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Abstract 

Ciliates undergo de v elopmentally programmed genome elimination, in which small RNAs direct the remo v al of transposable elements (TEs) 
during the de v elopment of the somatic nucleus. Tw enty -�v e nucleotide scanRNAs (scnRNAs) are produced from the entire germline genome and 
transported to the maternal somatic nucleus, where selection of scnRNAs corresponding to germline-speci�c sequences is thought to take place. 
Selected scnRNAs then guide the elimination of TEs in the de v eloping somatic nucleus. Ho w germline-speci�c scnRNAs are selected remains 
to be determined. Here, we provide important mechanistic insights into the scnRNA selection pathw a y b y identifying a Paramecium homolog of 
Gtsf1 as essential for the selective degradation of scnRNAs corresponding to retained somatic sequences. Consistently, we also show that Gtsf1 
is localized in the maternal somatic nucleus where it associates with the scnRNA-binding protein Ptiwi09. Furthermore, we demonstrate that 
the scnRNA selection process is critical for genome elimination. We propose that Gtsf1 is required for the coordinated degradation of Ptiwi09- 
scnRNA comple x es that pair with target RNA via the ubiquitin pathw a y, similarly to the mechanism suggested for microRNA target-directed 
degradation in metazoans. 

Gr aphical abstr act 

Introduction 

One major host defense mechanism to silence transposable 
elements (TE) is the small RNA silencing pathway. Small 
RNAs of 20–30 nt in length are loaded onto PIWI proteins to 
form small RNA–PIWI silencing complexes, which pair with 
nascent transcript by sequence complementarity, recruit his- 
tone methyltransferases to chromatin and repress the tran- 
scriptional activity of TEs and other repeats ( 1 ). Small RNA 

sequences are highly diverse and yet highly speci�c to TEs. 
The mechanisms underlying the distinction between TEs and 
the rest of the genome during the establishment of small RNA 

populations remain to be fully understood. 

In animal gonadal cells, such as the Drosophila ovaries, 
Piwi-interacting RNAs (piRNAs) are mostly derived from het- 
erochromatic TE-rich loci known as the piRNA clusters, and 
cluster transcripts must be speci�cally selected for piRNA bio- 
genesis ( 2 ). Thus, the vast majority of these small RNAs origi- 
nate from distinct genomic hotspots. The logic is radically dif- 
ferent in the ciliate Paramecium , in which the entire germline 
genome initially produces 25-nt scnRNAs from both TE and 
non-TE sequences ( 3–6 ). In subsequent steps, the subpopula- 
tion of scnRNAs that correspond to TEs is selected to trig- 
ger the physical removal of TEs from the genome, a de�nitive 
form of TE silencing ( 3 ,7–9 ). The mechanism that enables the 
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speci�c selection of scnRNAs corresponding to TEs has yet to 
be fully elucidated. 

In Paramecium , the germline and somatic functions are sup- 
ported by two types of nuclei that coexist in the same cy- 
toplasm. The diploid germline micronucleus (MIC) transmits 
the genetic information from one generation to the next, while 
the polyploid somatic macronucleus (MAC) ensures gene ex- 
pression, but is destroyed at each sexual cycle. During the self- 
fertilization process of autogamy, the MIC undergoes meiosis 
and karyogamy to produce the zygotic nucleus. New MICs 
and new MACs develop from mitotic products of the zygotic 
nucleus. During development of the new MAC, massive and 
reproducible elimination of nearly 30% of the genome ( ∼30 
Mb out of 108 Mb) of speci�c germline sequences occurs ( 10 ). 
Eliminated germline sequences include 45 000 Internal Elim- 
inated Sequences (IESs) that are remnants of TEs scattered 
throughout the genome ( 11 ,12 ). Other eliminated sequences 
(OES) ( 13 ) correspond to large regions comprising repeats 
such as TEs and satellites ( 14 ). Understanding how such di- 
verse sequences are de�ned and eliminated despite the lack of 
conserved sequence motifs remains challenging. 

Previous studies have shown that the speci�c recognition of 
TEs destined for elimination in fact involves scnRNAs which 
direct histone mark deposition and subsequent DNA excision 
in the developing MAC genome ( 15 ,16 ). In a mechanism very 
similar to transcriptional TE silencing described in fungi and 
metazoans ( 17 ,18 ), scnRNAs target the Piwi proteins to com- 
plementary nascent transcripts ( 19 ) to guide histone modi�ca- 
tions on TE loci in the new MAC ( 20 ), thereby providing the 
required sequence speci�city. A physical interaction between 
the scnRNA-binding protein Ptiwi09 and the Polycomb Re- 
pressive Complex 2 (PRC2-Ezl1) was recently shown to me- 
diate the establishment of histone H3K9me3 and H3K27me3 
at scnRNA-targeted regions ( 16 ,21 ). Deposition of these re- 
pressive chromatin marks in the new MAC is essential for the 
elimination of TEs and of 70% of IESs ( 16 , 20 , 22 ). 

Twenty-�ve nucleotide long scnRNAs are produced dur- 
ing meiosis from the whole germline MIC genome, which is 
entirely transcribed by RNA polymerase II with the partic- 
ipation of a specialized Spt5 / Spt4 elongation complex ( 23–
26 ). scnRNA biogenesis relies on a developmental-speci�c 
RNA interference (RNAi) pathway that involves the Dicer- 
like proteins Dcl2 and Dcl3 ( 3–6 ,26 ). These scnRNAs then 
bind to Ptiwi01 / 09 proteins and are transported to the mater- 
nal MAC ( 8 ), where selection of scnRNAs is believed to occur. 
Working models posit that scnRNAs are sorted out by pair- 
ing interactions with nascent non-coding RNAs produced by 
the MAC genome ( 9 ,27 ,28 ). Non-coding RNAs are thought 
to trigger the degradation of their cognate small RNA (MAC- 
scnRNAs), while allowing scnRNAs corresponding to MIC- 
speci�c sequences (thereafter called MIC-scnRNAs), which 
by de�nition cannot pair with MAC transcripts, to be re- 
tained. This selective degradation of MAC-scnRNAs would 
thus result in the speci�c selection of the subpopulation cor- 
responding to MIC-scnRNAs. The requirement of comple- 
mentary maternal MAC transcripts for scnRNA selection has 
been directly demonstrated ( 9 ). On the other hand, how MAC- 
scnRNAs are degraded and how scnRNAs corresponding to 
TEs are selected is currently unknown. 

Approximately 60% of the scnRNA population (represent- 
ing the 72 Mb corresponding to the MAC genome) is de- 
graded, making Paramecium an exquisite model to decipher 
the underlying molecular mechanisms of this selective degra- 

dation. To uncover candidate proteins involved in the process, 
we sought to identify the protein partners of the scnRNA- 
binding protein Ptiwi09 during the developmental stage at 
which scnRNA selection is thought to occur. We discover that 
Paramecium Gtsf1 is a nuclear Ptiwi09-interacting protein 
in the maternal MAC. The conserved Asterix / Gametocyte- 
speci�c factor 1 (GTSF1) proteins are essential piRNA fac- 
tors that contribute to the repression of transposons in mice, 
Drosophila and zebra�sh ( 29 ). We show that Paramecium 

Gtsf1 is involved in scnRNA-guided TE repression by con- 
trolling the degradation of MAC-scnRNAs and of the Ptiwi09 
protein. We further demonstrate that defective scnRNA degra- 
dation leads to histone modi�cation and scnRNA-guided 
DNA elimination defects. We propose that Gtsf1 is required 
for the coordinated degradation of the Ptiwi09 proteins and 
the bound scnRNAs when engaged in paring interactions 
with complementary nascent maternal MAC RNA, similarly 
to the proposed mechanism for microRNA target-directed 
degradation. 

Materials and methods 

Paramecium strains, cultivation and autog am y 

All experiments were carried out with the entirely homozy- 
gous strain 51 of Paramecium tetraurelia . Cells were grown 
in wheat grass powder (Pines International) infusion medium 

bacterized the day before use with Klebsiella pneumoniae , un- 
less otherwise stated, and supplemented with 0.8 mg / ml β- 
sitosterol (Merck). Cultivation and autogamy were carried out 
at 27 ◦C as described ( 30 ,31 ). 

Gene silencing experiments 

Plasmids used for T7Pol-driven double-stranded RNA 

(dsRNA) production in silencing experiments were ob- 
tained by cloning PCR products from each gene using 
plasmid L4440 and Esc heric hia coli strain HT115 DE3, 
as previously described (Galvani and Sperling, 2002). 
Sequences used for silencing of ICL7a , GTSF1 , EZL1 , 
PTIWI01 , PTIWI09 , PGM and EMA1 were segments 1–580 
of PTET.51.1.G0700039 ( ICL7a ); 249–479 ( GTSF1 #1, 
pOC19) or 32–441 ( GTSF1 #2) of PTET.51.1.G0490019 
( GTSF1 ); 989–1501 of PTET.51.1.G1740049 ( EZL1 ) 
( 22 ); 41–441 of PTET.51.1.G0710112 ( PTIWI01 ) ( 7 ); 
50–439 of PTET.51.1.G0660118 ( PTIWI09 ) ( 7 ); 873–
1440 of PTET.51.1.G0490162 ( PGM ) ( 32 ); 163–1176 of 
PTET.51.1.G0010313 ( EMA1a / PTMB.220 ) ( 33 ). Because 
EMA1a and EMA1b ( 16 ) display 88% identity in the segment 
used for silencing (193 nt with 100% identity), the construct 
is likely to silence both EMA1a and EMA1b genes. Prepara- 
tion of silencing medium and RNAi during autogamy were 
performed as described in ( 32 ). Lethality of post-autogamous 
cells after RNAi was assessed by transferring 30–60 indi- 
vidual post-autogamous cells to standard growth medium. 
Cells with a functional new MAC were identi�ed as normally 
growing survivors unable to undergo a novel round of au- 
togamy if starved after ∼8 divisions. Cells usually divided 
two to four times before dying upon GTSF1 knockdown 
(KD) as for PTIWI01 / 09 KD, and unlike EZL1, EMA1a or 
PGM KD cells, which usually did not divide or only did so 
once before dying. See Supplementary Table S1 for details on 
RNAi-mediated KD experiments. 
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Cytological stages monitoring and description 

Progression of autogamy was followed by cytology with 
DAPI or Hoechst staining in the time course experiments. 
The progression through autogamy is not synchronous in the 
cell population ( 34 ). The time points refer to hours after T 

= 0 h (the onset of autogamy) that is de�ned as 50% of 
cells are autogamous (approximately 25% have a fragmented 
maternal MAC), as evaluated by cytological observation. 
See Supplementary Figure S1 for details on progression of 
autogamy. 

Transformation with tagged transgenes 

For the construction of in-frame 3xFLAG-HA-GTSF1 
(pOC17) , 3xFLAG-PTIWI09 [pJG091 ( 26 )] fusion plasmids, 
3xFLA G-HA or 3xFLA G tags that were codon-optimized for 
the P. tetraurelia genetic code were added to the 5 ′ of the 
gene. As a result, the tag is fused to the N-terminus of GTSF1 
or of PTIWI09 . The fusion proteins are expressed under the 
control of their endogenous regulatory regions (promoter and 
3 ′ UTR). GTSF1 contains 74-bp upstream and 134-bp down- 
stream of its open reading frame, and PTIWI09 257-bp up- 
stream and 204-bp downstream. The 3xFLAG-HA-GTSF1 
fusion transgene is RNAi-resistant. The 247–480 DNA frag- 
ments of GTSF1 coding sequence was replaced with synthetic 
DNA sequences (Euro�ns Genomics) designed to maximize 
nucleotide sequence divergence with the endogenous genomic 
loci without modifying the amino acid sequences of the en- 
coded proteins. 3xFLA G-HA (pIC12; 3xFLA G-HA tag only 
under EZL1 regulatory sequences) ( 16 ), 3xFLAG-HA-EZL1 
(pCM10) ( 20 ) and 3xFLAG-HA-GTSF1 (pOC17) were lin- 
earized by XmnI, 3xFLAG-HA-PTIWI09 (pAH30) ( 16 ) by 
SpeI, and 3xFLAG-PTIWI09 (pJG091) by AhdI for microin- 
jection into the MAC of vegetative cells. No lethality was ob- 
served in the post-autogamous progeny of injected cells, indi- 
cating that none of the fusion constructs interfered with the 
normal progression of autogamy. 

Immunoprecipitation 

Ptiwi09 immunoprecipitation (IP) (Figure 1 and 
Supplementary Table S2 ) was performed as follows: Parame- 
cium cells transformed with the 3x FLAG-PTIWI09 transgene 
as well as non-transformed cells were grown until ∼1.5 h 
before T = 0 h. Two hundred milliliter of cells (4000 cells / ml) 
were frozen in liquid nitrogen. The cell pellet (300 µl) was 
resuspended in 3 ml lysis buffer [50mM Tris (pH = 7.4), 300 
mM NaCl, 2 mM MgCl 2 , 10% glycerol, 2 mM ethylenedi- 
aminetetraacetic acid (EDTA), 0.3% Triton X-100, 2 mM 

phenylmethylsulfonyl �uoride (PMSF), 1 × Pierce Protease 
Inhibitor Tablets, EDTA-Free], kept on ice for 20 min then 
lysed with a Potter-Elvehjem homogenizer. To whole cell 
lysate is incubated with (100 U) TURBO™ DNase (Ambion) 
for 30 min at 4 ◦C then centrifuged for 30 min at 20 817 g at 
4 ◦C. The supernatant was incubated with 40 µl anti-FLAG 

M2 agarose gel (A2220, Sigma) for 4 h at 4 ◦C. Beads were 
washed �ve times with lysis buffer and �ve times with wash 
buffer [10 mM Tris (pH = 7.4), 150 mM NaCl]. 

For the 3xFLAG-HA-Gtsf1 IP (Figure 2 and 
Supplementary Table S2 ), Paramecium nuclear protein 
extracts were performed as previously described (Frapporti 
et al., 2019). 10 6 autogamous cells (T = ∼0 h) were lysed 
with a Potter-Elvehjem homogenizer in three volumes of lysis 
buffer [10 mM Tris (pH = 6.8), 10 mM MgCl 2 , 0.2% Non- 

idet P -40, 1 mM PMSF, 4 mM benzamidine, 1 × Complete 
EDTA-free Protease Inhibitor Cocktail tablets (Roche)]. The 
nuclei-containing pellet was collected by centrifugation and 
washed with the addition of 2.5 volumes of washing solution 
[0.25 M sucrose, 10 mM MgCl 2 , 10 mM Tris (pH = 7.4), 
1 mM PMSF, 4 mM benzamidine, 1 × Complete EDTA-free 
Protease Inhibitor Cocktail tablets (Roche)]. The pellet was 
incubated in one volume of nuclear extraction buffer 2 ×
[100 mM Hepes (pH = 7.8), 100 mM KCl, 30 mM NaCl, 
0.2 mM EDTA, 20% glycerol, 2 mM Dithiothreitol (DTT), 
0.02% Nonidet P -40, 2 mM PMSF, 2 × Complete EDTA-free 
Protease Inhibitor Cocktail tablets (Roche)] for 1 h at 4 ◦C. 
The salt-extractable fraction at 15 mM NaCl was recovered 
following centrifugation for 3 min at 10 000 g at 4 ◦C. Nu- 
clear extracts were incubated overnight at 4 ◦C with 150 µl 
anti-FLAG M2 magnetic beads (M8823, Sigma) that were 
pre-washed with 1 ml of the buffer [20 mM Tris (pH = 8), 0.1 
mM EDTA, 10% glycerol, 150 mM NaCl, 0.01% Nonidet 
P -40], named TEGN thereafter. Beads were washed �ve times 
with TEGN buffer and eluted with 3xFLAG peptide (F4799, 
Sigma–Aldrich) (45 µl) and the same volume of TEGN buffer 
at 4 ◦C for 5 h. RNase I treatment in anti-FLAG Gtsf1 IP was 
performed as described in ( 16 ) except for the use of 2 mM 

Ribonucleoside Vanadyl Complex (VRC)(NEB) instead of 4 
mM benzamidine. After incubation of half of the beads with 
200 U of RNase I (Thermo Fisher Scienti�c) for 5 h at 4 ◦C, 
beads were washed three times with TEGN buffer and boiled 
in Laemmli sample buffer. 

FLAG-Ptiwi09 IP for ubiquitylation analysis 

A total of 200 ml (3600 cells / ml) of Paramecium cells trans- 
formed with the 3x FLAG-PTIWI09 transgene at T = 0 h were 
lysed in 3 ml cold lysis buffer [50 mM Tris (pH = 8), 300 mM 

NaCl, 1% Triton X-100, 0.01% NP-40, 10% glycerol, 5 mM 

EDTA, 25 mM N-Ethylmaleimide (Sigma), 1 × Inhibitor cock- 
tail cOmplete™ ULTRA Tablets EDTA free (Roche), 2mM 

PMSF] using a Potter-Elvehjem homogenizer until all nuclei 
were destroyed. The lysate was incubated for 1 h at 4 ◦C and 
centrifuged for 30 min at 18 400 g . The supernatant was incu- 
bated overnight at 4 ◦C with 50 µl of anti-FLAG M2 magnetic 
beads (M8823, Sigma). The beads were washed �ve times with 
freshly prepared lysis buffer, two times 10 min with high salt 
buffer [10 mM Tris (pH = 7.4), 1 M NaCl], two times 10 
min with 10 mM Tris (pH = 7.4), 1 M urea and �nally two 
times for 10 min in 10 mM Tris (pH = 7.4), 150 mM NaCl. 
The beads were boiled for 10 min at 95 ◦C in 100 µl 1 × LDS 
Sample Buffer (Invitrogen). 

Western blot and silver staining 

For western blot, electrophoresis and blotting were carried 
out according to standard procedures. Samples were run 
on 10% Tris-Glycine Bio-Rad gels. Blotting was performed 
overnight using a nitrocellulose (GE10600002, Merck) or 
polyvinylidene �uoride (PVDF) membrane (Bio-Rad). FLAG 

(1:1000 or 1:4000) (MAI-91878, Thermo Fisher Scien- 
ti�c or F1804, Sigma), Paramecium H3 (1:5000) ( 20 ), hi- 
stone H3.3 (PA5-23288, Invitrogen) (1:4000), α-tubulin 
(1:5000) (sc-8035, Santa Cruz) or TEU435 (1:4000) ( 35 ) 
were used for primary antibodies. Secondary horseradish 
peroxidase-conjugated anti-mouse or anti-rabbit IgG antibod- 
ies (Promega) were used at 1:2500 or 1:8000 dilution followed 
by detection by ECL. 
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To detect ubiquitin, samples were run on NuPage 3–
8% Tris-Acetate Gel at 4 ◦C 90V. Blotting was performed 
overnight using a PVDF membrane (F1804, Sigma). The mem- 
brane was boiled for 30 min in water and incubated for 1 h 
in 5% skim milk in Tris-buffered saline pH 7.4 (TBS) then for 
2 h in primary antibody (1:2000 ubiquitin monoclonal anti- 
body 13–1600 Invitrogen) and for 1 h at room temperature 
in secondary antibody (1:4000 anti-Mouse-HRP, Promega). 

In order to detect the endogenous Ptiwi09 protein, poly- 
clonal rabbit antibodies were raised to the QLANTEIVNKK- 
AGTK peptide sequence of the Paramecium Ptiwi09 protein 
with Eurogentec (Seraing, Belgium) and were puri�ed by anti- 
gen af�nity puri�cation. Antibody α-Ptiwi09-433 speci�city 
was tested on western blot (1:2000) using whole cell ex- 
tracts extracted as previously described ( 36 ). Cell pellets were 
aliquoted, frozen in liquid nitrogen and kept at −80 ◦C. Cell 
pellets were lysed by the addition of an equal volume of boil- 
ing 5% sodium dodecyl sulfate (SDS) containing 1 × Com- 
plete EDTA-free Protease Inhibitor Cocktail tablets (Roche) 
and boiled for 5 min. Protein containing supernatants were 
collected after centrifugation at 16 000 g for 5 min at 4 ◦C 

and boiled in Laemmli sample buffer. Electrophoresis was car- 
ried out according to standard procedures using 4–20% Tris- 
Glycine Bio-Rad gels. Blotting was performed in 25 mM phos- 
phate buffer for 1.5 h at 0.5 ampere using a Amersham Pro- 
tran Premium 0.45 µm NC membrane. 

Silver staining was carried out with SilverQuest (Invitrogen 
LC6070) according to the manufacturer’s instructions. 

Mass spectrometry 

Sample preparation 

For Ptiwi09 IP, the agarose beads were analyzed at the Mass 
Spectrometry Laboratory at the Institute of Biochemistry and 
Biophysics PAS. At �rst, cysteines were reduced by 1 h incu- 
bation with 20 mM Tris(2-carboxyethyl)phosphine at 60 ◦C 

followed by 10 min incubation at room temperature with 50 
mM methyl methanethiosulfonate. Digestion was performed 
overnight at 37 ◦C with 1 µg of trypsin (Promega). The tryptic 
digestion was stopped by lowering the pH of the reaction be- 
low pH 4 by adding extraction buffer (0.1% Tri�uoroacetic 
Acid (TFA) 2% acetonitrile (ACN)). The agarose beads were 
separated from solution by centrifugation. The resulting pep- 
tide mixtures were applied to RP-18 pre-column (Waters, Mil- 
ford, MA, USA) using water containing 0.1% formic acid 
(FA) as a mobile phase and then transferred to a nano-High 
Performance Liquid Chromatography (HPLC) RP-18 column 
(internal diameter 75 µM, Waters, Milford MA) using ace- 
tonitrile (ACN) gradient (0 – 35% ACN in 160 min) in the 
presence of 0.1% FA at a �ow rate of 250 nl / min. The col- 
umn outlet was coupled directly to the ion source of an Or- 
bitrap Elite mass spectrometer (Thermo Electron Corp., San 
Jose, C A, US A) working in the regime of data-dependent MS 
to MS / MS switch. A blank run ensuring absence of cross- 
contamination from previous samples preceded each analysis. 

For Gtsf1 IP, gel plugs were discolored using a solution of 
ACN / NH4HCO3 50 mM (50 / 50) for 15 min with agitation, 
reduced with a 10-mM DTT solution for 45 min at 56 ◦C, then 
alkylated using a 55-mM iodoacetamide (IAA) solution for 
45 min at room temperature. After a washing and dehydra- 
tion step, proteins in the plugs were digested overnight with 
trypsin (Promega) at 37 ◦C in a 25-mM NH4HCO3 buffer 
(0.2 µg trypsin in 20 µl). The digested peptides were loaded 

and desalted on evotips provided by Evosep (Odense, Den- 
mark) according to the manufacturer’s instructions before liq- 
uid chromatography tandem mass spectrometry (LC-MS / MS) 
analysis at the Mass Spectrometry Facility at Institut Jacques 
Monod. The samples were analyzed on a timsTOF Pro 2 mass 
spectrometer (Bruker Daltonics, Bremen, Germany) coupled 
to an Evosep one system (Evosep, Odense, Denmark) operat- 
ing with the 30SPD method developed by the manufacturer. 
Brie�y, the method is based on a 44-min gradient and a total 
cycle time of 48 min with a C18 analytical column (0.15 × 150 
mm, 1.9 µm beads, ref EV-1106) equilibrated at 40 ◦C and op- 
erated at a �ow rate of 500 nl / min. H 2 O / 0.1% FA was used 
as solvent A and ACN / 0.1% FA as solvent B. The timsTOF 
Pro 2 was operated in parallel accumulation serial fragmen- 
tation (PASEF) mode1 over a 1.3 s cycle time. Mass spectra 
for MS and MS / MS scans were recorded between 100 and 
1700 m / z . Ion mobility was set to 0.75–1.25 V ·s / cm2 over 
a ramp time of 180 ms. Data-dependent acquisition was per- 
formed using six Parallel Accumulation Serial Fragmentation 
(PASEF) MS / MS scans per cycle with a near 100% duty cycle. 
Low m / z and singly charged ions were excluded from PASEF 
precursor selection by applying a �lter in the m / z and ion mo- 
bility space. The dynamic exclusion was activated and set to 
0.8 min, a target value of 16 000 was speci�ed with an inten- 
sity threshold of 1000. Collisional energy was ramped step- 
wise as a function of ion mobility. 

Data analysis 

MS raw �les were processed using PEAKS Online X (build 1.8, 
Bioinformatics Solutions Inc.). Data were searched against 
the ParameciumDB database ( P. tetraurelia protein annota- 
tion v2.0, download 2021_10, total entries 40 460). Parent 
mass tolerance was set to 10 ppm for Ptiwi09 IP and 25 ppm 

for Gtsf1 IP, the fragment mass tolerance to 0.05 Da. Speci�c 
tryptic cleavage was selected and a maximum of two missed 
cleavages was authorized. For identi�cation, the following 
post-translational modi�cations were included: oxidation (M) 
and deamidation (NQ) as variables and beta-methylthiolation 
(C) as �xed. Identi�cations were �ltered based on a 1% false 
discovery rate threshold at PSM level. Label free quanti�ca- 
tion was performed using the PEAKS Online X quanti�cation 
module, allowing a mass tolerance of 20 ppm and a reten- 
tion time shift tolerance of 1 min for match between runs for 
Ptiwi09 IPs and a Collision Cross Section (CCS) error toler- 
ance of 0.05 and a retention time shift tolerance in autodetect 
for match between runs for Gtsf1 IP. Protein abundance was 
inferred using the top N peptide method and TIC was used 
for normalization. Multivariate statistics on proteins were per- 
formed using Qlucore Omics Explorer 3.8 (Qlucore AB, Lund, 
SWEDEN). A positive threshold value of 1 was speci�ed to 
enable a log 2 transformation of abundance data for normal- 
ization i.e. all abundance data values below the threshold will 
be replaced by 1 before transformation. The transformed data 
were �nally used for statistical analysis i.e. evaluation of dif- 
ferentially present proteins between two groups using a Stu- 
dent’s bilateral t -test and assuming equal variance between 
groups. A P -value better than 0.05 was used to �lter differ- 
ential candidates. 

Immuno�uorescence and quanti�cation 

As described in ( 20 ), cells were �xed for 30 min in solution I 
[10 mM EGTA, 25 mM HEPES, 2 mM MgCl 2 , 60 mM PIPES 
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(pH = 6.9), PHEM 1X; 1% formaldehyde, 2.5% Triton X- 
100, 4% sucrose], and for 10 min in solution II (PHEM 1X, 
4% formaldehyde, 1.2% Triton X-100, 4% sucrose). Follow- 
ing blocking in 3% bovine serum albumin-supplemented Tris 
buffered saline-Tween 20 0.1% for 10 min, �xed cells were in- 
cubated overnight at room temperature under agitation with 
primary antibodies as follows: rabbit anti-H3K9me3 (1:200) 
( 20 ), rabbit anti-H3K27me3 (1:1000) ( 20 ) and mouse anti- 
FLAG (1:200) (MAI-91878, Thermo Fisher Scienti�c). Cells 
were labeled with Alexa Fluor 568-conjugated goat anti- 
rabbit IgG, Alexa Fluor 488-conjugated goat anti-rabbit IgG 

or Alexa Fluor 568-conjugated goat anti-mouse IgG at 1:500 
for 1 h, stained with 1 µg / ml Hoechst for 5–10 min and �nally 
mounted in Citi�uor AF2 glycerol solution. 

The pre-extraction procedure was performed as follows: 
cells were permeabilized for 3.5 min in PHEM 1X with 1% 

Triton X100 then �xed in PHEM 1X with 2% formaldehyde 
for 10 min. This procedure was compared with cells �xed for 
10 min in PHEM 1X with 2% formaldehyde then permeabi- 
lized for 15 min in PHEM 1X with 1% Triton X100. The 
permeabilization and �xation steps were done with gentle ag- 
itation. Cells were then incubated with anti-FLAG antibodies 
and processed as described above. Images were acquired us- 
ing an Eclipse TE2000-E inverted microscope equipped with a 
Nikon C1 confocal laser scanning head and a CFI Plan Apoc- 
hromat 60 × Oil objective. Z-series were performed with Z- 
steps of 1 µm. To measure protein levels within the maternal 
MAC, with or without pre-extraction, quanti�cation was per- 
formed using ImageJ on cells at the ‘skein’ stage, when the 
maternal MAC begins to fragment. Convolution was applied 
to the DAPI channel using a gaussian �lter with a full width 
at half-maximum of 2 pixels. Image segmentation was then 
conducted using the Otsu’s method for automatic threshold- 
ing. Background spots as well as holes smaller than 2 pixels 
wide in the nucleus were excluded from consideration. The 
accuracy of the mask was visually checked to ensure that the 
selected object corresponded to the maternal MAC at the ap- 
propriate stage. This generated mask was used to calculate 
the sum of FLAG �uorescence intensities across all Z-stacks 
(FLAG �uorescence intensity) for each nucleus. This value was 
divided by the nucleus volume obtained by segmentation (in 
voxels). For each condition at least 30 nuclei were quanti�ed. 
Mann–Whitney statistical tests were performed with Graph- 
Pad Prism, and statistical details of the experiments can be 
found in the �gure legends. 

Other images were acquired using a Zeiss LSM 780 or 980 
laser-scanning confocal microscope and a Plan-Apochromat 
63 ×/ 1.40 oil DIC M27 or a Plan-Apochromat 40 ×/ 1.3 oil 
DIC objective. Z-series were performed with Z-steps of 0.35 
µm. Quanti�cation was performed as previously described 
( 36 ) using ImageJ. The volume of the nucleus (in voxels) was 
estimated as follows: using the Hoechst channel, the top and 
bottom Z-stacks of the developing MAC were de�ned to es- 
timate nucleus height in pixels. The equatorial Z-stack of the 
developing MAC was de�ned, and the corresponding devel- 
oping MAC surface was measured in pixels. The estimated 
volume of the developing MAC was then calculated as the 
product of the obtained nucleus height by the median sur- 
face. For each Z-stack of the developing MAC, the H3K9me3 
or H3K27me3 �uorescence intensity was measured and cor- 
rected using the ImageJ ‘subtract background’ tool. The sum 

of the corrected H3K9me3, H3K27me3 or FLAG �uorescence 
intensities for all the Z-stacks, which corresponds to the total 

H3K9me3, H3K27me3 or FLAG �uorescence intensity, was 
divided by the estimated volume to obtain the H3K9me3, 
H3K27me3 or �uorescence intensity per voxel in each nu- 
cleus. For each condition at least 30 nuclei were quanti�ed. 
Mann–Whitney statistical tests were performed with Graph- 
Pad Prism. All of the statistical details of experiments can be 
found in the �gure legends. 

Chromatin immunoprecipitation 

Chromatin immunoprecipitation (ChIP) experiments were 
performed with H3K9me3 or H3K27me3 antibodies as pre- 
viously described ( 20 ). For spike-in, 10 µg of sonicated D. 
melanogaster chromatin prepared from ovaries as described 
in ( 37 ) was added to each sonicated Paramecium chromatin 
sample before IP. From ChIP-enriched samples and inputs, 
DNA was extracted with phenol, precipitated with glycogen 
in sodium acetate and ethanol and resuspended in deionized 
distilled water. Enrichment compared to input was analyzed 
by quantitative PCR (qPCR) and values were normalized to 
a D. melanogaster locus known to be enriched in H3K9me3 
(42AB): region 1 (chr2R: 6 449 409–6 449 518). The RPL32 
locus was used as a negative control. qPCR was performed 
using LightCycler ® 480 SYBR Green I Master (catalog num- 
ber 04 707 516 001, Roche) on the Light Cycler 480 system 

(Roche). qPCR ampli�cation was done with primers listed in 
Supplementary Table S3 . 

DNA extraction and sequencing 

DNA for deep-sequencing was isolated from post- 
autogamous cells (T = ∼50 h or T = 60 h) as previously 
described ( 11 ). Brie�y, cells were lysed with a Potter-Elvehjem 

homogenizer in lysis buffer [0.25 M sucrose, 10 mM MgCl 2 , 
10 mM Tris (pH = 6.8), 0.2% Nonidet P -40]. The nuclei- 
containing pellet was washed with washing buffer [0.25 M 

sucrose, 10 mM MgCl 2 , 10 mM Tris (pH = 7.4)], loaded on 
top of a 3-ml sucrose layer [2.1 M sucrose, 10 mM MgCl 2 , 
10 mM Tris (pH = 7.4)] and centrifuged in a swinging rotor 
for 1 h at 210 000 g . The nuclear pellet was collected and 
diluted in 200 µl of washing buffer prior to addition of three 
volumes of proteinase K buffer (0.5 M EDTA pH 9, 1% 

N-lauryl sarcosine sodium, 1% SDS, 1 mg / ml proteinase K). 
Following overnight incubation at 55 ◦C, genomic DNA was 
puri�ed and treated with RNase A. 

DNA from sorted new MACs subjected to deep sequencing 
was obtained using �uorescence-activated nuclear sorting at 
T = 25 h after the onset of autogamy upon GTSF1 or CTL KD, 
as described in ( 38 ). Brie�y, nuclei were collected from a 500 
ml culture of autogamous cells at T = 25 h and subjected to 
�ow cytometry sorting. A total of 60 000–100 000 new MACs 
were sorted based upon their Pgml1 labelling ( 38 ), and used 
for subsequent genomic extraction using QIAamp DNA micro 
kit (Qiagen). A microscope slide with 500 sorted nuclei was 
prepared in parallel to check for nuclear integrity and ploidy 
and anti-Pgm antibodies [Pgm 2659 GP ( 39 )] were used. 

Genomic DNA libraries were prepared either with the 
Westburg NGS DNA Library prep kit, or with the KAPA DNA 

HyperPrep (Kapa Biosciences, KK8504) and adapters Inte- 
grated DNA Technologies (IDT) for Illumina TruSeq DNA 

UD Indexes (Illumina 20 022 370), according to the manu- 
facturer recommendations. The quality of the �nal libraries 
was assessed with an Agilent Bioanalyzer, using an Agilent 
High Sensitivity DNA Kit. Library concentration was deter- 
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mined by qPCR using the Kapa Library Quanti�cation kit 
(Kapa Biosciences, KK4824), according to manufacturer’s in- 
structions. Libraries were pooled in equimolar proportions 
and sequenced using paired-end 2 × 75 pb runs, on an Il- 
lumina NextSeq500 instrument, using NextSeq 500 High 
Output 150 cycles kit for the samples, or using paired-end 
2 × 100 bp runs on an Illumina NovaSeq 6000 instrument, 
using NovaSeq 6000 S1 Reagent Kit (200 cycles) (Illumina, 
20 028 318) with the 0.5% addition of control library Phix 
(Illumina, FC-110–3001). Sequencing metrics are available in 
Supplementary Table S4 . 

RNA extraction and sequencing 

Total RNA samples were extracted as previously described 
( 20 ) from 200–400 ml of culture at 500 cells / ml for vege- 
tative cells or at 2000–4000 cells / ml at different time-points 
during autogamy . Brie�y , cells were centrifuged and �ash- 
frozen in liquid nitrogen prior to TRIzol treatment, modi- 
�ed by the addition of glass beads for the initial lysis step. 
Alternatively, long and short RNA molecules were isolated 
from Paramecium cells using RNAzol® RT (Molecular Re- 
search Center). Total RNA quality was assessed with an Agi- 
lent Bioanalyzer 2100, using Agilent RNA 6000 pico kit. Di- 
rectional polyA RNA-Seq libraries were constructed using the 
TruSeq Stranded mRNA library prep kit, following the man- 
ufacturer’s instructions. The quality of the �nal libraries was 
assessed with an Agilent Bioanalyzer, using a High Sensitiv- 
ity DNA Kit. Libraries were pooled in equimolar proportions 
and sequenced using paired-end 2 × 75 pb runs, on an Illu- 
mina NextSeq500 instrument, using NextSeq 500 High Out- 
put 150 cycles kit. 

Small RNAs of 15–35 nt were puri�ed from total RNA 

on a 15% Tris-Borate-EDTA (TBE) / urea gel. Alternatively, 
small RNAs were �rst enriched using RNAzol® RT (Molecu- 
lar Research Center) from frozen cells then puri�ed on gels. 
Small RNA libraries were constructed using the NEBNext 
Small RNA kit or TruSeq Small RNA Library Prep (Illumina, 
R S-200–0012, R S-200–0036) according to the manufacturer’s 
recommendations. The quality of the �nal libraries was as- 
sessed with an Agilent Bioanalyzer, using an Agilent High Sen- 
sitivity DNA Kit. Libraries were pooled in equimolar propor- 
tions and sequenced using a single read 75 bp run on an Illu- 
mina NextSeq500 instrument, using NextSeq 500 High Out- 
put 75 cycles kit, or paired-end 100 bp run on an Illumina 
NovaSeq 6000 instrument, using NovaSeq 6000 S1 Reagent 
Kit (Illumina, 20 028 318). Sequencing metrics are available 
in Supplementary Table S4 . 

Small RNA isolation and IP 

A total of 200 ml of cells were collected at T = 0 and T = 25 
h after the onset of autogamy and RNA was isolated using 
RNazol RT; 5 µg of small RNA fraction was run on 15% 

TBE / urea gel using Owl™S4S sequencing gel system (Thermo 
Scienti�c) and small RNAs of 20–35 nt were gel-puri�ed for 
library construction (input). FLAG-Ptiwi09 IP was performed 
as described in ( 8 ). For 3xFLAG-HA-Gtsf1 IP, the same pro- 
tocol was used with a modi�ed lysis buffer [50 mM Tris 
HCL (pH = 8), 75 mM NaCl, 10 mM ED TA, 1 mM D TT, 
2 mM Ribonucleoside Vanadyl Complex (VRC), 0,3% Triton 
X-100, 10% glycerol, 1 × Complete EDTA-free Protease In- 
hibitor Cocktail tablets (Roche)] to preserve the interaction 
with the Ptiwi09 protein. After IP, RNA was extracted with 

phenol:chlorophorm, precipitated, dried, resuspended and de- 
natured in Gel Loading Buffer II (AM8546G Thermo Fisher 
Scienti�c), and run on a 15% TBE / urea gel. The gel was 
stained with SYBR Gold Nucleic Acid Gel Stain. Small RNAs 
of 20–35 nt were gel-puri�ed and used for library construction 
(IP). 

RT-PCR 

A total of 5 µg of large RNA fraction isolated from frozen cells 
with RNAzol RT (MRC) was treated with TURBO 

® DNase 
(Thermo Fischer Scienti�c), extracted with phenol pH 4.3 and 
then with chlorophorm, and precipitated. RNA concentration 
was estimated using Nanodrop (Thermo Fisher Scienti�c). A 

total of 1 µg of RNA was reversed-transcribed using Rever- 
tAid H Minus Reverse Transcriptase (Thermo Fischer Scien- 
ti�c) and random hexamer. PCR ampli�cation was done with 
primers listed in Supplementary Table S3 . 

Analysis of sequencing data 

Sequencing data were demultiplexed using C AS AVA 

(v1.8.2) and bcl2fastq2 (v2.18.12), then adapters were 
removed using cutadapt (v3.4). Reads were mapped using 
Bowtie2 (v2.2.9) on known contaminants (mitochondrial 
genomes, ribosomal DNA and bacterial genomes). The 
sequencing data were mapped on P. tetraurelia strain 51 
MA C (ptetraurelia_mac_51.fa), MA C + IES (ptetraure- 
lia_mac_51_with_ies.fa) and MIC (ptetraurelia_mic2.fa) 
reference genomes using Bowtie2 (v2.2.9 –local -X 500), 
Hisat2 (v2.1.0, –rna-strandness FR –min-intronlen 20 –max- 
intronlen100) or BWA (v0.7.15 -n 0) for DNA-sequencing 
(DNA-seq), mRNA-sequencing (mRNA-seq) or sRNA- 
sequencing (sRNA-seq) data, respectively. For genome 
browser screenshots, the sequencing coverage was nor- 
malized using deeptools (bamCoverage v3.2.1 –binSize 1 
–normalizeUsing CPM). Gene annotation v2.0 (ptetraure- 
lia_mac_51_annotation_v2.0.gff3), IES annotation v1 (in- 
ternal_eliminated_sequence_PGM_ParTIES.pt_51.gff3) and 
TE annotation (ptetraurelia_mic2_TE_annotation_v1.0.gff3) 
were used in this study. All �les are available from the 
ParameciumDB download section ( https://paramecium. 
i2bc.paris-saclay.fr/ download/ Paramecium/ tetraurelia/ 51/ ) 
( 40 ). R (v4.0.4) packages were used to generate images 
(ggplot2 v3.3.5; ComplexHeatmap v2.6.2; GenomicRanges 
v1.42; rtracklayer v1.50, seqinr v4.2–8, circlize v0.4.13, 
FactoMineR v2.4). Sequencing metrics are available in 
Supplementary Table S4 . 

IES retention was evaluated using ParTIES (MIRET module 
v1.05 default parameters). 

The reads per kilo base per million mapped reads 
(RPKM) coverage on TEs or genes was calculated using 
the reads counts, determined by htseq-count (v0.11.2, –
mode = intersection-nonempty; for RNA-seq the option –
stranded = yes has been used) on �ltered BAM �les (samtools 
v1.3.1 -q 30) then normalized by the number of mapped reads 
on the MIC genome. 

The small RNA (sRNA) reads (20–30 nt) were succes- 
sively mapped on the MA C, MA C + IES and MIC genomes 
to attribute them to a speci�c genome compartment: MAC- 
destined sequence (MAC), IES or OES. The 23 nt siRNA reads 
that map to the RNAi targets were not considered. Normal- 
ized read counts were calculated using the number sequenced 
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Figure 1. Identi�cation of Ptiwi09-interacting partners in the maternal macronucleus. ( A ) Schematic representation of Ptiwi09 IP experiments. Anti-FLAG 

immunostaining of cells transformed with a 3XFLAG-PTIWI09 transgene when whole cell extracts for IP were performed (T = 0 h, at the onset of 

autogamy). Scale bar, 5 µm. ( B ) Western blot analysis of whole cell extracts from cells expressing 3XFLAG-PTIWI09 (Ptiwi09) and non-injected cells 

(control; CTL) before (input) or after af�nity puri�cation (immunoprecipitation; IP). FLAG antibodies were used for 3XFLAG-Ptiwi09 detection and tubulin 

antibodies for normalization. ( C ) Volcano plot of the quantitative label-free mass spectrometry (MS) analysis of 3XFLAG-Ptiwi09 af�nity puri�cation. 

Signi�cantly enriched proteins in Ptiwi09 IP (four replicates) over control IP (two replicates) (statistical t -test, the fold change is greater than 2, the total 

number of peptides is greater than 2 and the P -value is less than 0.05) are in the upper right corner. The bait Ptiwi09, Gtsf1, PRC2-Ezl1 complex and 

Ptiwi09-interacting proteins are highlighted. 

reads with a G + C content < 50%, compatible with a Parame- 
cium G + C genomic content ( ∼27%). 

Results 

Identi�cation of Gtsf1, a Ptiwi09-interacting protein 

in the maternal MAC 

To uncover candidate proteins involved in scnRNA selection, 
we identi�ed the protein partners of Ptiwi09 during the de- 
velopmental stage at which scnRNA selection occurs. Whole 
cell extracts were prepared from Paramecium control cells and 
cells expressing a 3xFLAG-tagged Ptiwi09, at an early stage of 
the sexual process of autogamy, when the protein is present in 
the maternal MAC (Figure 1 A and Supplementary Figure S1 ). 

IP of the FLAG tag, in two and four replicates for the con- 
trol and Ptiwi09, respectively (see the ‘Materials and meth- 
ods’ section), was followed by MS (Figure 1 B and C). Statis- 
tical analyses revealed 283 differential proteins (out of 633 
identi�ed proteins) in the Ptiwi09 IP compared with control 
(fold change > 2; P value < 0.05; unique peptide > 2) (Fig- 
ure 1 C and Supplementary Table S2 ). We recovered Ptiwi09 
as expected, and its paralog Ptiwi03, a previously reported 
partner of Ptiwi09 in the new developing MAC (Figure 1 C) 
( 16 ). We also identi�ed PRC2 core components (Ezl1, Caf1, 
Eed) and PRC2 cofactors (Rf2 and Rf4) (Figure 1 C and 
Supplementary Table S2 ). These proteins were recently shown 
to be involved in the scnRNA selection process ( 4 ,21 ), and the 
Rf4 cofactor was further shown to physically interact with 
Ptiwi09 in the new developing MAC ( 16 ). Another Ptiwi09 
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Figure 2. Gtsf1 is an essential nuclear protein that interacts with Ptiwi09. ( A ) Schematic representation of Gtsf1-predicted protein domains and 

alignment of the N-terminal portion of Gtsf1 from P. tetraurelia (PTET.51 .1 .G0490019), Drosophila melanogaster (CG3893), Mus musculus 

(MGI:1 921 424) and Caenorhabditis elegans (CELE_T06A10.3) (from top to bottom). The conserved tandem CHHC zinc �nger domain is highlighted in 

purple. ( B ) Messenger RNA (mRNA) expression levels of the genes encoding GTSF1 , EZL1 and PTIWI09 at different developmental stages during 

autogamy in arbitrary units ( 45 ). ( C ) Production of sexual progeny of wild-type (WT) cells and cells expressing a 3XFLAG-HA-Gtsf1 (GTSF1-WT tg) fusion 

protein f ollo wing GTSF1 (with tw o independent fragments #1 and #2) or ICL7 (CTL) RNAi-mediated silencing (KD). The total number of cells analyz ed f or 

each RNAi and the number of independent experiments (in parentheses) are indicated. ( D ) Schematic representation of Gtsf1 IP experiments. Anti-FLAG 

immunostaining of cells transformed with a 3XFLAG-HA-GTSF1 transgene, at the same time point as that used for preparation of nuclear extracts for IP 

(T = 0 h). Scale bar , 1 0 µm. ( E ) Top: Western blot analysis of nuclear extracts of Paramecium expressing a 3XFLAG-HA-Gtsf1 functional protein (Gtsf1) or 

3XFLAG-HA (CTL) before (input) or after af�nity puri�cation (FLAG IP). Bottom: Silver-stained gel of pulled-down proteins. Predicted MW for 

3XFLAG-HA-Gtsf1: 23.6 kDa. ( F ) Volcano plot of the quantitative label-free mass-spectrometry analysis of 3xFLAG-HA-Gtsf1 af�nity puri�cation. Three 

replicates were analyzed for each condition. Signi�cantly enriched proteins in Gtsf1 IP o v er control IP (statistical t -test, the fold change is greater than 2, 

the total number of peptides is greater than 2 and the P -value is less than 0.05) that are encoded by developmental genes with an early expression peak 

are highlighted, and include Gtsf1 and Ptiwi09. ( G ) Heatmap of abundance of the 12 top protein hits in Gtsf1 IP o v er control IP. Log 2 of abundance is 

transformed and standardized with a mean of 0 and variance of 1. Only the proteins encoded by developmental genes with an early expression peak 

were considered. ( H ) Western blot analysis of nuclear extracts of Paramecium expressing a 3XFLAG-HA-Gtsf1 functional protein (Gtsf1) or not (CTL) 

before (input) or after af�nity puri�cation (FLAG IP). The af�nity puri�cation experiment is performed in presence (+) or absence ( −) of an RNase I 

treatment (see Supplementary Figure S2 ). Anti-FLAG, anti-Ptiwi09 and anti-H3 antibodies are used for detection. 

interactor we identi�ed was an uncharacterized, small pro- 
tein (18 kDa) referred to as Gtsf1 (Figures 1 C and 2 A, and 
Supplementary Table S2 ). Interestingly, it had not been identi- 
�ed among the protein partners of Ptiwi09 when puri�ed from 

the new developing MAC at a later stage of autogamy ( 16 ). 
Like its counterparts in other organisms [ D. melanogaster 

( 41 ) , M. musculus ( 42 ) and C. elegans ( 43 )], Paramecium 

Gtsf1 contains a double CHHC zinc �nger domain at the 
N-terminus and an unstructured C-terminus (Figure 2 A). It 

is important to note that this Gtsf1 protein is distinct from 

two U11-48K-like CHHC zinc �nger proteins previously re- 
ported as Gtsf1 homologs ( 44 ). RNA-seq expression data ( 45 ) 
shows that the GTSF1 gene displays a developmental expres- 
sion pro�le similar to that of PTIWI09 and EZL1 (Figure 
2 B). To investigate Gtsf1 function, we performed KD experi- 
ments using RNAi during the sexual cycle of autogamy. KD of 
GTSF1 leads to lethality of the sexual progeny, whereas KD 

of a control non-essential gene leads to survival of the post- 
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autogamous progeny (Figure 2 C and Supplementary Table 
S1 ). Thus, GTSF1 is an essential gene during the sexual cycle. 

To con�rm the interaction between Gtsf1 and Ptiwi09, we 
performed reciprocal IPs using a functional tagged 3XFLAG- 
HA-Gtsf1 protein capable of rescuing the lethality caused by 
GTSF1 KD (Figure 2 C). To immunoprecipitate Gtsf1, we pre- 
pared nuclear extracts from control Paramecium cells and 
cells expressing the functional fusion protein. As expected, 
immuno�uorescence experiments con�rmed that Gtsf1, like 
Ptiwi09 ( 4 ,7 ), localizes in the maternal macronucleus during 
meiosis (Figure 2 D). IP of the FLAG tag in triplicates for con- 
trol and Gtsf1 (Figure 2 E and Supplementary Figure S1 ) was 
followed by MS (Figure 2 F and G). MS analyses revealed that 
Gtsf1 (bait) and the scnRNA-binding protein Ptiwi09 were 
signi�cantly enriched in Gtsf1 IPs compared with controls, 
con�rming the interaction between Gtsf1 and Ptiwi09 (Figure 
2 F). Statistical analyses revealed 95 differential proteins (95 of 
1996 identi�ed proteins) in the Gtsf1 IP compared with con- 
trol (fold change > 2; P -value < 0.05; unique peptides > 2) 
(Figure 2 F and Supplementary Table S2 ). The top differen- 
tial proteins encoded by developmental genes with an early 
expression peak, similar to Gtsf1 and Ptiwi09, included the 
Ptiwi09 paralogs Ptiwi01 and Ptiwi03 ( 7 ) and the Ptiwi09- 
associated protein Ema1b ( 16 ), a putative RNA helicase ( 33 ) 
(Figure 2 F and G and Supplementary Table S2 ). Its Tetrahy- 
mena counterpart (Ema1p) was reported to be required for sc- 
nRNA selection ( 27 ). We also identi�ed the PRC2 core compo- 
nents Ezl1, Caf1, Suz12-like and Eed, and PRC2 cofactors Rf2 
and Rf4, con�rming the interaction between Gtsf1, Ptiwi09 
and PRC2. In addition, we identi�ed Pdsg1, a protein previ- 
ously reported to be involved in IES elimination and scnRNA 

selection ( 46 ). 
To assess whether the interaction between Gtsf1 and 

Ptiwi09 might involve RNA, we examined Gtsf1 IP after con- 
trol or RNase I treatment, in two independent biological repli- 
cates (Figure 2 H and Supplementary Figures S1 and S2 ). Using 
custom anti-Ptiwi09 antibodies (see the ‘Materials and meth- 
ods’ section; Supplementary Figure S2 ), we detected Ptiwi09 
in the Gtsf1 IP but not in the control IP, as expected. After 
treatment with RNase I, Ptiwi09 was still found in the Gtsf1 
IP, consistent with an RNA-independent interaction between 
Gtsf1 and Ptiwi09. 

To gain further insight into the role of Gtsf1, we exam- 
ined its subcellular localization. Co-immuno�uorescence ex- 
periments were performed with Paramecium cells expressing 
the functional FLAG-tagged Gtsf1 under its endogenous regu- 
latory regions at different stages of sexual events using FLAG 

antibodies and speci�c H3K27me3 antibodies ( 20 ) (Figure 
3 A). The FLAG signal is detected in the MAC at the onset 
of meiosis I, as determined by H3K27me3 labeling of the 
MICs ( 22 ). Gtsf1 appears in the maternal MAC before this 
nucleus is fragmented, and before it accumulates detectable 
H3K27me3. Gtsf1 persists until the formation of the new 

developing MAC, when the signal vanishes from the frag- 
mented MAC. Western blot analysis with FLAG antibodies 
con�rmed this early pattern of expression (Figure 3 B). Con- 
sistent with H3K27me3 being detected later than Gtsf1 in 
the maternal MAC, Gtsf1 localization was shown to be in- 
dependent of Ezl1 ( Supplementary Figure S2 ). Thus, Gtsf1 is 
the �rst protein identi�ed so far that localizes in the mater- 
nal MAC during MIC meiosis, and appears absent from the 
new MAC. 

Gtsf1 is required for ef�cient DNA elimination and 

TE silencing 

Given that Gtsf1 is a Ptiwi09 partner and that depletion of 
the Ptiwi01 / 09 proteins impairs DNA elimination ( 7 , 8 , 16 ), 
we examined the impact of GTSF1 KD on DNA elimina- 
tion. Sequencing of genomic DNA extracted from two prepa- 
rations enriched for new MACs upon depletion of Gtsf1 
( GTSF1-enriched ) (Figure 4 A and Supplementary Figure S3 ) 
indicated that 3.3%–6.6% of IESs are signi�cantly retained 
(1499 and 3001, respectively, P -value < 0.05) (Figure 4 B 

and Supplementary Figure S3 ). The smaller subset was al- 
most totally included in the larger one, with 3285 affected 
IESs in both samples (Figure 4 C). This number is likely un- 
derestimated because of contamination of the sample prepa- 
ration by fragments of the maternal MAC. For this reason, 
we performed sequencing of genomic DNA extracted from 

new MACs sorted by �ow cytometry from cells depleted 
for GTSF1 ( GTSF1-sorted ) (Figure 4 A and Supplementary 
Figure S4 ). We found that 35.7% of IESs, a larger subset 
indeed, are signi�cantly retained (16 098, P -value < 0.05) 
(Figure 4 B and Supplementary Figure S3 ). Previous sequenc- 
ing studies of genomic DNA extracted from preparations en- 
riched for new MACs showed that a small subset of IESs 
depend on Ptiwi01 / 09 (6.1%) ( 8 ,16 ), all of which require 
Ezl1 for their excision ( 22 ). We found that 3.3%–6.6% of 
the IESs that are signi�cantly retained in GTSF1 KD are es- 
sentially all (97.3%) included in the EZL1 -dependent sub- 
set and that they are enriched in scnRNA-dependent IESs 
(Figure 4 C and D and Supplementary Figure S3 ). We also 
noted that Gtsf1-dependent IESs are enriched for longer IESs 
( Supplementary Figure S3 ). 

To analyze the effects on the elimination of MIC-limited se- 
quences other than IESs, we examined TEs and found that all 
four of the major distinct TE families ( 14 ) are retained upon 
GTSF1 KD, similarly to EZL1 and PTIWI01 / 09 KDs (Fig- 
ure 4 E and F and Supplementary Figure S3 ). Given that TE 

transcript levels are increased upon depletion of Ptiwi01 / 09 
and of the PRC2 components ( 16 ), and to determine whether 
this was also the case upon depletion of Gtsf1, we performed 
RNA-seq at the same developmental stages upon GTSF1 KD 

(T = 0, T = 10, T = 35 and T = 50 h after the onset of au- 
togamy) (Figure 4 E and F and Supplementary Figure S1 ). A 

total of 5% of all annotated TE copies become expressed ( > 1 
RPKM) during MAC development (T = 50 h) upon GTSF1 
KD (Figure 4 E and F). TE de-silencing in Gtsf1-depleted cells 
is weaker than in Ptiwi01 / 09- (14%) or Ezl1- depleted cells 
(25%) but is speci�c, as no TE expression is detected in cells 
depleted for the elimination machinery (Pgm), when all DNA 

elimination events are blocked (Figure 4 F). 
In addition to TEs, the expression of a few thousand de- 

velopmental genes is deregulated upon EZL1 KD ( 20 ), rais- 
ing the question of whether Gtsf1 might contribute to their 
regulation as well. We therefore used our RNAseq dataset 
to evaluate the impact of GTSF1 KD on the expression of 
genes whose expression is either upregulated ( N = 1505) 
or downregulated ( N = 870) upon EZL1 KD. We found 
that these genes are indeed deregulated upon GTSF1 KD 

( Supplementary Figure S3 ). Focusing on the 628 developmen- 
tal genes that are up-regulated upon KD of the elimination 
machinery (Pgm, Ku80 and Xrcc4) ( 47 ), we found that de- 
pletion of either Gtsf1 or Ezl1 also affects the expression of 
these genes ( Supplementary Figure S3 ). Thus, Gtsf1 depletion, 
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Figure 3. Gtsf1 is localized in the maternal MAC. ( A ) Co-immunostaining with FLAG and H3K27me3 antibodies on cells expressing 3XFLAG-HA-Gtsf1 

during v egetativ e lif e (VEG) and at diff erent stages of the Paramecium se xual cy cle (autogam y). T = 0 h (the onset of autogam y) is de�ned as 50% of 

cells are autogamous (25% ha v e a fragmented maternal MAC), as e v aluated b y cytological observ ation. Stages are MEI (T = 0 h), DEV2 (T = 10 h), DEV3 

(T = 15 h), as previously described ( 45 ). Representative images are displayed. Overlay of Z-projections of magni�ed views of Hoechst staining (top), 

FLAG- (middle) and H3K27me3- (bottom) speci�c antibodies are presented. The new developping MACs (dashed white circles) are round and display a 

faint and smooth Hoechst signal. The other Hoechst-stained nuclei are the fragments of the maternal MAC and the MICs. Note that meiotic MICs 

(T0-MEI) are labeled with H3K27me3. Scale bar, 10 µm. ( B ) Western blot analysis of whole cell extracts at different time points (VEG, vegetative; S, 

starved; T = 0; 5; 10; 13; 25 h at the onset of autogamy, see Supplementary Figure S1 for cytology) with FLAG antibodies to detect 3XFLAG-HA-Gtsf1 

and tubulin antibodies for normalization. 

as that of other proteins essential for DNA elimination, re- 
sults in the deregulation of a subset of developmental genes, 
and this is likely a response to defective IES excision in the 
new MAC. 

Gtsf1 depletion affects H3K9me3 and H3K27me3 

levels and localization 

We examined whether depletion of Gtsf1 had an effect on ac- 
cumulation of H3K9 and H3K27 trimethylation during auto- 
gamy using immuno�uorescence. H3K9me3 and H3K27me3 
accumulate in the new MAC in control conditions (Figure 5 A), 
as previously described ( 20 ,22 ). In contrast, H3K9me3 and 
H3K27me3 no longer accumulate in the new MAC if any of 
the core components of PRC2 is absent, and their levels are 
diminished in the absence of Ptiwi01 / 09 ( 16 ). Interestingly, 
however, H3K9me3 and H3K27me3 could still be detected in 

the new MAC upon depletion of Gtsf1 (Figure 5 A). Quanti�- 
cation of H3K9me3 and H3K27me3 �uorescence in the new 

developing MACs indicated that H3K9me3 and H3K27me3 
accumulation is in fact signi�cantly increased upon Gtsf1 de- 
pletion (Figure 5 A and Supplementary Figure S5 ). Addition- 
ally, we found that a functional tagged Ezl1, the catalytic 
subunit of PRC2 ( 20 ), accumulates in the maternal MAC, 
where it is normally barely detected, upon Gtsf1 depletion 
( Supplementary Figure S5 ). 

In control conditions, H3K9me3 and H3K27me3 signals in 
new developing MACs display a diffuse pattern that gradually 
forms nuclear foci, as previously reported (Figure 5 A) ( 22 ). In 
Gtsf1-depleted cells, however, the H3K9me3 and H3K27me3 
signal remains diffuse as development proceeds and foci are 
not detected (Figure 5 A). Thus, despite the fact it is local- 
ized in the maternal MAC, Gtsf1 controls both the levels of 
Ezl1-mediated H3K9me3 and H3K27me3 and the clustering 
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Figure 4. Gtsf1 is required for ef�cient DNA elimination and TE silencing. ( A ) Schematic representation of the experimental design to extract genomic 

DNA from GTSF1-silenced cells. ( B ) Histograms of IES retention scores upon GTSF1 KD. The signi�cantly retained IESs in GTSF1 KD are represented by 

the red histograms (scale on the left), while the global distribution for all IESs retained in GTSF1 KD is represented by the black curve (scale on the right). 

( C ) Venn diagram of signi�cantly retained IESs upon different KDs [enriched new MACs in all conditions, two GTSF1-enriched replicates (R1 and R2) are 

combined; Supplementary Figure S3 ]. ( D ) Histogram of the percentage of retained IESs [all, GTSF1-enriched, GTSF1-sorted] in MIC, EZL1 or PTIWI01 / 09 

KDs. ( E ) R epresentativ e genomic region depicting DNA co v erage and RNA co v erage (T = 50 h) in ND7 (CTL), GTSF1 , EZL1 and PTIWI01 / 09 KD 

(NODE_36 852_length_47 919_cov_44.754879 between 15 and 22.5 kb). ( F ) Left panel: Heatmaps of TE normalized DNA coverage in each KD. Right 

panel: Heatmap of RNA expression levels at different time points during development in each KD. TE copies are ordered by the mean DNA coverage of 

GTSF1-enriched and GTSF1-sorted in each family (LINE n = 770, TIR n = 261, SOLO ORF n = 136 and SINE n = 13). The coverage distribution (RPKM 

log 2 ) for all TE copies is shown as a boxplot. The box shows the �rst and third quartiles. The median is displayed as a horizontal line. The outliers are not 

drawn and the whiskers run from the minimum to the maximum value. 
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Figure 5. Gtsf1 depletion affects H3K9me3 and H3K27me3 le v els and localization. ( A ) H3K9me3 or H3K27me3 antibodies are used for immunostaining 

of WT cells at T = 15 h after the onset of autogamy in ICL7 (CTL) or GTSF1 KD. Dashed white circles indicate the new developing MACs. The other 

Hoechst-stained nuclei are the fragments of maternal MAC and the MICs. Note that H3K9me3 staining is visible in the fragments of the maternal MAC 

upon GTSF1 KD, while it is not in CTL KD. Scale bar, 10 µm. Middle: Quanti�cation of H3K9me3 and H3K27me3 �uorescence signal in the new MAC 

(see the ‘Materials and methods’ section) (see Supplementary Figure S5 ). Number of nuclei > 30 in each condition. Bars correspond to mean ±

standard deviation (SD). Mann–Whitney statistical tests. Bottom: Quanti�cation of H3K9me3 and H3K27me3 �uorescence signal along the line crossing 

the nucleus. Scale bar, 2 µm. ( B ) Barplots of normalized H3K9me3 enrichment over input (log 2 ) for TE copies ( ANCHOIS , RT31 0 1 0 , RT42890 , RT48639-2 , 

RT48639-1 ) and for genes ( ACTIN , GAPDH , EE PPASE , ST PPASE , ST KINASE ) determined by ChIP-qPCR upon EZL1 , PGM and GTSF1 KD (three 

replicates for each KD). Bars correspond to mean ± SD. 

of these marks into nuclear foci in the new developing MACs, 
a function reminiscent of that reported for downstream effec- 
tors of the DNA elimination pathway ( 22 ,36 ). 

To determine whether H3K9me3 and H3K27me3 are 
correctly targeted to TEs, we performed ChIP experiments 
(T = 50 h) upon GTSF1 KD, and upon PGM KD as a positive 
control. ChIP-qPCR analysis showed that TEs are enriched 
for both H3K27me3 and H3K9me3 in PGM KD conditions, 
while genes are not enriched for these marks ( Supplementary 
Figure S5 ), as previously reported ( 20 ). By contrast, H3K9me3 
and H3K27me3 enrichment are reduced for the TEs we an- 
alyzed upon GTSF1 KD ( Supplementary Figure S5 ). Thus, 
though Gtsf1 is con�ned to the maternal MAC, it appears to 
be required for proper targeting of H3K9me3 and H3K27me3 
to TEs in the new developing MACs. 

The decreased enrichment of PRC2-deposited marks we de- 
tect by ChIP-qPCR could re�ect a straightforward reduction 
of H3K9me3 and H3K27me3 at TEs or, alternatively, given 
our cytological observations, a uniformly elevated distribu- 
tion of these marks throughout the genome at the expense 
of speci�c TE enrichment. To distinguish between these sce- 
narios, we developed a spike-in ChIP-qPCR procedure using 
exogenous Drosophila chromatin for normalization (see the 

‘Materials and methods’ section). Spike-in H3K9me3 ChIP 
was performed in PGM , EZL1 and GTSF1 RNAi. ChIP- 
qPCR analysis showed that the �ve TEs tested are enriched 
for H3K9me3 upon PGM KD, while no enrichment can be de- 
tected upon EZL1 KD (Figure 5 B), as expected ( 20 ). We found 
that TEs are enriched for H3K9me3 upon GTSF1 KD and that 
the enrichment is higher upon GTSF1 KD than upon PGM 

KD for some TEs (Figure 5 B). Interestingly, while no enrich- 
ment is detected upon EZL1 or PGM KD on genes (Figure 5 B) 
as expected ( 20 ), we found H3K9me3 enrichment on genes 
upon GTSF1 KD (Figure 5 B), and this does not correlate with 
reduction in gene expression levels ( Supplementary Figure 
S3 ). Altogether, these data support the idea that the abun- 
dant PRC2-mediated histone marks that accumulate in Gtsf1- 
depleted cells are more equally distributed on the genome and 
less focused on TEs than the marks in control cells. 

Gtsf1 is required for scnRNA selection 

Our data show that Gtsf1 affects H3K9me3 and H3K27me3 
targeting and DNA elimination in the new developing MAC, 
yet it is present in the maternal MAC. This suggests that Gtsf1 
plays a role in the maternal MAC during scnRNA selection. To 
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investigate this possibility, we �rst evaluated steady-state sc- 
nRNA levels after depletion of Gtsf1 compared with control 
knockdown at eight different time points during autogamy 
( Supplementary Figure S1 ). This indicated that loss of Gtsf1 
leads to increased total accumulation of scnRNAs (Figure 
6 A). In contrast, loss of Ptiwi01 / 09 leads to destablization of 
scnRNAs ( 7 ). 

We extended the scnRNA analysis by sequencing total small 
RNAs in the 20- to 30-nt range from Gtsf1-depleted cells at 
several time points in two independent time-course experi- 
ments (from T = 0 to T = 35 h after the onset of auto- 
gamy) ( Supplementary Figures S1 and S6 ). In Gtsf1-depleted 
cells, the 25-nt scnRNAs are produced from the whole MIC 

genome at the beginning of the sexual cycle (T = 0 h), as 
in control RNAi conditions, consistent with previous work 
( 4 ) (Figure 6 B and C). This can be clearly observed when ex- 
amining the mapping of 25-nt scnRNAs across an individual 
genomic region (Figure 6 B), where MAC sequences, as well 
as MIC sequences (IES and OES), are covered. We therefore 
conclude that Gtsf1 is not involved in the process of scnRNA 

biogenesis. 
As autogamy proceeds (T = 10 and T = 35 h), the pro- 

portion of 25-nt scnRNAs mapping to OES or IES over scn- 
RNAs mapping to MAC sequences increases in control con- 
ditions (Figure 6 B and C). At T = 10 h, scnRNAs mostly 
corresponded to MIC sequences (Figure 6 C). However, MIC- 
speci�c scnRNAs (OES + IES) are not enriched over MAC- 
speci�c scnRNAs in Gtsf1-depleted cells, indicating an ab- 
sence of MIC-speci�c scnRNA selection (Figure 6 B and C, 
and Supplementary Figure S6 ). As illustrated for an individ- 
ual genomic region, scnRNAs still cover IESs and the entire 
OES region, which comprises annotated TEs, at T = 35 h 
(Figure 6 B). These patterns are in stark contrast to those ob- 
served upon loss of Ptiwi01 / 09 ( Supplementary Figure S6 ) 
and instead resemble those observed upon loss of PRC2-Ezl1 
components ( 4 ,21 ). Importantly, because we still detect ma- 
ternal MAC ncRNA production in the GTSF1 knockdown 
experiments, the lack of scnRNA selection cannot be ex- 
plained by a lack of maternal MAC ncRNA transcription 
( Supplementary Figure S7 ). 

To determine whether the scnRNAs corresponding to the 
entire germline genome that accumulate in Gtsf1 - depleted 
cells are still loaded onto Ptiwi09, we performed Ptiwi09 IP 
followed by small RNA isolation ( 8 ) (see see the ‘Materi- 
als and methods’ section) upon GTSF1 and control KD at 
two different time points (T = 0 and T = 25 h) (Figure 6 D 

and Supplementary Figure S1 ). Sequencing of small RNAs 
revealed the presence of 25-nt scnRNAs in control, as ex- 
pected ( 8 ), and in Gtsf1-depleted cells at both time points 
( Supplementary Figure S6 ). While the proportion of MIC- 
scnRNAs increases in the control at T = 35 h as expected, 
this is not the case upon Gtsf1 depletion, as the same propor- 
tions of MIC- and MAC- scnRNAs are detected in the IP at 
both time points, mirroring what is seen in the input (Figure 
6 E and Supplementary Figure S6 ). This indicates that the non- 
selected scnRNAs that accumulate in Gtsf1-depleted cells are 
bound to Ptiwi09. 

Gtsf1 controls Ptiwi09 protein levels and 

ubiquitylation, and trimming of bound scnRNAs 

To determine whether impairment of scnRNA selection could 
be explained by defects in the localization of scnRNAs, we 

analyzed the localization of the scnRNA-binding protein 
Ptiwi09 with a FLAG - tagged PTIWI09 transgene ( 16 ). In con- 
trol cells, the Ptiwi09 fusion protein is detected in the maternal 
MAC during MIC meiosis, then localized in the developing 
MAC (Figure 7 A), as previously reported ( 7 ). In cells lacking 
Gtsf1, the subcellular localization of Ptiwi09 proteins was un- 
affected (Figure 7 A). Thus, the lack of MIC-speci�c scnRNA 

selection in the absence of Gtsf1 cannot be explained by the 
mis-localization of Ptiwi09-bound scnRNAs. 

However, the intensity of the 3xFLAG-tagged-Ptiwi09 sig- 
nal appeared increased in Gtsf1-depleted cells. Therefore, 
we quanti�ed the �uorescence intensity (see the ‘Materials 
and methods’ section) and found a signi�cant increase of 
nuclear Ptiwi09 levels in the maternal MAC compared to 
control conditions (Figure 7 A). Western blot analysis from 

whole cell extracts con�rmed that the steady-state levels of the 
Ptiwi09 protein increase in Gtsf1-depleted cells (Figure 7 B and 
Supplementary Figures S1 and S2 ). Because the steady-state 
mRNA levels of PTIWI01 / 09 are not impacted by GTSF1 
KD ( Supplementary Figure S3 ), we conclude that Gtsf1 con- 
trols Ptiwi09 protein accumulation more directly. 

To assess whether Gtsf1 is associated with free-, or 
chromatin-bound- Ptiwi09, we included a Triton-mediated 
permeabilization step prior to cell �xation in the immuno�u- 
orescence protocol (see the ‘Materials and methods’ section). 
This pre-extraction procedure may affect the apparent lo- 
calization of proteins that are not tightly bound to chro- 
matin, which are washed out from the nucleus. Under these 
pre-extraction conditions, a fraction (approximately 10%) 
of the 3xFLAG-tagged-Ptiwi09 protein is not washed out, 
supporting the idea that Ptiwi09 is chromatin-bound (Fig- 
ure 8 ). Upon EMA1 KD under pre-extraction conditions, 
Ptiwi09 is no longer chromatin-bound (Figure 8 ). This is con- 
sistent with the idea that Ema1, which is required for scnRNA 

selection and DNA elimination ( Supplementary Figure S8 ), 
plays a role in Ptiwi09 binding to chromatin, as previously 
reported for its Tetrahymena counterpart ( 27 ). In contrast, 
upon GTSF1 KD under pre-extraction conditions, Ptiwi09 re- 
mains localized in the nucleus, indicating that Ptiwi09 bind- 
ing to chromatin is independent of Gtsf1. Immunostaining 
of the 3xFLAG-HA-Gtsf1 protein indicates that the localiza- 
tion of Gtsf1 in the maternal MAC remains unaffected upon 
EMA1 or PTIWI01 / 09 KD. In contrast, immunostaining un- 
der pre-extraction conditions indicates that the fraction of the 
3xFLAG-HA-Gtsf1 protein that remains bound to chromatin 
in control KD (Figure 8 ) is washed out from the nucleus upon 
EMA1 KD or PTIWI01 / 09 KD (Figure 8 ). This is consistent 
with the idea that Gtsf1 is associated with chromatin-bound 
Ptiwi09. 

Given that the levels of the Ptiwi09 protein and the 
associated MAC-scnRNAs are increased in Gtsf1-depleted 
cells, we propose that Gtsf1 mediates the degradation of 
Ptiwi09 / MAC-scnRNA complexes in the maternal MAC. 
This would explain the lack of MIC-scnRNA selection in 
the absence of Gtsf1. Given the general role of ubiquitin 
in triggering protein degradation ( 48 ) and the reported case 
of ubiquitylation-mediated degradation of Argonaute protein 
( 49 ), we hypothesize that the ubiquitin pathway is involved 
in the degradation of Ptiwi09 / MAC-scnRNA complexes. To 
test this possibility, we examined the levels of ubiquitylated 
proteins in Ptiwi09 IPs upon GTSF1 and control KD, from 

cells collected at a stage when Ptiwi09 is detected in the ma- 
ternal MAC (Figure 9 A and Supplementary Figure S1 ). Anti- 
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Figure 6. Gtsf1 is required for scnRNA selection. ( A ) Gel electrophoresis of sRNAs from ND7 (CTL) and GTSF1 KD cells. Total RNA samples 

corresponding to different time points (S = starvation, T = 0, 5, 10, 20, 30 and 45 h after the onset of autogamy) were run on a denaturing 15% 

polyacrylamide-urea gel. After electrophoresis, the gel was stained with SybrGold. L: DNA low molecular weight marker (USB Corporation). The 25-nt 

scnRNAs are indicated. ( B ) R epresentativ e genomic region depicting 25-nt scnRNA normalized coverage in ICL7 (CTL) and GTSF1 KD 

(NODE_1 273_length_39 901_cov_28.471 21 6 between 1 2.5 and 37.5 kb). ( C ) Analysis of 25-nt scnRNA populations in ICL7 (CTL) and GTSF1 KD at 

different times points (T = 0, 10 and 35 h after the onset of autogamy). Bar plots show the normalized counts of 25-nt reads for each sample that map 

the MAC genome, IESs or MIC-limited sequences (left) and the proportion of 25-nt reads for each category (right). Genome: proportion of each category 

(MAC, OES, IES) in the MIC genome (see Supplementary Figure S6 ). ( D ) Upper panel: Gel electrophoresis of sRNAs before (input) or after (Ptiwi09 IP) IP 

of cells expressing 3X-FLAG-PTIWI09 and of non-injected cells (NI) at two different time points (T = 0 and 25 h after the onset of autogamy) in ICL7 

(CTL) and GTSF1 KD. Total RNA samples were run on a denaturing 15% polyacrylamide-urea gel. After electrophoresis, the gel was stained with SYBR 

Gold. L: molecular weight marker (GeneRuler Ultra Low Range DNA ladder). Middle and lower panels: Western blot analysis of whole cell extracts from 

the same samples as the upper panel. Ptiwi09 detection was performed using FLAG antibodies and tubulin antibodies were used for normalization. ( E ) 

Sequencing analysis of scnRNA populations before (input) or after (Ptiwi09 IP) IP at T = 0 and 25 h after the onset of autogamy in ICL7 (CTL) or GTSF1 

KD [same samples as in panel (D)]. Genome: proportion of each category (MAC, OES, IES) in the MIC genome (see Supplementary Figure S6 ). 

ubiquitin antibodies revealed that Ptiwi09 is ubiquitylated in 
a Gtsf1-dependent manner. Given that Ema1 interacts both 
with Ptiwi09 and Gtsf1, we wondered whether Ema1 might 
also control Ptiwi09 ubiquitylation. We therefore examined 
the levels of ubiquitylated proteins in Ptiwi09 IPs upon EMA1 
and control KD ( Supplementary Figures S8 and S1 ) and found 
that Ptiwi09 is ubiquitylated in a Ema1-dependent manner. Al- 
together, we conclude that Gtsf1 and Ema1 control the ubiq- 
uitylation of Ptiwi09 during scnRNA selection. 

To assess whether Ptiwi09 protein degradation involves the 
ubiquitin proteasome pathway, cells were treated with the 
proteasome inhibitor MG132 for a short period of time at 
the onset of autogamy (T = 0 h) (see the ‘Materials and 
methods’ section). Treatment with MG132 leads to increased 
levels of ubiquitylated proteins compared to control condi- 
tions, validating the ef�cacy of the proteasome inhibitor treat- 
ment ( Supplementary Figure S9 ). The levels of the steady-state 
Ptiwi09 protein increase upon MG132 treatment compared to 
control ( Supplementary Figure S9 ). Consistent with MG132 

affecting cell cycle progression, we found that MG132 treat- 
ment impairs the exchange of gametic nuclei during conju- 
gation and greatly reduces the production of viable sexual 
progeny ( Supplementary Figure S9 ). Altogether, these are con- 
sistent with the idea that Ptiwi09 protein degradation involves 
the ubiquitin proteasome pathway. 

Our data are consistent with a scenario in which Gtsf1 
is able to discriminate the pool of Ptiwi09 proteins that is 
bound to MAC-scnRNAs from the pool that is bound to MIC- 
scnRNAs. To test the possibility that Gtsf1 interacts with the 
particular sub-population of Ptiwi09 proteins that is loaded 
with MAC-scnRNAs, we performed Gtsf1 IP followed by 
small RNA isolation at T = 0 time point. We used IP condi- 
tions (see the ‘Materials and methods’ section) that preserved 
the interaction between Gtsf1 and Ptiwi09, as indicated by 
western blot analysis (Figure 9 B and Supplementary Figure 
S1 ). Sequencing of small RNAs revealed that the proportion 
of 25-nt MAC-scnRNAs detected in the IP, in two independent 
biological replicates, is increased in comparison with what is 
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Figure 7. Gtsf1 controls Ptiwi09 protein le v els. ( A ) Anti-FLAG immunostaining of cells transformed with a 3xFLAG-HA-PTIWI09 transgene at T = 0 and 

T = 15 h after the onset of autogamy in ICL7 (CTL) or GTSF1 KD. Dashed white circles indicates the new developing MACs. The other Hoechst-stained 

nuclei are the fragments of maternal MAC. Scale bar, 10 µm. Quanti�cation of FLAG �uorescence signal in the nuclei (see the ‘Materials and methods’ 

section). Number of nuclei > 30 in each condition. Bars correspond to mean ± SD. Mann–Whitney statistical tests. ( B ) Western blot analysis of whole 

cell extracts at different time points [Vegetative (V); T = 0, 5, 15, 25 h after the onset of autogamy] in ND7 (CTL), GTSF1 and PTIWI01 / 09 KDs with FLAG 

antibodies to detect 3XFLAG-Ptiwi09 and tubulin antibodies for normalization. 

Figure 8. Ema1, but not Gtsf1, is required for Ptiwi09 binding to chromatin. ( A, B ) Anti-FLAG immunostaining of cells transformed with a 

3xFLAG-PTIWI09 transgene in ICL7 (CTL), EMA1 or GTSF1 KD at the onset of autogamy. ( C, D ) Anti-FLAG immunostaining of cells transformed with a 

3XFLAG-HA-GTSF1 transgene in ICL7 (CTL), EMA1 or PTIWI01 / 09 KD. Cells were either �xed then permeabilized [F-P, panels (A) and (C)], or 

permeabiliz ed then �x ed [P-F, panels (B) and (D)] in order to determine whether the protein is chromatin-bound. Scale bar , 1 0 µm. Quanti�cation of FLAG 

�uorescence signal in the maternal MAC (see the ‘Materials and methods’ section). Number of nuclei > 30 in each condition. Bars correspond to 

mean ± SD. Mann–Whitney statistical tests. Bright �uorescence spots, outside the segmented nucleus, are visible in some FLAG images. 
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Figure 9. Gtsf1 controls Ptiwi09 ubiquitylation and trimming of bound-scnRNAs. ( A ) Western blot analysis of ubiquitylation of Ptiwi09 IP on WT and cells 

expressing 3XFLAG-PTIWI09 transgene (PTIWI09 WT ) at T = 0 h after the onset of autogamy upon ICL7 (CTL) and GTSF1 KD. Ptiwi09 detection was 

performed using FLAG antibodies before (input) and after (IP) Ptiwi09 IP. α-tubulin antibodies were used for normalization. *: crossreaction with beads. 

( B ) Western blot analysis of 3XFLAG-HA-Gtsf1 RNA IP. ( C ) Analysis of 25-nt scnRNA populations of 3XFLAG-HA-Gtsf1 IP (Gtsf1 IP), at T = 0 h after the 

onset of autogamy. Bar plots show the proportion of 25-nt reads that map the MAC genome, IESs or OES sequences for the input and Gtsf1 IP (see 

Supplementary Figure S6 ). ( D ) Analysis of small RNA populations of 3XFLAG-HA-Gtsf1 (left) and 3XFLAG-Ptiwi09 (right, same sample as Figure 6 E) IP 

experiments (at T = 0 h after the onset of autogam y). Up: B ar plots sho w the normalized counts of 20- to 30-nt reads for each sample that map the MAC 

genome, IESs or OES sequences. Down: Bar plots show the normalized counts of 20- to 30-nt reads for each sample that display a 5 ′ -UNG end or not. 

seen in the input (Figure 9 C and Supplementary Figure S6 ). 
Yet MIC-scnRNAs are present in the IP, even though no sc- 
nRNAs matching IESs are detected. Thus, contrary to our 
expectations, 25-nt scnRNAs-bound Ptiwi09 that associates 
with Gtsf1 are not exclusively MAC-scnRNAs. We noticed 
the presence of 23- and 24-nt sRNA populations correspond- 
ing to MAC sequences in the Gtsf1 IP, that are not as abun- 
dant in the Ptiwi09 IP at the same time point (Figure 9 D). 
The majority of 23-nt and 24-nt sRNAs detected in the Gtsf1 
IP starts with 5 ′ -UNG, like 25nt-scnRNAs (Figure 9 D). The 
presence of the characteristic 5 ′ -UNG signature of 25-nt scn- 
RNAs ( 3 ) supports the idea that 24- and 23-nt sRNAs corre- 
spond to scnRNAs that have been shortened at their 3 ′ end by 
one or two nucleotides, respectively. Very interestingly, 3 ′ end 
trimming occurred while MAC-scnRNAs were bound to the 
Ptiwi09 protein. Thus, Ptiwi09-bound MAC-scnRNAs asso- 
ciated with Gtsf1 are caught in the process of being trimmed 
at their 3 ′ end, providing direct evidence of MAC-scnRNA 

degradation. 

Discussion 

The nuclear Paramecium Gtsf1 homolog is an essential fac- 
tor acting downstream of scnRNA biogenesis that is required 
for the selective degradation of a subpopulation of scnRNAs 
corresponding to MAC-destined sequences. As a result, scn- 
RNA selection is defective in Gtsf1-depleted cells (Figure 6 ). 
Similar observations were recently reported in an independent 
preprint ( 50 ). Given its localization in the maternal MAC (Fig- 
ure 3 ), the role of Gtsf1 in scnRNA selection reinforces the 

idea that the maternal MAC is where selective degradation of 
scnRNAs occurs. 

Like its counterparts in other organisms ( 41 , 42 , 51–54 ), 
Paramecium Gtsf1 is required for Piwi-guided transcriptional 
silencing and repressive histone modi�cations at TE loci. In 
Gtsf1-depleted cells, TEs and a subset of IESs, which are 
enriched for long, scnRNA- and Ezl1-dependent sequences, 
are no longer eliminated in the new MAC (Figure 4 and 
Supplementary Figure S3 ). Some TEs are transcriptionally up- 
regulated upon GTSF1 KD, as previously reported for PRC2- 
Ezl1 components and PTIWI01 / 09 KDs ( 16 ). Gtsf1 is thus a 
critical member of the DNA elimination pathway. 

Other proteins involved in DNA elimination (Pdsg1, Ema1, 
Nowa1, PRC2 core complex and cofactors) are also necessary 
for scnRNA selection ( 4 , 13 , 21 , 27 , 46 ) ( Supplementary Figure 
S8 ). However, in contrast to Gtsf1, these proteins localize both 
in the maternal MAC and in the new MAC. Given their dual 
roles and localization, it is dif�cult to unambiguously assign 
them a speci�c function in each nucleus. We previously re- 
ported that the methyltransferase activity of PRC2-Ezl1 is es- 
sential for DNA elimination ( 20 ), while its function in scn- 
RNA selection does not involve its catalytic activity ( 4 ). Gtsf1 
is the only reported case described so far of a protein that is 
present in the maternal MAC and yet has an effect on DNA 

elimination events that take place in the new MAC. Thus, our 
analysis of Gtsf1 provides a unique demonstration that defec- 
tive scnRNA selection ultimately impairs DNA elimination. 

When scnRNA selection occurs normally, Ptiwi09 / MIC- 
scnRNA complexes represent the vast majority of Ptiwi09 
complexes present in the new MAC (Figure 6 and 
Supplementary Figure S6 ) ( 8 ). In contrast, when scn- 
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Figure 10. Model for the role of Gtsf1 in scnRNA selection. scnRNAs produced from the entire MIC genome during meiosis are bound to the Ptiwi09 

protein and transported to the maternal macronucleus (MAC), where scnRNA selection occurs. The selective degradation of scnRNAs corresponding to 

MAC-destined sequences (black) results in the speci�c selection of the subpopulation corresponding to MIC-speci�c scnRNAs (in red). The Gtsf1 protein 

associates with all Ptiwi09 in the maternal MAC, irrespective of scnRNA sequence. We propose that the Gtsf1 protein when bound to 

Ptiwi09 / MAC-scnRNA comple x es engaged with t arget nascent noncoding transcripts triggers ubiquit ylation of Ptiwi09, leading to degradation of 

Ptiwi09 and of its cognate scnRNAs (lo w er panel). scnRNAs corresponding to MIC-speci�c sequences (red), which by de�nition cannot pair with MAC 

transcripts, are retained and trigger DNA elimination in the new developing MAC. 

RNA selection is defective in Gtsf1-depleted cells, we 
show that Ptiwi09 proteins present in the new MAC 

are loaded with both MAC- and MIC-scnRNAs (Fig- 
ure 6 and Supplementary Figure S6 ). We also �nd that 
H3K9me3 and H3K27me3 become more abundant in the 
new MAC upon Gtsf1 depletion (Figure 5 ). Our ChIP 
data indicate that the Ptiwi09-scnRNA complexes guide 
the deposition of these repressive histone modi�cations 
along the genome with no speci�c enrichment on TEs 
(Figure 5 and Supplementary Figure S5 ). Surprisingly, 
H3K9me3-marked genes are not transcriptionally repressed 
( Supplementary Figure S3 ) and the more homogeneous distri- 
bution of repressive histone modi�cations along the genome 
does not appear to induce DNA elimination, suggesting that 
the mere presence of the repressive histone modi�cations is 
not suf�cient to elicit the introduction of DNA double-strand 
breaks. We speculate that a threshold local concentration of 
histone modi�cations must be reached to trigger elimination 

of the modi�ed chromatin. Another possibility is that the lack 
of differentially methylated regions, and thus of boundaries 
between eliminated regions and �anking regions, precludes 
the identi�cation of the correct sites for introduction of DNA 

breaks by the elimination machinery . Finally , it might be the 
case that the Pgm endonuclease is limiting but still active such 
that a low level of elimination does in fact take place, but that 
it occurs randomly and homogeneously across the genome 
and is therefore not easily detectable when analyzing a pool 
of many cells. 

Despite the fact that GTSF1 is conserved, its functions 
appear to have diversi�ed. In both Drosophila and mouse, 
GTSF1 is also necessary for piRNA-dependent TE silenc- 
ing; however, the mechanisms appear to be quite different. 
In Drosophila , DmGTSF1 localizes to the nucleus, and is re- 
quired for transcriptional transposon silencing but not for 
piRNA biogenesis ( 41 , 52 , 53 ). In mouse, by contrast, GTSF1 
localizes to both the cytoplasm and the nucleus, and is essen- 
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tial for secondary but not primary piRNA production ( 54 ). 
Mammalian GTSF1 appears to act as an auxiliary factor that 
potentiates the piRNA-directed RNA cleavage activities of 
PIWI proteins, transforming them into ef�cient endoribonu- 
cleases ( 55 ). In C . elegans , GTSF1 does not participate in the 
piRNA pathway, but is instead involved in the assembly of a 
complex that produces a speci�c class of endogenous small 
RNAs targeting genic transcripts ( 43 ). The function we have 
uncovered here for Gtsf1 in Paramecium, where it controls the 
selective degradation of scnRNAs, represents yet another ex- 
ample that underscores the divergent contributions of GTSF1 
proteins to small RNA silencing pathways. 

The somatic macronucleus, where Gtsf1 is localized in 
Paramecium , is devoid of TEs. Thus, the role of Gtsf1 in the 
control of TEs appears to be indirect. Like other Gtsf1 pro- 
teins, Paramecium Gtsf1 physically interacts with PIWI – the 
scnRNA binding protein Ptiwi09 (Figures 1 –2 ) – but it has 
no effect on its nuclear localization (Figures 7 and 8 ), sug- 
gesting that Gtsf1 acts downstream of Ptiwi09. We show that 
Gtsf1 is associated with chromatin-bound Ptiwi09 and that 
the putative RNA helicase Ema1 is important for its tethering 
to chromatin (Figure 8 ). Given that PRC2 interacts with Gtsf1, 
Ptiwi09 and Ema1 (Figures 1 and 2 ), and that PRC2 is also 
required for scnRNA selection ( 4 ,21 ), the interplay between 
these different factors in the selection process is an important 
question for further investigation. 

We show that Gtsf1 controls the steady-state levels of the 
Ptiwi09 protein and of its bound MAC-scnRNAs, which both 
show increased accumulation in the nucleus upon GTSF1 
KD (Figure 7 ). We propose that Gtsf1 mediates the coordi- 
nated degradation of the subset of Ptiwi09 proteins that are 
loaded with MAC-scnRNAs as well as their bound MAC- 
scnRNAs (Figure 10 ). We envision that Gtsf1 interacts with 
chromatin-bound Ptiwi09 upstream of the selection process 
and binds all Ptiwi09 in the maternal MAC, irrespective of 
scnRNA sequence (Figures 7 and 9 ). According to our model 
(Figure 10 ), Ptiwi09 / MAC-scnRNA complexes are engaged in 
pairing interactions with non-coding RNA transcribed from 

the somatic maternal MAC genome, while the Ptiwi09 / MIC- 
scnRNA complexes are not, because of the lack of sequence 
complementarity between MIC-scnRNAs and MAC tran- 
scripts. When Gtsf1 binds Ptiwi09 / MAC-scnRNA complexes 
engaged with target nascent noncoding transcripts, we pro- 
pose that it triggers Ptiwi09 ubiquitylation and degradation 
and concomitant MAC-scnRNA degradation. 

Our data lend support to the proposed mechanism for 
GTSF1 in metazoan whereby GTSF1 association with PIWI 
triggers a conformational change of PIWI upon target recog- 
nition, which can either lead to enhanced slicing activity or 
to changes in protein–protein interactions ( 29 ). We envision 
that, by analogy to what has been suggested for M. muscu- 
lus and Drosophila , Paramecium Gtsf1 interacts with nascent 
transcripts from the maternal MAC to reinforce the associ- 
ation between Ptiwi09 / MAC-scnRNA complexes and their 
targets. 

How Ptiwi09 and its bound MAC-scnRNAs are degraded 
remains to be determined. Our data provide some hints that 
ubiquitylation mediated by Gtsf1 and Ema1 might be criti- 
cal to this process. Indeed, we found that Ptiwi09 is ubiqui- 
tylated in a Ema1-, Gtsf1-dependent manner (Figure 9 and 
Supplementary Figure S8 ). One possible mechanism is that as- 
sociation with Gtsf1 causes the Ptiwi09 protein to undergo 
a conformational change upon scnRNA-target pairing. This 

could drive recruitment of E3 ubiquitin ligases, which in turn 
would trigger ubiquitylation and degradation of Ptiwi09, and 
scnRNA decay . Very interestingly , we also provide the �rst di- 
rect evidence of MAC-scnRNA degradation through 3 ′ end 
trimming while still bound to Ptiwi09 (Figure 9 D). This sug- 
gests the existence of an active trimming mechanism involved 
in MAC-scnRNA degradation. 

Target-directed degradation of scnRNAs during genome 
elimination in Paramecium exhibits striking similarities to re- 
cently reported instances of target-directed degradation of 
microRNAs in mammalian cells and Drosophila ( 56 ,57 ). 
miRNA degradation has been shown to rely on ubiquity- 
lation and proteasomal degradation of the Argonaute pro- 
tein ( 58 ,59 ). Loss of scnRNA degradation upon Gtsf1 disrup- 
tion is accompanied by excess accumulation of Ptiwi09, sug- 
gesting that an analogous mechanism may be at play during 
Paramecium genome elimination. These highly diverged phe- 
nomena of small-RNA removal may thus share basic com- 
monalities. Future work aiming at unraveling the underlying 
mechanisms of target-directed scnRNA degradation might re- 
veal that target-directed small RNA degradation is an ancient 
process that is more widespread than previously thought. 

Data availability 
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Supplementary Figure S1. Cytology of time course experiments. Progression of autogamy is followed by cytology with DNA staining

 in the time course experiments. >100 cells were counted in each condition. 

A. Cytology of Ptiwi09 IP experiments, Related to Figure 1.

B. Cytology of Gtsf1 IP experiments, Related to Figure 2.

C. Cytology of Gtsf1 IP experiment with RNAse I treatment, Related to Figure 2 and Supplementary Figure S2A.

D. Cytology of time course experiment for sRNA and RNA sequencing in GTSF1 KD, Related to Figures 4F, 6B-C and Supplementary Figure 

S6. The star (*) indicates the samples used for sequencing.

E. Cytology of time course experiment to detect scnRNA levels in CTL or GTSF1 KD, Related to Figure 6A and Supplementary Figure S7. The 

star (*) indicates the samples used for sequencing.

F. Cytology of time course experiment for sRNA sequencing from Ptiwi09 IP in CTL or GTSF1 KD, Related to Figure 6D-E.

G. Cytology of time course experiment for Ptiwi09 detection in CTL or GTSF1 KD, Related to Figure S2C.

H. Cytology of time course experiment for Ptiwi09 IP in CTL or GTSF1 KD, Related to Figure 9A.

I. Cytology of time course experiment for sRNA sequencing from Gtsf1 IP at T=0 hours after the onset of autogamy, Related to Figure 9B-D 

and Supplementary Figure S6.

J. Cytology of time course experiment for Ptiwi09 antibody validation, Related to Supplementary Figure S2B.

K. Cytology of time course experiment for Gtsf1 detection by western blot. Related to Figure 3.

L. Cytology of time course experiment for Ptiwi09 detection in CTL or GTSF1 KD, Related to Figure 7B and S2D.
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Supplementary Figure S2. RNA-independent interaction between Gtsf1 and Ptiwi09. Gtsf1 localization is unchanged upon EZL1 KD.

A. Western blot analysis of nuclear extracts of Paramecium expressing a 3XFLAG-HA-Gtsf1 functional protein (Gtsf1) or not (CTL) before (input) 
or after affinity purification (FLAG IP). The affinity purification experiment is performed in presence (+) or absence (-) of an RNase I treatment in 
two replicates (R1 is shown Figure 2). Anti-FLAG, anti-Ptiwi09 and anti-H3 antibodies are used for detection.

B. Custom Ptiwi09 antibodies validation. Western blot analysis using anti-Ptiwi09 antibodies on Paramecium whole cell extracts upon PTIWI01/09, 

GTSF1 or ND7 (CTL) RNAi-mediated silencing (KD) before autogamy (V=vegetative) and at T=0, 5, 15 or 25 hours after the onset of autogamy 
(Supplementary Figure S1). Anti-tubulin antibodies are used for normalization. Western blot quantification of endogenous Ptiwi09 protein levels 
is shown below. The level of Ptiwi09 at T=0 hours in the control KD is set up to 1.

C.  Western blot analysis of whole cell extracts at different time points (S= starved; T=0; 2.5; 5; 7.5; 16 hours after the onset of autogamy) in ND7 

(CTL) and GTSF1 KDs with FLAG antibodies to detect 3XFLAG-Ptiwi09 and tubulin antibodies for normalization. Western blot quantification of 
Ptiwi09 protein levels (FLAG) is shown below. The level of Ptiwi09 at T=7.5 hours in the control KD is set up to 1.

D. Western blot quantification of Ptiwi09 protein levels (FLAG) from Figure 7B. The level of Ptiwi09 at T=5 hours in the control KD is set up to 1.
E. FLAG immunostaining of cells expressing a 3XFLAG-HA-GTSF1 functional transgene at T=0 hours after the onset of autogamy in ICL7 (CTL) 

or GTSF1 KDs. Scale bar, 10 µm.
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B. Histogram of the percentage of retained IESs in MIC, EZL1, PTIWI01/09, DCL02/03, DCL05 and DCL2/3/5 KDs.

C. IES length distribution for all IESs and IESs retained upon GTSF1 KD. Note that short IESs are under-represented in GTSF1 KD.

D. Heatmaps of TE normalized DNA coverage. TE copies are ordered by the mean coverage of GTSF1-enriched R1, GTSF1-enriched R2 and 

GTSF1-sorted in each family .(LINE n=770, TIR n=261, SOLO ORF n=136 and SINE n=13). The coverage distribution (RPKM log2) for all TE copies 

is shown as a boxplot. The box shows the first and third quartiles. The median is displayed as a horizontal line. The outliers are not drawn and the 

whiskers run from the minimum to the maximum value.

E. Heatmaps of gene normalized RNA coverage for up- and down-regulated genes (n=1505 and n=870, respectively) in EZL1 KD (Frapporti et al., 2019) 

and up-regulated genes in PGM-KU80C-XRCC4 KD (PKX, n=628) (Bazin-Gélis et al., 2023). For each dataset, the global mRNA-seq coverage 

distribution (RPKM log2) is shown as a boxplot. The box shows the first and third quartiles. The median is plotted as a horizontal line. The outliers are 

not drawn and the whiskers run from the minimum to the maximum value.

F. Barplots of GTSF1, EZL1, PTIWI01, PTIWI09, ACTIN, GAPDH, EE PPase, ST PPase and ST KINASE mRNA levels in ICL7 (CTL) and GTSF1 KDs.

Supplementary Figure S3. Gtsf1 is required for efficient DNA elimination and TE silencing, Related to Figure 4. 
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Supplementary Figure S4. New developing MAC sorting by flow cytometry, Related to Figure 4 

A. Flow cytometry sorting of α-PgmL1 immunostained nuclei (Zangarelli et al., 2022) from control ND7 (CTL) and GTSF1 KD at T=25 hours after the 
onset of autogamy (DEV3 according to Zangarelli et al., 2022). Left panels: images of the sorted nuclei in phase contrast (DIC), α-PgmL1 labeling 
and propidium iodide (PI) DNA labeling. Middle panels: plots of PgmL1 fluorescence intensity (y-axis; arbitrary units in log scale) versus PI fluores-
cence intensity (x-axis). New MACs gating used for nuclei sorting is indicated. Right panels: Histograms of PI-stained nuclei gated in the middle 
panels. The estimated ploidy level for most prominent peaks is shown. 

B. Pgm immunostaining at T=25 hours after the onset of autogamy in control ND7 (CTL) and GTSF1 KD. New MACs and fragments of the maternal 
MAC are stained with DAPI, developing MACs are surrounded by a white dotted circle. The Pgm excision complex localizes in the new MAC upon 
GTSF1 KD.

C. PCR around two IES sequences on DNA isolated from sorted new MACs developed upon ND7 (CTL) and GTSF1 KD. Excised IES form (IES-) and 
non-excised form (IES+) are indicated.
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Hoechst
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(Ezl1)

CTL GTSF1KD:

A. Boxplot of estimated nucleus (developing MAC) volume in voxels from the same data as in Figure 5A (T=15 hours). Number of nuclei > 30 in 

each condition. Estimation of nuclear volume indicated that CTL and GTSF1 KD cell populations were at comparable stages. Bars correspond 

to mean +/- SD. Mann-Withney statistical test. n.s: non-significant

B. Barplots of H3K9me3 and H3K27me3 enrichment over input (log2) for genes (ACTIN, GAPDH) (white) and TE copies (grey) determined by 

ChIP-qPCR upon PGM and GTSF1 KD (2 replicates). 

C. FLAG immunostaining of cells expressing a 3XFLAG-HA-EZL1 functional transgene at T=0 hours after the onset of autogamy in ICL7 (CTL) or 

GTSF1 KD. Scale bar, 10 µm.
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Supplementary Figure S5. Estimated size of new developing MAC. Gtsf1 depletion affects H3K9me3 and H3K27me3 enrichment, and Ezl1 

levels. Related to Figure 5
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Supplementary Figure S6. Analysis of sRNA populations at different times of autogamy, Related to Figure 6 and Figure 7.

A. Bar plots show the normalized counts for each sample that map the MAC genome, IESs, or OES upon CTL, GTSF1, or PTIWI01/09 KD. T=0, 10, 

35 hours after the onset of autogamy for replicate 1 (R1, shown in Figure 6C) and T=0 and 15 hours after the onset of autogamy for replicate 2 

(R2) are shown.

B. Bar plots show the proportion of 25-nt reads for each sample that map the MAC genome, IESs, or OES upon CTL or GTSF1 KD. T=0, 10, 35 

hours after the onset of autogamy for replicate 1 (R1, shown in Figure 6C) and T=0 and 15 hours after the onset of autogamy for replicate 2 (R2) 

are shown. G: proportion of each category (MAC, OES, IES) in the MIC genome. 

C. Bar plots show the normalized counts for each sample before and after Ptiwi09 IP in ND7 (CTL) or GTSF1 KD that map the MAC genome, IESs, 

or OES. T=0 and 25 hours after the onset of autogamy are shown. Related to Figure 6D, E.

D. Bar plots show the proportion of 25-nt reads before (input) and after Gtsf1 IP that map the MAC genome, IESs, or OES. T=0 hours after the onset 

of autogamy for two replicates (R1 and R2) is shown. R1 is shown in Figure 7E.

E. Bar plots show the normalized counts before (input) and after Gtsf1 IP that map the MAC genome, IESs, or OES. T=0 hours after the onset of 

autogamy for two replicates (R1 and R2) is shown. R1 is shown in Figure 7F.
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Supplementary Figure S7. Non coding maternal transcription is not affected upon GTSF1 KD.

Total RNAs, extracted at each time point, were reverse-transcribed and cDNAs were amplified by PCR with gene-specific primers. Loading 

controls are the constitutively-expressed genes encoding a trichocyst matrix protein (T1b) or actin. Total genomic DNA was used as a positive 

PCR control. Non-protein-coding RNAs are detected for the G surface antigen gene (51G mac) both during vegetative growth and during sexual 

events (Lepere et al., 2008). The details of the cytology are displayed in Supplementary Figure S1 panel E.

A. Detection of GTSF1 and 51G mac ncRNA transcripts by RT-PCR in ND7 (CTL) and GTSF1 KD conditions. 

B. Detection of 51G1832 and mtA ncRNA transcripts by RT-PCR in ND7 (CTL) and GTSF1 KD conditions. Note the presence of an IES+ form 

for mtA, which is retained in GTSF1 KD.
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Supplementary Figure S8.  Ema1 is necessary for DNA elimination and scnRNA selection.

A.  Histograms of IES retention scores upon EMA1 KD. The significantly retained IESs in EMA1 KD are represented by the red histograms 

(scale on the left), while the global distribution for all IESs retained in EMA1 KD is represented by the black curve (scale on the right).

B. Venn diagram of significantly retained IESs upon different KDs (enriched new MACs in all conditions, 2 GTSF1-enriched replicates are 

combined).

C. Heatmaps of TE normalized DNA coverage. TE copies are ordered by the mean DNA coverage of GTSF1-enriched and GTSF1-sorted in 

each family. The boxplots show the coverage (RPKM log
2
) for all TE copies.

D. Gel electrophoresis of sRNAs from ND7 (CTL) and EMA1 KD cells. Total RNA samples corresponding to different time points (S = starva-

tion, T=0, 5, 11, 17, 23 and 30 hours after the onset of autogamy) were run on a denaturing 15% polyacrylamide-urea gel. After electro-

phoresis, the gel was stained with SybrGold. L: DNA low molecular weight marker (USB). The 25-nt scnRNAs are indicated.

E. Cytology of the autogamy time course experiment to detect scnRNA levels in CTL or EMA1 KD (panel D). Progression through autogamy 

was followed by cytology with DAPI staining. >100 cells were counted in each condition. The star (*) indicates the samples used for sequen-

cing. 

F. Analysis of sRNA populations at different time points of autogamy. Bar plots show the normalized counts for each sample that map the MAC 

genome, IESs, or OES. T=0 and 17 hours after the onset of autogamy.

G. Analysis of 25-nt scnRNA populations in ND7 (CTL) and EMA1 KD at different time points (T=0 and 17 hours after the onset of autogamy). 

Bar plots show the proportion of 25-nt reads for each sample that map the MAC genome, IESs, or MIC-limited sequences. Genome: propor-

tion of each category (MAC, OES, IES) in the MIC genome.

H. Western blot analysis of ubiquitylation of Ptiwi09 immunoprecipitation (IP) at T=0 hours after the onset of autogamy on wildtype cells (WT) 

and cells expressing 3xFLAG-PTIWI09 transgene (PTIWI09WT) in control (empty vector, CTL), upon EMA1 and GTSF1 KD. Ptiwi09 

detection was performed using FLAG antibodies before (input) and after (IP) Ptiwi09 immunoprecipitation. α-tubulin antibodies were used 
for normalization.
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Supplementary Figure S9. MG132 treatment leads to increased levels of ubiquitinylated proteins and of Ptiwi09, and impairs sexual events and  

sexual progeny production.

A. Experimental design. 3xFLAG-Ptiwi09-transformed cells were grown in standard conditions up to 3000 cells/mL, washed with 10 mM Tris pH 7.4, 

transferred to exhausted medium (standard medium from which bacteria have been removed) until T=0 hour of autogamy (30% of cells at meiosis), 

then incubated for 2 hours with DMSO, 50, 100 or 200 µM MG132 (Apollo Scientific). After the 2-hour treatment, cells were washed to remove the 

drug, and collected to prepare whole cell extracts (panel B), and examine the progression through autogamy by cytology (panel C), while the 

remaining cells were examined the next day for their cytology (panel C) and for their ability to produce sexual viable progeny (panel D).

B. The levels of ubiquitylated proteins and of Ptiwi09 increase upon MG132 treatment. Western blot analysis was performed on whole cell extracts at 

T=2 hours with anti-ubiquitin, -FLAG and -tubulin antibodies. 

C. Progression of autogamy is altered upon MG132 treatment (T0 to T2). Progression of autogamy is followed by cytology with DNA staining at the 

indicated time points. Approximately 100 cells were counted in each condition.

D. MG132 treatment impairs the production of viable sexual progeny.

E. Survival and genetic analysis of F1 progeny from a cross between d4.2 mt7 nd6-8 cells and d4.2 mt8 nd7-1 cells (Lefort-Tran et al. 1981). 4 hours 

after mixing, mating pairs were incubated for 2 hours with DMSO or 100 µM MG132, then transferred to exhausted medium without drug to complete 

conjugation. The histogram shows the number of cells surviving conjugation and the genotype of their MAC, out of 120 cells in each condition. The 

cell phenotype determined by the MAC is indicated between square brackets below ([tric+]: cells are able to discharge their trichocysts; [tric-]: cells 

are not able to discharge their trichocysts as the nd6-8 or nd7-1 homozygous mutants). The mutant phenotype [tric-] observed in F1 upon MG132 

treatment results from a conjugation failure -unsuccessful exchange of gametic nuclei- within a mating pair.
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5 ‐ Gtsf1 genetic complementation experiments (Figure 
2C) and localization at different stages of the sexual cycle 
(Figure 3)

‐

ICL7

GTSF1#1

3XFLAG‐HA‐GTSF1

ICL7

GTSF1#1
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ICL7
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4 ‐ Ezl1 localization by immunofluorescence 
(Supplementary Figure S5)

‐
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GTSF1#1

3XFLAG‐HA‐EZL1
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GTSF1#1

3XFLAG‐HA‐EZL1
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2 ‐ Production of sexual progeny  (Figure 2C) ‐

‐

GTSF1#1

3 ‐ Production of sexual progeny (Figure 2C), DNA seq 
(Figure 4, Supplementary Figure S3), RNA‐seq (Figure 4, 
Supplementary Figure S3,  Supplementary Figure S1) and 
small RNA seq (Figure 6B, Supplementary Figure S6, 
Supplementary Figure S1) upon GTSF1  KD

‐

ICL7

GTSF1#1

sexual progeny

1 ‐ Production of sexual progeny  (Figure 2C) ‐
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GTSF1#1

ICL7

GTSF1#1
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9 ‐ Production of sexual progeny  (Figure 2C) ‐
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10 ‐ Production of sexual progeny  (Figure 2C) ‐
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7 ‐ Production of sexual progeny  (Figure 2C)
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8 ‐ Ptiwi09 localization (Figure 7A)
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6 ‐ Gtsf1 IP (Figure 2D, 2E, 2F and 2G)

‐
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15 ‐ Ptiwi09 RNA IP (Figure 6, Figure Supplementary Figure 
S6)
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__
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13 ‐ Autogamy time course sRNA (Figure 6A, 
Supplementary Figure S1) ; sRNA seq (Figure 
Supplementary Figure S6) ; DNA  (Figure 4 and 
Supplementary Figure S3) ; RT‐PCR (Supplementary Figure 
S7) upon GTSF1 KD

__

ND7

GTSF1#2

14 ‐GTSF1‐sorted DNA seq (Figure 4, Figure 
Supplementary Figure S3 and Supplementary Figure S3)

__
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12 ‐ Ptiwi09 IP (Figure 1)

3xFLAG‐PTIWI09 __
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11 ‐ Production of sexual progeny  (Figure 2C) __
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22 ‐ Production of sexual progeny (Supplementary Figure 
S2B)

__

__

3XFLAG‐HA‐GTSF1

3XFLAG‐HA‐GTSF120 ‐ Gtsf1 RNA IP (Figure 9B‐D)

__

__

__

21 ‐ Gtsf1 IP (Figure 2 and Supplementary Figure S2)
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__ __

19 ‐ DNA seq upon Ptiwi01/09 KD (R1) (Supplementary 
Figure S3)
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18 ‐ PGM staining (Supplementary Figure S4) __
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16 ‐ Autogamy time course (Figure 7B)

17 ‐ Ptiwi09 IP (Figure 9A)

3xFLAG‐PTIWI09

__

3xFLAG‐PTIWI09

GTSF1#2

GTSF1#2

ICL7



Alive 28

Dead 2

Alive 0

Dead 30

Alive 30

Dead 0

Alive 0

Dead 30

Alive 27

Dead 3

Alive 0

Dead 30

Alive 48

Dead 0

Alive 2

Dead 46

Alive 0

Dead 48

Alive 47

Dead 1

Alive 3

Dead 45

Alive 0

Dead 48

Alive 48

Dead 0

Alive 2

Dead 46

Alive 0

Dead 48

Alive 48

Dead 0

Alive 0

Dead 48

Alive 0

Dead 48

Alive 48

Dead 0

Alive 0

Dead 48

Alive 0

Dead 48

Alive 48

Dead 0

Alive 0

Dead 48

Alive 0

Dead 48

__

ICL7

EZL1

23 ‐ Gtsf1 localization by immunofluorescence 
(Supplementary Figure S2)
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24‐ Production of sexual progeny (Figure 8)
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ICL7

PTIWI01/09

EMA1

3xFLAG‐HA‐GTSF1

ICL7

PTIWI01/09

EMA1

__

ICL7

PTIWI01/09

EMA1

25‐ Production of sexual progeny (Figure 8)
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32 ‐ Production of sexual progeny (Figure 8)

30 ‐ DNA seq upon EMA1 KD (Supplementary Figure S8) __ EMA1

3xFLAG‐HA‐GTSF1

31 ‐ Production of sexual progeny (Figure 8)

L4440

PTIWI01/09
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__
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26 ‐ survival after  MG132 treatment during autogamy 
(Supplementary Figure S9)

3xFLAG‐PTIWI09

DMSO

MG132 (50 μM)

MG132 (100 μM)

MG132 (200 μM)

27 ‐ survival after  MG132 treatment during conjugation 
(Supplementary Figure S9)

d4.2 ND6‐8 mt7 X d4.2 ND7‐1 
mt8 (3xFLAG‐Ptiwi09)

DMSO

MG132 (100 μM)

d4.2 ND6‐8 mt7 X d4.2 ND7‐1 
mt8 (3xFLAG‐Ptiwi09)

DMSO

MG132 (100 μM)

28 ‐ Gtsf1 detection by western blot (Figure 3B)

NI __

3XFLAG‐HA‐GTSF1 __

29 ‐ Autogamy time course, sRNA‐seq and sRNA seq upon 
EMA1  KD (Supplementary Figure S8)

__

ND7
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Supplementary Table S1. Production of sexual progeny following RNAi-mediated gene silencing.

In each experiment, the number of cells that survived or died is indicated.

EMA1

33 ‐ Production of sexual progeny (Figure 7, 
Supplementary Figure S2)

34 ‐ Production of sexual progeny (Ptiwi09 ubiquitinylation 
upon EMA1  KD and GTSF1  KD) (Supplementary Figure S8)

3xFLAG‐Ptiwi09

L4440

GTSF1#2

3xFLAG‐Ptiwi09

_ L4440

GTSF1#2

EMA1

L4440



Unique ‐Log10
Name Reference MW (kDa)  peptide Log

2 FC  p‐value
Caf1 PTET.51.1.P0780031 45.62 8 13.06 1.85

Eap1 PTET.51.1.P1310069 20.10 3 5.42 3.14

Eed PTET.51.1.P0240079 43.92 3 16.19 4.81

Ezl1 PTET.51.1.P1740049 69.69 6 11.38 1.36

Ptiwi09 IP Gtsf1 PTET.51.1.P0490019 18.67 2 3.91 2.97

Pdsg1 PTET.51.1.P0300085 37.98 3 9.56 1.32

P0390035 PTET.51.1.P0390035 48.21 2 13.60 3.93

Ptiwi03 PTET.51.1.P0030302 89.92 2 17.44 2.46

Ptiwi09 (bait) PTET.51.1.P0660118 87.65 11 3.92 1.36

Rf2 PTET.51.1.P1190062 74.74 9 13.02 1.72

Rf4 PTET.51.1.P0570234 62.62 13 7.62 3.87

Rpb2 PTET.51.1.P0480005 139.59 3 13.07 3.83

Caf1 PTET.51.1.P0780031 45.62 25 5.04 2.37

Eap1 PTET.51.1.P1310069 20.10 5 5.52 2.02

Eed PTET.51.1.P0240079 43.92 18 4.48 2.11

Ema1b PTET.51.1.P0080253 174.48 30 3.68 1.49

Ezl1 PTET.51.1.P1740049 69.69 30 4.88 2.08

Gtsf1 (bait) PTET.51.1.P0490019 18.67 11 9.48 1.55

P0850169 PTET.51.1.P0850169 57.84 2 6.94 4.78

P1010056 PTET.51.1.P1010056 40.59 2 5.79 1.49

Pdsg1 PTET.51.1.P0300085 37.98 23 6.35 2.88

Gtsf1 IP Ptiwi01 PTET.51.1.P0710112 87.72 8 7.57 1.34

Ptiwi03 PTET.51.1.P0030302 89.92 12 7.71 2.49

Ptiwi09 PTET.51.1.P0660118 87.65 10 8.68 1.98

Rf2 PTET.51.1.P1190062 74.74 48 5.66 1.92

Rf4 PTET.51.1.P0570234 62.62 40 5.27 1.99

Rpb2 PTET.51.1.P0480005 139.59 18 2.06 1.55

Rpb3a PTET.51.1.P0510184 35.29 18 2.27 1.50

Rpb3b GSPATG00038663001 33.99 10 2.35 1.34

Suz12.like PTET.51.1.P0190277 34.65 17 4.48 2.07

Supplementary Table S2. Ptiwi09 and Gtsf1 interact together and with PRC2. 

Related to Figures 1 and 2. Top differential proteins in Flag IP compared to control IP for Ptiwi09 and for Gtsf1 IPs. A p-value inferior 

than 0.05  and a fold  change superior than 2 were used to filter differential significant candidates.  -Log10(p-value) > 1.3 is required to 

get a p-value < 0.05. Only the protein with the same expression profile than Ptiwi09 and Gtsf1 (early peak) were selected.



Name Sequence (5' to 3') Locus (ID) Source Application

Actin_qPCR_for TGAAGCTCCAATGAATCCAA Actin 1‐1 (PTET.51.1.G0130204) Frapporti et al., 2019 ChIP‐qPCR

Actin_qPCR‐rev TCCTGAAGCATAGAGTGAGA Actin 1‐1 (PTET.51.1.G0130204) Frapporti et al., 2019 ChIP‐qPCR

GAPDH_qPCR_F2 ATTTTGGTATTGTTGAGGGT GAPDH (PTET.51.1.G0380195) Frapporti et al., 2019 ChIP‐qPCR

GAPDH_qPCR_R2 CTCCAGTCTTTTCCACCTTT GAPDH (PTET.51.1.G0380195) Frapporti et al., 2019 ChIP‐qPCR

Anchois.173_F2 TTCCAAGCTGATTCGATTATTAAA Anchois B (IESPGM.PTET51.1.173.70900) Frapporti et al., 2019 ChIP‐qPCR

Anchois.173_R2 ACTTCTTGTTTCATTTGTTAGACT Anchois B (IESPGM.PTET51.1.173.70900) Frapporti et al., 2019 ChIP‐qPCR

Oligo #551 (RT31010) ACAAGATTGACCAGGACTTATT RT31010 (ms4410_NODE_3768_length_13900 Frapporti et al., 2019 ChIP‐qPCR

_cov_21.582806_RT31010_Group4_nonLTR:ClassI:LINE) 

Oligo #552 (RT31010)   ATATCATTCACTCCTGCAATCT RT31010 (ms4410_NODE_3768_length_13900  Frapporti et al., 2019 ChIP‐qPCR

_cov_21.582806_RT31010_Group4_nonLTR:ClassI:LINE)

Oligo #559 (RT42890) TTAATTGAAGGCGAAGAAAGAC RT42890 (ms1831_NODE_10132_length_49470 Frapporti et al., 2019 ChIP‐qPCR

_cov_21.140064_RT42890_Group4_nonLTR:ClassI:LINE)

Oligo #560 (RT42890) TTAATTGAAGGCGAAGAAAGAC RT42890 (ms1831_NODE_10132_length_49470 Frapporti et al., 2019 ChIP‐qPCR

_cov_21.140064_RT42890_Group4_nonLTR:ClassI:LINE)

Oligo #723 (RT48639‐2)  ATCATCTTTCCCTCACATCG RT48639‐2 (ms4963_NODE_3562_length_10237 Frapporti et al., 2019 ChIP‐qPCR

_cov_31.527792_RT48639exp_Group2_nonLTR:ClassI:LINE)

Oligo #724 (RT48639‐2) AGATTTCACGCTTCAGTTCT RT48639‐2 (ms4963_NODE_3562_length_10237 Frapporti et al., 2019 ChIP‐qPCR

_cov_31.527792_RT48639exp_Group2_nonLTR:ClassI:LINE)

Oligo #761 (RT48639‐1) GACTATGCTGACGATCTTGT (ms6074_NODE_8863_length_4403 Frapporti et al., 2019 ChIP‐qPCR

_cov_18.113333_RT48639old_Group2_non‐LTR:ClassI:LINE)

Oligo #762 (RT48639‐1) TTCTGATTGCCATAACACCA (ms6074_NODE_8863_length_4403 Frapporti et al., 2019 ChIP‐qPCR

_cov_18.113333_RT48639old_Group2_non‐LTR:ClassI:LINE)

Oligo #751  (EE PPase) CTTAGTGGGGTAGAATGAGCA PTET.51.1.G1020193 Frapporti et al., 2019 ChIP‐qPCR

Oligo #752  (EE PPase) GACTTCTGCTTTCTTTTCTGCA PTET.51.1.G1020193 Frapporti et al., 2019 ChIP‐qPCR

Oligo #753  (ST PPase) GGAGAGGGAAAGATAAGAGT PTET.51.1.G1240023 Frapporti et al., 2019 ChIP‐qPCR

Oligo #754  (ST PPase) CCACTCCTTGAATTTGAGGA PTET.51.1.G1240023 Frapporti et al., 2019 ChIP‐qPCR

Oligo #759  (ST Kinase) GAAGTAGGTATTATCGTGCC PTET.51.1.G1270115 Frapporti et al., 2019 ChIP‐qPCR

Oligo #759  (ST Kinase) ACCATGTAAACAATTCAAGCA PTET.51.1.G1270115 Frapporti et al., 2019 ChIP‐qPCR

Oligo #769  (Helicase) AGAGAGAGACTTCGTGATGA PTET.51.1.G1070046 Frapporti et al., 2019 ChIP‐qPCR

Oligo #770  (Helicase) CAACTTGGGCATGTCAAAAT PTET.51.1.G1070046 Frapporti et al., 2019 ChIP‐qPCR

Oligo#1341 (42AB1) TGGAGTTTGGTGCAGAAGC 42AB region 1 (chr2R: 6449409�6449518) Casier et al., 2019 ChIP‐qPCR

Oligo#1342 (42AB1) AGCCGTGCTTTATGCTTTACT 42AB region 1 (chr2R: 6449409�6449518) Casier et al., 2019 ChIP‐qPCR



Oligo#1339 (RPL32) CCGCTTCAAGGGACAGTATCTG RPL32 FLYB: FBgn0002626 Casier et al., 2019 ChIP‐qPCR

Oligo#1340 (RPL32) ATCTCGCCGCAGTAAACGC RPL32 FLYB: FBgn0002626 Casier et al., 2019 ChIP‐qPCR

expGTSF1U ATGTAATTAAAATTGAAATCCTACGAACTAG GTSF1 (PTET.51.1.G0490019) this study RT‐PCR

expGTSF1L GTTTAATTCTTTTGACCGAGGACTC GTSF1 (PTET.51.1.G0490019) this study RT‐PCR

T1b‐3' TTGAGTTGGGATTTGACATAATCGGTGAA T1b (PTET.51.1.G0980135) Maliszewska‐Olejniczak et al.,  2015 RT‐PCR

T1b‐5' (2) TCTAATTAAACCAAGAACACGCTGAATTCC T1b (PTET.51.1.G0980135) Maliszewska‐Olejniczak et al.,  2015 RT‐PCR

51G18 ACTGTTGCTACACATTGTGCATATGTTACT 51G mac Maliszewska‐Olejniczak et al.,  2015 RT‐PCR

51G17 GATCAAGTCCAGTTCCTGTTATAGAACTAC 51G mac Maliszewska‐Olejniczak et al.,  2015 RT‐PCR

G1832 GCTATAACTCTTGAAGCTGCTTGTAATATG 51G Lhuillier‐Akakpo et al., 2014 RT‐PCR

G1832 TTGTCAATGAGCCATTAACAGTTGCTGGAT 51G Lhuillier‐Akakpo et al., 2014 RT‐PCR

ActinF AGACCACCCAGCTCTTTTGA Actin 1‐1 (PTET.51.1.G0130204) this study RT‐PCR

ActinR TTGGGACTGTGTGTGAGACA Actin 1‐1 (PTET.51.1.G0130204) this study RT‐PCR

mtApromF CTTATTCTGCCTTCTCTTGAAATGC mtA this study RT‐PCR

mtApromR AGGTCATCTCTTTCATTAAATTCCT mtA this study RT‐PCR

Supplementary Table S3. List of primers used in this study



Sequencing Sample Label ENA Accession Reference

Number of 

reads

Aligned reads 

on the MAC

Aligned reads 

on the MIC

DNAseq KLEB MAC ERS452529 Lhuillier-Akakpo et al. 2014 106 056 122 104 443 929 98% 105 570 391 100%

DNAseq

PTET_ND7_RNAi_T25_AlgFACS_JkN_REGN5

0 ND7_Alg ERS16327826
this study

38 321 642 35 879 076 94% 38 065 563 99%

DNAseq PTET_GTSF1L-RNAi_TotalDNA_d4_JKN GTSF1L ERS16327827 this study 121 834 466 116 955 124 96% 121 634 908 100%

DNAseq PTET_ZF1_RNAi_gDNA_T50_DUHA-166 ZF1 ERS16327828 this study 58 868 356 55 622 433 94% 58 332 259 99%

DNAseq

PTET_GTSF1L_RNAi_T25_AlgFACS_JkN_RE

GN51 GTSF1L_Alg ERS16327829 this study 58 418 092 47 635 163 82% 57 949 376 99%

DNAseq PTET_EMA1_RNAi_HEL_S9 EMA1 ERS21121357 this study 111 229 478 88 982 195 80% 108 461 199 98%

DNAseq MicGSC_BCP_AAIOSF_2_HiSeq MIC ERX4616645 Sellis et al. 2021 181 407 606 153 120 470 84% 179 098 715 99%

DNAseq PGM-1_FACS_ANLG PGM SAMN05323661 Guérin et al, 2017 115 558 914 101 303 406 88% 115 259 143 100%

DNAseq Ezl174-1_RNAi_r1_r2 EZL_r1 ERX466733 Lhuillier-Akakpo et al. 2014 99 695 690 87 432 783 88% 97 164 770 97%

DNAseq Ezl174-2_RNAi_r1 EZL_r2 ERS452532 Lhuillier-Akakpo et al. 2014 92 725 940 82 152 917 89% 92 446 907 100%

DNAseq PTIWI19_RNAi_r1 PTIWI19_r1 ERS16327830 this study 49 410 804 46 824 351 95% 48 884 765 99%

DNAseq PTET_PTIWI_1_9_KD_DNA_ERR1918503 PTIWI19_r2 ERS1656548 Furrer et al. 2017 118 338 520 108 845 895 92% 117 994 275 100%

DNAseq DCL2_3_RNAi_r1_HBJ-1 DCL2_3_r1 PRJNA184719 Sandoval et al. 2014 100 445 166 89 354 921 89% 99 646 333 99%

DNAseq Dcl2-3_RNAi_r2 DCL2_3_r2 ERX466736 Lhuillier-Akakpo et al. 2014 99 744 888 92 915 718 93% 99 600 735 100%

DNAseq DCL5_RNAi_r1_HBJ-2 DCL5 PRJNA184719 Sandoval et al. 2014 90 105 744 88 212 339 98% 89 877 717 100%

DNAseq DCL235_KD_MaN DCL235 SAMEA3726521 Swart et al. 2017 54 294 800 51 349 502 95% 53 581 515 99%

mRNAseq ICL7_T0_RNA_DUHA140 ICL7_T0 ERS6679030 Miro-Pina et al. 2022 79765916 78958586 99% 77571546 97%

mRNAseq ICL7_T10_RNA_DUHA141 ICL7_T10 ERS6679031 Miro-Pina et al. 2022 86517736 85652820 99% 84056363 97%

mRNAseq ICL7_T35_RNA_DUHA142 ICL7_T35 ERS6679032 Miro-Pina et al. 2022 109355820 108387011 99% 106333998 97%

mRNAseq ICL7_T50_RNA_DUHA143 ICL7_T50 ERS6679033 Miro-Pina et al. 2022 100914984 99997163 99% 98007556 97%

mRNAseq PGM-T2_mRNA_CACTCA PGM_T2 ERS14842492 Bazin-Gélis et al. 2023 81069812 77132399 95% 74844554 92%

mRNAseq PGM-T10_mRNA_CTCAGA PGM_T10 ERS14842490 Bazin-Gélis et al. 2023 71443788 70294491 98% 68207123 95%

mRNAseq PGM-T30_mRNA_ATTCCT PGM_T30 ERS14842493 Bazin-Gélis et al. 2023 80832994 75672689 94% 73986877 92%

mRNAseq PGM-T40_mRNA_CACGAT PGM_T40 ERS14842494 Bazin-Gélis et al. 2023 79637140 77396584 97% 76217304 96%

mRNAseq PTET_RNAs_ZF1-T0_DUHA161 ZF1_T0 ERS16327831 this study 123476646 121939263 99% 119767868 97%

mRNAseq PTET_RNAs_ZF1-T10_DUHA162 ZF1_T10 ERS16327832 this study 118472868 116661852 98% 114875670 97%

mRNAseq PTET_RNAs_ZF1-T35_DUHA163 ZF1_T35 ERS16327833 this study 122393108 120117010 98% 119019613 97%

mRNAseq PTET_RNAs_ZF1-T50_DUHA164 ZF1_T50 ERS16327834 this study 124817826 122582514 98% 121512408 97%

mRNAseq EZL1_T0_RNA_DUHA144 EZL1_T0 ERS6679026 Miro-Pina et al. 2022 72271092 71578739 99% 70385457 97%

mRNAseq EZL1_T10_RNA_DUHA145 EZL1_T10 ERS6679027 Miro-Pina et al. 2022 69918912 68772590 98% 68009496 97%

mRNAseq EZL1_T35_RNA_DUHA146 EZL1_T35 ERS6679028 Miro-Pina et al. 2022 107514064 99201883 92% 104563941 97%

mRNAseq EZL1_T50_RNA_DUHA147 EZL1_T50 ERS6679029 Miro-Pina et al. 2022 95433848 86764000 91% 92662006 97%

mRNAseq ARN_PTIWI1-9_71a-T0_S4 (DUHA90) PTIWI1_9_T0 ERS6678315 Miro-Pina et al. 2022 105639316 104163879 99% 102551416 97%

mRNAseq ARN_PTIWI1-9_71a-T10_S5 (DUHA91) PTIWI1_9_T10 ERS6678316 Miro-Pina et al. 2022 85631710 84289504 98% 83276546 97%

mRNAseq ARN_PTIWI1-9_71a-T35_S6 (DUHA92) PTIWI1_9_T35 ERS6678317 Miro-Pina et al. 2022 97923744 95405812 97% 95157309 97%



mRNAseq ARN_PTIWI1-9_71a-T50_S7 (DUHA93) PTIWI1_9_T50 ERS6678318 Miro-Pina et al. 2022 97927868 93022880 95% 95185568 97%

sRNAseq ICL7T0_ATCACG_L006_007_R1_001 ICL7 T0 PRJEB46608 Miro-Pina et al. 2022 14640580 7232735 49% 11 496 959 79%

sRNAseq ICL7T10_CGATGT_L006_007_R1_001 ICL7 T10 ERS14549878 Miro-Pina et al. 2023 21656218 4800906 22% 14 886 100 69%

sRNAseq ICL7T35_TGACCA_L006_007_R1_001 ICL7 T35 ERS14549879 Miro-Pina et al. 2023 5810542 1178480 20% 3 969 579 68%

sRNAseq sRNA_Control_GTSF1L_T0_JKN CTL T0 ERS16327835 this study 7470729 3977980 53% 6 349 560 85%

sRNAseq sRNA_Control_GTSF1L_T15_JKN CTL T15 ERS16327836 this study 6506248 1114163 17% 5 162 530 79%

sRNAseq sRNA_GTSF1L_T0_JKN GTSF1L T0 ERS16327837 this study 6941745 4685083 67% 6 259 542 90%

sRNAseq sRNA_GTSF1L_T15_JKN GTSF1L T15 ERS16327838 this study 5915826 3488112 59% 5 215 627 88%

sRNAseq sRNAs_ZF1_T0_DUHA184 ZF1 T0 ERS16327839 this study 22759952 11888719 52% 16 188 772 71%

sRNAseq sRNAs_ZF1_T10_DUHA185 ZF1 T10 ERS16327840 this study 26350856 13329934 51% 18 727 289 71%

sRNAseq sRNAs_ZF1_T35_DUHA186 ZF1 T35 ERS16327841 this study 18305725 7956240 43% 12 645 019 69%

sRNAseq PTET_EMA1_DO_ND7_T0_S55_R1_001 ND7 T0 ERS21121360 this study 2938060 1457419 50% 2 347 107 80%

sRNAseq PTET_EMA1_DO_ND7_T17_S56_R1_001 ND7 T17 ERS21121361 this study 4052284 596301 15% 3 200 184 79%

sRNAseq PTET_EMA1_DO_220_T0_S57_R1_001 EMA1 T0 ERS21121358 this study 3118371 1793933 58% 2 648 363 85%

sRNAseq PTET_EMA1_DO_220_T17_S58_R1_001 EMA1 T17 ERS21121359 this study 3812312 1527798 40% 3 141 034 82%

sRNAseq sRNA_ICL-RNAi_Input_T0_JkN_S149 Input T0 CTL ERS16327842 this study 9081430 5639683 62% 8 216 558 90%

sRNAseq sRNA_ICL-RNAi_Input_T25_JkN_S150 Input T25 CTL ERS16327843 this study 10607853 1641339 15% 8 777 369 83%

sRNAseq sRNA_ICL-RNAi_IP-PTIWI09_T0_JkN_S151 IPptiwi T0 CTL ERS16327844 this study 11943676 7355448 62% 10 980 105 92%

sRNAseq sRNA_ICL-RNAi_IP-PTIWI09_T25_JkN_S152 IPptiwi T25 CTL ERS16327845 this study 7947370 3023379 38% 7 265 026 91%

sRNAseq sRNA_GTSF1L-RNAi_Input_T0_JkN_S153 Input T0 GTSF1L ERS16327846 this study 9063379 6263529 69% 8 226 346 91%

sRNAseq sRNA_GTSF1L-RNAi_Input_T25_JkN_S154 Input T25 GTSF1L ERS16327847 this study 8426310 3470089 41% 6 949 269 82%

sRNAseq

sRNA_GTSF1L-RNAi_IP-

PTIWI09_T0_JkN_S155 IPptiwi T0 GTSF1L ERS16327848 this study 10815354 7522230 70% 9 961 101 92%

sRNAseq

sRNA_GTSF1L-RNAi_IP-

PTIWI09_T25_JkN_S156 IPptiwi T25 GTSF1L ERS16327849 this study 7531389 5276938 70% 6 930 118 92%

sRNAseq sRNA_Input_T0_JkN_2023_08_08 sRNA Input T0 rep 1 ERS18352460 this study 17767843 11187298 63% 16 289 704 92%

sRNAseq sRNA_IP-Gtsf1_T0_JkN_2023_08_08

sRNA IP-Gtsf1 T0 rep 

1 ERS18352461 this study 13464334 10152911 75% 12 102 323 90%

sRNAseq

sRNA_Input_2_FLAG_IP-

GTSF1_JkN_20240130T082352Z_S158 sRNA Input T0 rep 2 ERS18352462 this study 11729887 7321827 62% 10 596 094 90%

sRNAseq

sRNA_Ouput_2_FLAG_IP-

GTSF1_JkN_20240130T082352Z_S159_R1

sRNA IP-FLAG-Gtsf1 

T0 rep 2 ERS18352463 this study 9278002 7309134 79% 8 391 858 90%

Supplementary Table S4. Sequencing data and mapping statistics

DNA-seq, RNA-seq and sRNA-seq data were used in this study. For each sequencing sample, the ENA accession is specified, followed by the number of reads sequenced

and the mapped reads on the MAC and the MIC reference genomes.
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