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Abstract

Most DNA double-strand breaks (DSBs) are harmful to genome integrity. However, some forms of DSBs are essential to biological processes,
such as meiotic recombination and V(D)J recombination. DSBs are also required for programmed DNA elimination (PDE) in ciliates and nema-
todes. In nematodes, the DSBs are healed with telomere addition. While telomere addition sites have been well characterized, little is known
regarding the DSBs that fragment nematode chromosomes. Here, we used embryos from the human and pig parasitic nematode Ascaris to
characterize the DSBs. Using END-seq, we demonstrate that DSBs are introduced before mitosis, followed by extensive end resection. The
resection profile is unique for each break site, and the resection generates 3'-overhangs before the addition of neotelomeres. Interestingly,
telomere healing occurs much more frequently on retained DSB ends than on eliminated ends. This biased repair of the DSB ends may be
due to the sequestration of the eliminated DNA into micronuclei, preventing neotelomere formation at their ends. Additional DNA breaks occur
within the eliminated DNA in both Ascaris and Parascaris, ensuring chromosomal breakage and providing a fail-safe mechanism for PDE. Overall,
our data indicate that telomere healing of DSBs is specific to the break sites responsible for nematode PDE.
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Introduction

Programmed DNA elimination (PDE) is an exception to the
paradigm of genome integrity (1-4). It removes DNA from
the germline genome to generate a reduced somatic genome
within the life cycle of an organism. PDE occurs in single-cell
ciliates (5-7) and a growing list of metazoans (8—11), suggest-
ing that the PDE process likely evolved independently in dis-
tinct phylogenetic groups and confers biological function(s).
There are significant variations in how PDE occurs among di-
verse organisms, including the developmental stages where it
occurs, the amount and types of eliminated DNA, and the ge-
nomic consequences of PDE (1-4). However, the overall func-

tions of PDE in metazoans remain speculative as an experi-
mental model where PDE is fully blocked has yet to be estab-
lished.

Two distinct mechanisms are used to eliminate DNA dur-
ing PDE. In the first, the entire chromosome(s) is lost, typically
through heterochromatinization, asymmetric division or lag-
ging chromosomes (8,9,12). Loss of entire chromosome(s) oc-
curs in some arthropods, lampreys, hagfish, frogs, birds and
mammals. In the second mechanism, chromosomes are bro-
ken, and specific fragments are reproducibly retained or lost
(10,13). Chromosome fragmentation requires the generation
of DNA double-strand breaks (DSBs) and their subsequent
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healing. PDE-associated DSBs have been identified in ciliates
and some nematodes; they are likely also present in some cope-
pods (14,15) and hagfish (16,17).

The generation and healing of DSBs differ between cili-
ates and nematodes. In most ciliates, two types of genome
changes occur that require DSBs. The majority of the DSBs
are generated during the excision of thousands of internal
eliminated sequences by domesticated transposases, followed
by the fusion of broken ends through nonhomologous end
joining (NHE])-mediated repair (5-7). The second form of
DSBs occurs during chromosome fragmentation at chromo-
some breakage sequences (13). This process is coupled with
de novo telomere addition using telomerase (18,19). In com-
parison, much less is known about the molecular mechanism
of DSBs in nematodes. The DSBs occur at the ends of all ne-
matode chromosomes (20,21) as well as in the middle of some
chromosomes (22). The DSBs are healed by de novo telom-
ere addition and become the ends of new somatic chromo-
somes (23-26). The DSBs in the middle of a chromosome split
the chromosome, thus changing their karyotypes (22). Over-
all, PDE in nematodes removes and remodels the ends of all
germline chromosomes and generates new, additional somatic
chromosomes.

In nematodes, telomere addition sites have been charac-
terized using genome sequencing (21,25). In the human and
pig parasitic nematode Ascaris (27), we previously identified
72 chromosomal breakage regions (CBRs) where telomeres
are added. These CBRs occupy a 3-6-kb window (25,28,29)
and are not associated with specific sequence motifs, common
histone marks or small RNAs, suggesting that the sites for
the telomere addition are sequence independent. However, all
CBRs are associated with more accessible chromatin during
DNA elimination, indicating that specific mechanisms are in-
volved in identifying the sites for chromosomal breakage and
their subsequent telomere addition (25). In contrast, de novo
telomere addition sites in the free-living nematode Oscheius
tipulae reside primarily at a discrete site in the center of a 30-nt
palindromic motif called SFE (sequence for elimination) (21).
Our initial END-seq analysis indicated the DSBs in O. tipu-
lae were resected to generate long 3’-overhangs, and telomeres
were unbiasedly added to both the retained and eliminated
ends of the DSBs (21). However, due to the fast cell cycle (20~
30 min/cycle) in O. tipulae, we could not determine the timing
of DSBs or the dynamics of DNA end resection and telom-
ere addition. Furthermore, the potential molecular differences
of the DSBs, end processing and telomere addition between a
motif-based (SFEs in O. tipulae) and a sequence-independent
(CBRs in Ascaris) process remain largely unknown.

Here, we determine the timing, nature and sequence fea-
tures associated with the DSBs for Ascaris PDE. Using syn-
chronized embryos, we carried out END-seq to characterize
DSBs and end resection at specific stages of the cell cycle dur-
ing PDE (four- to eight-cell embryos). These stages cover dis-
crete time points of Ascaris PDE, including the onset of DSBs,
end resection, new telomere addition and degradation of the
eliminated DNA. Our data demonstrate that the DSBs are
introduced at the G2 phase before mitosis and are followed
by extensive end resection. The DSBs occur heterogeneously
within the CBRs. Moreover, telomeres are mainly added to
the retained ends of DSBs in Ascaris, while the eliminated
ends undergo further resection—in contrast to the unbiased
telomere healing observed in O. tipulae (21). We also iden-
tified additional DSBs within the eliminated DNA in Ascaris
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and the related horse parasitic nematode Parascaris. In com-
bination with the alternative breaks in O. tipulae (21), these
extra DSBs suggest a common fail-safe mechanism, where ad-
ditional DNA breaks occur to ensure PDE in these nematodes.
Furthermore, telomere healing of DSBs appears to be a spe-
cific process associated with PDE, as exogenously introduced
DSBs are not healed by telomere addition. Overall, our results
provide insights into the DSBs and telomere healing and re-
veal variations in the molecular processes of PDE in diverse
nematodes.

Materials and methods

Sample collection and embryo development

Ascaris females were collected, and the fertilized embryos (0
h, one-cell before prenuclear fusion) were harvested and pro-
cessed as previously described (30,31). Ascaris 0-h samples
were incubated at 30°C with constant shaking for the desired
time (from 50 to 98 h; see Figure 1 for the population av-
erage of cell stage and phase of cell cycle). For all molecular
experiments, the chitinous eggshells were first digested with
base-bleach treatment [0.4 M KOH, 2% sodium hypochlorite
(Fisher Scientific, catalog #55290-1)] for 1.5 h at 30°C. Paras-
caris samples were collected as described (22,25). Parascaris
eggs were prepared similarly to Ascaris, except the incuba-
tion was carried out at 37°C, and the embryonation time was
shorter (10-14 h). The Parascaris embryos used for the END-
seq library were from mixed stages of one to two cells (before
PDE) and two to eight cells (during PDE).

END-seq library preparation

The decoated embryos were treated with 90% isopropanol for
1 min to remove the outer membrane, followed by 3 x washes
in phosphate-buffered saline (PBS) before proceeding with
END-seq procedures (32,33). Briefly, embryos were embedded
in agarose plugs to protect the DNA from exogenous breaks.
For each plug, we used ~50 ul of packed embryos as the start-
ing material. Some plugs were treated with the restriction en-
zymes AsiSI, Fsel, Ascl and/or Pmel (NEB, catalog #R0630,
#R0588, #R0558 and #R0560) to generate DSBs as internal
controls. DSBs were blunted with exonuclease VII (NEB, cat-
alog #R0630) and exonuclease T (NEB, catalog #M0625).
Blunt ends were A-tailed and capped with END-seq adapter
1, a biotinylated hairpin adapter (33). Plugs were melted at
70°C and treated with B-Agarase I (NEB, catalog #M0392)
to liberate the DNA. The DNA was then sheared to 200-300
bp with a Covaris M220 focused ultrasonicator [130 pl tube
(Covaris part number 520045), 4°C, peak power 50, duty 16,
cycles/burst 200 for 420 s]. DNA fragments containing END-
seq adapter 1 were isolated with Dynabeads MyOne Strep-
tavidin C1 (Invitrogen, catalog #65001). END-seq adapter 2
was ligated to the sheared ends of the A-tailed DNA frag-
ments. The hairpins within the adapters were digested with
USER (NEB, catalog #M5505), and the DNA was amplified
with Illumina TruSeq primers and barcodes. The libraries were
sequenced with Illumina HiSeq 2500 or NovaSeq 6000 at the
University of Colorado Anschutz Medical Campus Genomics
Core.

The following modifications were made to the END-seq
protocol to capture DNA with blunt ends and/or 5’- and 3'-
overhangs. For the direct capture method, we excluded the
exonuclease VII and exonuclease T treatments to only cap-
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ture blunt ends. For the all-END protocol, the plugs were
treated with T4 polymerase (with dNTPs) to allow the fill-
ing of overhangs before exonuclease treatment, thus capturing
DNA with blunt ends, 5’-overhangs and 3’-overhangs. These
experiments were done on 68-h embryos when endogenous
DSBs from PDE are abundant. The samples were also treated
with restriction enzymes AsiSI (3’-overhang, 33835 sites in the
genome), Ascl (5'-overhang, 416 sites) and Pmel (blunt, 5588
sites) to generate control DSBs.

Southern blotting

High-molecular-weight DNA was extracted from the germline
(ovary), four stages of early embryos (50-74 h) and somatic
cells (7-day embryos) using an agarose embedding method
(28). About 3 pg of DNA from each sample was digested
with two restriction enzymes (Pstl, NEB catalog #R0140;
Xhol, NEB catalog #R0146). The digested genomic DNA was
resolved on a 1% 0.5x TBE buffer agarose gel with a 1-
kb Plus DNA Ladder (Invitrogen, catalog #12308-011). The
DNA was transferred to a Hybond-XL membrane using 0.5
N NaOH/1.5 M NaCl. The membrane was treated with 1200
iJ in a UVP CL-1000 Crosslinker. We selected a 700-bp re-
gion within the retained side of a CBR (CBR_mé6b; see Fig-
ure 3E) as the probe for hybridization. The polymerase chain
reaction (PCR) amplicon (primers: forward = TTTCTAA-
GACTCTCTCCCGTA and reverse = GATTAGAAGTAGC-
CGACCAA) was labeled with dCTP [«-*2P] using Random
Primer DNA Labeling Kit Ver. 2.0 (Takara, catalog #6045).
The hybridization was done at 65°C overnight in Church and
Gilbert Moderate Hybridization Buffer [1% bovine serum al-
bumin, 500 mM sodium phosphate, 15% formamide, 1 mM
ethylenediaminetetraacetic acid and 7% sodium dodecyl sul-
fate (SDS)] and washed in 0.2x SSC and 0.1% SDS at 55°C
using a GENE Mate HO6000V hybridization oven. The blot
was imaged using an Amersham Typhoon Biomolecular Im-
ager. The size and intensity of DNA smears were quantified
with WALTER (34). Regions below the 4.3-kb band were
manually selected for quantification.

X-ray irradiation

Ascaris embryos [65 h (four-cell) or 70 h (four- to six-cell) with
eggshell removed) were placed in 60-mm Petri dishes and ir-
radiated with 100 or 200 Gy of X-rays in an RS 2000 small
animal irradiator (~4 Gy/min at shelf level 5). Control sam-
ples were placed in 60-mm Petri dishes and left on the counter
for the same period while the X-ray sample was irradiated. To
determine the impact of X-ray irradiation on Ascaris embryo
development, we allowed treated embryos to recover for 24 or
48 h at 30°C post-irradiation (corresponding to one to three
cell cycles). After recovery, the number of cells in the embryos
was counted using light microscopy and Hoechst staining. For
the staining, ~120 ul of packed embryos were treated with
90% isopropanol for 1 min, washed in PBS (pH 7) and sub-
jected to the stain using Hoechst 33342 (1 mg/ml) (Invitrogen,
Fisher catalog #H3570) following the procedures as described
previously (21).

For END-seq, the irradiated embryos were embedded in
agarose plugs and processed as described above. For genomic
DNA isolation, ~80 pl packed irradiated embryos and con-
trol embryos were resuspended in 2 ml buffer G2 (Qiagen,
catalog #1014636) with proteinase K (1 mg/ml) (Invitrogen,
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catalog #AM2544). The embryos were lysed with five strokes
in a 7-ml metal dounce followed by a 2 h incubation at 37°C
for proteinase K digestion. The lysate was centrifuged at 5000
x g for 10 min to pellet debris. The supernatant was processed
with Genomic-tip 20/G columns (Qiagen catalog #10223) to
prepare genomic DNA. Genomic libraries were made using
[llumina DNA Preparation Kit (catalog #20018704) and se-
quenced with Illumina NovaSeq 6000.

END-seq data mapping and visualization

For all END-seq analyses, only the read 1 file with the cap-
tured DSB ends was processed. END-seq reads containing
two consecutive telomeric repeat units (TTAGGCTTAGGC or
the reverse complement GCCTAAGCCTAA) were first iden-
tified from sequencing files using an in-house Perl script; they
were filtered and used for the analysis of de novo telomere
addition (see below). The rest of the END-seq reads were
mapped to the appropriate reference genome [Ascaris v3 (ac-
cession number: JACCHRO010000000) or Parascaris v2 (ac-
cession number: JBBHLZ010000000)] with bowtie2 (local
alignment) (35) and processed with SAMtools (36) to gener-
ate bam files. For samples treated with restriction digestion,
BEDTools (37) intersect was used to remove reads mapped to
restriction sites. The 5’-end position of each read was mapped,
separated by strand and normalized to 10 million genome-
mapped reads using BEDTools genomecov (37). The mapping
results were converted to bigWig format using bedGraphTo-
BigWig and loaded into UCSC Genome Browser track data
hubs (38).

Identification of de novo telomere addition

To analyze new telomere addition during PDE developmen-
tal stages, END-seq reads containing two consecutive telom-
ere repeats were converted to the G-rich strand (TTAGGC).
To identify reads that capture de novo telomere addition,
we first mapped the full length of these reads (without trim-
ming or clipping) to the germline genome using bowtie2 end-
to-end alignment (35). The reads that fully mapped to the
germline genome are false-positive telomeric reads and were
removed from the downstream analysis. The rest of the reads
were trimmed with fastx_clipper (http://hannonlab.cshl.edu/
fastx_toolkit/index.html) using ‘v -n -1 25 -a TTAGGCT-
TAGGC’ parameters. The trimmed reads were mapped to the
genome with bowtie2 (local alignment), and the mapping re-
sults (bam files) were processed as described above, except the
3’-positions (the sites where new telomeres are added) rather
than §’-positions were obtained with BEDTools genomecouv.
To filter ambiguous mapping results, reads with <50 bp of
genomic sequence were excluded from the analysis since few
of them have >25 bp of unique sequence after removing the
telomeric portion of the reads.

Identification of break sites and resection
boundaries

To identify genomic regions with enriched END-seq signal,
representative libraries from each stage of PDE and a control
library (before PDE) were first split by forward (+) and reverse
(—) strands. Each strand was independently analyzed with
MACS3 (39) callpeak (Ascaris: -g 2.43e8 -s 120 —nomodel
—broad —min-length 1000; Parascaris: -g 2.40e8 —nomodel —
broad —broad-cutoff 0.13). The MACS3 output was filtered
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to remove peaks only found on one strand (BEDTools win-
dow: Ascaris -w 1000 and Parascaris -w 2000). In Parascaris,
due to the limited END-seq signal, some CBRs and their re-
section boundaries were defined manually by further assessing
genome read coverage and telomere addition sites using the
genome browser.

To identify alternative break sites, MACS3 peaks in the
eliminated regions were assessed. Peaks overlapping with
highly repetitive regions were removed from downstream
analysis. END-seq reads were first mapped to the CBRs to
ensure that the reads in the eliminated regions were not de-
rived from the existing 72 CBRs due to their potential of be-
ing repetitive sequences to the CBRs; then, the remaining reads
were mapped to the rest of the genome using bowtie2. After
the sequential mapping, non-CBR regions with a significant
number of reads were considered as alternative CBRs. To iden-
tify whether alternative CBRs could have repetitive sequences
similar to the 72 CBRs after the sequential mapping, the over-
all coverage of the END-seq was used to determine whether
multiple CBRs with expected multiple-fold read coverage ex-
ist, as demonstrated by the PDE breaks in the nematode
O. tipulae (21).

The END-seq signal region (defined by MACS3) for each
CBR was extended to 20 kb to include a flanking region
for comparative analyses of all CBRs across developmental
stages. The 20-kb region was binned into 100-bp windows
with a sliding window of 10 bp using BEDTools makewin-
dows (-w 100 -s 10). Normalized END-seq data for each
stage of development were merged with BEDTools unionbedg
and mapped to the binned 20-kb break regions using BED-
Tools map (-¢c 4 -o mean -null 0). END-seq de novo telomere
data were independently normalized, merged and processed
using the same approach. The data were plotted using R us-
ing packages tidyverse, reader, scales, ggpubr, ggridges and
extrafont.

For meta-analysis of all CBRs (such as in Figure 1E), the
CBRs were aligned by the median END-seq telomere read. A
20-kb region centered on the telomere median was binned
with BEDTools makewindows (-w 100 -s 10). The coordi-
nates were converted to a relative scale from —10 000 to
10 000 bp, and CBRs with eliminated DNA on the left were
inverted, so all CBRs were in the same orientation (eliminated
DNA on the right). The same process was used to generate the
merged Parascaris plot, except the median break site was de-
termined using telomere addition sites from the somatic tissue
(25).

Simulation of END-seq profiles using the O. tipulae
resection profile

The overall END-seq resection profile from 12 canonical
break sites was obtained from O. tipulae (21). The 5" read
coordinates were converted to the relative distances from the
telomere addition site, normalized to the number of telom-
eres and oriented so that eliminated reads were on the right-
hand side. This pattern was used to simulate an END-seq
profile at each Ascaris CBR, assuming that a DSB gives rise
to a similar resection profile. The O. tipulae END-seq pat-
tern was applied to the positions and frequencies of the ob-
served telomere addition sites from the wild population of As-
caris embryos. The simulated profiles were compared with ob-
served END-seq profiles in ridgeline plots (see Figure 2F and
Supplementary Figure S3).
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Comparative analysis of CBRs between Ascaris and
Parascaris

To examine sequence conservation among CBRs within As-
caris or Parascaris, the CBR sequences were compared against
each other using blastn (-evalue 0.01) (40). Two CBRs were
considered to have high sequence similarity if >50% of the
query CBR in length had a BLASTn hit to the subject CBR.
The sequence conservation was also assessed between the
CBRs from Ascaris and Parascaris. However, due to diverged
sequence between the two species, the comparison was carried
out at the level of translated amino acids using tblastx (-evalue
0.01) (40). Two CBRs were considered to have high sequence
similarity if >50% of the query CBR had a tBLASTx hit to the
subject CBR in the other organism. Random genomic regions
(1000, 8-kb regions generated by BEDTools random -n 1000
-1 8000 -seed 123) were used to assess the overall sequence
conservation between Ascaris and Parascaris, using tBLASTx
of random region against the other species’ genome.

Genome sequencing and analysis on X-ray
irradiated embryos

The same method described for END-seq de novo telomere
analysis was used to analyze the telomere addition events in
the control versus the irradiated embryos. END-seq reads with
two consecutive telomeric repeat units were mapped to the
genome. BEDTools map (-c 4 -o sum -null 0) was used to as-
sess the number of reads in the CBRs, eliminated DNA region
and retained DNA region. The number of reads was normal-
ized to the size of these genomic regions in kilobases (telomere

reads/kb).

Results

PDE-induced DSBs occur before mitosis in Ascaris

Previous genomic analyses in Ascaris somatic cells [comma-
stage embryos (7-day), post-PDE] identified sites where new
telomeres are added. These sites reside within a 3-6-kb ge-
nomic region known as a CBR (25). However, the telomere
addition sites do not necessarily correspond to the sites where
the DSBs occurred during PDE, since following DSB induc-
tion, the DNA ends could be trimmed (removal of nucleotides
at both strands) prior to the addition of telomeres. To iden-
tify the sites of the DSBs and their timing during the cell cycle
of PDE, we used END-seq (32,33), a method based on the
direct ligation of a sequencing adapter to the ends of DSBs
after removing single-strand nucleotides, to capture DSBs and
their end processing (resection). We first demonstrated that
END-seq can identify exogenously introduced DSBs at single-
nucleotide resolution using a restriction enzyme (Fsel) on As-
caris embryos (Figure 1A and B). We observed that the END-
seq reads are highly enriched at the junction of retained and
eliminated DNA, indicating that END-seq can capture the en-
dogenous DSBs associated with PDE (Figure 1A).

In Ascaris, five independent PDE events occur in pre-
somatic cells during the 4-16-cell stages, with four of them at
the 4- or 8-cell stage (Figure 1C). In the four-cell embryo, two
cells (ABa and ABp) simultaneously undergo PDE, followed
by PDE in the EMS cell (41). Notably, Ascaris early embryos
have a long cell cycle of ~15 h (42), compared to ~20-30
min in the free-living nematodes Caenorbabditis elegans and
O. tipulae. The long cell cycle allowed us to identify and ex-
amine DSBs and their resection at 11 time points between 50
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Figure 1. Ascaris DSBs for PDE are generated before mitosis. (A) END-seq identifies DSBs in Ascaris embryos. A genome browser view of END-seq
reads from 70-h (four to six-cell) embryos. Shown is a 500-kb region containing an Fsel restriction site and a CBR. Reads were split by strand and
colored red (+) and blue (—). (B) Inset of the Fsel site boxed in panel (A). Fsel generates a 4-nt 3’-overhang that is blunted during END-seq, as indicated

by the high number of END-seq reads matching the blunted ends, leaving a 4-nt gap in END-seq signal between the two strands. (C) Ascaris cell lineage

during early development. Germ cells are purple, cells that undergo PDE are red and somatic cells are blue. (D) Timing of DSBs detected by END-seq.

Ridgeline plot of normalized END-seq reads across 11 developmental stages (y-axis) at the same CBR as in panel (A) and its flanking regions (x-axis; total

14 kb with 100-bp bins and 10-bp sliding window). Dashed lines mark the boundary of END-seq signal enrichment (defined with MACS3). Reads are

colored by strand (red and blue), and telomeric reads are gray. Estimates of cell number and phase of the cell cycle from the population of embryos are
indicated on the left. (E) Average END-seq profile across all CBRs. The 72 CBRs were aligned by the median telomere addition site at each CBR and the
END-seq coverage was merged to create an average profile. Legend same as in panel (D). (F) A bias of resection in the retained versus eliminated DSB

ends. The average END-seq read counts at each CBR were plotted for each developmental stage. The number of END-seq libraries (biological replicates)

for each stage is indicated at the top of the graph. Many time points (from 54 to 80 h) have more END-seq reads in the eliminated sides than the
retained ends. All time points have significantly more END-seq reads than 50 h (significance only shown between 50 and 54 h). Wilcoxon statistic tests
were used with *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 1e—4.
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and 98 h of embryo development (Supplementary Table S1).
This time frame covers discrete phases of the cell cycle dur-
ing the four- to eight-cell stages (42) (Figure 1C). The consis-
tency between the biological replicates of our END-seq sug-
gests that the data are highly reproducible (Supplementary
Figure S1). The END-seq data indicated that DSBs for PDE
were not detected during the S phase (50 h) of the four-cell
embryos. However, a small but significant amount of END-seq
reads appear in the CBRs at 54 h (G2 phase), and the END-seq
signal increases through 80 h (Figure 1D-F). The initial detec-
tion of END-seq signals suggests that the DSBs occur during
the G2 phase of the cell cycle, prior to chromosome condensa-
tion and mitosis. DSBs occurring during G2 differ from pre-
vious proposed timing of the DSBs during mitosis (43). Ad-
ditional DSBs were detected as the four-cell embryos under-
went PDE (54-70 h). Since division of the ABa/ABp and EMS
cells is not synchronous and the population of embryos is not
perfectly synchronized (42), the END-seq signal was observed
throughout the time points after the onset of the initial DSBs
(Figure 1D-F). Overall, the timing of initial DSBs has impor-
tant implications for the molecular mechanisms of DSBs (see
the ‘Discussion’ section).

Ascaris DSBs are heterogeneous and undergo
resection

Our END-seq data were derived from a heterogeneous popu-
lation of millions of Ascaris embryos obtained from wild iso-
lates. We reasoned that if the DSBs were homogeneous and
occurred at a single location within a CBR in this popula-
tion, the END-seq would result in no overlapping reads from
the two strands (see Figure 1B). However, we observed all 72
CBRs have overlapping reads from the two strands (Figure 1D
and E and Supplementary Figure S2), suggesting that DSBs oc-
cur heterogeneously within these overlapping regions in the
sampled population. The overlapping regions of the END-
seq signal coincide with the telomere addition sites within
the CBRs, indicating that telomere healing may occur at the
site of the DSB without DNA trimming (see below for addi-
tional evidence). Thus, our END-seq data from a wild popula-
tion of Ascaris embryos indicate that DSBs are heterogeneous,
confined within the CBRs and are likely the sites of telomere
addition.

Although the DSB sites are heterogeneous in the popula-
tion, the END-seq reads accumulate across extended regions
of the CBRs on both strands and there is a large offset be-
tween the majority of retained and eliminated END-seq reads,
as indicated in the distance between peaks of retained and
eliminated ends (Figure 1D and E), suggesting extensive bidi-
rectional end resection from 5’ to 3/, leaving an extended 3'-
overhang. Quantification of the END-seq reads revealed that
there is greater resection at the eliminated ends of DSBs, com-
pared to the retained ends, in both the amount of reads and the
resection distance (Figure 1D-F and Supplementary Figure
S2). The resection bias is observed from 54 to 80 h of embryo
development. After 80 h, we observe an overall decrease of
END-seq signal (Figure 1F), likely due to the completion of
the first three PDE events, in conjunction with the one new
PDE event at the eight-cell stage (see Figure 1C). After 80 h,
more but not significant amounts of reads were observed on
the eliminated side (Figure 1F). This more balanced number of
reads between the eliminated and retained ends could be due
to (i) the overall diminishing of END-seq signal in the elimi-
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nated regions from the previous three PDE events and (ii) the
early time point of the new PDE event where bias in resection
has not accumulated. In sum, our END-seq experiments show
that the DSBs occur during the G2 phase of the cell cycle, they
occur heterogeneously within the CBRs and the DSBs undergo
bidirectional resection.

Ascaris DSB end resection generates 3'-overhangs
with site-specific patterns

To further characterize the ends of DSBs associated with PDE,
we sought to determine the percentage of Ascaris END-seq
reads that are blunt versus those that have an overhang. Given
that the standard END-seq procedure can capture DSBs with
both blunt ends and 3’-overhangs (32,33), we modified END-
seq to capture (i) only blunt ends (direct capture) or (ii) blunt
ends, 3’-overhangs and 5’-overhangs (all-END) (Figure 2A-B).
Our direct capture method identified fewer reads in the CBRs
compared to the all-END method (Figure 2C-D); these reads
are largely confined within the CBR and they also demon-
strate an offset between the retained and eliminated ends (Fig-
ure 2C). Since our standard END-seq (blunt and 3’-overhang)
and all-END (blunt, §'-overhang and 3’-overhang) methods
captured an identical profile, and there are much fewer reads
from the direct capture (blunt), we conclude that the majority
of DSBs have a 3’-overhang. Quantification of the END-seq
reads from direct capture and all-END suggests that 79 % cor-
respond to resected DSBs with an overhang (Figure 2D). We
note that END-seq may be more efficient at capturing blunt
ends than overhangs (Figure 2B). In addition, the direct cap-
ture method also appears to capture a small amount of 3'-
overhangs (Figure 2B). Therefore, the overall percentage of
DNA ends at the break sites with a 3’-overhang could be un-
derestimated.

Furthermore, analysis of the resection profiles between in-
dividual CBRs reveals notable differences in the frequency
of END-seq reads and resection endpoints (Figure 2E and
Supplementary Figure S2). However, within a specific CBR,
the resection profile was highly consistent across all develop-
mental stages (Figure 2E and Supplementary Figure S2). The
variations in resection profiles among CBRs could be due to
the local sequence, nucleosome organization and chromatin
structure (see ATAC-seq data in Figure 2E and Supplementary
Figure S2) that may influence the resection process and end-
points, as illustrated in recent studies (44,45). Notably, the
overall resection profile from all CBRs showed two peaks for
the retained end (Figure 1E and Supplementary Figure S2),
suggesting a potential multistep controlled process for the re-
section at the retained end where telomere addition occurs
(see below and the ‘Discussion’ section). Overall, our anal-
ysis revealed that most DSBs are resected to generate long 3'-
overhangs, and the resection profiles are site-specific.

De novo telomere addition occurs at the DSB site

Our previous END-seq analyses on O. tipulae PDE revealed
that DSBs occur at the center of a 30-bp, degenerated palin-
dromic sequence (SFE) and that telomeres are added at the
sites of DSBs (21). We wondered whether telomere addition
sites are similarly close to the DSBs in Ascaris. However, the
heterogeneity of telomere addition sites from the wild popu-
lation of Ascaris embryos makes it difficult to directly assess
a single breakage event. We thus used a computer simulation
to indirectly evaluate the likelihood of telomere addition sites
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Figure 2. Ascaris DSBs undergo extensive end resection. (A) A schematic showing the two modified methods to the standard END-seq procedure. On
the left various DNA ends are shown and the right indicates whether the end can be captured (ligated with an orange hairpin adapter). The direct capture
(top) excludes exonuclease treatment and only captures blunt ends. The all-END (bottom) includes addition of T4 polymerase to fill in 5’-overhangs as
well as exonuclease VIl and exonuclease T to blunt 3'-overhangs. This method can capture blunt ends, 3’-overhangs and 5’-overhangs. (B) Modifications
of the END-seq procedure capture DSBs with different end features. Shown is a genome browser view of END-seq reads from 68-h embryos treated
with AsiSI (3’-overhang), Ascl (5’-overhang) and Pmel (blunt) restriction enzymes. (C) Most of the Ascaris DSB ends have an overhang structure at their
ends. Shown is an exemplary CBR region from direct capture and all-END experiments. Libraries were normalized to the same number of mapped
reads. (D) Quantification of normalized reads in each CBR from direct capture and all-END experiments. (E) Each CBR has a distinct resection profile that
may be influenced by the local sequence, nucleosome organization and chromatin structure. Three exemplary CBRs (17 kb) with END-seq and ATAC-seq
data from early embryogenesis are shown. Same legend as in Figure 1D, except the ATAC-seq from 60-h embryos is shown in green. (F) Simulation of
END-seq pattern using telomere addition sites. Shown are observed Ascaris END-seq data (top) compared to simulated END-seq profiles (middle) using
the END-seq profiles from O. tipulae, a nematode with homogeneous genetic background and homogeneous DSBs. The simulation used the position
and frequency of Ascaris telomere addition sites (bottom) (see the ‘Materials and methods’ section). Note the similarity between the observed and
simulated END-seq profiles on the retained ends. (G, H) Longer resection occurs in Ascaris compared to O. tipulae. (G) Distance between the median
resected end from the retained and eliminated sides. The median values for all Ascaris CBRs are plotted. All development times (54-98 h) are
statistically significant compared to 50 h (significance is only shown between 50 and 54 h). (H) Distance between the median resected end from the
retained and eliminated sides of the SFE in O. tipulae. Wilcoxon statistic tests were used with **P < 0.01 and ****P < 1e—4.
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corresponding with DSB sites. In this simulation, we applied
the average O. tipulae END-seq resection profile to each ob-
served telomere addition site in Ascaris (considering both the
position of the telomere site and its frequency; see the ‘Mate-
rials and methods’ section). Interestingly, the simulated END-
seq profiles of the retained ends match consistently with the
observed Ascaris END-seq data, suggesting that telomere ad-
dition sites likely correspond with the DSB sites (Figure 2F
and Supplementary Figure S3). Our previous data showed that
overlapping regions of END-seq signal (where DSBs presum-
ably occur) coincide with the telomere addition sites (Figure
1D and E). In addition, our simulation shows a consistent
END-seq profile between O. tipulae and Ascaris on the re-
tained side of DSBs (Figure 2F). Together, these results sug-
gest that de novo telomere addition occurs at the DSB site in
Ascaris.

However, for the eliminated ends of the DSBs, the simula-
tion does not match the observed END-seq profiles (Figure
2F and Supplementary Figure S3). Instead, the broken ends
underwent much longer resection compared to the simulated
profiles. This reflects differences in the resection of eliminated
ends between Ascaris and O. tipulae. Due to the heteroge-
neous nature of the break site, it is difficult to assess the resec-
tion length within the Ascaris population. Instead, to compare
resection between the two nematode species, we analyzed the
distance between the median retained and eliminated ends, as
a measure of total bidirectional resection across the popula-
tion. We found Ascaris has a much longer median distance
(majority 1-3 kb) compared to O. tipulae (majority <0.5 kb;
see Figure 2G and H). Since the resection profiles on the re-
tained sides appear consistent between Ascaris and O. tipu-
lae (Figure 2F and Supplementary Figure S3), this indicates
that the length of resection on the retained sides is largely the
same between these nematodes. Thus, the observed difference
in distance may be caused by the extended resection at Ascaris
eliminated ends (Figure 1D-F). In addition, the heterogeneous
nature of DSBs within the Ascaris population contributes to
the longer resection distance. Overall, the consistency of resec-
tion profiles on the retained ends suggests that the mechanism
of end resection is likely conserved between Ascaris and O.
tipulae, while longer resection at the eliminated ends indicates
an extended processing of DSB ends of the eliminated DNA
in Ascaris (see below).

Telomeres are preferentially added to retained DNA
ends

In a previous study, the telomere addition sites were defined
using genome sequencing on comma-stage (7-day) embryos
long after the PDE events (25). While their positions in the
genome were determined for the retained ends, little is known
about telomere addition at the eliminated sides since the se-
quences are absent in the comma-stage embryos. In addi-
tion, the timing and speed of telomere addition were also not
known during PDE. Using PCR amplification, Jentsch et al.
showed that telomeres can be added to both retained and elim-
inated ends in Ascaris, suggesting that telomere addition may
be a nonspecific process (46). More recently, in O. tipulae, we
showed that telomeres are added to both broken ends in an
unbiased manner (21), consistent with a nonspecific telomere
healing model. Here, we assessed Ascaris de novo telomere ad-
dition at both the retained and eliminated ends by extracting
and analyzing telomere-containing reads from our END-seq

Nucleic Acids Research, 2024, Vol. 52, No. 15

data (Figure 3A). Surprisingly, our data showed that telom-
eres are primarily (overall 89% of their reads) added to the re-
tained ends of DSBs (Figure 3B and Supplementary Table S2).
Our data are consistent with the previous work in Ascaris (46)
since 11% of telomere addition on the eliminated ends would
still allow its detection by PCR. However, this result contrasts
with the unbiased telomere addition observed in O. tipulae
(21), suggesting a molecular difference between these nema-
todes (see the ‘Discussion’ section).

We further assessed de novo telomere addition across de-
velopment to determine its timing and extension through
PDE. Overall, the ratio of telomeric to nontelomeric END-seq
within the CBRs suggests that most (97%) of the DSBs are
not readily healed with telomeres, likely an indication of ac-
tive processing (resection). For the other 3% that are telomeric
reads, we found a striking similarity of the profile of change
through development (Figure 3C) compared to the nontelom-
eric reads (see Figure 1F), suggesting that a small portion of
telomere addition may happen with little or no lag time af-
ter formation of DSBs. Importantly, END-seq can only map
added telomeres to a unique site when the telomere length
is shorter than the sequencing reads (150 bp in our Illumina
sequencing). To account for all telomeres, we quantified the
number of END-seq reads that contained two or more consec-
utive telomeric repeat units (Figure 3D and see the ‘Materials
and methods’ section). These telomeric reads rise steadily from
50 to 75 h, likely due to the growth of new telomere ends that
are >150 bp. Interestingly, we found a dramatic rise in these
telomeric reads during the 75-98 h time points. The number
of telomeric reads is much higher than expected if we only
consider that the increase is caused by karyotype changes that
occur during PDE (increase from 24 germline chromosomes to
36 somatic chromosomes). We interpret this increase in telom-
eric reads as the result of the fragmentation of old germline
telomeric sequences during their degradation, leaving numer-
ous small telomere fragments captured by END-seq. In agree-
ment with this, analysis of these telomeric reads in 75-98 h
indicates that the majority (59%) of them are telomere-only
reads. Overall, these data show the timing of germline telom-
ere breakdown and somatic telomere synthesis during PDE.

To further corroborate the timing of telomere addition, we
performed Southern blotting using a probe targeted to a sin-
gle CBR (Figure 3E). This allows us to determine changes to
the DNA at the CBR in the germline, during early embryos
through PDE stages and in somatic cells. The result confirms
that the CBR is intact (4.3-kb DNA band) in the germline
(ovary), while almost all DNA at this CBR was broken in the
somatic cells (7-day embryos, ~500 somatic cells with two
primordial germ cells) (Figure 3F). The smear observed in the
somatic cells (7-day) indicates a heterogeneous length, likely
caused by the different DSB sites and variations in the length
of newly added telomeres (Figure 3E). During PDE (66 h), we
observed in addition to the 4.3-kb germline DNA, a smear of
DNA with peak density at 1-4 kb, suggesting a broken CBR
with heterogeneous break sites (and telomere lengths) in the
population of embryos (Figure 3F). We quantified the amount
and the average length of the DNA smear (excluding the 4.3-
kb band; see the ‘Materials and methods’ section). Our data
indicate a shift of the smear toward larger DNA in 74 h, re-
flecting an increase in telomere length (Figure 3F). In sum, our
de novo telomere addition analysis provides insights into the
timing, selection and dynamics of telomere addition during
Ascaris PDE.
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Figure 3. Telomere addition in Ascaris favors the retained ends of DSBs. (A) A schematic showing the sequence ends with and without de novo
telomeres captured by END-seq. Blunt and resected DSB ends were trimmed and captured with END-seq (circle with X, blue/red for ends without
telomeres and purple/orange for ends with new telomeres, not drawn to scale). The horizontal black arrows indicate END-seq reads pointing from 5’ to
3'. For ends without telomeres, the 5’-ends of the reads (first nucleotide captured, asterisk) were used for data analysis. New telomeric sequences
(TTAGGC/GCCTAA), with their length shorter than the length of sequencing read (150 bp) are indicated. The unique (nontelomeric) region of the reads
was mapped to the genome, with the first nontelomeric base (5') designated as the telomere addition site (asterisk). (B) Majority of the telomere
addition occurs at the retained ends. A genome browser view of the two types of END-seq reads [split by strand into four tracks; see panel (A)] captured
by END-seq at a CBR. (C) Biased telomere addition is consistent across all CBRs and developmental stages. Average END-seq telomere signal in each
CBR across development. At each time point, there are significantly more telomere reads from the retained side of the DSB. All time points also have
significantly more retained and eliminated reads than 50 h (significance only shown between 50 and 54 h). Wilcoxon test: *P < 0.05 and ****P < 1e—4.
(D) The number of telomere-only END-seq reads plotted across development. For panels (C) and (D), the number of biological replicates is indicated at
the top of the graphs. (E) A schematic of the Southern blotting. On the left is a CBR from chromosome 6 (CBR_m6b), with the restriction sites and
region for the probe. Blue = retained DNA; gray = CBR; red = eliminated DNA; green = new telomere; vertical lines = Pstl sites; and orange horizontal
bar = 700-bp probe region. On the right is the predicted size of the DNA in the sampled tissues or developmental stages. (F) Southern blot showing the
intact germline DNA (4.3 kb) and the various sizes of DNA in different embryonic stages. The * symbol indicates the average size of somatic DNA
hybridized to the probe as calculated with WALTER (see the ‘Materials and methods’ section). Note the gradual increase of the somatic DNA size with

development.

Alternative break sites provide a fail-safe
mechanism for PDE in Ascaris

Previous genomic studies revealed 72 Ascaris CBRs (canon-
ical CBRs)—defined by their genomic positions at the junc-
tion of retained and eliminated DNA, where new telomeric se-
quences are detected in somatic cells (20,25). However, these
studies did not determine whether DSBs and telomere addi-
tion also occur within the eliminated regions or how the elim-
inated DNA is degraded. Here, we identified 28 additional
break regions in the eliminated DNA, hereafter called alterna-
tive CBRs (see Figure 4A and B, Supplementary Figure S2 and
Supplementary Table S2). These alternative CBRs appear to
occur simultaneously with the 72 canonical CBRs (based on
a similar number of END-seq reads), undergo bidirectional
resection and are healed with de novo telomere addition at
a low level, similar to eliminated ends of the CBRs (Figure
3B and Supplementary Figure S2). These alternative CBRs
could serve as a fail-safe mechanism to ensure that PDE oc-

curs, as seen in O. tipulae (21). Since the assembled Ascaris
genome is not telomere to telomere, sequences in the elimi-
nated regions are incomplete and some regions contain highly
repetitive elements (20). Therefore, we reason that additional
alternative CBRs may exist but were missed in our analy-
sis. Interestingly, many of the alternative CBRs were found
in internally eliminated sequences (19 of 28, 68%), which
consist of only 42% of all eliminated DNA. These DNA se-
quences are between evolutionarily fused chromosomes (Fig-
ure 4B) and may suggest a critical role of PDE in break-
ing the chromosomes to restore their pre-fused karyotypes
(22). We further compared the conservation of sequence be-
tween all CBRs to determine their relationships and evolu-
tion. One large and two small groups of CBRs showed high
sequence similarity (Figure 4B and Supplementary Table S3),
suggesting that these Ascaris CBRs have been recently du-
plicated, similar to the alternative break sites observed in
O. tipulae (21). Interestingly, we observed a high number
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of canonical-to-canonical and alternative-to-alternative pairs
but a low number of canonical-to-alternative pairs (Figure 4C
and Supplementary Table S3), suggesting some constraints on
the interchangeability of the canonical and alternative sites.
Nevertheless, the presence of alternative CBRs as a potential
fail-safe mechanism for PDE further suggests the biological
importance of PDE in Ascaris.

Telomere addition is specifically linked to
PDE-induced DSBs

Our data indicate that all retained PDE-induced DSB ends are
healed with telomere addition (25). We wondered whether this
healing is specifically linked to PDE or occurs universally in all
DSBs generated during the PDE stages. We irradiated Ascaris
early embryos undergoing PDE with 100-200 Gy of X-ray ir-
radiation to introduce exogenous DSBs, followed by END-seq
and genome sequencing to evaluate telomere addition across
the genome. Irradiated embryos showed a significant devel-
opmental delay after 24 and 48 h post-irradiation (Figure 5A
and Supplementary Table S4). While direct detection of exoge-
nous DSBs in these Ascaris embryos was difficult, the observed
developmental delays (Figure 5) suggest an impact from the
X-ray treatment (47). However, the embryos were able to re-
cover, continue to develop and progress through cell cycles
as we observed an increased number of cells between irra-
diation and 48 h of recovery. If X-ray-introduced DSBs are

also healed with telomere addition, we would expect to see
an increase in telomere-containing reads across the genome.
Our END-seq data on control embryos showed that telom-
ere addition occurs mostly within the CBR regions, and very
few telomere reads were found in the eliminated regions and
almost none in retained regions (Figure 5B). This END-seq
result is consistent with the genome sequencing data and sug-
gests that our method can capture telomere addition across
the genome. However, our END-seq on irradiated embryos re-
vealed no significant increase in telomere addition within the
retained or eliminated genome regions (Figure 5B). Future ex-
periments on the impact of the X-ray, including the sites and
amounts of DSB and how they may be repaired, are needed.
Nevertheless, these data suggest that PDE-induced DSBs are
specifically marked for telomere addition. Together with the
biased telomere addition predominantly on the retained end of
the DSB, our data suggest a mechanism that actively recruits
telomerase only at the future new chromosome ends but not
at other DSB breaks.

End resection and telomere addition are conserved
in the horse parasite Parascaris

A closely related parasitic nematode from the horse, Paras-
caris univalens, also undergoes PDE (41). We performed END-
seq in Parascaris early embryos and compared it to Ascaris.
Overall, our Parascaris data showed a close resemblance to
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observations in Ascaris. Parascaris DSBs undergo extensive
bidirectional resection, with the eliminated ends undergoing
longer resection than retained ends, as well as a biased telom-
ere addition toward retained ends (Figure 6A). Furthermore,
27 alternative CBRs (6 in unplaced contigs) were identified. To
investigate the divergence of the CBR sequences and their po-
tential rearrangements within the chromosomes, we compared
the CBR sequences and their positions in Ascaris and Paras-
caris genomes. Interestingly, only about half (34/72, 47 %) of
the canonical CBRs have sequence similarity among CBRs be-
tween the two species, and ~68% of the CBRs have a match
across the entire genome of the other species (Figure 6B and C
and Supplementary Table S3), while in comparison, ~93% of
the randomly selected genomic regions can be matched be-
tween Ascaris and Parascaris across the genome (see the ‘Ma-
terials and methods’ section and Supplementary Table S3).
This suggests that the CBR sequences are fast-evolving regions
of the genome. Interestingly, one CBR in Parascaris appears to
have diverged into seven CBRs in Ascaris since the split of
these species. Notably, the alternative CBRs appear to be the
least conserved CBRs between the species, supporting a model
that the eliminated DNA is more flexible and may be undergo-
ing rapid evolution (1,48,49). In sum, while the closely related
Ascaris and Parascaris share many PDE features, there are no-
table variations in the sequences of the CBRs and their posi-
tions in the chromosomes, suggesting flexibility in the genomic
location and the amount of sequence eliminated in nematode
PDE.

Discussion

Most unscheduled DSBs are harmful because failure to re-
pair these DSBs compromises the integrity of the genome.
However, controlled formation of DSBs is integral in some
biological processes, such as the V(D)] recombination in im-

mune cells (50,51) and homologous recombination (HR) dur-
ing meiosis (52). Controlled DSB formation is also necessary
in some organisms undergoing PDE, where chromosomes are
fragmented and DNA sequences are lost (1-4). In nematode
PDE, little is known about how the break sites are recognized,
what processes or proteins are involved in making the DSBs
and how the broken ends are processed (10). Here, we used
END-seq on staged embryos and carried out in-depth analyses
of DSBs during Ascaris PDE. We propose a model (Figure 7)
to describe the Ascaris DSBs for PDE, their end processing and
telomere addition, and how these processes may differ from
PDE in the free-living nematode O. tipulae.

Timing of DSBs

Our data suggest that the initial DSBs occur during the G2
phase of the cell cycle (Figure 1). This indicates that the chro-
mosomes are broken before the onset of mitosis. Since the
population of Ascaris embryos is not perfectly synchronized
(42), we cannot rule out the possibility that some of the earliest
detected END-seq signals could be derived from cells under-
going mitosis. However, this would require a significant por-
tion of embryos to develop much faster (10-15 h) than the
normal developmental program—an unlikely scenario based
on the previous cell cycle analysis (42) and our staging and
DNA staining analyses of early embryos (27). Furthermore,
we previously showed that Ascaris chromosomes are holocen-
tric, and before and during the mitosis for PDE division, the
to-be-eliminated DNA is devoid of centromeres (53). Electron
microscopy (EM) showed that during an Ascaris PDE mitosis,
fragments of chromosomes that will be eliminated do not align
at the metaphase plate and they lack kinetochores and mi-
crotubules (20), supporting our END-seq data that the chro-
mosomes were already broken before metaphase. The DSBs
likely occur while the chromosomes are decondensed, and the
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CBRs are accessible to machinery that may generate, process
and/or repair the DSBs. This is consistent with our ATAC-
seq data that the chromatin at the CBRs is more open dur-
ing and after PDE (25). Potential mechanisms that lead to
the DNA breaks may include the formation of R-loops (54—
56) and interactions of CBRs at the 3D genome level (57—
59). These mechanisms are not dependent on the presence of
a sequence motif, in agreement with the heterogeneous and
sequence-independent DSBs and telomere addition sites ob-
served in Ascaris (20,25).

DSBs, end resection and telomere addition

The heterogeneous telomere addition sites observed within a
CBR in the Ascaris embryo population could each be derived
from a single DSB site that is trimmed to variable lengths be-
fore the addition of new telomeres. However, several lines
of evidence indicate that trimming is unlikely. First, trim-
ming from a single break site would leave a gap between
the two broken ends, resulting in a lack of END-seq signal
surrounding the break site. We did not identify any gap in
the END-seq signal within the CBR. Second, we reason that
the sites identified by END-seq direct capture (blunt ends)
have not undergone resection and could be the sites where
the DSBs originated. These sites coincide with the telomere
addition sites (CBR regions) (Figure 2C), suggesting that no

trimming is needed before telomere healing. In addition, we
observed consistency between the retained side of our END-
seq data and the simulation profile (Figure 2F) from O. tip-
ulae in which the sites of de novo telomere addition are the
sites of DSBs (21). Together, these data suggest that the DSB
is not trimmed but undergoes 5’ to 3’ resection, leaving an
extended 3’-overhang with its terminus ending at the initial
DSB where the new telomere is primed and added (Figure 7).
We suggest that the 3’-overhang structure provides a readily
accessible substrate that facilitates de novo telomere healing
via telomerase (60,61), and the resected nucleotides will be
filled with lagging-strand synthesis and telomere C-strand fill-
in likely through CST-polymerase a-primase (62,63). In yeast
and human, extensive 5’ to 3’ resection activates Mec1/ATR-
dependent signaling, which blocks telomerase from convert-
ing DSBs into neotelomeres (64,65). It is plausible that in ne-
matodes, the end resection of PDE DSBs may be repressed
when the telomere maintenance machinery (telomerase and
CST-Polx/Primase) acts on the DNA substrate.

A small number of reads were identified through our direct
capture method that captures blunt ends (Figure 2C). These
reads could be derived from the initial DSBs that have not
undergone end resection. If so, we would expect the reads
from both strands to match at every position. However, we ob-
served an offset of the END-seq signals between the retained
and eliminated ends (Figure 2C). This offset profile could arise
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BioRender.com.

from secondary, coincident, DSBs that create short DNA frag-
ments that might be lost during the END-seq preparation, thus
generating the observed offset. This model is consistent with
the action of the programmed DSBs induced by Spol11 dur-
ing meiosis, where concerted cuts generate gaps at the sites
of topological stress (66—68). This model also has a similar-
ity to the V(D)] recombination where closely spaced coinci-
dent DSBs have been detected (69). An alternative explana-
tion for these nonoverlapping signals is that the reads cap-
tured may not be blunt ends but are nevertheless captured by
this method, as seen in the control AsiSI restriction site (3'-
overhang) where a small number of reads are detected (Figure

2B). It is also possible that these captured ends are not from
the initial DSB ends, but rather DSB ends that have undergone
various processing that resulted in an end structure that was
captured. Regardless, these captured ends are largely confined
to the CBR where telomere addition occurs. Future experi-
ments are needed to further characterize the subpopulations
of the break ends, their origins and processing, and how they
may contribute to de novo telomere healing.

Our data suggest that there is more resection to the elim-
inated end than the retained end of the DSBs. One possible
explanation for this resection bias could be that the elimi-
nated DNA ends are accessible longer than the retained ends
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for resection (and thus END-seq detection). In that case, how-
ever, we would expect that resection increases over time, with
earlier time points showing smaller END-seq tails and later
time points showing longer ones. Our END-seq data show a
slight sign of increases in resection distance over time (Fig-
ure 1D and E), but the overall pattern of resection remains
stable, suggesting that resection occurs rapidly after the DSB.
An alternative explanation for the observed asymmetric resec-
tion could be the existence of a mechanism that specifically
limits resection on the retained end. Intriguingly, the resec-
tion pattern for the retained end appears to have two main
peaks (Figure 1E), suggesting a potential mechanism of resec-
tion control, reminiscent of the multistep process during the
formation of the 3’-overhang at natural telomeres (70). In ad-
dition, the resection profiles appear to reflect the positions and
frequencies of telomere addition (Figure 2F), and each pro-
file is likely further sculpted by the local sequence and chro-
matin features (44,45). Notably, while the resection on the re-
tained end seems contained to open chromatin (Figure 2E and
Supplementary Figure S2), the resection is more pervasive at
the eliminated end, further suggesting a difference in the re-
section control at the retained and eliminated ends.

The broken chromosome fragments would need to be pro-
tected until the telomere healing occurs. Our END-seq data
suggested that only a small percentage (3%) of the captured
ends within CBRs have telomeres, suggesting that most of the
DSBs are undergoing end resection during the initial stage of
PDE. We speculate that the resection machinery may be tightly
linked to the DSB break generation. This association could
be achieved through specific foci or condensates organized
within the nuclei where enzymes for the breaks, end process-
ing and repair could be concentrated. This is consistent with
our preliminary observation that CBRs are interacting with
each other at the 3D genome level during the time of PDE
(Simmons and Wang, personal communication). We reason
that the resected ends would prevent the NHE] DNA repair
pathway from acting on the ends since resection of DSBs is
thought to inhibit NHE] (71). In contrast, the long resected
end would be suitable for HR-mediated repair (72). However,
all our data show no sign of recombination or genome re-
arrangement during PDE, illustrating that the broken DNA
ends are consistently healed by telomere addition (20,25,26).
This suggests that the HR pathway is not active, unavail-
able or outcompeted by the telomere maintenance pathway
(Figure 7). Future studies are warranted to elucidate mech-
anisms of the choice of DNA repair pathways for the DSBs
during PDE.

Biased telomere addition and micronuclei

To our surprise, even though end resection happens bidirec-
tionally to both the retained and eliminated ends, 89% of the
telomere addition events occur only to the retained ends of the
DSBs (Figure 3). This may indicate that the eliminated ends
are not available or accessible to the telomerase. Our previ-
ous EM data showed that the DNA fragments to be elimi-
nated were engulfed into micronuclei (20). The rapid seques-
tration of eliminated fragments into micronuclei and the time
required for telomere addition to occur may restrict the ad-
dition of telomeres to the eliminated DNA, leading to biased
telomere addition only at retained ends. The micronuclei may
not contain telomerase and thus telomeres are not added. A
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few telomere addition events to the eliminated sides likely hap-
pened before the DNA fragments were engulfed into the mi-
cronuclei, allowing them to be detected by PCR in a previous
study (46) and END-seq in this work.

In contrast, we observed in O. tipulae that both the re-
tained and eliminated sides have the same amount of telom-
ere addition (21). The differences in the telomere addition to
the eliminated ends may be due to the sequestration of the
DNA into micronuclei in Ascaris and the loss of only small
amounts of DNA in O. tipulae (Figure 7). O. tipulae has a
60-Mb genome and eliminates only ~0.6% (350 kb) of the
DNA (21,73), while Ascaris has a genome of 308 Mb, and
it removes 18% (55 Mb) of its genomic sequences (20). The
eliminated DNA will be in the cytoplasm after the completion
of mitosis. Cytoplasmic DNA can trigger a variety of cellular
responses that can be deleterious to the cells (74-76). Thus, it
may be critical to sequester, mask or rapidly degrade the cyto-
plasmic DNA. The eliminated sequences in Ascaris persist for
two to three cell cycles (~50-60 h) after PDE mitosis and are
readily visible using DAPI staining (2,20,77). In contrast, the
DNA in O. tipulae is not detectable using DAPI or Hoechst
staining (21) and only takes 1-2 h to degrade. Given the small
amount of eliminated DNA and its short existence, O. tipulae
may not need to sequester the eliminated DNA into micronu-
clei to prevent adverse effects (Figure 7). Consistent with this
model, Parascaris eliminates a large amount of DNA (2.2 Gb,
90% of the germline genome) and our END-seq data showed
a biased telomere addition (Figure 6), suggesting that the elim-
inated DNA may also go into micronuclei. Further studies in
additional nematodes with PDE may reveal the relationship
between cell cycle length, the amount of eliminated DNA, the
time of its degradation and their association with the forma-
tion of micronuclei and their impact on selective telomere ad-
dition to the retained versus eliminated DNA.

Comparison of DSBs and telomere addition among
PDE species

Ascaris and O. tipulae appear to use the same DNA 3'-
overhang, telomeric sequence (TTAGGC) and mechanism of
telomere addition (Figure 7). Both nematodes use extensive
end resection to generate 3’-overhangs, and new telomeres are
added to the DSB sites without trimming. The major difference
in PDE between these nematodes, however, lies in the identi-
fication of DSB sites. In O. tipulae, a conserved motif (SFE)
is required for the break (21), while in Ascaris, the DSBs are
not associated with a specific sequence and can occur at any
position within the CBR. This difference suggests divergent
mechanisms for the recognition of the DSB sites and/or the
generation of the breaks. In O. tipulae, it is plausible that a
DNA binding protein(s) may recognize the palindromic SFE
motif, while in Ascaris, mechanisms independent of the se-
quences would be required to identify the CBRs.

This difference between the motif-based and the sequence-
independent mechanisms may also be associated with the vari-
ations in the sequence requirement in these nematodes for
telomere addition (Figure 7). In O. tipulae, the GGC sequences
flanking the break are conserved across all SFE sites (21). This
GGC matches the telomeric sequence TTAGGC and appears
necessary for priming during telomere synthesis (Srinivasan
and Wang personal communication). It is plausible that since
O. tipulae requires this critical GGC for telomere healing,
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it could put evolutionary constraints on maintaining this se-
quence across all break sites. The constraint of this specific se-
quence may have co-evolved additional sequences surround-
ing the breaks, thus enhancing and eventually fixing the use
of the SFE motif. In contrast, sequence analysis showed that a
single nucleotide of homology is sufficient for telomere addi-
tion in vivo in Ascaris (25). Since the Ascaris telomeric repeat,
TTAGGC, contains all four bases, this allows the telomere to
be added at any site within the CBRs; thus, there may be lit-
tle or no evolutionary pressure to maintain any specific se-
quence for Ascaris telomere addition (Figure 7). It would be
interesting to carry out comparative analyses of PDE in more
nematodes to further determine whether the requirement for
sequencing priming during telomere addition is connected to
the usage of motif sequences for PDE breaks.

The motif-based (Oscheius) and the sequence-independent
(Ascaris/Parascaris) DSBs in nematodes are reminiscent of
PDE in ciliates, where in some species (Tetrahymena and Eu-
plotes), specific motifs are used to generate the DSBs (78—
80), while in others (Paramecium) the break sites appear to be
sequence-independent (13,81). Interestingly, in Tetrabymena,
the initial DSB ends are trimmed by a variable distance of 4-
30 bp, leading to heterogeneity in the telomere addition sites
despite using a motif-based mechanism (82). This differs from
the telomere addition in O. tipulae, where telomeres are added
directly to the break site (21). In contrast, in Paramecium, mi-
croheterogeneity (500-800 bp) and macroheterogeneity (sev-
eral kb) are observed for telomere addition (13), similar to
the canonical CBRs and alternative CBRs observed in Ascaris
and Parascaris. In ciliates, telomerase is responsible for telom-
ere addition (13). We identified a single telomerase gene in
Ascaris and O. tipulae, and its expression is elevated in both
species during PDE (21,25,26,31), suggesting that the telom-
erase is likely responsible for telomere addition during PDE.
Opverall, PDE in nematodes requires identification of the sites
for DNA breaks, generation of the DSBs, and processing and
repair of the broken DNA ends. However, the molecular fea-
tures and the machinery involved in these processes appear to
differ among diverse species, suggesting independent origins
and evolution of these mechanisms.

Conclusion

DSBs are harmful to the genome. They are mainly repaired
by NHE]J and HR (83-85). An alternative repair pathway
is neotelomere addition, a mechanism not often used under
physiological conditions, but observed in cancer and other
diseases (64,86,87). However, in ciliates and some nematodes
that undergo PDE, telomere healing of DSBs is developmen-
tally programmed, highly reproducible and carefully regu-
lated. Despite being known for over 130 years, little was
known previously about the molecular details of PDE in these
parasitic nematodes, including the DSBs and neotelomere for-
mation processes. Our study provides insights into the timing
of the DSBs, the dynamics of end resection and the biases of
telomere healing. The differential healing of retained versus
eliminated ends highlights a potential role of the micronu-
clei in confining the eliminated DNA. Our comparison also
provides insights into the telomere priming and the sequence
requirement for PDE. Future studies on nematode PDE may
provide new insights into DSB generation, end processing and
telomere healing that could shed light on how most eukaryotic
cells normally prevent telomere healing of DSBs.
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The END-seq data are available at NCBI GEO with accession
number GSE260958. The genome sequencing data for X-ray
irradiated Ascaris embryos are available at NCBI SRA with
accession number PRJNA1084733. The data are also avail-
able in UCSC Genome Browser track data hubs that can be
accessed with the following link: https://genome.ucsc.edu/s/
jlanbinwang/ascaris_end_seq.

Supplementary data
Supplementary Data are available at NAR Online.

Acknowledgements

We thank Bruce Bamber, Jeff Myers and Routh Packing Co.
for their support and hospitality in collecting Ascaris material;
Martin Nielsen for the Parascaris material; Ryan Simmons for
characterizing the X-ray irradiated embryos; and the Univer-
sity of Colorado Anschutz Medical Campus Genomics Core
for sequencing services. We also thank Tom Dockendorff,
Rachel Patton McCord and Albrecht von Arnim for their com-
ments and critical reading of the manuscript. We acknowledge
the reviewers for their helpful comments and suggestions.

Author contributions: B.E. and J.W. conceived the study.
B.E., R.E.D. and J.W. carried out the investigation. B.E. and
J.W. performed formal analysis. B.E. wrote the initial draft.
B.E. and ].W. wrote the manuscript. R.E.D. and J.W. reviewed
and edited the manuscript. J.W. provided supervision, project
administration and funding.

Funding

National Institutes of Health [AI155588 and GM151551 to
J.W., A1114054 to R.E.D.]; University of Tennessee, Knoxville
[start-up funds to J.W.]. Funding for open access charge: grant
funding and university support.

Conflict of interest statement

None declared.

References

1. Zagoskin,M.V. and Wang,]. (2021) Programmed DNA
elimination: silencing genes and repetitive sequences in somatic
cells. Biochem. Soc. Trans., 49, 1891-1903.

2. Wang,]. and Davis,R.E. (2014) Programmed DNA elimination in
multicellular organisms. Curr. Opin. Genet. Dev., 27, 26-34.

3. Dedukh,D. and Krasikova,A. (2022) Delete and survive: strategies
of programmed genetic material elimination in eukaryotes. Biol.
Rev. Camb. Philos. Soc., 97,195-216.

4. Drotos,K.H.I., Zagoskin,M.V., Kess, T., Gregory,T.R. and
Wyngaard,G.A. (2022) Throwing away DNA: programmed
downsizing in somatic nuclei. Trends Genet., 38, 483-500.

5. Rzeszutek,I., Maurer-Alcala,X.X. and Nowacki,M. (2020)
Programmed genome rearrangements in ciliates. Cell. Mol. Life
Sci., 77,4615-4629.

6. Bracht,].R., Fang,W., Goldman,A.D., Dolzhenko,E., Stein,E.M. and
Landweber,L.F. (2013) Genomes on the edge: programmed
genome instability in ciliates. Cell, 152, 406-416.

7. Chalker,D.L. and Yao,M.C. (2011) DNA elimination in ciliates:
transposon domestication and genome surveillance. Annu. Rev.
Genet., 45,227-246.

¥20z 1snbny /g uo 1senb Aq 80GZ0.LL/E L68/S L/ZG/eI01ue /leu/wod dno-ojwepeoe//:sdiy woij peapeojumoq


https://genome.ucsc.edu/s/jianbinwang/ascaris_end_seq
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae579#supplementary-data

8928

8.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Herbette,M. and Ross,L. (2023) Paternal genome elimination:
patterns and mechanisms of drive and silencing. Curr. Opin.
Genet. Dev., 81, 102065.

. Vontzou,N., Pei,Y., Mueller,].C., Reifova,R., Ruiz-Ruano,E].,

Schlebusch,S.A. and Suh,A. (2023) Songbird germline-restricted
chromosome as a potential arena of genetic conflicts. Curr. Opin.
Genet. Dev., 83, 102113.

Estrem,B. and Wang,]. (2023) Programmed DNA elimination in
the parasitic nematode Ascaris. PLoS Pathog., 19, e1011087.
Smith,].J., Timoshevskiy,V.A. and Saraceno,C. (2021) Programmed
DNA elimination in vertebrates. Annu. Rev. Anim. Biosci., 9,
173-201.

Chen,]J., Birchler,J.A. and Houben,A. (2022) The non-Mendelian
behavior of plant B chromosomes. Chromosome Res., 30,
229-239.

Betermier,M., Klobutcher,L.A. and Orias,E. (2023) Programmed
chromosome fragmentation in ciliated protozoa: multiple means
to chromosome ends. Microbiol. Mol. Biol. Rev., 87,e0018422.
Grishanin,A. (2014) Chromatin diminution in Copepoda
(Crustacea): pattern, biological role and evolutionary aspects.
Comp. Cytogenet., 8, 1-10.

Beermann,S. (1977) The diminution of heterochromatic
chromosomal segments in Cyclops (Crustacea, Copepoda).
Chromosoma, 60, 297-344.

Nagao,K., Kubota,S. and Goto,Y. (2021) Internal deletion of
highly repetitive DNA families from the non-eliminated
chromosome in a Japanese hagfish, Eptatretus burgeri: first finding
in this species. Chromosome Sci., 24, 67-70.

Goto,Y., Kubota,S. and Kohno,S. (1998) Highly repetitive DNA
sequences that are restricted to the germ line in the hagfish
Eptatretus cirrbatus: a mosaic of eliminated elements.
Chromosoma, 107, 17-32.

Blackburn,E.H., Greider,C.W. and Szostak,].W. (2006) Telomeres
and telomerase: the path from maize, Tetrahymena and yeast to
human cancer and aging. Nat. Med., 12,1133-1138.

Yu,G.L. and Blackburn,E.H. (1991) Developmentally programmed
healing of chromosomes by telomerase in Tetrabymena. Cell, 67,
823-832.

Wang,]., Veronezi,G.M.B., Kang,Y., Zagoskin,M., O’Toole,E.T. and
Davis,R.E. (2020) Comprehensive chromosome end remodeling
during programmed DNA elimination. Curr. Biol., 30, 3397-3413.
Dockendorff,T.C., Estrem,B., Reed,]., Simmons,].R., Zadegan,S.B.,
Zagoskin,M.V., Terta,V., Villalobos,E., Seaberry,E.M. and Wang,].
(2022) The nematode Oscheius tipulae as a genetic model for
programmed DNA elimination. Curr. Biol., 32, 5083-5098.
Simmons,].R., Estrem,B., Zagoskin,M.V., Oldridge,R.,
Zadegan,S.B. and Wang,]J. (2024) Chromosome fusion and
programmed DNA elimination shape karyotypes of nematodes.
Curr. Biol., 34,2147-2161.

Muller,F.,, Wicky,C., Spicher,A. and Tobler,H. (1991) New
telomere formation after developmentally regulated chromosomal
breakage during the process of chromatin diminution in Ascaris
lumbricoides. Cell, 67, 815-822.

Wang,J., Mitreva,M., Berriman,M., Thorne,A., Magrini,V.,
Koutsovoulos,G., Kumar,S., Blaxter,M.L. and Davis,R.E. (2012)
Silencing of germline-expressed genes by DNA elimination in
somatic cells. Dev. Cell, 23, 1072-1080.

Wang,J., Gao,S., Mostovoy,Y., Kang,Y., Zagoskin,M., Sun,Y.,
Zhang,B., White,L.K., Easton,A., Nutman,T.B., ez al. (2017)
Comparative genome analysis of programmed DNA elimination in
nematodes. Genome Res., 27,2001-2014.

Magnenat,L., Tobler,H. and Muller,F. (1999) Developmentally
regulated telomerase activity is correlated with chromosomal
healing during chromatin diminution in Ascaris suum. Mol. Cell.
Biol., 19, 3457-3465.

Wang,J. and Davis,R.E. (2020) Ascaris. Curr. Biol., 30,
R423-R425.

Wang,J. (2021) Genome analysis of programmed DNA elimination
in parasitic nematodes. Methods Mol. Biol., 2369, 251-261.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Nucleic Acids Research, 2024, Vol. 52, No. 15

Wang,]. (2021) Genomics of the parasitic nematode Ascaris and its
relatives. Genes (Basel), 12,493.

Wang,]., Czech,B., Crunk,A., Wallace,A., Mitreva,M., Hannon,G.].
and Davis,R.E. (2011) Deep small RNA sequencing from the
nematode Ascaris reveals conservation, functional diversification,
and novel developmental profiles. Genome Res., 21, 1462-1477.
Wang,]., Garrey,]. and Davis,R.E. (2014) Transcription in
pronuclei and one- to four-cell embryos drives early development
in a nematode. Curr. Biol., 24, 124-133.

Canela,A., Sridharan,S., Sciascia,N., Tubbs,A., Meltzer,P.,
Sleckman,B.P. and Nussenzweig,A. (2016) DNA breaks and end
resection measured genome-wide by end sequencing. Mol. Cell, 63,
898-911.

Wong,N., John,S., Nussenzweig,A. and Canela,A. (2021) END-seq:
an unbiased, high-resolution, and genome-wide approach to map
DNA double-strand breaks and resection in human cells. Methods
Mol. Biol., 2153, 9-31.

Lycka,M., Peska,V., Demko,M., Spyroglou,l., Kilar,A., Fajkus,].
and Fojtova,M. (2021) WALTER: an easy way to online evaluate
telomere lengths from terminal restriction fragment analysis. BMC
Bioinformatics, 22, 145.

Langmead,B. and Salzberg,S.L. (2012) Fast gapped-read alignment
with Bowtie 2. Nat. Methods, 9, 357-359.

Li,H., Handsaker,B., Wysoker,A., Fennell,T., Ruan,]., Homer,N.,
Marth,G., Abecasis,G., Durbin,R. and 1000 Genome Project Data
Processing Subgroup1000 Genome Project Data Processing
Subgroup (2009) The Sequence Alignment/Map format and
SAMtools. Bioinformatics, 25,2078-2079.

Quinlan,A.R. and Hall,.M. (2010) BEDTools: a flexible suite of
utilities for comparing genomic features. Bioinformatics, 26,
841-842.

Raney,B.]., Dreszer,T.R., Barber,G.P., Clawson,H., Fujita,P.A.,
Wang,T., Nguyen,N., Paten,B., Zweig,A.S., Karolchik,D., ez al.
(2014) Track data hubs enable visualization of user-defined
genome-wide annotations on the UCSC Genome Browser.
Bioinformatics, 30, 1003-1005.

Zhang,Y., Liu,T., Meyer,C.A., Eeckhoute,]., Johnson,D.S.,
Bernstein,B.E., Nusbaum,C., Myers,R.M., Brown,M., Li,W., et al.
(2008) Model-based analysis of ChIP-Seq (MACS). Genome Biol.,
9, R137.

Altschul,S.F, Madden,T.L., Schaffer,A.A., Zhang,]., Zhang,Z.,
Miller,W. and Lipman,D.]. (1997) Gapped BLAST and PSI-BLAST:
a new generation of protein database search programs. Nucleic
Acids Res., 25, 3389-3402.

Muller,E and Tobler,H. (2000) Chromatin diminution in the
parasitic nematodes Ascaris suum and Parascaris univalens. Int. J.
Farasitol., 30, 391-399.

Azzaria,M. and McGhee,].D. (1992) DNA synthesis in the early
embryo of the nematode Ascaris suum. Dev. Biol., 152, 89-93.
Niedermaier,]. and Moritz,K.B. (2000) Organization and
dynamics of satellite and telomere DNAs in Ascaris: implications
for formation and programmed breakdown of compound
chromosomes. Chromosoma, 109, 439-452.

Gnugge,R., Reginato,G., Cejka,P. and Symington,L.S. (2023)
Sequence and chromatin features guide DNA double-strand break
resection initiation. Mol. Cell, 83, 1237-1250.

Mimitou,E.P.,, Yamada,S. and Keeney,S. (2017) A global view of
meiotic double-strand break end resection. Science, 355, 40-45.
Jentsch,S., Tobler,H. and Muller,F. (2002) New telomere
formation during the process of chromatin diminution in Ascaris
suum. Int. ]. Dev. Biol., 46, 143-148.

Sage,E. and Shikazono,N. (2017) Radiation-induced clustered
DNA lesions: repair and mutagenesis. Free Radic. Biol. Med., 107,
125-135S.

Borodin,P., Chen,A., Forstmeier,W., Fouche,S., Malinovskaya,L.,
Pei,Y., Reifova,R., Ruiz-Ruano,E]., Schlebusch,S.A.,
Sotelo-Munoz,M., et al. (2022) Mendelian nightmares: the
germline-restricted chromosome of songbirds. Chromosome Res.,
30,255-272.

¥20z 1snbny /g uo 1senb Aq 80GZ0.LL/E L68/S L/ZG/eI01ue /leu/wod dno-ojwepeoe//:sdiy woij peapeojumoq



Nucleic Acids Research, 2024, Vol. 52, No. 15

49.

50.

S1.

52.

53.

54.

55.

56

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Schlebusch,S.A., Ridl,]., Poignet,M., Ruiz-Ruano,E]., Reif,].,
Pajer,P., Paces,]., Albrecht,T., Suh,A. and Reifova,R. (2023) Rapid
gene content turnover on the germline-restricted chromosome in
songbirds. Nat. Commun., 14, 4579.

Schatz,D.G. and Ji,Y. (2011) Recombination centres and the
orchestration of V(D)] recombination. Nat. Rev. Immunol., 11,
251-263.

Jung,D., Giallourakis,C., Mostoslavsky,R. and Alt,E.W. (2006)
Mechanism and control of V(D)] recombination at the
immunoglobulin heavy chain locus. Annu. Rev. Immunol., 24,
541-570.

Lam,l. and Keeney,S. (2014) Mechanism and regulation of meiotic
recombination initiation. Cold Spring Harb. Perspect. Biol., 7,
a016634.

Kang,Y., Wang,J., Neff,A., Kratzer,S., Kimura,H. and Davis,R.E.
(2016) Differential chromosomal localization of centromeric
histone CENP-A contributes to nematode programmed DNA
elimination. Cell Rep., 16,2308-2316.

Brickner,].R., Garzon,].L. and Cimprich,K.A. (2022) Walking a
tightrope: the complex balancing act of R-loops in genome
stability. Mol. Cell, 82,2267-2297.

Petermann,E., Lan,L. and Zou,L. (2022) Sources, resolution and
physiological relevance of R-loops and RNA-DNA hybrids. Naz.
Rev. Mol. Cell Biol., 23, 521-540.

. Aguilera,A. and Garcia-Muse,T. (2012) R loops: from

transcription byproducts to threats to genome stability. Mol. Cell,
46, 115-124.

Jerkovic,l., Szabo,Q., Bantignies,F. and Cavalli,G. (2020)
Higher-order chromosomal structures mediate genome function. J.
Mol. Biol., 432, 676-681.

Zheng,H. and Xie,W. (2019) The role of 3D genome organization
in development and cell differentiation. Nat. Rev. Mol. Cell Biol.,
20, 535-550.

Dekker,J. and Misteli,T. (2015) Long-range chromatin
interactions. Cold Spring Harb. Perspect. Biol., 7,a019356.
Lingner,]. and Cech,T.R. (1996) Purification of telomerase from
Euplotes aediculatus: requirement of a primer 3’ overhang. Proc.
Natl Acad. Sci. U.S.A., 93,10712-10717.

Henderson,E.R. and Blackburn,E.H. (1989) An overhanging 3’
terminus is a conserved feature of telomeres. Mol. Cell. Biol., 9,
345-348.

Cai,S.W. and de Lange,T. (2023) CST-Polo¢/Primase: the second
telomere maintenance machine. Genes Dev., 37, 555-569.
Takai,H., Aria,V., Borges,P., Yeeles,].T.P. and de Lange,T. (2024)
CST-polymerase alpha-primase solves a second telomere
end-replication problem. Nature, 627, 664-670.

Kinzig,C.G., Zakusilo,G., Takai,K.K., Myler,L.R. and de Lange,T.
(2024) ATR blocks telomerase from converting DNA breaks into
telomeres. Science, 383, 763-770.

Lydeard,].R., Lipkin-Moore,Z., Jain,S., Eapen,V.V. and Haber,].E.
(2010) Sgs1 and Exo1 redundantly inhibit break-induced
replication and de novo telomere addition at broken chromosome
ends. PLoS Genet., 6,¢1000973.

Prieler,S., Chen,D., Huang,L., Mayrhofer,E., Zsoter,S., Vesely,M.,
Mbogning,J. and Klein,FE. (2021) Spo11 generates gaps through
concerted cuts at sites of topological stress. Nature, 594, 577-582.
Johnson,D., Crawford,M., Cooper,T., Claeys Bouuaert,C.,
Keeney,S., Llorente,B., Garcia,V. and Neale,M.]J. (2021) Concerted
cutting by Spo11 illuminates meiotic DNA break mechanics.
Nature, 594, 572-576.

Garcia,V., Gray,S., Allison,R.M., Cooper,T.]. and Neale,M.].
(2015) Tel1(ATM)-mediated interference suppresses clustered
meiotic double-strand-break formation. Nature, 520, 114-118.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

8929

Steinel,N.C., Lee,B.S., Tubbs,A.T., Bednarski,].J., Schulte,E.,
Yang-lott,K.S., Schatz,D.G., Sleckman,B.P. and Bassing,C.H.
(2013) The ataxia telangiectasia mutated kinase controls Igk
allelic exclusion by inhibiting secondary Vk-to-J« rearrangements.
J. Exp. Med., 210, 233-239.

Wu,P., Takai,H. and de Lange,T. (2012) Telomeric 3’ overhangs
derive from resection by Exo1 and Apollo and fill-in by
POT1b-associated CST. Cell, 150, 39-52.

Symington,L.S. and Gautier,]. (2011) Double-strand break end
resection and repair pathway choice. Annu. Rev. Genet., 45,
247-271.

Gnugge,R. and Symington,L.S. (2021) DNA end resection during
homologous recombination. Curr. Opin. Genet. Dev., 71, 99-105.
Gonzalez de la Rosa,P.M., Thomson,M., Trivedi,U., Tracey,A.,
Tandonnet,S. and Blaxter,M. (2021) A telomere-to-telomere
assembly of Oscheius tipulae and the evolution of rhabditid
nematode chromosomes. G3, 11, jkaa020.

Miller,K.N., Victorelli,S.G., Salmonowicz,H., Dasgupta,N., Liu,T.,
Passos,].F. and Adams,P.D. (2021) Cytoplasmic DNA: sources,
sensing, and role in aging and disease. Cell, 184, 5506-5526.
Krupina,K., Goginashvili,A. and Cleveland,D.W. (2021) Causes
and consequences of micronuclei. Curr. Opin. Cell Biol., 70,
91-99.

Mazzagatti,A., Engel,].L. and Ly,P. (2024) Boveri and beyond:
chromothripsis and genomic instability from mitotic errors. Mol.
Cell, 84, 55-69.

Streit,A., Wang,J., Kang,Y. and Davis,R.E. (2016) Gene silencing
and sex determination by programmed DNA elimination in
parasitic nematodes. Curr. Opin. Microbiol., 32, 120-127.
Yao,M.C., Zheng,K. and Yao,C.H. (1987) A conserved nucleotide
sequence at the sites of developmentally regulated chromosomal
breakage in Tetrabymena. Cell, 48, 779-788.

Yao,M.C., Yao,C.H. and Monks,B. (1990) The controlling
sequence for site-specific chromosome breakage in Tetrahymena.
Cell, 63, 763-772.

Klobutcher,L.A., Gygax,S.E., Podoloff,].D., Vermeesch,].R.,
Price,C.M., Tebeau,C.M. and Jahn,C.L. (1998) Conserved DNA
sequences adjacent to chromosome fragmentation and telomere
addition sites in Euplotes crassus. Nucleic Acids Res., 26,
4230-4240.

Betermier,M. and Duharcourt,S. (2014) Programmed
rearrangement in ciliates: Paramecium. Microbiol. Spectr., 2,
369-388.

Fan,Q. and Yao,M. (1996) New telomere formation coupled with
site-specific chromosome breakage in Tetrabymena thermophila.
Mol. Cell. Biol., 16, 1267-1274.

Symington,L.S. and Gautier,]. (2011) Double-strand break end
resection and repair pathway choice. Annu. Rev. Genet., 45,
247-271.

Her,]. and Bunting,S.F. (2018) How cells ensure correct repair of
DNA double-strand breaks. J. Biol. Chem., 293, 10502-10511.
Scully,R., Panday,A., Elango,R. and Willis,N.A. (2019) DNA
double-strand break repair-pathway choice in somatic mammalian
cells. Nat. Rev. Mol. Cell Biol., 20, 698-714.

Tan,K.T., Slevin,M.K., Leibowitz,M.L., Garrity-Janger,M., Li,H.
and Meyerson,M. (2023) Neotelomeres and telomere-spanning
chromosomal arm fusions in cancer genomes revealed by
long-read sequencing. bioRxiv doi:
https://doi.org/10.1101/2023.11.30.569101, 01 December 2023,
preprint: not peer reviewed.

Wilkie,A.O., Lamb,]., Harris,P.C., Finney,R.D. and Higgs,D.R.
(1990) A truncated human chromosome 16 associated with alpha
thalassaemia is stabilized by addition of telomeric repeat
(TTAGGG),. Nature, 346, 868-871.

Received: March 15, 2024. Revised: May 24, 2024. Editorial Decision: June 17, 2024. Accepted: June 24, 2024

© The Author(s) 2024. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/licenses/by-nc/4.0/), which permits
non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact reprints@oup.com for reprints and
translation rights for reprints. All other permissions can be obtained through our RightsLink service via the Permissions link on the article page on our site—for further information please contact
journals.permissions@oup.com.

¥20z 1snbny /g uo 1senb Aq 80GZ0.LL/E L68/S L/ZG/eI01ue /leu/wod dno-ojwepeoe//:sdiy woij peapeojumoq


https://doi.org/10.1101/2023.11.30.569101

	Graphical abstract
	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Data availability
	Supplementary data
	Acknowledgements
	Funding
	Conflict of interest statement
	References

