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Copy number variation (CNV) plays a fundamental role in modulating plant
agronomic traits and tumorigenesis in animals. While frequently linked to

replication stress, the mechanisms giving rise to CNVs are not fully elucidated.
Here we characterize the mutational consequences associated with losing the
conserved TONSOKU (TSK/TONSL) pathway (CAF-1-H3.1-TSK), which is
required to resolve impaired DNA replication forks. Using Arabidopsis thali-
ana, we demonstrate that tsk mutants rapidly accumulate large, heritable
tandem duplications within their genomes that are consistent with DNA
Polymerase 0 (Pol ) activity. These duplications are associated with late
replicating heterochromatin enriched in sources of replication stress. We also
show that stochastic developmental phenotypes in tsk plants are the result of
the DNA Damage Response (DDR), with phenotype suppression occurring
when ATR-WEEI1 checkpoint signaling is removed. We thus describe a pre-
viously uncharacterized source of large tandem duplications that are relevant
to understanding genome stability in diverse eukaryotes, and in disease

contexts.

CNVs, where large segments of the genome are either lost or dupli-
cated, are a frequently observed class of structural variants. In many
cases, they underlie key agricultural traits selected for during plant
domestication and, in humans, they occur somatically in many
cancers'™. In the latter case, CNVs are considered key components
of intratumor heterogeneity®®, which can give rise to resistance to
specific cancer treatments. The classification of CNVs therefore has
important biomedical applications in categorizing tumors, guiding
appropriate courses of treatment and predicting patient
prognosis*®?.

Tandem duplications are a common class of CNV. When such
duplications arise frequently across the genome of cancerous tissue, it
is referred to as a tandem duplicator phenotype, which is further
classified by the size of the duplications®'°. For example, cells deficient
in the homologous recombination (HR) DNA repair protein BRCA1L
form tandem duplications that span -11kb (Group 1), while

accumulations of larger duplications (-231 kb, Group 2; 1.7 Mb, Group
3) are associated with other genetic drivers found in specific cancers’.
All three groups of tandem duplications are linked to the occurrence of
stress at replication forks, leading to DNA breaks and the opportunity
for duplications to arise'..

Central to the resolution of stress occurring at stalled or collapsed
replication forks is the widely conserved protein TONSOKU-LIKE
(TONSL), which directly interacts with unmethylated histones H3.1/
H3.2 and H4 incorporated into newly synthesized DNA by CAF-1"¢, In
concert with its partner MMS22L, TONSL participates in the removal of
RPA at resected ssDNA and loading of the HR recombinase RAD51'*",
Loss of TONSL functionality is thus expected to induce genome
instability, however, whether this is the case is unknown. Null tons/
mutations in vertebrates are lethal at the organism level®”, thus
making it difficult to assess the mutational profile associated with lack
of TONSL activity.
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Fig. 1| Numerous CNVs are observed in ¢sk-4 mutants. A Genome tracks of the
log2 ratio of tsk-4 Gen. X normalized coverage (BPM) to that of a Col-0 sample
across Chromosome 3. The bar below represents the chromosome with con-
stitutive heterochromatin plotted in black®. B Size of CNVs in the tsk-4 Gen. X
plants where each point is an individual CNV. Region <100 kb shaded in dark gray,

Bl <2fid B =2-fold

region <400 kb shaded in light gray. C Cumulative CNV increase over haploid
genome size in the tsk-4 Gen. X plants. D Proportion of transcripts with >2-fold
(red), or <2-fold (blue) abundance (TPM) above a Col-0 sample in the tsk-4 Gen. X.
plants. Transcripts are classified by whether their encoding genes are within a CNV
(+) or not (-). Source data are provided as a Source Data file.

In Arabidopsis thaliana (Arabidopsis), the TONSL ortholog
(TONSOKUY/TSK) is not required for viability or fertility, although tsk
mutants exhibit many developmental phenotypes®®. Arabidopsis is
thus a unique system to study the genomic and developmental con-
sequences that occur when TSK is lost. The TSK gene has long been
associated with genome stability in Arabidopsis, as tsk mutants are
highly sensitive to genotoxic stress*?. This suggests that tsk plants are
unable to adequately repair DNA damage, which we hypothesized may
lead to elevated levels of mutations over developmental time and/or
generations.

Results

Large CNVs arise in the absence of TSK

To investigate the genomic stability of ¢sk mutants, we performed
whole-genome sequencing (WGS; Illumina) on three tsk-4 mutant
plants (SALK_034207) that had been grown for multiple generations
(i.e., Gen. X plants). Across the genomes of these plants, we detected
background levels of single-nucleotide variants (SNVs) and small
insertions/deletions (indels; <50 bp) (Supplementary Fig. 1A). In con-
trast, a substantial number of large CNVs were readily apparent in the
genomes of tsk-4 mutants (Fig. 1A). While we did not observe CNVs
consistent with fixed deletions events (one exception being a 699 bp
deletion present in Chromosome 4 of plants #2 and #3), we found 42,
31 and 44 amplifications in the three tsk-4 Gen. X plants (Fig. 1B; Sup-
plementary Data 1). The mean coverage level of these amplifications
was 1.85x over Col-0, consistent with duplications of these regions
(Supplementary Fig. 1B). These duplications range in size from less

than 1kb to nearly 1.5 Mb, with 44.6-74.4% being greater than 100 kb
(Fig. 1B). Together, they add 13.5-18.8 Mb of DNA to the genomes of
the three tsk-4 Gen. X plants, an increase of 6.4-7.9% over the diploid
genome size of Arabidopsis (TAIR10) (Fig. 1C). While some duplica-
tions were shared between the tsk-4 Gen. X plants, a majority were only
observed in a single plant. This suggests that the duplications arose
independently.

CNVs in tsk-4 plants are expected to interfere with transcriptional
activity>?¢, and likely account for the previously observed local clus-
tering of upregulated genes in tsk-4 mutants®. To assess this, we per-
formed paired WGS and RNA-seq on three plants grown without a
functional TSK gene for three generations. These plants had 22, 18 and
27 duplications, respectively. RNA-seq analysis showed that transcript
abundance was increased across the duplicated regions, with average
increases of 5.2, 3.3 and 9.7 fold in the three tsk-4 plants. Overall,
38-46% of transcripts within duplicated regions, and a further 12-15%
of transcripts outside of duplications, had abundances >2 fold greater
than Col-O (Fig. 1D).

CNVs in tsk plants and associated mutants correspond to tan-
dem duplications

CNVs detected using short-read WGS can represent different struc-
tural arrangements within the genome. Examining alignments at the
edges of CNV regions (>100 kb) in ¢sk-4 mutants revealed novel junc-
tions between the end and the start of duplicated segments based on
the presence of chimeric reads partially mapping to both ends of the
CNVs. In the three tsk-4 Gen. X plants, 88%, 93% and 79% of the CNVs
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Fig. 2 | CNVs in ¢sk-4 mutants are tandem duplications. A Schematic of tandem
duplication relative to reference sequence (left panel). The tandem duplication
creates chimeric reads (green) across the breakpoint junction that traverse the end
of the first segment to the start of the second (middle panel). When aligned to the
reference genome, tandem duplications manifest as regions of increased coverage
(right panel). Created in BioRender. Thomson, G. (2025) https://BioRender.com/
w69kexm. B A representative CNV (157 kb) in tsk-4 plants characterized by optical
mapping. The top track depicts the log2 ratio of normalized coverage (BPM) on the
TAIR1O0 genome to that of a Col-0 using WGS (Illumina) sequencing and the dis-
tribution of DLE-1sites on the genome. The lower track shows the repeated pattern
of DLE-1 sites anticipated to be present in the genome of the tsk-4 plants if the CNV

is a tandem duplication. Representative DNA molecules mapping to this CNV
location and spanning 1) a breakpoint junction (red), 2) a breakpoint junction and
one breakend (yellow), or 3) a breakpoint junction and both breakends (green).
C Genome tracks showing a CNV in a mgoI CRISPR line. Tracks are the log2 ratio of
normalized coverage (BPM) to that of a Col-O sample. Bar below represents the
chromosome/chromosomal region with constitutive heterochromatin plotted in
black*. D Genome tracks depicting CNVs present in fasI-4 x fas2-4, H3.1kd, and tsk-4
from previously published data. Tracks are the log2 ratio of normalized coverage
(BPM) to that of a Col-0 sample. The bar below represents the chromosome with
constitutive heterochromatin plotted in black®. Source data are provided as a
Source Data file.

were associated with these chimeric reads, respectively. This result
suggests that the CNVs are tandem duplications, with the chimeric
reads representing breakpoint junctions between the original segment
and its duplicated copy integrated into the chromosome in the same
orientation (Fig. 2A). However, cells experiencing genomic instability
have also been commonly reported to contain extrachromosomal DNA
(ecDNA), which oftentimes form circular structures®. It is therefore

possible that the CNVs in ¢sk-4 mutants correspond to ecDNA, with the
chimeric reads representing the point at which the circles close.
Because short-read WGS is unable to effectively distinguish
between tandem duplications and circular ecDNA, we performed
optical genome mapping on the pooled progeny of a previously
sequenced tsk-4 (third generation) plant. Comparison of the resulting
mapped DNA molecules and 11 CNVs observed in the parent plant
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revealed long DNA molecules covering both copies of the duplication
as well as flanking sequences for all CNVs up to 178 kb in size (6 CNVs)
(Fig. 2B; Supplementary Data 2). While definitive results for the
remaining larger 5 CNVs were limited by technical constraints of the
assay, long DNA molecules consistent with tandem duplications were
also found for these remaining CNVs (Supplementary Data 2, 3). These
results demonstrate that the CNVs detected in the absence of TSK are
tandem duplications integrated into the Arabidopsis chromosomes.

TSK is also known as MGO3, as tsk-4 plants phenotypically
resemble mgol and mgo2 single mutants, which have disrupted mer-
istem organization®>*, TSK/MGO3 has been proposed to act in the
same pathway as MGOI*°, which encodes a type 1B topoisomerase
(TOP1a)”’. WGS of second-generation mgol mutants (Supplementary
Fig. 1C) revealed tandem duplications (35.5kb and 74.7 kb in size)
(Fig. 2C, Supplementary Fig. 1D), consistent with a shared mechanism
involving both TSK and TOP1a. A small number of tandem duplications
have also been previously reported in plants deficient in the CAF-1
chaperone complex (>fourth-generation mutants)®®, which loads the
specific histone variant that TSK binds, H3.1, onto newly replicated
chromatin®***, By re-analyzing published data, we also observed
duplications in the genomes of H3.1 knockdown (H3.1kd) lines and
other tsk-4 plants (Fig. 2D)**’. These results point to a previously
unrecognized molecular pathway (i.e., CAF-1, H3.1, TSK and TOPlx)
required to maintain genome stability at replication forks by pre-
venting tandem duplications.

TSK guards against somatic and germline duplications gener-
ated via the activity of Pol 0

The disparity in the number of tandem duplications observed in tsk-4
Gen. X plants (Fig. 1A), and those of the published datasets (Fig. 2D),
suggests that tsk-4 plants accumulate CNVs over time. We thus tested if
the duplications are heritable. From a population of plants segregating
for the tsk-4 mutation, we identified three plants where tsk-4 was fixed
for the first time (first-generation mutants). We sequenced those
plants, along with seven descendants each, across two generations.
Consistent with generational accumulation, the number of observed
duplications increased from one generation to the next (Fig. 3A).
Intriguingly, the rate at which new duplications arise appeared to
increase across generations (Fig. 3B).

Of the duplications that could be tracked across generations, 69%
(33/48) were first observed to have normalized read depths ~50% larger
than WT, consistent with heterozygous events in which one allele was
duplicated and inherited via the germline. Additionally, 25% (13/51) of
inheritance events led to a further doubling of the read depth in the
next generation, consistent with them becoming homozygous (Sup-
plementary Fig. 1E). These results support that the duplications are
inherited in a Mendelian fashion. When the size of the duplications is
compared between generations, the inherited duplications show the
same distribution as those not observed to be inherited (Fig. 3C).

In light of TSK’s established role in DNA replication, we inferred
that duplications may arise concurrently throughout the plant, as DNA
replication occurs in all tissue types over the plant’s lifetime. To test
this, samples were taken from multiple tissues (i.e., flowers, cauline
leaves, rosette leaves, and roots) of the same second-generation tsk-4
plant (Fig. 3D). While the majority of duplications in a given sample
were shared amongst the different tissues, tissue-specific events were
also observed in all sampled tissue types (Fig. 3E, F). These results
indicate that duplications are continually being generated throughout
the life of the plant.

Tandem duplications can arise from a DNA repair pathway
incorrectly resolving damaged DNA*". Since TSK participates in the HR
DNA repair pathway'>*"", we reasoned that another repair pathway
may be acting on the damaged DNA in tsk-4 mutants. The classical
nonhomologous end-joining pathway (c-NHEJ) is the dominant
mechanism for repairing double-stranded DNA breaks in eukaryotic

cells, with the Ku heterodimer (Ku70/Ku80) being a key player** . We
generated both tsk-4 ku70-2 and tsk-4 ku80-7 double mutants, and
observed comparable levels of duplications between these plants and
tsk-4 plants grown alongside (Fig. 3G). Thus, c-NHEJ is not responsible
for the tandem duplications in tsk-4 mutants.

We next tested the involvement of Pol 6, the key component of
the theta-mediated end joining (TME]J) repair pathway. Pol 8 has long
been associated with CAF-1 and TSK on account of similar develop-
mental phenotypes when mutated”, and it plays a central role in
maintaining the meristem when DNA replication is impaired®. We
crossed tsk-4 to teb-5, a mutant in which Pol 0 activity is lost*. Strik-
ingly, we did not recover tsk-4 teb-5 double mutants from this cross,
even after genotyping the progeny of tsk-4'" teb-5 mutants (Supple-
mentary Data 4). Looking at the siliques of tsk-4"" teb-5 plants, we
found a subset of seeds aborted (Fig. 3H), indicating that teb-5 is syn-
thetic lethal with tsk-4.

The TMEJ pathway has been shown to cause characteristic small
deletions by joining two sequences that share microhomology, or
small templated insertions, which often match a sequence adjacent to
the DNA break™. To assess whether TME]J contributes to the formation
of tandem duplications, we analyzed the sequence of the chimeric
reads spanning the tandem duplication breakpoint junctions (Fig. 2A).
Mutational signatures consistent with TME) were identified in 85.3% of
the 204 tandem duplications assessed (Fig. 31). Specifically, 61.8% of
breakpoint junctions had small deletions with microhomologies at the
intersection, 13.2% had insertions from which an identical template
could be identified in adjacent sequences, and 10.3% had an insertion
for which no template was immediately apparent. These results sug-
gest that the majority of duplications in ¢sk-4 mutants are created by
the activity of TMEJ, which acts as a backup repair pathway when TSK
activity is lost. This conclusion is supported by a recent study in Cae-
norhabditis elegans, which demonstrates a key role for TMEJ in creat-
ing tandem duplications in the absence of the TSK orthologue
TONSL*.

Tandem duplications preferentially arise in repetitive, late-
replicating regions of the genome

Tandem duplications in tsk-4 mutants are widely distributed across the
genome (Fig. 1A). To investigate their association with known genomic
features, we assembled a large set of independent duplications >10 kb
in size (n=481; median span 199 kb; 84.4% >100 kb; Supplementary
Data 5). The level of intersection among these duplications matched
random expectation (Fig. 4A, B), as did their overlap with different
chromatin states (Fig. 4C). However, a trend towards depletion in
euchromatin (states E1-11) and enrichment in heterochromatic states
(states H1-6) was present (Fig. 4C).

Examination of the duplication breakends (+/- 50 bp of junctions
with unduplicated genome; Fig. 4D) showed a modest 1.5% increase in
mean GC content (Fig. 4E), though no clear pattern was seen across
them (Supplementary Fig. 2A). Motif enrichment analysis found two
overrepresented motifs, a poly(dA:dT) tract, and one with a guanine
every 3bp (Supplementary Fig. 2B). These motifs, which rarely co-
occurred (Supplementary Fig. 2C), may reflect distinct sources of
replication stress. Short tandem repeats such as these motifs have
been demonstrated to cause replication stress via fork slippage® . We
found that short tandem repeats are enriched at breakends (Supple-
mentary Fig. 2D), and this is attributable to these two motifs (Sup-
plementary Fig. 2E).

A trend towards constitutive heterochromatin was again observed
at breakends (Supplementary Fig. 2F) with enrichment also present for
late-replicating chromatin (Fig. 4F)**, and chromatin modifications
associated with constitutive heterochromatin when analyzed on an
individual basis (Supplementary Fig. 2G-M)**’.

In cancer cells, transcriptional-replication collisions are major
causes of replication fork collapse and large CNVs®. In tsk-4, most
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duplication breakends intersect with transcribed regions in protein-
coding genes (49.9%) or transposons (TE) (24.7%) (Fig. 4G). We do not
interpret this as evidence of transcriptional-replication collisions, as
the high level of intersection with protein-coding genes is consistent
with the Arabidopsis genome being gene dense (approximately one
gene/4-5kb)*S. Furthermore, breakends intersecting protein-coding
genes showed no bias on average towards transcriptional start (TSS) or
termination (TTS) sites (Supplementary Fig. 2N), as would be expected
if they stemmed from collisions with paused RNA polymerase II.
Moreover, no association was detected with gene size (Supplementary
Fig. 20), and genes highly expressed during S phase were found to be
depleted at breakends (Fig. 4H). Together, these findings suggest that

in the absence of TSK activity, transcriptional-replication collisions are
unlikely to be a common cause of the observed tandem duplications.

Replication fork collapse can lead to long resection tracts when
HR is impaired*’. We thus extended our analysis to the regions bor-
dering the duplication breakends (+/-20 kb; Fig. 4I). We found that
these border regions are enriched for single-nucleotide variants, indel
variants and tandem duplications present in diverse Arabidopsis
accessions (Fig. 4J, Supplementary Fig. 3A-C)*°, consistent with ele-
vated replication stress in some regions of the genome. These regions
also showed a 67% increase on average in short tandem repeat tract
length (Fig. 4K, Supplementary Fig. 3D, E). TE coverage was also
increased by 22% in these regions (Fig. 4L, Supplementary Fig. 3F). LTR
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Fig. 3 | Tandem duplications arise throughout the plant in a Pol 0 consistent
manner. A Family trees of sequenced tsk-4 plants. Each circle represents an indi-
vidual plant with duplication counts. Numbers in brackets indicate the number of
inherited duplications. Generation 1 represents the first time that lineage has been
homozygous for tsk-4. B The accumulation of duplications with each generation
from three families. Each point is an individual plant (n =3, 12 and 9 plants for each
generation, respectively). Colors correspond to the families shown in panel (A).
Bars represent means with 95% confidence intervals. Lower case letters represent
pairwise comparisons of a one-way ANOVA (F(2, 21) =17.01, p=4.05x10™%,
w?=0.57) with Tukey’s Honestly Significant Difference post hoc testing. C Size of
duplications arising in each generation of plants from the three families where each
point is an individual duplication. Region <100 kb shaded in dark gray, region
<400 kb shaded in light gray. Duplications in yellow are passed on to the next
generation and the distribution of their sizes was not detectably different from
those not inherited (Wasserstein permutation test, W; = 0.304, p = 0.45, 10,000
permutations, 95% CI: 0.199-0.733). D Diagram of tissues sampled from a single
Arabidopsis plant. Created in BioRender. Thomson, G. (2025) https://BioRender.
com/kz793yn. E UpSet plots showing the number of duplications observed in all

tissue samples, or only a subset of tissues in two independent second-generation
tsk-4 plants. F Genome track snapshots of the log2 ratio of normalized coverage
(BPM) for different tissues from the same plant to that of a Col-0 sample. Green arcs
represent observed chimeric reads indicative of internal breakpoint junctions.
Tissue icons created in BioRender. Thomson, G. (2025) https://BioRender.com/
xzcijqz. G Size of individual duplications in tsk-4 ku70-2 and tsk-4 ku80-7 plants, and
single mutants grown alongside. Each point is an individual duplication. Region
<100 kb shaded in dark gray, region <400 kb shaded in light gray. PERMANOVA on
pairwise 1-Wasserstein distances between plant-level log2 tandem duplication size
distributions were performed for tsk-4 and tsk-4 ku70-2 (pseudo-F = 0.656,
R?=0.099, adj. p=0.609) and tsk-4 and tsk-4 ku80-7 (pseudo-F=1.73, R?=0.257,
adj. p = 0.381). H Representative siliques of Col-0 and tsk-4" teb-S plants. Arrows
indicate aborted seeds. The scale bar is 1cm. I Histogram of mutation size at the
junctions of a set of 204 duplications. Mutations less than zero indicate deletions
with microhomologies, and mutations greater than zero have insertions. Insertions
with adjacent templates are plotted in yellow (limited to the sequence of the read
itself), while those without are in blue. Source data are provided as a Source

Data file.

retrotransposons are particularly relevant, as they comprise approxi-
mately one-third of replication origins in Arabidopsis®*%. Border
regions were enriched for origins of replication, as defined by short
nascent strand sequencing (Supplementary Fig. 3G), in a TE-dependent
manner (Supplementary Fig. 3H). LTR retrotransposons also com-
monly feature G-quadruplexes®, which are non-canonical DNA struc-
tures linked to both origins of replication (Supplementary Fig. 31)>**
and replication stress**. Border regions are enriched for
G-quadruplexes present in TEs (Supplementary Fig. 3J-M). These
findings suggest that replication origins and G-quadruplexes within
LTRs are hotspots of replication stress, which leads to tandem dupli-
cations in tsk-4 mutants.

Like the origins, sites of replication termination are also stress-
prone. In mammalian systems, termination sites align with topologi-
cally associated domain boundaries, which often show elevated
mutation rates®®*> While Arabidopsis chromatin lacks these struc-
tures, transcription-linked chromatin boundaries are prevalent®* .
These boundaries align with replication timing edges (Supplementary
Fig. 3N), and the binding of the negative transcription elongation
factor BDR1 (Supplementary Fig. 30). This indicates an organizational
link between transcription, chromatin structure, and DNA replication.
Consistent with the enrichment of breakends in heterochromatin, the
border regions are also depleted of protein-coding genes (Supple-
mentary Fig. 3P), have no association with R-loops (Supplementary
Fig. 3Q)*, and are either depleted or unassociated with features of
chromatin structure (Fig. 4M, Supplementary Fig. 3R-T).

Lastly, we observed that the border regions overlapped sig-
nificantly with T-DNA insertion sites in Arabidopsis (Fig. 4N)*’, which
have been hypothesized to rely on the presence of double-stranded
DNA breaks®. Overall, while tandem duplications occur across the
genome in the absence of TSK, this analysis shows that late-replicating
regions, and heterochromatic features, frequently co-occur with the
tandem duplications.

The DNA damage response induces developmental defects in
tsk-4 mutants

Arabidopsis tsk-4 mutants display many developmental phenotypes
that vary stochastically between individual plants (Fig. 5Ai), all con-
sistent with dysregulated meristematic tissue. These include nodes
with double siliques (Fig. 5Aiii), thickened and split stems (Fig. 5Aiv),
fasciation (Fig. 5Av), terminated meristems, increased branching, and
small stature’®?*. We hypothesized that there may be a link between
these developmental phenotypes and the tandem duplications
observed in tsk-4 mutants. To investigate this, we performed reciprocal
crosses between fourth-generation tsk-4 mutants and Col-0. In the F,
generation, the tsk-4 mutation and tandem duplications are expected

to segregate independently. As a representative tsk-4 phenotype, we
quantified the frequency of nodes with double siliques (Fig. 5Aii-iii),
and observed that this phenotype was mainly present in F, plants
homozygous for the tsk-4 mutation (Fig. 5B). This result suggests that
the developmental phenotypes of tsk-4 plants are associated with the
absence of TSK rather than the presence of tandem duplications within
the genome.

The inability to repair damaged DNA in the absence of TSK is a
source of cellular stress*?. Thus, we considered whether the devel-
opmental defects observed in tsk-4 mutants result from the DNA
damage response (DDR) pathway. This is a dose-dependent stress
response progressively activating DNA repair, cell-cycle arrest and, if
required, programmed cell death®. Cell-cycle disruption and stem cell
death have previously been described in tsk-4 mutants**. The NAC
transcription factor SOGI is a central component of the plant DDR,
particularly in regulating the G2/M cell-cycle transition® "', At the
transcriptional level, SOGI regulates ~-60% of the genes in the DDR
pathway”. Analysis of our RNA-seq datasets indicated transcriptional
modulation of SOGl-dependent genes in tsk-4 plants, which is con-
sistent with DDR activation through SOGL. This includes upregulation
of DNA repair genes (groups 1-3), and down regulation of cell-cycle
associated genes (groups 9-11) (Fig. 5C).

To directly test the involvement of the DDR, we first introduced
the sogI-1 mutant allele into the tsk-4 background and observed that
the second-generation double mutants continued to generate tandem
duplications (Fig. 5D). However, the developmental phenotypes asso-
ciated with tsk-4 mutants were partially suppressed. Specifically, the
fasciation, thickened and split stems, and frequent double silique
nodes were eliminated (Fig. SE, Supplementary Fig. 4A). However, the
irregular phyllotaxy, reduced bolt height, and increased branching
phenotypes were still in evidence within the populations (Supple-
mentary Fig. 4A-C). Across all lines, 32% of plants resembled wild type,
and a further 26% only showed reduced stature (Supplementary
Fig. 4A-C). In the subsequent generation of tsk-4 sogl-1 mutants, the
majority of plants exhibited growth reduction and increased branch-
ing (Supplementary Fig. 4D).

Since TSK functions at nascent chromatin following DNA
replication”™, we next interrogated the DDR components that acti-
vate as a result of replication-associated genome stress. ATR is a kinase
that initiates signaling in response to persistent single-stranded DNA,
which is commonly found at stalled replication forks®®*’>”, This trig-
gers CDK inhibition through the conserved checkpoint kinase WEEL,
which rapidly delays S phase progression*7®. This mechanism is
reinforced by ATR also activating transcription factors, such as SOGI1,
which further increase WEE1 expression’””%, Looking at tsk-4 double
mutants with either weel-2 or atr-2, we observed near-complete
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Fig. 4 | Association of duplications arising in ¢sk-4 mutants with genomic fea-
tures. A Diagram of overlap quantification between genomic regions and the
duplications. Created in BioRender. Thomson, G. (2025) https://BioRender.com/
poypy5l. B Overlap of 481 independent duplications on the genome (red), 10,000
random simulations plotted (gray), and their average (green). C Overlap of dupli-
cations with chromatin states*; constitutive heterochromatin (H1-6), facultative
heterochromatin (F1-6), intergenic (I11-3), and euchromatin (E1-11). Blue arrows
indicate observed overlap is in the bottom 2.5% of shuffled datasets. Line colors
same as (B). D Diagram of the duplication breakends (+/-50 bp). Created in BioR-
ender. Thomson, G. (2025) https://BioRender.com/poypy51. E Mean GC content of
observed duplication breakends (red line) relative to the means of 10,000 random
simulations (gray histogram). F Intersection of CNV breakends with relative timing
of DNA replication during S phase**. E: Early S; EM: Early-Mid S; M: Mid S; ML: Mid-
Late S; L: Late S. Line colors same as (B). Yellow and blue arrows indicate observed
overlap is in the top or bottom 2.5% of shuffled datasets, respectively.

G Intersection of duplication breakends with annotated protein coding genes”’, or
transposons'”., Colors same as (B). H Mean number of breakend overlaps with S
phase expressed genes' in observed duplication breakends (red line) relative to
the means of 10,000 random simulations (gray histogram). I Diagram of the border
regions (+/-20 kb) around the duplication breakends. Created in BioRender.
Thomson, G. (2025) https://BioRender.com/poypy51. J-N Mean intersection of
genomic features with regions around duplication border regions. Observed levels
(red lines) are plotted relative to 10,000 random simulations (gray histograms).
These features are (J) tandem duplications in Arabidopsis accessions’*'%, K the
amount of annotated short tandem repeat sequence, L transposon sequence'”,
M chromatin boundaries®, and N T-DNA insertions®’. In all graphs, the simulation
mean histograms are scaled from zero to one. Pr is the probability (O to 1) of
obtaining a simulated set of duplications having a lower value relative to the
observed. Source data are provided as a Source Data file.

suppression of all developmental phenotypes present in tsk-4 single
mutants (Fig. 5F, G, Supplementary Figs. 5, 6). In these two double
mutant backgrounds, a modest reduction in growth was observed in
the third generation (Supplementary Figs. SE-G, 6E-G), and increased
branching was present specifically in some lineages of tsk-4 weel-2
plants (Supplementary Fig. 6E-G). However, this phenotype was pre-
sent to a much lesser extent than in third-generation tsk-4 sogi-1 lines.
In the third generation of tsk-4 atr-2 plants, 71% of plants across all lines
resembled wild type, and a further 22% showed only a reduced stature;

in tsk-4 weel-2, these proportions were 40% and 40%, respectively. In
addition, fasciation and split stems were not observed in tsk-4 plants
lacking WEEL or ATR. Finally, we analyzed tandem duplication levels in
tsk-4 weel-2 plants, and observed similar results as in tsk-4 sogl-1
mutants, in that inactivating WEE1 does not affect the generation of
duplications (Fig. 5D). Together, these results demonstrate that the
developmental phenotypes in tsk-4 plants are a consequence of the
DDR pathway, and a parallel outcome of the DNA damage which leads
to tandem duplications.
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Fig. 5 | Developmental phenotypes in tsk-4 plants are a consequence of

the DDR. A Variable phenotypes in tsk-4 plants: (i) representative images of tsk-4
sibling plants. Spiral phyllotaxis in (ii) Col-O is disrupted in tsk-4 plants resulting in
stochastic (iii) double silique nodes, (iv) fused stems and (v) fasciation. Scale bars
are 5 cm. B Percentage of double silique nodes in F, populations of Col-0 x tsk-4
crosses. Sample sizes are indicated below. Bars represent means with 95% con-
fidence intervals. Lower case letters represent pairwise comparisons of a one-way
ANOVA (F(6, 217) =32.87, p=4.83 x 1075, w2 = 0.460) with Tukey’s Honestly Sig-
nificant Difference post hoc testing. C Mean percentage of co-expressed SOGI-
regulated gene groups (as defined by Bourbousse et al.”") that are either up- or
down-regulated in tsk-4 plants relative to Col-0. Error bars represent standard
errors from three independent plants. D Size of individual duplications in tsk-4 sog1-
1 and tsk-4 weel-2 (second-generation plants), and the single mutants grown

alongside. Each point is an individual duplication. Region <100 kb shaded in dark
gray, region <400 kb in light gray. PERMANOVA on pairwise 1-Wasserstein dis-
tances between plant-level log2 tandem duplication size distributions were per-
formed for tsk-4 and tsk-4 sogI-1 (pseudo-F = 1.28, R> = 0.176, adj. p = 0.607), and tsk-
4 and tsk-4 weel-2 (pseudo-F=0.196, R?=0.047, adj. p=0.667). E Percentage of
double silique nodes in second-generation tsk-4 sogl-I mutants. Sample sizes, bars
and letters (F(13, 146) =30.94, p =1.65 x 10, ©2=0.71) as in (B). F Percentage of
double silique nodes in second-generation tsk-4 atr-2 mutants. Sample sizes, bars
and letters (F(9,187) =75.7, p=1.43x10"¥, w?=0.77) as in (B). G Percentage of
double silique nodes in second-generation tsk-4 weel-2 mutants. Sample sizes, bars
and letters (F(11, 204) =71.94, p=1.54 x10*°, w?=0.76) as in (B). Source data are
provided as a Source Data file.
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duplications observed in tsk-4 plants. Constructed from Supplementary Data 5.

B Model of the role of the CAF-1-H3.1-TSK pathway in DNA damage and DDR. CAF-1
loads H3.1 and TSK onto newly replicated DNA, which, when DNA damage is
encountered, facilitates DNA repair. This minimizes replication stress and DDR

Tandem
duplications

Developmental
defects

Cell
death

activation, which also depend on TOP1a relieving torsional stress. When TSK
function is lost, replication stress increases as damage either goes unrepaired or
becomes more severe. This in turn increases ATR-WEEL DDR pathway activation to
a level that, when damaged DNA is repaired, results in tandem duplications. Suffi-
ciently high DDR activation can induce programmed cell death and give rise to
developmental phenotypes. Panel created in BioRender. Thomson, G. (2025)
https://BioRender.com/l4mxike.

Discussion

This study demonstrates the importance of TSK-mediated resolution
of replication stress in maintaining genome stability and normal plant
development. In tsk-4 mutants, appreciable numbers of large tandem
duplications are generated and distributed throughout the genome.
They are dependent on TMEJ and arise throughout the life of the plant
(5-15 heritable events per generation). As a result, the genomes of
closely related individual plants lacking TSK activity can diverge

rapidly, on a scale which approximates the divergence of Arabidopsis
plants sampled from opposite sides of the world”’. Modulating TSK
activity may therefore be a useful tool in plant breeding to create
targeted tandem duplications that increase gene expression in a non-
GMO manner for the purpose of engineering new traits.

The creation of tandem duplications in tsk-4 mutants reveals the
elusive source of DNA damage long reported in CAF-1 mutants of dif-
ferent organisms?7**°*2 Since CAF-1, replication-dependent H3
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variants, and TSK/TONSL are all highly conserved across multicellular
eukaryotes, their roles in ameliorating replication stress are likely
conserved in humans, and may be important for disease prevention.
The presence of a large number of tandem duplications distributed
throughout the genome is a characteristic of many cancers. Such
cancers are categorized into three different groups based on the size
of the duplications”. The Group 2 tandem duplicator phenotype,
common in cancers driven by CCNEI pathway activation or CDK12
loss’, is defined by oncogene-enriched duplications with a median size
of 231 kb, which is closely matching the median size of duplications
(199 kb) observed in tsk-4 mutants (Fig. 6A). Such cancers are asso-
ciated with replication stress, and a dependence on DDR activation via
the signaling kinase module ATR-WEE1*®, It is therefore possible that
these cancers involve disruption of the TONSL pathway, thus inter-
fering with proper resolution of replication stress.

In addition to producing tandem duplications, the replicative
stress that occurs in the absence of TSK in plants leads to substantial
DDR pathway activation. Specifically, ATR-WEE1 checkpoint signaling,
and to a lesser extent SOGI activity, disrupts the cell cycle and gen-
erates the stochastic developmental phenotypes observed in tsk-4
mutants. While some cells carrying tandem duplications continue to
divide, others undergo arrest and cell death, which likely triggers
irregular proliferation of adjacent cells (Fig. 6B)***. This connection
between endogenous genome instability in individual cells and
developmental disruption at the tissue level is reminiscent of the
influence of SOGI on root development in response to genotoxic
stress®. Our results demonstrate that a similar process occurs in aerial
organs. We conclude that TSK is a central node in an organism-wide
axis of communication between genome stability, tissue-level pat-
terning, and organism development.

Methods
Plant materials
Arabidopsis seeds were stratified at 40C for 2-3 days and germinated
on V2 MS agar plates before being transferred to soil (Pro-Mix BX
Mycorrhizae Growing Mix; Premier Horticulture Inc Quakertown, PA,
USA). Plants were grown under cool-white fluorescent lights
(-100 pmol m™ s™) in long-day conditions (16 h light/8 h dark). Multi-
ple SALK T-DNA lines were utilized in this work, from the Col-O
background®;  tsk-4 (aliases mgo3-4, brul-4; At3gl8730,
SALK_034207)*°, ku70-2 (Atlgl6970, SALK123114)%, ku80-7
(At1g48050, SALK 112921)*°, teb-S (At4g32700, SALK 018851)”, atr-2
(At5g40820, SALK_032641)” and weel-2 (At1g02970, SALK 147968)™.
The sogi-1 mutation is a Ggga > Raga missense mutation at codon155in
the Ler-0 background, which has since been introgressed in Col-07°,
The mgoI®™™ background was created using plasmids (described
below) transformed using floral dip with Agrobacterium tumefaciens
GV3101 (pMP90)”".

Plasmid construction

The binary vector containing CRISPR/Cas9 reagents used to generate
mgoI®™® was created with the modular cloning (MoClo) toolkit®>*,
Annealed oligonucleotides comprising the spacer sequence targeting
MGOI (At5g55300) (5-attgATCATCAGTTCCATCTTCTC-3, 5-aaacGA-
GAAGATGGAACTGATGAT-3’) were cloned using the Esp3lI restriction
enzyme into the previously described Levell blank sgRNAv2 Sp_
AtU6_(Position 3) vector®. It was then combined into the Level 2
backbone pAGM4723 with Level 1 vectors containing the following
cassettes: nos:BAR:nosT, RPSSa:zCas9i:rbcS-E9” and a pFAST-R
selection cassette.

Plant phenotyping

The number of nodes with double siliques was used as a representative
phenotype of tsk plants. Such nodes were defined as two siliques being
+/-2mm of each other. The fraction of such nodes per plant was

assessed in five-week-old plants by counting them on primary bolts
excluding those within 1cm of the top of the bolt. Stem length was
measured in centimeters from rosette to tip.

The degree of “bushyness” in tsk-4 sogl-1 plants was a qualitative
categorization, with representative photos given in Supplemen-
tary Fig. 4A.

Nucleic acid extraction and sequencing

Genomic DNA was extracted from leaf tissue (unless specifically stated
otherwise) using the CTAB protocol®®. DNA sequencing libraries were
prepared at the Yale Center for Genome Analysis (YCGA). Genomic
DNA was sonicated to an average fragment size of 350 bp using a
Covaris E220 instrument (Covaris, Woburn, MA) and libraries were
generated using the xGen Prism library prep kit for NGS (Integrated
DNA Technologies, Coralville, 1A). Paired-end 150 bp sequencing was
performed on an Illumina NovaSeq 6000 using the S4 XP workflow
(Illumina, San Diego, CA).

RNA was extracted from three-week-old leaf tissue using the
RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). RNA quality was
verified using the Agilent 2100 Bioanalyzer Nano RNA Assay. Libraries
were prepared at the YCGA with 1pg of total RNA using Illumina’s
TruSeq Stranded Total RNA with Ribo-Zero Plant (lllumina). The
libraries were amplified with eight PCR cycles, validated using Agilent
Bioanalyzer 2100 High sensitivity DNA assay and quantified using the
KAPA Library Quantification Kit (Illumina® Platforms). Sequencing was
done on an Illumina NovaSeq 6000 using the S4 XP workflow.

WGS analysis

Analysis of all sequencing datasets utilized the TAIR1IO genome?’*5,
DNA sequencing reads were processed by Fastp (v0.23.2; -q 20 -1 20)”°
and aligned using BWA-MEM (v0.7.17)'°°. Duplicate reads were
removed from alignments using Samtools (v1.16)'°". Alignment statis-
tics of genomic datasets produced in this study are listed in Supple-
mentary Data 6.

Local read realignment was then performed using Abra2 (v2.23)'%%,
Analysis of single-nucleotide variants and small insertions/deletions
was carried out using the Strelka2 (v2.9.10) germline pipeline'®. CNVs
were defined using sequencing depth identified using GATK (v4.2.0.0/
v4.4.0.0)'** to segment the genome. This followed tutorials #11682 and
#11683, omitting allele specific steps, a strategy which agreed with
manual inspections. This pipeline also used Picard (v2.25.6)'° to add
read group (‘RG’) tags. Genome segments with coverage above Col-0
were merged (+/-100 bp) into contiguous amplified regions, which we
term CNVs. The coverage of the segment with the highest level of
coverage assigned as the CNV coverage. This was achieved using R
(v4.1.2)'°, Bedtools (v2.30.0)'” and GNU Awk (v5.1.0)'°. CNVs less
than 1.5x Col-0O coverage were removed to avoid false positives. This
was augmented by manual inspection in the analysis of tissue-
specific CNVs.

Identification of chimeric reads and characterization of junctions
was achieved by filtering SA-tagged reads using Samtools, and using
Pysam (v0.19.0)'°"'%° to analyze alignments. In the experiments which
tracked CNVs over generations, or between tissues, identical CNVs
were defined as those starting and ending +/-200 bp of each other,
These were identified using the R fuzzyjoin package'’.

The Deeptools (v3.5.1)" and pyGenomeTracks (v3.8)" programs
were used to visualize CNVs.

Extraction of ultra-high molecular weight (uHMW) DNA and
optical mapping

Optical mapping was performed by The French Plant Genomic
Resources Center (CNRGV), INRAE. uHMW DNA was purified from
0.8 g of young frozen pooled leaves (6 individual plants, progeny of
tsk_4_Gen3_Fam2_plant2) combining the Bionano Prep Plant Tissue
DNA Isolation Base Protocol (30068; Bionano Genomics, San Diego,

Nature Communications | (2026)17:2874

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-70906-1

CA) and a CTAB DNA purification protocol™. Briefly, frozen leaves
were ground into 2 mm pieces and then disrupted with a rotor stator in
homogenization buffer containing spermine, spermidine and 2- mer-
captoethanol. Nuclei were washed in homogenization buffer, TC buf-
fer (50 mM Tris-HCI pH 7.5, 75 mM NacCl, 6 mM MgCl,, 0.1 mM CacCl,)
and finally resuspended in 2ml of TC. The nuclei suspension was
mixed with an equal volume of 2X CTAB buffer (1.4 M NaCl, 100 mM
Tris-HCI pH 8.0, 2% CTAB, 20 mM EDTA, 0.5% (w/v) Na,S,0s, 2% (v/v) 2-
mercaptoethanol) and incubated at 50 °C for 40 min under gentle
homogenization. After incubation, the nuclei were isolated with cho-
loform:isoamylalcohol (24:1) and precipitated with 0.7 volume of iso-
propanol. Following 70% ethanol washes, the DNA medusa was finally
resuspended in TE buffer. After complete resuspension, the DNA was
quantified using the Qubit dsDNA BR Assay (Invitrogen, Thermo Fisher
Scientific, Waltham, MA). The presence of mega base size DNA was
visualized by pulsed field gel electrophoresis (PFGE).

Labeling and staining of the uHMW DNA were performed
according to the Bionano Prep Direct Label and Stain (DLS) protocol
(CG-30553-1; Bionano Genomics). Briefly, labeling was performed by
incubating 750 ng genomic DNA with DLE-1 enzyme (recognizing the
site CTTAAG) in the presence of DL-Green dye. Following proteinase K
digestion and DL-Green cleanup by membrane adsorption, the DNA
backbone was stained by mixing the labeled DNA with DNA Stain
solution and incubated overnight at room temperature. The DLS DNA
concentration was assessed with the Qubit dsDNA HS Assay
(Invitrogen).

Labeled and stained DNA was loaded on the Saphyr chip. Loading
of the chip and running of the Bionano Genomics Saphyr System were
performed according to the Saphyr System User Guide (30247; Bio-
nano Genomics). Data processing was performed using the Bionano
Access and Solve v.3.8 software (https://bionano.com/software-and-
data-analysis-support/).

Optical mapping analysis
A pseudo-reference genome was created by inserting tandem dupli-
cations into the TAIR10 genome, based on 11 tandem duplications
likely to be inherited from the tsk_4 Gen3_Fam2_plant2. A corre-
sponding BED file documenting the coordinates of the tandem dupli-
cations was also created alongside. A reference CMAP file for this
pseudo-reference genome was constructed using the OMTools
(v.L4a)"™ FastaToOM (--enzymestring CTTAAG) command. The
OMTools DataTools (--minsize 100000 --minsig 9) command was used
to filter the raw mapping data, which was then mapped to the pseudo-
reference genome using OMTools OMBIlastMapper (--filtermode 1
--alignmentjoinmode 1 --minscore 0.3 --closeref 500000 --closefrag
50000). Molecules with multiple alignment segments that were non-
overlapping and colinear on both the reference and the molecule were
grouped into “chained” molecules and analyzed separately.
Molecules with alignments intersecting one of the 11 inherited
tandem duplications were classified into three groups; 1) those that
span a breakpoint junction, 2) those that span a breakpoint junction
and one breakend, or 3) those that span a breakpoint junction and
both breakends. All molecules were required to have >2 DLE sites
either side of a junction.

Association of tsk CNVs with annotated genomic features

Simulation testing was used to assess the overlap between CNVs
observed in tsk plants. Unique CNVs >10 kb were compiled and bed-
tools intersect (-wao) was used with individual features. Simulated CNV
sets were implemented using bedtools shuffle to randomize the posi-
tion of the CNVs before again using bedtools intersect (-wao) to
ascertain the level of overlap controlling for CNV size. This was run
10,000 times. The resulting output was then summarized using R. The
same strategy was implemented to look at the overlap between CNVs
and previously annotated features, or at the overlap between features

themselves. When looking at CNV breakends, an R script was used to
create the BED file of breakends for each new set of randomized CNVs.
When summarizing previously annotated features, counts were used
for discrete features, and number of bp covered was used for con-
tinuous features.

We report the probability (Pr) that a randomized mean level of
overlap is less than what is observed. Values >0.975 are considered
enriched, while those less than 0.025 are considered depleted. GC
overlap was calculated by intersecting a bedgraph file of GC content at
10 bp resolution. Short tandem repeats were annotated using Tandem
Repeats Finder'™. The position of other features was carried out using
published analyses, with the exception of S phase genes", replication
timings** and T-DNA insertions® for which raw data were used to
replicate the published analysis. We termed the 6548 genes with nor-
malized counts >1 in S phase shoot scRNA-Seq (replicates merged) to
be S phase genes.

Reanalysis of ChIP-seq data assaying chromatin modifications**’
was also carried out. Sequencing reads were processed by Fastp (-q 20
-1 20) and aligned using BWA-MEM. Duplicate reads were removed
from alignments using Samtools. MACS2 (v2.2.9)"" was used to call
peaks with the --broad parameter used for H3K27mel, H3K9me2,
H3K27me3, H2AK121ub, and H3K36me3. All peaks were filtered out for
g < 0.05 and, if multiple datasets were available, those present in >50%
of the datasets.

Motif enrichment utilized the XSTREME tool". A list of previously
published datasets utilized***7°0°26366.6797.11619-123 gre listed in Supple-
mentary Data 7.

RNA-seq analysis

RNA sequencing reads were processed using Fastp (-q 20 -1 20).
Transcript abundances were quantified with Salmon (v1.4.0)"** using
the Araportll genome annotation”’. Features were filtered to have
counts of at least 10. Global trends in transcriptional perturbation were
calculated by taking the ratio of abundances, normalized to transcripts
per million, in tsk-4 plants relative to those of Col-O sequenced
alongside.

Statistical analysis

Testing the association of tandem duplications with genomic features
made use of simulation testing outlined above. For comparisons of
plant phenotypes, the differences in means were tested using one-way
ANOVA followed by Tukey’s Honestly Significant Difference post
hoc tests.

Wasserstein distances were computed between empirical dis-
tributions of log2 tandem duplication size within each plant, and
genotype effects were assessed by permutation (upper-tail)
of the PERMANOVA pseudo-F statistic with labels at the plant level. The
p-values were adjusted across contrasts using the Bonferroni-Holm
method.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Source data is provided with this paper sufficient to recreate all
presented results. Sequencing data (DNA-seq and RNA-seq datasets)
generated for this study are available from the NCBI SRA under
BioProject ID PRJNA1332561. Individual accession numbers are listed
in Supplementary Data 6. Optical mapping data has been deposited
in the EMBL-EBI ENA with the accession number PRJEB106903. Pre-
viously published data plotted in Fig. 2D has the SRA identifiers
ERR3852258 and BioProject ID PRJEB35832%, SRR5818181 and Bio-
Project ID PRJNA393892* and SRR24877660 and BioProject ID
PRJNA978938%. For the purposes of testing the association of
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tandem duplications with genomic features in Fig. 4 and Supple-
mentary Figs. 2, 3 several datasets were reanalyzed. These are Repli-
Seq data with the BioProject ID PRJNA330547*, shoot scRNA-Seq
data with the GSA ID: CRX125603 and CRX125604, BioProject ID
PRJCA003094"¢ and T-DNA integration sites with the BioProject ID
PRJNA393613%. Previously published ChIP-seq data for assaying
chromatin modifications plotted in Supplementary Fig. 2G-M were
sourced for H3K27mel, H3K9me2, H3K4me3, H3K36me3 with the
BioProject ID PRINA964763%, H3K27me3, H2AK121ub with BioPro-

ject

ID PRJNA351870* and H3K9Ac with BioProject ID

PRJNA353121*, Source data are provided with this paper.
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