Dt7AS: G15, G23) within these
regions might hinder seeding and
spreading of CENH3, prior to centromere
establishment (Fig. 4B-D). To explore
the epigenetic context before neocentro-
mere formations, we examined DNA
methylation levels in CS, and these re-
gions exhibited relatively lower DNA
methylation levels (Fig. 4E). However,
the presence of H3K9me2 in neocentro-
meric regions prior to centromere estab-
lishment supports that neocentromere
formation preferentially occurs in
heterochromatic, gene-sparse regions
(Supplemental Fig. S12A). Moreover,
CENH3 nucleosome positioning on
CRW sequences varied widely in dif-
ferent neocentromeres (Supplemental
Fig. S12B,C), suggesting structural orga-
nization even within these newly
formed centromeres. These findings

suggest that, whereas neocentromeres retain essential functions,
their chromatin organization may differ from canonical

centromeres.

Concerted local open chromatin and transcriptional
dynamics contribute to genomic stabilization following

centromere misdivision

To investigate how gene expression and chromatin structure re-
spond to centromere breakage, we conducted RNA-seq and
ATAC-seq assays on these ditelosomic lines and CS wheat. In total,
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Figure 4. De novo centromere formation in acentric chromosome fragments following centromere
deletion and complex structural rearrangements in wheat. (A) Schematic model depicting centromere
misdivision leading to chromosome breakage and the formation of a neocentromere in wheat.
Breakage (indicated by arrowhead) occurs near one side of the original centromere, resulting in an acen-
tric chromosome fragment. Subsequent local fragmentation and rearrangement lead to the deletion of
the native centromere. A new CENH3-enriched domain is established at a novel chromosomal location,
often adjacent to the former centromeric region, indicating neocentromere seeding. (B) CENH3 ChlIP-seq
signal profiles in the centromeric regions of Dt1BS (left), Dt6BS (middle), and Dt7AS (right), compared to
their corresponding regions in CS wheat. Neocentromeres and their syntenic positions in CS are high-
lighted in gray. IGV snapshot showing DNA methylation levels (CG, CHG, and CHH contexts), gene an-
notations, and genomic coordinates are shown below. CENH3 relocation indicates centromere
repositioning relative to CS. (C) Quantitative comparison of gene and transposable element (TE) density
across three genomic regions: the original centromere (CEN), the neocentromere (NeoCEN), and the
flanking pericentromeric regions (PERI), calculated in 10-Mb windows. TE density is elevated in
NeoCEN relative to surrounding regions, whereas gene density shows moderate variation. (D) Gene ex-
pression levels and corresponding CENH3 enrichment are shown for 23 annotated genes (G1 to G23)
located within and around the neocentromeric region. Expression values across six wheat tissues
(root, coleoptile, stem, leaf, spike, and grain) are provided. CENH3 enrichment is plotted separately, in-
dicating localized centromeric chromatin reestablishment over a subset of these genes. (E) Whole-ge-
nome bisulfite sequencing (WGBS) analysis reveals DNA methylation levels (CG, CHG, CHH contexts)
in CS wheat across the CEN, NeoCEN, and PERI regions. NeoCEN and PERI regions in CS background
show different methylation profiles relative to native centromeres. Statistical significance using
Student'’s t-test: (*) P<0.05, (**) P<0.01, (ns) not significant.

we identified 34 upregulated and 29 downregulated genes within
the (peri)centromeric regions of ditelosomic lines relative to CS
counterparts (Fig. 5A; Supplemental Fig. S13; Supplemental
Table S3). The majority of these genes (59 out of 63) were located
in pericentromeric regions, with only four situated in the core cen-
tromere (Supplemental Table S3). Analysis of chromatin accessibil-
ity indicated that the downregulated genes in ditelosomic lines
coincided with reduced chromatin openness, whereas upregulated
genes maintained a consistent level of accessibility (Fig. 5B;

Supplemental Fig. S14A,B), suggesting that some complicated 2023).

genes were influenced by both chroma-
tin openness and CENH3 enrichment.
For instance, in the amplified centromere
of Dt7BL, gene TraesCS7B01G273700,
originally located at the centromere
boundary, became repositioned to a
CENH3-depleted subdomain. Its expres-
sion significantly increased in Dt7BL
compared to CS, accompanied by
elevated promoter accessibility (Fig. SC).
In contrast, in the stable centromere of
Dt7DS, TraesCS7D01G418600 expres-
sion declined markedly with no chroma-
tin accessibility (Supplemental Fig.
S14B). CENH3-binding levels at these
loci remained largely unchanged,
indicating that internal structural rear-
rangements may drive chromatin reorga-
nization, which, in turn, modulates gene
activity. We then compared open chro-
matin states in (peri)centromeric regions
before and after centromere damage.
Expanded centromeric domains remod-
eled to adopt a more open configuration,
whereas contracted domains become
more compact in CSDt lines (Fig. 5D).
These findings indicated that centro-
meric chromatin is remodeled to main-
tain functionality following structural
change. Similarly, neocentromeres dis-
played greater accessibility than their
flanking pericentromeric regions (Fig.
SE; Supplemental Fig. S14C), suggest-
ing that remodeled centromeres tended
to adopt chromatin configurations
similar to the canonical centromeric
chromatin.

We further observed a general in-
crease in chromatin accessibility within
(peri)centromeric regions of ditelosomic
lines compared to CS wheat (Fig. 5D,E).
In total, 465 differentially accessible
chromatin regions (DARs) were identi-
fied, of which 441 were localized in
pericentromeres (Fig. 6A; Supplemental
Table S4). Most DARs were upregulated
in ditelosomic lines and showed signifi-
cantly greater fold changes in accessibili-
ty compared to downregulated DARs,
and these DARs were enriched near
genes, particularly in promoter regions
(Fig. 6B,C). These results suggest that en-

hanced chromatin openness may facilitate transcriptional activa-
tion and the deposition of CENH3 at the broken centromeres,
consistent with the detection of novel transcripts associated with
the upregulated DARs (Fig. 6D). Our findings suggest that centro-
mere stabilization following breakage may be accompanied by co-
ordinated local changes in chromatin dynamics and transcription
activation, consistent with previous reports showing that such
changes prevent chromosomal translocations and preserve centro-
meric integrity in mammalian cells (Yilmaz et al. 2021; Li et al.

2466 Genome Research
www.genome.org


http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280913.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280913.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280913.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280913.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280913.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280913.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280913.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280913.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280913.125/-/DC1
http://genome.cshlp.org/lookup/suppl/doi:10.1101/gr.280913.125/-/DC1
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 22, 2026 . Published by Cold Spring Harbor Laboratory Press

How damaged centromeres preserve functional integrity

A B Up Down C Expansion (Chr7B: 314.2-348.0 Mb)
S 020 —Cs| 20 —CS
200 Down 2 bt Dt CENH3 CS |, bl
None| =10 10 Dt7BL m II
@150 Up 1 2, 0 G
o o 3 —— - - o1
w . i . B = - T _= (k20 [
=] n=29 n=34 ?  io— w
2100 s 08Bl 1 - Bl -3 H
To ] 20 [ = TraesCSC7B01G273700 TraesCSC7B01G27810
e = 3 csl o oalfe ]
50 £ T = Yl |3 = 1OCENH3‘Dt7BL T i had
e = W s i CS|_ab . A I
ot* g o - ; o s ATAC|Dt7BL N i N i
-0 -5 0 5 10 § 0 RNA’
logz(FC) -3 TSS TES 3kb -3 TSS TES 3kb
D Maintenance Expansion Contraction E Neocentromere
PERI_CEN PERI PERI CEN PERI PERI CEN PERI PERICENPERI
cs C™eEa > cCea >
Dt CD9 ] (@ ) ;
*r 0 ns * *x
bl 25
g.z — = ns = o g 0 .
@ Q@ @ P [
O -4 Q O -5. Q
: ¢ ei e 00090 200
< 6 < <5 ? <
-8 10 -10
Ty RGP PRy e e T TN o
& e e o PR e c,%“q\at\zooe@ag‘@@'@
cs Dt cs Dt cs Dt cs Dt

Figure 5. Coordinated changes in gene expression and chromatin accessibility within (peri)centro-
mere regions in wheat ditelosomic lines. (4) Volcano plot showing differentially expressed genes
(DEGs) within (peri)centromeric regions in ditelosomic lines compared to CS wheat. Each point repre-
sents a gene; red and blue dots denote significantly upregulated and downregulated genes, respectively,
based on RNA-seq data. The number of DEGs is indicated for each group. (B) Correlation analysis be-
tween chromatin accessibility (measured by ATAC-seq) and gene expression (assessed by RNA-seq) with-
in (peri)centromeric regions. Top panel shows the overall correlation between genes with significant
expression changes and their accessibility changes. Bottom panels display the distribution of open chro-
matin signals across transcription start sites (TSS) and transcription end sites (TES), highlighting shifts in
chromatin accessibility patterns. Significantly upregulated and downregulated genes were displayed in
left and right panels. (C) IGV snapshots showing RNA-seq and ATAC-seq signal tracks across the centro-
meric and pericentromeric regions of Dt7BL and CS wheat. Genes with significant expression changes are
highlighted: red and blue dots indicate up- and downregulated genes, and gray dots represent those
with no significant change. Two example genes, TraesCSC7B01G273700 and TraesCSC7B01G278100,
are displayed with enlarged views, showing CENH3 enrichment, chromatin accessibility (ATAC-seq),
and transcriptional activity (RNA-seq) between the Dt7BL and CS wheat. (D,E) Comparative analysis of
ATAC-seq signal changes between centromeric (CEN) and pericentromereic (PERI) regions within CS
and ditelosomic lines under different centromere states, including maintenance, expansion, shrinkage
(D), and neocentromere formation (E). The schematic above indicates the specific regions compared
in each category, with highlighted regions corresponding to structural transitions. ATAC-seq signal inten-
sity is compared across CS and ditelosomic lines. Statistical significance using Student’s t-test: (*) P<0.05,
(**) P<0.01, (ns) not significant.

involving terminal fragment duplica-
tions and interstitial deletions, are remi-
niscent of the break-induced replication
model) or BFB cycle. In maize, centro-
mere formation and disappearance have
been observed to occur rapidly, within
as little as one or a few cell cycles after
chromosomal rearrangements (Liu et al.
2020). Similarly, our results suggest that
structural variations at breakpoints are
most likely initiated within a few genera-
tions after breaks.

We show that wheat chromosomes
may heal through de novo telomere cap-
ping and restoring centromere function-
ality to maintain karyotype stability
(Fig. 6F). Alternatively, the capture of
existing telomeric sequences could also
account for these observations. Given
the nature of the observed chromo-
somal rearrangements, de novo telomere
addition remains a plausible and fre-
quently reported mechanism for stabiliz-
ing these broken ends (McClintock 1939;
McClintock 1941; Putnam et al. 2004;
Ouenzar et al. 2017; Tan et al. 2024).
Recent studies in engineering maize
chromosome have shown that broken
chromosome ends can be rapidly stabi-
lized through de novo telomere forma-
tion (Zeng et al. 2025). Telomeres at the
ends of chromosome arms are preserved
by telomerase, which extends the 3’
overhang using species-specific repeats
(Blackburn et al. 2015; Ouenzar et al.
2017). Although the mechanisms remain
incompletely understood, in vitro stud-
ies have shown that telomerase can ex-
tend telomeric repeats from a variety of
DNA templates (Fitzgerald et al. 2001;
Margalef et al. 2018).

Discussion

Centromeres, characterized by their high content of repetitive
DNAs, are pivotal in maintaining chromosome integrity.
However, their repetitive nature renders them particularly fragile
and prone to breakage, potentially leading to chromosomal trans-
locations or nested insertions during the evolutionary process
(Hofstatter et al. 2022; Gambogi et al. 2023; Saayman et al.
2023). Despite their importance, the dynamic reorganization of
centromere architecture following breakage and how this ensures
faithful transmission of damaged chromosomes remains poorly
understood. Previously, studies have revealed that centromere
breakage is regulated through the interplay of topological con-
straints, recombination, transcription, and replication (Li and
Zhu 2022). Here, we delved into the molecular consequences of
centromere breakage in wheat utilizing ditelosomic stocks (Gill
et al. 1999). Our studies revealed localized chromosomal fragmen-
tation and shattering near centromere break sites following break-
ages and in subsequent generations, accompanied by centromere
remodeling or even de novo centromere formation and telomere
capture (Fig. 6E, chromosomal level). These rearrangements, often

Centromere identity is epigenetically determined by the dep-
osition of the histone variant CENH3, which recruits kinetochore
proteins (Zhou et al. 2022). Our analysis revealed that centromere
breakage in wheat leads to telosomes exhibiting varying degrees of
centromere integrity. The proximity of centromeres and telomeres
in telosomic chromosomes requires spatial and temporal regula-
tion to prevent functional interference. Our observations suggest
that damaged centromeres possess a remarkable capacity for self-
regulation through structural modifications such as expansion,
shrinkage, or neocentromere formation (Figs. 3 and 4). Following
breakage, centromeres often undergo size changes before stabiliz-
ing at an “optimal size.” The optimal centromere size scales with
chromosome size, as larger chromosomes require more microtu-
bule attachments, necessitating larger kinetochores (Iwata-
Otsubo et al. 2017). Instances of centromere contraction are rela-
tively rare, implying that even reduced centromeres retain suffi-
cient function for chromosome transmission (Watanabe 2012).

The precise repair and healing mechanisms following
centromere misdivision enable the persistence of cells harboring
chromosome fragments. Studies using CRISPR-Cas9-induced cen-
tromeric DSBs in mammalian cells have shown activation of either
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Figure 6. Enhanced chromatin accessibility facilitates transcriptional activation and promotes chromo-

some stability in damaged centromeres. (A) The number of differentially accessible chromatin regions
(DARs) identified within (peri)centromeric regions of ditelosomic lines compared to CS wheat, stratified
by centromere architecture types: neocentromere, contraction, expansion, and maintenance. Red and
green bars represent upregulated (n=371) and downregulated (n = 94) DARs, respectively. The number
of DARs is highest in upregulated, reflecting increased chromatin remodeling. (B) Comparison of the ab-
solute fold changes (Jlog,FC|) between upregulated (red) and downregulated (green) DARs.
Upregulated DARs show significantly higher fold changes, indicating more pronounced chromatin open-
ing. Statistical significance using Student’s t-test: (**) P<0.01. (C) Genomic distribution of DARs across
functional regions within (peri)centromeric regions, including promoter (<5 kb), 3’ untranslated regions
(UTRs), exons, introns, downstream regions (<300 bp), and distal intergenic regions. Observed distribu-
tions of DARs are compared with expected background frequencies of these various genomic regions,
highlighting enrichment in promoter and intergenic areas. (D) Representative IGV snapshot of Dt1AL
and Dt7DL lines compared to CS wheat, showing ATAC-seq (chromatin accessibility), RNA-seq (transcrip-
tion activity), and CENH3 ChlIP-seq signals within pericentromeric regions. DARs, novel transcripts, and
TEs identified in ditelosomic lines are also indicated. The examples illustrate the emergence of open chro-
matin regions and transcriptional activation near restructured centromeres. (£) Schematic model illustrat-
ing how centromere damage initiates coordinated local changes in chromatin dynamics and
transcriptional activation in wheat. Centromere breakage results in fragmental duplication, deletion,
and, in some cases, a subset of these chromosomal fragmented pieces being randomly reassembled.
This structural reorganization results in CENH3 nucleosome repositioning and neocentromere forma-
tions or altered centromere states. Concurrently, this process is coupled with localized, coordinated
gene expression changes and open chromatin alterations that follow centromere misdivision, where en-
hanced chromatin openness promotes transcriptional activation and may contribute to chromosome
stability in the absence of an intact canonical centromere.

highly repetitive nature of wheat centro-
meres present significant obstacles to
achieve complete genome assemblies
for ditelosomic lines. Future studies em-
ploying long-read sequencing and de
novo assembly of the CSDt lines will be
essential to fully resolve centromere
breakage events and reconstruction of
chromosome ends.

Methods

Plant materials

The ditelosomic lines of the Chinese
Spring wheat used in this study were gen-
erously provided by Prof. Dengcai Liu
from Sichuan Agricultural University,
Prof. Hao Li from Henan University,
and Prof. Wanquan Ji from Northwest
Agriculture and Forestry University.
Wheat seeds were germinated at room
temperature, and the plants were then
transferred to soil and grown in a green-
house at 20°C with a 16-h light and 8-h
dark photoperiod for two weeks.

Slide preparation and fluorescence in
situ hybridization analysis

For chromosome preparations, seeds
were initially sprouted at room tempera-
ture in petri dishes on moist filter
paper. Treatment of root tips and FISH
experiments were conducted following
the previously described protocol (Su
et al. 2017). Wheat centromere repeat
sequences (CRW), telomere repeat se-
quence (Telomere), and karyotype tan-
dem repeats (pTa535-1 and pSc119.2)
were utilized for nondenaturing FISH as-
says (Guo et al. 2016). These probes are
effective at detecting regions with mod-
erate to high copy numbers of tandem re-
peats (Komuro et al. 2013; Tang et al.

homologous recombination (HR) or nonhomologous end joining
(NHEJ) pathways (Tsouroula et al. 2016; Saayman et al. 2023).
DNA-end resection, facilitated by the formation of DNA-RNA hy-
brids (R-loops) and increased H3K4me2-mediated transcription,
helps initiate HR and prevents chromosomal translocations
(Yilmaz et al. 2021). In our study, we also observed increased chro-
matin accessibility and elevated transcriptional activity near cen-
tromere breakpoints (Fig. 6E, chromatin level), which likely
supports both the preservation of centromere function and struc-
tural remodeling. These results illustrate how centromere evolu-
tion is driven by the interplay of DNA repair, transcriptional
regulation, and epigenetic reprogramming (Graham and Esashi
2024) and enhance our understanding of the structural and func-
tional plasticity of centromeres in response to genomic stress. Due
to the complexity of the wheat allohexaploid genome and the lim-
ited depth of resequencing, it is currently not possible to precisely
pinpoint breakpoint locations. We also acknowledge the limita-
tions of using short-read sequencing for structural analyses, partic-
ularly when resolving centromeric regions. The large size and

2014; Han et al. 2022). Genomic DNAs of Triticum urartu (AA,
2n =14), Aegilops tauschii (DD, 2n=14), and Ae. speltoides (BB,
2n =14) were employed for multicolor FISH (Huang et al. 2023).
Fluorescence intensity of centromeres (two telocentric chromo-
somes and other intact chromosomes) from the long-arm
ditelosomes were analyzed using Image]J (v1.50i) as described pre-
viously (Guo et al. 2016). Integrated density values were averaged
per nucleus from~20 cells per line. Statistical difference was
indicated by **, representing significant differences at P<0.01
(Student’s t-test).

Wheat whole-genome resequencing and data analysis

Genomic DNA was extracted from the leaves of wheat ditelosomic
lines using the Plant DNA extraction kit (TIANGEN, #DP304-03).
Libraries were constructed and sequenced on the MGI DNBSEQ-
T7 high-throughput sequencing platform with 150-bp paired-
end reads at Huazhong Agricultural University. To ensure data
quality, low-quality reads and adapters were removed using fastp
(v0.20.1) (Chen et al. 2018). The cleaned reads were aligned to
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the near gap-free reference genome of CS (Liu et al. 2025; Wang
et al. 2025) using BWA-MEM (v0.7.17) with default parameters
(Li and Durbin 2009). Genomic data visualization was facilitated
using the Integrative Genomics Viewer (IGV, v2.102)
(Thorvaldsdottir et al. 2013). We incorporated publicly available
high-coverage resequencing data (~100.5x) for the same diteloso-
mic wheat lines (obtained from the NCBI Sequence Read
Archive [SRA; https://www.ncbi.nlm.nih.gov/sra] under accession
number SRR10766573) (International Wheat Genome Sequencing
Consortium [IWGSC] 2014).

RNA-seq, data analysis, and quantitative RT-PCR

Total RNA was extracted from the coleoptiles of wheat CS and dite-
losomic lines using TRIzol reagent (Thermo Fisher Scientific,
#15596018). Each sample included two biological replicates. One
hundred fifty-basepair paired-end reads were generated on the
[lumina NovaSeq 6000 platform. The clean data were first aligned
to the CS reference genome using STAR (v2.7.9a) (Dobin et al.
2013). Differential expression analysis was performed using the
R package DESeq2 (v1.36.0), with criteria set for significant chang-
es at a log, (fold change) >1 and a FDR<0.05 (Love et al. 2014).
Differentially expressed genes (DEGs) from each line were random-
ly selected for confirmation through quantitative RT-PCR, and all
primer details are listed in Supplemental Table S2.

Chromosomal structural and segment copy number
variation analysis

Mapping files were processed using mosdepth software to assess
whole-genome sequencing coverage within 100-kb windows
(Pedersen and Quinlan 2018). Subsequently, copy number varia-
tions (CNVs) were validated using the CNVnator tool (Abyzov
etal. 2011). Primers were meticulously designed to specifically tar-
get the regions of copy number variation in the wheat ditelosomic
lines (Supplemental Table S2). Centromeric regions were divided
into consecutive 1-kb non-overlapping windows, and putative
breakpoint-associated regions were identified based on abrupt
changes in sequencing coverage. Chromosomal deletion regions
were operationally defined as contiguous genomic segments in
which atleast seven consecutive windows showed coverage of few-
er than five reads per window. Breakpoint-associated regions were
defined and manually checked as the first window of a deletion re-
gion together with its immediately adjacent nondeletion window
(Supplemental Table S1).

Chromatin immunoprecipitation assays with sequencing and
ChIP-seq analysis

Wheat ditelosomic lines were subjected to ChIP-seq experiments
following established protocols with minor adjustments (Liu
etal. 2015). The process included cell nuclei extraction, chromatin
fragmentation, and immunoprecipitation using specific antibod-
ies. Wheat-specific CENH3 (Su et al. 2019) and commercially avail-
able H3K9me2 antibodies (Abcam, #ab1220) were utilized for the
ChIP-seq experiments. ChIP-seq data preanalysis mirrored the ap-
proach for genomic resequencing and the whole-genome rese-
quencing data from the same ditelosomic lines were used as
controls. CENH3 nucleosomes midpoint positions on wheat
CRW retrotransposons and dinucleotide patterns around CENH3
nucleosomes were examined following a previous method (Su
et al. 2019).

ATACGC-seq library construction, sequencing, and data analysis

ATAC-seq experiments on wheat lines from the coleoptiles were
conducted using established methodologies (Wang et al. 2022).
Libraries were then purified and sequenced on the Illumina
NovaSeq 6000 system, generating 150-bp paired-end reads.
ATAC-seq data analysis was executed using the wheatATAC pipe-
line (https:/github.com/hcph/wheatATAC.git). The quality of
the ATAC-seq data was assessed by analyzing library insert frag-
ments, library complexity, and the consistency between sample
replicates using the irreproducibility discovery rate (IDR). The frac-
tion of reads in peaks (FRiP) was calculated to determine the per-
centage of reads within peaks relative to total reads. The
distribution of reads in the centromere and pericentromere were
assessed using corresponding windows, respectively.

Calculation of DNA methylation level

DNA methylation data for the CS line was retrieved from the NCBI
SRA under accession number SRP133674 (Ramirez-Gonzalez et al.
2018). The filter reads were aligned to the reference genome using
Bismark (v0.24.1) with parameters “-bowtie 2 -N 1 -L 20” (Krueger
and Andrews 2011). Methylation ratios were calculated by divid-
ing the number of methylated cytosines (mCs) at a position by
the total number of reads covering that position. Only positions
with more than three reads were considered plausible methylation
loci for subsequent analyses.

Software availability

The code used for data analysis is freely accessible at GitHub
(https://github.com/Jwzhou0402/ditelosomic) and as Supple-
mental Code.

Data access

The WGS-seq, RNA-seq, and ATAC-seq data in this study have been
submitted to the Genome Sequence Archive (GSA) database in the
NGDC (https://ngdc.cncb.ac.cn/) under accession numbers
CRA018693 and CRA018696.
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