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This important study reveals intriguing connections between chromosome breakage and
DNA elimination during programmed genome rearrangement in the ciliate Tetrahymena
thermophila. By developing a novel FISH approach that distinguishes germline and
somatic telomeres, the authors provide compelling evidence that chromosome breakage
removes germline telomeres along with hundreds of kilobases of germline-limited
sequences. By disrupting a single chromosome breakage site, they further showed that
DNA elimination was globally affected, which opens up a new direction for mechanistic
studies. Thus, this work reveals additional similarity between the programmed DNA
elimination in ciliates and nematodes that underlies the transition from germline to
somatic telomeres.

https://doi.org/10.7554/eLife.109351.2.sa4

Abstract

In the ciliate Tetrahymena, telomeres of the germline micronucleus (MIC) are removed and
replaced by de novo telomere addition during somatic macronuclear (MAC) development. In this
study, we investigated the kinetics and mechanism of the MIC telomere elimination. Comparison
of the MIC and MAC genome sequences indicated that the MIC telomeres are excised from
chromosomes as part of larger MIC-limited sequences (MLSs) through chromosomal breakage. We
confirmed this using an optimized oligo-FISH protocol and found that their elimination occurs in
parallel with other programmed DNA elimination processes. CRISPR-Cas9 disruption of a MLS-
associated Chromosome Breakage Sequence (CBS) showed that elimination of the MLS was not
blocked but instead led to loss of adjacent MAC-destined sequence (MDS), suggesting abnormal co-
elimination. In biparental crosses of the CBS mutant, however, both MLS and MDS were retained,
DNA elimination was broadly disrupted, and no viable progeny were produced. These findings
indicate that chromosome breakage at MLS-associated CBSs is essential for the proper separation
of MLSs and MDSs, ensuring correct DNA elimination and successful sexual progeny development.
We propose that the MIC telomere elimination is subsumed within the broader process of
programmed DNA elimination.

Introduction

Telomeres are specialized structures found at the ends of linear chromosomes in eukaryotic cells.
Highly proliferative cells, including germ cells, exhibit elevated telomerase activity to counteract
2015; de Lange, 2018 (2). In addition to telomere length regulation by telomerase, telomere
dynamics are also influenced by cell type- and stage-specific chromatin environments (Arora et al.,
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2012 @; Cubiles et al., 2018 3 ; Schoeftner and Blasco, 2009 2 ; Zickler and Kleckner, 2023 ).
However, how telomere regulatory mechanisms switch between different cellular environments
remains poorly understood.

The ciliated protozoan Tetrahymena undergoes a drastic transition from germline to somatic
telomeres: removal of germline telomeres and de novo formation of somatic telomeres.
Tetrahymena harbors a diploid germline micronucleus (MIC) and a polyploid somatic
macronucleus (MAC) within a single cytoplasm. The MAC is the site of transcriptional activity and
is responsible for cellular gene expression, whereas the MIC remains transcriptionally inert
during vegetative growth, functioning exclusively as the repository and transmitter of genetic
information to subsequent sexual generations. Sexual reproduction is initiated when two cells of
complementary mating types engage in conjugation (Figure 1AC23). During this process, the MIC

undergoes meiosis and contributes to the formation of both a new MIC and a new MAC, while the
parental MAC is selectively degraded and eliminated (Cole and Sugai, 2012 ).

The developmental remodeling of the MAC involves extensive genome reorganization (Figure

fragments the five MIC chromosomes into 214 MAC chromosomes, of which 181 are retained
(Hamilton et al., 2016 (Z; Yao et al., 1987 (). In parallel, programmed DNA elimination removes
more than 12,000 internal eliminated sequences (IESs) via a small RNA-mediated heterochromatin
assembly pathway, after which the flanking MAC-destined sequences (MDSs) are ligated (Chalker

and Yao, 2011 Z; Noto and Mochizuki, 2017 @). The restructured MAC chromosomes are amplified
by endoreplication to approximately 90 copies each (Zhou et al., 2022 ).

While MAC telomeres consist of tandem G4T, (5'-GGGGTT-3") repeats, MIC telomeres contain an
internal stretch of G4T5 (5'-GGGGTTT-3") repeats followed by distal G4T2 repeats, as observed at all
six MIC chromosomal ends studied to date (Kirk and Blackburn 1995(%). At all of these ends, the
MIC-specific G4T5 telomeric repeat lies immediately adjacent to MIC-limited sequences (MLSs)
(Kirk and Blackburn, 1995). This organization suggests that MIC telomeres are eliminated
together with the adjacent MLSs, after which de novo addition of MAC-type telomeres occurs at the
termini of the rearranged MAC chromosomes. However, the mechanism underlying MIC telomere
elimination, as well as its relationship to other genome rearrangement processes, remains
unresolved. In this study, we investigated the kinetics of MIC telomere and MLS elimination during
MAC development, and the effect of genetic perturbation of chromosomal breakage on this
process.

Results

MIC telomere elimination occurs in parallel to IES elimination in
the new MAC

To study how MIC telomeres are eliminated during MAC development, we visualized the MIC-
specific G4T3 telomere repeat using oligo-FISH and tracked its behavior during conjugation. We
established an optimized protocol that included fixation, permeabilization, partial protein
digestion with proteinase K, and removal of RNA-derived background with RNase A (see Materials
and Methods).

To detect the G4T5 telomere repeat, we used an oligo DNA probe containing five tandem repeats of
5'-AAACCCC-3', flanked by a sequence complementary to a fluorescently labeled secondary probe

MAC in these stages. These results confirm that our probe, together with the optimized
preparation and hybridization conditions, specifically detects the MIC-specific G4T5 telomere
repeat.
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Figure 1. Life cycle and nuclear dimorphism of Tetrahymena

(A) Under nutrient-rich conditions, vegetative Tetrahymena cells proliferate by binary fission, with the macronucleus (MAC)
and micronucleus (MIC) dividing independently (a). After prolonged starvation, two cells of complementary mating types fuse
to initiate conjugation, which is the sexual reproduction process of Tetrahymena (b). During meiotic prophase, the MICs
elongate into a crescent shape, in which chromosome arms are aligned in parallel, with centromeres and telomeres anchored
at opposite ends (c). The MICs then undergo meiosis (d), and one meiotic product survives and divides mitotically to produce
two gametic pronuclei (e). One of the two pronuclei of each side traverses the conjugation bridge (f) and fuses with the
stationary pronucleus to form a diploid zygotic nucleus (g). The zygotic nucleus undergoes two mitotic divisions (h),
producing four nuclei: two differentiate into MAC anlagen (An), while the other two remain as MICs; the parental MACs are
degraded (i). The conjugating pair then separates to form exconjugants (j), which resume vegetative growth when nutrients
are restored (k, 1). (B) The MIC is diploid, with five chromosomes per haploid genome. MIC telomeres consist of distal G4T, (5'-
GGGGTT-3') repeats (green) and proximal G4T3 (5'-GGGGTTT-3') repeats (purple). In contrast, the MAC is polyploid (~90
copies) and contains 181 chromosomes per haploid genome. MAC telomeres are composed exclusively of G4T, repeats. The
MAC is derived from the MIC during sexual reproduction, when chromosome breakage followed by de novo addition of G4T2
repeats generates MAC chromosomes. During this genome rearrangement process, MIC telomeres are thought to be
eliminated from the developing MAC. Programmed DNA elimination of internal eliminated sequences (IESs) is not depicted.
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Figure 2. Elimination of MIC telomeres during MAC development

Vegetative (Veg) and conjugating wild-type cells at the indicated time points (hours post-mixing, hpm) were analyzed by
oligo-FISH using an oligonucleotide probe complementary to the MIC-specific G,T3 repeat (magenta). DNA was
counterstained with DAPI (blue). Insets show enlarged images of the regions indicated by dotted squares. The presence of
the G4T3 FISH signal was quantified in 50 cells per time point and categorized according to the number of G,T3 dots per new
MAC (An) (=6 dots, <6 dots, or none). Arrowheads with “a”, “i”, “p”, and “n” indicate the MAC, the MIC, the parental MAC and
the new MAC, respectively. Scale bars: 10 pm.
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Figure 3. Identification of MIC-limited sequences at the ends of MIC chromosomes.

(A) The MIC genome assembly (version 2021) and the MAC genome assembly (version 2025) were compared using Minimap2,
and the coverage of each MIC chromosome sequence by the MAC genome sequence is shown as a histogram (blue). All MIC
chromosome ends consist of 276-463 kb MIC-limited sequences (MLSs, marked by red or orange boxes) that are not
represented in the MAC genome sequence. (B) The repetitiveness of each MLS was examined by mapping all possible 20-nt
sequences from the MIC genome back to the same MIC genome and determining the fractions of each region that were
covered (Unique) or not covered (Repetitive). (C) In eight of the ten MIC chromosome ends (red boxes in A), a chromosome
breakage sequence (CBS) was found ~20 nt distal to the boundary between MLSs (red) and MAC-destined sequences (MDSs,
blue). The ends of the MDSs are directly linked to MAC telomeres (green). At the remaining MIC chromosome ends (orange
boxes in A), no CBS was detected near the MLS-MDS border. (D) MIC telomeres are predicted to be separated from the MDSs
by chromosome breakage at the CBS together with their associated MLSs and eliminated from the developing MAC. In
parallel, the exposed MDS ends are subjected to ~20 nt resection followed by de novo addition of G4T, telomeres.
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We then analyzed the dynamics of this repeat during new MAC development. Under our culture
conditions, new MAC formation begins at ~7 hpm, and most internal eliminated sequences (IESs)
are removed between 10 and 18 hpm (Mutazono et al., 2019(%). G4T3 telomere foci were readily
detected in new MACs at 9 and 12 hpm (Figure 2 (@, arrowheads with “n”). For unknown reasons,

arrowheads with “p”) which we believe represents nonspecific background, as it was also
observed in the secondary probe-only control (data not shown). By 13.5 hpm, many new MACs
showed either few (22%) or no (36%) foci, and by 15 hpm, no foci remained (Figure 2(%). This

disappearance closely matched the elimination kinetics of the Tlr1 element (Supplementary Figure
S1@), a repetitive transposable element embedded in IESs, and some other IESs (Mutazono et al.,

elimination during new MAC development.

MIC telomeres are likely co-eliminated with adjacent MIC-limited
sequences through chromosomal breakage

Previous work showed that the MIC-specific G,T3 telomere repeat lies directly distal to certain
MIC-limited sequences (MLSs) at least at six MIC chromosomal ends studied so far (Kirk and

Blackburn, 1995 @). However, the exact configurations of MIC chromosome ends remain unclear.

To investigate this, we compared the latest assemblies of the MIC and MAC genomes (see Materials
and Methods). Consistent with earlier findings, we confirmed that all MIC chromosome ends
contain MLSs that are absent from the MAC genome. These MLSs range in size from 276 kb to 463

of each MLS consists of repetitive sequences, ranging from 60.8% to 87.3% with an average of
73.8% (Figure 3B). This proportion is substantially higher than that observed in the total MIC

genome, which is 43.0%. These suggest that MIC telomeres are eliminated together with their
adjacent repeat-rich MLSs during MAC development.

We further observed that, at eight of the ten MIC chromosome ends, the conserved 15-nt
Chromosome Breakage Sequence (CBS, 5-WAAACCAACCYCNHW-3') (Hamilton et al., 2006 (),
which is essential and sufficient for inducing a chromosome break (Yao et al., 1990 @), is located

MIC telomeres and their neighboring MLSs are separated from the rest of the chromosome by
chromosome breakage and co-eliminated during MAC development (Figure 3D@).

MIC-limited sequences and MIC telomeres are eliminated with
similar kinetics

To determine when MIC-limited sequences (MLSs) are eliminated during MAC development, we
set out to visualize individual MLSs by oligo-FISH. Because MLSs are largely composed of
repetitive sequences also found elsewhere in the MIC genome, we designed pools of oligo DNA
probes uniquely complementary to a specific MLS (Supplementary Table S1(7; see also Materials
and Methods).

We first targeted the MLS on the right arm of MIC chromosome 4 (4R-MLS), the longest MLS and
one of the eight chromosomal ends containing a proximal Chromosome Breakage Sequence (CBS).
A pool of 384 oligonucleotides (32 nt each), each with a 5’ extension complementary to a Cy3-
labeled secondary probe, was synthesized and used for oligo-FISH. Similarly, another pool of 384
oligonucleotides specifically complementary to the adjacent MAC-destined sequence (4R-MDS),
each with a 5’ extension complementary to a Cy5-labeled secondary probe, was synthesized and
used for oligo-FISH (Figure 4 (7, top).

Nagao et al., 2026 eLife 15:RP109351. https://doi.org/10.7554/eLife.109351.2 6 of 34
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Figure 4. Elimination of 4R-MLS during MAC development in wild-type cells

Vegetative (Veg) and conjugating wild-type cells at the indicated time points (hours post-mixing, hpm) were analyzed by
oligo-FISH using pool of oligonucleotide probes complementary to 4R-MLS (magenta) or 4R-MDS (green). DNA was
counterstained with DAPI (blue). Insets show enlarged images of the regions indicated by dotted squares. The presence
(Positive) or absence (Negative) of the 4R-MLS FISH signal in new MAC (An) in 50 cells per time point was examined.
Arrowheads with “a”, “i”, “p”, and “n” indicate the MAC, the MIC, the parental MAC and the new MAC, respectively. Scale

bars: 10 pm.

Nagao et al., 2026 eLife 15:RP109351. https://doi.org/10.7554/eLife.109351.2

7 of 34


https://doi.org/10.7554/eLife.109351.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/chromosomes-gene-expression

°e o Chromosomes and Gene Expression
wieLife

and 4R-MDS regions in the MIC.
We next analyzed the behavior of 4R-MLS and 4R-MDS during new MAC development. The 4R-MDS

chromosome 3 (3L-MLS, Supplementary Figure S2 (%).

These results demonstrate that chromosome-end MLSs and the MIC-specific G4T3 telomere repeat
are eliminated at similar times during new MAC development. This supports the idea that MIC
telomeres and MLSs are co-eliminated following their separation from MIC chromosomes by
chromosomal breakage.

4R-CBS mutation does not block elimination of 4R-MLS

To test the role of chromosomal breakage in eliminating MIC telomeres and MLSs, we disrupted
the most distal Chromosome Breakage Sequence (CBS) at the right arm of MIC chromosome 4 (4R-

mutants lacked at least one nucleotide previously shown to be essential for inducing chromosome
breakage in cis (Fan and Yao, 2000%).

We next sought to confirm that mutations at 4R-CBS indeed block chromosome breakage. Previous
work showed that de novo telomere formation following chromosome breakage can be detected by
telomere-anchored PCR not only at MDS ends but also at internal chromosomal fragments
(eliminated minichromosomes, EMCs), which are not maintained and are lost during vegetative
growth (Lin et al., 2016 (@). Based on this approach, we designed a similar telomere-anchored PCR

In wild-type strains, telomere-capped MLS ends were undetectable during vegetative growth and
throughout conjugation until 10.5 hpm, first became detectable at 12 hpm for both 4R-MLS and 3L-
These results indicate that de novo telomere formation also occurs at MLS ends followmg .......
chromosome breakage. We then examined the 4R-CBS mutants and found that de novo telomere
formation was specifically blocked at the 4R-MLS end, while it occurred normally at 3L-MLS

chromosome breakage at 4R-CBS.

We next examined how the 4R-CBS mutations affected elimination of 4R-MLS. Two of the
homozygous 4R-CBS mutants were crossed with wild-type strains (WT x Mut crosses). In these
crosses, new MACs inherit one wild-type and one mutant 4R-CBS locus. By 30 hpm, the 4R-MLS
signal was almost entirely undetectable (Figure 6A(2) and started being eliminated by 13.5 hpm

that seen in wild-type crosses (compare Figure 6B % with Figure 4@).

We also monitored the behavior of the adjacent 4R-MDS. In wild-type crosses (Figure 72, WT x

WT x Mut), the number of 4R-MDS foci dropped transiently at 13.5 hpm before increasing at 15
hpm.

These results show that the 4R-CBS mutations do not prevent elimination of 4R-MLS. Instead, they
appear to promote elimination of the adjacent 4R-MDS. This likely reflects co-elimination of 4R-
MLS and 4R-MDS when chromosome breakage between them is blocked.
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Figure 5. Production of mutants with deletions at 4R-CBS

(A) The most distal CBS at the right arm of MIC chromosome 4 (4R-CBS), which separates MLS (red) and MDS (blue), was
targeted for mutagenesis using Cas9 and a guide RNA (JRNA) complementary to the 4R-CBS locus (see B, top). Heterozygous
4R-CBS mutants were obtained and then subjected to Round I genomic exclusion to generate homozygous 4R-CBS mutants.
See Materials and Methods for detailed genetic procedures. (B) The 4R-CBS locus of two mutants derived from the B2086
strain (B6-1-13 and B6-1-18) and two mutants derived from the CU428 strain (C8-1-1 and C8-1-10) was compared with that of
the wild-type strain (WT) by genomic PCR followed by Sanger sequencing. All 4R-CBS mutants carried deletions (red boxes)
that removed essential conserved sequences of the CBS (pink box, top). (C) The MAC-type G4T2 telomere (green) is expected
to be added de novo following chromosome breakage not only at the ends of MDSs (blue) but also at the proximal end of the
MLS (red) prior to its elimination. A telomere-anchored PCR assay using nested PCR was designed to detect de novo telomere
formation at MLS ends. (D) Genomic DNA was extracted from wild-type cells under starvation (Stv) and during conjugation at
the indicated time points after mating induction (hours post-induction of mating, hpm) and used for the telomere-anchored
PCR assay. The coding region of RPL11 was also amplified from the same genomic DNA by single-step PCR as a control.
Telomere-capped 4R-MLS and 3L-MLS ends are expected to produce PCR products of approximately 269 bp and 125 bp,
respectively (marked with arrowheads). NS = non-specific amplification products. (E) Two independent crosses of 4R-CBS
mutants were analyzed as (D).
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Figure 6. Effect of 4R-CBS mutations on elimination of 4R-MLS

Chromosomes and Gene Expression

(A) Exconjugants at 30 hours post-mixing (hpm) from crosses between two wild-type strains (WT x WT), two 4R-CBS mutant
strains (Mut x Mut), or a wild-type and a 4R-CBS mutant strain (WT x Mut) were analyzed by oligo-FISH using a pool of
oligonucleotide probes complementary to 4R-MLS (magenta) and 4R-MDS (green). DNA was counterstained with DAPI (blue).
Insets show enlarged views of regions marked by dotted squares. The presence (Positive) or absence (Negative) of the 4R-
MLS FISH signal in the developing MAC (An) was examined in 50 cells per cross. Arrowheads with “i” and “n” indicate the MIC
and the new MAC, respectively. Scale bars: 10 ym. (B) Exconjugants from a cross between a wild-type strain and a 4R-CBS

mutant strain (WT x Mut) at the indicated time points were analyzed as in (A).
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Figure 7. Effect of 4R-CBS mutations on the behavior of 4R-MDS

Exconjugants from a cross between two wild-type strains (WT x WT) and two independent crosses between a wild-type and a
4R-CBS mutant strain (WT x Mut, Cross 1 and Cross 2) were analyzed by oligo-FISH using a pool of oligonucleotide probes
complementary to 4R-MDS. The number of 4R-MDS foci per developing MAC (An) at 12 hpm (n = 204), 13.5 hpm (n = 140), and
15 hpm (n = 202) was counted, and the mean + standard error of the mean (SEM) was plotted. Statistical significance between
WT x WT and WT x Mut Cross 1 (red) or Cross 2 (magenta) was assessed by Student’s t-test (ns: p > 0.05; **p < 0.01; ***p <
0.001).
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Biparental transmission of 4R-CBS mutations blocks DNA
elimination and prevents production of viable sexual progeny

Because 4R-MDS contains 93 predicted genes, its elimination would likely result in the loss of
essential functions required for cell viability. Consistent with this idea, no viable sexual progeny
Based on our experimental setup (see Materials and Methods), we estimate that the frequency of
viable progeny from these crosses was fewer than 1 per ~2 x 104 mating pairs. In contrast, viable
progeny were produced when the mutants were crossed with wild-type cells (Figure 8AC3, WT x
Mut).

Unexpectedly, however, instead of promoting co-elimination of 4R-MLS and 4R-MDS, the 4R-CBS
mutations led to retention of both regions in the new MAC of exconjugants from Mut x Mut crosses
(Figure 6AZ, Mut x Mut). Further analysis indicated that this was most probably due to a general

block of DNA elimination. FISH with Tlr1 probes showed that DNA elimination was disrupted in
the new MACs of Mut x Mut exconjugants (Fig B(®). In contrast, immunofluorescence staining

Taken together, these results indicate that physical separation of MLSs and MDSs by chromosome
breakage, at least at the right arm of chromosome 4, is required for proper programmed DNA
elimination and the formation of viable sexual progeny.

Biparental transmission of 4R-CBS mutations does not specifically
disrupt gene expression in the proximal MDS

We hypothesized that chromosome breakage at the 4R-CBS prevents the spread of
heterochromatin into the adjacent 4R-MDS, thereby preserving expression of genes within this
region, including those required for DNA elimination.

To test this hypothesis, we compared mRNA expression profiles in Mut x Mut crosses with those in
WT crosses by RNA-seq at 13.5 hpm and 15 hpm, when chromosome breakage and 4R-MLS
elimination are, respectively, ongoing and nearly complete in WT cells. Contrary to our
expectation, mRNA expression of most genes encoded within the 4R-MDS (MAC chromosome 164)
was unaffected in Mut x Mut crosses (Figure 9A2). Moreover, these genes were not significantly

These results indicate that the global DNA elimination defect caused by biparental transmission of
4R-CBS mutations is unlikely to result from erroneous heterochromatin spreading into the
adjacent MDS.

Discussions

In this study, we investigated MIC telomere elimination during MAC development in Tetrahymena.
Using optimized oligo-FISH, we tracked the MIC-specific G4T3 repeat and found telomere
elimination occurs alongside IES removal (Figure 2(@). Genome comparisons indicated that MIC

breakage is impaired. In biparental mutant crosses (Mut x Mut), both 4R-MLS and 4R-MDS were
retained, DNA elimination was broadly disrupted, and no viable progeny were produced (Figure

proper DNA elimination and sexual progeny development.
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Type of Cells Mated Viable Sexual Progeny

B2086 x CU428 (WT x WT) +
Mut-B6-1-18 x Mut-C8-1-1 (Mut x Mut Cross 1) -
Mut-B6-1-13 x Mut-C8-1-10 (Mut x Mut Cross 2) -
B2086 x Mut-B6-1-18 (WT x Mut Cross 1) +
Mut-B6-1-13 x CU428 (WT x Mut Cross 2) +

Chromosomes and Gene Expression

Tir11

Merged

WT x WT Negative

32 hpm 100% (50/50)
Mut x Mut . Positive
(Cross 1) 100% (50/50) Cross 1

32 hpm 100% (50/50) Cross 2
C DNA H3K9me Merged H3K9me staining in An
WT x WT A Positive

9 hpm 100% (50/50)
Mut x Mut Positive
(Cross 1) 98% (49/50) Cross 1

9 hpm 100% (50/50) Cross 2

Tir1 staining in An

Figure 8. Effect of 4R-CBS mutations on progeny viability, DNA elimination, and heterochromatin formation

(A) The indicated sets of strains were crossed, and the presence (+) or absence (-) of viable sexual progeny was examined.
See Materials and Methods for details. (B, C) Exconjugants at 32 hours post-mixing (hpm) (B) or conjugating pairs at 9 hpm (C)
from a cross between two wild-type strains (WT x WT) and two independent crosses between a wild-type and a 4R-CBS
mutant strain (WT x Mut, Cross 1 and Cross 2) were analyzed. FISH was performed using probes complementary to the MIC-
specific TIr1 element (magenta) (B), and immunofluorescence staining was performed using an antibody against di- and tri-
methylated histone H3 at lysine 9 (H3K9me, green) (C). DNA was counterstained with DAPI (blue). The presence or absence of
the TIr1 FISH signal (B) or H3K9me immunostaining signal (C) in the developing MAC (An) was examined in 50 cells per cross.

win o ow

Arrowheads with “i”, “p"”, and “n" indicate the MIC, the parental MAC and the new MAGC, respectively. Scale bars: 10 pm.

Nagao et al., 2026 eLife 15:RP109351. https://doi.org/10.7554/eLife.109351.2

13 of 34


https://doi.org/10.7554/eLife.109351.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/chromosomes-gene-expression

"/- H Chromosomes and Gene Expression
% eLif :
we eLite

13.5 hpm 15 hpm

—y
o

(3}

o

Log2 (RPKM) Mut C1 >
&

10

-5

Log2 (RPKM) Mut C2

-5 0 5 10 -5

0 5 10
Log2 (RPKM) WT Log2 (RPKM) WT
=10 p = 0.894 p = 0.303
2
(8]
50 D s & T
« -5
[o2]
(]
-1-10
e 10 p = 0.941 p = 0.894
s
(8]
S0 G = T —
S -5
(]
|
-10

4R-MDS Other 4R-MDS Other

Figure 9. Effect of 4R-CBS mutations on gene expression from 4R-MDS

(A) Scatter plots show log,-transformed gene expression levels for individual genes in wild-type (WT, x-axis) versus two
independent crosses of 4R-CBS mutants (Mut C1 and C2, y-axis) samples at 13.5 hpm (left) and 15 hpm (right). Expression
values were thresholded at a minimum of 0.005 prior to log, transformation and plotted up to 20,000 normalized units. Each
point represents one gene; genes encoded in 4R-MDS are highlighted in red. The marginal side panels show genes with
expression below the threshold (<0.005) in either WT or Mut. Dashed orange and blue lines respectively represent +5- and -5-
fold differential expression boundaries. (B) Box and violin plots show the distribution of gene expression changes between
4R-CBS mutant (Mut C1 or C2) and wild-type cells (WT) at 13.5 hpm (left) and 15 hpm (right) for genes encoded in 4R-MDS
compared with all other genes. Boxes indicate the interquartile range, center lines indicate medians, and whiskers extend to
1.5x the interquartile range. A Mann-Whitney U test was used to compare the distributions of the two gene groups, and the
resulting p-values are shown.

Nagao et al., 2026 eLife 15:RP109351. https://doi.org/10.7554/eLife.109351.2 14 of 34


https://doi.org/10.7554/eLife.109351.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/chromosomes-gene-expression

°e o Chromosomes and Gene Expression
wieLife

Our data support a critical role for 4R-CBS in separating 4R-MLS from 4R-MDS, but it remains
unclear whether all MIC chromosome ends are strictly CBS-dependent for their elimination. We
found no conserved CBS sequence at two of ten MDS-MLS borders (Figure 3AC3). This may reflect
CBS-independent processing or assembly errors in repetitive MLS regions that obscure CBSs.
Clarifying this will require re-examining MLS-MDS borders and systematically mutating MLS-
proximal CBSs across chromosome ends. So far, attempts to mutate other CBSs have failed, as the
AT-rich Tetrahymena genome limits Cas9 targeting of the 15-nt CBS. Thus, alternative genome-

editing tools will be essential to dissect CBS function at MIC chromosome ends.

The parallel elimination of MIC telomeres, MLSs, and IESs suggests the existence of a mechanism
that synchronizes these processes. While blocking chromosome breakage could trigger
checkpoint-like responses that prevent progression of DNA elimination, this is inconsistent with
the observation that uniparental inheritance of the 4R-CBS mutation did not inhibit sexual
Moreover, chromosome breakage can be inhibited without disrupting DNA elimination, as shown
in cells lacking zygotic expression of the p68-like RNA helicase Drh1 (McDaniel et al., 2016).

Instead, coordination likely stems from a shared mechanism. We previously showed that MIC
chromosomal ends, like IESs, produce abundant ~29-nt scnRNAs (Hamilton et al. 2016 &3 ; Noto and
Mochizuki 2017 ) that act with Twil to promote Polycomb-dependent heterochromatin formation
and DNA elimination (Mochizuki et al., 2002 ; Noto et al., 2015(2; Xu et al., 2021 @). In addition,
telomere-complementary scnRNAs were reported to be produced specifically during conjugation
9@). Thus, MIC telomere and MLS elimination are likely driven by the same

The 4R-CBS mutation caused different phenotypes depending on its uniparental or biparental
inheritance (Figures 6 5-8 (% ). When inherited uniparentally (WT x Mut cross), 4R-MLS and 4R-
MDS were co-eliminated, likely because blocking the chromosome break that normally separates
these regions causes them to co-segregate into the nuclear compartment where DNA elimination
occurs. In contrast, when inherited biparentally (Mut x Mut cross), DNA elimination was globally

impaired.

Our gene expression analysis revealed that genes within 4R-MDS were not specifically affected in
Mut x Mut crosses relative to WT, making it unlikely that chromosome breakage at the 4R-CBS
normally functions as an insulator that blocks heterochromatin spreading into the 4R-MDS and
preserves gene expression in this region. Instead, inhibition of chromosome breakage at 4R-CBS,
or the mutation at this site itself, may cause architectural defects that compromise global DNA
elimination.

Previous studies have shown that MIC chromosomes exhibit TAD-like structures, with boundaries
occurring at CBSs, and have proposed that these domains may contribute to MAC chromosome
formation (Lu 20(%). The 4R-CBS mutation could disrupt these TAD-like structures in the
MIC, potentially affecting either scnRNA production during early conjugation or the chromatin
architecture required for DNA elimination in the developing MAC at later stages of conjugation.

The presence of MLSs at all MIC chromosome ends indicates that there must be a biological
requirement for MLSs at each end. Similarly, some nematodes also undergo programmed DNA
elimination in somatic cells during embryogenesis and eliminate telomeres together with
germline-limited sequences through chromosome breakage at all germline chromosome ends
(Dockendorff et al., 2022 @ ; Estrem et al., 2024 2 ; Simmons et al., 2024 (2). Therefore, co-
elimination of telomeres and large blocks of germline-limited sequences is a common strategy,
probably by convergent evolution, for ensuring switching germline to somatic telomeres through
programmed DNA elimination in ciliates and nematodes. The observed link between chromosome
breakage at 4R-CBS and the essential DNA elimination process may reflect the biological
significance of MLSs and the importance of their removal from the MAC. Coupling these processes
may have evolved as a mechanism to ensure that only functional chromosome-end CBS loci are
preferentially transmitted to future generations.
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Because Tetrahymena strains lacking some MIC chromosomal arms including MLSs can be
established (Bruns et al., 1983 (%, 1982 (), MLSs are likely to be unnecessary for maintenance of
MIC chromosomes during vegetative growth but act during conjugation. Besides ensuring MIC
telomere elimination, MLSs may serve as scnRNA sources that target transposon-derived
sequences, similar to piRNA clusters in animals where transposon remnants generate piRNAs
(Czech et al., 20182 ; Huang et al., 2017 (% ; Iwasaki et al., 2015 (). Their adjacency to telomeres
may be required because telomeres could act as promoters of non-coding RNA transcriptions
producing scnRNAs during early conjugation, consistent with G/C-rich tracts being enriched at
transcription start sites of scnRNA precursors (Cai et al., 2026 (2, 2025 (3). Future studies should
address the biological significance of MLSs by specifically deleting MLSs from the MIC. Such
targeted deletions may also result in retention of the adjacent MIC telomere in the MAC, allowing
investigation of whether the presence of MIC telomeres in the MAC affects cell physiology.

Materials and methods

Strains and Culture Conditions

Cells were cultured at 30 °C in 1x SPP medium (Gorovsky et al., 1975 (2 ) containing 2% (w/v)
proteose peptone. For induction of conjugation, log-phase cultures (~5-7 x 105 cells/mL) of
complementary mating types were washed once in 10 mM Tris-HCl (pH 7.5), starved in the same
buffer for 12-24 h, and then mixed at a 1:1 cell ratio to a final concentration of 5 x 10° cells/mL at
30°C.

Probe design and production for Fluorescent in situ hybridization
(FISH)

To detect the MIC-specific G4T3 telomere repeat, an oligonucleotide consisting of five tandem
repeats of 5’-CCCCAAA-3’, flanked by FLAP-X complementary sequences at both ends, was
synthesized by Eurofins Genomics. Cy3-labeled probes for the Tlrl element were produced by nick
translation as described previously (Noto et al., 2010 ). To design oligo probes that uniquely
recognize the 3L-MLS, 4R-MLS, or 4R-MDS genomic regions, all possible continuous 32-nt
sequences were extracted from each region. Sequences unaligned to the MIC genome
(PRJCA042635, Genome Warehouse database, China National Center for Bioinformation), which
lacks the 3L-MLS, 4R-MLS, or 4R-MDS regions, were selected using Bowtie2 (sensitive-local option).
Sequences with low (<40%) or high (>70%) GC content were removed, and 384 non-overlapping
oligonucleotides were manually selected. For probes targeting 3L-MLS and 4R-MLS, the sequence
complementary to FLAP-X was added to the 5’ ends. For probes targeting 4R-MDS, the sequence
complementary to FLAP-Y was added to the 5’ ends. Each pool of 384 oligos was synthesized by
Integrated DNA Technologies (oPools Oligo Pools) and dissolved in TE buffer at 100 uM. FLAP-X
and FLAP-Y oligos used as secondary probes were described previously (Tsanov et al., 2016 %).
FLAP-X and FLAP-Y oligonucleotides, modified with Cy3 and Cy5 at both ends, respectively, were
synthesized by Integrated DNA Technologies. All oligonucleotide sequences used in this study are
listed in Supplementary Table S2 and S3(#.

FISH

Approximately 3 x 107 cells were pelleted by centrifugation at 400 x g for 3 min, resuspended in
Carnoy’s fixative (methanol/acetic acid, 3:1), and incubated for 1 h at room temperature (RT). Cells
were then pelleted again at 400 x g for 2 min, resuspended in 0.6 mL Carnoy’s fixative, and 50 pL
was spread onto Superfrost Plus Adhesion Microscope Slides (Epredia, J7800AMNZ). Slides were
air-dried and stored at -20 °C until use.

Slides were equilibrated to RT for 3 min and rehydrated in water at RT for 5 min. They were then
incubated in RIPA+ buffer (150 mM NacCl, 2% NP-40, 1% sodium deoxycholate, 0.2% SDS, 1 mM
EDTA [pH 8.0], 50 mM Tris-HCl [pH 8.0]) at 30 °C for 1 h. The buffer was replaced with fresh RIPA+
buffer, and incubation continued for an additional 1 h at 30 °C. Next, slides were washed twice in
30 mM Tris-HCl (pH 8.0) for 5 min each, then incubated in Proteinase K solution (0.2 pg/mL
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Proteinase K [Macherey-Nagel] in 30 mM Tris-HCI [pH 8.0]) at 30 °C for 30 min. This was followed
by two washes in 0.2% glycine in PBS for 5 min each, and two washes in PBS for 5 min each. Slides
were then incubated twice with RNase A solution (0.1 mg/mL RNase A [Thermo Fisher Scientific]
in PBS containing 0.1% Tween-20 [PBST]) at 30 °C for 30 min each, followed by washes in PBST for
10 min and PBS for 5 min. Finally, slides were post-fixed in 70% ethanol and air-dried.

After rehydration in water for 2 min, slides were incubated in 70% formamide, 2x SSC at 70 °C for
2 min, and immediately rinsed in ice-cold water for 2 min. Hybridization buffer (50% formamide,
10% dextran sulfate, 2x SSC) containing 1.25 yM primary probes (for 3L-MLS, 4R-MLS, and 4R-
MDS), 0.25 uM probes (for G4T3), or 0.5 ng/uL probes (for Tlr1) was applied to slides. Coverslips
were sealed with rubber cement, slides were incubated at 80 °C for 10 min, and then incubated
overnight at 37 °C. Slides were washed twice in 50% formamide, 2x SSC, 0.1% SDS at 37 °C for 10
min each, once in 2x SSC, 0.1% SDS at 37 °C for 10 min, and once in 0.5x SSC at RT for 5 min. Next,
slides were incubated in hybridization buffer containing 1 uM FLAP-X-Cy3 and/or FLAP-Y-Cy5 for
2 h at 30 °C. Slides were then washed twice in 50% formamide, 2x SSC at 37 °C for 10 min each,
once in 2x SSC at 37 °C for 10 min, and once in 0.5% SSC at RT for 5 min. For Tlr1-FISH, the
incubation and washing steps with secondary probes were omitted. Cells were counterstained
with 10 ng/mL 4°, 6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific) in 0.05% Triton X-
100, PBS for 10 min, followed by washing in 0.05% Triton X-100, PBS for 10 min. Samples were
mounted with ProLong Gold Antifade Reagent (Thermo Fisher Scientific).

Images were acquired using a Zeiss Axio Imager Z2 equipped with a Plan-Apochromat 100x/1.4 Oil
M27 objective, filter sets 49 (DAPI), 43 HE (Cy3), and 50 (Cy5), and 353, 545, and 650 nm excitation
lasers with 150 ms exposure. Fifty cells were examined at each cross and each time point.

Identification and analysis of MLS regions at the ends of MIC
chromosomes

The Tetrahymena thermophila MIC genome sequence, in which five MIC chromosomes are
assembled at a telomere-to-telomere level (PRJCA042635, Genome Warehouse database, China
National Center for Bioinformation), was compared with the Tetrahymena thermophila MAC
genome sequence (assembly_v5, available at https://tet.ciliate.org/%). The MAC genome sequence
was aligned against the MIC genome using Minimap2 (Galaxy Version 2.28) (Li, 2018 (2) with
default parameters. Mapping results were converted into a coverage bigWig file using the
bamCoverage tool (Galaxy Version 3.5.4) within deepTools2 (Ramirez et al., 2016 ) and visualized

with the Integrative Genomics Viewer (Version 2.13.0).

To assess the repetitiveness of each MLS, all possible 20-nt sequences from the MIC genome were
mapped back to the same MIC genome using HIAST2 (Galaxy Version 2.2.2). The number of
uniquely mapped reads within each MLS region was then determined using Samtools view
(Galaxy Version 1.22) with a quality threshold of 5. Regions lacking coverage by uniquely mapped
reads were classified as repetitive.

Construction of 4R-CBS mutants

The most proximal CBS at the right arm of the MIC chromosome 4 (4R-CBS) was mutated using a
CRISPR-Cas9 system adapted for Tetrahymena (Suhren et al., 2017 @). To construct the 4R-CBS
editing plasmid, 4R-Cas9T1-S and 4R-Cas9T1-AS (Supplementary Table S3(%) were annealed and
ligated into the Bbsl site of the pC9T vector. The resulting plasmid was digested with XhoI and
introduced into the MAC BTU1 locus of the B2086 and CU428 strains by homologous recombination
using biolistic transformation (Bruns and Cassidy-Hanley, 2000 2 ). Transformants were selected in
100 pg/mL paromomycin (Sigma-Aldrich). Three transformants per strain were selected and
subjected to phenotypic assortment as described previously (Hamilton and Orias, 2000 (%) until the
cells were able to grow in 1 mg/mL paromomycin. Then, Cas9 expression was induced by
incubating cells in 1 pg/mL CdCl2 in 1 x SPP for 6 h, and single cells were isolated into SPP drops.
Twenty-four clones from each transformant line were recovered in SPP medium in 96-well plates,
and the 4R-CBS locus was examined by direct cell PCR using primers 4R-2021T2T-Mut-cFW and 4R-
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2021T2T-Mut-cRV (Supplementary Table S3@), followed by sequencing the PCR products. Three
and two heterozygous mutants derived from B2086 and CU428, respectively, were obtained.
Finally, to obtain homozygous 4R-CBS mutants, Round I genomic exclusion was induced by
crossing the heterozygous mutants with strain B*VI. The resulting Round I exconjugants were
either homozygous mutant or wild-type for the 4R-CBS locus. Homozygous 4R-CBS mutants were
identified by direct cell PCR followed by Sanger sequencing. Obtained two homozygous 4R-CBS
mutants from B2086 (B6-1-13 and B6-1-18) and two from CU428 (C8-1-10 and C8-1-1) were used for
further studies.

Detection of de novo telomere formation

Genomic DNA was extracted as previously described from overnight-starved cells, mating cells,
and/or exconjugants at different time points. A total of 10 ng of genomic DNA was used for PCR
with the primers Tel2 and 4R-Tel-1 for 4R-MLS, or Tel2 and 3L-Tel-2 for 3L-MLS (25 pL reaction
volume, using Taq DNA polymerase [NEB, M0273]; 28 cycles of 95 °C for 20 s, 53 °C for 30 s, and 68
°C for 1 min). Then, 0.5 yL of the PCR product was used as a template for a second PCR with the
primers Tel and 4R-Tel-2 for 4R-MLS, or Tel and 3L-Tel-3 for 3L-MLS (under the same conditions as
the first PCR).

Viability test of sexual progeny

Two strains with complementary mating types were individually starved overnight in 10 mM Tris
at a concentration of ~5 x 10° cells/mL and then mixed to induce conjugation. At 24-27 hpm, 100
uL of culture was combined with 900 uL of 1 x SPP in a 24-well plate and incubated for 3 h. Then,
6-methylpurine (6-mp, Sigma-Aldrich) was added to a final concentration of 15 pg/mL and
incubated for 4 days. Because all crosses used in this study used CU428 or CU428-derived strains,
which are homozygous for a 6-mp resistance mutation in their MIC, successful completion of
conjugation should result in the production of 6-mp-resistant sexual progeny. The presence of 6-
mp-resistant progeny was examined under a dissection microscope. Each cross was repeated three
times to confirm reproducibility.

4R-MLS and 4R-MDS detection in 4R-CBS mutants

The presence of 4R-MLS and 4R-MDS was examined by oligo-FISH as described above. Cells were
fixed at 30 hpm, and 50 exconjugants per cross were analyzed. For crosses between wild-type cells
and 4R-CBS mutants (WT x Mut cross), cells were additionally fixed at 12, 13.5, and 15 hpm and
analyzed. An exconjugant was considered 4R-CBS positive if one or both new MACs exhibited 4R-
MLS FISH staining. The number of 4R-MDS foci in 204, 140, and 202 new MACs from the WT x Mut
cross at 12, 13.5, and 15 hpm, respectively, was counted and statistically analyzed using Student’s t-
test.

Immunofluorescence staining

Approximately 3 x 107 mating cells were fixed at 9 hpm and permeabilized in 3.7% formaldehyde,
0.5% Triton X-100 at RT for 30 min. After centrifugation, the cells were resuspended in 1 mL 3.7%
formaldehyde containing 3.4% sucrose, and 50 yL of the suspension was spread on a slide and air-
dried. Slides were stored at —20°C until use. Slides were rehydrated in water for 5 min and then
incubated with blocking buffer (0.1% Tween 20, 3% bovine serum albumin, 10% normal goat
serum in PBS) at RT for 2 h. After washing in PBST, slides were incubated overnight at 4°C with
monoclonal anti-H3K9me2/3 antibody (6F12, Cell Signaling) diluted 1:250 in blocking buffer.
Following three 10-min washes in PBST, slides were incubated at RT for 1 h with Alexa Fluor 488-
conjugated goat anti-mouse IgG (Invitrogen, A-1100) diluted 1:1000. Slides were washed in PBST
for 10 min, incubated with 10 ng/mL DAPI in PBST for 10 min, and washed again for 10 min. Cells
were mounted with Prolong Gold Antifade Reagent. Fifty cells were analyzed per cross at each
time point.
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RNA-seq

Total RNA was extracted from cell pellets using TRIzol reagent, followed by purification with the
RNA Clean & Concentrator™-5 kit (Zymo Research) according to the manufacturer’s protocol,
including on-column DNase I treatment to remove genomic DNA contamination. RNA was eluted
in nuclease-free water, and RNA concentration was measured using the Qubit RNA Broad Range
(BR) Assay Kit (Invitrogen). Samples were submitted to Azenta Life Sciences for poly(A)+ RNA
selection, library preparation, and paired-end sequencing on an Illumina NovaSeq 6000 platform
(PE150). Raw sequencing reads are available in the European Nucleotide Archive (ENA) under
accession numbers ERR17144311-ERR17144316.

Low-quality bases and adapter sequences were trimmed. The processed reads were aligned to the
Tetrahymena thermophila MIC genome described above using HISAT2 (Galaxy version 2.2.2) with
default parameters for paired-end mapping. Reads that mapped to the MIC genome were then
aligned to the Tetrahymena thermophila gene model (v6, available at https://tet.ciliate.org/2) using
HISAT2. The resulting alignment files in SAM format were converted to binary (BAM) format,
coordinate-sorted using Samtools view (Galaxy version 1.22), and indexed using Samtools idxstats
(Galaxy version 2.0.8).

Data availability

RNA sequence data were deposited in the European Nucleotide Archive (ENA) under accession
numbers ERR17144311-ERR17144316. Raw image files for Figure 2 ™4, Figure 43, Figure 67,
Figure 82, Supplementary Figure S1 % and Supplementary Figure S2 @ have been deposited at
https://doi.org/10.5061/dryad.2z34tmqlw & .
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Additional files

Supplementary Figures and Tables (7 Supplementary Figure S1 2. Elimination of TIr1 element
during MAC development. Conjugating wild-type cells at the indicated time points (hours post-
mixing, hpm) were analyzed by FISH using probes complementary to the MIC-specific Tlr1l
element (magenta). DNA was counterstained with DAPI (blue). The Tlr1 FISH signal in the
developing MAC (An) was examined in 50 cells per time point and classified according to staining
pattern: Homogeneous, signal distributed throughout the new MACs; DE-body, signal localized to
peripheral foci (DNA elimination bodies); or No staining, no detectable signal. Scale bars: 10 um.
Supplementary Figure S2@. Elimination of 3L-MLS during MAC development in wild-type cells.
Conjugating wild-type cells at the indicated time points (hours post-mixing, hpm) were analyzed
by oligo-FISH using pool of oligonucleotide probes complementary to 3L-MLS (magenta). DNA was
counterstained with DAPI (blue). Insets show enlarged images of the regions indicated by dotted
squares. The presence (Positive) or absence (Negative) of the 3L-MLS FISH signal in new MAC (An)
in 50 cells per time point was examined. Scale bars: 10 um.

Nagao et al., 2026 eLife 15:RP109351. https://doi.org/10.7554/eLife.109351.2 19 of 34


https://doi.org/10.7554/eLife.109351.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://tet.ciliate.org/
https://doi.org/10.5061/dryad.2z34tmq1w
https://prod--epp.elifesciences.org/api/files/109351/v2/content/supplements/677574_file11.zip
https://elifesciences.org/subjects/chromosomes-gene-expression

s eLife

Chromosomes and Gene Expression

Additional information

Funding
Funder Grant reference number Author
Agence Nationale de la Recherche (ANR) ANR-10-INBS-04 Kohei Nagao
Kazufumi
Fondation pour la Recherche Médicale (FRM) EQU202203014651 L
Mochizuki
Fondation ARC pour la Recherche sur le Kazufumi
ARCPJA2021060003830 L
Cancer (ARC) Mochizuki
Kazufumi
Agence Nationale de la Recherche (ANR) ANR-24-CE12-3978-01 L
Mochizuki

Author ORCID iDs

Kazufumi Mochizuki: © https://orcid.org/0000-0001-7987-9852

References

Arora R, Brun CM, Azzalin CM (2012) Transcription regulates telomere dynamics in human cancer
cells. RNA 18:684-693 https://doi.org/10.1261/rna.029587.111 | PubMed

Blackburn EH, Epel ES, Lin J (2015) Human telomere biology: A contributory and interactive factor in
aging, disease risks, and protection. Science 350:1193-1198 https://doi.org/10.1126/science.aab3389
| PubMed

Bruns PJ, Brussard TB, Merriam EV (1983) Nullisomic tetrahymena. II. a set of nullisomics define the
germinal chromosomes. Genetics 104:257-270 https://doi.org/10.1093/genetics/104.2.257 | PubMed

Bruns PJ, Brussard TB, Merriam EV (1982) In vivo genetic engineering in Tetrahymena. Acta Protozool
1:31-44

Bruns PJ, Cassidy-Hanley D (2000) Biolistic transformation of macro- and micronuclei. Methods Cell
Biol 62:501-512 https://doi.org/10.1016/s0091-679x(08)61553-8 | PubMed

Cai X, Yike Liu, LiJ, Zhao Z, Yao X, Zhai Z, Liucong M, Yujie Liu, Wang X, Mochizuki K, et al. (2026)
Transposon targeting non-coding RNA transcription targets G/C-rich tracts and is facilitated by an
intrinsically disordered protein in Tetrahymena. Sci China Life Sci https://doi.org/10.1007/s11427-
025-3103-x | PubMed

Cai X, Zhai Z, Noto T, Dong G, Wang X, Liucong M, Liu Y, Agreiter C, Loidl J, Mochizuki K, et al. (2025) A
specialized TFIIB is required for transcription of transposon-targeting noncoding RNAs. Nucleic Acids
Res 53 https://doi.org/10.1093/nar/gkaf427 | PubMed

Cao F, Li X, Hiew S, Brady H, Liu Y, Dou Y (2009) Dicer independent small RNAs associate with
telomeric heterochromatin. RNA 15:1274-1281 https://doi.org/10.1261/rna.1423309 | PubMed

Chalker DL, Yao M-C (2011) DNA elimination in ciliates: transposon domestication and genome
surveillance. Annu Rev Genet 45:227-246 https://doi.org/10.1146/annurev-genet-110410-132432 |
PubMed

Cheng C-Y, Vogt A, Mochizuki K, Yao M-C (2010) A domesticated piggyBac transposase plays key roles
in heterochromatin dynamics and DNA cleavage during programmed DNA deletion in Tetrahymena
thermophila. Mol Biol Cell 21:1753-1762 https://doi.org/10.1091/mbc.e09-12-1079 | PubMed

Cole E, Sugai T (2012) Developmental progression of Tetrahymena through the cell cycle and
conjugation. Methods Cell Biol 109:177-236 https://doi.org/10.1016/B978-0-12-385967-9.00007-4 |
PubMed

Cubiles MD, Barroso S, Vaquero-Sedas MI, Enguix A, Aguilera A, Vega-Palas MA (2018) Epigenetic
features of human telomeres. Nucleic Acids Res 46:2347-2355 https://doi.org/10.1093/nar/gky006 |
PubMed

Nagao et al., 2026 eLife 15:RP109351. https://doi.org/10.7554/eLife.109351.2 20 of 34


https://doi.org/10.7554/eLife.109351.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://orcid.org/0000-0001-7987-9852
https://orcid.org/0000-0001-7987-9852
https://orcid.org/0000-0001-7987-9852
https://doi.org/10.1261/rna.029587.111
https://pubmed.ncbi.nlm.nih.gov/22357912
https://pubmed.ncbi.nlm.nih.gov/22357912
https://doi.org/10.1126/science.aab3389
https://pubmed.ncbi.nlm.nih.gov/26785477
https://pubmed.ncbi.nlm.nih.gov/26785477
https://doi.org/10.1093/genetics/104.2.257
https://pubmed.ncbi.nlm.nih.gov/17246135
https://pubmed.ncbi.nlm.nih.gov/17246135
https://doi.org/10.1016/s0091-679x(08)61553-8
https://pubmed.ncbi.nlm.nih.gov/10503214
https://pubmed.ncbi.nlm.nih.gov/10503214
https://doi.org/10.1007/s11427-025-3103-x
https://doi.org/10.1007/s11427-025-3103-x
https://pubmed.ncbi.nlm.nih.gov/41772199
https://pubmed.ncbi.nlm.nih.gov/41772199
https://doi.org/10.1093/nar/gkaf427
https://pubmed.ncbi.nlm.nih.gov/40377217
https://pubmed.ncbi.nlm.nih.gov/40377217
https://doi.org/10.1261/rna.1423309
https://pubmed.ncbi.nlm.nih.gov/19460867
https://pubmed.ncbi.nlm.nih.gov/19460867
https://doi.org/10.1146/annurev-genet-110410-132432
https://pubmed.ncbi.nlm.nih.gov/21910632
https://pubmed.ncbi.nlm.nih.gov/21910632
https://doi.org/10.1091/mbc.e09-12-1079
https://pubmed.ncbi.nlm.nih.gov/20357003
https://pubmed.ncbi.nlm.nih.gov/20357003
https://doi.org/10.1016/B978-0-12-385967-9.00007-4
https://pubmed.ncbi.nlm.nih.gov/22444146
https://pubmed.ncbi.nlm.nih.gov/22444146
https://doi.org/10.1093/nar/gky006
https://pubmed.ncbi.nlm.nih.gov/29361030
https://pubmed.ncbi.nlm.nih.gov/29361030
https://elifesciences.org/subjects/chromosomes-gene-expression

s eLife

Chromosomes and Gene Expression

Czech B, Munafo M, Ciabrelli F, Eastwood EL, Fabry MH, Kneuss E, Hannon GJ (2018) piRNA-Guided
Genome Defense: From Biogenesis to Silencing. Annu Rev Genet 52:131-157
https://doi.org/10.1146/annurev-genet-120417-031441 | PubMed

de Lange T (2018) Shelterin-Mediated Telomere Protection. Annu Rev Genet 52:223-247
https://doi.org/10.1146/annurev-genet-032918-021921 | PubMed

Dockendorff TC, Estrem B, Reed ], Simmons JR, Zadegan SB, Zagoskin MV, Terta V, Villalobos E, Seaberry
EM, Wang ] (2022) The nematode Oscheius tipulae as a genetic model for programmed DNA
elimination. Curr Biol 32:5083-5098.e6. https://doi.org/10.1016/j.cub.2022.10.043 | PubMed

Estrem B, Davis RE, Wang J (2024) End resection and telomere healing of DNA double-strand breaks
during nematode programmed DNA elimination. Nucleic Acids Res 52:8913-8929
https://doi.org/10.1093/nar/gkae579 | PubMed

Fan Q, Yao MC (2000) A long stringent sequence signal for programmed chromosome breakage in
Tetrahymena thermophila. Nucleic Acids Res 28:895-900 https://doi.org/10.1093/nar/28.4.895 |
PubMed

Fan Q, Yao M (1996) New telomere formation coupled with site-specific chromosome breakage in
Tetrahymena thermopbhila. Mol Cell Biol 16:1267-1274 https://doi.org/10.1128/MCB.16.3.1267 |
PubMed

Gorovsky MA, Yao MC, Keevert JB, Pleger GL (1975) Isolation of micro- and macronuclei of
Tetrahymena pyriformis. Methods Cell Biol 9:311-327 https://doi.org/10.1016/s0091-679x(08)60080-1
| PubMed

Hamilton EP, Kapusta A, Huvos PE, Bidwell SL, Zafar N, Tang H, Hadjithomas M, Krishnakumar V, Badger
JH, Caler EV, et al. (2016) Structure of the germline genome of Tetrahymena thermophila and
relationship to the massively rearranged somatic genome. eLife 5
https://doi.org/10.7554/eLife.19090 | PubMed

Hamilton EP, Orias E (2000) Genetic crosses: setting up crosses, testing progeny, and isolating
phenotypic assortants. Methods Cell Biol 62:219-228 https://doi.org/10.1016/s0091-679x(08)61532-0

Hamilton EP, Williamson S, Dunn S, Merriam V, Lin C, Vong L, Russell-Colantonio J, Orias E (2006) The
highly conserved family of Tetrahymena thermophila chromosome breakage elements contains an
invariant 10-base-pair core. Eukaryotic Cell 5:771-780 https://doi.org/10.1128/EC.5.4.771-780.2006 |
PubMed

Huang X, Fejes T6th K, Aravin AA (2017) piRNA Biogenesis in Drosophila melanogaster. Trends Genet
33:882-894 https://doi.org/10.1016/].tig.2017.09.002 | PubMed

Iwasaki YW, Siomi MC, Siomi H (2015) PIWI-Interacting RNA: Its Biogenesis and Functions. Annu Rev
Biochem 84:405-433 https://doi.org/10.1146/annurev-biochem-060614-034258 | PubMed

Kirk KE, Blackburn EH (1995) An unusual sequence arrangement in the telomeres of the germ-line
micronucleus in Tetrahymena thermopbhila. Genes Dev 9:59-71 https://doi.org/10.1101/gad.9.1.59 |
PubMed

Lin C-YG, Lin I-T, Yao M-C (2016) Programmed Minichromosome Elimination as a Mechanism for
Somatic Genome Reduction in Tetrahymena thermophila. PLoS Genet 12:e1006403
https://doi.org/10.1371/journal.pgen.1006403 | PubMed

Liu Y, Taverna SD, Muratore TL, Shabanowitz J, Hunt DF, Allis CD (2007) RNAi-dependent H3K27
methylation is required for heterochromatin formation and DNA elimination in Tetrahymena. Genes
Dev 21:1530-1545 https://doi.org/10.1101/gad.1544207 | PubMed

Li H (2018) Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 34:3094-3100
https://doi.org/10.1093/bioinformatics/bty191 | PubMed

Loidl J (2021) Tetrahymena meiosis: Simple yet ingenious. PLoS Genet 17:€1009627
https://doi.org/10.1371/journal.pgen.1009627 | PubMed

Nagao et al., 2026 eLife 15:RP109351. https://doi.org/10.7554/eLife.109351.2 21 0f 34


https://doi.org/10.7554/eLife.109351.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1146/annurev-genet-120417-031441
https://pubmed.ncbi.nlm.nih.gov/30476449
https://pubmed.ncbi.nlm.nih.gov/30476449
https://doi.org/10.1146/annurev-genet-032918-021921
https://pubmed.ncbi.nlm.nih.gov/30208292
https://pubmed.ncbi.nlm.nih.gov/30208292
https://doi.org/10.1016/j.cub.2022.10.043
https://pubmed.ncbi.nlm.nih.gov/36379215
https://pubmed.ncbi.nlm.nih.gov/36379215
https://doi.org/10.1093/nar/gkae579
https://pubmed.ncbi.nlm.nih.gov/38953168
https://pubmed.ncbi.nlm.nih.gov/38953168
https://doi.org/10.1093/nar/28.4.895
https://pubmed.ncbi.nlm.nih.gov/10648780
https://pubmed.ncbi.nlm.nih.gov/10648780
https://doi.org/10.1128/MCB.16.3.1267
https://pubmed.ncbi.nlm.nih.gov/8622671
https://pubmed.ncbi.nlm.nih.gov/8622671
https://doi.org/10.1016/s0091-679x(08)60080-1
https://pubmed.ncbi.nlm.nih.gov/805898
https://pubmed.ncbi.nlm.nih.gov/805898
https://doi.org/10.7554/eLife.19090
https://pubmed.ncbi.nlm.nih.gov/27892853
https://pubmed.ncbi.nlm.nih.gov/27892853
https://doi.org/10.1016/s0091-679x(08)61532-0
https://doi.org/10.1128/EC.5.4.771-780.2006
https://pubmed.ncbi.nlm.nih.gov/16607024
https://pubmed.ncbi.nlm.nih.gov/16607024
https://doi.org/10.1016/j.tig.2017.09.002
https://pubmed.ncbi.nlm.nih.gov/28964526
https://pubmed.ncbi.nlm.nih.gov/28964526
https://doi.org/10.1146/annurev-biochem-060614-034258
https://pubmed.ncbi.nlm.nih.gov/25747396
https://pubmed.ncbi.nlm.nih.gov/25747396
https://doi.org/10.1101/gad.9.1.59
https://pubmed.ncbi.nlm.nih.gov/7828852
https://pubmed.ncbi.nlm.nih.gov/7828852
https://doi.org/10.1371/journal.pgen.1006403
https://pubmed.ncbi.nlm.nih.gov/27806059
https://pubmed.ncbi.nlm.nih.gov/27806059
https://doi.org/10.1101/gad.1544207
https://pubmed.ncbi.nlm.nih.gov/17575054
https://pubmed.ncbi.nlm.nih.gov/17575054
https://doi.org/10.1093/bioinformatics/bty191
https://pubmed.ncbi.nlm.nih.gov/29750242
https://pubmed.ncbi.nlm.nih.gov/29750242
https://doi.org/10.1371/journal.pgen.1009627
https://pubmed.ncbi.nlm.nih.gov/34264933
https://pubmed.ncbi.nlm.nih.gov/34264933
https://elifesciences.org/subjects/chromosomes-gene-expression

9 eLife

Chromosomes and Gene Expression

Luo Z, Hu T, Jiang H, Wang R, Xu Q, Zhang S, Cao J, Song X (2020) Rearrangement of macronucleus
chromosomes correspond to TAD-like structures of micronucleus chromosomes in Tetrahymena
thermophila. Genome Res 30:406-414 https://doi.org/10.1101/gr.241687.118 | PubMed

Mochizuki K, Fine NA, Fujisawa T, Gorovsky MA (2002) Analysis of a piwi-related gene implicates small
RNAs in genome rearrangement in tetrahymena. Cell 110:689-699 https://doi.org/10.1016/s0092-
8674(02)00909-1 | PubMed

Mutazono M, Noto T, Mochizuki K (2019) Diversification of small RNA amplification mechanisms for
targeting transposon-related sequences in ciliates. Proc Natl Acad Sci USA 116:14639-14644
https://doi.org/10.1073/pnas.1903491116 | PubMed

Noto T, Kataoka K, Suhren JH, Hayashi A, Woolcock K], Gorovsky MA, Mochizuki K (2015) Small-RNA-
Mediated Genome-wide trans-Recognition Network in Tetrahymena DNA Elimination. Mol Cell
59:229-242 https://doi.org/10.1016/j.molcel.2015.05.024 | PubMed

Noto T, Kurth HM, Kataoka K, Aronica L, DeSouza LV, Siu KWM, Pearlman RE, Gorovsky MA, Mochizuki K
(2010) The Tetrahymena argonaute-binding protein Giw1p directs a mature argonaute-siRNA
complex to the nucleus. Cell 140:692-703 https://doi.org/10.1016/].cell.2010.02.010 | PubMed

Noto T, Mochizuki K (2017) Whats, hows and whys of programmed DNA elimination in Tetrahymena.
Open Biol 7:170172 https://doi.org/10.1098/rsob.170172 | PubMed

Ramirez F, Ryan DP, Grining B, Bhardwaj V, Kilpert F, Richter AS, Heyne S, Diindar F, Manke T (2016)
deepTools2: a next generation web server for deep-sequencing data analysis. Nucleic Acids Res
44:W160-5 https://doi.org/10.1093/nar/gkw257 | PubMed

Schoeftner S, Blasco MA (2009) A “higher order” of telomere regulation: telomere heterochromatin
and telomeric RNAs. EMBO J 28:2323-2336 https://doi.org/10.1038/emboj.2009.197 | PubMed

Simmons JR, Estrem B, Zagoskin MV, Oldridge R, Zadegan SB, Wang ] (2024) Chromosome fusion and
programmed DNA elimination shape karyotypes of nematodes. Curr Biol 34:2147-2161.e5.
https://doi.org/10.1016/j.cub.2024.04.022 | PubMed

Suhren JH, Noto T, Kataoka K, Gao S, Liu Y, Mochizuki K (2017) Negative Regulators of an RNAi-
Heterochromatin Positive Feedback Loop Safeguard Somatic Genome Integrity in Tetrahymena. Cel/
Rep 18:2494-2507 https://doi.org/10.1016/j.celrep.2017.02.024 | PubMed

Taverna SD, Coyne RS, Allis CD (2002) Methylation of histone h3 at lysine 9 targets programmed DNA
elimination in tetrahymena. Cel/l 110:701-711 https://doi.org/10.1016/s0092-8674(02)00941-8 |
PubMed

Tsanov N, Samacoits A, Chouaib R, Traboulsi A-M, Gostan T, Weber C, Zimmer C, Zibara K, Walter T, Peter
M, et al. (2016) smiFISH and FISH-quant - a flexible single RNA detection approach with super-
resolution capability. Nucleic Acids Res 44:€165 https://doi.org/10.1093/nar/gkw784 | PubMed

Xu J, Zhao X, Mao F, Basrur V, Ueberheide B, Chait BT, Allis CD, Taverna SD, Gao S, Wang W, et al. (2021) A
Polycomb repressive complex is required for RNAi-mediated heterochromatin formation and
dynamic distribution of nuclear bodies. Nucleic Acids Res 49:5407-5425
https://doi.org/10.1093/nar/gkaa1262 | PubMed

Yao MC, Yao CH, Monks B (1990) The controlling sequence for site-specific chromosome breakage in
Tetrahymena. Cell 63:763-772 https://doi.org/10.1016/0092-8674(90)90142-2 | PubMed

Yao MC, Zheng K, Yao CH (1987) A conserved nucleotide sequence at the sites of developmentally
regulated chromosomal breakage in Tetrahymena. Cell 48:779-788 https://doi.org/10.1016/0092-
8674(87)90075-4 | PubMed

Zhou Y, Fu L, Mochizuki K, Xiong J, Miao W, Wang G (2022) Absolute quantification of chromosome
copy numbers in the polyploid macronucleus of Tetrahymena thermophila at the single-cell level.
Eukaryot Microbiol 69:e12907 https://doi.org/10.1111/jeu.12907 | PubMed

Zickler D, Kleckner N (2023) Meiosis: dances between homologs. Annu Rev Genet 57:1-63
https://doi.org/10.1146/annurev-genet-061323-044915 | PubMed

Nagao et al., 2026 eLife 15:RP109351. https://doi.org/10.7554/eLife.109351.2 22 of 34


https://doi.org/10.7554/eLife.109351.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://doi.org/10.1101/gr.241687.118
https://pubmed.ncbi.nlm.nih.gov/32165395
https://pubmed.ncbi.nlm.nih.gov/32165395
https://doi.org/10.1016/s0092-8674(02)00909-1
https://doi.org/10.1016/s0092-8674(02)00909-1
https://pubmed.ncbi.nlm.nih.gov/12297043
https://pubmed.ncbi.nlm.nih.gov/12297043
https://doi.org/10.1073/pnas.1903491116
https://pubmed.ncbi.nlm.nih.gov/31262823
https://pubmed.ncbi.nlm.nih.gov/31262823
https://doi.org/10.1016/j.molcel.2015.05.024
https://pubmed.ncbi.nlm.nih.gov/26095658
https://pubmed.ncbi.nlm.nih.gov/26095658
https://doi.org/10.1016/j.cell.2010.02.010
https://pubmed.ncbi.nlm.nih.gov/20211138
https://pubmed.ncbi.nlm.nih.gov/20211138
https://doi.org/10.1098/rsob.170172
https://pubmed.ncbi.nlm.nih.gov/29021213
https://pubmed.ncbi.nlm.nih.gov/29021213
https://doi.org/10.1093/nar/gkw257
https://pubmed.ncbi.nlm.nih.gov/27079975
https://pubmed.ncbi.nlm.nih.gov/27079975
https://doi.org/10.1038/emboj.2009.197
https://pubmed.ncbi.nlm.nih.gov/19629032
https://pubmed.ncbi.nlm.nih.gov/19629032
https://doi.org/10.1016/j.cub.2024.04.022
https://pubmed.ncbi.nlm.nih.gov/38688284
https://pubmed.ncbi.nlm.nih.gov/38688284
https://doi.org/10.1016/j.celrep.2017.02.024
https://pubmed.ncbi.nlm.nih.gov/28273462
https://pubmed.ncbi.nlm.nih.gov/28273462
https://doi.org/10.1016/s0092-8674(02)00941-8
https://pubmed.ncbi.nlm.nih.gov/12297044
https://pubmed.ncbi.nlm.nih.gov/12297044
https://doi.org/10.1093/nar/gkw784
https://pubmed.ncbi.nlm.nih.gov/27599845
https://pubmed.ncbi.nlm.nih.gov/27599845
https://doi.org/10.1093/nar/gkaa1262
https://pubmed.ncbi.nlm.nih.gov/33412588
https://pubmed.ncbi.nlm.nih.gov/33412588
https://doi.org/10.1016/0092-8674(90)90142-2
https://pubmed.ncbi.nlm.nih.gov/2225076
https://pubmed.ncbi.nlm.nih.gov/2225076
https://doi.org/10.1016/0092-8674(87)90075-4
https://doi.org/10.1016/0092-8674(87)90075-4
https://pubmed.ncbi.nlm.nih.gov/3815524
https://pubmed.ncbi.nlm.nih.gov/3815524
https://doi.org/10.1111/jeu.12907
https://pubmed.ncbi.nlm.nih.gov/35313044
https://pubmed.ncbi.nlm.nih.gov/35313044
https://doi.org/10.1146/annurev-genet-061323-044915
https://pubmed.ncbi.nlm.nih.gov/37788458
https://pubmed.ncbi.nlm.nih.gov/37788458
https://elifesciences.org/subjects/chromosomes-gene-expression

w9 eLife

Chromosomes and Gene Expression

Nagao K, Lemoine A, Noto T, Mochizuki K (2026) Linking Germline Telomere Removal to Global
Programmed DNA Elimination in Tetrahymena Genome Differentiation. Dryad Digital Repository.
https://doi.org/10.5061/dryad.2z34tmq 1w

Peer reviews
Reviewer #1 (Public review):

Summary:

In this study entitled "Linking Germline Telomere Removal to Global Programmed DNA
Elimination in Tetrahymena Genome Differentiation"” Nagao and colleagues examine the fate
of germline chromosome ends during somatic genome differentiation in the ciliate
Tetrahymena thermophila. During sexual reproduction, a new somatic genome is created
from a zygotic, germline-derived genome by extensive programmed DNA elimination events.
It has been known for some time that the terminii of the germline chromosomes are
eliminated, but the exact process and kinetics of the elimination events has not been
thoroughly investigated. The authors first use germline-specific telomere probes to show that
the loss of these chromosome ends occurs with similar timing as other DNA elimination
events. By comparative analysis of the assembled germline and somatic genomes, the authors
find the ends of each of the germline chromosomes are composed of few hundred kilobases
of micronuclear limited sequences (MLS) that are removed starting around 14 hours after the
start of conjugation, which initiates sexual development. They then develop an in-situ
hybridization assay to track the fate of one end of chromosome 4 while simultaneously
following the adjacent macronuclear destined sequence (MDS) retained in the new somatic
genome. This allows the authors to more clearly show that these adjacent chromosomal
segments are initially amplified in the developing genome before the terminal MLS is
eliminated. Finally, they mutate the chromosome breakage sequence (CBS) that normally
separates the MLS terminus from the adjacent MDS region as show that strains that develop
with only one mutant chromosome can produce viable sexual progeny, but it appears that
both the MLS and the MDS from the mutant chromosome are lost. If both chromosome copies
have the CBS mutation, the cells arrest during development and do not eliminate many
germline limited sequences and fail to produce viable progeny. Overall, this study provides
many new insights into the fate of germline chromosome ends during somatic genome
remodeling and suggests extensive coordination of different DNA elimination events in
Tetrahymena.

Strengths:

Overall, the experiments were well executed with appropriate controls. The findings are
generally robust. Importantly, the study provides several novel findings. First, the authors
provide a fairly comprehensive characterization of the size of the MLS at the end of each
germline chromosome. They also report on the highly repetitive composition of these
chromosome terminii. Second, the authors develop a novel method to study the fate of
chromosome terminii during development and use it conclusively track the elimination of
these terminii. Third, the authors show that the elimination of these terminii appears to occur
concurrently with most other DNA elimination events during somatic genome differentiation.
And fourth, the authors show that failure to separate these eliminated sequences from the
normally retained chromosome alters the fate of these adjacent MDS and loss of the cells
ability to produce viable progeny. The authors initially hypothesized that DNA elimination
may be blocked due to inappropriate silencing of genes in the MDS region when the CBS is
mutant, but gene expression analysis showed that this is not the case.

Weaknesses:
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After revising the manuscript based on the initial reviewers' critique, most weaknesses have
been addressed. On weakness remaining is that since the authors only mutated the end of
one germline chromosome, it is not clear whether the elimination of the MDS adjacent to the
terminal MLS on chromosome 4 when the CBS is mutated is a general phenomenon, i.e.
would happen at all chromosome ends, or is unique to the situation at Chromosome 4R.
Knowing whether it is a general phenomenon or not would provide important insight into
the authors findings. The authors did attempt to look at other chromosome ends, but
technical limitations currently stymie this effort.

The other weakness is that it remains unclear how failure to carry out DNA elimination
appears to induce a checkpoint during development, but this open question is not unique to
this study.

Comments on revised version.

The authors have significantly improved the study. The addition of the RNA-seq analysis
allowed these researchers to show that their initial hypothesis - that loss of a CBS leads to
inappropriate gene silencing in the neighboring MDS region - appears not to be the case. I do
not have further suggestions for the authors.

https://doi.org/10.7554/eLife.109351.2.sa3

Reviewer #2 (Public review):
Summary:

Mochizuki and colleagues investigated how the germline (MIC) telomere was removed during
programmed genome rearrangement in the developing somatic nucleus (MAC). Using an
optimized oligo-FISH procedure, the authors demonstrated that MIC telomeres were co-
eliminated with a large region of MIC-limited sequences (MLS) demarcated on the opposite
side by a sub-telomeric chromosome breakage site (CBS). This conclusion was corroborated
by the latest assembly of the Tetrahymena MIC genome. They further employed CRISPR-Cas9
mutagenesis to disrupt a specific sub-telomeric CBS (4R-CBS). In the uniparental progeny
(mutant X WT), DNA elimination of the sub-telomeric MLS was not affected, but the adjacent
MAC-destined sequence (MDS) may be co-eliminated. However, in the biparental progeny
(mutant X mutant), global DNA elimination was arrested, revealing previously unrecognized
connections between chromosome breakage and DNA elimination. It also paves the way for
future studies into the underlying molecular mechanisms. The work is rigorous, well-
controlled, and offers important insights into how eukaryotic genomes demarcate genic
regions (retained DNA) and regions derived from transposable element (TE; eliminated DNA)
during differentiation. The identification of chromosome breakage sequences as a critical
architectural element of the genome separating TE-derived regions from functional genes is a
key conceptual contribution.

Strengths:

New method development: Oligo-FISH in Tetrahymena. This allows high-resolution
visualization of critical genome rearrangement events during MIC-to-MAC differentiation.
This method will be a very powerful tool in this area of study.

The conclusion is strongly supported by integrated analyses of PCR-based assays, as well as
cytological, genomic, and transcriptomic data.

Rigorous genetic analysis of the role played by 4R-CBS in separating the fate of sub-telomeric
MLS (elimination) and MDS (retention).

https://doi.org/10.7554/eLife.109351.2.sa2
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Reviewer #3 (Public review):

Programmed DNA elimination (PDE) is a process that removes a substantial amount of
genomic DNA during development. While it contradicts the genome constancy rule, an
increasing number of organisms have been found to undergo PDE, indicating its potential
biological function. Single-cell ciliates have been used as a prominent model system for
studying PDE, providing important mechanistic insights into this process. Many of those
studies have focused on the excision of internally eliminated sequences (IES) and the
subsequent repair using non-homologous end joining (NHE]). These studies have led to the
identification of small RNAs that mark retained or eliminated regions and the transposons
that generate double-strand breaks.

In this manuscript, Nagao and Mochizuki examined the other type of breaks in ciliates that
are healed with telomere addition. They specifically focused on the sequences at the ends of
the germline (MIC) chromosomes, which have received relatively less attention due to the
technical challenges associated with the highly repetitive nature of the sequences. The
authors used the Tetrahymena model and developed a set of new tools. They used a novel
FISH strategy that enables the distinction between germline and somatic telomeres, as well as
the retained and eliminated DNA near the chromosome ends. This allows them to track these
sequences at the cellular level throughout the development process, where PDE occurs. They
also analyzed the more comprehensive germline and somatic genomes and determined at the
sequence level the loss of subtelomeric and telomere sequences at all chromosome ends.
Their result is reminiscent of the PDE observed in nematodes, where all germline
chromosome ends are removed and remodeled. Thus, the finding connects two independent
PDE systems, a protozoan and a metazoan, and suggests the convergent evolution of
chromosome end removal and remodeling in PDE.

The majority of sites (8/10) at the junctions of retained and eliminated DNA at the
chromosome ends contain a chromosome breakage sequence (CBS). The authors created a set
of mutants that modify the CBS at the ends of chromosome 4R. CBS regions are challenging
for CRISPR due to their AT-rich sequences, making the creation of the 4R-CBS mutants a
significant breakthrough. They used the FISH assay to determine if PDE still occurs in these
mutant strains with compromised CBS. Surprisingly, they found that instead of blocking PDE,
its adjacent retained DNA is now eliminated, suggesting a co-elimination event when the
breakage is impaired. Furthermore, in biparental mutant crosses, no PDE occurred, and no
viable progeny were produced, indicating that the removal of chromosome ends is crucial for
proper PDE and sexual progeny development. Overall, the work demonstrates a critical role
for 4R-CBS in separating retained and eliminated DNA.

https://doi.org/10.7554/eLife.109351.2.sa1

Author response:

The following is the authors’ response to the original reviews.

(1) We bioinformatically examined the repeat compositions of MLSs (Figure 3B), which
clearly indicated that all MLSs are composed of repetitive sequences to a much greater extent
than the rest of the genome.

(2) We confirmed the blockage of chromosome breakage by the 4R-CBS mutations using a
telomere-anchored PCR assay (Figure 5C-E).

(3) We examined the effect of the 4R-CBS mutations on the expression of genes encoded in 4R-
MDS by RNA-seq (Figure 9). This analysis unexpectedly revealed that gene expression from
4R-MDS is not significantly affected in the mutants, allowing us to extend our discussion.
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(4) We added two authors, Alix Lemoine and Tomoko Noto, who performed the experiments
for these revisions.

Public Reviews:
Reviewer #1 (Public review):
Summary:

In this study, Nagao and Mochizuki examine the fate of germline chromosome ends
during somatic genome differentiation in the ciliate Tetrahymena thermophila. During
sexual reproduction, a new somatic genome is created from a zygotic, germline-derived
genome by extensive programmed DNA elimination events. It has been known for some
time that the termini of the germline chromosomes are eliminated, but the exact process
and kinetics of the elimination events have not been thoroughly investigated. The
authors first use germline-specific telomere probes to show that the loss of these
chromosome ends occurs with similar timing as other DNA elimination events. By
comparative analysis of the assembled germline and somatic genomes, the authors find
that the ends of each of the germline chromosomes are composed of a few hundred
kilobases of micronuclear limited sequences (MLS) that are removed starting around 14
hours after the start of conjugation, which initiates sexual development. They then
develop an in situ hybridization assay to track the fate of one end of chromosome 4 while
simultaneously following the adjacent macronuclear destined sequence (MDS) retained
in the new somatic genome. This allows the authors to more clearly show that these
adjacent chromosomal segments are initially amplified in the developing genome before
the terminal MLS is eliminated. Finally, they mutate the chromosome breakage sequence
(CBS) that normally separates the MLS terminus from the adjacent MDS region, to show
that strains that develop with only one mutant chromosome can produce viable sexual
progeny, but it appears that both the MLS and the MDS from the mutant chromosome
are lost. If both chromosome copies have the CBS mutation, the cells arrest during
development and do not eliminate many germline-limited sequences and fail to produce
viable progeny. Overall, this study provides many new insights into the fate of germline
chromosome ends during somatic genome remodeling and suggests extensive
coordination of different DNA elimination events in Tetrahymena.

Strengths:

Overall, the experiments were well executed with appropriate controls. The findings are
generally robust. Importantly, the study provides several novel findings. First, the authors
provide a fairly comprehensive characterization of the size of the MLS at the end of each
germline chromosome. I'm not sure whether this has been published elsewhere. Second,
the authors develop a novel method to study the fate of chromosome termini during
development and use it to conclusively track the elimination of these termini. Third, the
authors show that the elimination of these termini appears to occur concurrently with
most other DNA elimination events during somatic genome differentiation. And fourth,
the authors show that failure to separate these eliminated sequences from the normally
retained chromosome alters the fate of these adjacent MDS and the loss of the cells’
ability to produce viable progeny.

Weaknesses:

It appears the authors did extensive analysis of the MLS chromosome ends, but did not
provide too much information related to their composition. If this has not been
published elsewhere, it would be useful to describe the proportion of unique and
repetitive sequences and provide more information about the general composition of the
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chromosome ends. Such information would help the reader understand the nature of
these MLS and how they may or may not differ from other eliminated sequences.

We now calculated the proportions of unique and repetitive sequences for each MLS, and
these data are included in Figure 3B and described in the main text of the revised
manuscript. A more comprehensive analysis of chromosome-end composition, including
detailed characterization in the context of the complete MIC genome assembly, is beyond the
scope of the current study and will be presented in a future publication.

Although the development of the novel FISH probes for large chromosome ends allowed
for these novel discoveries, the signal in several images was visible, but often quite faint.
I'm not sure there is anything the authors could do to improve the signal-to-noise ratio,
but one needs to stare at the images carefully to understand the findings.

We have submitted higher-resolution images for the revised manuscript, which we believe
much improve the visibility of faint signals.

One main weakness in the opinion of this reviewer is that the authors did very little to
understand why, when a terminal MLS and the adjacent MDS fail to get separated
because of failure in chromosome breakage, both segments are eliminated. The authors
propose that possibly essential genes in the MDS get silenced, and the resulting lack of
gene expression is the issue, but this and other possibilities were not tested. The study
would provide more mechanistic insight if they had tried to assess whether the MDS on
the CBS mutant chromosome becomes enriched in silencing modifications (e.g.,
H3K9me3). Alternatively, the authors could have examined changes in gene expression
for some of the loci on the neighbouring MDS.

The 4R-CBS mutation causes two distinct defects that should be considered separately: (1) co-
elimination of 4R-MLS and the adjacent 4R-MDS during uniparental transmission of the 4R-
CBS mutation; and (2) a global block of DNA elimination during biparental transmission of
the 4R-CBS mutation.

For the first defect, 4R-MLS and 4R-MDS may simply co-segregate into the nuclear
compartment where DNA elimination occurs when the chromosome break that normally
separates 4R-MLS from 4R-MDS is blocked. In this scenario, no additional process, such as
spreading of scnRNA production, heterochromatin formation, or gene silencing, would be
required to induce co-elimination. This point was not clearly stated in the previous
manuscript, and we have now added a discussion of it to the revised manuscript.

The possibility of gene silencing within 4R-MDS was raised as a potential explanation for the
second defect. To test this possibility, we performed RNA-seq analysis of wild-type and 4R-CBS
mutant cells to determine whether gene expression from 4R-MDS is affected by mutations at
4R-CBS. Contrary to our expectations, we found that genes in 4R-MDS are not significantly
down-regulated in 4R-CBS mutant cells compared with other genes. This result suggests that
the DNA elimination defect in these cells cannot be explained by silencing of genes located
within 4R-MDS. We have added these RNA-seq data to Figure 9 and described them in the
Results section. We have also revised the Discussion to propose alternative possibilities that
may guide future investigations.

The other main weakness is that since the authors only mutated the end of one germline
chromosome, it is not clear whether the elimination of the MDS adjacent to the terminal
MLS on chromosome 4 when the CBS is mutated is a general phenomenon, i.e., would
happen at all chromosome ends, or is unique to the situation at Chromosome 4R.
Knowing whether it is a general phenomenon or not would provide important insight
into the authors' findings.
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As was described in the manuscript, the short (CBS = 15 nt) target within AT-rich and
repetitive regions prevent designing gRNAs specifically targeting some of the chromosome
end CBSs. We tried to mutate the CBS sequences of the left end of the chromosome 3 (3L) and
the left end of the chromosome 5 (5L) by the strategy we used to mutate 4R-CBS but failed.
Therefore, to systematically mutate other chromosome-end CBSs, we need to establish a
different strategy, such as combining template-based repairing to CRISPR-induced DSB. We
have explained this technical limitation and stated that “Our data support a critical role for
4R-CBS in separating 4R-MLS from 4R-MDS, but it remains unclear whether all MIC
chromosome ends are strictly CBS-dependent for their elimination.” in Discussion (Page 12).

Reviewer #2 (Public review):
Summary:

Nagao and Mochizuki investigated how the germline (MIC) telomere was removed during
programmed genome rearrangement in the developing somatic nucleus (MAC). Using an
optimized oligo-FISH procedure, the authors demonstrated that MIC telomeres were co-
eliminated with a large region of MIC-limited sequences (MLS) demarcated on the
opposite side by a sub-telomeric chromosome breakage site (CBS). This conclusion was
corroborated by the latest assembly of the Tetrahymena MIC genome. They further
employed CRISPR-Cas9 mutagenesis to disrupt a specific sub-telomeric CBS (4R-CBS). In
uniparental progeny (mutant X WT), DNA elimination of the sub-telomeric MLS was not
affected, but the adjacent MAC-destined sequence (MDS) may be co-eliminated. However,
in biparental progeny (mutant X mutant), global DNA elimination was arrested, revealing
previously unrecognized connections between chromosome breakage and DNA
elimination. It also paves the way for future studies into the underlying molecular
mechanisms. The work is rigorous, well-controlled, and offers important insights into
how eukaryotic genomes demarcate genic regions (retained DNA) and regions derived
from transposable elements (TE; eliminated DNA) during differentiation. The
identification of chromosome breakage sequences as barriers preventing the spread of
silencing (and ultimately, DNA elimination) from TE-derived regions into functional
somatic genes is a key conceptual contribution.

Strengths:

New method development: Oligo-FISH in Tetrahymena. This allows high-resolution
visualization of critical genome rearrangement events during MIC-to-MAC differentiation.
This method will be a very powerful tool in this area of study.

Integration of cytological and genomic data. The conclusion is strongly supported by
both analyses.

Rigorous genetic analysis of the role played by 4R-CBS in separating the fate of sub-
telomeric MLS (elimination) and MDS (retention). DNA elimination in ciliates has long
been regarded as an extreme form of gene silencing. Now, chromosome breakage
sequences can be viewed as an extreme form of gene insulators.

Weaknesses:

The finding of global disruption of DNA elimination in 4R-CBS mutant progeny is highly
intriguing, but it's mostly presented as a hypothesis in the Discussion. The authors
propose that the failure to separate MLS from MDS allows aberrant heterochromatin
spreading from the former into the latter, potentially silencing genes required for DNA
elimination itself. While supported by prior literature on heterochromatin feedback
loops, the specific targets silenced are not identified. While results from ChIP-seq and

Nagao et al., 2026 eLife 15:RP109351. https://doi.org/10.7554/eLife.109351.2 28 of 34


https://doi.org/10.7554/eLife.109351.2
https://elifesciences.org/?utm_source=pdf&utm_medium=article-pdf&utm_campaign=PDF_tracking
https://elifesciences.org/subjects/chromosomes-gene-expression

°e o Chromosomes and Gene Expression
wieLife

small RNA-seq can greatly strengthen the paper, the reviewer understands that direct
molecular characterization may be beyond the scope of the current work.

As mentioned in our reply to Reviewer #1’s comment above, we performed RNA-seq on wild-
type and 4R-CBS mutant cells at 13.5 hpm and 15 hpm and found that genes in 4R-MDS are
not significantly downregulated in 4R-CBS mutant cells (Figure 9), suggesting that the DNA
elimination defect in these cells cannot be explained by aberrant heterochromatin spreading.
Therefore, the link between the chromosome break at 4R-CBS and general DNA elimination
remains elusive and will be a very interesting subject for our future research. We have added
these results and revised the discussion in the manuscript.

Reviewer #3 (Public review):

Programmed DNA elimination (PDE) is a process that removes a substantial amount of
genomic DNA during development. While it contradicts the genome constancy rule, an
increasing number of organisms have been found to undergo PDE, indicating its
potential biological function. Single-cell ciliates have been used as a prominent model
system for studying PDE, providing important mechanistic insights into this process.
Many of those studies have focused on the excision of internally eliminated sequences
(IES) and the subsequent repair using non-homologous end joining (NHEJ). These studies
have led to the identification of small RNAs that mark retained or eliminated regions and
the transposons that generate double-strand breaks.

In this manuscript, Nagao and Mochizuki examined the other type of breaks in ciliates
that were healed with telomere addition. They specifically focused on the sequences at
the ends of the germline (MIC) chromosomes, which have received relatively less
attention due to the technical challenges associated with the highly repetitive nature of
the sequences. The authors used the Tetrahymena model and developed a set of new
tools. They used a novel FISH strategy that enables the distinction between germline and
somatic telomeres, as well as the retained and eliminated DNA near the chromosome
ends. This allows them to track these sequences at the cellular level throughout the
development process, where PDE occurs. They also analyzed the more comprehensive
germline and somatic genomes and determined at the sequence level the loss of
subtelomeric and telomere sequences at all chromosome ends. Their result is reminiscent
of the PDE observed in nematodes, where all germline chromosome ends are removed
and remodeled. Thus, the finding connects two independent PDE systems, a protozoan
and a metazoan, and suggests the convergent evolution of chromosome end removal
and remodeling in PDE.

The majority of sites (8/10) at the junctions of retained and eliminated DNA at the
chromosome ends contain a chromosome breakage sequence (CBS). The authors created
a set of mutants that modify the CBS at the ends of chromosome 4R. CBS regions are
challenging for CRISPR due to their AT-rich sequences, making the creation of the 4R-CBS
mutants a significant breakthrough. They used the FISH assay to determine if PDE still
occurs in these mutant strains with compromised CBS. Surprisingly, they found that
instead of blocking PDE, its adjacent retained DNA is now eliminated, suggesting a co-
elimination event when the breakage is impaired. Furthermore, in biparental mutant
crosses, no PDE occurred, and no viable progeny were produced, indicating that the
removal of chromosome ends is crucial for proper PDE and sexual progeny development.
Overall, the work demonstrates a critical role for 4R-CBS in separating retained and
eliminated DNA.

We appreciate Reviewer 3’s assessment.

Recommendations for the authors:
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Reviewing Editor Comments:

All reviewers agree that this study makes an important contribution to the field; however,
they also offered several suggestions for how the manuscript could be improved. In
particular, we draw your attention to the comments from Reviewer #1, who suggests that
the manuscript could benefit from additional information on the general composition of
germline chromosome ends, where available.

As noted in our response to Reviewer #1 in the Public Reviews above, we have included an
analysis of the fraction of repetitive sequences for each MLS as Figure 3B in the revised
manuscript, highlighting the highly repetitive nature of MLSs compared with the rest of the
genome.

Reviewer #1 (Recommendations for the authors):

As mentioned in the weaknesses section, the authors could provide more information
regarding the nature of the sequences that make up the terminal MLS. There have been
reports that these are highly repetitive; is that the case? Also, did the authors identify
common repeats that are not internal to mic chromosomes that could be used to track
all terminal segments of the five chromosomes? This would complement their mic-
telomere probe.

As noted in our response to Reviewer #1’s Public Review above, we have added an analysis of
the fraction of repetitive sequences for each MLS as Figure 3B in the revised manuscript,
which confirms that MLSs are highly repetitive.

Apart from the moderately conserved Telomere Associated Sequence (TAS), described by Kirk
and Blackburn (1995) and of unknown function, we were unable to identify any obvious
shared repeats unique to MLSs that could support the development of pan-MLS-specific
probes.

One major weakness is that the authors did little to determine the cause of the
elimination of the adjacent MDS along the 4R-MLS when the CBS was mutated. It would
really improve the study if the authors could show that:

(1) Gene expression of genes on the MDS is reduced in 4r-CBS mutant progeny.

(2) Heterochromatin modifications are unexpectedly acquired on the MDS in mutants
relative to wild-type chromosomes.

(3) Do scnRNA specific to the MDS region appear in the mutant progeny during
development, but not in wild-type crosses?

Any data that would help support the authors' hypothesis regarding how the MDS region
is eliminated when the CBS is mutant would definitely strengthen the conclusions of the
study.

As noted in our response to Reviewer #1’s Public Review above, we performed RNA-seq on
wild-type and 4R-CBS mutant cells at 13.5 hpm and 15 hpm. Our analysis showed that genes
within the 4R-MDS are not significantly downregulated in 4R-CBS mutant cells (Figure 9),
suggesting that the DNA elimination defect in these cells cannot be attributed to aberrant
heterochromatin spreading. Therefore, the connection between the chromosome break at 4R-
CBS and general DNA elimination remains unclear and represents an important avenue for
future investigation. We have incorporated these results and revised the discussion
accordingly in the updated manuscript.
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The other main weakness is that by mutating the CBS of only one chromosome arm, one
can't know whether the loss of the MDS with the MLS in the mutants is generalizable for
all chromosome arms or is unique to 4R. The authors noted that they were unable to
make any other mutated CBSs. Another way to try to get to this question is to try to
rescue the mutant by inserting a new CBS into the 4R arm such that some MLS remains
linked to the 4R-MDS and see whether removing the mic telomere is the issue, or would a
block of MLS attached to the 4R-MDS be sufficient to cause its elimination. I'm not sure
where to exactly put the new CBS, but worth thinking about.

To introduce a new CBS into 4R-MLS, we would need to insert a CBS-containing construct into
the MIC by homologous recombination during conjugation and then select engineered
transformants using a drug resistance marker expressed from the derived MAC. However,
because 4R-MLS is still eliminated in the progeny of 4R-CBS mutants, the introduced marker
would be lost from the MAC even if homologous recombination were successful. Therefore,
although the strategy suggested by this reviewer is very interesting, several technical
innovations are required to make such experiments feasible, leaving this approach for a
future project.

It seems somewhat curious that the mutation of the CBS completely blocks nuclear
development. In Paramecium, the failure to complete internal DNA elimination events
can lead to alternative telomere addition. The caveat being that, in Paramecium,
telomere addition appears more promiscuous than in Tetrahymena. It would be helpful
to know how absolute the failure to produce progeny is in these mutants. Is it zero
progeny in 1 0%, 107, 108 ..... mated cells? Can the authors provide a possible lowest
possible frequency?

The viability tests were performed using bulk mating of 2.5 x 104 cells for each cross. Because
~70-80% of mating pairs complete the conjugation process and produce exconjugants under
our standard culture conditions, and because we did not detect any 6-mp-resistant progeny
from MUT x MUT crosses, we estimate that the probability of obtaining viable progeny in
these crosses was less than 1 progeny per ~2 x 104 mating pairs. The number of cells used for
the viability assay is described in the “Viability Test of Sexual Progeny” section of Materials
and Methods and the estimated frequency of progeny production from the mutants has been
mentioned in Results section in the revised manuscript.

The one implication of the study is that chromosome breakage and DNA elimination, two
different events, are coupled. In most mutants that block scnRNA-directed DNA
elimination, both IES excision and chromosome breakage occur. In the study by
McDaniel, SL. et al (2016). DRH1, a p68-related RNA helicase, is required for chromosome
breakage in Tetrahymena. Biology Open pii: bio.021576. doi: 10.1242/bio.021576,
germline knockouts of DRH1 could complete IES excision, but not chromosome breakage,
indicating that the processes can be uncoupled. It may be useful for the authors to
discuss this previous work in relation to their finding that failure in chromosome
breakage can lead to DNA elimination of neighboring sequences.

So far, DRH1 is the only gene reported to be required for chromosome breakage without
affecting DNA elimination in Tetrahymena. However, McDaniel SL et al. (2016) examined
chromosome breakage at only two CBSs (distinct from 4R-CBS), and thus it remains unclear
how broadly chromosome breakage, including that at 4R-CBS, is affected in the absence of
DRHI1. In addition, McDaniel SL et al. (2016) assessed DNA elimination at three different IESs
using PCR, whereas our study examined elimination of the repetitive Tlr1 transposon using
FISH. Therefore, without further analysis of the similarities and differences in chromosome
breakage and DNA elimination phenotypes between DRH1 knockout cells and 4R-CBS
mutants, it is difficult to draw meaningful conclusions. Accordingly, we have limited
ourselves to stating the following in the Discussion of the revised manuscript: “Moreover,
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chromosome breakage can be inhibited without disrupting DNA elimination, as shown in
cells lacking zygotic expression of the p68-like RNA helicase Drh1 (McDaniel et al., 2016).”

Minor corrections:

U

Page 7, line 3: the text "......inducing chromosome break" should either be "......inducing
chromosome breaks" or "......inducing a chromosome break".

Corrected as “inducing a chromosome break”.

Page 13, line 13: ".....large block...." should be "......Iarge blocks......".
Corrected as suggested.
Reviewer #2 (Recommendations for the authors):

The authors can experimentally validate that chromosome breakage at 4R-CBS is indeed
disrupted by the mutations. A PCR-based assay testing de novo telomere addition is a
standard tool. In addition, MLS-linked telomere should only appear transiently during
conjugation in WT cells.

Because it was previously unknown whether de novo telomere addition occurs at the ends of
MLSs upon chromosome breakage, we tested this using a PCR-based assay. We detected
telomere-added chromosome ends of 4R-MLS and 3L-MLS, which were undetectable until
10.5 hpm, appeared at 12 hpm, and gradually decreased by 18 hpm in wild-type cells (WT x
WT cross). Importantly, the appearance of the telomere-added 4R-MLS end, but not the 3L-
MLS end, was blocked in 4R-CBS mutants (Mut x Mut crosses), strongly supporting that the
4R-CBS mutations specifically disrupt chromosome breakage at 4R-CBS. These new data are
shown in Figure 5C-E and described in the Results section.

The high FISH background during conjugation may be caused by the abundant presence
of dsRNA, which is resistant to RNase A treatment but may be degraded by RNase III.

The high FISH background was observed in the parental MAC at 9 and 12 hpm (Figure 2, 4,
and S2) where dsRNA accumulation was not detected in the previous studies (Woo et al. 2016;
Shehzada et al. 2024). In contrast, the MIC at 3 hpm and the new MAC at 9 and 12 hpm, where
strong dsRNA accumulation was detected, showed much weaker background FISH signals
(Figure 2, 4, and S2). Therefore, we believe that dsRNA is not the main cause of the high FISH
background.

It is likely that the long MIC telomere is treated as IES and targeted for DNA elimination.
Indeed, telomere-specific scnRNA is abundantly produced during conjugation
(http://www.ncbi.nlm.nih.gov/pubmed/19460867 (2).

We have cited the suggested literature and the following description has been added in
Discussion to relate the reported telomere-derived scnRNAs to the abundant scnRNAs
produced from MIC chromosomal ends: “In addition, telomere-complementary scnRNAs were
reported to be produced specifically during conjugation (Cao et al. 2009).”

Global disruption of DNA elimination may be a direct effect (DNA excision machinery
affected) or indirect (unrepaired DSB and checkpoint activation).

It has been reported that unrepaired DSBs caused by loss of Ku80 (Tku80) do not block DNA
elimination in Tetrahymena (Lin et al. 2012). Therefore, checkpoint activation by unrepaired
DSBs, if it occurs, is unlikely to explain the DNA elimination defect observed in the progeny of
4R-CBS mutants. Nonetheless, this direct-versus-indirect issue would be relevant when
considering whether disruption of specific 4R-MDS-encoded genes in 4R-CBS mutants could
cause the DNA elimination defect. Our new RNA-seq analysis, however, suggests that this
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possibility is unlikely. Therefore, we did not add further discussion of this direct-versus-
indirect issue.

Minor points:

The zoom-in boxes in most images are barely visible.
We have modified the zoom-in boxes to make them clearer.

Page 13: scnRNA precursors (Cai et al., 2025) (Cai et al., in press). Is it one paper or two?
They are two papers and the latter was published reacently. We have updated the citation.
Reviewer #3 (Recommendations for the authors):

The manuscript is well-written, with clear data, thoughtful discussion, and concise
presentation. I have only a few minor comments below.

For Figure 4 and others, the right panel shows the stats and percentages, with positive
and negative labels. It's a bit confusing at first glance. I think it can be clarified what
positive and negative mean in the legend.

The legends of Figure 4, Figure 6 and Supplementary Figure S2, have been modified as “The
presence (Positive) or absence (Negative) of the 4R-MLS FISH signal in new MAC (An) in 50
cells per time point was examined.”

The quality of the FISH images is low at their current resolution. It is difficult to get a
clear view.

In the initial version, some images were in low resolution when we combined them into a
single pdf file for review. In the revised manuscript, the images have been replaced with
high-resolution images.

The co-elimination of neighboring 4R-MDS when 4R-CBS is mutated, can this be viewed
as a fail-safe mechanism to ensure the elimination of the chromosome ends? Regardless,
the result begs the question of the significance of end removal and remodeling of PDE.
Some speculations in the discussion might be helpful.

Because the neighboring 4R-MDS contains approximately 100 predicted genes, its co-
elimination would likely be too risky to evolve as a fail-safe mechanism for ensuring
chromosome-end elimination in every generation. Instead, we interpret this as an erroneous
process that can still be compensated for through endoreplication of the remaining, normally
processed 4R-MDS from the non-mutated copy.

We further speculate that the connection between chromosome breakage at 4R-CBS and the
essential PDE process may serve as an evolutionary pressure to preserve the 4R-CBS locus in
a chromosome breakage-competent state. We have added the following discussion to the
revised manuscript (Page 15): “The observed link between chromosome breakage at 4R-CBS
and the essential DNA elimination process may reflect the biological significance of MLSs and
the importance of their removal from the MAC. Coupling these processes may have evolved
as a mechanism to ensure that only functional chromosome-end CBS loci are preferentially
transmitted to future generations.”

Figure 1, legend, line 3, "the sexual reproduction process”, do you mean "the sexual
reproduction proceeds or initiates"?

We meant “conjugation” = “the sexual reproduction process”. To make this clearer, we have
revised the legend as “conjugation, which is the sexual reproduction process of
Tetrahymena”.
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